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 4 

ABSTRACT 5 

In recent years, textile-reinforced mortars (TRMs) have been introduced as a sustainable and 6 

effective mean of strengthening masonry and concrete structures. Although many recent studies 7 

have focused on understanding the mechanical performance of TRM composites and TRM-8 

strengthened masonry panels, their long-term durability has remained unexplored. This article 9 

presents a multi-level experimental and analytical investigation on the effect of freeze-thaw 10 

conditions on the behavior of masonry components strengthened with TRMs. The adopted TRM 11 

strengthening system is composed of an AR-glass fabric reinforced embedded in a hydraulic lime-12 

based mortar. The tests include characterization of the changes in material properties, TRM tensile 13 

behavior, the fabric-to-mortar and the TRM-to-substrate bond behavior, and finally, the in-plane 14 

and the out-of-plane response of TRM-strengthened masonry panels after exposure to freeze-thaw 15 

cycles. The results reveal that although deterioration of properties at the composite level is 16 

observed, the considered freeze-thaw cycles did not affect the in-plane and out-of-plane 17 

performance of the strengthened panels.  18 

 19 
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1 Introduction 22 

The catastrophic failure or collapse of unreinforced masonry (URM) structures after earthquakes 23 

and the responsible mechanisms for that have been extensively reported in previous literature [1,2]. 24 

To protect these structures against this key natural hazard, many previous studies have focused on 25 

the development of strengthening strategies to improve the seismic behavior and safety of masonry 26 

structures. One of the most common strengthening methods is externally bonded reinforcement, 27 

in which the repair material (usually a composite) is attached to the external surface of structural 28 

elements [3,4]. For many years, fiber-reinforced polymers (FRPs) were the primary strengthening 29 

material of this strengthening method [5–7]. Although the application of FRPs on external surfaces 30 

of walls improves the seismic performance of masonry structures, issues related to sustainability, 31 

durability, and compatibility highlighted the need to develop novel repair materials for this 32 

purpose. 33 

Textile-reinforced mortar (TRM) composites have recently received extensive attention as a 34 

suitable alternative to FRP composites due to their fire resistance, sustainability, and better 35 

mechanical and hygral compatibility with masonry substrates [8–11]. TRM composites, also 36 

referred to as FRCM, are continuous textile meshes or grids (made of carbon, basalt, steel, glass, 37 

or natural fibers) embedded in an inorganic matrix (e.g., cement or lime-based mortars) [1,12]. 38 

The performance of TRMs as a repair material is highly dependent on the bond behavior at the 39 

textile-to-mortar (usually assessed through pull-out tests [13–15]) and TRM-to-substrate interface 40 

(usually assessed through shear debonding tests [16–18]), as well as the mechanical properties of 41 

its constituents [19,20]. TRM composites can be developed with a wide range of mechanical 42 

properties due to the variety of fabrics and mortars available. A properly designed TRM shows a 43 

pseudo-ductile response (in tensile and/or flexural tests [21–23]) with distributed cracking, which 44 

is helpful in seismic strengthening applications [24,25]. Recent but still limited experimental and 45 

computational studies have shown promising results on the effectiveness of TRMs in improving 46 

the in-plane [26–30] and out-of-plane [29,31,32] performance of masonry components. While 47 

further studies are still needed to better understand the governing mechanisms of these composites 48 

under complex loading conditions, there is also a lack of knowledge on the durability and long-49 

term performance of TRMs and TRM-strengthened masonry components [33,34]. Durability 50 

studies are still scarce and limited to few studies investigating the role of saline, alkaline, or natural 51 

aging on the mechanical properties of TRMs, textile-to-mortar interface, or TRM-strengthened 52 
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masonry interface [35–38]. Also, a few studies are available in which the bond behavior [39,40] 53 

and mechanical properties (tensile and flexural strength) [41–45] of TRM composites under 54 

freeze-thaw (FT) conditions were investigated. TRM composites showed either improvement 55 

[44,45] or decline [39–43] in bond and mechanical behavior, regardless of the number of FT cycles 56 

applied to the specimens. Furthermore, FT conditions resulted in a slight decrease in the out-of-57 

plane behavior of TRM-strengthened masonry panels [46]. However, comprehensive studies from 58 

materials to masonry panel scale that allow a full understanding of how these repair systems 59 

perform under different environmental conditions are still missing. 60 

This paper presents an experimental study on the changes in the mechanical performance of TRM-61 

strengthened masonry after exposure to FT conditions. The tests are performed at different levels, 62 

from material to composite and masonry panel level, aiming at providing a better understanding 63 

of the role of different parameters on the durability of these systems. A commercial glass-based 64 

TRM composite (made of a bidirectional AR-glass and hydraulic lime-based mortar) commonly 65 

used to strengthen existing and traditional masonry structures is used for this purpose. The obtained 66 

results presented and discussed in this paper contribute to a better understanding of the long-term 67 

performance of these systems and the structures reinforced with them. 68 

2 Experimental program 69 

A series of TRM composite specimens were prepared (details can be found in sections 2.1 to 2.8). 70 

After 90 days of curing at laboratory conditions, the specimens were subjected to zero (as 71 

reference), 60, 120, 180, 240, 300, and 360 FT cycles. A series of mechanical/physical 72 

characterization tests were performed at the material level (i.e., compressive, flexural, and tensile 73 

tests on bricks, mortar, and fabrics), at the materials interfaces (fiber-to-mortar and TRM-to-74 

substrate bond test), at the composite level (TRM tensile test), and at the masonry panel level 75 

(diagonal compression and out-of-plane bending tests on TRM-strengthened masonry) to 76 

investigate the FT induced deterioration mechanisms across scales. This section presents a detailed 77 

description of materials, preparation of specimens, and the test methods, see also Table 1. Fig. 1 78 

shows the timeline used to prepare and test the samples to understand the framework's sequences 79 

and logic.  80 

The specimens at the composite and masonry panel levels are labeled as XYZ and VVYZ, 81 

respectively. X is related to the type of micro- and meso-level tests (T: Tensile test of TRM, P: 82 



4 

 

Pull-out, S: Single-lap shear). VV is linked to the kind of panel (UD and SD: Unreinforced and 83 

Strengthened Diagonal compression, UP and SP: Unreinforced and Strengthened out-of-plane 84 

failure parallel to bed joint, UN and SN: Unreinforced and Strengthened out-of-plane failure 85 

normal to bed joint, respectively). Y is related to the control (C) or exposed (E) specimens, and Z 86 

is connected to the number of FT cycles. For example, PE360 is a pull-out specimen exposed to 87 

360 FT cycles. 88 

2.1 Materials 89 

The TRM composite was produced from a commercial hydraulic mortar (named mortar M1) as 90 

the matrix and a glass fabric as the reinforcement. The commercial fabric was a woven biaxial 91 

fabric mesh of alkali-resistance (AR) glass. Its mesh size and area per unit length were 25×25 mm2 92 

and 35.27 mm2/ m, respectively (see Fig. 2a). A commercial lime and ecopozzolan mortar, referred 93 

to as mortar M2, was used for the masonry joints and solid clay bricks (200×100×50 mm) were 94 

used as units. 95 

2.2 Specimens preparation and curing procedures 96 

The masonry panels were prepared and cured in the lab conditions (18°C, 75% RH) for thirty days. 97 

Then, half of them were strengthened with the TRM strengthening system and covered with wet 98 

clothes and plastic for seven days. Material and bond characterization specimens were also 99 

prepared and cured following the same procedure (covering with wet clothes and plastic for seven 100 

days). All the molded samples were demolded after three days. The specimens were then kept in 101 

the lab environment until the test date or exposure to FT cycles. The samples constructed with 102 

mortar M1 were stored in the lab for 90 days. Since the panels were strengthened after 30 days of 103 

construction, the specimens made with mortar M2 were stored in the lab for 120 days (30 +90 104 

days), as shown in Fig. 1. Afterwards, the specimens were divided into two groups. A part of the 105 

specimens was stored in the climatic chamber room to expose them to FT cycles, while the others 106 

were stored in the lab environment (control specimens) and tested parallel to the exposed samples, 107 

as reported in Table 1. 108 

2.3 Materials characterization tests 109 

The coefficient of thermal expansion (CTE) of the mortar M1 (matrix of the TRM composite) and 110 

the brick was calculated according to the method presented in [47]. Since mortar M2 was 111 
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recommended by the factory for masonry brick work, CET was expected to be in the same range 112 

as brick CTE and was not measured. CTE was measured by exposing the specimens to a 113 

temperature variation (ΔT= +30 to -10°C) and measuring the length change using a strain gauge. 114 

Mortar specimens were prismatic, 150×70×10 mm, and tested after 90 days of curing. Strain 115 

gauges were installed on the flatwise surface of the samples. The CTE was computed as Δε/ ΔT, 116 

where Δε is the strain variation of the specimen under temperature change. 117 

The compressive, flexural, and splitting tensile strength, as well as elastic modulus of mortars (M1 118 

and M2), were experimentally determined, according to ASTM C109 [48], EN 1015-11 [49], 119 

