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Abstract

We describe a novel class of interface-functionalised textile-reinforced mor-
tar (TRM) composite materials reinforced with basalt and alkali-resistant glass
multifilament textiles embedded in a commercially available hybrid lime-cement
mortar, usually applied for masonry retrofitting. Spotlight is set on improving the
mechanical (tensile) performance of the system through a scalable and easy-to-
apply surface treatment for the dry textiles. The treatment consists in soaking the
textiles in highly-diluted epoxy resin, to which rice husk ash (RHA) is later added,
acting as pozzolanic filler. The resulting functionalised textiles exhibit remarkable
adhesion with the matrix owing to the presence of RHA having high specific sur-
face area and rich amorphous content. Three different RHA powders are assessed
and their performance is compared to that of plain silica fume. The role of RHA

milling is also discussed. The RHA/epoxy coating significantly improves the ulti-
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mate tensile strength and energy dissipation capability of the TRMs. In particular,
for basalt-textile reinforced composites, the mean tensile strength is three times as
much as the uncoated specimens, whereas the dissipated energy at failure is nearly
four times as much. Furthermore, the surface treatment qualitatively changes the
cracking pattern of the TRMs, for many diffused small cracks appear during ten-
sile testing, and this provides evidence of effective stress distribution in the matrix
as a result of superior interphase adhesion.

Keywords: Textile reinforced mortar; Rice husk ash; Epoxy resin; Interface;

Tensile test; Basalt fibres; Glass fibres

1. INTRODUCTION

Textile reinforced mortar (TRM) systems belong to a broad class of compos-
ite materials often used as externally-bonded reinforcement (EBR) of structural
elements. The performance of TRMs is largely affected by the delicate interac-
tion between the reinforcing phase, in the form of woven textiles made of natural
(basalt, flax) or synthetic (carbon, glass, polybenzoxazole (PBO), etc.) fibres, and
the fine-grained inorganic matrix (usually cement or hydraulic lime mortar).

In spite of the increasing success of TRMs, mortar contains a high volume
fraction of solid phases, such as sand, and this is often responsible for the ineffi-
cient impregnation of the multifilament yarns. In fact, the average particle size of
sand and other solid phases is generally finer in TRMs than in other applications.
Nonetheless, it is still significantly coarser than the average distance between ad-
jacent fibres in the bundles, which is in the order of a few microns. Many studies
have extensively documented this issue, which is known to limit the real load

bearing capacity of the reinforcement [1, 2, 3]. Indeed, this unsatisfactory im-
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pregnation usually results in a typical failure mode, which may be described as
“telescopic”. While the fibres in the sleeve of the bundle are physically or chem-
ically bonded to the cementitious matrix, the fibres at the core of the bundle are
free to slide under tensile load [4]. This pseudo-frictional failure mode is also
associated with a toughening effect, as the collapse of the textile does not occur
abruptly. Even if the sleeve fibres of the bundle eventually break under tensile
stress, the core fibres keep sliding and this pseudo-frictional process extends the
load transfer over a relatively wide range of displacement [S]. Nonetheless, un-
der telescopic failure, the core fibres cannot be loaded to their maximum strength,
and hence they cannot express in full their reinforcing effect. Ultimately, this
largely outweighs the benefit coming from pseudo-frictional toughening. More-
over, crack diffusion along the longitudinal axis of the composite system is very
limited, and this favours the formation and growth of a few large cracks in the
matrix. As a consequence, aggressive agents may penetrate through such cracks,
and contribute to deteriorating the composite overlay and its interface with the
substrate [6, 7, 8].

Over the last two decades, several strategies have been proposed to increase
the efficiency of TRMs. The most straightforward pathway consists in matrix
modification, often through the addition of polymers up to the 5% threshold that
is prescribed by relevant guidelines [9] (in such case the composite is often named
fabric-reinforced cementitious matrix, or FRCM). Yet, the advantage associated
with the dispersion of the polymeric admixture in the inorganic matrix remains
limited, owing to the fact that only the polymer fraction in close proximity with
the textile yarns is really effective. In this sense, a high polymer content would be

required for inducing any significant improvement in the TRM response. More-
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over, the presence of admixtures may lead to higher water contents than normal,
and requires the adoption of defoamers [10].

As a more direct approach at improving the mechanical response of TRM sys-
tems, both organic and inorganic coatings may be applied to the textile surface for
fostering the chemical and mechanical interaction with the surrounding medium.
In general, polymer-based coatings are able to penetrate the textile yarns, reach
the core filaments and hold them together for optimal stress distribution [11].
Likewise, organic coatings are very effective at preventing telescopic failure [12].
Moreover, drawing on the solid background developed for fibre-reinforced poly-
mer (FRP) systems [13, 11, 12], polymer sizings are useful for healing defects
on the fibre surface, hence improving tensile performance and durability of the
composite [14]. It has been argued that polymers are generally sensitive to heat.
However, the thermal resistance of the coating actually depends on its formulation
[13, 12]. Meanwhile, it has been demonstrated that the inorganic matrix success-
fully shields the polymeric coating from the deterioration associated with high
temperature exposure from the environment [15]. In spite of these advantages,
dealing with polymers and resins, e.g., epoxies, may pose technical challenges,
especially in light of their high viscosity. In this regard, Signorini et al. [16] de-
veloped a new dilution protocol that warrants better impregnation of the textile,
owing to viscosity optimisation.

