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Abstract

:

Textile Reinforced Mortar (TRM) composite systems are gaining consensus within the scientific and technical communities as a viable and advantageous alternative to the most conventional Fibre-Reinforced Polymer (FRP) composites. Due to the good compatibility both in terms of stiffness and vapor permeability between the inorganic matrix and the substrate, the TRMs appear to be particularly well suited for strengthening masonry members and enhancing their capacity to withstand tensile and shear stresses, such as those induced by seismic shakings. This paper aims to investigate the mechanical response of a TRM system featuring an internal reinforcement made of basalt fiber textile. Therefore, the paper reports the results of an experimental campaign carried out by single-lap shear bond tests on masonry substrate reinforced by TRM strips. Three different kinds of TRM have been taken into account, each one characterized by a variable number of fabric plies. The results show that, in all cases, TRMs fail prematurely due to debonding between fabric and matrix. However, the aforementioned premature failure is the main concern emerging from these test results, and further work is requested in reformulating the matrix composition towards enhancing their tensile strength and, hence, restraining the occurrence of fabric-to-matrix debonding.
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1. Introduction


Nowadays, the use of externally bonded Textile Reinforced Mortar (TRM) systems in the structural repair and rehabilitation of existing members and structures is steadily gaining consensus within the technical community and, hence, it is getting more and more common as a viable alternative to the use of Fiber Reinforced Polymer (FRP) systems [1]. In fact, the former have the potential to outperform the latter in several aspects, such as fire resistance, reversibility of the installation process, vapor permeability, and a physical/chemical compatibility with the substrate, especially when applied to masonry elements [2].



Due to the great interest in the application of TRM systems, standards, and guidelines have been developed in order to help meet the needs of practitioners working in the existing structures’ retrofitting field. In the US, a guide to design “Externally Bonded Fabric-Reinforced Cementitious Matrix Systems” [3] and acceptance criteria for their mechanical characterization [4] has been implemented. In Europe, scientific committees have been created to define recommendations concerning a qualification procedure for TRM composites by means of tensile [5] and TRM-to-substrate bond [6] tests. Moreover, materials’ identification procedures [7] and instructions for the design of structural retrofitting interventions by means of TRMs [8] was recently provided in Italy.



In recent years, many experimental research studies have been carried out to characterize the mechanical behavior of TRM systems performed by using different types of textiles such as carbon, glass, steel, PBO (poly para phenylene benzobisoxazole), and basalt. Several studies have focused on the tensile strength of TRM coupons subjected to uniaxial tensile tests [9,10,11,12,13]. These studies showed that the typical TRM tensile response is characterized by a trilinear response with the first elastic branch, the second stage characterized by development of cracks within the matrix, and the third stage in which the response is mainly governed by the reinforcing textile. Durability aspects were investigated in order to define the mechanical behavior of TRM systems subjected to aggressive environmental exposures. It was shown that alkaline and saline environments may reduce the performance of TRM systems, even though alkali resistant textiles are employed, due to the decrease of strength of the mortar [14,15]. In some studies, the issue of the mechanical behavior of TRM systems subjected to high temperature conditions was addressed. It was shown that the use of appropriate textile coating plays a key role: in the case of coating procedures not specifically designed to resist to high temperature, the mechanical response may result much worse than the response of system characterized by dry fibers; conversely, specifically designed coating systems may confer to the TRM significant improvements in terms of strength at high temperatures [16,17]. The influence of freeze-thaw and heat-rain cycles on the mechanical response of TRM systems was analyzed as well by showing that significant decays of the mechanical properties may occur under these loading conditions due to the formation of microcracks in the matrix and the hydration of unreacted cement particles with consequent and damage of the textile [18,19]. The bond behavior of the composite system with either masonry or concrete substrates has been investigated by means of adherence tests. Different test set-ups were adopted to investigate this aspect such as double-lap shear configuration [20], push–pull double lap joints configuration [21], and single shear lap test [6]. The latter is considered as the most suitable test to characterize the TRM-to-substrate bond behavior due to it easy reproducibility. Depending on the materials’ properties, such as nature of the substrate, matrix strength, textile stiffness, the failure mode may interest the substrate–matrix interface, textile–matrix interface, or fiber failure [22,23,24,25]. Moreover, investigations were carried out by adopting plant fibers, such as hemp, flax, sisal, and coir, as reinforcement of TRM systems, showing the latter as a potential solution to increase the sustainability of the systems but still characterized by mechanical issues mainly related to the low stiffness of the textile, adherence properties, and durability aspects [26,27,28,29,30].



