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Abstract

In this paper, we investigate the effect of silica nano-coating for interphase
bond enhancement on the mechanical performance of Textile Reinforced Mortar
(TRM) composite materials aimed at structural rehabilitation and strengthen-
ing. Alkali-resistant glass (ARG) and carbon fabric reinforcements are prelimi-
narily treated via sol-gel deposition of SiO, coating to promote bond formation
capability with the mortar matrix. Optical and electron microscopy provide
evidence of interphase bond enhancement. Mechanical performance is assessed
both in traction, through uni-axial elongation of prismatic coupons, and in flex-
ure, by three-point bending of laminated masonry bricks. Results are given in
terms of mean strength curves, ultimate and design strength and strain values,
cracked and uncracked moduli, mean crack spacing, mean crack width and en-
ergy dissipation. It is shown that mean absolute performance of silica coating
offers a significant improvement over uncoated fabric, yet it is inferior to that
of specimens which have been treated with a liquid partially-organic adhesion
promoter (polymer coating). However, when design values are considered which
incorporate the dispersion of experimental data, silica coating proves superior or
at least equivalent to polymer coating, respectively for carbon and ARG fabric.
These promising results describe the first application of silica nano-coating to
fabric reinforced composite materials.

Keywords: Inorganic nano-coatings, Fabric reinforced Cementitious Material,
Interphase bond

1. Introduction

Textile Reinforced Mortar or Concrete (TRM and TRC, respectively) con-
stitute a novel class of composite materials recently developed for structural
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rehabilitation and strengthening [1, 2]. Besides several attractive features, such
as substrate compatibility, intervention reversibility, water vapour permeabil-
ity and enhanced fire and aggressive environment resistance, TRM and TRC
present some substantial disadvantages, especially when compared with the
well-established technology of Fabric Reinforced Polymers (FRP) or even when
compared to ferrocement. Indeed, their performance is mainly driven by in-
terphase compatibility, that is the surface adhesion between the matrix and
the fabric reinforcement, and common fabric reinforcement materials present
inadequate interphase compatibility with cement-based binders [3, 4]. As a
result, delamination is the predominant failure mode and it is most often as-
sociated with large data scattering and a not entirely consistent performance
[5, 6]. Among TRM and TRC materials, Fabric Reinforced Cementitious Matrix
(FRCM) composites attempt to bridge the performance gap with FRPs through
modification of the inorganic binder with an organic component. In fact, the re-
cently published guidelines [7] advocates, for FRCM materials, the adoption of
a “polymer-modified cement-based binder (mortar)” as the composite inorganic
matrix.

Alternative to matrix modification, thermal and particularly chemical treat-
ment of the reinforcement have been investigated in order to improve adhesion
with the cementitious matrix [8]. One possible approach consists of develop-
ing a hydrophilic condition on the fiber surface [9, 10, 11], which increases
wettability by the cementitious matrix and it leads to diffuse bond forma-
tion. As an example, cold gas plasma has been used to remove the hydrogen
atoms from the polymer backbone of polyethylene fibers and to replace them
by polar groups [12]. This approach may be extended and the specific po-
lar group is connected to the adopted gas. The presence of polar functional
chemical groups on the fiber surface increases reactivity and thus improves the
reinforcement-to-matrix adhesion. In the case of carbon fibers, [9] improved
the surface bond strength with Portland cement by chemical oxidation of the
reinforcement surface with ozone. This treatment leads to the formation on
carbon fibers of oxygen-containing functional groups, which improve water wet-
tability and, consequently, fiber/matrix bond. Surface bond enhancement with
Portland cement is achieved in [11] by performing silane and potassium dichro-
mate treatment of carbon fibers. Results suggest that the hydrophilic nature
of silane improves bond formation with cement. Moreover, similarly to ozone,
dichromate treatment entails surface oxidation, which results in the appearance
of oxygen-containing functional groups that enhance hidrophilicity, and conse-
quently, adhesion.