Conversely, inorganic coatings, which are typically based on the deposition
of micro- or nano-silica particles, offer the considerable advantage of matching
the purely inorganic nature of TRMs [17, 3, 18, 19]. The rationale behind the
choice of applying an inorganic coating is the delivery of particles with a highly

amorphous structure, mainly silica, at the interface between the fibres and the
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hydraulic matrix, where they are capable of triggering pozzolanic reactivity [20,
21]. However, the synthesis of silica generally involves significant costs and leads
to a moderate, but not negligible, environmental footprint, mainly because of the
extensive use of organic solvents [22].

Biomass ashes, especially rice husk ash (RHA), can be coated at the textile-
mortar interface as an environmentally-friendly alternative to synthetic silica. At
present, owing to its rich amorphous fraction, RHA is being researched in blended
binders, in order to partially replace ordinary Portland cement (OPC) [23, 24, 25].
However, despite the large abundance of RHA, especially in Asia, the availability
of this agricultural by-product is largely insufficient to meet the huge demand by
the concrete industry. The idea of delivering RHA at the textile-mortar interface
makes it possible to harness its reactivity while reducing the required volumes.
To the Authors’ knowledge, this is still a new area of research, with very few
examples being available in the literature.

The preliminary study by Sola et al. [26] assessed the effectiveness of two
polyvinyl alcohol (PVA)-based coatings, loaded with either RHA or with a 50/50
mixture of RHA and silica fume (SF). These coatings were applied to basalt tex-
tiles embedded in TRM coupons, which were tested under uniaxial tensile loading.
Although both coatings were able to increase the loading capacity of the compos-
ite, the improvement was approximately 20% with RHA, and just 7% with the
RHA/SF mixture.

Moving from these promising results, this paper compares the reinforcing ca-
pability of three types of RHA powders, which differ by the rice husk variety they
are obtained from and by the combustion process they go through. Although the

investigated RHA powders are being presently diverted to the iron and steel in-
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dustry, their production rate far exceeds the demand, and this calls for new valori-
sation strategies. To this end, a thorough investigation is carried out to assess the
potential of RHA powders to work as reactive materials at the interface between
mortar and textile in TRM composites. Based on this preliminary investigation,
the most promising RHA is then milled, sieved and then applied to either basalt
or glass textiles, using a highly diluted epoxy resin as carrier. Uniaxial tensile
tests conducted on 1-ply TRM coupons clearly demonstrate that the mechanical
behaviour of the coated textiles is far superior to that of the control group, in
terms of both strength and energy dissipation. This improvement is reflected by
the failure mechanism, which transitions from single to diffuse cracking for the

functionalised specimens.

2. MATERIALS AND METHODS

2.1. Raw materials

The matrix is a commercial pre-mixed lime-based mortar (Kerakoll S.p.A.,
Geocalce Fino®) intended for structural retrofitting of masonry elements. The
physical and mechanical properties, as declared by the manufacturer, are listed in
Table 1 [27]. This matrix was previously studied by Signorini et al. [16] and to
this work we point for further details.

The structural reinforcement was either an open-square grid basalt textile (la-
belled “B" hereafter), received without any sizing, or an open-square grid alkali-
resistant glass textile (“G"), where a zirconium oxide (ZrO,)-based sizing pro-
vides the fibres with chemical stability in alkaline environment. Table 2 gathers
some technical specifications for the textile reinforcements, as declared by the

manufacturers.
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Table 1: Properties of the lime-based repair mortar, as provided by the manufacturer [27].

Property Unit Value

Binder — Natural hydraulic lime (NHL 3.5)
Aggregates — Silicate and carbonate

Particle size range mm <14

Final density gem™3  1.58

Char. compressive strength (28d) MPa 15

Char. bending strength (28d) MPa 5

Char. bond strength (28d) MPa 1

Table 2: Specifications of the basalt (B) and glass (G) textiles.

Property Unit B G
Grid spacing mm 17 12
Mass per unit area gm~2 200 300
Specific weight (fibres) gem® 260 2.50
Elastic modulus GPa 62 74
Ultimate tensile strength (dry) MPa 3000 1400
Equivalent thickness pum 32 60

Three different RHA powders were provided by Curtiriso S.r.1. for this pilot
study on the upcycling of materials coming as by-products of the rice industry.
The CL and GA powders (“CL-RHA" and “GA-RHA", respectively) are pro-
duced from the combustion of rice husk in fix-grid furnaces. The rice quality
for CL-RHA is parboiled, whilst GA-RHA comes from a mixture of parboiled
rice (prevailing fraction) and white rice (minor fraction). The CU powder (“CU-
RHA") is obtained in a furnace working at higher temperature. Both combustion
plants have the primary function of providing heat for parboiling the paddy in
the company’s rice mills. Being sensitive information, no further detail can be
disclosed regarding the production process of the different RHAs. In order to

evaluate the effect of the particle size, GA-RHA is dry-milled in a planetary mill
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for 10 min using a porcelain jar loaded with alumina balls, and then sieved below
100 pm (“GA-RHA-G").