The composite system, consisting of textile embedded in mortar, once applied on a substrate can exhibit its maximum capacity with a rupture of the fibers or with an adherence crisis at one of the interface surfaces between the different materials.



According to the employed materials and to the nature of the substrate, one of the two failure modes, or a combination of the two, may occur. Experimental evidence shows that the bond at the matrix–fiber interface frequently represents the weakness of TRM composite systems. As a matter of fact, the slippage of the textile roving from the mortar is the most common failure mode observed in shear bond tests; it has been underlined by the Round Robin test carried out by the Technical Committee TC 250 CSM RILEM (International Union of Laboratories and Experts in Construction Materials, Systems and Structures) [31,32,33,34,35]. Therefore, the stress acting on the fibers at failure is frequently lower than the corresponding tensile strength of the fibers [36]; hence, the potential strength of the system is not entirely exploited.



Aiming to improve the capacity of the whole system, specifically designed solutions may be adopted by treating the fibers or the mortar to increase the textile-to-matrix bond strength. Similarly, the mechanical response may be changed by acting on the amount of the reinforcing textile. In fact, a higher amount of textile may increase the maximum capacity of the composite system and theoretically lead to different failure modes, such as a debonding at the TRM-to-substrate interface.



Based on the assumption that increasing axial stiffness of the reinforcing fabric leads to increasing axial stiffness of TRM too [37], this paper aims to analyze how the amount of textile affects the bond behavior of Basalt Textile Reinforced Mortar (BTRM) systems applied to masonry substrate. As a matter of fact, few experimental research studies are currently available on this aspect and controversial results emerge from them by showing in some cases a decrease of the system capacity due to the reducing of the textile space between the threads [38], in others a general improvement of the mechanical response by increasing the amount of reinforcement textile [39].



Therefore, this study aims at shedding a clarifying light on the interaction between TRM and masonry with reference to a composite material internally reinforced with basalt textile (BTRM). Among the various types of fibers available on the market, basalt textiles represent one of the most promising thanks to their mechanical properties [40], their durability [41], and their non-toxic nature [42]. Several research studies have been carried out showing the potential of BTRM composite systems both on a small scale [43,44] and on larger scales as reinforcement of wall panels [45,46].



The results of single-lap shear bond tests are presented in this work, in order to investigate, under shear load conditions, how the amount of textile may affect the load capacity. Specifically, three series of specimens were performed respectively reinforced by one, two, and three plies of textile, corresponding to three, five, and seven basalt rovings. Tensile tests on BTRM systems reinforced with the same roving arrangement have been carried out in a previous related study [47]. In the paper, a comparison between the composite performances in tension and shear is also shown.




2. Materials and Methods


2.1. Materials


Single-lap shear bond tests are carried out on masonry substrates reinforced by BTRM systems. The mechanical properties of bricks, mortar joints (substrate), TRM mortar matrix, and basalt textile are shown in Table 1.



The masonry substrate is characterized by five bricks and four mortar joints. The clay bricks, belonging to the commercial line “Rosso Vivo A6R55 W” produced by San Marco-Terreal, Valenza AL, Italia [49], are 250 mm long, 120 mm wide, and 55 mm thick.



