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Abstract: This paper discusses the integration of an alkali-activated mortar (AAM), based on in-
dustrial waste, into a novel composite material fit for structural upgrading purposes and rendered
with high temperature endurance and a low CO2 footprint. The AAM combined with carbon fiber
textiles form a new generation of sustainable inorganic matrix composites—that of textile-reinforced
alkali-activated mortars (TRAAM). A test program was designed to assess the effectiveness of carbon
TRAAM overlays in increasing the shear capacity of masonry wall specimens comprising solid clay
bricks bonded with lime-based mortar and furnished with TRAAM jackets on both sides. The initial
and the residual capacity of the reinforced walls were evaluated, the latter by performing diagonal
compression tests after exposure to 300 ◦C and 550 ◦C. It was shown that TRAAM jacketing can
increase the shear capacity of unfired masonry walls by 260% and 335% when a single or a double
layer of textile is used, respectively. Rapid heating to temperatures up to 550 ◦C, one-hour-long
steady-state heating, and natural cooling bore no visible thermal cracks on the specimens and had
little effect on their residual capacity. Based on these results, the prospect of using TRAAM for
retrofitting applications for fire-resilient structures seems very auspicious.

Keywords: diagonal compression; ferronickel slag; heat exposure; masonry; textile reinforced
alkali-activated mortar

1. Introduction

The European construction sector is showing an increased need for the retrofitting,
maintenance and repair of its existing aging infrastructure compared to the growth of new
construction in Latin America and Asia [1]. The application of textile-reinforced mortars
(TRM) is a retrofitting/repair technique that has gained popularity in the last decades. TRM
are produced by embedding (predominantly) nonmetallic fibers of high tensile strength
into inorganic matrices such as cementitious mortar or—more recently—mortars based on
alkali-activated materials (AAM). The fibers used are woven into textiles with spacings
between rovings (or bundles) that usually vary from 5 to 35 mm. The spacing between
the fiber bundles allows the mortar to penetrate the textiles and generate a mechanical
interlock between the matrix and the reinforcement [2,3]. The application of TRM has
proven to be an effective solution for masonry retrofitting by numerous studies [4–7], some
of which have highlighted the effectiveness of this technique compared to its predecessor
repair solution, fiber-reinforced polymers (FRP). Apart from their effectiveness in increasing
the load-bearing and deformation capacity of the masonry elements, TRM also exhibit
a better compatibility than FRP with masonry as a substrate, whereas the application
of TRM on uneven surfaces is easier than the application of FRP [8,9]. Specifically for
historical masonry elements (which lie in the scope of this study), the irreversibility of
the application of FRP is another obstacle that may be partially overcome with the use of
TRM [10]. In addition, TRM have the advantage of allowing moisture to escape due to
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their high porosity when compared to FRP overlays. This particular characteristic is of
special importance when repairing historical masonry, where moisture can rise from the
foundations and become trapped in the reinforced masonry, resulting in further damage to
the existing materials. Furthermore, TRM reinforcement has the advantage of improving
the strength of existing structural elements without influencing the mass distribution and
rigidity of the structure [11]. Finally, TRM have higher stability against heat due to the
use of an inorganic matrix instead of epoxy (the glass transition temperature for epoxies is
around 65–120 ◦C [12]). In fact, TRM have shown appreciable resistance to heat and fire,
retaining a considerable fraction of their initial strength and tensile modulus after exposure
to temperatures higher than 400 ◦C [13–18]. The heating/cooling and mechanical testing
conditions seem to play a major role in the results, while the utilization of heat-resistant
carbon fibers and the absence of polymer textile coatings promotes the strength and stiffness
retaining of the TRM elements [19].

It has been well-documented in the literature that masonry panels also exhibit good
behavior at high temperatures [20–23]. This is mainly because of the heat resistance of the
commonly used fired clay bricks and because of the large mass of the load-bearing masonry
elements that delay the temperature increase throughout the whole element. Nevertheless,
according to Eurocode 2 [24], masonry elements of clay units with general purpose mortar
have no residual strength at temperatures above 600 ◦C. In addition, evidence from refer-
ences [25–28] show that the bond between the masonry substrate and the TRM overlay is
strongly affected by elevated temperatures, and quickly deteriorates (an approximately
50% load reduction after exposure to nominal air temperatures of 300–400 ◦C). However,
there are extremely few studies on the fire performance of TRM-strengthened masonry
elements (e.g., [29,30]). Thus, despite the relatively good performance of masonry and TRM
at high temperatures, further research is required to determine the fire performance of a
strengthening scheme.