For the sake of comparison, a commercially available undensified SF powder
(Microsil DM, AZ Tech Srl, Italy, “SF") is investigated as benchmark. This fume
is obtained in electric arc furnaces from the reduction process of quartzite for the
production of ferro-silicon or silicon metal alloys. It consists of SiO, in excess
of 85% and its density ranges between 450 and 650 kg m~3. This kind of SF is
currently used in practice as a filler in lightweight cement-based conglomerates.
2.2. Preparation of the tensile test specimens
2.2.1. Surface modification of the textiles

Both B and G textiles were cut-to-size for manufacturing individual tensile
coupons. Textile specimens measured 450 mm in length and 50 mm in width, the
latter being an integer multiple of the grid spacing (specifically accommodating 3
yarns for B textiles and 4 yarns for G textiles). The pre-cut textile strips were pre-
treated in a 2 wt.% aqueous solution of (3-aminopropyl) triethoxysilane, APTES
(99%, Sigma-Aldrich) because, as discussed by Messori et al. [12], this improves
the chemical interaction between the (inorganic) fibres and the (organic) coating.
After drying at room temperature, the textile strips were coated with dilute epoxy
resin. The epoxy coating (acting as "glue" for the RHA particles as explained
below) was obtained by diluting high-purity bisphenol A diglycidylether (D.E.R.
332, DOW Chemicals) with technical acetone ((CH;3),CO, Incofar S.r.l.) at 75%
wt:wt and then curing with the aliphatic hardener diethylenetriamine (DETA 99%,
Alfa-Aesar) in stoichiometric ratio. The details of the dilution and coating proce-
dure can be found in Signorini et al. [16]. It should be noted that, in this study, an

aliphatic hardener was preferred to an aromatic hardener in order to provide the
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epoxy resin with higher ductility [12].

Each textile strip was thoroughly bathed in the solution, then squeezed out to
remove excess coating and finally pressed onto a powder bed of the selected RHA
filler. For each strip, this operation was carried out on each side, and ultimately
the excess filler was gently shaken off. The textile strips were laid down flat on
a polypropylene (PP) film and let to cure under ambient conditions for 7 days.

Figure 1 shows both the B and G textile strips before and after curing.

17 mm 12 mm
— —

(a) (b)

Figure 1: B (a) and G (b) textile strips are compared in the as-received state (left) and after com-
plete reticulation of the coating (right).

2.2.2. Specimen manufacturing for tensile testing

Rectangular coupons for tensile testing were produced one-by-one in a polyethy-
lene (PE) formwork specifically designed for the purpose, to avoid cutting from
a larger sheet. This formwork ensures that the specimen’s thickness is uniform
and that the pre-cut textile is consistently placed at the mid-plane, as discussed
by Messori et al. [12]. As illustrated in Figure 2, the workflow encompasses the

following operations:

1. 3 mm-thick PE spacers are nailed to the PE board at constant spacing cor-

responding to the width of the coupons (Figure 2a);

9
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2. a first layer of mortar is poured onto the formwork and levelled up with a

scraper to the spacer’s thickness (Figure 2b);

3. the cut-to-size textile is placed onto the mortar and gently pressed to ensure

mortar penetration in the grid spacings (Figure 2c¢);

4. a second set of PE spacers is fixed on top of the first one to reach the final

specimen thickness (Figure 2d)

5. asecond layer of mortar is poured into the formwork and levelled up (Figure

2e)

6. the top surface of the specimens, neatly arranged in the formwork, is even-

tually levelled with a trowel to remove the excess of mortar (Figure 2f).

(a) (b) (©

(d) (e) ®

Figure 2: Procedure for fabricating individual 1-ply TRM coupons for tensile testing.

According to the ICC acceptance criteria [28], in order to minimise specimen

178 warping due to differential water evaporation from the top and bottom surfaces,

179 7-day moist curing is completed in an air-tight PP bag before stripping off the

10
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coupons from the formwork. Moreover, since the curing time is generally recog-
nised as a key driving parameter of mechanical performance [29], extended 56-
day curing in ambient conditions is accomplished for all specimens. This offers a
more realistic representation of the final material performance than the traditional
28-day curing time. Finally, 100 mm-long glass textile tabs are epoxy glued to the
ends of each specimen to accommodate the clamps of the testing machine.

To better appreciate the role of the coating, the same procedure is precisely
replicated to manufacture coupons reinforced with uncoated B and G textiles. In
the following, for the sake of brevity, we shall distinguish between “coated" and
“uncoated" specimens, with the understanding that the former employ RHA/epoxy.

The specimen gauge length L, equals 250 mm for all specimens. As custom-
ary, stress is computed dividing the load by the textile reinforcement area (Ay),
specifically 3.0 mm? for G, and 1.6 mm? for B.

2.3. Testing protocol
2.3.1. Powder characterisation

For each RHA variety investigated in this study, about 8-10 g of powder were
collected directly from the same powder bed which was subsequently used for
coating the fabrics. Particles were taken from different points of the powder bed
and across its thickness, in order to obtain a representative sample. Each pow-
der sample was then stored in a sealed flask and mixed thoroughly prior to each
measurement.

The morphology of the as-received RHA and SF powders was assessed in a
scanning electron microscope (SEM, FEI Quanta, The Netherlands). Field emis-
sion gun scanning electron microscopy (FEG-SEM, Nova NanoSEM 450, FEI

Quanta, The Netherlands) was also used for investigating finer microstructural

11
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features. The particle size distribution was determined with a laser granulometer
(Mastersizer 2000 Ver. 5.22, Malvern Instruments Ltd., Malvern, UK).