Hydraulic lime-based mortar is used to assembly masonry bricks. Its composition is characterized by 1 part cement, 2 parts hydraulic lime, and 3 parts sand, using a water–cement ratio equal to 0.3. Twelve hydraulic lime mortar specimens, prismatic in shape (160 × 40 × 40 mm3), were subjected to three-point bending tests in order to assess the tensile strength ft, as suggested by the standards [50]. Uniaxial compression test was carried out on each half-prism resulting by the bending test to assess the compressive strength fc.



The BTRM system adopted in the study consists of basalt textile embedded in a one-component dry thixotropic mortar mix containing redispersible polymers. The textile is a bi-directional open waved basalt fabric characterized by a special high-temperature resistive coating for stability belonging to the commercial line “Tyfo® EP-B Basalt fabric” produced by Fyfe Company, San Diego, CA, USA [51]. The mesh is characterized by a clear distance between centerlines of the threads of 25 mm in both the directions (Figure 1).



The same protocol of test applied to define the mechanical properties of the substrate mortar has been reproduced to define the tensile and compressive strength concerning the BTRM matrix. The mechanical characterization was carried out after 28 days of curing (22.5 ± 2.5 C, 60 ± 10% of humidity). The morphology of the textile threads was analyzed by means of X-ray tomography carried out in previous studies [47] by giving a value of the thread cross-section equal to 1.61 mm2.




2.2. Methods


Shear bond tests were carried out by adopting the single-lap shear test (SST) configuration aiming to reproduce an intermediate crack-induced failure mode, characterized only by shear stress distributed on the interfacial surface between the support material and the reinforcing system. In order to be consistent with studies present in literature, the recommendation of the committee TC 250 CSM RILEM [6] had been taken into account to define the experimental setup and the mechanical parameters in study.



The specimens consist of prismatic masonry substrate made up of five clay bricks and four 10 mm thick mortar joints, reinforced by a BTRM strip. A cross-section of 90 × 10 mm2 and a bond length of 260 cm characterize the BTRM reinforcing system, placed centrally along the vertical axis of the prism and at a distance of 20 mm from the upper side of the support (Figure 2).



Different numbers of basalt textile layers characterize the three series of specimens conceived to analyze the influence of the amount of reinforcing fabric on the adherence behavior of the entire system. The three series of specimens considered are respectively named SST_T1, SST_T2, SST_T3, where SST refers to the Single Shear Test employed, T1, T2, and T3 represent the reinforcing configurations characterized by either one, two, or three overlapped basalt textile layers (Figure 3). The main properties of the three series of specimens are reported in Table 2.



The reinforcing configurations T2 and T3 are obtained by overlaying two or three plies of fabric so that the spacing of the mesh is reduced. For all the specimens, the reinforcement is placed at the middle-thickness of the BTRM strip.



The single shear-lap tests were carried out by using an electro-mechanical testing machine, with a 50 kN capacity in traction and compression, in displacement control using a cross-head rate of 0.3 mm/min. A steel system, consisting of two metallic plates connected by four threaded rods, locked the masonry prisms so that no rotation of the reinforced substrate may occur (Figure 4a).



The steel plates bonded to the end of the basalt fabric are grabbed by a clamping steel device. In order to avoid load eccentricity and, consequently, tensile normal stresses (peeling) at the interface surface between the masonry substrate and the reinforcing system; each specimen was duly placed to ensure the textile to be aligned with the direction of the load, with no intentional eccentricity. Moreover, a hinge is placed between the clamping steel device and the traverse of the universal machine so that no bending moment could be transmitted to the BTRM system (Figure 4b).



In order to record possible slipping of the textile within the mortar matrix, an aluminum device, named “Ω” for its shape, was bonded to the basalt textile. Two LVDTs (Linear Variable Differential Transformer) bonded to the masonry substrate, are used to monitor the motion of the “Ω” stub during the test.





3. Results


The response obtained from the shear bond tests is expressed herein in terms of stress–slip (σ–s). The stress “σ” is obtained by dividing the applied load for the cross-section of textile; the slipping “s” of the textile within the mortar matrix is computed as the average value among the two displacements recorded by the transducers (LVDT 1 and 2) monitoring the “Ω” device.



