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Abstract. This paper presents the preliminary results of an experimental
programme investigating the bond behaviour between natural fibre Textile
Reinforced Mortar (TRM) composites and masonry substrates. The TRM system
used in the study consisted of one and two layers of flax textile reinforcement
embedded within a lime-based mortar matrix, selected due to its compatibility
with historic and traditional masonry materials. The mechanical performance
of the textile-matrix composite, as well as its interaction with the masonry
substrate were evaluated through a series of laboratory tests. These included
direct tension tests to determine the tensile capacity and behaviour of the
composite, and single-lap shear bond tests to assess the bond strength and
stress transfer at the TRM-masonry interface. The results obtained from both
test programmes are analysed and discussed in detail, highlighting the main
parameters influencing bond performance, such as textile layers, mortar
properties, and interface characteristics. Particular attention is given to the
stress-transfer mechanism between fibres, mortar matrix, and the parent
masonry material. Based on the experimental findings, the feasibility and
effectiveness of flax-based TRM systems as a sustainable and compatible
strengthening technique for masonry structures are also evaluated.
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Introduction

The high vulnerability of unreinforced masonry structures to lateral loading (such as wind
loads and earthquakes) resulted in numerous losses of human life and property, manifesting the
need for structural strengthening and/or seismic retrofitting. Tex-tile-Reinforced Mortars (TRM),
which are externally bonded composite systems comprising inorganic matrices (cement-, lime- or
geopolymer-based mortars) reinforced with advanced fibre meshes, offer a series of structural
benefits for strengthening applications, including: high specific strength and stiffness, vapour
permeability, reversibility, recyclability, compatibility with masonry substrates, ability to conduct
post-earthquake damage assessment (Tri-antafillou et al. 2006). Their potential in strengthening
against both in-plane (Papanicolaou et al. 2015) and out-of-plane loading actions (Mordanova et
al. 2016), as well as in the strengthening of vaults, arches, pillars, and lintels, has been highlighted
through several case studies (Bournas 2016).

Despite the superior tensile properties of the reinforcement typically used in TRM systems
(glass, carbon, aramid, PBO, steel cords), their performance is governed by the quality of the bond
between the constituent materials, which often does not allow to fully exploit the fibre capacity. In
parallel, these relatively high-cost fibres require a high energy input for their manufacturing and
processing. The pressing need for sustainable development led to the exploration of alternative,
eco-friendly reinforcing materials. Natural fibres have emerged as a potential solution for
reinforcement in composites, given their excellent environmental credentials and wide availability
around the world (Yan et al. 2016). Among natural fibres, flax has attracted the interest of both
academia and industry due to its good specific tensile strength and stiffness, comparable to glass
(Joshi et al. 2004), and deformability values suitable for strengthening applications.

However, the potential of flax-TRM (FTRM) as externally bonded systems has not yet been
determined, and the mechanical properties and bond performance of such systems have not been
examined in detail. Available research on the topic is still in its infancy (Olivito et al. 2014, Cevallos
& Olivito 2015, Codispoti et al. 2015, Olivito et al. 2016, Olivito et al. 2018, Ferrara et al. 2019),
while the complexity of the stress-transfer mechanism in al-ready established TRM systems, which
involves failure both at textile/mortar and compo-site/substrate interface (e.g. Alecci et al. 2016),
has been well documented and is still under investiga-tion. The complexity of the TRM bond
performance is further increased when additional design parameters are taken into account, such
as the number of the reinforcing layers or the textile layout, as they affect strength, failure mode
and crack pattern (Misseri et al. 2019). As a result, there is a lack of in-depth understanding of the
behaviour of FTRM, which in turn hinders their implementation in strengthening applications and
their market acceptance.

This paper presents the preliminary results of a larger experimental programme on the bond
between flax textile-reinforced lime-based mortars and unreinforced masonry prisms, with the
aim of developing an effective and sustainable strengthening solution for masonry. Tensile and
single-lap shear bond tests were performed on single and double-layer FTRM specimens to gain
insight into the stress-transfer mechanism between fibres, matrix and parent material.

The methodology

Two types of flax textiles of different architectures (F1 and F2) were combined with the same
lime-based mortar to develop sustainable composites suitable for the strengthening of masonry.
The mechanical performance of the composite system was examined through:

-direct tensile tests on FTRM composites (coupons), according to AC434 provisions.
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-single-lap shear bond tests on unreinforced masonry prisms, according to RILEM TC 250-CSM
provisions.