After calibration, each powder sample was added to the dispenser as prompted
by the instrument in order to reach an ideal signal based on the “obscuration” (i.e.,
the fraction of light lost) from the analyser beam [30]. Each curve showing the
granulometric size distribution is thus representative of the particle size distribu-
tion of the corresponding powder as a whole, as determined under the best acqui-
sition conditions. SEM inspection and particle size determination were repeated
on GA-RHA after milling.

X-ray diffraction spectra (XRD, X pert PRO, PANalytical, Almelo, The Nether-
lands) were acquired in the 5-120° 26 range, with a step size of 0.0167° 260 and a
scan step time of 22.225 s, using the CuKa radiation () = 1.54 A). Fourier trans-
form infrared spectroscopy (FT-IR Vertex 70, Bruker, Germany) in attenuated to-
tal reflectance (ATR) mode was employed to compare the chemical functionality
of the powders.

Finally, the specific surface area (SSA) was measured by N, adsorption and
desorption at 77 K on a Micromeritics Gemini V2.00 instrument. The N, isotherms
were used to calculate the SSA by applying the Brunauer-Emmett-Teller (BET)
method. Along with the SSA, the instrument automatically estimates the error of
the BET surface area. Powder samples for measuring the SSA weighted approx.
0.9 g. The same technique was also applied to measuring the SSA of the textiles.
Due to the destructive nature of the test, the SSA of the textiles, before and after
coating, was determined on one sample only (with mass of about 0.9 g) for each
reinforcement. Samples were chosen to be representative of the corresponding

textiles.
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Table 3: Testing protocol for tensile characterisation of TRM composite coupons

Textile Pre-treatment Label Ly A 5, Repetitions
[mm] [mm-]
None G-NC 5
AR-glass b v+ GA-RHA-G G-RHA 20 30 = 5
None B-NC 5
Basalt  pooxy + GARHA-G BRHA >0 !0 5

2.3.2. Mechanical testing of TRM composites

1-ply specimens were tested on the universal testing machine (UTM) Instron
5567, equipped with a 30 kN load cell. Specimen clamping was realised through
wedge grips. This set-up corresponds to type A, as described by Hartig et al. [31],
under the heading “rigid load application". Although clevis grips are sometimes
preferred for investigating the bond strength in TRMs, wedge grip clamping is
also in use. Indeed, following Nerilli and Ferracuti [32], wedge grips provide a
more uniform stress distribution over the specimen cross-section and, therefore,
allow for a robust evaluation of the constitutive tensile law of the TRM. This
clamping system also complies with the RILEM 232-TDT protocol [33], which
recommends to apply sufficient lateral pressure to prevent textile slippage, as op-
posed to clevis-type grips which only apply longitudinal force [34]. To capture
the softening behaviour, tensile tests were carried out under displacement control
at the nominal displacement rate of 0.50 mm/ min.

3D Digital Image Correlation (DIC) was adopted during testing to record the
displacement field on the speckled specimen surface (Q-400, Dantec Dynamics,
Germany). The software GOM Correlate (GOM Italia S.r.l., Zeiss Company,

Italy) was used to investigate the crack patterns and to assess the actual speci-
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men elongation by subtracting the clamping system’s elongation. Finally, failed
specimens were qualitatively investigated in order to ascertain the role of interface

modification on the failure mode. The testing protocol is summarised in Table 3.

3. RESULTS AND DISCUSSION
3.1. RHA powders

The three RHA powders here investigated were first screened to identify the
most promising candidate to be introduced at the mortar-to-textile interface. Re-
sults were compared to those obtained with undensified SF, which is taken as
benchmark on account of its well-known pozzolanic activity [17, 18].

The physical properties of the RHA powders are mainly determined by the
rice source and by the combustion process. At low magnification (first column
in Figure 3), they all look alike and appear as lamellar fragments, either flat or
slightly curled up, with one side smooth, and the other side typically rough and
wavy. Moving to greater magnification (middle column in Figure 3), it can be
appreciated that, whilst the raised pattern of the wavy side of CL-RHA and CU-
RHA is mainly bumpy, the GA-RHA powder is actually different, as the textured
side presents an extremely complex comb-like architecture, with elongated crests
and deep pores. Working at even greater magnification (last column in Figure
3), relevant differences also emerge between CL-RHA and CU-RHA, since the
surface of the bumps in CU-RHA is sensibly more porous than that of CL-RHA.
Moreover, for CL-RHA, the grooves between adjacent waves appear more shallow
and continuous than those visible in CL-RHA.

Although the lamellae may be as large as 500 um, the structured surface and
the micro-porosity may be advantageous in providing the as-received RHA pow-

ders with a large SSA, as confirmed by the data in Figure 4. Assuming ds, as the

14
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Figure 4: Specific surface area (SSA) and particle size distribution of the active fillers.

representative index for the average particle size, it is clear that the average size of
CL-RHA (dsg = 146 um), which is the finest among the considered RHA powders,
remains one order of magnitude bigger than that of SF (dsp =12 um). Nonetheless,
the SSA of CL- and CU-RHA powders is comparable to that of SF. Interestingly,
the SSA of GA-RHA is exceptionally high, and largely exceeds that of SF by a
factor of four. This remarkable outcome likely originates from the unique comb-
like surface of GA-RHA lamellae, wherein the extremely thin filaments and deep
recesses create a texture remindful of the pecten observed in seashells and other
natural constructs [35].