The stress–slip response concerning the three series of specimens is shown in Figure 5. The main parameters obtained from the tests are listed in Table 3. For each specimens, the maximum value of the load, Pu, the corresponding displacement of the “Ω” device, s*, and the corresponding average value of the normal stress reached by the basalt textile, σ*, are evaluated. The stiffness of the reinforcing system in the linear branch, k0, defined as the ratio between the load, and the corresponding displacement in the elastic branch of the curve is computed as well. The elastic energy of the system, Γel, and the inelastic energy, Γin, computed as the area underlying the force–displacement curve respectively in the elastic and post-peak phase, were reported in the table.



In order to quantify the loading of the fibers, the ratio between the maximum stress, σ*, and the tensile strength of the textile, ft, is also reported for each specimen.



The failure mode during shear bond tests highlighted the weakness of the system and allowed for investigating the effectiveness of the substrate-to-reinforcement load transfer. In fact, depending on the mechanical properties of the matrix and the textile, and the bond relationship at both interface surfaces textile-to-matrix and matrix-to-masonry, different failure modes may occur. Typical externally bonded strengthening systems’ failure configurations are shown in Figure 6 [36]: debonding with cohesive failure of the substrate (A), debonding at the matrix-to-substrate interface (B), debonding at the textile-to-matrix interface (C), textile slippage within the mortar matrix (D), textile slippage within the matrix with cracking of the outer layer of mortar (E), and tensile rupture of the textile out of the bonded area (F). A further failure mode F* is considered to describe the tensile rupture of the textile within the mortar matrix. For each specimen, its failure mode is discussed as well.




4. Discussion


Analyzing the shear bond test curves, it is possible to recognize two main different responses. All the specimens of the SST-T1 series, and some of the other two, exhibited an elastic behavior up to the achievement of the peak load; consequently, a drop of the load leads to a post-peak phase mainly characterized by a quite flat branch of the curve due to the slipping of the basalt threads within the mortar (failure modes D, E, and F). Some others exhibited an elastic brittle behavior characterized by lower maximum loads. This behavior, occurring in some specimens reinforced with one or two layers of textile, is due to an abrupt detachment of the outer layer of mortar from the inner one (failure modes B and C). In general, the results in terms of first stage stiffness, k0, and displacement, s*, resulted in being characterized by a high scatter as shown by the coefficients of variation. This dispersion may be attributed to two aspects concerning both the test equipment and the specimens′ response. On one hand, the dispersion may be due to a rotation of the “Ω” device due to a different solicitation of threads (bonded to the “Ω”) during the test. On the other hand, especially with respect to the SST-T2 and SST-T3 series, different kinds of failure modes generate the dispersion; the specimens failed by “B” and “C” modes are characterized by peaks and displacements significantly lower than the others.



By mutually comparing the three series of specimens, no significant increase of the mean value of the peak load is observed. However, this is also due to the different failure modes occurred in the SST-T2 and SST-T3 series. By looking at the specimens that failed in the same way as the SST-T1 ones, an increase of the maximum load is observed. Nevertheless, even in those cases, the efficiency of the system seems reduced. In fact, the average value of the loading ratio of the textile, σ*/ft, equal to 78% for the series of specimens reinforced by one layer of textile, decreases to 39% and 34%, respectively, in the series SST-T2 and SST-T3. As a matter of fact, increasing the strengthening ratio by overlapping several textile layers caused a significant reduction of the space between the threads, and consequently led to a less performing composite system. The average stress level within the basalt threads of the specimens reinforced by more than one ply results in being much lower than the basalt tensile strength. This aspect is due to the presence of a dense grid that reduces the bond between the matrix and the fibers, as also emphasized by the specimens characterized by a brittle failure mode with an abrupt detachment of the outer layer of mortar from the inner one.