The effect of the number of TRM layers on the overall performance was assessed by examining
specimens comprising one and two reinforcement layers.

Each masonry prism consisted of four stack-bonded solid clay bricks of dimensions 215 x
102.5 x 65 mm and 10-mm thick mortar joints. The cement lime: sand proportions in the mortar
used to bed the joints were 1:2:9, by volume, with a water-to-dry materials ratio of 0.21, by weight.
The mechanical properties of the masonry substrate were experimentally determined by carrying
out four compression tests perpendicular to the mortar joints, according to RILEM standards
(RILEM LUMB1). The mean values of the compressive strength and elastic modulus at 28 days
were found to be 30.5 MPa (CoV:2%) and 1970.5 MPa (CoV:5%), respectively.

Flax-TRM

Two types of flax textiles were investigated as reinforcement, distinguished by their geometry
and physical properties. Both textiles were woven, with yarns being equally arranged in an
orthogonal mesh. The textiles are shown in Figure 1, while their characteristics are summarized in
Table 1.

Figure 1. Textile characteristics, F1 (left) and F2 (right).

The textile mechanical properties were obtained from direct tensile tests according to EN ISO
13934:1999 (gauge length: 200 mm; grip method: epoxy-bonded aluminum tabs; loading rate: 2
mm/min; number of yarns width-wise: 3 for F1, 10 pairs for F2).

Both flax textiles were combined with a commercially available lime-based mortar, the
strength of which was obtained through flexural testing on thirty-nine prisms measuring 160 x 40
x 40 mm and compression testing on the resulting halves, following EN 1015-11. The flexural and
compressive strengths were 2.8 MPa and 7.7 MPa, respectively, with a CoV value of 15%.

All FTRM composites (both for tensile and shear bond tests) were prepared by applying a
bottom 3-mm thick mortar layer, manually embedding the textile into the fresh mortar, and
covering with a top mortar layer of the same thickness. The procedure was repeated for the
specimens with two TRM layers, resulting in a total thickness of 9 mm.

For the direct tensile tests, FTRM coupons measured 600 x 50 mm and were cast in plexiglass
formwork (6 replicates per configuration). Specimens were cured in a mist room for 28 days and
then stored in standard laboratory conditions until testing. Width-wise, F1-TRM and F2-TRM
specimens comprised 3 and 20 yarns, respectively.

For the shear bond tests, FTRM were centrally bonded across the width of the masonry prisms
and 30 mm away from their front face to avoid stress concentration phenomena. A bonded area
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100 mm wide and 260 mm long (3 replicates per configuration) was provided to ensure effective
anchorage of the composite to the substrate (RILEM TC 250-CSM). The unbonded textile (i.e., the
length of the textile projecting from the bonded area) measured 600 mm to mitigate any
misalignment during testing. The specimens were cured under wet hessian cloth for 28 days and
then stored in standard laboratory conditions until testing. Width-wise, F1-TRM and F2-TRM
specimens comprised 7 and 40 yarns, respectively.

Table 1. Textile characteristics.

Property F1 F2
Mesh size (mm)? 14 4
Yarn cross-sectional area (mm?) 2 1.11 0.22b

Tensile Strength (MPa) 196.4 289.0

Elastic Modulus (GPa) 7.1 13.6

Strain at failure (%) 4.2 3.8

a supplied by the manufacturer; ® the value refers to a single yarn

A random speckle pattern was applied manually to the surface of the specimens (both coupons
and masonry prisms) to enable the use of digital image correlation (DIC) and obtain full-field
displacement measurements. DIC results will be presented in future publications.

Experimental Setups

To ensure a uniform stress distribution during testing, the ends of the FTRM coupons and the
unbonded textile in the shear bond specimens were epoxy-bonded to aluminum tabs (150 mm
long).

Direct tensile tests were performed in a universal testing machine of 10 kN capacity, in
displacement control at a loading rate of 0.2 mm/min up to the occurrence of the first crack and
1 mm/min thereafter. Clevis-type grips were used, allowing for in-plane rotation of the specimens
while being loaded (Fig. 2a). The specimens’ ID has the form of FxLy-n, where F and L stand for
Flax and Layer, respectively, x is the type of the flax textile (1 or 2 - see Fig. 1), y is the number of
TRM layers (1 or 2) and n the replicate number.