FT-1R spectra are reported in Figure 5. Following Kumpfer Nascimento [36],
the strong absorption located at around 1045 cm ™! can be attributed to asymmetric
stretching of Si-O-Si bonds, while the peak at 795 cm™! may be due to their
symmetrical stretching. Interestingly, the weak absorption observed at 618 cm ™!
is characteristic of crystalline cristobalite. Similar peaks can also be identified in
the SF spectrum, where, however, the absorption peak of cristobalite is absent.

Figure 6 compares the peaks in the diffraction spectra of the RHA powders
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against cristobalite (JCPDS PDF No. 39-1425) and tridymite (JCPDS PDF No.
42-1401). It is known from the literature that long-time exposure to high tem-
perature in the combustion process may lead to the formation of crystalline poly-
morphs of silica [37, 38]. Nonetheless, the RHA powders still exhibit a rich amor-
phous phase, as demonstrated by the broad band in the angular range between 10°
and 35° 26, which is typical of amorphous silica [39]. The comparison of the
RHA spectra in Figure 6 suggests that the amorphous phase should be particu-
larly abundant in GA-RHA. Conversely, CU-RHA is the most crystallised powder,
most likely because it is produced at high temperature in a different incineration
furnace. Significantly, as pointed out in the literature Rivas et al. [37], Shino-
hara and Kohyama [38], besides the burning conditions, the presence of potential
impurities in the rice husk, such as K,O or P,0Os, may also affect the crystallisa-
tion. In contrast, SF is entirely amorphous, with minor peaks likely due to the
presence of contaminants. Although the identification of these minor phases is
questionable, due to the weak intensity of the corresponding peaks, we may still
tentatively link them to silicon carbide (as previously detected, for example, by
Arroudj et al. [40]) and to portlandite, which is a hydrated form of calcium oxide
(as per the diffractogram reported, for example, by Cardenas-Escudero et al. [41]),
with silicon carbide and calcium oxide being recognised as common contaminants
in silica fume [42].

Based on this preliminary characterisation, GA-RHA stands out as the best
option for textile functionalisation on account of the fact that it presents the highest
SSA and richest amorphous fraction among the investigated RHAs. However,
concerns may still arise from its relatively large particle size, which may affect

the thin nature of the coating in close adhesion to the textile yarns. Precisely to
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mitigate this issue, GA-RHA powder was dry-milled for 10 min and sieved below
100 um. The particle size analysis repeated on the milled powder (GA-RHA-G in
Figure 4(a)) demonstrates that RHA can be easily comminuted due to its brittle
behaviour, as already reported by Chindaprasirt et al. [43]. Consequently, milling
for 10 min was sufficient for cutting down the average particle size of GA-RHA
from around 212 pm to around 7 pm, leaving marginal quantities of coarse powder
trapped by the sieve. Thus, after milling, the average particle size of GA-RHA-
G was nearly half of that of SF (around 12 um, as seen before), although the
particle size distribution remained broader. Somewhat surprisingly, the SSA of
GA-RHA-G was slightly reduced after milling (Figure 4(b)), in spite of the GA-
RHA particles becoming much finer. One possible explanation is that the milling
process likely damages the delicate pecten structure of the as-received GA-RHA
powder. As a result, the increase in SSA due to comminution is outweighed by
the damage to the fine microstructural features. Indeed, similar outcomes after
milling have already been observed by other authors, for example by Mehta [44].
Also, this explanation is supported by the FEG-SEM analysis in Figure 7, where
the fragmentation of the original GA-RHA lamellae in sub-micron particles and
the damage to the comb-like structure can be clearly appreciated. As compared to
SF, GA-RHA-G particles are jagged and sharp-edged, due to brittle breakage of
the GA-RHA lamellae. Both GA-RHA-G and SF are prone to agglomeration, as a
result of their sub-micron size [45]. Notwithstanding the unexpected decrease of
SSA due to milling, the specific surface of GA-RHA-G is still three times as much
as SF (Figure 4(b)). Meanwhile, the substantial reduction in the average particle
size is certainly beneficial for a successful coating deposition. In light of these

reasons, GA-RHA-G is finally selected as the best candidate for the mechanical
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Figure 8: SEM image of a GA-RHA-G/epoxy coated G-textile before embedding in mortar. Sim-
ilar microstructure was observed for GA-RHA-G/epoxy coated B-textile

assessment of the TRM coupons.

3.2. Microstructure of interface-modified TRM composites

Whereas RHA is commonly used in building materials as a partial replacement
for OPC [46], in the present contribution it is investigated as a functional filler
whose role is to promote the otherwise weak interaction between the mortar and
the reinforcing textile in TRM composites. In this context, RHA consumption
is marginal, for it only acts as a component of the epoxy-based coating of the
textile. As shown by Figure 8, SEM inspection reveals that GA-RHA-G particles
are evenly distributed on and tightly adhering to the fibres’ surface, with the epoxy
resin working simultaneously as gluing agent and protective coating.

As illustrated by the schematic diagram of Figure 9, interface modification
results in a hierarchical composite, since the textile provides structural reinforce-
ment at the macro-scale, given that the typical length-scale of the mortar-textile
composite system is in the order of centimetres, while the hybrid coating plays a
role at the micro-scale, in the scale of microns. The composite coating has been

designed in order to take full advantage of the manifold functional features of both
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Figure 9: Multiscale hierarchical structure of the interface-modified TRM composites.
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Figure 10: Specific surface area (SSA) measured for B- and G-textiles before (labelled “B" and
“G") and after (labelled “B-RHA" and “G-RHA") receiving the GA-RHA-G/epoxy coating.

the epoxy matrix and the RHA particles. The epoxy resin fulfils two main pur-
poses: on the one hand, it glues the RHA particles onto the surface of the fibres;
on the other hand, it hinders telescopic failure by bridging yarns together (see also
the contribution by Messori et al. [12]). Owing to the special coating process,
whereby epoxy is applied first and then the textile is dipped in the functional pow-
der, RHA particles, while glued to the surface of the textile, are directly exposed
to the surrounding matrix. As such, they enhance friction and offer a wide ac-
tive surface for the pozzolanic reactions to occur (which, according to the results
published by Jamil et al. [47], are favoured by fine particles with high SSA).