Apart from the thermal and mechanical performance of retrofitted masonry structures,
the environmental footprint of the strengthening techniques is another aspect of major im-
portance. Studies on AAM technology have demonstrated the potential to produce binders
with remarkably low CO2 emissions when compared to traditional ordinary Portland
cement (OPC). The exact reduction depends on the aluminosilicate source (precursor) and
alkali metals used to create the binder and their proportions. Duxson et al. [31] reported a
reduction of 80% through the alkali activation of a fly ash (FA) and metakaolin (MK) blend.
A study led by the first author [32] reported on the production of an AAM mortar based on
the activation of ferronickel slag (FNS) for which a CO2 reduction of 70% (compared to a
counterpart OPC-based mortar) was achieved. The development of novel techniques, such
as TRM based on AAM, is necessary for the construction sector to reduce the dependency
on OPC and the sector’s CO2 emissions; the latter range from 5 to 8% [33] of the total global
emissions due to the 1.6 billion tons of cement consumed every year [34]. While AAM-
based construction solutions have the potential to help improve the sustainability of the
construction industry, it is the lack of regulations that has discouraged stakeholders from
promoting this technique [35]. This study aims to fill some of the research gaps that need
to be addressed in order to develop these regulations, particularly the high temperature
behavior of AAM applied as a strengthening material.

Ferronickel slag (FNS) was selected as the precursor for AAM production due to its
high availability in Greece (where this study was performed) and its proven efficiency in
high temperature applications [36]. Every year, approximately 2 million tons of FNS are
produced in Greece (reported in 2022 [37]), and only 20–30% of it is reutilized, with the
rest being disposed in landfills or under the sea, with an incurred relocation cost of EUR
650,000/year (in 2007 prices) [38]. To maximize the utilization rate of FNS and reduce the
dependency on natural resources, FNS was used as sand replacement (fraction 0–2 mm).
Parallel to the global warming problem, natural resource scarcity is yet another pressing
issue. The global rate of sand consumption has tripled in the last two decades [39]. This rate
has already exceeded the natural recovery rate of sand through the weathering of rocks by



J. Compos. Sci. 2024, 8, 14 3 of 19

wind and water. The reutilization of slag as a sand replacement not only solves the problem
of relocating of this by-product, but simultaneously provides an answer to the growing
sand depletion problem. A possible obstacle to the utilization of FNS as sand is the risk
of alkali–silica reactions. However, while this might be a problem in OPC-based mortars,
in AAM, the reactive alkali in the sand is activated by the alkaline solution resulting in
a significant reduction in the alkali–silica reaction potential; instead, an improvement in
mechanical properties has been observed when using FNS sand in AAM [40].

Russo et al. [20] reported on diagonal compression tests of unreinforced masonry
specimens (with solid clay bricks bonded by a cement-based mortar, in a ‘gothic bond’
pattern) exposed to high temperatures (heating rate = 19 ◦C/min—steady-state duration:
1 h); they showed that the masonry shear capacity remains unaffected after heating at a
relatively low temperature (300 ◦C), whereas important reductions were recorded after
heating at 600 ◦C (of approximately 35%). To the best of the authors’ knowledge, there
is only one study available in the literature regarding the effect of temperature on the
residual shear capacity of masonry walls reinforced with TRM jackets [30]. In this study, the
masonry panels (manufactured with solid clay bricks and lime-based mortar, simulating
historical masonry elements), were strengthened with textile-reinforced lime-based mortar
(a common practice for historical masonry buildings for compatibility reasons). According
to the researchers, the residual capacity of TRM-strengthened masonry showed significant
reductions, in the order of 35% for carbon TRM and 50% for glass TRM, after exposure to
600 ◦C, with respect to the unfired specimens. In addition, both cases (carbon and glass
TRM-strengthened and fired walls) suffered excessive reduction in the ductility that the
TRM jackets had provided. Specifically for the carbon TRM, as reported by the researchers,
the post-peak phase was short, the carbon fibers were pulled out of the matrix and the
lime-based TRM jacket was detached from the masonry substrate. The loss of the bond
between the TRM jackets and the masonry substrate due to high temperature exposure
seems to be a critical issue as reported in studies focusing on the effect of high temperature
on the TRM-to-masonry bond. For example, in the study of Iorfida et al. [28], delamination
between the TRM (cement-based matrix, carbon fiber textile) and masonry was observed
after exposure to 300 ◦C and 500 ◦C. It is also noteworthy that, in the study of Askouni
et al. [27], it has been reported that the alkali-activated textile-reinforced mortars showed a
better TRM-to-masonry bond endurance against increased temperatures compared to the
cement-based counterparts.