Coating and sizing have been recently proposed as a mean to provide im-
proved strength, consistency as well as extended durability, respectively through
interphase bond enhancement, defect healing and fabric protection. In [13], a
polymeric surface coating is considered to protect glass fabric from deteriora-
tion in a highly alkaline environment, such is that associated with cementitious
matrices. Indeed, in [14] it is demonstrated that the quality of glass-to-cement
bond changes in time, even for ARG fabric, owing to chemical and mechani-
cal damage. Similar results are shown in [15, 16, 17, 18] in the framework of



(a) (b) (c)

Figure 1: Reinforcement fabrics: (a) bi-axial carbon square-grid, coded C1, (b) uni-axial
carbon square-grid, coded C2, and (c) bi-axial AR-Glass square grid, coded ARG

a wide spectrum durability analysis. Recently, nano-structured coatings have
been used to fill-in natural surface flaws in ARG fabric and thus fully deploy
their expected mechanical performance [19, 20]. The same treatment is shown
to possess a positive bearing on durability. The same approach is extended
in [21] to carbon fabric, where a polymer (epoxy resin) coating is considered,
also in conjunction with Multi-Walled Carbon Nanotubes (MWCNT) and/or
organoclays.

In the recent contribution [22], sol-gel application of a silica nano-layer is
investigated to enhance the pull-out strength of polypropylene fibers adopted
in Fibre Reinforced Concrete (FRC) [23]. Similarly, although in the context
of pollution reduction, [24] considers a SiO, interlayer deposited on a stainless
steel substrate via a sol-gel technique, to secure adhesion of a TiO, photocat-
alyst layer. In this paper, the same hydrophilic SiO, nano-layer is proposed
as a simple and relatively low-cost procedure to obtain interphase modification
of ARG and carbon fabric reinforcement in a cementitious mortar. Although
applications of silica coatings form a vast body of literature, to the best of the
authors’ knowledge this is the first contribution investigating the effect of silica
sol-gel deposition on the mechanical performance of continuous reinforcements
for structural purposes.

2. Materials and method

2.1. Materials

In this study, to better emphasize the role of the coating, a single pozzolan-
based mortar, already adopted in [6], is employed as the cementitious binder
for the composites. This semi-hydraulic low-modulus mortar, whose mechanical
properties are gathered in Tab.1, has proven particularly suitable in combina-
tion with the partially-organic adhesion promoter (supplied by Ardea Progetti
e Sistemi Srl). Besides, it corresponds to mortar B of [16] and its effect on
performance degradation of ARG fabric is already well documented.

Both AR-Glass and carbon fabric reinforcements are considered and their
main mechanical properties are gathered in Tab.2. Carbon reinforcement is a



Characteristic Unit | Value
Mean compression strength after 28 days | MPa 6.5
Mean flexural strength after 28 days MPa 3
Support adhesion strength after 28 days | MPa 1
Water content - 23%
Aggregate maximum size mm 0.7
Longitudinal elastic modulus GPa 11

Table 1: Mortar properties

Characteristic Unit C1 C2 | ARG
Yarn count tex 800 800 1200
Specific weight per unit fabric area g/m? 200 | 160 300
Fabric specific weight g/cm? 1.78 | 1.78 | 2.50
Grid spacing (square grid side) mm 8 5 12
Fabric cross-sectional area (per unit width), Ay mm?/cm | 0.56 | 0.88 | 0.60
Ultimate strength along the principal direction (with epoxy) N/cm 1800 | 1800 720
Elastic modulus GPa 240 240 74

Table 2: Fabric mechanical properties (1 tex = 9 den)

bi-axial (for traction tests, coded C1) or uni-axial (for bending tests, coded C2)
open square-grid high-tenacity (HT) fabric, see Figs.1(a) and (b), respectively.
Glass reinforcement is a bi-axial open square-grid fabric with a 19% weight
content of ZrO, (Zirconium dioxide or Zirconia) to impart alkali resistance,
Fig.1(c).

2.2. Silica nano-coating

Si0,-coated fibres are prepared through sol-gel synthesis as reported by
[24]. First, tetraethyl orthosilicate (98% TEOS(®©), Sigma-Aldrich Inc.) and
isopropyl alcohol (> 99.7% Sigma-Aldrich Inc.) are mixed together for 15 min
and then deionized water and nitric acid (65% Carlo Erba Reagents Srl) are
added. This solution is further stirred for 2 hrs in a magnetic stirrer. The solu-
tion TEOS:C3H,OH:H,0:HNOj; is in the molar ratio 1:4.5:5:0.16. Coating
is realized through bathing fibers in the obtained solution for 5 min, to ensure
that the whole fiber surface is thoroughly wetted. After bathing, fibers are
air-dried at room temperature for 12hrs and then at 110°C for 15min in an
oven.