The substantial increase in SSA associated with the presence of the composite
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coating is confirmed by the data in Figure 10. Regardless of the nature of the
fibres, be they either B or G, the SSA of textiles functionalised with the GA-
RHA-G/epoxy coating scores around three times as much as that of the uncoated
textiles. This observation supports previous results concerning B textiles treated
with a RHA/PVA composite coating [26]. The availability of a wide surface area
is expected to favour interaction with the surrounding mortar, and thus improve
interface adhesion.

3.3. Tensile behaviour

3.3.1. Basalt textile-reinforced TRM (B-TRM)

Figure 11 plots the stress-strain (o — ¢) curves obtained for all B-TRM spec-
imens, with and without functional coating. Specimens reinforced with bare (un-
coated) B textiles generally fail through sliding right after the first macro-crack
appears in the matrix, due to poor bonding at the interface between the textile and
the matrix. It is also worth mentioning that a contributing factor to this unsatisfac-
tory behaviour may be given by progressive deterioration of the fibres as a result
of direct exposure to the strongly alkaline environment of the surrounding matrix.
Poor stability in the alkaline environment is indeed a well-known issue with basalt
fibres [8, 48].

The curves of the uncoated specimens illustrate three regimes, namely lin-
ear elastic, matrix micro-cracking and, finally, macro-crack formation with tex-
tile sliding. Although micro-cracking may sometimes occur with a modest in-
crease in strength, the global behaviour is that of fragile matrix failure followed
by friction-dominated textile delamination, both phenomena being rather incon-
sistent, as it appears in the different shape that curves take in Figure 11(a). In

contrast, epoxy coating, despite being very thin as a result of acetone dilution
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Figure 11: Stress-strain curves of B-TRM composites, with (“B-RHA", red) and without (“B-NC",
black) GA-RHA-G/epoxy coating, subject to uni-axial tension.

[16], is able to form a continuous barrier that surrounds the fibres’ surface, as in
Figure 8. Owing to its relatively good chemical stability [49], the epoxy coat-
ing shields and protects the fibres from the alkaline environment. GA-RHA-G
particles offer additional sheltering, promote pozzolanic reaction and ultimately
increase the mortar-to-textile bonding quality at the interface. This is supported by
the enhanced strain-hardening behaviour of the coated B-TRM specimens, which
usually fail after multiple micro-cracks are formed. This is ultimately associated
with an even damage distribution in the matrix. This loading process is clearly
seen through the repeated stress drops appearing in the curves of Figure 11.

As shown in Figure 12, the quality of the adhesion between the coated textile
and the hydraulic matrix is further documented by the existance of diffused mortar
patches strongly attached to the textile yarns after testing.

The bar-charts of Figure 13 best summarise the striking improvement that tex-
tile coating and textile-to-matrix interface modification offer to mechanical per-
formance. Indeed, the bar-charts in Figure 13 compare the mean and the charac-

teristic values of the tensile strength (f;) and the dissipated energy at failure (11)
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Figure 12: SEM images of the fracture surface of failed B-TRM

B-RHA B-RHA

B-NC B

0 260 520 780 1040 1300 0 1 2 3 4 5
Stress [MPa] Dissipated Energy [J]
(a) (b)

Figure 13: Bar-charts showing the mean values and the characteristic values (subscript “k") of
the tensile strength (“f;") and the dissipated energy at failure (“IW") for B-TRM specimens with
(“B-RHA") and without (“B-NC") GA-RHA-G/epoxy coating.
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Figure 14: Stress-strain curves of G-TRM composites, with (“G-RHA", blue) and without (“G-
NC", black) GA-RHA-G/epoxy coating, subject to uni-axial tension.

for B-TRM composites with and without GA-RHA-G/epoxy coating. +1 standard
deviation ({) bands are also shown to represent data scattering. The dissipated en-
ergy at failure is calculated as the area under the load-displacement curves and
combines strength and ductility in a single index [8]. The characteristic value,
indicated with the subscript “k", is determined, assuming a normal distribution,
according to the so-called “2-sigma rule” (that is in conjunction with a 95% con-
fidence interval)
(e = p () —1.96¢ ()

In other words, the characteristic value of a random variable normally distributed
is exceeded 95% of times [50]. According to the bar charts, both the mean ten-
sile strength and the mean dissipated energy exhibit an almost three-fold increase
when the B textiles are coated with the GA-RHA-G/epoxy system. By the co-
variance phenomenon, data scattering is also increased and this is reflected by the
characteristic values. Yet, the overall effect remains remarkably positive for both

indices and this outcome makes a strong case in favour of coating application.
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3.3.2. Glass textile-reinforced TRM (G-TRM)

