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The combined need to propose new solutions for the structural reinforcement of existing buildings and for the
reduction of CO, emissions is leading to the development of more sustainable composite materials, such as those
based on alkali-activated mortars (AAM). In this study, different formulations of AAM, based on metakaolin or fly
ash, have been evaluated as possible matrices for Textile Reinforced Mortar (TRM) systems. Two different
bidirectional textiles, made of AR glass or basalt fibers, were used as internal reinforcement. The physical-
mechanical properties of TRM systems based on AAM were evaluated and compared with those of commer-

LCA cial systems with cementitious or lime-based matrices. Direct tensile tests on TRM coupons and shear bond tests

Energy
CO2 emission

on clay brick substrates were carried out. Then, their energy and environmental-related performance have been
compared. Results showed that alkali-activated matrices can be very promising and eco-friendly alternative

solutions to traditional mortars in TRM systems.

1. Introduction

In recent years Textile Reinforced Mortar (TRM), also called Fabric
Reinforced Cementitious Matrix (FRCM), has emerged as a promising
alternative to conventional reinforcement systems, such as steel bars,
welded wire mesh, and Fiber Reinforced Polymers (FRP). TRM consists
of a grid made of continuous fibers (usually glass, basalt, or carbon fi-
bers) embedded in a cement- or lime-based mortar matrix. It is widely
used to repair and strengthen existing structures, both masonry and
reinforced concrete, and it is particularly suited for seismic retrofitting,
as it can enhance the ductility and energy dissipation capacity of rein-
forced elements [1-4]. This innovative technology is gaining popularity
among engineers and contractors due to its many advantages, such as
easy handling, low weight, fast installation, applicability on wet sur-
faces, high tensile strength, corrosion resistance, and low cost.

Commercially available TRM systems are usually made up of natural
hydraulic lime, Ordinary Portland Cement (OPC), or a combination
thereof. The inorganic matrix plays a fundamental role since it is
responsible for the transfer of stresses between the reinforced element
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(usually masonry or concrete) and the reinforcing textile of the system
[5-7]. For this reason, the physical-mechanical compatibility between
mortar and support is essential to ensure the effectiveness of the rein-
forcing system. There are several inorganic matrices available on the
market, but usually they are divided into two categories, depending on
whether the reinforcement is to be applied to masonry or concrete
structures. Mortars for masonry strengthening are usually of class R1 or
R2 (with R, > 10 MPa and R, > 15 MPa, respectively), while those for
reinforced concrete are R3 or R4 (with R. > 25 MPa and R, > 45 MPa,
respectively), according to UNI EN 1504-3:2006. Commonly,
lime-based mortars are preferred for rehabilitation of historical build-
ings, being more compatible with the masonry substrate. Conversely,
cementitious matrixes are more suitable for concrete substrates.
Recently, interest has turned toward the development of alternative
inorganic matrices for TRM systems, such as alkali-activated mortars
(AAMs). AAMs have been gaining increasing attention as a potential
alternative to conventional cementitious mortars due to their lower
carbon footprint [8-10]. The saving of CO, emitted by using
alkali-activated binders, compared to OPC, is estimated between 30 %
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Fig. 1. (a) Glass and (b) basalt textiles employed as TRM reinforcement.

and 80 %, depending on the type of precursor and activator used and on
the LCA methodology adopted [11,12]. One of the key factors influ-
encing the properties of AAMs is the type and concentration of the
activator used. Common activators include sodium hydroxide, potas-
sium hydroxide, and sodium silicate [13,14]. The type and concentra-
tion of the activator can be tailored to achieve specific physical and
mechanical properties, such as workability, setting time, strength and
durability, making AAMs highly customizable.

Further advantages in the use of AAMs are related to their high
mechanical strength (similar or superior to conventional mortars), good
adhesion to concrete substrates [15], better resistance to high temper-
atures [9] and improved durability under a variety of environmental
conditions [16-18]. Moreover, the low modulus of elasticity of some
AAMs makes them very interesting for applications on masonry struc-
tures. Considering AAMs for TRM applications, sometimes called Textile
Reinforced Alkali-Activated Mortars (TRAAMSs) [19], recent studies
showed the feasibility of using different matrices. However, the litera-
ture on this topic is still very limited and mainly focused on concrete
strengthening, while studies regarding the application on masonry ele-
ments are still lacking.

Carabba et al. [20] investigated the use of coal fly ash geopolymer
mortars coupled with high-strength galvanized steel fibers. Experi-
mental results showed a good compatibility between the geopolymer
mortar and the concrete substrate. Moreover, the interfacial bond be-
tween matrix and fiber increases as the concentration of the NaOH
activating solution decreases, thus the compressive strength of the
mortar decreases. The possibility of using textile-reinforced geopolymer
mortar (TRGM) to strengthen concrete beams was investigated by Zhang
etal. [21]. TRGMs showed to be very promising, by enhancing the shear
capacity of concrete beams by 47 % and 106 % when using one or two
layers of TRGM, respectively, while the effective strain of the textile was
comparable to or even higher than the corresponding strain developed
with conventional mortars. John et al. [22] experimentally investigated
the tensile and shear bond properties on concrete substrates of TRM
systems made with a fly ash-slag-based geopolymer mortar reinforced
with PVA fibers. All specimens failed by matrix cracking followed by
textile rupture in tensile tests, while shear bond tests indicated a good
bond between textile and concrete substrate. The mechanical behavior
of TRM systems based on fly ash, metakaolin and ladle furnace slag was
investigated by Arce et al. [19] through tensile and shear bond tests on
concrete substrates. TRM based on high calcium fly ash showed a poor
bond with concrete substrate while TRM based on metakaolin showed
better performances both in terms of tensile strength and bond capacity.
Cholostiakow et al. [23] compared the behavior of metakaolin geo-
polymer and cement-based mortars to strengthen masonry wallets with
basalt and glass textiles. Geopolymer-based systems proved to be

