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ABSTRACT

This paper presents the preliminary results of an experimental programme on the
tensile performance of flax-TRM systems subjected to accelerated ageing.
Composites consisting of two layers of flax textiles embedded in a lime-based
mortar were conditioned in water for 1000 h and 2000 h at controlled temperatures
of 23°C and 40°C. Bare textiles were also conditioned in a lime solution for the
same duration and temperature conditions to assess and decouple the deterioration
mechanisms at the textile and composite scale. The mechanical behaviour of both
unconditioned and aged textiles and composites was characterised through uniaxial
tensile tests. Based on the preliminary results of this study, the key degradation
mechanisms seem to mainly involve the textile reinforcement. The tested FTRM
systems exhibited a strength retention of approximately 86% after an exposure time
of 1000 h. However, when exposure time increased to 2000 h, a retention rate of
only 60% was achieved.
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INTRODUCTION

The use of structural textiles embedded in an inorganic matrix (Textile-Reinforced
Mortars - TRM) is currently regarded as one of the most effective retrofitting
solutions for masonry structures, as they can guarantee excellent compatibility with
the substrate and minimal invasiveness (Kouris and Triantafillou, 2018). Although
advanced textiles (e.g. carbon, steel cords) are generally used in TRM applications,



their mechanical properties can be largely unexploited, as the performance of such
systems is often governed by premature debonding (Askouni and Papanicolaou,
2017).

Given the urgent need for more sustainable structural solutions, natural fibres
(typically plant-based) have emerged as a potential solution for structural
reinforcement in TRM systems, as they offer the required mechanical performance
while minimizing environmental impact. Among the different natural fibre textiles
examined to date, flax textiles have been reported to be the most suitable for
strengthening applications as they can develop good composite action when
embedded in a lime-based mortar (Trochoutsou et al. 2021a, Monaco et al. 2023).
Although examples of structural applications are still rather scarce in the literature,
the use of multi-layer Flax-TRM systems were shown to increase significantly the
in-plane shear strength and deformability of unreinforced masonry walls,
promoting the development of energy dissipation mechanisms while ensuring
structural integrity (Trochoutsou et al. 2022).

However, the durability of these novel bio-based systems, which is fundamental to
guarantee their long-term effectiveness, is yet to be investigated. At a fibre level, it
has been evidenced that when embedded in an inorganic matrix, natural fibres can
undergo severe degradation due to two main mechanisms (Yan et al. 2016): 1)
moisture absorption and drying, with the natural fibres absorbing moisture from the
surrounding matrix and then adapting to the drier environment, thus swelling and
shrinking during the process and leading to cracking; ii) dissolution of the main
chemical components in highly alkaline environments and additional fibre
mineralization due to the migration of the hydration products. Related studies have
shown that a 50% reduction in the tensile strength was observed in flax fibres after
immersion in a lime-solution for 84 days (Olivito et al. 2014). At a composite level,
only one study (Ferrara ef al. 2019) has evaluated the performance of single-layer
flax-TRM coupons after immersion for 3000 h (125 days) in water, salt and alkaline
solution under ambient conditions, which were reported not to cause any significant
decay on the mechanical characteristics. However, a systematic investigation on the
effect of harsher environments on the overall performance of single- and multi-
layer flax-TRM composites and their constituents is required in order to identify
the key degradation mechanisms at the textile and composite scale.

This paper presents the preliminary results of a larger experimental programme on
the long-term performance of different flax textile-reinforced lime-based mortar
systems subjected to accelerated environmental conditioning. The wider scope of
the project is to provide an insight into the degradation mechanisms of FTRM
systems and assist in the development of tailored solutions to meet application-
specific criteria, while guaranteeing load-carrying capacity and environmental
exposure resilience.

EXPERIMENTAL PROGRAMME
Materials

The FTRM system used in the experimental programme consisted of a balanced
bidirectional flax textile embedded in a natural hydraulic lime-based mortar. The
textile comprised two-ply yarns arranged in pairs, and its characteristics are
summarised in Table 1, as supplied by the manufacturer.