Figure 14 compares the stress-strain curves of the individual G-TRM speci-
mens, with and without coating. As already seen for B-TRM, under tensile load-
ing, the mechanical response of the G-TRM specimens with and without coating
is completely different, with the coated samples significantly outperforming the
uncoated oes. As previously mentioned, in the absence of coating, textile yarns
are easily pulled out of the surrounding matrix due weak interface bonding. How-
ever, unlike the basalt counterparts, the tensile behaviour of the uncoated G-TRM
specimens remains well consistent, so much so that single stress-strain curves are,
for the most part, almost identical. This consistency is somewhat unusual, given
that TRM composites are delicate systems whose performance is governed by
several factors, many of which cannot be perfectly controlled (such as the pres-
ence of defects). Flaws, which are randomly distributed over the gauge length,
act as crack initiation points and therefore their number and location cause strong
variability [51]. In the case of the uncoated G-TRM specimens, instead, the first
crack occurs in the mortar at almost the same stress level for nearly all tests. Sub-
sequently, as the applied load increases, softening kicks in given that the bearing
capacity is now governed by textile friction and progressive delamination. In con-
trast, the presence of the coating promotes strain-hardening because, after the first
crack occurs, the textile is well engaged and this allows more cracks to develop.
However, the strain-hardening is less pronounced than that previously observed
for the B textiles, most likely because G fibres are weaker and more compliant
than B fibres [52]. It is also worth mentioning that, besides triggering a different
failure mode, the presence of the GA-RHA-G/epoxy coating slightly increases

the first crack stress (FCS), possibly because the enhanced bonding at the textile-
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Figure 15: SEM images of the fracture surface of failed G-TRM

to-matrix interface enables a more efficient load transfer. Interestingly, several
studies in the literature investigate the effect of various functional coatings on the
FCS. The results may be contradictory, depending on the nature of the fibres and
the composition of the coating. For example, highly hydrophilic fibres like jute,
when treated with a polymer coating, tend to become hydrophobic. This under-
mines the fibre-matrix interaction, and ultimately reduces the FCS, with a drop
that may be in the order of 20% [53].

In analogy to the results previously discussed for the B-TRM samples, Figure
15 clearly shows well formed acicular hydration products that are firmly attached
to the fibre surface in the G-TRM samples, which provides evidence of improved
bond quality.

The bar-charts in Figure 16 present the mean and characteristic values of the
UTS and the dissipated energy for the G-TRM composites, alongside the £1 stan-
dard deviation bar. Both the mean value and the characteristic value of the tensile
strength of the G-TRM specimens are lower than those of the B-TRM ciunterparts.
The gain associated with the presence of the coating, though relevant, is also much

less striking. In stark contrast, the improvement in terms of dissipated energy is
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Figure 16: Bar-charts showing the mean and the characteristic value (subscript “k") of the tensile
strength (“f;") and of the dissipated energy at failure (“W") for G-TRM specimens with (“G-
RHA") and without (“G-NC") GA-RHA-G/epoxy coating.

comparable to that attained for the B-TRM samples. In fact, the enhanced bond
quality at the interface, which is sustained by the combined effect of the epoxy
matrix and the protruding active particles (as evidenced by the SEM photographs
in Figure 15), supports a diffuse crack pattern that is similar to that showed by the
B-TRM coupons. As a result, the functional coating greatly increases ductility,
and, in doing so, ultimately leads to an energy dissipation capability that is more

than three times as much as the uncoated group.

3.3.3. Failure modes and comparative analysis of performance indices

Figure 17 presents an overview of the main performance indices for the spec-
imen groups under testing. Shaded areas collect the points expressing the tensile
strength (on the abscissa) and the dissipation capacity (on the ordinate axis) of
individual specimens and visualise standard deviations. The corresponding char-
acteristic values for the mean are also indicated. Interestingly, the performance
of all uncoated specimens is similar, regardless of the reinforcing textile. This

observation supports the idea that the textile-to-matrix interface bond governs the
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Figure 17: Performance indices for the TRM composites under scrutiny. Small circles indicate
individual test results, large hexagons show characteristic values for the mean.

final behaviour of the composite. A weak bond at the interface does not allow to
achieve in full the load bearing capacity of more performing textiles. This simi-
larity also extends to the characteristic values and to the failure mode. In fact, due
to the weak interaction of the interface, the failure mode is initiated by the for-
mation of a single macro-crack in the mortar, upon reaching its tensile strength in
the weakest cross section. Then, the first crack is followed by friction-dominated
delamination. In this process, the intrinsic properties of the textile are hardly rel-
evant. An example of this matrix-governed failure can be appreciated in Figure
18, that shows the strain field on the surface of an uncoated B-TRM specimen
(“B-UC-1"), as obtained by DIC, at four subsequent stages of the tensile testing.
A first crack initiates in the weakest cross section along the gauge length and then
widens steadily as the applied load increases, until the specimen eventually fails,
with no secondary cracks appearing in the process.

Conversely, the improved interface bond quality typical of coated specimens
promotes a more efficient load transfer, that induces a diffuse crack pattern. This

is clearly seen, for example, in Figure 19 relating to the coated B-TRM specimen
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Figure 18: Cracking development for B-UC-1 specimen
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Figure 19: Cracking development for B-RHA-4 specimen

"B-RHA-4". This diffused crack pattern is also associated with the absence of
telescopic failure, as already observed for epoxy-coated TRM [12, 54].