In summary of the above, knowledge on the performance of TRM-strengthened
historical masonry panels after exposure to high temperatures is very scarce and the
heat-induced bond deterioration between masonry and cement- or lime-based TRM is
significant. Ferronickel slag-based alkali-activated mortars have been shown to exhibit
high endurance against increased temperatures and can be thought of as viable alternatives
to conventional TRM matrices also aligning with the ever-growing need to use more eco-
friendly materials. Nevertheless, the experimental validation of such a course of action
remains to be addressed. Therefore, in this paper, the authors explore the application of an
alkali-activated textile-reinforced mortar (TRAAM) system to increase the diagonal shear
capacity of masonry wallettes under both ambient and post-fire conditions. Replicates of
historical solid clay bricks were used to build eighteen single-wythe masonry wallettes
measuring 700 × 700 × 100 mm. Six wallettes were left unreinforced to serve as control
specimens. The rest of the wallettes were then reinforced on both sides with either one
or two layers of carbon fiber textile. Prior to testing, the specimens were either stored
in ambient temperature conditions (20 ◦C) or they were exposed to high temperatures
(300 ◦C and 550 ◦C—nine combinations and, in total, two wallettes per case). Diagonal
compression tests were performed to assess the effect of TRAAM two-sided jacketing on
both fired and unfired specimens. The response surface methodology was used to develop
models for peak shear stress, shear modulus and ductility as a function of the area of textile
reinforcement and temperature of exposure.
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At the time this research was performed there were no previous results showcasing
the applicability of alkali activation in the production of textile-reinforced mortar solutions
for high temperature applications. The present research aims to fill this knowledge gap
and, furthermore, through demonstrating the effectiveness of the proposed technique,
to encourage further research into the potential benefits of low calcium alkali-activated
materials in civil engineering applications where durability under high temperatures is a
key parameter.

2. Materials and Methods
2.1. Raw Materials

The mortar was prepared through the alkali activation of ferronickel slag. The slag
was provided by the General Mining and Metallurgical Company SA in Greece, “LARCO”,
Larissa, Greece, and was used both as an aluminosilicate source for the alkali activation
process and as a fine aggregate after sieving and retaining the portion below 2 mm in size.
The ground ferronickel slag (GFNS) was grounded in a ball mill to a d50 of 8.36 µm. Silica
fume (SF, d50 = 12.87 µm) was also added. The diameters of the particles were measured
through laser diffraction using a Malvern Mastersizer 2000 (Malvern Panalytical Ltd, UK).
Potassium silicate (KS) of modulus 1.6 and potassium hydroxide (KOH, 90% purity) were
used as chemical activators. KS was purchased as a proprietary solution which is composed
of 45% KS and 55% water. The chemical composition of both GFNS and SF is reported in
Table 1. The results were obtained through X-ray fluorescence (XRF).

Table 1. Ferronickel slag and silica fume chemical analysis through XRF, by weight *.

Precursor SiO2
[%]

Al2O3
[%]

CaO
[%]

Fe2O3
[%]

MgO
[%]

Na2O
[%]

P2O5
[%]

K2O
[%]

TiO2
[%]

MnO
[%]

LOI-
Flux

GFNS 36.9 3.61 4.18 32.8 7.41 0.15 0.02 0.48 0.19 0.00 0.00
SF 88.9 0.73 0.34 1.01 0.63 0.71 0.03 1.50 0.00 0.12 6.82

* Only detectable chemical compounds listed.

The masonry wallettes were built using solid clay bricks and lime mortar in a running
bond pattern. The solid bricks of dimensions 200 × 100 × 50 mm had a compressive strength
of 20.2 MPa, and a density of 1981 kg/m3, as provided by the manufacturer. The mortar for
wall construction was prepared using natural hydraulic lime NHL 3.5, silica sand (0–2 mm)
and faucet water at a ratio of 1:3.5:1.5 (by volume), respectively, mimicking the mortar found
in historical masonry walls with lime joint mortar. The 90-day compressive strength of the
masonry mortar was found to be equal to 1.5 MPa based on nine 160 × 40 × 40 mm prisms
sampled during wallettes’ construction; its flexural strength was equal to 0.3 MPa.

An uncoated carbon fiber textile was used as reinforcement. The textile had the same
quantity of fibers in both orthogonal directions and an areal weight of 170 g/m2. The center
line distance between the fiber bundles was 10 mm. The nominal thickness of the textile
was taken as reported by the manufacturer equal to 0.048 mm (per yarn direction). Previous
characterization tests executed by Kapsalis et al. [13] (individual results not included in
this study) allowed for measuring the textile average peak stress, strain at peak stress and
modulus of elasticity, which corresponded to 2231 MPa, 0.0105 and 212.5 GPa, respectively.
The alkali-activated mortar recipe was the product of a mortar mix optimization effort based
on the experiment and mixture designs [41]. The original recipe was modified to increase the
workability by increasing the activator solution content (sum of water, KS and KOH). The
ingredient proportions for the 1 m3 of mortar used in this study corresponded to 815 kg of
GFNS, 59.7 kg of SF, 1192 kg of ferronickel sand, 32.3 kg of KOH, 76.9 kg of KS and 289 kg
of faucet water. Eighteen prisms (160 × 40 × 40 mm) were cast. The 90-day compressive
and flexural strengths of the alkali-activated mortar prisms were assessed following EN
1015-11 [42] and they were, respectively, found to be equal to 77.9 MPa and 9.8 MPa.
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2.2. Specimen Preparation