suitable for retrofitting applications, showing mechanical performances
comparable to or better than cementitious mortars. Candamano et al.
[24] activated fly ash, slag and biomass ash to produce a geopolymer
mortar coupled to basalt fibers to strengthen masonry prisms. Results
were encouraging although a better dimensional stability of the matrix
would have been desirable. Tamburini et al. [25] studied the use of a
metakaolin/slag geopolymer mortar to bond different reinforcing fiber
nets and fabrics to soft mud and strong extruded clay bricks. They found
out that all the fiber reinforcements (basalt, glass, carbon, and steel) had
excellent adhesion to soft mud clay bricks since the failure obtained by
pull-off tests occurred within the substrate. Moreover, results on com-
posites applied to strong extruded clay bricks showed adhesive strength
comparable to that of the unreinforced system, except for the one
manufactured with glass fibers where the lower strength was related to
the closer spacing of the fibers bundles. Mobili et al. investigated the
bond behavior of fly ash [26] and metakaolin [27] geopolymer mortars
compared to cementitious mortars with the same mechanical strength
class on red clay bricks. They found out that the higher the strength class
the higher the adhesive strength to the substrate.

In this study, the possibility of using different AAMs, based on fly ash
(FA) or metakaolin (MK), coupled with glass or basalt textiles for TRM
applications, has been preliminary evaluated. The initial objective was
to develop AAMs with physical-mechanical properties comparable to
those of lime (R1 class) and cement-based (R3 class) commercially
available mortars for TRM systems. Then, once the composition of the
matrices was defined, mechanical characterization tests on TRAAM
coupons were carried out and results were compared with those of TRM
realized by using commercial mortars. The performances of the newly
developed TRAAM were also evaluated through single-shear bond tests
on red clay brick substrates. Lastly, a comparison in terms of the
Embodied Energy (EE) and Global Warming Potential (GWP) between
the different TRM systems has also been carried out in relation to the
obtained mechanical performance to provide a multi-performance
perspective. The advantages and possible drawbacks of using different
matrices have been finally highlighted and discussed.

2. Materials
2.1. Reinforcement textiles

Two different commercially available bidirectional textiles have
been investigated as TRM reinforcement (Fig. 1). The first one is made of
Alkali-Resistant (AR) glass fibers, pre-impregnated with SBS (styrene-
butadiene-styrene), with net weight of 240 g/m? and total weight of
320 g/m?. The second textile is made of basalt fibers, pre-impregnated
with a polyester-based coating, with net weight of 365 g/m? and total



J. Donnini et al.

Table 1
Properties of the reinforcement textiles (from manufacturer).
Reinforcement Net Total Cross Yarn Yarn
textile weight  weight sectional tensile modulus of
(g/m?»  (g/m?®  area of strength elasticity
single yarn, (MPa) (GPa)
Ay
(mm?)
Glass 240 320 0.998 1118 66
Basalt 365 420 1.33 1402 72

weight of 420 g/m?. The main properties of the textiles are reported in
Table 1.

2.2. Geopolymer mortars

Geopolymer mortars were manufactured with two different alumi-
nosilicate precursors, namely fly ash (FA) and metakaolin (MK). The
former was a class F fly ash provided by the Italian company General
Admixture S.p.A., the latter was commercially available as Metastar®
501 and supplied by Imerys Minerals Ltd. FA had a specific surface area
(SSA) of 5000 cm?/g and mean particle size of 20 um, whereas MK had a
SSA of 140000 cm?/g and mean particle size of 3 ym. In order to in-
crease the available aluminum for geopolymerization, a low amount of
calcium aluminate cement (CAC) produced by Kerneos Inc. was added to
mortars manufactured with FA. CAC had a SSA comprised between 2850
and 3450 cm?/g and mean particle size around 10 and 20 um. To acti-
vate mortars, a blend of sodium silicate (SS), KOH and water was used.
SS had a Si05/Nay0 molar ratio of 2.1 and was produced by Ingessil S.r.
1., whereas the hydroxide was a 50 wt% solution of KOH in water. The
activating solution was prepared 24 h before the test to allow it to cool
to room temperature and permit a good polymerization process. A
calcareous sand with maximum diameter of 3 mm and water absorption
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of 3.4 % by mass provided by Esincalce S.r.l. was used as aggregate.

Two mortars were prepared with FA and CAC, while two other
mortars were prepared with MK according to the mix proportions re-
ported in Table 2.

2.3. Commercial mortars

Two different commercial mortars for TRM applications have been
considered in this study. The first one is a lime-based mortar (strength
class R1, according to the UNI EN1504-3:2006 standard), specifically
designed for strengthening interventions on masonry walls. It is based
on pure natural lime NHL 3.5, a mineral binder, and a mix of siliceous
and limestone sand with a maximum diameter equal to 1.4 mm. The
second one is a cement-based mortar (strength class R4 according to the
above-mentioned standard) with a maximum diameter of the aggregates
equal to 0.5 mm.