EN 12390-13 [50], and ASTM C496 [51], respectively. The compressive specimens were cubes 120 

(50×50×50 mm3), the flexural specimens had a prismatic shape (40×40×160 mm3), and the 121 

specimens prepared for measurement of the elastic modulus and tensile splitting strength were 122 

cylinders with a diameter of 70 mm and a height of 150 mm (see Fig. 2). 123 

The compressive strength of the bricks was characterized according to ASTM C67 [52] and 124 

EN 772-1 [53] and perpendicular to the flatwise direction. The flexural strength and elastic 125 

modulus (Fig. 2f) of the brick were calculated according to EN 1015-11 [49] and EN 12390-13 126 

[50], respectively, by using prismatic specimens (40×40×160 mm3). For measuring the flexural 127 

strength and the elastic modulus, the load was applied perpendicular to the flatwise and widthwise 128 

surface of the brick. 129 

A Lloyd testing machine was used to perform the compressive and flexural tests under force-130 

controlled conditions at a rate of 150 N/s and 10 N/s, respectively. The elastic modulus was 131 

characterized by a universal testing machine (load capacity of 100 kN) and LVDTs (3 for cylinder 132 

specimens and 4 for prismatic specimens) with a 5 mm range and 1-µm sensitivity. The universal 133 

testing machine was also used to measure mortars' tensile splitting strength under displacement-134 

controlled conditions at a rate of 0.12 mm/min. 135 

The compressive strength of masonry prisms was characterized according to ASTM C1314 [54]. 136 

The prisms were constructed by three bricks and 20 mm bed joint mortar (M2), as shown in Fig. 137 

2g. These were performed using a universal testing machine (load capacity of 1000 kN) and 138 

introducing monotonic displacements at a rate of 0.3 mm/min. 139 

The fabrics' tensile strength, strain, and elastic modulus were measured through direct tensile tests 140 

in both warp and weft directions (Fig. 2h). The tests were performed on single yarns with a free 141 

length of 300 mm and using a universal testing machine (load capacity of 10 kN, and under 142 



6 

 

displacement-controlled conditions at a rate of 0.3 mm/min). A 100 mm clip gauge was located at 143 

the specimen center, and the internal LVDT of the machine measured the yarn deformation during 144 

the tests. 145 

2.4 Pull-out test 146 

The pull-out specimens were prepared by embedding single glass yarns (warp direction) in the 147 

mortar M1 with a rectangular cross-sectional area (125×16 mm), as shown in (Fig. 3a). The 148 

considered embedded length was 50 mm, which was equal to the effective bond length of the 149 

samples [13]. Before this, an epoxy resin prism (10×16×200 mm) was used to protect the free end 150 

of the yarn, according to [55]. The yarn-to-mortar bond behavior was investigated by performing 151 

the single-sided pull-out test developed in [55]. Two U-shape steel supports attached to a rigid 152 

frame fixed the pull-out specimen, and a servo-hydraulic system (load capacity of 25 kN) was used 153 

to pull the epoxy resin (and the yarn) from the top with a mechanical clamp under displacement-154 

controlled conditions at a rate of 1.0 mm/min, based on [56], (see Fig. 3a). The yarn-to-mortar slip 155 

was measured using three LVDTs with a 20 mm range and a 2-µm sensitivity. The average of 156 

LVDTs was presented as the slip in the experimental results. 157 

2.5 TRM tensile tests 158 

Direct tensile tests were conducted on prismatic specimens (550×70×10 mm), in which three warp 159 

and 13 weft glass yarns were embedded in the mortar M1 (Fig. 3b). Seven days before the tests, 160 

the free parts of the yarns were saturated with resin, followed by attaching two steel plates 161 

(100×75×10 mm) to prevent rapture of the yarns in the clamping area during the tests [29]. As 162 

shown in Fig. 3b, two mechanical clamps gripped the samples (clamping-grip configuration). A 163 

servo-hydraulic jack (load capacity of 25 kN) applied the direct tensile load through the clamps 164 

under displacement-controlled conditions at a rate of 0.3 mm/min, based on [17]. Also, two 165 

LVDTs with a 20 mm range and 2-µm sensitivity recorded the deformation placed at both sides of 166 

the specimen. 167 

2.6 Single-lap shear tests 168 

Single-lap shear tests were performed to characterize the TRM-to-substrate bond behavior. The 169 

bricks were sandblasted in the flatwise direction to improve the bond at the interface of the TRM 170 

composite and brick [29]. Further, the bricks were pre-wetted for one hour before construction to 171 
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ensure a semi-saturated condition to enhance the TRM-to-substrate bond [29]. These specimens 172 

were prepared using the TRM composite on the bricks’ flatwise surface. The TRM composite had 173 

a 70 mm width, a 10 mm thickness, and a 100 mm length (equal to the embedded length of yarns). 174 

The embedded fabric had three warp and weft yarns, as shown in Fig. 3c. Like the TRM tensile 175 

specimens, a week before the test dates, the free length of the yarns (315 mm) was saturated with 176 

resin, followed by the attachment of aluminum plates (65×65×2 mm) to facilitate gripping and to 177 

ensure a uniform load transfer. 178 

The test setup consisted of a rigid supporting frame, two clamps (supported the specimen), a servo-179 

hydraulic system (load capacity of 50 kN), and two LVDTs with a 20 mm range and 2-µm 180 

sensitivity (placed at the loaded end to measure the slip during the tests), as shown in Fig. 3c. The 181 

tests were performed under displacement-controlled conditions at a rate of 0.3 mm/min [17]. 182 

Before starting the tests, a 100 N preload was applied to the specimens to facilitate the LVDTs 183 

attachment, as reported in [29]. 184 

2.7 Masonry panels 185 

Masonry panels were made with solid clay bricks and mortar M2 (for the joints) for diagonal 186 

compression and bending testing. The dimensions of the panels used for diagonal compression 187 

tests were 540×540×100 mm (see Fig. 4a), while those used for bending tests were 188 

540×420×100 mm and 520×330×100 mm in the samples loaded to fail parallel to and normal to 189 

the bed joints, respectively (Fig. 4b and Fig. 4c). Again, similar to the single-lap shear tests, the 190 

bricks were sandblasted (at the lengthwise direction) and pre-wetted for one hour before the 191 

construction and application of TRM composites. 192 

The diagonal compression samples were strengthened with TRM on both sides, while the bending 193 

panels were reinforced with TRM only on one side of the panels (opposite side of the loading). In 194 

all bending panels, the warp yarns were parallel to the longitudinal axis of the specimens. The 195 

TRM consisted of 17 and 12 warp yarns in the bending panels with parallel and normal failure to 196 

bed joints, respectively, while the weft yarns were 21 in both types of panels. 197 

Diagonal compression tests were performed according to ASTM E519 [57]. The test setup 198 

consisted of two rigid steel shoes (115×115×15 mm) placed at the diagonally opposing bottom and 199 

top corners of the panels. Four LVDTs with a 20 mm range and 2-µm sensitivity located at both 200 

sides of the panels (in 500 mm gauge length) measured the vertical and horizontal deformation of 201 
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the panels during the tests (Fig. 4 a). A servo-hydraulic system (load capacity of 300 kN) was used 202 

to conduct these tests under displacement-controlled conditions and at a rate of 0.3 mm/min, based 203 

on [29]. 204 

The bending tests were performed according to EN 1052-2 [58]. All the panels were tested 205 

vertically and under four-point bending conditions, as shown in Fig. 4b and Fig. 4c. The bending 206 

tests consisted of an outer (420 mm) and an inner (170 mm) bearing supports and four LVDTs 207 

with a 20 mm range and 2-µm sensitivity to measure the sample deformation at the middle and the 208 

location of the inner bearings. A servo-hydraulic system (load capacity of 50 kN) applied the load 209 

under displacement-controlled conditions and at a rate of 0.3 mm/min. 210 

2.8 Freeze-thaw (FT) exposure 211 

A Fitoclima 6400 EC25 climate chamber was used for performing the FT tests. The exposure 212 

consisted of exposing the samples to 360 cycles consisting of 30°C and 90% relative humidity for 213 

two hours, followed by two hours of freezing at -10°C (each cycle lasted 16 hours). This exposure 214 

regime was chosen to replicate the conditions considered in [39,59]. As shown in Fig. 5, after 215 

every 60 cycles (equal to 40 days) and when the temperature inside the chamber reached 20°C, 216 

five samples (from all types except panels, which were only tested after 360 cycles) were taken 217 

from the chamber and stored seven days in the lab before conducting the post-exposure tests. In 218 

order to avoid any disturbance regarding the transportation of the panels from the climatic chamber 219 

to the testing machine, the panels were packed in Styrofoam and plastic and then moved. 220 