All masonry wallettes measured 700 × 700 × 100 mm and were built by a profes-
sional mason. The solid bricks were submerged in water one day prior to the specimens’
construction and they were left to dry for a few minutes before being used to promote
saturated/surface-dry conditions. The joint thickness was kept at 10 mm. After the wal-
lettes were completed, their surfaces were cleaned of dust with a wet towel and covered
with wet burlap to keep them moist for two weeks. Finally, they were left to mature for
90 days before the application of the TRAAM overlays.

One day before TRAAM application, the wallettes were covered with burlap soaked
in water until 30 min prior to mortar application to dampen the application areas. For
the specimens strengthened with one layer of reinforcement, the first layer of mortar was
applied at a thickness of approximately 5 mm. Then, the textile was placed onto and
pressed into the fresh mortar using flat spatulas and it was finally covered by the external
mortar layer (approximately 4 mm thick). A similar jacketing scheme was followed for
the specimens receiving double-layered jackets with the only difference being the addition
of a second layer of textile covered by a third layer of 4 mm thick mortar. The reinforced
wallettes were cured under ambient conditions (temperature: 5–20 ◦C and relative humidity:
60–75%) for 30 days using thin plastic foil to prevent moisture loss. The wallettes were left
to dry for an additional time span of 60 days before heat exposure.

The chemical activator was prepared one day in advance. The dry ingredients were
added in the following order: GFNS, SF, FNS sand and alkaline activator solution. The
mortar was first mixed slowly for 15 s to let the dry part absorb the solution and avoid
splashing. Once the solution was absorbed, the mortar was mixed for 2 min using an
electric hand mixer. The pot was then tilted to gain access to the bottom of the pot and
remove any material stuck in the borders. This procedure took approximately 2 min. Finally,
the mortar was mixed again for 3 min.

The nomenclature of the specimens (see also Table 2) followed the rule, XX_TYYY_Z,
where XX takes the designation “Un” for unreinforced (control) specimens, “1L” for
wallettes reinforced with one layer of textile on each side and “2L” for wallettes reinforced
with two layers of textile on each side; TYYY indicates the exposure temperature, taking
the designation “T20” for specimens kept in ambient conditions until testing, and “T300”
and “T550” for specimens exposed to 300 ◦C and 550 ◦C, respectively, before testing; Z
takes the designations “a” and “b” to indicate the two separate replicate specimens for
each test group. For instance, the specimen named as 1L_T300_b is the second wallette
strengthened with one layer of textile on each side, which was exposed to a temperature of
300 ◦C prior to mechanical testing. Specimen groups Un_T300 and Un_T550 are missing
from Table 2 since they did not survive the transportation from the furnace to the test rig or
the handling for test-ready positioning.

Table 2. Summary of test results for diagonal compression tests.

Test Group Designation τmax
[MPa]

∆τmax
[%]

γmax
[%]

G
[MPa]

∆G
[%]

τu
[MPa]

γy
[%]

γu
[%]

µ
[-]

∆µ
[%]

Unreinforced
20 ◦C

Un_T20_a 0.24 - 0.020 2101 - 0.21 0.01 0.05 4.29 -
Un_T20_b 0.35 - 0.052 2619 - 0.28 0.01 0.09 6.78 -
Average 0.29 - 0.036 2360 - 0.24 0.01 0.07 5.53 -

CoV 19% 44% 11% 15% 8% 30% 22%

1 Layer 20 ◦C

1L_T20_a 0.94 0.215 2814 0.76 0.03 1.04 31.23
1L_T20_b 1.13 0.149 3001 0.91 0.04 0.80 21.10
Average 1.04 259 0.182 2907 23 0.84 0.04 0.92 26.16 373

CoV 9% 18% 3% 9% 6% 13% 19%

1 Layer 300 ◦C

1L_T300_a 1.16 0.252 2146 0.93 0.05 1.51 28.03
1L_T300_b 0.79 0.383 1403 * 0.64 0.06 1.57 27.76 *

Average 0.98 238 0.318 2146 −9 0.78 0.06 1.54 28.03 407
CoV 19% 21% - - 18% 2% 2% -
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Table 2. Cont.