3. Methods
3.1. Physical-mechanical characterization of mortars

After mixing, the consistence of fresh mortars was assessed by means
of the flow table test and expressed in terms of mean diameter after
jolting the table for 15 times, according to UNI EN 1015-3:2019. Mortar
prisms with dimensions of 40x40x160 mm® were then cast, cured at
laboratory conditions (20 + 2 °C, RH = 65 + 5 %) for 28 days and tested
according to UNI EN 1015-11:2019. The dynamic modulus of elasticity
was measured through an ultrasonic digital indicator tester (PUNDIT)
with a resolution of 0.1 ps, according to UNI EN 12504-4:2021.

3.2. Tensile tests on TRM coupons

A total of 48 TRM coupons (380x60x10 mm3) have been

Table 2
Mix proportions of alkali-activated mortars (g/L).
Mixture Sand Mixing water FA CAC MKK Activators w/b
SS KOH Water
FAK 1 1409 - 480 42 157 62 94 0.34
FAK 2 1390 8 474 41 175 175 - 0.28
MKK_1 1090 44 - - 404 242 65 178 0.71
MKK_2 1098 51 - - 407 244 122 122 0.64
4 2 17} i
. |
- |
| &
H
= 9
TRM % % yarns in
G3Upen ligtuchinsl
e et
Specle
pallem
GFRF
Q0
Lo ]
LT L]
60 L -

(b}

Fig. 2. Direct tensile test: (a) preparation of TRM coupons, (b) coupon’s dimensions and (c) test setup with DIC acquisition system.
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Table 3
Stereo-DIC settings for tensile tests.

CMOS cameras FLIR Blackfly S BFS-U3-88S6M-C
Lens Fujinon CF50ZA-1S

Image resolution 2160x4096 pixels, 8 bit

Field of view 142x270 mm

Pixel to mm conversion 1 pixel = 0.066 mm

Stereo-angle 14°

Stand-off distance 950 mm

Patterning technique Matt white spray paint base coat with black speckles
DIC technique Stereo correlation

DIC software 3D-DIC software developed with matlab

Image filtering Gaussian Gaussian, 5x5 pixel kernel

Subset size 32x32

Matching criterion Zero-normalized sum of square differences (ZNSSD)
Interpolant Bi-cubic spline

Stereo transformation Affine

Strain computation Gradient

manufactured by combining the six different mortars with a layer of
bidirectional glass (G) or basalt (B) textile. Four specimens for each
combination of mortar and textile have been manufactured and tested.
The textile comprises 3 yarns in the longitudinal direction, and it is
embedded within the mortar with total thickness of 10 mm. Coupons
were cured for 28 days at laboratory conditions (20 + 2 °C; 65 + 5 % R.
H.) before testing. GFRP tabs (80x60 mm) were epoxy bonded at the
ends of each coupon to improve grip, prevent slipping from the testing
machine and to avoid localized failure at the gripping areas.

Tensile tests were conducted using a Zwick/Roell Z050 machine
under displacements control, with a crosshead speed of 0.5 mm/min;
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the testing machine was equipped with a 50 kN load cell. Stereo- DIC
(Digital Image Correlation) was used to measure axial strain and to
monitor the formation of cracks during the test. Stereo-DIC was
employed to avoid the errors arising from out-of-plane motion, a com-
mon issue in 2D-DIC measurement systems as identified by Sutton et al.
[28]. The images were captured using two digital cameras (FLIR
Blackfly S BFS-U3-88S6M-C model) equipped with lenses with a focal
length of 50 mm and synchronized with the force measured by the load
cell. The cameras were placed with an angle of 14°, and a led lamp to
ensure a proper illumination was used. The setup was optimized
following the guidelines of the International Digital Image Correlation
Society [29] to minimize experimental uncertainties, as investigated by
Badaloni et al. [30]. The specimens geometry and the complete exper-
imental setup are shown in Fig. 2 while the stereo-DIC settings are
summarized in Table 3.

A high-contrast random speckle pattern was created on the speci-
men’s surface by applying a thin layer of random black spray paint on a
white background. The images were post-processed by an in-house
developed DIC Software with Matlab®: description of the algorithm
used herein for the correlation can be found in [31] and applications
example in [32-36]. The correlation method adopted is based on global
DIC, the image of the undeformed sample is divided in a number of
subimages (or subsets, size 32x32 pixel) each one containing a portion
of speckles; as specimen deforms, the speckle patterns deform as well.

The displacements of all grid nodes were obtained by finding a
mapping that best correlates the shape of the deformed subsets with the
undeformed ones, while considering the epipolar constraint between the
two cameras [36]. The zero-normalized sum of square difference

("L ]

(b} =

Fig. 3. Post-processing of the images: (a) subsets grid in stereo-DIC; (b) example of a longitudinal strain ex map where the crack pattern on the surface of the

specimen is visible.
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Fig. 4. Single shear bond test: (a) specimen’ dimensions and (b) test setup.
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(ZNSSD) criterion was adopted to avoid the effects of lighting offset and
inhomogeneity. After determining the node displacements, the de-
formations (Hencky strain ey, €y, and exy) are computed using the
Cauchy-Green theory, considering large displacements and large de-
formations theory. Fig. 3a shows an image of the specimen with a grid of
measurement points. In Fig. 3b, the contour map of the axial strain
distribution is superimposed on the acquired picture, revealing the
visible cracks that have formed on the surface of the specimen.