Shear bond tests were performed in a servohydraulic testing machine fitted with a 50 kN load
cell, in displacement control at a loading rate of 0.5 mm/min. Single-lap shear tests were
performed, with the masonry prisms horizontally restrained within a rigid steel frame (Fig. 2b). A
pre-tension load of 100 N was applied prior to installing the instrumentation. Four linear
displacement transducers (potentiometers) of 10 mm stroke were attached on the shear bond
specimens to measure the displacement relative to a thin aluminum plate glued on the textile
adjacent to the loaded end: two on the substrate, on either side of the bonded area, to measure the
slip between the textile and the substrate; two on either side of the bonded width, to measure the
slip between the textile and the composite and derive the overall slip between the composite and
the substrate (Fig. 2c). The ID of the bond specimens has the form of FxLy-260-100-n, where 260
stands for the bond length (mm) and 100 for the bond width (mm), and the rest of the notation is
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the same as used for the TRM coupons.

Figure 2. Experimental test setups: (a) tensile tests on FTRM coupons; (b) shear bond tests
(side view); (c) shear bond tests (plan view) and arrangement of the potentiometers.

Findings/Discussion

Table 2 presents the average tensile properties of the TRM coupons (and the corresponding
CoV values in parentheses) reinforced with one and two layers of the corresponding flax textiles.
[t can be observed that F2-TRM specimens exhibited superior mechanical properties compared to
those of their F1 counterparts. The addition of an FTRM layer, however, did not increase the
mechanical properties significantly.

Figure 3 shows the tensile stress-strain response curves of typical specimens grouped per flax
textile type. The typical three stages that characterize the tensile behaviour of TRM systems, i.e.,
pre-cracked, crack development and post-cracking stage (Arboleda et al. 2016), did not always
develop in the tested composites. The uncracked stage was not detectable in most of the F1L1-TRM
specimens due to pre-existing microcracks formed during curing and positioning of the specimens
in the testing machine. In addition, half of the F1L1-TRM specimens were characterized by the
formation of one single crack with no crack development stage, while two to three cracks occurred
in the remaining specimens. A telescopic failure was observed in the proximity of the cracks in all
specimens, as a result of the relative slip of the inner yarn filaments. On the contrary, F2L1-TRM
specimens were characterized by the formation of multiple cracks along the composite, which also
provided evidence of the good bond between the textile and the mortar, resulting in a greater
contribution of the matrix to the overall performance. No delamination or slippage of the
reinforcement in the gripping areas were observed in any of the tested specimens. The end of the
crack development stage was not always distinguishable from the post-cracking stage, with failure
immediately following the formation of the last crack and initiating a softening stage triggered by
the progressive tensile rupture of the yarns. This progressive failure mechanism led to the
development of higher elongation capacity of the F2-TRM systems with respect to that of the bare
F2 textiles.
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The failure mode between the two FTRM systems did not change when an additional TRM
layer was provided (telescopic failure in F1-TRM, tensile rupture in F2-TRM). However, double-
layer FTRM exhibited higher ductility, developed a greater number of cracks and distinct stages of
crack initiation and development.

The different textile geometry and reinforcement ratio, i.e. textile/composite cross-sectional
area (Table 2), played a key role in the differentiation between the Flax-TRM systems’ tensile
behaviour: the large yarn cross-sectional area in F1 textiles (Table 1) may have resulted in
increased moisture absorption inducing pre-existing cracks, and in a telescopic mode of failure due
to uneven impregnation of all filaments, while the denser and of smaller yarn diameter F2 textile
benefitted from an increased mechanical interlock with the matrix. On the other hand, the
reinforcement ratio provided in F1L1-TRM composites (1.11%) was insufficient to create an
effective composite system (poor stress redistribution, no appreciable increase in strength over
the strength of the matrix).

Table 2. Tensile test results.