The mortar used in the FTRM system was a commercial product consisting of
natural hydraulic lime and aggregates with a maximum size of 0.6 mm. A



water/binder ratio of 0.24 by weight was used as per supplier’s recommendations.
The 28-day mechanical properties of the mortar were determined following EN
1015-11 (CEN, 1999b) through flexural and compressive tests on 160 x 40 x 40 mm
prisms cured in the same environment as the reference FTRM composites (see
following Section). The mortar had an average flexural and compressive strength
equal to 3.4 MPa (CoV: 10%) and 9.4 MPa (CoV: 6%), respectively.

Table 1. Flax textile characteristics. Scale in mm.

Construction 0°/90°
o Areal Weight (g/m?) 300
> A Linear Density (TEX) 324
’ on 5 16 75 Bulk Density (g/cm’) 1.5

Specimen Preparation and Conditioning Protocols

The specimens and conditioning protocols examined in this study included:

e FTRM composites conditioned in water for 1000 h and 2000 h at controlled
temperatures of 23+2°C and 40+2°C (5 replicates for each protocol).

e bare textiles in a 0.16% w/w calcium hydroxide solution conditioned for the
same duration and temperature conditions in order to replicate the
environment provided by the lime-based mortar (5 replicates for each
protocol).

In addition, five FTRM composites were conditioned in water for 21 days at
2342°C, and served as reference specimens.

The 25 FTRM composites that were manufactured measured 500 mm x 50 mm
(length x width) and comprised two layers of flax textile reinforcement with 3-mm
thick mortar overlays, resulting in a total thickness of approximately 10 mm. The
corresponding textile and composite cross-sectional areas were equal to 8.64 mm?
and 500 mm?, respectively. It should be noted here that the former was assumed to
be constant across all specimens despite the exposure conditions, with the
associated fibre degradation mechanisms possibly affecting the effective cross-
section of the textile. Single-layer FTRM composites were not examined in this
study, as preliminary results indicated that the associated reinforcement ratio was
insufficient to develop composite action.

The bare textile specimens were of equal dimensions to those of FTRM composites
(i.e. 500 mm x 50 mm) and comprised one layer of textile reinforcement of cross-
sectional area equal to 4.32 mm?.

At the end of the conditioning period, the textile specimens were left to dry for a
couple of hours and then tested, while the composite specimens were removed from
the conditioning chambers and then stored in standard laboratory conditions
(approximately 23+2°C and 60%RH) for at least seven days before testing.



Experimental Setup and Instrumentation

Prior to testing, aluminium plates were epoxy-bonded to the ends of the bare textiles
and FTRM composites for a length of 150 mm to ensure effective load transfer,
resulting in a free length of 200 mm.

Direct tensile tests were performed on bare textiles and FTRM composites
following the EAD 340275-00-0104 (EOTA, 2020). The tests were carried out in
displacement control in a universal testing machine of 10 kN capacity, at a
displacement rate of 0.5 mm/min for the bare textile and 0.2 mm/min for the
composites. The load was transferred through clevis-type grips, allowing for in- and
out-of-plane rotation of the specimens while being loaded (Figure 1a).

An overview of the experimental setup is presented in Figure 1. Displacements were
recorded by both contact and non-contact instrumentation. Two LVDTs were
placed on opposite sides of the specimens and recorded uniaxial deformation. In
addition, a bespoke 2D Digital Image Correlation (2D-DIC) setup was employed to
obtain full-field displacement measurements of both textiles and FTRM
composites. Detailed results from DIC analyses will be presented in future
publications.

(b)

Figure 1. (a) Spherical joint of the clevis grips; (b) setup for textiles; (b) setup for
FTRM composites.

The specimen ID uses the notation T-y-n and C-y-n, for textiles and FTRM
composites, respectively, where y is the temperature of conditioning (23°C or 40°C)
and n is the replicate number (from 1 to 5). The reference textile and composite
specimens are labelled as “T-REF” and “C-REF”, respectively.

EXPERIMENTAL RESULTS
Textiles

The tensile properties of the bare textiles subjected to the different conditioning
protocols are reported in Table 2 (average values of 5 specimens), in terms of tensile
strength, fimax, strain at failure, & max, and Young’s modulus, E:. The strength was
calculated by dividing the maximum load by the textile area, while the Young’s



modulus was calculated as the secant modulus of the linear part in the stress—strain
response curve to allow the characterisation of the largest stiffness that can be
developed. The tensile strengths developed in the textiles after each conditioning
protocol, along with the associated standard deviation values, are compared in
Figure 2a, while the tensile stress-strain response of representative textiles from

each conditioning protocol is shown in Figure 2b.