The average of the axial strain, measured across the entire surface,
was employed to derive stress-strain curves that depict the tensile
behavior of the TRM coupons.

3.3. Single shear bond tests

A total of 18 shear bond tests have been carried out, in order to
investigate the bond capacity of the six different matrices to clay brick
substrates. The dimensions of specimens and the test setup are shown in
Fig. 4. The TRM strip had a width of 60 mm, comprising three basalt
yarns in the longitudinal direction, and a bonded length of 200 mm. The
strip was spaced from the top edge of the brick by 20 mm to avoid stress
concentration. Bricks were saturated (immersion in water for 24 hours)
before applying the TRM strip. GFRP tabs with dimensions of
60x100 mm? were then epoxy bonded to the end of the basalt textile to
improve the grip during the test and to redistribute stresses between the
yarns. Specimens were cured for 28 days at laboratory conditions (20 +
2 °C; 65 £+ 5 % R.H.) before testing.

Shear bond tests were carried out with a universal testing machine
Zwick Z050 with maximum capacity of 50 kN. The clay brick was
restrained by a steel frame anchored to the testing machine. Tests were
conducted under displacement control at 0.5 mm/min. DIC was used to
monitor the deformations of the inorganic matrix, as well as the for-
mation of cracks. Instead, for measuring the relative displacement of the
fabric with respect to the clay brick (3), an optical grid method was used
[36-38]. This procedure is based on the use of some markers placed on
the yarns of the fabric and on the steel frame. After calibrating the
cameras, stereoscopic algorithms are employed to compute the 3D co-
ordinates of the grid points in a global reference system. These co-
ordinates are then used to calculate, through the difference, the relative
displacement of the fabric with respect to the clay brick (referred to the
arrow in Fig. 4).

3.4. Energy and environmental performance

In this study, a comparison in terms of the Embodied Energy (EE) and
Global Warming Potential (GWP) between the different TRM systems
has been carried out. The focus is on the impacts and energy con-
sumption related to the material production excluding the impacts from
transportation since they vary and depend on other influencing factors
such as distance, type of engine, and raw materials location [39]. To this
aim, the energy and CO, emission data for each TRM component are
gathered from different sources such as the relevant Environmental
Product Declarations (EPDs), scientific databases, and literature.

In particular, the embodied energy and CO, emissions related to the
two commercial mortars (LIME and CEM) and the glass and basalt fiber
meshes (G-textile and B-textile, respectively) have been derived from
related EPDs and relevant literature. For the geopolymer mortars,
instead, the data are derived from the literature and databases [40], as
reported in the following subsections. It should be noted that the impact
of water is considered negligible [41,42].

3.4.1. Embodied energy of TRM constituents
To compute the overall energy needed to produce the investigated
geopolymer mixes, the embodied energy of primary or supplementary
materials, aggregates, and the activating solution should be evaluated.
Concerning waste materials, their production requires relatively low
energy compared to other components. In previous studies, it was
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Table 4
Required energy and CO, emissions of TRM constituent materials. SS and KOH
solutions are referred to a 44 and 50 % content, respectively.

Material EE [GJ/ Ref. GWP [kgCO»eq/ Ref.
t] kgl
LIME (pre- 2 EPD 0.19 EPD
mixed)
CEM (pre- 3.54 EPD 0.34 EPD
mixed)
G-Textile 95.34 EPD 4.5 EPD
B-Textile 47 [57], EPD 2.25 [57], EPD
FA 0.033 [45,46] 0.004 [46,47,50,
53]
CAC 6.83 EPD 0.962 EPD
MKK 2.5 [47] 0.33 [46,47,50,
53]
SS 4.9 [52] 0.33 [51]
KOH 15.70 ecoinvent 0.90 ecoinvent
Sand 0.083 [50] 0.012 [50]
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Fig. 5. Required energy and GHG emissions of TRM constituent materials.

assumed that the energy needed for supplementary cementitious mate-
rials (SCMs) production was zero when calculating the total energy for
one cubic meter of concrete [43,44]. However, energy is expended
during the collection, milling, and grinding processes to achieve a spe-
cific size distribution. Therefore, an energy value should be considered
for a more accurate comparison and estimation. In [45,46], the energy
required to produce one metric ton of FA is estimated at 0.033 GJ/t.
Similarly, for virgin SCMs like MKK, the energy requirement is higher,
with a typical value of 2.5 GJ/t as reported in [47].

Aggregates, both fine and coarse, represent a large volume compo-
nent in AAM, affecting stiffness (modulus of elasticity) and, therefore,
the dimensional stability (creep and shrinkage) [48]. Some previous
studies excluded energy associated with aggregates in their calculations,
considering that the compared mixes (OPCC and AAM) contained
similar aggregate volumes in their mixtures [43,49]. However, due to
differences in the base materials considered in this study, the impact of
aggregates has also been considered. In particular, the energy con-
sumption related to the production of one ton of fine aggregates is
estimated as 0.083 GJ/t, according to [50].