Specimen Tensile Elastic Strain at Reinforcement ratio
strength modulus* peak load (%)
ID (MPa) (GPa) (%) °
82.2 2.02 4.1
FiL1 (15%) (15%) (22%) 11
83.0 2.13 4.4
F1L2 (11%) (13%) (11%) 148
177.8 2.98 7.3
F2L1 (12%) (9%) (14%) 1.44
208.9 3.87 7.9
F2L2 (8%) (9%) (8%) 1.92

*during cracked stage.

Shear Bond Tests

Table 3 summarizes the experimental results from bond tests in terms of i) maximum applied
load, ii) maximum axial stress (load divided by the textile cross-sectional area), and iii) slip at
maximum load (calculated as the average of the two transducers’ measurements placed on the
composite, subtracting the elastic elongation of the unbonded textile). A uniform stress
distribution across the composite width and between the multiple TRM layers was assumed when
determining stress values. Bond and tensile capacities were of the same order of magnitude only
when the same failure mode was observed in both test series, as analysed below. The bond test
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results were affected by a higher scatter than those obtained from the composites’ tensile testing
due to the development of different failure modes and the complex nature of the interaction
between the multiple fibres/matrix interfaces. Hence, no average values are presented for identical
specimens.

Table 3. Shear bond test results.

Specimen Maximum Maximum Slip at
load axial stress maximum load
ID (N) (MPa) (mm)
F1L1-260-100-1 268 34.4 1.30
F1L1-260-100-2 360 46.3 3.86
F1L1-260-100-3* 204 26.3 1.66
F1L2-260-100-1* 583 37.5 8.24
F1L2-260-100-2 1607 103.3 4.65
F1L2-260-100-3 1030 66.2 2.36
F2L1-260-100-1 1728 200.1 6.86
F2L1-260-100-2 1193 138.1 5.98
F2L1-260-100-3 1870 216.4 9.96
F2L2-260-100-1 2753 159.3 5.87
F2L2-260-100-2 3183 184.2 7.59
F2L2-260-100-3* 1573 91.0 3.81

*different failure mode within the tested group.

The axial stress-slip relationship of all tested systems is illustrated in Figure 4, where a variety
of bond performances can be observed.

The response of most F1-TRM systems exhibited an almost linear response up to the
attainment of the peak stress and a post-peak softening stage, during which failure occurred
progressively and was associated with an increase of slip. Specimens failed after the initiation of
relative slip of the inner filaments, similarly to the behaviour obtained from direct tensile tests on
composites, which was often followed by the progressive failure of individual filaments outside the
bonded area, similarly to the behaviour obtained from direct tensile tests on the dry textiles. No
cracking of the mortar along the bonded area occurred and no relative displacement of the top
mortar layer and the substrate was recorded. Specimens F1L1-260-100-3 and F1L2-260-100-1
exhibited a different behaviour caused by a more pronounced telescopic failure mode, which
resulted in reduced axial stress and increased deformation (see Table 3). The effect of non-uniform
engagement of the yarn filaments within the mortar, which acts as mechanical anchorage,
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triggered the slip between the yarns’ filaments and resulted in higher total relative textile-to-
mortar displacement and a pseudo-ductile behaviour.

F2-TRM systems developed one crack in single-reinforced specimens and one or multiple
cracks in double-reinforced specimens, that widened significantly during the test. The cracks
initiated as parallel to the applied load, through the thickness of the composite, and then expanded
transversally to the load axis application, close to the loaded end. The peak stress was determined
by the rupture of some of the F2 yarns not only in the unbonded textile but also along the bonded
area and across the crack. All specimens failed due to the partial detachment of the textile from the
bottom mortar layer in F2L1 series and at the two textile/mortar interfaces in F2L2 series (Fig.
5a), with the bottom mortar layer remaining always well bonded to the brick surface, indicating
that the employed bond length (260 mm) was indeed sufficient. Especially for the latter series,
detachment may have been facilitated by the unavoidable misalignment between the actuator and
the FTRM system. As a result, along with the cracking and redistribution of stresses after the failure
in one textile layer, additional bending might have been induced causing the separation of the
textile from the mortar. Complete detachment of the top mortar layer was observed in specimen
F2L2-260-100-3, which significantly moved with respect to the masonry support, as evidenced by
the large slip values (Fig. 5b) at the composite/substrate interface (determined as the difference
between the displacement measured by the potentiometers mounted on the substrate and those
mounted on the composite).