3 Results and discussion 221 

3.1 Material characterization results 222 

3.1.1 Coefficient of thermal expansion (CTE) 223 

The CTE of the mortar M1 and the brick were obtained as 20.2×10-6/°C (Coefficient of Variation: 224 

CoV= 13%) and 16.5×10-6/°C (CoV= 11%), respectively. This close CTE shows that the two 225 

materials are compatible, and the TRM-to-brick interface has a very low probability of cracking 226 

due to temperature changes during the FT exposure. 227 

3.1.2 Effect of freeze-thaw (FT) cycles 228 

Table 2 summarizes the variation of material properties under the control and the FT conditions.  229 
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Compressive strength. Mortar M1 shows an increment of compressive strength under both control 230 

and FT conditions in the first 180 cycles, and then this value drops slightly until the end of the 231 

tests (360 cycles). It is interesting to note that the compressive strength of FT exposed M1 232 

specimens at 180 cycles (E180) is similar to those of control samples at the same age (C180, C360, 233 

the difference at C360 is about 8% which falls in the range of CoV). Mortar M2, however, shows 234 

a reduction of strength under the control conditions and a slight increment of it under the FT 235 

conditions. This has led to a 25% higher compressive strength at 360 FT cycles (E360) compared 236 

to the control samples at the same age (C360). These observations suggest that higher humidity 237 

levels at the exposed environment caused the compressive strength of mortar M1 and M2 to be 238 

constant or even slightly higher than the control samples. The compressive strength of the bricks 239 

does not show a significant change (4.3% decrease), while the compressive strength of the masonry 240 

prism experienced a decrement of around 10% under both the natural and the FT conditions, with 241 

the FT exposure having a more deteriorating effect. This result is indeed interesting as both 242 

individual mortar and brick samples showed enhancement or no change in the strength after FT 243 

exposure conditions. This confirms that the information on the deterioration of individual materials 244 

cannot be used to infer the estimation of the deterioration level at the masonry scale. 245 

Flexural strength. The flexural strength of mortar M1 does not change significantly under 246 

controlled conditions (it increases 4%), but mortar M2 shows a deterioration of around 20%. Both 247 

mortars, however, show a higher flexural strength under FT conditions when compared to control 248 

specimens at the same age (M1 shows 6% and 11% higher strength at E360 compared to C360 and 249 

C0, respectively). The freeze-thaw conditions were thought to cause microcracks to occur in the 250 

flexural specimens and reduce their strength. However, higher humidity in the exposed condition 251 

causes the flexural strength of both mortars to increase compared to the control samples. 252 

Meanwhile, the bricks' flexural strength is not affected by exposure to FT conditions. These 253 

observations are also in line with those made for the compressive strength values mentioned above. 254 

Elastic modulus. The elastic modulus of mortar M1 increased in the first 180 cycles, and then it 255 

slightly decreased under the controlled conditions (a total of 20% increase at C360 compared to 256 

C0 was observed), but it decreased under the FT conditions until the end of the tests reaching an 257 

around 8% smaller value compared to the control samples at the same age. Meanwhile, the elastic 258 

modulus of mortar M2 decreased under both control and FT conditions, with the control samples 259 

showing a smaller elastic modulus than the FT exposed samples. Microcracks in the exposed 260 
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specimens may have contributed to the decline of elastic modulus. Yet these microcracks have no 261 

bearing on the ultimate compressive and flexural strength of mortars. This should be investigated 262 

more in future studies. Again, the bricks' elastic modulus did not change with FT cycles, and those 263 

of glass yarns increased. 264 

Tensile splitting strength. The tensile splitting strength of mortar M1 and M2 under controlled 265 

conditions was increased 50% and 20%, respectively (C360 compared to C0). Meanwhile, both 266 

mortars did not show any change of strength under FT exposure when compared to control samples 267 

at the same age (E360 compared to C360). Both mortars' tensile splitting behavior is unaffected 268 

by the proposed freeze-thaw conditions, which is consistent with their flexural behavior. 269 

Tensile strength. Finally, the observed changes in the tensile strength of the glass yarns after 270 

exposure to FT conditions is negligible (<3%), as expected.  271 

3.2 Yarn-to-mortar bond behavior 272 

Fig. 6a shows the typical pull-out response of all individual specimens at 0 cycles and their 273 

experimental averages (of five samples). Moreover, Fig. 6b presents the average load-slip curves 274 

of the specimens at 0, 180, and 360 cycles under both control and exposed conditions. In all 275 

exposure periods, the load-slip curves show the typical pull-out response. The failure mode for all 276 

the specimens was yarn slippage from the mortar, with few exceptions in which the yarn rupture 277 

occurs in the post-peak area. 278 

The peak load and debonding energy as the key characteristics of pull-out response are presented 279 

in Fig. 6c and d with a linear regression line to demonstrate the general trend of those parameters 280 

with age or FT exposure (details given in Table A 1). The debonding energy expresses the energy 281 

dissipated during the complete yarn debonding and is defined as the area under the load-slip curve 282 

until the peak load [38]. 283 

Overall, it can be observed that the peak load of the control samples increases until 180 cycles, 284 

and then it decreases significantly until the end of the tests showing a total 40% reduction in PC360 285 

samples compared to PC0. A similar trend is also observed for the debonding energy in the 286 

controlled samples. This is however in contrast to the observed changes in the mortar’s mechanical 287 

properties. All characteristics of the mortar (flexural strength, compressive strength, splitting 288 

strength and young modulus) increased until 180 cycles and then rested at that value until 360 289 

cycles. The observed reduction of the peak load in the pull-out tests, therefore, seems not to be 290 
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explainable by mechanical properties of the mortar obtained from molded large-scale samples 291 

(material test samples are at least twice in dimensions compared to pull-out test samples). 292 

The samples exposed to FT conditions, however, do not show any change in the peak load until 293 

180 days of exposure, and then show a drop until the end of the tests reaching the same peak load 294 

as controlled specimens at 360 days of exposure. This translates to a 25% reduction of the peak 295 

load in PE180 specimens compared to PC180 (noting PE180 is similar to PC0), due to FT 296 

exposure. The deterioration induced by FT has diminished after 180 cycles and no significant 297 

difference of the peak load is observed in the samples afterwards. This is also interesting as 298 

mechanical properties of mortar M1 under FT conditions was generally higher at PE360 compared 299 

to PC360 with the exception of the elastic modulus which was 8% smaller. It seems that the 300 

combination of strength improvement and elastic modulus reduction has led to achieving a similar 301 

peak load in FT exposed samples compared to those of controlled samples at the end of the tests. 302 

The debonding energy, however, rests at a lower value compared to controlled samples in both 303 

PE180 and PE360 (24% and 50% smaller than PC180 and PC360, respectively, see Table A1), 304 

which is similar to the observed deterioration in the peak load at 180 cycles, but much higher than 305 

that observed at 360 cycles.  306 

Fig. 6c and d also present the peak load, and the debonding energy of the glass-based TRMs 307 

reinforced with "single yarn+ transverse elements" as reported in [35], where the specimens 308 

(named as GT) were cured and exposed to a similar FT condition. Like single glass yarn, the peak 309 

load and debonding energy of GT specimens under FT conditions increase up to 180 cycles and 310 

then decrease until the end of the test. The peak load of GT yarns is in the same range as single 311 

yarns, but their debonding energy is higher due to the effects of transverse elements. This shows 312 

that the presence of transverse yarns does not affect the deterioration rates in the bidirectional 313 

fabric studied here. 314 

The bond-slip laws of the samples are derived using stress-based analytical modeling from the 315 

experimental load-slip curves. The model assumes that displacements and tractions continue at the 316 

interface and embedded length. In addition, the adhesive and frictional bonds are assumed to 317 

govern sliding at the bonded and debonded lengths, respectively. Therefore, the pull-out bond 318 

shear strength (τmax) and the frictional shear strength (τf) are the key parameters of the bond-slip 319 

laws. The readers are referred to [60,61] for the detailed discussions and formulations for 320 

calculating these parameters. Fig. 6e and f present the changes in the bond-slip law parameters 321 
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under the control and FT conditions. Also, Table A 1 reports the average of those parameters for 322 

each test series. It can be observed that the τmax and τf increase 106% and 9%, respectively, in the 323 

controlled samples until 180 days of exposure (PC180) and then decrease resting at a total 324 

decrement of 44% and 27% with respect to PC0 or 73% and 33% with respect to PC180 samples. 325 

These values are comparable to those obtained from FT exposed specimens, again, showing the 326 