2.8. Specimen configurations

2.3.1. Uni-axial tensile test

Two reinforcement materials, namely AR-Glass and bi-axial carbon fabric
(C1), are investigated and, for each of these, three test groups are considered,
namely dry-fabric (alias uncoated), silica coated and polymer coated fabric. Six
prismatic coupons are manufactured in each test group for a total of 36 coupons.
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Figure 2: TRM coupon geometry

Coupon geometry is illustrated in Fig.2. Specimens conform to the specifications
of Annex A of [7] and, in particular, the coupon nominal width is chosen as
a multiple of the fabric grid spacing [7, §A3.0]. Thus, with respect to ARG
fabric reinforced specimens, the coupon width w, ¢ = 360 mm accommodates 3
strands, while, for carbon fabric reinforced specimens, the coupon width ws ¢ =
320 mm accommodates 4 strands.

Specimens are manufactured on an individual basis, in order to avoid cutting
from a larger sheet [7, A1.0]. To this aim, a modular polyethylene formwork is
adopted to ensure consistent placing of the fabric at the specimen mid-plane.
Besides, after 7-day moist-curing, the formwork is disassembled to ease sample
stripping. The manufacturing process consists of the following steps:

1. formwork is spray-lubricated with silicon oil;

2. a 3-mm-thick mortar layer is cast onto the bottom piece of the formwork
and levelled up to the formwork brim with a scraper (Fig.3a);

3. in the case of polymer coated specimens, fabric impregnation is obtained
through immersion of the cut-to-size fabric patch, which is then squeezed
out to remove the excess of resin (see also [6]). It is important to ob-
serve that impregnated fabric allows a restricted 15-30 min time-frame for
effective application, before resin catalysis completes;

4. cut-to-size fabric reinforcement is laid and gently pressed on top of the
mortar layer (Fig.3b); air bubbles are eliminated through rolling;

5. the upper piece of the formwork is installed and it constraints the rein-
forcement fabric at the specimen mid-plane;

6. a 3-mm-thick mortar over-layer is set and levelled up to the surmounting
formwork with a scraper (Fig.3c).

7. specimens are moist-cured (conditioning) in a polypropylene bag for 7
days as prescribed in [7, A5.0].

After conditioning, the formwork is dismounted and specimens are stripped
(Fig.3d) for curing at the laboratory conditions (21 £ 2°C and 60-75% relative
humidity). The total conditioning and curing time is 28 days. Finally, coupons
are fitted with 100-mm-long carbon fabric tabs, which are glued at both ends
through epoxy resin.
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Figure 3: Specimen manufacturing: formwork and first mortar layer (a), carbon fabric place-
ment (b), mortar over-layer being set in the top formwork (c) and stripped coupon after
moist-curing (d)



Figure 4: ARG TRM laminated brick specimens
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Figure 5: Three-point bending of laminated bricks schematic

2.8.2. Three-point bending tests

Three-point bending tests are performed on clay bricks following [25]. Bricks
are strengthened at the bottom surface by lamination of TRM composite ma-
terial, see Fig.4. This strengthening material belongs to one out of six test
groups, corresponding to those already considered in uni-axial traction, namely
AR-Glass and Carbon reinforcing fabric and, for each of these, dry-fabric, silica
coated and polymer coated fabric. Again, 6 laminated bricks are considered for
each test group.

The lamination geometry is illustrated in Fig.5 and it appears that no pro-
vision against delamination is taken at the specimen ends. Indeed, the adopted
mortar has already proven very effective in terms of bond formation with a clay
substrate, see [6]. Fig.6 shows the clay brick substrate (Fornace Brioni Srl). In
particular, the brick mean strength curve under three-point bending is presented
in Fig.7.

Lamination is performed according to the following procedure:

Figure 6: Clay brick, which is used as lamination substrate for three-point bending test
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Figure 7: Mean strength curve of the clay brick (prior to lamination)

Figure 8: Brick lamination: the first mortar layer is laid on the wetted specimen surface

1. the brick surface is levelled (yet surface should remain rough) and thor-
oughly wetted to warrant complete mortar-to-clay bond formation;

2. paper adhesive tape is located at the brick ends to protect the supported
zone from the lamination material (Fig.4);

3. a l-mm-thick layer of mortar is laid on the wetted brick surface. Levelling
the brick surface averts the risk of obtaining areas where the laminate is
excessively thick, which is undesirable on account of the small scale of the
test (Fig.8);

4. for polymer coating, impregnation takes place as for coupon manufacture;

5. cut-to-size fabric is laid and slightly pressed onto the fresh mortar. Air
bubbles trapped at the mortar-to-fabric interface are eliminated through
rolling;

6. a 3-mm-thick over-layer of mortar is applied and levelled by using a
scraper.