Test Group Designation τmax
[MPa]

∆τmax
[%]

γmax
[%]

G
[MPa]

∆G
[%]

τu
[MPa]

γy
[%]

γu
[%]

µ
[-]

∆µ
[%]

1 Layer 550 ◦C

1L_T550_a 0.86 0.287 917 0.69 0.09 1.11 11.89
1L_T550_b 0.91 0.331 804 0.75 0.11 1.46 12.96

Average 0.88 203 0.309 860 −64 0.72 0.10 1.29 12.42 125
CoV 3% 7% 7% 4% 9% 14% 4%

2 Layers 20 ◦C

2L_T20_a 1.12 0.415 1040 * 0.90 0.11 1.45 13.49 *
2L_T20_b 1.40 0.442 3281 1.12 0.04 1.09 25.52
Average 1.26 334 0.428 3281 39 1.01 0.08 1.27 25.52 361

CoV 11% 3% - 11% 43% 14% -

2 Layers
300 ◦C

2L_T300_a 1.17 0.294 2543 0.98 0.05 1.09 23.71
2L_T300_b 1.07 0.732 1677 * 1.02 0.06 0.85 13.40 *

Average 1.12 286 0.513 2543 8 1.00 0.05 0.97 23.71 329
CoV 5% 43% - 2% 16% 13% -

2 Layers
550 ◦C

2L_T550_a 1.38 0.655 1485 1.12 0.09 1.26 13.59
2L_T550_b 0.91 0.215 1213 0.74 0.07 0.41 5.43

Average 1.14 293 0.435 1349 −43 0.93 0.08 0.83 9.51 72
CoV 21% 51% 10% 21% 11% 51% 43%

* Underlined values of shear modulus were ignored in the calculation of average values.

2.3. Heating Regime and Instrumentation

The heating regime adopted in this study consisted of the temperature increase phase,
the steady-state phase, and the cooling down phase. Fire exposure took place in a vertical
furnace with internal dimensions of 3 × 3 × 1.2 m, equipped with 12 gas nozzle mixing
burners (each 300 kW) arranged in vertical banks at the sidewalls. The mechanical tests were
conducted after the specimens cooled down to room temperature; thus, the investigations
concern the residual capacity of the specimens after exposure to fire.

Figure 1a,b show the arrangement of the specimens in the furnace. It is noted that
the specimens were exposed to fire from two sides (flames running parallel to the long
sides of the wallettes). The other sides (lateral and top) were insulated with mineral wool
to minimize any effects of non-uniform heating near the corners. Fire-resistant aerated
concrete blocks were placed on top of the wallettes to keep the top layers of mineral wool
in place and to prevent the specimens from overturning.

The temperature of the specimens was recorded with embedded K-type thermocouples
in two or four positions on each specimen. The unreinforced wallettes were furnished
with two thermocouples, one on each side, inserted in a hole 15 mm deep. The holes were
opened with a Ø5 mm drill and, after inserting the sensors, they were sealed with cement
paste and mineral wool (see Figure 1c). The strengthened wallettes were furnished with
one thermocouple on each side that was embedded in a groove (3 mm wide and 100 mm
long) carved in the TRAAM layer. The depth of the groove was chosen to be equal to
half the thickness of the TRAAM layer (i.e., 4.5 mm for the 1L specimens and 6.5 mm for
the 2L specimens). Hence, the temperature of the TRAAM layer was always measured at
half thickness. After inserting the sensors, the grooves were filled with cement paste. In
addition, the strengthened specimens received another pair of thermocouples each placed
in a hole drilled on each side of the walls reaching a depth equal to 15 mm behind the
TRAAM-to-masonry interface; thus, the temperature was also measured in the masonry
substrate at the same depth as for the unreinforced specimens. The sensors were, in all
cases, placed near a corner of the specimens (Figure 1c,d). Two additional thermocouples
were used to measure the air temperature near the specimens. These sensors were of
the same type as the ones embedded in the specimens, and they were fixed in such a
position that their tip (measuring point) was approximately 100 mm above the top of the
two intermediate wallettes. The recordings of the air temperature are given in Figure 2.
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Figure 1. (a) Overview of six specimens prepared for fire exposure; (b) top-view sketch with
temperature measuring positions through the thickness of the strengthened specimens; (c) embedded
thermocouple in an unreinforced wallette; (d) embedded thermocouples in a reinforced specimen.

At the onset of the steady-state stage of the heating sequence, the specimens that were
subjected to fire were exposed to a maximum air temperature of approximately 300 ◦C
or 550 ◦C (respective average values throughout this stage: 320 ◦C or 480 ◦C, with the air
temperature being difficult to keep constant at 550 ◦C). The temperature of 550 ◦C was
chosen as an upper limit before completely damaging the unreinforced specimens. This
was based on a trial fire test where an unreinforced specimen (manufactured with the
same bricks and lime mortar) was exposed to 600 ◦C. The specimen was severely damaged
with cracks forming at almost every brick and joint; hence, the residual capacity of the
specimen was practically zero. This is in agreement with EN 1996-1-2 [24], according to
which masonry elements with clay units and general purpose mortar have no residual
strength at temperatures above 600 ◦C. The temperature of 300 ◦C was opted for as an
intermediate level of exposure to elevated temperatures. Two specimens per case were kept
in ambient conditions until mechanical testing to be used as reference. Two fire exposure
sessions were carried out, one for each maximum targeted temperature.