Finally, activating solutions are the primary contributors to energy
consumption [43,51]. In particular, the energy needed to produce so-
dium silicate (SS, 48 % solid) is approximately 5.371 GJ/t [52]. In our
case, a scaled value of 4.9 GJ/t is considered for the SS 44 % solid.
Similarly, for KOH, a value of 15.70 GJ/t is assumed, derived from the
ecoinvent v.3 database and scaled to take into account the actual solid
percentage. In Table 4 and Fig. 5, a summary of the energy required for
constituent materials, used to estimate the energy of the resulting mix-
tures, is reported.
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Table 5
Mechanical and physical properties of matrices.
Mortar  Days Compressive Flexural Modulus Unit Flow
of strength 6cm strength of weight value
curing (MPa) Gfm elasticity (g/ (mm)
(MPa) E, (GPa)  cm®)
FAK_ 1 7 21.8 6.8 - - 155
28 27.4 8.6 24.6 2.27
FAK 2 7 15.1 5.9 - - 135
28 20.2 6.1 23.4 2.34
MKK_1 7 8.8 1.7 - - 165
28 8.8 1.7 8.3 1.93
MKK_2 7 21.4 3.5 - - 140
28 22.7 3.9 10.7 2.04
LIME 7 5.4 2.1 - - 120
28 9.5 3.6 10.1 1.71
CEM 7 34.2 5.9 - - 130
28 43.8 6.9 241 213

3.4.2. Embodied CO_ emissions of TRM constituents

Due to the energy-intensive processes involved in producing mate-
rials, such as the use of diesel, electricity, liquid petroleum gas, explo-
sives, and coal, significant COy emissions are released into the
atmosphere. Generally, OPC results in higher emissions compared to FA
and MKK. Aggregates have relatively low energy requirements during
production, resulting in relatively low CO5 emissions. The CO; emissions
for FA and MKK are approximately 0.004 and 0.33 kgCO»e/kg, respec-
tively [46,47,50,53]. Concerning sand, in [41] the authors reported a
value of 0.012 kgCOye/kg.

Activating solutions, like SS, require substantial energy for their
production, leading to significant emissions. SS generates emissions
ranging from 0.30 to 0.42 kgCOqe/kg [52,54]. In [51], the authors re-
ported a value of 1.514 kgCOze/kg for sodium silicate, which includes
emissions associated with transportation (0.292 kgCO-e/kg). However,
since this study does not consider transportation effects, we excluded the
emissions related to transportation, resulting in a net value of 1.222
kgCOqe/kg. It is worth noting that the authors considered the total
emissions of sodium silicates, which is misleading, as sodium silicates
typically consist of a solid content between 37 % and 44 % [55,56].
Recently, in [41] the authors reported a lower value equal to 0.74
kgCOqe/kg, which reflects the most recent data based on European
manufacturers. Accordingly, in this study, considering a SS 44 % solid, a
scaled value of 0.33 kgCOqe/kg is assumed. Similarly, a value of 0.9
kgCOqe/kg is assumed for KOH, derived from the ecoinvent v.3 database

Compressive strength
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and adequately scaled to reflect the solid percentage. Table 4 and Fig. 5
summarize the CO; emission for constituent materials in AAC and OPCC,
used to estimate the total emission of the resulting mortars.

4. Experimental results and discussion
4.1. Physical-mechanical properties of mortars

Mechanical properties of mortars used as matrices for TRM systems
may vary depending on the element to be strengthened, usually between
10 and 20 MPa in compression for masonry structures and >30 MPa for
concrete structures. However, some studies showed that even matrices
with lower mechanical strengths (thermal insulating mortars), rein-
forced with glass or basalt textiles, can be effective to strengthen ma-
sonry structures [58,59]. The properties of TRM matrices in the fresh
state are also of fundamental importance to allow an easy application of
the mortar on vertical and overhead surfaces (floors or beams) and to
guarantee a correct stress transfer between the substrate and the rein-
forcing textile. The flow value (evaluated according to UNI EN
1015-3:2007 and UNI EN 1015-6:2007) of commercial mortars for TRM
applications is usually between 120 and 150 mm. In this study we tried
to develop geopolymer mortars with flowability properties similar to
those of commercial mortars. However, the intrinsic nature of geo-
polymers and the lack of effective additives for this kind of matrices
make it more difficult to optimize the rheology while maintaining
adequate mechanical properties. Flow values reported in Table 5
showed that geopolymer mortars had higher flowability compared to
lime and cement-based mortars. In particular, FAK 2, MKK_2, LIME and
CEM had a flowability between 120 and 140 mm (rigid consistency),
while FAK 1 and MKK_1, produced with a higher w/b ratio, therefore, a
higher water content, provided a plastic consistency.

Results of compressive and bending tests on mortar matrices are
reported in Table 5 and Fig. 6. CEM mortars showed the highest
compressive strength at 28 days, equal to 43.8 MPa, while FAK_ 1 had
the highest flexural strength, equal to 8.6 MPa. Both FAK mortars have a
modulus of elasticity similar to that of CEM. MKK_1 had compressive
strength and modulus of elasticity comparable to that of LIME matrices,
but a lower flexural strength. MKK_2 had flexural strength at 28 days and
modulus of elasticity comparable to LIME matrices, but a higher
compressive strength. Due to the intrinsic properties of the materials it is
very challenging to design matrices with perfectly comparable physical-
mechanical properties. However, for the purposes of this research, and
with regards to characterization tests on TRM systems, it seems