A removable formwork provides a smooth and regular border for lamination.
Conditioning and curing take place as per uni-axial traction tests (28 days on
the overall).
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Figure 9: Test set-ups: (a) uni-axial tensile test (b) three-point bending test (support distance
d = 200 mm)

3. Experimental investigation

3.1. Uni-azial tensile test

Coupons are tested under displacement control in an Instron 5567 electrome-
chanical uni-axial testing machine, equipped with a 30kN load cell. Traction
occurs at a constant nominal elongation rate of 0.5mm/min which, as pre-
scribed by [26], amounts to an imposed elongation rate of about 2 mstrain/min.
The testing machine is equipped with pneumatic wedge grips connected to the
crosshead through a spherical hinge. The test set-up is shown in Fig.9(a).

A stereoscopic twin-camera 3 Mpixel Dantec Dynamics Q-400 Digital Imag-
ing Correlation (DIC) system is adopted to capture the displacement field of the
specimen surface, previously speckled, throughout the test. DIC investigation
allows correcting the displacement ramp prescribed at the traction machine
crosshead by the elongation taking place at the wedge grips and thus it pro-
vides the actual specimen deformation. This step is mandatory for a reliable
evaluation of the ultimate strain [27]. Indeed, Fig.10 compares the specimen
elongation for ARG coupons in the uncoated, silica and polymer coated groups
with the prescribed ramp. Regression lines are shown together with the coeffi-
cient of determination R?. It immediately appears that the regression line for
silica coated specimens almost coincides with the corresponding regression line
belonging to the polymer coated group.

8.2. Three-point bending test

Three-point bending is carried out in the same Instron 5567 electromechan-
ical machine, now equipped with a two-point support and a floating knife. The
test set-up is shown in Fig.9(b). Bending test occurs under displacement control
at 1 mm/min speed for the moving knife [25].
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Figure 10: DIC estimated vs. prescribed (grey, short-dashed line) specimen end displacement
curves for ARG coupons: uncoated (black, dash-dot), silica (green, solid line) and, almost
superposed, polymer coated (blue, dashed line)
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Figure 11: Optical microscopy investigation at 8X magnification of ARG failed specimens (a)
uncoated (b) silica and (c) polymer coated

(a) (b)

Figure 12: Optical microscopy investigation at 8X magnification of C1 failed specimens (a)
uncoated (b) silica coated

10



(a) (b)

Figure 13: Optical microscopy investigation at 35X magnification of ARG failed specimens
(a) untreated (b) silica coated

8.8. Optical and scanning microscope investigation

In consideration of the strong connection between mechanical properties of
the composite and interphase compatibility, a visual analysis is conducted us-
ing both optical and scanning electron microscopy (SEM). This analysis falls in
line with the conditions of acceptance given in [7, §4.5.2]. Figs.11 and 12 show
the fabric surface after failure at 8X magnification, respectively for ARG and
C1 specimens. It appears that uncoated specimens show no evidence of mortar
adhesion to the fabric surface, whereas silica and, even more so, polymer coated
specimens present patches still bonded to the matrix. To better illustrate the
point, Fig.13 presents a 35X comparison between uncoated and silica coated
ARG failed specimens. It is seen that the silica coated specimen shows clear
evidence of interphase bond enhancement and strong bond formation with the
matrix. Conversely, the lime-based matrix possesses little compatibility with
the uncoated fabric from which it detaches completely at failure, leaving an
almost perfectly polished surface. In fact, in the lack of chemical adhesion, the
major contribution to mechanical performance is given by the mechanical inter-
lock occurring through the open square grid of the fabric. Similar observations
are suggested by a SEM investigation at 1000X magnification for a C1 failed
specimen (Fig.14). It can be observed that, for the uncoated specimen, only
a few outmost fabric strands are adhered to by the mortar, whereas for silica
coated and, to an even greater extent, for polymer coated specimens, uniformly
diffuse bond formation appears.