Table 2. Average mechanical properties of flax textiles (CoV in parentheses)

Textile ID fmax (MPa) Eemax (%) E( (GPa)
T-REF* 289.0 (6%) 3.80 (4%) 13.6 (7%)
T-23-1000 226.7 (6%) 4.96 (10%) 10.3 (19%)
T-23-2000 252.2 (6%) 4.96 (2%) 11.9 (15%)
T-40-1000 132.3 (8%) 4.00 (8%) 7.0 (10%)
T-40-2000 166.9 (10%) 3.15 (17%) 9.8 (24%)

*experimentally determined in previous work (Trochoutsou et al. 2021a).

The response of the textiles was characterised by an initial inelastic branch followed
by linear behaviour up to the peak stress and a softening stage resulting from the
progressive failure of individual yarns. The unconditioned textiles developed
strength values in good agreement with those reported in previous studies on similar
flax textiles (Ferrara et al. 2019).

However, when subjected to 23°C and 40°C for 1000 h, flax textiles suffered a
reduction in tensile strength and stiffness of about 22-24% and 50-54%,
respectively. This is probably due to the combined effect of anisotropic swelling of
the flax fibre multi-stack structure during immersion (Le Duigou et al. 2015), and
the progressive alkaline hydrolysis of the chemical components of the fibre cell-
walls (Wei and Meyer, 2015), which was accelerated under higher temperatures.
Longer exposure durations did not seem to result in any further deterioration in the
mechanical properties, taking into account the reported variability in Table 2 and
illustrated in Figure 2a.
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Figure 2. (a) Textile strength versus temperature and exposure duration; (b)
typical tensile stress-strain of representative specimens from each conditioning
protocol.



FTRM composites

The results of the tensile tests on the FTRM coupons are summarised in Table 3 in
terms of average maximum strength at cracking, f.,, and at failure, frrrRM,max,
corresponding strains, €: and €rtrRmmax, €Xploitation ratio of the textile, n =
frrTRM,max/fimax, and strength retention (frrrRM,max/fFTRM,maxREF)). The stress was
calculated by dividing the load by the cross-sectional area of the textile (accounting
for two layers of reinforcement), while the exploitation ratio was calculated as the
ratio of the maximum strength developed by the FTRM composite to that developed
by the bare textile exposed to the same environment. Figure 3a compares the
average values of frrrm,max, While Figure 3b shows the tensile stress-strain response
of representative composites subjected to the examined conditioning protocols.

Table 3. Average mechanical properties of FTRM composites (CoV in

parentheses)
FTRM fer €cr frrRMmax  EFTRM,max n  Retention
ID (MPa) (%) (MPa) (%) (%) (%)

C-REF 158.4 0.03 192.8 7.56 67 -

(12%)  (14%) (4%) (10%)
C-23- 116.0 0.02 184.5 7.21 81 96
1000 23%)  (20%) (5%) (14%)
C-23- 156.8 0.02 177.5 6.85 70 92
2000 7%)  (38%) (3%) (33%)
C-40- 155.6 0.03 165.6 5.58 125 86
1000 G%)  (20%)  (10%) (47%)
C-40- 124.2 0.02 114.9 4.26 29 60
2000 (13%)  (32%)  (20%) (59%)

The three stages characterising the typical tensile response of TRM systems
(Arboleda et al. 2016) were identified in all tested unconditioned FTRM
composites, with failure following the formation of the last crack and occurring due
to progressive yarn rupture, which triggered the initiation of a softening stage, as
also observed in the tests on the textile specimens. Hence, the cracked stiffness
could not be evaluated. The formation of large discrete cracks (typically three to
four) was accompanied by a high energy release, and the absence of a clear
stabilised cracking stage indicated that the provided reinforcement ratio (1.73%),
although higher than the critical (Trochoutsou ef al. 2021a), was still relatively low.