As expected from similar studies in literature, all the specimens reinforced with one ply of basalt textile exhibited a loss of adherence between the textile and the matrix (Figure 7a). In some of the specimens, a mixed failure mode, characterized by the rupture of one or two threads, within the mortar or out of the bonded area, and slipping of the others (failure mode D + F, D + F*) (Figure 7b). This failure mode is due to a non-uniform distribution of axial stresses along basalt bundles that may be due to an accidental load eccentricity.



As aforementioned, a brittle failure mode was observed in some of the specimens reinforced with overlapped textile layers characterized by a detachment of the outer layer of mortar (Figure 7c,f). As a matter of fact, the arrangement of the overlapped textile layers reduces the width of mesh preventing the mortar to correctly protrude through the voids of the textile during the implementation of the specimens. Consequently, the lack of continuity in the mortar matrix leads to a debonding at the textile-to-matrix interface.



The specimens of the SST-T2 and SST-T3 series showed that a higher capacity exhibited a failure mode due to the slippage of the textile within the mortar (Figure 7d). During several tests, the slippage of the textile has been accompanied by the development of cracks on the outer layer of mortar. In these cases, in accordance with the literature studies on debonding [52], the development of the cracks underline the displacement of the effective bond length from the loaded end to the unloaded end of the sample (Figure 7e).



In the SST-T2 series, the debonding at the matrix-to-substrate interface was observed as well. An inappropriate treatment of the substrate surface during the casting (probably without an adequate humidification of the surface to be reinforced) could justify this behavior. This aspect, together with the lack of continuity within the matrix between the two layers of mortar, emphasizes the key role that a proper manufacturing process plays into the mechanical response of the composite system under investigation.



The energy Γin dissipated during the post-peak phase (Table 3) is related to the different kind of failure modes recorded; the slippage of the textile inside the mortar matrix (Mode D—Frequently recorded in series T1) allows for a higher dissipation of energy than the slippage between the two layers of mortar (Mode C and E—Frequently recorded in series T2 and T3).




5. Comparison between Tensile and Shear Bond Responses


This section presents a comparison between the mechanical response of the BTRM object of study under both shear bond and tensile load conditions. As reported in [7], both types of tests are fundamental for a comprehensive qualification procedure of the composite material. Specifically, the tensile response of BTRM systems is reinforced with either one or two layers of basalt textile, and tested according to RILEM recommendations [5], is taken from previous related studies [43,47]. The two series of specimens taken in consideration are as follows:




	
Tensile Test with 1 ply of Textile (TT_T1): 5 specimens reinforced by a composite characterized by one ply of textile, and so by three basalt threads (Figure 3a), with a textile density of 220 g/m2 and a volumetric strengthening ratio of 0.5%;



	
Tensile Test with 2 plies of Textile (TT_T2): Five specimens reinforced by a composite characterized by one ply of textile, and so by five basalt threads (Figure 3b), with a textile density of 367 g/m2 and a volumetric strengthening ratio of 0.9%.








As seen, the two series of specimens, TT-T1 and TT-T2, are respectively reinforced with the same textile arrangements adopted in SST-T1 and SST-T2 series of specimens.



Tensile response in terms of stress–strain curves of TT-T1 and TT-T2 series of specimens is shown in Figure 8. Stress is computed by considering the bared cross-section of the textile.



By looking at the stress–strain curves, the tensile response of the BTRM composite does not significantly change by increasing the amount of textile reinforcement. Both the series of specimens are characterized by a first linear branch followed by a stage characterized by the development of several cracks in the matrix up to a third stage in which the response is mainly governed by the reinforcing textile. Specimens reinforced by a higher amount of textile exhibited a cracks development characterized by fissures greater in number and closer each other. With respect to the stiffness of the system in the third stage, an average value of 435.5 MPa (Co.V. 21%) and 453.4 MPa (19%) was obtained respectively for the TT-T1 and TT-T2 series of specimens. This aspect emphasized that, in the third stage, the response is mainly governed by the textile; hence, even by increasing the textile amount, no significant change is observed in terms of stress–strain response. Tensile tests have been carried out clamping the coupons at the two edges by applying a transversal pressure to lock the composite within the clamps.