4. Results and discussion

4.1. Carbon fabric

Fig.15 gathers the mean stress-strain curves and the confidence bands (i.e.
mean stress-strain curve + one-standard deviation) for uni-axial traction of C1
coupons in all test groups. Force is conventionally reported to the fabric cross-
sectional area [7, 18]. Mean ultimate strength and strain are determined and

11
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Figure 14: SEM investigation of C1 failed specimens at 1000X magnification: (a) uncoated
(b) silica and (c) polymer coated

0 5 10 15 20

Figure 15: Mean stress-strain curves for uni-axial traction of C1 uncoated (black, dash-dotted)
silica (green, solid) and polymer coated (blue, dashed) specimens. Confidence bands, in terms
of =+ SD, are also given (dotted)
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Group | p(ffuzt) | SDy | CVy | p(€fut) | SD, | CV,

[MPa] [%]
UC 1496 | 245 | 16 | 223 [ 046 | 20
sc 1637 | 180 | 11 | 2.07 [010| 5

PC 2117 92 4 1.52 0.19 | 13

Table 3: Mean ultimate tensile strength u(ff,,¢) and elongation u(e ), together with corre-
sponding standard deviation, SD, and coefficient of variation, C'V, for uncoated (UC), silica
(SC) and polymer coated (PC) C1 specimens in uni-axial traction

0 5 10 15 20 25 0 500 1000 1500 2000 2500
Ultimate strain &g, [mstrain] Ultimate strength f5,; [MPa]
(a) (b)

Figure 16: Mean ultimate strain (a) and strength (b) for C1 coupons in uni-axial traction:
uncoated (UC) silica (SC) and polymer coated (PC)

they are collected in Tab.3 along with the standard deviation, SD, and the
coefficient of variation, CV (also known as relative standard deviation).

Fig.16 presents a bar-chart comparison of mean ultimate values for all C1
groups tested in traction. It is observed that, although silica coating offers a
mere 10% mean ultimate strength increase over the uncoated group, it conveys
a 26% reduction of the standard deviation. This decrease of data dispersion
is even more pronounced when expressed in terms of ultimate strain. Indeed,
ultimate strain is reduced by 7% with respect to the uncoated group and yet
the corresponding standard deviation is decreased by an impressive 78%, i.e.
it is reduced to one fourth. Therefore, it appears that silica coated specimens
become marginally stronger and more brittle than uncoated ones, however fail-
ure occurs consistently in terms of ultimate strain, which behaviour conveys a
strong beneficial effect on design values. Indeed, according to [7], the ultimate
strain is obtained by the so-called three-sigma rule,

€fu = pi(efue) — 38D, (1)

from which the design strain follows
€a = 0.7esy < 1.2%. 2)
From Tab.3, it is €4, = 0.85% for the uncoated group and ef,, = 1.77% for the

silica coated group, that gives a two-fold increase. Similarly, if characteristic
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Figure 17: Uncracked (a) and cracked modulus (b) for C1 coupons in uni-axial traction:
uncoated (UC) silica (SC) and polymer coated (PC)

values are considered as the basis from which design strain is determined (see
the design considerations in [18])

€fuk = N(Efu,t) - 196SD57 (3)

we find €7y, = 1.33% for the uncoated and eg,; = 1.87% for the silica coated
group, which still brings a 41% increment. This substantial gain in the design
strain reflects itself in an equally important benefit in terms of design strength,
for the latter is proportional to the former through E;, the tensile modulus of
elasticity of the cracked composite material [7, §8].

Results for polymer coated specimens give a 42% and a 29% improvement
of the mean ultimate strength over the uncoated and the silica coated groups,
respectively. Such strength increment is accompanied by an impressive decease
in the coefficient of variation, that is reduced to one-fourth of that pertaining
to uncoated specimens. However, strength gain comes at a significant cost in
terms of ductility, for mean ultimate strain is reduced by 32% as compared to
the uncoated group.

In terms of design values, we have e, = 0.95%, which brings a small 11%
increase over uncoated specimens, and yet it is nearly half the corresponding
value for silica coating. Besides, when characteristic values are adopted, we
find €fy, = 1.15%, which is lower than the corresponding value in the uncoated
group. It is concluded that, under the light of best design values, silica coating
offers better performance over polymer coating.