The heating rate of the air temperature in the furnace during the temperature increase
phase was chosen to be as close as possible to the rate of the standard cellulosic fire curve
(ISO 834-1 [43]). Hence, the heating rate applied was fast to better simulate a fire scenario
(~50 ◦C/min). The steady-state phase initiated when the average temperature in the TRAAM
layers reached the target temperatures of 300 ◦C and 550 ◦C, respectively. The duration of
the steady-state phase was chosen to be equal to approximately 60 min to provide enough
time for potential phase changes in the TRAAM material. After the steady-state phase, the
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fire exposure was terminated, and the specimens were kept in the furnace (with the furnace
door closed) until they naturally cooled down to room temperature. The time history of
temperatures during the two fire tests that were conducted is given in Figure 2 (Figure 2a,c
include readings from both the Un_T300 and the Un_T550 test groups, respectively).
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Figure 2. Temperature recordings during fire exposure with a target temperature of 300 ◦C [(a,b)]
and 550 ◦C [(c,d)]; temperatures in masonry [(a,c)]; and TRAAM [(b,d)]. * Front: facing towards the
furnace door; back: facing towards the back wall and gas extraction of the furnace.

2.4. Mechanical Test Set up

Diagonal tension (shear) tests were carried out to assess the residual tensile (shear)
response of the specimens after fire exposure. The tests were conducted based on the ASTM
E519/E519M—15 Standard [44] (deviations being specimens’ dimensions and number of
specimens per test group). The load was applied via a servo-hydraulic piston with a total
capacity of 500 kN. Figure 3 gives an overview of the mechanical test setup. The horizontal
steel beams were placed to prevent any out-of-plane movement. It is noted that the holes
and grooves made to embed the thermocouples in the fire-exposed specimens were, in all
cases, found at one of the corners of the wallettes that were not to be fixed in the metallic
“shoe” supports.
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High-contrast lines were formed with black and white paint sprayed on the specimens
at the positions shown in Figure 3. These lines were used to monitor the deformation of
the specimens along the horizontal and the vertical direction via video-extensometers. The
latter comprised high resolution cameras; the related software calculated strains with an
accuracy of at least 0.0025%. Measurements were taken only on one side of the specimens.
The other side was painted white to allow for a better visualization of the crack patterns.

2.5. Response Surface Formulations

The experimental matrix was designed to study the effect of two factors, namely the
exposure temperature and the area of textile reinforcement. For this purpose, a two-factor
interaction (2FI) response surface model was created using Design Expert software v11.1.2.0
(Stat-Ease Inc., Minneapolis, MN, USA). The model was built based on 14 runs. The factors
were chosen as discrete numerals with three levels. Factor A: temperature levels correspond-
ing to 20 ◦C, 300 ◦C and 550 ◦C. Factor B: area of textile reinforcement applied per side
perpendicular to the bed joints and nominally set to 0 mm2, 33.6 mm2 and 67.2 mm2.

3. Results and Discussion
3.1. Observations Regarding Fire Exposure

Unreinforced wallettes showed vertical cracking in the bricks because of high thermal
load. They did not survive their transportation to the test rig or all handling actions
necessary (rotating) to fit the “shoe” supports. No visible thermal cracks were observed on
the reinforced specimens. Upon inspecting Figure 2 (end of the T300 steady-state heating
stage), it can be noticed that—on average—the TRAAM jackets (10–14 mm thick) were able
to provide some thermal shielding for the masonry faces (unreinforced versus reinforced
masonry: temperature difference at a depth equal to 15 mm behind the TRAAM–masonry
interface ~70 ◦C). This shielding effect was lost in the T550 test specimens, for which the
heating period up to the onset of the steady-state heating stage took longer than in the case
of the T300 ones.
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3.2. Observations Regarding Diagonal Shear Tests

The experimental shear stress–strain curves for all specimens tested are shown in
Figure 4. The ascending branch of the curves remains linear up to a stress level equal to
60–70% of the maximum shear stress achieved. During this stage, composite action is still
intact and the reinforced wallette remains uncracked. Deviation from linearity denotes the
onset of diffused fine vertical cracking along the diagonal compression zone, which was
also visible on the jacket’s surface. For most specimens, diffused cracking took place over
the central compressed band stretching roughly mid-side to mid-side and excluding the
vicinity of the load application areas. This is an indication of the local detachment of the
jacket from the wall’s surface due to loading during the crack formation stage.
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Figure 4. Shear stress–strain curves for the wallettes reinforced with (a) one layer of reinforcement;
(b) two layers of reinforcement (specimens with defects prior to mechanical testing resulting in either
low G values or premature failure are shown with a single or a double asterisk, respectively).