Flexural strength
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Fig. 6. Compressive and flexural strength of TRM mortars at 7 and 28 days.
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Table 6
Results of Tensile Tests.
Specimen 61 (MPa) 61,m (MPa) Omax (MPa) €max Expl. ratio (%) E, (GPa) Ofm
G1m
T_FAK_1B Avg. - - 444 0.011 31.7 47.5
CoV - - 9% 24 %
T_FAK_1 G Avg. - - 513 0.021 45.9 31.1
CoV 9% 27 %
T_FAK 2 B Avg. - 567 0.014 40.4 42.3
CoV - - 11 % 7 %
T_FAK 2 G Avg. 301 1.50 458 0.017 41.0 40.4 4.06
CoV 46 % 46 % 10% 22 %
T_MKK_1_B Avg. - - 370 0.009 26.4 40.9
CoV - - 10 % 15%
T_MKK_1G Avg. 112 0.56 376 0.014 33.7 22.8 3.04
CoV 35% 35% 9% 12%
T_MKK_2 B Avg. 183 1.22 465 0.009 33.2 49.3 3.20
CoV 33 % 33% 10 % 24 %
T_MKK 2_G Avg. 210 1.05 466 0.019 41.8 25.1 3.72
CoV 39 % 39 % 11% 20 %
T_Lime_B Avg. 134 0.89 476 0.008 34.0 47.2 4.04
CoV 17 % 17 % 8% 8%
T_Lime_G Avg. 163 0.81 503 0.028 45.0 13.7 4.42
CoV 19% 19 % 5% 13%
T_Cem_B Avg. 322 2.14 661 0.012 47.1 46.8 3.22
CoV 23 % 23 % 13 % 25 %
T_Cem_G Avg. 350 1.75 776 0.022 69.4 45.9 3.95
CoV 20 % 20 % 11% 24 %

reasonable to compare MKK with LIME and FAK with CEM mortars.

4.2. Tensile tests on TRM coupons

Tensile stresses are calculated by dividing the tensile load by the
cross-sectional area of the reinforcing textile:

oo E
" 3Ay

where o is the tensile stress in the textile, F is the applied tensile load and
Ay is the cross-sectional area of a single yarn. 6, and o1, represent the
tensile stress at first cracking in the textile or in the mortar, respectively.
Omax 1S the peak tensile stress while e, is the corresponding strain. 6yax
was then compared to the tensile strength of the bare textile (from
manufacturer) to obtain the exploitation ratio. The average modulus of
elasticity in the post-cracking phase (Ez) was evaluated as the slope of
the stress-strain curve between 0.6 and 0.9 of 6ax.

All the stress-strain curves are reported in Fig. 7. Each graph is
named with the test type (T: tensile test) followed by the type of matrix
and textile (G: glass, B: basalt). Stresses at first cracking (61, 61,m), ul-
timate tensile strength (opax), ultimate tensile strain (enax), €xploitation
ratio and modulus of elasticity in the cracked phase (Ey) are reported in
Table 6.

Stress-strain curves obtained from tensile tests on TRM coupons
(Fig. 7) showed the typical behavior of these composites, that can be
simplified in two or three quasi-linear phases [60-62]. However, for
some specimens (T_FAK_1_B, T_FAK_1_G, T_MKK_1_B) it was not possible
to identify the transition point (67), which separates the pre- and
post-cracking phases. This is probably due to some microcracks (not
visible to the naked eye) already present in the specimens before testing,
caused by the shrinkage of the geopolymer matrix during the curing
phase. This phenomenon, also observed in other literature studies [19,
24,63], occurred especially in mortars with a high w/b ratio (FAK_1 and
MKK_1), therefore more subjected to hygrometric shrinkage. These
specimens showed a quasi-linear tensile behavior up to the maximum
tensile stress (always greater than 350 MPa), with the opening of mul-
tiple cracks.

TRM with cement-based mortars (T_CEM_B and T CEM_G) reached
the highest tensile strength (661 and 776 MPa, respectively), corre-
sponding to an average exploitation ratio of the bare textile equal to

47 % and 69 %, respectively. T_ MKK_2 showed a tensile strength and
modulus of elasticity comparable to those of lime-based systems. TRM
based on fly ash mortars (FAK) showed a tensile strength comprised
between those of MKK and CEM. Moreover, it is clear to observe that the
modulus of elasticity in the cracked phase (E), being dependent on the
modulus of elasticity of the reinforcing textile, it is always lower in the
case of glass fiber mesh (G). The failure observed is always due to the
slippage of the textile within the mortar, with the formation and opening
of multiple cracks. Only in the case of cementitious matrices, for some
specimens, the failure of internal yarns was observed. It is interesting to
note that the stress at first cracking in the mortar (6y,1), when observ-
able, can be correlated to the flexural strength of the mortars (6¢m).
Their ratio (6fm,/01,m) is always between 3.0 and 4.4.

DIC also allowed to monitor the evolution of the strain field and the
formation of cracks over the free length of TRM coupons during tensile
tests, as shown in Fig. 8. The maps show the vertical displacement and
strain at various instants of time, until the maximum load is reached. It is
interesting to observe that the number and average width of cracks vary
for each specimen. In particular, FAK specimens showed the formation
of 4 or 5 cracks before reaching the peak stress. The average cracks
width was equal to 0.54, 0.95, 1.82 and 1.60 in the case of T_FAK_1_B,
T_FAK 2 B, T FAK 1_G and T_FAK 2_G, respectively. In the case of MKK
specimens reinforced with basalt textile (T_MKK_1_B and T MKK_2_B) a
multi-cracking behavior is observed, with a greater number of smaller-
amplitude cracks. This is probably due to the lower tensile strength of
MKK matrices, which therefore crack more easily. For these specimens,
generally only one crack propagates in the descending phase of the
stress-strain curve. LIME specimens showed the formation of 4-6 cracks
of greater amplitude in the case of glass textile reinforcement, while
CEM specimens showed, on average, the formation of 2-4 cracks. The
higher cracks opening of specimens reinforced with glass textiles is
common for all matrix types. This is probably due to the lower modulus
of elasticity of the fiberglass textile, compared to the basalt one.
Furthermore, the different geometry of the cross-section of textile yarns,
more flattened in the case of basalt yarns and more circular in the case of
glass yarns (see Fig. 9), may have affected the stress transfer between
matrices and yarn. Flattened yarns, having a greater surface/area ratio,
allow a better stress transfer with the surrounding mortar.