FT exposure did not govern the deterioration mechanisms in these samples. A similar trend can 327 

also be observed in the bond and frictional strength of the samples with transverse yarns, τmax,GT 328 

and τf,GT, but overall those values are slightly higher than the ones obtained from the samples 329 

without transverse yarns. 330 

3.3 TRM tensile behavior 331 

Fig. 7a shows the typical tensile stress-strain response and cracking pattern of TRMs at 0 cycles 332 

and their experimental average (of five samples). In addition, Fig. 7b presents the average stress-333 

strain curves of the specimens at 0, 180, and 360 cycles under both control and exposed conditions. 334 

The experimental load is divided by the cross-section area of the yarns (2.645 mm2) to calculate 335 

the stress. The strain equals the mean displacements from the two LVDTs divided by their base 336 

length (310 mm). A set of parallel and horizontal cracks followed by rupturing yarns are the 337 

governing failure mode in all the specimens under the control and the FT conditions, as shown in 338 

Fig. 7a. The linear, the crack development, and the post-cracking stages of the tensile response are 339 

identified in the tensile-strain curves (Fig. 7a). 340 

Stress (σ), as the tensile response parameter, of individual specimens is reported together with a 341 

linear regression line showing the general trend of the experimental results in Fig. 7c and d (details 342 

given in Table A 2). In Fig. 7c and d, the stresses associated with the transition points from linear 343 

to crack development, and from crack development to post-cracking stages of the tensile behavior 344 

(named σ1 and σ2, respectively). Under FT cycles, the σ1 and σ2 increase up to 180 cycles and then 345 

decrease until the end of the tests. In contrast, σ1 does not change and σ2 decreases in the control 346 

specimens during the same period. After 180 cycles, the σ1 and σ2 of exposed specimens decrease 347 

until the test end, while those of control specimens do not change significantly. As a result, σ1 and 348 

σ2 are 25% and 51% higher in exposed specimens at 180 cycles (TE180) compared to control 349 

samples at the same age (TC180). In contrast, these values are 43% and 9% less in TE360 samples 350 

compared to TC360. The observed changes in the tensile stress at the linear stage (σ1) under both 351 
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conditions are in line with the evolution of the flexural strength of the mortar M1. In the crack 352 

development stage, only frictional stresses are available between yarns and mortar, due to cracking 353 

and weakening of the bond at the interface of yarn-to-mortar [62]. Consequently, changes in σ2 are 354 

consistent to changes in frictional shear strength (τf) of yarn-to-mortar bond (presented in previous 355 

section). Besides, the crack spacing for both control and exposed specimens shows a slightly 356 

increasing trend, as shown in Fig. 7e. 357 

3.4 TRM-to-substrate bond behavior 358 

Fig. 8a reports the typical load-slip curves of the individual TRM-to-substrate specimens and their 359 

experimental average at 0 cycles. Additionally, Fig. 8b presents the average load-slip curves of the 360 

specimens at 0, 180, and 360 cycles under both control and exposed conditions. The curves are the 361 

average of five specimens, and the load in these curves is divided by the number of yarns (3 yarns). 362 

The control samples fail because of yarns slippage, while exposed samples fail due to either yarns 363 

slippage or yarns slippage followed by tensile rupture (see Table A 3). It should be noted that no 364 

debonding has occurred at the TRM-to-substrate interface in any of the specimens due to the 365 

enhancement of the bond as a result of sandblasting of the brick’s surfaces. Also, the similar CTE 366 

of the brick and the mortar M1 ensured that the stresses developed at the mortar-to-brick interface 367 

are not high to cause interfacial cracking during the FT cycles.  368 

The single-lap shear peak load changes under both conditions are presented in Fig. 8c with a linear 369 

regression trending line for better understanding (see Table A 3 for the exact values). As shown in 370 

Fig. 8c, the peak load changes under the FT condition are slightly increasing up to 180 cycles, in 371 

contrast, the control specimens show a slightly decreasing trend during this period. Up to the end 372 

of the test, both the control and the exposed specimens show a considerable decreasing trend, like 373 

the yarn-to-mortar bond behavior. Therefore, this deterioration can be attributed to other 374 

parameters such as mortar age effect or mortar shrinkage. The results of these conditions need to 375 

be explored further in future research. Furthermore, the quantitative comparison between the FT 376 

and control conditions shows that the peak loads of SE180 and SE360 specimens (exposed 377 

specimens after 180- and 360-FT cycles) are respectively 30% and 8% higher than those of SC180 378 

and SC360 (control specimens after 180 and 360T cycles). 379 

Fig. 8d also shows the average peak stress of the pull-out (σpull-out) and the single-lap (σsingle-lap) 380 

specimens compared to the average tensile stress of the TRM composite at the end of the linear 381 
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(σ1) and the crack development stages (σ2) under the FT conditions. As shown, σpull-out and σsingle-382 

lap are close to the σ1, indicating the bond strength of the whole system decreases before cracks 383 

appear in the mortar samples. However, in some points (240 and 300 cycles), σsingle-lap is close to 384 

the σ2 due to fiber rupturing in these samples. Moreover, comparison of σpull-out and σsingle-lap shows 385 

that these two stresses are equal up to 120 cycles, but after this point, σpull-out is less than σsingle-lap. 386 

This can be attributed to the fact that the bond degradation effect on mesh fabric is less than that 387 

on single yarns [39]. In addition, it is important to take into account that the bond length of pull-388 

out specimens varies from those of single-lap specimens (50 mm versus 100 mm, respectively). 389 

3.5 In-plane behavior 390 

Sliding along the mortar joint is the most common failure mode for unreinforced panels (UD), 391 

both for control and FT conditioned specimens. In a small number of cases, sliding along the 392 

mortar joint is combined with cracking in the masonry units, as presented in Table 3 and Fig. 9. 393 

As for the strengthened panels (SD), the failure occurred under both conditions: formation of two 394 

diagonal cracks in the center of the TRM composite, tensile failure of yarns, followed by 395 

developing diagonal cracks. Besides, there is no debonding between the TRM composite and the 396 

substrate under any conditions, as expected from the single-lap shear tests results. 397 

The average load-displacement (vertical and horizontal LVDT measurements) response of the 398 

unreinforced and strengthened panels is presented in Fig. 9a and b. Also, Fig. 9c shows the average 399 

shear stress-strain curve of each series calculated according to ASTM- E 519-2 [57]. 400 

 401 

Furthermore, the main characteristics values of the in-plane response are summarized in Table 3, 402 

including the maximum load (Pmax), the maximum shear stress (τ′max) and its corresponding strain 403 

(γmax), the pseudo-ductility ratio (μdiagonal= γu/ γy), and the shear modulus (G). γu is the ultimate 404 

shear strain corresponding to a 20 % strength drop on the post-peak softening branch of the shear 405 

stress-strain curve, and γy is the shear strain at 75 % of the maximum shear stress [29,63,64]. γu of 406 

UD panels is equal to γmax due to bearing load until the peak load. G is computed by the secant 407 

modulus between 5% and 30% of the maximum shear stress [29]. 408 

Compared with unreinforced panels at zero cycle (UDC0), UDC360 and UDE360 panels show a 409 

significant decrement of τ′max (70% and 62%, respectively) and shear modulus, G (93% and 82%, 410 

respectively). Whereas γmax of UDC360 and UDE360 increases considerably by 157% and 86% 411 
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compared to UDC0, and μdiagonal stays almost constant, as presented in Table 3. These results 412 

contrast with the changes observed in the mechanical properties of the brick and the mortar M2 413 

under both conditions. This shows the importance of the mortar-to-brick bond (at the bed and head 414 

joints) deterioration, which was not experimentally measured in this study and is proposed for 415 

future investigations. Additionally, the transportation of the panels from the chamber to the testing 416 

site may also have affected their in-plane behavior; however, this could be occurring for both 417 

control and exposed samples, hence its effect is expected to be seen in all the results. Also, a visual 418 

inspection revealed no cracks. 419 

In strengthened panels, no significant changes occurred in all in-plane parameters under both 420 

conditions (SDC360 and SDE360), compared to the reinforced panels at zero cycles (SDC0), as 421 

listed in Table 3. The in-plane parameters show that the FT conditions slightly improve Pmax and 422 

G by 13% and 10%, in SDE360 samples compared to the control ones at the same age (SDC360). 423 

However, γu and μdiagonal, parameters related to the post-peak area, slightly decrease under FT (16% 424 

and 15%, respectively). 425 

3.6 Out-of-plane behavior 426 

Fig. 10 illustrates the load-displacement curves and failures of the bending tests. All unreinforced 427 

panels (UP and UN) show a brittle behavior and fail suddenly by reaching the peak load under the 428 

control and FT conditions. A single crack crossing the panel develops in both the UP and UN 429 

specimens, except that it occurs along the bed joint in the UP panels (Fig. 10a). However, a crack 430 

occurs around the units in alternate courses in the UN panels, as presented in Fig. 10c. 431 

Strengthened panels (SP and SN) fail suddenly by reaching load to the tensile strength of the glass 432 

fabrics at the constant moment region under the control and the FT conditions. Two wide cracks 433 

occur in the TRM composite of SP panels, and then panels fail at the masonry bed joint like the 434 