Values of the cracked and of the uncracked moduli are presented in Tab.4
together with transition point locations. It is interesting to note that, for the un-
coated and for the silica coated groups, uncracked and cracked moduli are nearly
equal, whereas polymer coated specimens are substantially stiffer (Fig.17). This
observation highlights the importance of interphase bond formation in deter-
mining tensile moduli. Transition points are determined as in [16] and they are
plotted in Fig.18 along with confidence bars. In particular, it can be seen that
the transition point for uncoated specimens is located in the third quadrant of
the (o, €) plane.
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Figure 18: Transition point location and standard deviation bars for C1 coupons in uni-axial
traction: uncoated (UC) silica (SC) and polymer coated (PC)

Group E;kc ‘ SDE; Ef ‘ SDEf €T ‘ SDe fT ‘ SDfT
[GPa] [mstrain] [MPa]
ucC 233 34 85 7 -03 | 05 | —63 115
SC 230 25 84 7 1.8 0.5 | 419 128
PC 413 33 117 21 14 0.4 | 593 171

Table 4: Uncracked modulus, E;, cracked modulus, Ef, and turning point location with

corresponding standard deviations for uncoated (UC), silica (SC) and polymer coated (PC)
C1 specimens in uni-axial traction

Mean stress-strain curves and confidence bands for three-point bending of
C2 coupons are presented in Fig.19. It is observed that confidence bands are
considerably narrower in the uncoated and in the silica groups compared to the
polymer coated group and this occurs for strain and strength alike. On the other
hand, unlike traction, mean curves show remarkable correspondence until failure
occurs. Tab.5 shows the mean ultimate values as determined through three-
point bending tests. In contrast to traction, the coefficient of variation C'Vy,
relative to the ultimate mean strength of silica coated specimens in bending, is
roughly one fifth than that for polymer coated specimens. The corresponding
quantity relative to the ultimate strain, C'V;, is 38% less than for polymer

€ [mstrain]

Figure 19: Mean stress-strain curve for three-point bending of C2 uncoated (black, dash-
dotted) silica (green, solid) and polymer coated (blue, dashed) specimens. Confidence bands,
in terms of p £+ SD, are also given (dotted)
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Group | p(fuy) | SDy | CVy | plewy) | SDe | CVe
[MPa] (%]

ucC 6.95 1.20 17 0.41 0.03 7
SC 8.62 0.36 4 0.57 0.07 | 12
PC 12.70 2.42 19 0.80 0.16 | 20

Table 5: Mean ultimate flexural strength u(f,,¢) and elongation (e, f), together with corre-
sponding standard deviation, SD, and coefficient of variation, C'V, for uncoated (UC), silica
(SC) and polymer coated (PC) C2 specimens in three-point bending of laminated clay bricks

0 2.5 5.0 7.5 0 4 8 12 16
Ultimate strain g, ¢ [mstrain] Ultimate strength fur [MPa]

(a) (b)

Figure 20: Mean ultimate strain (a) and strength (b) for C2 laminated bricks in three-point-
bending: uncoated (UC), silica (SC) and polymer coated (PC)

coated specimens, yet 68% grater than in the uncoated group. However, this
apparently surprising outcome is expected, owing to the uncertainty connected
to the determination of the ultimate deformation at failure of ductile, as opposed
to brittle, specimens. Finally, Fig.20 gives a bar-chart illustration of ultimate
strength and strain obtained in bending for all test groups.

4.2. AR-Glass fibres response

Fig.21 presents the mean stress-strain curves for uni-axial traction of ARG
coupons in all test groups. The corresponding ultimate stress and strain values
are given in Tab.6.

Groups | p(ffut) | SDy | CVy | p(€fut) | SD, | CV,
[MPa] [%]

UcC 353 33 9 1.13 0.22 20

SC 786 74 9 1.96 0.11 6

PC 1042 47 4 2.31 0.19 8

Table 6: Mean ultimate tensile strength p(ff,,¢) and elongation u(e ), together with corre-
sponding standard deviation, SD, and coefficient of variation, C'V, for uncoated (UC), silica
(SC) and polymer coated (PC) ARG specimens in uni-axial traction
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Figure 21: Mean stress-strain curves for uni-axial traction of ARG uncoated (black, dash-
dotted) silica (green, solid) and polymer coated (blue, dashed) specimens. Confidence bands,
in terms of p £ SD, are also given (dotted)

0 5 10 15 20 25 0 200 400 600 800 1000 1200
Ultimate strain &g, [mstrain] Ultimate strength fs,; [MPa]

(a) (b)

Figure 22: Mean ultimate strain (a) and mean ultimate strength (b) for ARG specimens in
uni-axial traction: uncoated (UC) silica (SC) and polymer coated (PC)
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Figure 23: Uncracked (a) and cracked modulus (b) for ARG coupons in uni-axial traction:
uncoated (UC) silica (SC) and polymer coated (PC)