Untested TRM coupons were cut to observe the cross-section with an
optical microscope, at magnification of 6 x (Fig. 9). It can be observed
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the different geometry of the yarns: basalt yarns (B) have an elongated
and flat shape while glass yarns (G) have a more irregular geometry, and
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sometimes the presence of macro voids between filaments can be noted.
This is probably due to the different pre-impregnation and production
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Fig. 9. Optical microscopy observations of the cross-section of TRM coupons.

method adopted by the manufacturer for the two types of textiles.

4.3. Single shear bond tests

The load-displacement curves of single shear bond tests are shown in
Fig. 10 while a summary of key results is reported in Table 7. Each graph
is named with the test type (SB: single-shear bond test) followed by the
type of matrix and textile (B: basalt). The peak stress 6, was calculated
by dividing the peak load (Fmax) by the nominal area of longitudinal
yarns (3Ay). Relative displacement (5) of the bare textile with respect to
the clay brick substrate was evaluated through DIC. Failure modes
observed for each type of specimens are reported in Fig. 11.

Alkali-activated matrices, both those based on fly ash (FAK) and
metakaolin (MKK), showed excellent compatibility and a strong bond
with the clay brick substrate, since the failure mode never involved the
mortar-substrate interface. Failure occurred due to slippage of the textile
within the mortar, and for some specimens (groups FAK 1 B and
MKK 2 _B) also involved the breakage of a single external yarn outside
the bonded length, probably due to uneven stress distribution between
yarns. In the case of lime-based mortar an interlaminar shear failure at
the interface between mortar and fabric was observed.

The highest load values were achieved by specimens FAK_1_B, fol-
lowed by FAK 2 B and MKK 2 B. All TRM systems based on alkali-
activated matrices, except for the MKK_1_B, showed a peak stress in
the textile (o) higher than commercial systems. Cement-based TRM
systems failed at low stress levels, due to premature detachment at the
matrix-to-substrate interface (see Fig. 11). This is probably due to the
high stiffness of the cementitious matrix, more suitable for reinforcing
concrete elements rather than masonry. The exploitation ratio obtained
in single shear tests was slightly higher for all specimens with respect to
the corresponding one achieved during tensile tests (except for the
cement matrix, due to premature detachment).

4.4. Energy and Environmental Indicators

In this section, the LCA results in terms of primary energy con-
sumption and CO, emissions for the selected mixes and TRM systems are
analyzed. Fig. 5 reported the required energy and GHG emission for each
kg of adopted material. As expected, with the same mass, the glass and
basalt textiles consume more energy and are liable for more emissions if
compared with the other constituent materials. Considering just the
constituent materials of the mortar, KOH is the most impactful and
energy-intensive, followed by CAC.

In Fig. 12, a comparison of the different mortars is carried out in
terms of EE and GWP indicators for cubic meter of mortar (Fig. 12a and

14

b, respectively). The obtained values are in line with those obtained in
other studies [41]. As expected, the CEM mortar has the highest impact
and energy consumption, halving in some cases the performance of the
other mortars.

It is well-known that lime is more sustainable than OPC [64], and
this is also confirmed in the present study where the LIME mortar lowers
both EE and GWP by more than 50 % compared to the CEM mortar. It is
interesting that also AAMs have comparable EE and GWP values to those
of the lime-based mortar, with FAK_1 having better environmental and
energy performance than the others (even —50 % if compared with the
LIME mortar in terms of EC). This is mainly due to the lower amount of
KOH (if compared with FAK2 and MKK2) and the use of FA and CAC
(instead of MKK if compared to MKK1 and MKK2), having an overall
lower environmental impact and embodied energy than that of MKK.

In Fig. 13, the EE and GWP per square meters of the TRM system are
reported. As can be seen, the glass and basalt fiber meshes are liable for
the lower share of EE and GWP if compared with the share attributed to
the mortars, except for the LIME_G and FAK_1_G cases, where the EE and
GWP due to the fibers are equal to or higher than those due to the
mortar, respectively. Again, among the TRM systems, those adopting the
CEM mortar (CEM_B and CEM_G) have the highest impact. The FAK_ 1 B
is the best performing in terms of both EE and GWP thanks to the highest
energy and environmental performance of the mortar and fibers.

4.5. Efficiency analysis

To make a useful comparison between mortars and TRMs, it is
important to consider the ratio obtained by the environmental/energy
performance and the mechanical one (efficiency ratio, the lower the
value, the better the mortar/TRM). In this way, the EE and GWP in-
dicators are normalized, and the mortars can be compared in terms of
functional unit, e.g. amount of material needed per unit of mechanical
performance or the amount of EE/GWP needed to produce one unit of
mechanical performance.