The test results are presented in Table 2 in terms of the following parameters: (i) peak
shear stress (τmax); (ii) shear strain at peak shear stress (γmax); (iii) shear modulus (modulus
of rigidity—G = τ/γ); (iv) ultimate shear stress (τu) corresponding to the post-peak shear
stress reached at conventional failure (=0.8 τmax); (v) ultimate shear strain (γu) correspond-
ing to (τu); (vi) ‘yield’ shear strain (γy) defined as the abscissa of the intersection point
of the two linear branches used to idealize each experimental shear stress–shear strain
curve: the slope of the first (ascending) branch is assumed as the secant value to the curve
in correspondence to 0.33 τmax and the second (flat) line crosses the vertical (shear stress)
axis at τmax; and (vii) pseudo-ductility (or else apparent ductility, µ) computed as the
(γu/γy) ratio. Based on [44], shear stresses (τ, in MPa) were calculated using the following
formula: τ = 0.707 P/An, where P is the applied load and An is the net area of the wall
taken as An = [(w + h) × t × n]/2, with w and h being the width and height of the wall,
respectively, t being the total thickness of the wall and n the percentage of the gross area
taken as solid (100%, for all walls, in this study). Shear strains (γ) were computed as (∆V +
∆H)/g, where ∆V and ∆H are the vertical shortening and the horizontal expansion of the
wall, respectively, and g is the gage length (equal for both ∆V and ∆H). Finally, ∆τmax, ∆G
and ∆µ in Table 2 stand for the relative changes in the average values of τmax, G and µ of
each test group from the respective values of the Un_T20 one.

Underlined values of shear modulus in Table 2 (being unexpectantly lower than the
ones of identical specimens within the same test group) were ignored in the calculation of
average values. A careful inspection of all specimens before testing indeed revealed local
detachments of the TRAAM jackets found along the perimeter of the wallettes, resulting
in low shear modulus values. This could be due to either edge thermal effects or damage
during specimens’ transportation from the furnace to the test frame. Interestingly, the
same values were identified as outliers by using the software for the derivation of the
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response surface models (see Section 3.3). G value underlining was inevitably carried over
to the respective pseudo-ductility ones. Specimen 2L_T550_b—although of a relatively
comparable G value to the one of its homologous specimen—deviated from the complete
flatness prior to mechanical testing and failed prematurely.

The failure mode of the unreinforced samples was dominated by typical sliding
shear cracks traveling through the bed and head joints (Figure 5a) along the brick–mortar
interface, which suggested a poor bond. Mezrea et al. [10] reported similar failure modes
after testing specimens of historical masonry wallettes in diagonal tension. The failure mode
of the reinforced specimens (unfired and fired, alike, excluding those with defects prior to
testing) can be described as a combination of diagonal cracking, top mortar delamination
and bulging, and (for the 2L systems) extensive debonding of the TRAAM jacket from the
walls’ faces (Figure 5). No crushing of the corners was observed.
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As with all textile-based strengthening schemes (e.g., see Marcari et al. [45] and Parisi
et al. [46]), a remarkable increase in shear strength was also recorded with the type of textile-
reinforced mortar jacket employed in this study, regardless of the numbers of textile reinforce-
ments applied and the exposure temperature opted for. Compared to unreinforced/unfired
specimens, the unfired wallettes reinforced with GFNS-based jackets resulted in a substan-
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tial increase in peak shear stress (by 260% and 335%, for single- and double-layered sys-
tems, respectively). Also, fire-inflicted specimens—compared with the unreinforced/unfired
ones—failed at much larger shear stress values (increases reaching 240% and 200% for single-
layered systems exposed to 300 ◦C and 550 ◦C, respectively, and 290% for double-layered
systems regardless of exposure temperature). Gains from doubling of the textile reinforcement
were rather moderate (20%, 15% and 30% for unfired, fired_@300 ◦C and fired_@550 ◦C speci-
mens, respectively). Finally, exposure to the time-temperature histories resulted in a minimal
shear strength loss of the strengthened specimens compared to their unfired counterparts,
which was less than 15% for all cases. It can be stated that—for the time–temperature profiles
applied in this work—the GFNS mortar retains the largest part of its stress transfer and redistri-
bution capacity from the masonry substrate to the carbon textile. In turn, the matrix-to-textile
bond capacity remains also rather unaffected by firing. It is interesting to note that the thermal
distress of the composite is alleviated by the fact that both materials (mortar and textile) share
the same thermal deformation sign: mortar exhibits thermal shrinkage during heating (within
the temperature range applied in this work), whereas carbon fibers also shrink at elevated
temperatures in the longitudinal direction [47]. Finally, it is probable that carbon fibers did
suffer some localized oxidation-induced thermal damage when their temperature increased
above 400 ◦C (T550 specimens’ case); damage localization would coincide with thermal cracks
where the fibers came in contact with air. Although thermal cracking was not detected on
the walls’ surface prior to mechanical testing, it is possible that cracks had closed during the
cooling down stage.