Figure 20 gives additional information by showing the post-failure appear-
ance of the specimens. Indeed, it compares the typical behaviour of coated and
uncoated specimens, specifically with regard to B-TRM, although similar consid-
erations also apply to G-TRM. In general, uncoated specimens experience more
and more damage in the vicinity of the first crack. The first crack is randomly
located along the gauge length, as a consequence of the stochastic presence of mi-
crostructural defects. Conversely, multiple diffuse cracks can be clearly observed
in the specimens reinforced with coated textiles. For the coated samples, failure

is originated by moderate crack widening, often in proximity to the tabs, or in
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Figure 21: Crack width and number development during testing for B-RHA-4 specimen

the middle of the gauge length. As the applied load increases, additional cracks
open while pre-existing ones widen, until brittle failure of the textile occurs at the
weakest crack [55, 32]. Upon failure of the textile, partial recovery in the diffuse

crack pattern is experienced.

3.3.4. Crack analysis
Investigation of the crack pattern provides many indications of the bonding
quality.

In particular, Figure 21 illustrates the crack analysis of a coated B-TRM spec-
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imen and shows (a) the longitudinal displacement profile at different stages of the
test, and (b) the resulting crack width and crack number. It can be noted that sev-
eral micro-cracks develop during the test. In fact, the average crack width remains
constant as new cracks are being generated, and this can only occur if the textile is
able to transfer significant load along short (longitudinal) distance. This enables
an enhanced bearing capacity that is reflected by the strain-hardening nature of the
response. At the same time, as the strain increases, the crack number increases
very rapidly at first, but then stabilises and remains almost constant. In fact, only
a few cracks form outside the linear elastic stage. Then, pre-existing cracks widen

until catastrophic failure is attained upon textile rupture [56].

4. CONCLUSIONS

In this paper, we discuss mechanical performance of textile reinforced mortar
(TRM) composites reinforced by alkali resistant glass (G) or basalt (B) woven
textiles. In particular, spotlight is set on the benefits associated with treating the
textiles’” surface with a special epoxy-based coating carrying rice husk ash (RHA)
powder as filler. This approach aims specifically at modifying the interface zone
between the hydraulic matrix and the textile, improving the bond quality. Three
RHA powders are considered, which differ by the origin of the rice husks and by
the temperature of the combustion process. Additionally, an extra RHA powder is
studied which is obtained from the as-received RHA by milling and sieving below
100 um. Results are discussed against undensified silica fume (SF), whose role
as benchmark is justified by its popularity as pozzolanic additive. All powders
are assessed in terms of specific surface area and amorphous silica content. Fol-
lowing the relevant guidelines [28, 33], mechanical performance is determined by

uni-axial tensile testing of rectangular TRM coupons, with and without coating.
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correlation (DIC). The following conclusions may be drawn:

* RHA powders obtained at low temperature exhibit higher contents of amor-

phous silica. Indeed, as already reported in the literature, high tempera-
ture incineration promotes crystallisation of silica polymorphs, especially

tridymite and cristobalite.

The RHA powder obtained by blending white and parboiled rice husk (pow-
der “GA-RHA") exhibits the greatest application potential, in light of its

wide specific surface area (SSA) and high amorphous silica content.

Milling of this RHA is advisable, because the particle size of the as-received
powder is relatively coarse (dsy around 212 um) and unsuitable for coating
deposition. After milling, the average particle size is about half of that of SF
(dsp around 7 pum for milled GA-RHA, against 12 pum for SF), despite the
particle size distribution of SF remaining slightly narrower. As a downside,
milling damages the delicate comb-like microstructure of the original RHA
powder, which is responsible for its exceptionally high SSA. Consequently,
milling slightly reduces the SSA compared to the original powder. Still, the

SSA remains three times as much as that of SF.

Owing to weak bonding between at the matrix-textile interface, TRM spec-
imens whose reinforcement has not received the RHA/epoxy coating dis-
play an inconsistent failure mode. Failure is initiated by brittle fracture of
the mortar matrix, followed by friction-dominated delamination and/or tele-
scopic failure. In this sense, uncoated specimens are unable to fully exploit

the potential of the reinforcing textile and mechanical performance is almost

34



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

insensitive to the textile’s nature, be it basalt or glass. The stress-strain be-

haviour is softening or, occasionally, perfect plastic and then softening.

Application of the hybrid coating substantially improves adhesion between
the textile and the hydraulic matrix, which fact results in a pronounced strain
hardening regime. Failure occurs consistently through textile rupture, after
diffuse cracking appears in the matrix. Inspection of failed specimens re-
veals diffused patches of mortar well attached to the textile yarns and no

occurrence of telescopic failure.

In terms of ultimate tensile strength and energy dissipation capability, this
RHA/epoxy coating offers remarkable improvements. In particular, for the
TRM composites with basalt textiles, the mean tensile strength is three
times as much as the uncoated specimens, whereas the dissipated energy
at failure is nearly four times as much. Interestingly, the adoption of the
RHA/epoxy coating is especially effective for basalt textiles, given that their
intrinsic tensile strength is far superior to that of glass textiles. Nonetheless,
the effect of coating on glass textile-reinforced TRMs remains noticeable,
with a 35% increase in tensile strength. Yet, the main advantage for glass
textiles is expressed in terms of energy dissipated at failure, which exhibits
a three-fold increase. This suggests that the coating is mainly beneficial in
terms of ductility when relatively weak fibres are used. Also, its role in
proctecting the textiles from the strongly alkaline environment should not

be underestimated, especially for basalt fibres.
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