The bar-chart comparison of Fig.22 indicates that silica and polymer coat-
ing of ARG induce a strong beneficial effect on the ultimate strength which,
unlike carbon fabric, comes along with a relevant ductility increment. How-
ever, confidence bars still confirm that the best performance in terms of design
strain is achieved by silica coating. Indeed, by Eq.(1), we have €f, = 0.47%
for the uncoated group and e, = 1.63% for the silica coated group, that is
nearly a 3.5-fold increase, to be compared with 2.2-fold increase in the ultimate
strength. For polymer coated specimens, we get €f,, = 1.74%, which is similar
to the performance of the silica coated group (in fact, it displays a 6.7% incre-
ment), and it should be contrasted with 295% and 135% increments in terms
of ultimate strength, with respect to the uncoated and the silica coated groups,
respectively. When characteristic values are referred to, we get, according to
Eq.(3), €fur = 0.70%, 1.74% and 1.93%, respectively for the uncoated, silica
and polymer coated groups. Surprisingly, while adopting characteristic values,
as opposed to the three-sigma-rule, has a marked effect on the design strain in
the uncoated group, it determines little change on the design values of silica
and polymer coated groups, the latter surpassing the former by 11%. These
considerations show that the remarkable increment that polymer coating im-
parts on the ultimate strength, as compared to silica coating, is not matched by
a parallel increment in design values, which, in fact, are very similar, whether
they be calculated through the three-sigma-rule or through characteristic values.
Conversely, the important ultimate strength increment obtained by silica coated
specimens over uncoated ones appears even more pronounced when looked at
in terms of design values. As a result, for designing purposes, polymer coating
is equivalent to silica coating.

Tab.7 gathers uncracked and cracked moduli, turning point location and
corresponding standard deviations. Fig.23 presents a bar-chart comparison of
uncracked and cracked moduli for ARG coupons, while Fig.24 illustrates the
turning point location with confidence bars.

Fig.25 presents the mean strength curves for ARG laminated bricks in three-
point bending tests and Tab.8 gathers the mean ultimate strength and strain
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Figure 24: Transition point location and confidence bars for ARG coupons in uni-axial trac-
tion: uncoated (UC) silica (SC) and polymer coated (PC)

Group E;:‘ ‘ SDE; Ef ‘ SDEf €T ‘ S.DE fT ‘ SDfT
[GPa| [mstrain] [MPa]
ucC 125 38 29 9 1.1 | 0.3 | 161 12
SC 221 80 35 2 0.7 0.3 | 222 9
PC 240 34 37 7 0.8 | 0.2 | 329 49

Table 7: Uncracked modulus, E;Z, cracked modulus, Ef, and turning point location with
corresponding standard deviations for uncoated (UC), silica (SC) and polymer coated (PC)
ARG specimens in uni-axial traction

Figure 25: Mean stress-strain curves for three-point bending tests of ARG uncoated (black,
dash-dotted) silica (green, solid) and polymer coated (blue, dashed) specimens. Confidence
bands, in terms of pu + SD, are also given (dotted)

Group | pu(fus) | SDy | CVy | plesu) | oc | CVe
[MPa] (%
ucC 6.06 0.80 13 0.87 | 0.26 | 30
SC 6.10 0.40 6 1.00 | 0.07 7
PC 8.54 1.31 15 1.13 0.21 19

Table 8: Mean ultimate flexural strength p(f,, s) and elongation p(e,, ), together with corre-
sponding standard deviation, SD, and coefficient of variation, C'V, for uncoated (UC), silica
(SC) and polymer coated (PC) ARG specimens in three-point bending of laminated clay bricks
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Figure 26: Mean ultimate strain (a) and strength (b) for ARG laminated bricks in three-
point-bending: uncoated (UC), silica (SC) and polymer coated (PC)
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Figure 27: Longitudinal displacement field for ARG coupons at € = 10 mstrain (from top to
bottom: uncoated, silica and polymer coated)

values determined accordingly. As expected, bending test results are more ho-
mogeneous across groups as compared to tensile tests. However, the result is
retrieved that the standard deviation, and the coefficient of variation alike, asso-
ciated with silica coated specimens, is the lowest among groups. Fig.26 present
in bar-chart form ultimate strength and strain values as determined in bending
for ARG laminated bricks.