400 400 ]

m REF C-REF-3
1000h C-23-1000-1
~ m2000h C-23-2000-2
< 300 ?300 i C-40-1000-4
E E —====- (C-40-2000-4
2 200 - <200 ¢
g I é AT A
E 100 100
0 0 '
23°C 40°C 0% 2% 4% 6% 8% 10%
€
(a) (b)

Figure 3. (a) Tensile strength of FTRM composites versus temperature and
exposure duration; (b) typical tensile stress-strain of representative specimens
from each conditioning protocol

In general, accelerated ageing resulted in a loss of tensile strength, which was
minimal after exposure to 23°C (< - 10% after 2000 h) and more significant after
exposure to 40°C, (-40% after 2000 h). Regardless of the conditioning protocol, all
specimens failed due to fibre rupture after distinct large cracks were formed in the
composites. However, the different exposure conditions affected the crack
development stage, with conditioned specimens being characterised by the
development of two major cracks, typically close to the gripping tabs, which
widened significantly during the test. Exposure to harsher environments (40°C,
2000 h) led to a composite performance with no strain hardening and absence of
the crack development stage, indicating that the significant degradation occurring
in the fibres, also evidenced by the reduction in the ultimate tensile strength of the
composite, resulted in a further reduction of the actual reinforcement ratio.

The average stress developed at first cracking in the mortar of unconditioned
specimens was 2.7 MPa, corresponding to a stress of 158.4 MPa in the textile. This
stress was not significantly affected by accelerated ageing, considering the high
scatter of results, thus indicating that the composite performance was primarily a
result of the degradation of the textile. This, in turn, resulted in: a) a loss of bond
stress transfer ability and loss of composite action, and b) a possible reduction in
the effective cross-section of the textile, and thus reinforcement ratio, due to fibre
embrittlement arising from water absorption and alkaline hydrolysis. In fact, this
was also reflected by the low exploitation of the associated textile strength within
the composite (29% - Table 3). Although accurate monitoring of yarns’ dimensional
changes in humid environments requires the implementation of advanced
spectroscopic techniques, SEM analyses are currently underway to provide
additional information on the microstructural surface characteristics of yarns and
composites, as well as on the degree of adhesion between textile and mortar.
Overall, the reduction in the strength of the textile embedded in the composites was
lower than that recorded for the associated bare textiles immersed in lime solution,
highlighting the ability of the mortar to protect to a certain extent the textile.
According to the Acceptance Criteria issued by the ICC-Evaluation Service
(AC434,2011), a tensile capacity retention rate of 85% and 80% should be ensured
after immersion in water in 38°C for 1000 h and 3000 h, respectively. Based on the
preliminary results of this study, the two-layer FTRM systems comply with the



criteria for qualifying TRM systems at 1000 h (retention rate equal to 86%),
however they are unlikely to comply with the criteria set for 3000 h, as already at
2000 h a retention rate of only 60% was achieved. Further work should focus on
examining different environments and exposure conditions, which will help gain a
deeper understanding of the degradation mechanisms and will allow the optimal
design of flax-TRM systems for strengthening applications.

CONCLUSIONS

This experimental study examined the tensile performance of flax-TRM systems

before and after water immersion for 1000 h and 2000 h at controlled temperatures

of 23°C and 40°C, with a view of investigating their long term properties. The
following conclusions can be made:

¢ Conditioning at 23 °C did not significantly influence the mechanical properties
of the bare textiles or the FTRM composites for all examined exposure durations.

e Conditioning at 40 °C resulted in a significant reduction in tensile strength of
textiles and composites, by 50% and 40%, respectively.

e The failure mode of the flax-TRM composites was not affected by the
environmental conditioning, with all composites failing due to fibre rupture and
typically high exploitation of the textile strength. However, harsher
environments affected the crack development stage, indicating a reduction in the
effective reinforcement ratio, and thus composite action.

e Key degradation mechanisms seem to mainly involve the textile reinforcement,
as the mortar matrix did not show to be sensitive to accelerated ageing.

e Flax-TRM systems were able to satisfy currently established durability
performance criteria after 1000 h but not after longer exposure limits.

Although the investigation of the mechanical performance of flax-TRM is still in
its infancy, these results highlight the potential of achieving durable flax-TRM
systems. Given that ageing primarily leads to the degradation of the textile
properties, rather than those of the mortar matrix, it is believed that the bond of
these flax-TRM systems to masonry substrates under similar environments will be
dominated by the fibre/matrix rather than the matrix/substrate interface. More work
is needed towards not only the investigation of different conditioning protocols but
also of the durability performance of flax-TRM systems with different textile
architectures and alternative mortars of lower alkalinity and porosity, yet providing
good vapour permeability to allow the underlying masonry substrate to breathe.
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