UP panels, as presented in Fig. 10b. One wide crack causes SN panels to fail through the masonry 435 

units (Fig. 10d), contrasting with the failure of unreinforced panels (UN series). Additionally, no 436 

TRM-to-masonry detachment is observed in any strengthened panels under the control and the FT 437 

conditions. 113 mm, 135 mm, and 125 mm are the average crack spacing for SPC0, SPC360, and 438 

SPE360, respectively, which is slightly different from the crack spacing observed in the TRM 439 

tensile tests. This difference can be due to the different load application and boundary conditions 440 

in these two test methods. 441 
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Table 4 and Table 5 present the cracking and maximum loads (Pcr, Pmax), their corresponding 442 

deflection (Δcr, Δmax), maximum bending (Mmax) at the mid-span, ductility (μbending), and orthogonal 443 

strength ratio (OSR), as the main characteristics values of the out-of-plane response. μbending is 444 

defined as follows [29]: 445 

max
bending

cr

E1
1

2 E

 
 = + 

 
 ........................................................................................................ (1) 446 

where Emax and Ecr are the areas under the load-displacement curve until Pmax and Pcr, respectively. 447 

Also, orthogonal strength ratio (OSR) is defined as the gross area modulus of rupture (R) of UP or 448 

SP panels to that of UN or SN panels, respectively, and shows the anisotropy degree of masonry 449 

[65]: 450 

( )max s sP
P or N 2

N m

P 0.75P LR
OSR ,R

R b t

+
= = ............................................................................. (2) 451 

Ls is the outer span length (420 mm), bm is the width of the panels (420 mm for UP and SP panels, 452 

and 330 mm for UN and SN panels), and t is the thickness of the panels (100 mm). Ps is the self-453 

weight of panels equal to zero due to testing specimens in the vertical position. 454 

According to Table 4 and Table 5, all out-of-plane parameters of unreinforced panels (for both 455 

failure parallel (UP) and normal (UN) to bed joints) decline under the control and the FT 456 

conditions, compared to the panels at zero cycles. For example, Pmax, Mmax, and Emax of UPE360 457 

(FT exposed panels) specimens decrease by 17%, 11%, and 36%, compared to panels at zero cycles 458 

(UPC0). These values drop by 40%, 44%, and 47%, respectively, for UPC360 (control panels). A 459 

similar decreasing trend can be observed for the UNE360 (Pmax:26%, Mmax:27%, and Emax:47%) 460 

and UNC360 (Pmax:48%, Mmax:49%, and Emax:11%) panels, compared to UNC0 panels. These 461 

observations contrast with the changes in the mechanical properties of the brick and the mortar M2 462 

under both conditions. An influential factor in reducing out-of-plane response can be weakening 463 

the bond (at the bed and head joints) between the brick and mortar. Furthermore, comparing the 464 

results of UPE360 with UPC360 reveals that the proposed FT conditions cause the out-of-plane 465 

parameters (Pmax, Mmax, and Emax) to improve by 38%, 60%, and 21%, respectively. For UNE360 466 

panels, Pmax and Mmax improve by 42% and 44% compared to UNC360 panels. It can result from 467 

promoting mortar hydration in high humidity conditions present at the proposed FT cycles 468 

(90% RH). 469 
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The changes of the out-of-plane parameters in the strengthened panels (for both failure parallel 470 

(SP) and normal (SN) to bed joints) are different from those of unreinforced panels, as presented 471 

in Table 4 and Table 5. Compared to zero cycles, Pmax, Mmax, and Emax of all strengthened panels 472 

decrease under the control and the FT conditions. For instance, these parameters decrease for 473 

SPE360 (FT exposed panels) by 22%, 22%, and 4% and for SPC360 panels by 24%, 26%, and 474 

13%, respectively. Also, SNE360 panels show decrement of Pmax, Mmax, and Emax by 22%, 21%, 475 

and 13%, while only Pmax and Mmax of SNC360 panels decrease by 22% and 19%. This reduction 476 

in the out-of-plane response can be the result of the observed reduction of the tensile strength in 477 

the TRM composites (as discussed in section 3.3) and the reduction in the flexural strength of 478 

masonry (as discussed in the previous paragraphs) under both conditions. However, other 479 

parameters (Ecr, µdebonding, and OSR) do not exhibit a specific trend of increasing or decreasing. 480 

Furthermore, comparing the results of strengthened panels in the last stage of the experiment 481 

(SPE360 vs. SPC360, and SNE360 vs. SNC360) shows no significant difference between the out-482 

of-plane parameters of control and exposed specimens. 483 

4 Analytical modeling 484 

4.1 Prediction of tensile crack spacing of TRM composite 485 

Through the ACK (Aveston–Cooper–Kelly) theory, the saturation crack spacing (X) can be 486 

predicted in tensile specimens. Based on this theory, it is assumed that the yarns are only capable 487 

of carrying load along their longitudinal axis, and when mortar cracks and debonds from the textile, 488 

a constant frictional stress replaces the previously existing adhesion stress. By imposing the 489 

equilibrium force along the loading axes of the yarns [62,66], one obtains: 490 

m mu

f f

r
X 1.337

2

 
=

 
............................................................................................................... (3) 491 

where υf is the volumetric fractions of the yarns calculated as the ratio between the yarn area mesh 492 

and the average cross-section of the tensile specimens (υf= 0.00335), and υm is the volumetric 493 

fractions of the mortar equal to 1-υf [29]. r is the yarn radius and equal to 0.5298 mm [29] by 494 

considering a circular section area for the yarns. τf is the frictional shear strength at the yarn-to-495 

mortar interface obtained from the pull-out tests (Table A 1). σmu refers to the mortar's direct tensile 496 

strength and can be derived from the compressive (fm), flexural (ffl), or splitting (fsp) strengths 497 
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[29,67]. Fig. 11 presents the X value for 0, 180, and 360 cycles compared with the upper and lower 498 

limit of experimental crack spacing under FT conditions. In Fig. 11, XPE and XGT are the predicted 499 

crack spacing based on the frictional shear strength (τf) of "single yarn" and "single + transverse 500 

yarn" bond, respectively. Also, Table A 4 presents the formulations and values for predicting XPE 501 

and XGT at zero cycles. It can be observed from Fig. 11 that the expected crack spacing for each 502 

cycle is between upper and lower experimental values and is predicted with an acceptable degree 503 

of accuracy. However, the crack spacing values predicted by tensile splitting strength and single 504 

yarn (XPE-fsp) at 180 and 360 FT cycles are a little higher than the experimental results. In general, 505 

the experimental average results at zero, 180, and 360-FT cycles are well predicted by the 506 

combination of flexural strength and single yarn (XPE-ffl). 507 

4.2 Prediction of compressive strength of masonry prism 508 

The formulation presented by Eurocode 6 [68] can be used here to compute the compressive 509 

strength of masonry prisms (f′masonry). Therefore, the compressive strength of masonry made with 510 

general purpose mortar is: 511 

masonry b mf Kf f  =  ................................................................................................................... (4) 512 

where K is a constant to be defined and modified, which is equal to 0.55 for clay brick. fb and fm 513 

are the compressive strength of the brick and the mortar M2, respectively, as presented in Table 2. 514 

α and β are constant related to the fb and fm and equal to 0.7 and 0.3. f′masonry can be found as 515 

9.6 MPa, 9.3 MPa, and 9.6 MPa for C0, C360, and E360 cycles, respectively, showing 14%, 8%, 516 

and 1% error with respect to the experimental results. Besides constants (K, α, and β), the change 517 

in mortar strength over time also impacts the results. As an example, in control samples (C0 and 518 

C360) with the same brick strength, mortar strength after 120 days and 367 days is 8.7 and 7.8, 519 

respectively, causing an error of 14% and 8%. 520 

4.3 Prediction of panels shear strength 521 

As the unreinforced panels (UDC0, UDC360, and UDE360) failed due to sliding along the mortar 522 

joint, their shear strength (Vm) can be estimated as follows [29,69]: 523 

0
m n

0

V A , 45
1 tan


=  =

− 
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19 

 

τ0 represents the shear bond strength equal to 0.26 MPa (at 28 days) as reported in another study 525 

conducted by the authors [29]. The coefficient of internal shear friction (μ0) in mortar joints is also 526 

considered to be 0.4 based on Eurocode 6 [68]. An is the net area of the specimen and equals to 527 

54000 mm2. Therefore, Vm is equal to 23.4 kN, a value that is 43% lower than the experimental 528 

result of UDC0, and 80% and 35% higher than those of UDC360 and UDE360 (Table 3), 529 

respectively. The difference can be explained by considering constant values for the τ0 and μ0. 530 