4.3. Crack pattern and dissipated energy

The quality of interphase bond strength may be assessed through the analy-
sis of the crack pattern evolution prior to failure and of the energy dissipated in
crack formation and widening [28, 18]. Fig.27 presents a DIC colour map display
of ARG coupons longitudinal displacement field at ¢ = 10 mstrain. Clearly, the
displacement field is roughly piecewise constant and the number of uniformly
coloured patches is strictly related to the crack density. Fig.28 plots the evolu-
tion of the average crack spacing against the specimen elongation for ARG test
groups. Similarly, Fig.29 describes the average crack width against the speci-
men elongation. It can be observed that uncoated specimens display the largest
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Figure 28: Average crack spacing vs. elongation € for ARG specimens belonging to the
uncoated (black, dash-dotted curve) silica (green, solid curve) and polymer coated (light blue,
dashed curve) groups
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Figure 29: Average crack width vs. elongation e for ARG specimens belonging to the uncoated
(black, dash-dotted curve) silica (green, solid curve) and polymer coated (light blue, dashed
curve) groups

crack spacing and the widest crack opening at (almost) all elongations. Indeed,
crack width appears remarkably constant and crack spacing grows almost lin-
early with the elongation. In contrast, polymer coated specimens present diffuse
and thin cracking (with the possible exception of the very early stage of defor-
mation, when the effect of the gripping system is more evident), which slowly
widens with the elongation. Silica coated specimens behave halfway in between
the two groups. These plots provide evidence of interphase bond strengthening
and, in fact, they may be used as a mean to assess this enhancement.

Fig.30 compares energy dissipation, evaluated as the area under the stress-
strain curve up to € = 1%, for C1 and ARG specimens in all test groups. It is
seen that polymer coating is by far the most efficient in dissipating vast amounts
of energy, especially in combination with carbon fabric. However, in line with
the previous results, its performance is characterized by large data dispersion, to
the extent that, for ARG fabric, confidence bands for polymer and silica coated
specimens partially overlap and there is little statistical difference between the
two populations.

5. Conclusions

In this paper, a novel application of silica nano-coating is considered for in-
terphase bond enhancement of alkali-resistant glass (ARG) and carbon fabric

21



ucC - uc e

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Dissipated Specific Energy [kPa] Dissipated Specific Energy [kPa]

(a) (b)

Figure 30: Dissipated energy and one-standard-deviation bars for uni-axial tensile tests of
C1 specimens (a) and ARG specimens (b) in all test groups: uncoated (UC) silica (SC) and
polymer coated (PC)

in Textile Reinforced Mortar composites. The effectiveness of the coating is as-
sessed qualitatively through optical and electron microscopy and quantitatively
through mechanical tests. Indeed, mechanical performance is determined both
through uni-axial traction of rectangular coupons and through three-point bend-
ing of laminated clay bricks. Results for the silica coated group are measured
against those pertaining to untreated specimens and against the performance
of specimens coated through a partially organic impregnation agent (polymer
coating). The following conclusions can be drawn:

e silica and polymer coatings determine remarkable gains in terms of me-
chanical performance for fabric reinforced composite materials;

e in particular, polymer coating brings the best performance in terms of
mean ultimate strength, strain, diffuse cracking and energy dissipation
for glass fabric specimens in traction and bending;

e the same holds true for carbon fabric, with the noticeable exception of the
ultimate strain, which is reduced by the coating, i.e. specimens become
more brittle;

e the performance gap with silica coating, however, is greatly mitigated,
if not subverted, when design values are considered, for they take into
consideration the dispersion of experimental data;

e indeed, polymer coating produces generally wider confidence bands and
larger coefficients of variation for design values than silica coating;

e it can be argued, partially on the grounds of microscopy analysis, that this
data dispersion is related to the polymeric agent affecting a thick layer of
mortar around the fabric. Indeed, the thickness of this layer appears to
vary greatly in dependence of many factors among which, in particular,
the effectiveness of the impregnation;
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e as a result, silica coating performs as well as, if not better than, polymer
coating in terms of design values and this conclusion holds true regard-
less of whether a three-sigma-rule or characteristic values are adopted to
incorporate standard deviation of data into design values.

Results support the important rationale behind material performance optimiza-
tion, which is targeted at improving design limits rather than mean absolute
performance [29]. Finally, the great advantage, in terms of application ease,
reproducibility and cost, of industrial pretreatment of the reinforcement fab-
ric cannot be over-emphasized and it should be compared with the difficulty
connected to in-situ impregnation of the fabric.
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