Figure 6 shows the exploitation ratio of the textile, expressed by the factors n: and nrrm. The
former equals to the ratio of the maximum axial stress developed during the bond test to the tensile
strength of the associated textile (see Table 1); the latter equals to the ratio of the maximum axial
stress to the tensile strength of the associated FTRM coupon (see Table 2). Average values are
shown in this figure and were computed by excluding the specimens within the same group that
exhibited a different failure mode. Overall, n: was significantly lower than nrrm, highlighting a
possible degree of fibre degradation when embedded in mortar. Comparing the two FTRM systems,
it can be observed that F2 textiles were likely less affected by the lime-based mortar, with both 1«
and ntrm values higher than those of F1-TRM.

300 ¢ 300 r
— FILI-S — F2LI1-2

250 1 ol 200 F2L2-3

200 F 200 F
150 F n\
100 F 100 | ll

50 | 50 / l/

Stress (MPa)
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0 2 4 6 8§ 10 0 2 4 6 8 10
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Figure 3. Tensile stress-strain response for typical single- and double-layer coupons: (a) F1-
TRM and (b) F2-TRM.
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Although n¢ values were between 60-65% for F2-TRM systems, failure of the bond specimens
occurred due to fibre tensile rupture, while all F1-TRM systems were characterized by a telescopic
mode of failure, justifying values of n: lower than 40%.

250 250
—F1L1-260-100
F1L2-260-100
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=
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7z 100 100
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Figure 4. Axial stress-slip curves for single- and double-layer TRM-strengthened masonry
prisms: (a) F1-TRM; (b) F2-TRM.
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Figure 5. (a) Typical failure mode of F2-TRM bond series (side view); (b) slip of TRM to
masonry for specimen F2L2-260-100-3.
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Figure 6. Exploitation ratio of the textile during the shear bond tests.

Strength values similar to those obtained for coupons under direct tension were obtained for
double-layer F1-TRM (ntrm= 102%) and single-layer F2-TRM specimens (ntrm= 104%), indicating
a good bond between the fibres and the mortar. The very low exploitation of F1 composites in the
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case of single-layer TRM systems (nrrm = 37%) confirmed the poor fibre/mortar interaction, which
was also observed in direct tensile tests on corresponding coupons. The aforementioned
observations provide information for the design of the most suitable strengthening solution
according to the required structural application. Provided a good fibre/matrix interaction can be
achieved (e.g., F2-TRM), although the addition of an FTRM layer will not result in an increase in
tensile strength, this will lead to an increase in ductility, which could be desirable in some
structural applications, e.g., in-plane shear strengthening of masonry walls.

Conclusion

This study presents the preliminary results of direct tensile and shear bond tests of
TRM/masonry systems reinforced with one and two layers of two different flax textiles.

Both Flax-TRM systems developed high tensile strength (80 to 200 MPa) and elongation
capacity (4 to 8%).

The failure modes included telescopic failure in flax textiles with thick yarns at a large spacing
(F1) and tensile fibre rupture in textiles with thin and twisted yarns at a smaller spacing (F2).
Partial or full detachment between the textiles and the mortar occurred only in the latter systems
when bonded to the masonry.

Overall, textiles of denser and smaller yarn cross-sectional area are more suitable for
strengthening applications as they result in composites of higher ductility, with good interaction
at the textile/mortar interface, evidenced by multiple cracking.

The increase in the number of FTRM layers results in a more ductile behaviour without
affecting the overall mechanical performance significantly.
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H. Tpoxyrcy, K. [Innakyrac, M. 'yaagaubuHu
Llle¢pgpund Ynusepcumemi, lllep¢pund, ¥avi6pumarus
Flax-TRM >xyHeJiepiHiH, CO3bLIY K9He »KaHIIY-Cpe3 aJAre3vusa/iblK, ChiIHAKTapbl
Anparna. byn Makasna Tabufu TajlublKTapfa HeridgenreH TRM komnosuTTepi MeH Kajay
Herisi (Tac, kipmill) apacblHJarbl a/Jre3vsjIblK ©63apa 9peKeTTecyiH 3epTTeyre apHaJfaH
3KCIIEPUMEHTTIK Oaf/ap/laMaHblH aJi/IblH ajla HoTUXKeJiepiH ycbiHaAbl. TRM »xyieci ak Heri3zzi