First, the mortars are compared by dividing the related EE and GWP
indicators in Fig. 12 by compressive and flexural strength. The obtained
values are shown in Figs. 14a and 14b, respectively. As can be seen, the
most environmentally and energy-efficient mortar is still the FAK 1. This
is thanks to the lowest value of EE and GWP (see Fig. 12) combined with
the high compressive and flexural strength (see Fig. 6). Conversely, the
less efficient one is the MKK_1. This is clearly due to the EE and GWP
obtained for this mortar, higher than that of FAK_1, combined with the
lowest compressive and flexural strength. Surprisingly, despite the
highest value obtained in terms of EE and GWP, the CEM mortar has
good efficiency ratios, still comparable with the value obtained for
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Fig. 10. Load-displacement curves of single-shear bond tests.
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Table 7 -
Results of single-shear bond tests.
Specimen Peak Peak Displacement at Expl. Fail.
load stress peak stress Speac  ratio mode
Frax Oy (mm) (%)
N) (MPa)
SB_FAK_ 1B Avg. 3243 813 0.98 58.0 D/E
CoV 10 % 10% 24 %
SB_FAK 2 B Avg. 2716 681 1.73 48.6 D
CoV 13 % 13% 26 %
SBMKK 1B  Avg. 1851 464 1.49 33.1 D/E
CoV 4% 4% 8%
SB.MKK 2B  Avg. 2455 615 1.70 43.9 D/E
CoV 5% 5% 1%
SB_LIME_B Avg. 2348 589 1.10 42.0 C
CoV 8% 8% 17 %
SB_CEM_B Avg. 1556 389 0.25 27.7 B
CoV 16 % 16 % 18 %

B: Detachment at the matrix-to-substrate interface

C: Debonding at the textile-to-matrix interface

D: Textile slippage within the matrix

E: Textile slippage within the matrix with cracking of the outer layer of mortar

FAK_2 and MKK_2, mainly thanks to its mechanical performance.

To compare the energy and environmental efficiency of the different
TRM systems, the EE and GWP indicators plotted in Fig. 13 are divided
by the related tensile and shear strengths. The obtained results are
shown in Figs. 15a and 15b, respectively. Even in this case, the more
efficient systems are those including the FAK_1 mortar, while the less
efficient ones are those with MKK_1. Contrary to what observed in the
mortar results (Fig. 14), this time the CEM-based TRM system shows a

Construction and Building Materials 440 (2024) 137396

lower efficiency if compared with other TRMs. This is mainly due to the
worst mechanical performance of the CEM when employed as TRM for
masonry, especially considering the premature detachment of the
mortar from the substrate and therefore the low shear bond strength.

5. Conclusions

This research aimed at evaluating the feasibility of employing
alternative alkali-activated mortars (AAMs) in Textile Reinforced
Mortar (TRM) systems. Four different AAMs, based on metakaolin
(MKK) or fly ash (FAK), were developed as possible matrices for TRM
systems, and their performances compared to those of lime- or cement-
based commercial TRM systems. Comprehensive LCA and efficiency
analysis were also performed on all matrices and TRM systems
investigated.

The following key findings can be highlighted:

e Experimental results showed that AAMs, both FAK and MKK, could
be a valid alternative to conventional lime- or cement-based mortars
for TRM systems.

e Depending on the precursor used and the type and concentration of
the alkaline activator, physical-mechanical properties of AAMs can
be calibrated to reach similar performances of lime or cementitious
mortars. Workability of AAMs was slightly higher than that of
commercial matrices.

e The tensile behavior of TRAAM systems was similar to that of well-
known commercial TRM based on lime or cementitious mortars.
However, in some cases, especially for AAMs with higher w/b ratio
(T_FAK_1 and T_MKK_1), the transition between the uncracked and
cracked phase was not observed, probably due to the high

Fig. 11. Failure modes observed in shear bond tests.
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hygrometric shrinkage of the matrices which could led to the for-
mation of microcracks during the curing period.

TRAAM coupons manufactured with FAK 1 and MKK_2 matrices
showed tensile properties very similar to those obtained with com-
mercial LIME mortar, while CEM specimens showed the highest
tensile strength. However, the failure mode observed in tensile tests
was always due to slippage of the textile within the matrix. Both
polymeric coatings applied by the manufacturer on glass and basalt
fibers (SBS and polyester-based, respectively), do not guarantee
complete exploitation of the tensile properties of the reinforcements.
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Fig. 14. Mortars energy and environmental efficiency ratios: EE and GWP per square meter normalized per unit of a) compressive strength and b) flexural strength.

exploitation ratio of 0.58, while CEM experienced premature failure,
due to low bond between matrix and clay brick substrate.
Regarding the environmental impact of newly developed AAMs and
TRAAM systems, it is clear to observe that the choice of the precursor
and the concentration of the alkaline activator play a fundamental
role. The use of fly ash appears to be more interesting than meta-
kaolin, both in terms of mechanical behavior as well as environ-
mental/energy efficiency performances.

This research work has taken the first steps towards the use of AAMs

for TRM strengthening systems. There is definitely still room for
enhancing the performance of TRAAM systems, such as optimizing
AAMs formulation to mitigate hygrometric shrinkage and developing

e AAMs demonstrated excellent adhesion to clay brick substrates.
Failures observed in single-shear tests never occurred at the matrix-
to-substrate interface. FAK_1 showed the best performances, with an
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new fiber coatings, more compatible with AAMs.
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