Eurocode 6 [68] proposes τ0 based on the compressive strength of mortar (fm) and it is equivalent 531 

to 0.2 MPa at C0 and C360 and to 0.3 MPa at E360. Using these values in Eq. (5), the Vm compared 532 

to UDC0 is 56% lower, and to UDC360 and UDE360 it is 38% and 53% higher, respectively. 533 

Besides, μ0 can be varied between 0.3 and 1.2 [70], therefore if considering μ0= 0.74 and τ0= 0.2 534 

at C0, Vm will match to 41.5 kN with 1% error to UDC0. If μ0= 0.3 and τ0= 0.2 at C360, Vm will 535 

be equal to 15.4 kN showing 18% error to UDC360. Finally, by considering both μ0 and τ0 equal 536 

to 0.3 at E360, Vm will be 23 kN showing 30% error to UDE360. 537 

TRM-reinforced panels have a nominal shear capacity (Vn) derived from the masonry (Vm) and 538 

the TRM composites (Vf), as reported in ACI 549.6R-20 [71]. Due to the diagonal tension failure 539 

of strengthened panels, the following equation can be used to calculate the Vm: 540 

2

m t n t masonry

w

tan 21.16 tan L
V f A , f 0.67 f

10.58 H

 + + 
 = = 

 
............................................. (6) 541 

where f′t is the tensile strength of masonry, L is the panel's length (540 mm), Hw is the panel's 542 

height (540 mm), and fmasonry is the compressive strength of masonry prism (Table 2). Vm for the 543 

SDC0, SDC360, and SDE360 is equal to 65 kN, 62 kN, and 61 kN, respectively, showing higher 544 

value than the experimental results of unreinforced panels (UDC0, UDC360, UDE360). 545 

The TRM composite applied to both sides of the panel provides the following shear capacity (Vf) 546 

[29,71]: 547 

( )f f f fdV 2 nA LE=   ............................................................................................................ (7) 548 

where n is the number of fabric layers (n= 1), and Af is the fabric area per unit width in both 549 

directions (0.07054 mm2/mm). Ef is the tensile modulus of elasticity of cracked TRM (E3 from 550 

Table A 2) and εfd is the design value of the strain of TRM composites under direct tensile. 551 

ACI 549.6R-20 [71] suggests εfd is the average value of the tensile experimental results (ε3 from 552 

Table A 2) minus one standard deviation. Table 6 lists the values of εfd, Vf, and the proportion of 553 
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Vn to the maximum experimental load under the control and the FT conditions. The results show 554 

error of 23%~43% compared to the experimental results. The difference between analytical and 555 

experimental results is partly due to the use of the design value of strain (εfd). The error would 556 

decrease to 19%~34% if the ultimate tensile experimental results (ε3) were used in Eq. (7). 557 

Furthermore, the different performance of TRM composites at the micro (TRM tensile test) and 558 

masonry panel levels lead the error to increase. 559 

4.4 Prediction of panels flexural strength 560 

The Eurocode 6 [68] estimates the formula for calculating the nominal flexural strength of 561 

unreinforced masonry panels (MRd): 562 

Rd xkM Sf=  ......................................................................................................................... (8) 563 

where S is the section modulus of un-crack wallets equal to 7×105 mm3 and 5.5×105 mm3 for UP 564 

and UN panels. fxk is the flexural strength of masonry and is 0.15 MPa and 0.4 MPa for UP and 565 

UN panels, based on [68]. Therefore, MRd of UP panels is equal to 0.105 kN.m, which is higher 566 

than the experimental results of UPC0, UPC360, and UPE360 by 17%, 110%, and 31% (Table 4), 567 

respectively. MRd of UN panels is 0.22 kN.m, which is lower than that of the experimental results 568 

(UNC0, UNC360, and UNE360) by 65%, 31%, and 52%, respectively (Table 5). The difference 569 

can be attributed to the estimated flexural strength of the masonry (fxk), especially over the long 570 

term. 571 

The nominal flexural strength (Mn) of TRM-strengthened panels is calculated as follows [71]: 572 
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where A′f is the fabric area per unit width (0.03572 mm2/mm), and c is the neutral axis depth which 574 

is calculated as follows: 575 

f f fd

1 masonry

A E
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The values of fmasonry and Ef can be found in Table 2 and Table A 2 for C0, C360, and E360 cycles. 577 

According to ACI 549.6R-20 [71], the design tensile strength (εfd) is the minimum of the ultimate 578 

tensile strain of TRM composite (ε3 from Table A 2) and 0.012. Table 6 lists the nominal flexural 579 

strength and its proportion to the experimental results. The results show an error of 57~68% error 580 
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for the ACI 549.6R-20 [71] method. This observation also agrees with the findings of other studies 581 

[72–74]. 582 

5 Conclusions 583 

An extensive experimental campaign was presented in this study to investigate the durability of 584 

TRM composites under freeze-thaw conditions. The TRM composite considered is made of an 585 

AR-glass fabric embedded in a hydraulic lime-based mortar. A series of multi-level experimental 586 

tests were performed to investigate the potential effects of freeze-thaw conditions on the 587 

mechanical performance of these composites and TRM-strengthened masonry components at the 588 

micro-, meso-, and macro-scales. The following key conclusions can be drawn based on the 589 

obtained results: 590 

• The FT conditions marginally enhanced the mechanical properties of the mortar M1, 591 

similar to the control specimens. The mortar hydration continued until the end of the tests 592 

(360 cycles or 337 days) and caused the FT conditions to have fewer adverse effects. This 593 

could result from the sample saturation not being adequate, despite 90% RH exposure 594 

conditions. A similar observation was made for the mortar M2, indicating that the FT 595 

conditions' detrimental effect was less than their effect on promoting the mortar hydration. 596 

Additionally, the FT conditions did not affect considerably the mechanical properties of 597 

the brick and the glass fabric, as expected. 598 

• The yarn-to-mortar bond behavior deteriorated under 180-FT cycles in a way comparable 599 

to the control specimens in a similar age. However, as the test progressed, both the control 600 

and exposed samples showed a decreasing trend, indicating more destructive effects of 601 

other parameters (e.g., reduction of elastic modulus of mortar M1) on the bond response 602 

than the proposed FT conditions. In addition, a similar observation was observed for the 603 

bond-slip law parameters (bond shear strength, τmax, and frictional stress, τf). 604 

• The tensile behavior of the TRM composite under FT conditions improved up to 180 605 

cycles, compared to the control specimens. In contrast, when the number of FT cycles was 606 

increased up to 360, the tensile behavior degraded. Additionally, the results demonstrated 607 

that the tensile behavior of the TRM composites was in agreement with the flexural 608 

behavior of mortar M1 at the linear stage and the frictional stress of yarn-to-mortar at the 609 

crack development stage. 610 
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• For the single-lap shear specimens under FT conditions, the peak load changes improved 611 

up to 180 cycles compared with the control specimens. As the test progressed, both control 612 

and exposed specimens displayed a decreasing trend in the same way, proving that FT 613 

conditions had no effect on TRM-to-substrate bond. When compared to the pull-out test, 614 

the single-lap shear test revealed that the bond degradation effect on mesh fabric was less 615 

than that on single yarns. 616 

• Under both conditions and the test end, the yarn-to-mortar bond response, the TRM tensile 617 

strength, and the TRM-to-substrate bond properties of the glass-based TRM composite 618 

were significantly declined, while the strength of reinforced panels remained relatively 619 

unchanged. Therefore, it is imperative to investigate the durability of these composites at 620 

different scales. 621 

• The in-plane and out-of-plane behavior of the URM panels declined under both control and 622 

the FT conditions due to the bond degradation at the bed and head joints. In contrast, the 623 

in-plane and out-of-plane behavior of strengthened panels did not change significantly. 624 

• By using ACK theory and pull-out test results, crack spacing was predicted reasonably well 625 

in tensile test samples under both the control and FT conditions. 626 

• The mechanical properties of the masonry were predicted. The results showed that the 627 

compressive strength of the masonry could be predicted (by Eurocode 6 [68]) with high 628 

accuracy under both conditions. 629 

• The in-plane and out-of-plane capacity of strengthened panels was predicted analytically 630 

based on ACI 549.6R-20 [71]. Results showed considerable differences between the 631 

analytical and experimental results due to different TRM composite performance at multi-632 

levels. 633 

Consequently, using 90% RH exposure conditions was not adequate, especially at the material and 634 

the masonry panel level, so that a higher saturation level was recommended. In addition, by the 635 

end of the tests (360 cycles or 337 days), other factors (e.g., mortar age effect or shrinkage) 636 

appeared to affect severely the fabric-to-mortar interface at the micro- and meso-level, compared 637 

to the proposed FT conditions. Future research should examine the results of these factors. 638 
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8 List of tables 861 