epiTiHAire eHrisijireH 6ip HeMece eKi KabaT 3bIFbIP Ta/lIbIKThl TEKCTHUJIbJIEH KypaJsajibl.
«TekcTuab/MaTpulla» KOMIO3UTTEPIHIH XKYMBIC icTey KabiseTi xkoHe osiap/iblH Kajlay Heri3iMeH
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aJire3usiJIbIK, OalIaHbIChl TiKeJiel CO3bLIYy CbIHAKTaphbl MeH Oip>KaKThl KaHIIY-Cpe3 aire3usiJiblK
CbIHAKTapbl apKblIbl 3epTTesi. EKi cepusHbIH HOTHXKesiepi TaJKblJIAHbII, KYLIEUTY KyHeJepiH
»KobaslayFa KaKeTTi Heri3ri mapaMeTpJiep aHbIKTa/bl. Ta/llIbIKTap, MaTpUlA >XOHE Heri3
MaTepuas apacblHJaFbl KepHeyZi Oepy MexaHU3Mi KaH-KaKTbhl KapacTbipbLibll, Flax-TRM
KyHeJiepiH Kasay KypblIbIMJapblH KYLIEUTY LIelliMi peTiHAe KoJ1JaHy MYMKIHZIri 6aFasaH/pbl.

Ty#iH ce3aep: cybikrai uinren 6osat (Cold-Formed Steel); xanwy Typakcbi3bifbl (Shear
Buckling); ka6bipfra olibirbl (Web Opening); coHfbl-asieMeHTTik Mogeabaey (FE Modelling); apHa
TekTec KuMa (Channel Section).

H. TpoxyTcy, K. [Innakyrac, M. 'yaganbuHu
Yuusepcumem lllegppunda, lledgpund, BeaukobpumaHus
HcnbITaHMA HA pacTsbKeHUe M cABUT Ha cucteMax Flain-TRM

AHHOTanMa. /JlaHHaga  cTaTbsl  NpeACTaBJSAEeT  IpeABapUTesIbHble  Pe3yJbTaThl
JKCIIepMMEHTAJbHOU MpOrpaMMbl, MOCBALIEHHOW HCCJIEe0BAaHUIO aAre3MOHHOTO INOBeJEeHHUS
Mexay komnosutamMu TRM Ha ocHOBe NpUPOHBIX BOJIOKOH M KaMeHHOM KJaakou. Cucrema TRM
COCTOs1JIa U3 OJJHOTO M JIBYX CJI0€B JIbHAHBIX TEKCTUJIEW, BHEJ[PEHHBIX B U3BECTKOBBIK pacTBOP.
XapaKTepUCTUKA KOMIIO3UTOB «TEKCTHJIb/MaTpUla» U HX a/ire3MOHHOE B3aUMOJIeMCTBHUE C
OCHOBaHMEM M3 KJaJKH ObLIM HM3y4eHbl C MOMOIbI0 NPAMBIX PAaCTATMBAIOLIMX UCIBbITAHUN U
OJIHOHAINpPAaBJEHHbIX CABUTOBbIX a/ITE3UOHHBIX UCHBITAaHUK. O6GCYKJAI0OTCS pe3yJ/bTaThl 06enx
CepUM HCOBITAHUM, a TaKXKe OINpeesAlTCA KJ/KYeBble NapaMeTpbl JJi MPOEeKTUPOBAaHHUA
ycuJieHUs1 KOHCTpYKLUK. [logpo6HO paccMaTprBaeTCcs MeXaHW3M Nlepefiladyu Halps>KeHUH Mexy
BOJIOKHAMH, MaTpHULled KU OCHOBHbBIM MaTepHhaJioM, a TaKXe OILleHMBAeTCd BO3MOXHOCTb
npuMeHeHusd cucteM Flax-TRM B kauecTBe pelieHUs A5 yCUTIE€HUS KAMEHHOM KJIaJKH.

KiwueBble ciaoBa: xosogHorHyTasg cTtaib (Cold-Formed Steel); caBuroBas mnoTeps
ycrortunBocTu (Shear Buckling); oTBepcTtus B cTreHke mnpoduss (Web Opening); koHeuHO-
ssieMeHTHOE MozenupoBanue (FE Modelling); mBesuiepabie npodpusin (Channel Section)
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