However, the rupture of the textile hardly occurred, and the failure modes mainly were characterized by a loss of adherence at the textile-to-matrix interface in proximity of one of the two edges of the specimens. This is the reason why the maximum stress achieved in the textile is lower than the basalt strength. By comparing the shear bond response of series SST-T1 and SST-T2, respectively reinforced by one and two overlapped plies of textile, the same trend shown in tension is not confirmed. In fact, as widely discussed in the paragraph above, by increasing the amount of textile, the shear performance of the composite system significantly reduces due to adherence problems related to the decrease of the textile grid spaces caused by overlapping more textile layers.



This discrepancy between the tensile and shear bond response can be seen in Table 4 where the textile exploitation ratio mean values are reported for TT and SST series, while, for the specimens T1 in shear conditions, the exploitation ratio decreases by about the 10% with respect to the tensile conditions; this gap decreases up to about 50% in the case of T2 series.



The boundary conditions justify the different behavior of TT and SST specimens. The application of orthogonal stresses to the specimen extremities by means of hydraulic grips prevent the debonding between the mortar and the textile until the achievement of a failure at the clamp. The application of loading on the free extremity of textile during the SST tests promotes the debonding between textile rowing and composite matrix.



The experimental evidence confirms the key role of boundary conditions and the importance of analyzing both the tensile and the shear bond behavior of TRM systems to totally characterize their mechanical behavior. Moreover, by also taking into account the nature of the substrate, the shear bond test appears as an essential step to investigate the composite system for designing purposes.




6. Conclusions


This paper presents an experimental analysis about the adhesion between basalt-TRM and clay–brick masonry. The main findings of the research are highlighted as follows:




	-

	
B-TRM systems characterized by basalt density of 220 gr/m² (1 layer of textile) are characterized by a mechanical response in which the maximum capacity is mainly governed by the loss of adherence at the fiber-to-matrix interface;




	-

	
The failure mode and the load capacity recorded show that a high density of textile in the middle of composite (two and three layers of textile, respectively 367 and 527 gr/m²) reduce the adherence between the upper and lower layer of mortar matrix. By looking at the results in terms of stress, the fiber loading resulted in being lower in specimens with higher amount of textile reinforcement;




	-

	
the textile grid size and the manufacturing process play a key role in the definition of a TRM system in which an appropriate continuity of the matrix allows the system to correctly work as a composite material.




	-

	
the comparison between tensile and shear bond response emphasizes the importance of shear tests to investigate the adhesion behavior otherwise not shown by only characterizing the material in tension.









Finally, basalt fabrics confirmed their potential as reinforcement in TRM systems, though further studies are needed to improve their adhesion with the mortar matrix. These studies, dealing with both shape and texture of fabrics and mortar composition, are among the future developments of the present work.
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Figure 1. Bi-directional basalt textile. 
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Figure 2. Specimens’ geometry (measures in mm). 
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Figure 3. Reinforcing textile configuration arrangements: (a) T1; (b) T2; (c) T3. 
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Figure 4. (a) test set-up of single-shear lap tests; (b) particular of the metallic hinge system. 
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Figure 5. Stress–slip curves of shear bond tests on series: (a) SST_T1; (b) SST_T2; (c) SST_T3. 
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Figure 6. Failure modes in shear bond test on TRM-to-masonry systems: (A) cohesive failure of the substrate; (B) debonding at TRM-to-substrate interface; (C) debonding at textile-to-matrix interface; (D) textile slippage; (E) textile slippage with matrix cracking; (F) textile rupture [32]. 
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Figure 7. Failure mode of representative specimens: (a) SST-T1-2; (b) SST-T1-3; (c) SST-T2-1; (d) SST-T2-4; (e) SST-T3-1; (f) SST-T3-3. 
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Figure 8. Stress–strain curves of tensile tests on series: (a) TT_T1; (b) TT_T2 (Data from [43]). 
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Table 1. Mechanical properties of the specimen components (Coefficient of Variation in round brackets).
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