Table 1. Experimental program. 862 

Task Material 

Control specimens corresponding 

to FT exposures cycles 
Freeze-Thaw (FT) cycles 

Name 
Total number of 

specimens 
C0 C180 C360 E60 E120 E180 E240 E300 E360 

Compressive test 

M1 5 5 5 5 5 5 5 5 5 - 45 

M2 5 5 5 - - 5 - - 5 - 25 

Brick 5 - 5 - - - - - 5 - 15 

Masonry prism 5 - 5 - - - - - 5 - 15 

Flexural test 

M1 5 5 5 - - 5 - - 5 - 25 

M2 5 - 5 - - - - - 5 - 15 

Brick 5 - 5 - - - - - 5 - 15 

Determination of 

elastic modulus 

M1 5 5 5 - - 5 - - 5 - 25 

M2 5 - 5 - - - - - 5 - 15 

Brick 5 - 5 - - - - - 5 - 15 

Splitting test 
M1 5 5 5 - - 5 - - 5 - 25 

M2 5 - 5 - - - - - 5 - 15 

Tensile test 

Glass fiber 5 - 5 - - - - - 5 - 15 

TRM 

composite 
5 5 5 5 5 5 5 5 5 

TC0, TC180, TC360, 

TE60~ TE360 
45 

Pull-out test 
yarn-to-mortar 

bond 
5 5 5 5 5 5 5 5 5 

PC0, PC180, PC360, 

PE60~ PE360 
45 

Single-lap shear test 
TRM-to-

substrate 
5 5 5 5 5 5 5 5 5 

SC0, SC180, SC360, 

SE60~ SE360 
45 

Diagonal compression 

test 

URM panel 4 - 4 - - - - - 4 
UDC0, UDC360, 

UDE360 
12 

Strengthened 

panel 
4 - 4 - - - - - 4 

SDC0, SDC360, 

SDE360 
12 

Bending test 

(failure parallel to bed 

joint) 

URM panel 4 - 4 - - - - - 4 
UPC0, UPC360, 

UPE360 
12 

Strengthened 

panel 
4 - 4 - - - - - 4 

SPC0, SPC360, 

SPE360 
12 

Bending test 

(failure normal to bed 

joint) 

URM panel 4 - 4 - - - - - 4 
UNC0, UNC360, 

UNE360 
12 

Strengthened 

panel 
4 - 4 - - - - - 4 

SNC0, SNC360, 

SNE360 
12 

 863 
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Table 2. Mechanical properties of the mortars and the brick. * 

Property [MPa] Material 

Control specimens 

[cycles] 

Exposed specimens 

[cycles] 

C0 C180 C360 E60 E120 E180 E240 E300 E360 

Compressive 

strength 

M1 
16.8 

(11) 

20 

(12) 

17.3 

(10) 

17.0 

(10) 

19.0 

(22) 

19.5 

(5) 

17.5 

(4) 

17.3 

(2) 

18.8 

(3) 

M2 
8.7 

(6) 

6.0 

(9) 

7.8 

(4) 
- - 

8.3 

(6) 
- - 

9.8 

(5) 

Brick 
23.5 

(5) 
- - - - - - - 

22.5 

(7) 

Masonry prism 
11.1 

(8) 
- 

10.1 

(17) 
- - - - - 

9.7 

(13) 

Flexural strength 

M1 
4.5 

(2) 

4.5 

(12) 

4.7 

(5) 
- - 

5.8 

(5) 
- - 

5.0 

(5) 

M2 
1.7 

(9) 
- 

1.4 

(7) 
- - - - - 

1.6 

(7) 

Brick 
4.5 

(14) 
- - - - - - - 

4.5 

(6) 

Elastic modulus 

M1 
6713 

(6) 

8280 

(11) 

8095 

(10) 
- - 

7593 

(1) 
- - 

7462 

(12) 

M2 
5236 

(10) 
- 

3301 

(8) 
- - - - - 

4875 

(13) 

Brick 
9650 

(2) 
- - - - - - - 

9476 

(2) 

Glass fiber 

(warp) 

65940 

(5) 
- - - - - - - 

70720 

(3) 

Glass fiber 

(weft) 

69870 

(4) 
- - - - - - - 

72910 

(3) 

Splitting strength 

M1 
1.4 

(8) 

2.0 

(14) 

2.1 

(8) 
- - 

2.2 

(3) 
- - 

2.2 

(9) 

M2 
0.5 

(7) 
- 

0.6 

(15) 
- - - - - 

0.6 

(17) 

Tensile strength 

Glass fiber 

(warp) 

875 

(13) 
- - - - - - - 

899 

(5) 

Glass fiber 

(weft) 

685 

(9) 
- - - - - - - 

676 

(12) 

*CoV of the results is given in percentage inside parentheses. 
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Table 3. Diagonal compression test results. * 

Name 
Pmax 

[kN] 
Failure 

τ′max 

[MPa] 

γmax 

[%] 

γy 

[%] 

γu 

[%] 
μdiagonal 

G 

[MPa] 

UDC0 
41.04 

(22) 
A & B 

0.60 

(31) 

0.07 

(47) 

0.04 

(40) 

0.07 

(47) 

1.97 

(13) 

1815 

(76) 

UDC360 
13.01 

(14) 
B 

0.18 

(14) 

0.18 

(9) 

0.11 

(6) 

0.18 

(9) 

1.58 

(5) 

129 

(19) 

UDE360 
17.64 

(30) 
B 

0.23 

(17) 

0.13 

(15) 

0.06 

(26) 

0.13 

(15) 

2.12 

(14) 

320 

(31) 

SDC0 
151.01 

(0) 
D & C 

1.80 

(1) 

0.11 

(5) 

0.07 

(2) 

0.24 

(1) 

3.44 

(3) 

2035 

(1) 

SDC360 
148.54 

(2) 
D & C 

1.83 

(3) 

0.11 

(15) 

0.06 

(3) 

0.25 

(6) 

3.90 

(6) 

2186 

(8) 

SDE360 
168.48 

(4) 
D & C 

1.92 

(6) 

0.11 

(11) 

0.06 

(9) 

0.21 

(24) 

3.30 

(19) 

2398 

(8) 

*CoV of the results is given in percentage inside parentheses. 

A: combined sliding along mortar joint and cracking in the masonry units; B: sliding along mortar joint; C: cracking 

in the masonry units; D: TRM failure. 

 

Table 4. Bending test results: failure parallel to bed joints. * 

Name 
Δcr 

[mm] 

Pcr 

[kN] 

Δmax 

[mm] 

Pmax 

[kN] 

Mmax 

[kN.m] 

Ecr 

[kN.mm] 

Emax 

[kN.mm] 
μbending 

R 

[N/mm2] 
OSR 

UPC0 - - 
1.05 

(37) 

1.5 

(34) 

0.09 

(34) 
- 

1 

(50) 
- 

0.15 

(34) 
9.50 

UPC360 - - 
0.91 

(34) 

0.9 

(21) 

0.05 

(21) 
- 

0.53 

(46) 
- 

0.09 

(21) 
7.7 

UPE360 - - 
0.76 

(26) 

1.24 

(15) 

0.08 

(15) 
- 

0.64 

(41) 
- 

0.12 

(15) 
7.64 

SPC0 
0.36 

(1) 

22 

(10) 

2.81 

(3) 

41 

(1) 

2.58 

(1) 

5 

(11) 

82 

(9) 

9 

(2) 

4.13 

(1) 
0.97 

SPC360 
0.52 

(9) 

21 

(10) 

3.38 

(8) 

31 

(9) 

1.91 

(9) 

6 

(22) 

71 

(14) 

6.50 

(16) 

3.06 

(9) 
1.06 

SPE360 
0.35 

(29) 

21 

(9) 

3.32 

(13) 

32 

(5) 

2.01 

(5) 

4.03 

(28) 

78.73 

(12) 

11.66 

(42) 

3.21 

(5) 
0.98 

*CoV of the results is given in percentage inside parentheses. 
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Table 5. Bending test results: failure normal to bed joints. * 

Cycles 
Δcr 

[mm] 

Pcr 

[kN] 

Δmax 

[mm] 

Pmax 

[kN] 

Mmax 

[kN.m] 

Ecr 

[kN.mm] 

Emax 

[kN.mm] 
μbending 

R 

[N/mm2] 

UNC0 - - 
0.26 

(51) 

10 

(21) 

0.63 

(21) 
- 

1.9 

(72) 
- 

1.42 

(33) 

UNC0 - - 
0.42 

(26) 

5.2 

(2) 

0.32 

(2) 
- 

1.7 

(25) 
- 

0.66 

(2) 

UNE360 - - 
0.18 

(25) 

7.4 

(10) 

0.46 

(10) 
- 

1.0 

(24) 
- 

0.95 

(10) 

SNC0 
0.18 

(13) 

28 

(13) 

1.83 

(8) 

32 

(23) 

1.97 

(23) 

3 

(29) 

46 

(15) 

8 

(16) 

4.01 

(23) 

SNC360 
0.24 

(16) 

24 

(5) 

2.18 

(8) 

25 

(7) 

1.59 

(7) 

4.12 

(14) 

46.04 

(8) 

6.18 

(13) 

3.24 

(7) 

SNE360 
0.20 

(27) 

26 

(7) 

1.83 

(8) 

25 

(8) 

1.55 

(8) 

3 

(20) 

40 

(13) 

6.48 

(23) 

3.15 

(8) 

*CoV of the results is given in percentage inside parentheses. 

 

Table 6. Prediction of the nominal shear and flexural strength capacity of TRM-strengthened panels based on 

ACI 549.6R-20 [71]. 

In-plane 

εfd [%] Vf [kN] Vn/Pmax [%] 

SDC0 SDC360 SDE360 SDC0 SDC360 SDE360 SDC0 SDC360 SDE360 

1.077 0.55 1.31 51.4 22.4 47.5 77 57 64 

Out-of-plane εfd [%] Mn [kN.mm] Mn/Mmax [%] 

failure parallel to bed 

joint 

SPC0 SPC360 SPE360 SPC0 SPC360 SPE360 SPC0 SPC360 SPE360 

1.19 0.82 1.2 1.09 0.64 0.83 42 34 41 

failure normal to bed 

joint 

SNC0 SNC360 SNE360 SNC0 SNC360 SNE360 SNC0 SNC360 SNE360 

1.19 0.82 1.2 0.85 0.51 0.65 43 32 42 
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9 List of figures 

 

 

 

 

 

 

Fig. 1. Schematic representation of the test program. 
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(a) (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  

Fig. 2. Material characterization: (a) AR-glass fabric (b) cube compressive test; (c) prism 

flexural test; (d) splitting test; (e) cylinder elastic modulus test; (f) prism elastic modulus test; (g) 

masonry prism compressive test; (h) fiber tensile test. 
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(a) (b) (c) 

Fig. 3. Geometrical details and test setups: (a) pull-out test; (b) tensile test; (c) single-lap shear 

test. 
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(a) (b) (c) 

Fig. 4. Geometric details and test setups used for testing masonry panels: (a) diagonal 

compression tests; (b) bending tests parallel to bed joint; (c) bending tests normal to bed joints. 
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Fig. 5. Freeze-thaw cycles. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 6. Pull-out response: (a) typical pull-out behavior of individual samples; (b) the average 

load-slip curves of exposed and control specimens at 0, 180, and 360 cycles; (c) peak load; (d) 

debonding energy; (e) bond shear strength; (f) friction stress. 
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(a) (b) 

  

(c) (d) 

 

 

(e)  

Fig. 7. TRM composite tensile response: (a) typical tensile behavior of individual samples; (b) 

the average stress-strain curves of exposed and control specimens at 0, 180, and 360 cycles; (c) 

stress of linear stage; (d) stress of crack development stage; (e) crack spacing. 
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(a) (b) 

  

(c) (d) 

Fig. 8. TRM-to-substrate response: (a) typical load-slip curve of individual samples; (c) peak 

load changes; (d) average stress at the exposed bond level specimens. 
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(a) (b) 

 

 

(c)  

Fig. 9. Diagonal compression result: (a, b) load-displacement curves of URM and strengthened-

masonry panels; (c) average shear stress-strain curves.  
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(a) (b) 

  

(c) (d) 

Fig. 10. Load-displacement curves of bending tests: (a, b) failure parallel to bed joint of un-

strengthened and strengthened panels; (c, d) failure normal to bed joint of un-strengthened and 

strengthened panels. 
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Fig. 11. Comparing crack spacing of experimental tensile tests and ACK model under FT 

conditions. 
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10 Appendix 

Table A 1. Pull-out properties of TRM composite. * 

Name 
PP 

[N] 

Edeb 

[N.mm] 

τmax 

[MPa] 

τf 

[MPa] 

τmax,GT 

[MPa] 

τf,GT 

[MPa] 

PC0 
502.3 

(14) 

208.1 

(9) 

5.8 

(19) 

2.2 

(7) 

7.3 

(9) 

1.8 

(5) 

PC180 
673.9 

(10) 

251.6 

(13) 

12 

(18) 

2.4 

(9) 
- - 

PC360 
308.4 

(24) 

63.3 

(25) 

3.2 

(8) 

1.6 

(27) 

3.7 

(28) 

2 

(19) 

PE60 
513.5 

(6) 

105.6 

(25) 

4.4 

(18) 

2.7 

(11) 
- - 

PE120 
498.7 

(21) 

208.9 

(17) 

4.1 

(16) 

2.4 

(9) 
- - 

PE180 
502.4 

(14) 

191.4 

(26) 

9.4 

(8) 

2.4 

(18) 
- - 

PE240 
469.6 

(7) 

103.3 

(22) 

8 

(17) 

2.2 

(9) 
- - 

PE300 
329.2 

(11) 

90.6 

(24) 

2.4 

(9) 

1.8 

(11) 
- - 

PE360 
308.0 

(10) 

31.5 

(15) 

3.2 

(24) 

1.7 

(10) 

3.6 

(13) 

2 

(4) 

*Coefficients of variation in percentage terms are provided inside parentheses. 

PP: peak load; Edeb: debonding energy; τmax: bond shear strength; τf: friction stress; τmax,GT and τf,GT are related to the 

“single + transverse” yarn. 

 
Table A 2. TRM tensile behavior. * 

Name 
σ1 

[MPa] 

σ2 

[MPa] 

E3 

[GPa] 

ɛ3 

[%] 
Number of cracks 

Distance between cracks 

[mm] 

TC0 
567.5 

(12) 

695 

(5) 

62.7 

(15) 

1.19 

(9) 

3 

(13) 

101 

(23) 

TC180 
545.5 

(17) 

673.1 

(6) 

83.4 

(13) 

1.09 

(15) 

2 

(32) 

124 

(21) 

TC360 
562.4 

(16) 

598.9 

(16) 

53.5 

(21) 

0.82 

(32) 

2 

(28) 

133 

(35) 

TE60 
419.2 

(10) 

637 

(14) 

59.1 

(12) 

1.66 

(10) 

4 

(23) 

72 

(20) 

TE120 
600.5 

(19) 

801.1 

(17) 

63.7 

(20) 

1.21 

(9) 

2 

(20) 

112 

(11) 

TE180 
684.3 

(8) 

948.8 

(8) 

69.6 

(12) 

1.2 

(10) 

2 

(18) 

105 

(15) 

TE240 
524 

(17) 

633.4 

(7) 

70.0 

(9) 

0.91 

(24) 

2 

(19) 

101 

(39) 

TE300 
385.1 

(10) 

539.3 

(6) 

51.4 

(22) 

1.39 

(18) 

3 

(0) 

99 

(25) 

TE360 
334.3 

(11) 

544.2 

(7) 

47.6 

(17) 

1.51 

(13) 

2 

(25) 

140 

(22) 

*Coefficients of variation in percentage terms are provided inside parentheses. 

1, 2, and 3 are related to the linear, the crack development, and the post-cracking stages of TRM tensile behavior. 
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Table A 3. TRM-to-substrate bond properties. * 

Name 
Peak load/per yarn 

[N] 
Failure 

SC0 
559.4 

(15) 
Yarns slippage 

SC180 
480.2 

(15) 
Yarns slippage 

SC360 
226.6 

(6) 
Yarns slippage 

SE60 
558.1 

(17) 
Yarns slippage 

SE120 
554.9 

(8) 
Yarns slippage followed by rupturing 

SE180 
623.1 

(10) 
Yarns slippage followed by rupturing 

SE240 
636.9 

(5) 
Yarns slippage followed by rupturing 

SE300 
507.1 

(17) 
Yarns slippage followed by rupturing 

SE360 
245.5 

(7) 
Yarns slippage 

*Coefficients of variation in percentage terms are provided inside parentheses. 

 

Table A 4. Prediction of saturated crack spacing at zero cycles. 

Calculating tensile 

strength by 

σmu 

[MPa] 

τf,PE 

[MPa] 

τf,GT 

[MPa] 

XPE 

[mm] 

XGT 

[mm] 

XPE/Xexp. 

[%] 

XGT/Xexp. 

[%] 

compressive strength (fm) ( )
2/3

m0.3 f  

2.16 1.83 

96 113 95 112 

flexural strength (ffl) 

0.7

b

fl0.7

b

0.06h
f

1 0.06h+
 97 115 96 114 

splitting strength (fsp) ( )
0.18

m sp2.2 f f
−

 90 106 89 105 

fm= 16.8 MPa; ffl= 4.5 MPa; fsp= 1.4 MPa; hb: depth of flexural specimens (40 mm); τf,PE: frictional strength of “single 

yarn”; τf,GT: frictional strength of “single yarn+ transverse”; XPE and XGT: crack spacing predicted by τf,PE and τf,GT. 
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