Compared to unreinforced/unfired specimens, the unfired wallettes reinforced with
GFNS-based jackets resulted in an increase in the shear modulus amounting to approxi-
mately 25% and 40% for single- and double-layered systems, respectively. Nevertheless,
subjecting these specimens to fire resulted in (i) cancelling of the stiffness gains for all T300
specimens (both single- and double-layered ones) and (ii) a considerable decrease in the
T550 specimens’ rigidity (the decrease being larger for lower reinforcement quantities: 65%
and 45% for 1L and 2L specimens, respectively). The doubling of the textile reinforcement
led to a rather moderate increase in the shear modulus of unfired and T300 specimens
(approximately 15% and 20%, respectively); the respective gain for specimens exposed
to 550 ◦C was equal to approximately 60%. That is, for high thermal loads, the outer
TRAAM layer offers protection against thermal damage to the inner one. Finally, exposure
to the time-temperature histories resulted in either moderate or substantial losses in the
rigidity of strengthened specimens compared to their unfired counterparts (approximately
25% and 60–70% for single- and double-layered systems, respectively). This indicates
(and verifies the above-speculated) temperature-induced damage (such as thermal crack-
ing, localized fibers’ damage and—possibly—TRM/masonry interfacial cracking due to
differential thermal strains at the interface).

All strengthened specimens, regardless of the number of reinforcing layers and expo-
sure temperature, achieved pseudo-ductility scores that ranged between 1.7 and 5 times
the one of the unreinforced/unfired wallettes (based on average group values). This shows
that, even after a high thermal load (550 ◦C, for more than 1 h), the TRAAM jacket is
still able to contribute to a residual deformation capacity increase and prevent the brittle
collapse of the masonry wall. The doubling of the textile reinforcement led to a negligible
change in the pseudo-ductility of unfired specimens (note that the thickness of the jacket
did not increase proportionally to the number of textile layers). Finally, the heating of the
reinforced specimens following the T300 time-temperature history bore a negligible effect
on their residual pseudo-ductility compared to unheated reinforced walls. On the contrary,
exposure to the T550 time-temperature history caused a significant pseudo-ductility drop
(approximately 50%) for both reinforcement contents.

The post-failure inspection of the TRAAM layers showed a mixed failure mechanism
where (apart from diagonal cracking) debonding between the GFNS-based jacket and the
masonry substrate appears simultaneously with the failure of the textile–matrix interface
(Figure 6a). Figure 6b shows carbon fiber bundles that have failed due to diagonal tension.
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A close examination of the textile shows that fibers did not fail simultaneously but rather
gradually, accompanied by the progressive slippage of the fibers within the matrix; the
slippage of fibers might be responsible for the soft decrease in shear resistance characterized
by a quasi-horizontal behavior in the stress–stain curves reported in Figure 4. This pseudo-
plasticity was slightly more pronounced in the one-layer specimens than in the wallettes
reinforced with two layers. It is possible that the double-layer specimens possessed slightly
better fiber-to-matrix bonding due to the larger mortar supply and higher degree of mortar
penetration in the yarns. The latter could have been a result of the pressure generated by
the operator during the application of the second textile layer which, in turn, might have
promoted mortar penetrability into the yarns of the first textile layer. The pseudo-yielding
of the TRAAM-reinforced masonry wallettes represent an important advantage over un-
reinforced systems in the context of earthquake-vulnerable zones, where unreinforced
systems tend to present a brittle type of failure [11].
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Figure 6. Post-failure inspection of TRAAM showing: (a) debonding along both the brick–mortar
and the textile–bottom-mortar-layer interfaces, (b) ruptured carbon fiber bundles.

3.3. Response Surface Models

Two-factor response surface models were generated to establish the relationship be-
tween the selected predictor variables—namely, exposure temperature and reinforcement
quantity—and the response ones comprising residual mechanical properties, such as the
peak shear stress (Equation (1)), the shear modulus (Equation (2)) and the pseudo-ductility
(Equation (3)). The fit statistics for these models are reported in Table 3. For each model,
Table 3 includes the mean value, the standard deviation, the coefficient of variation (CoV), dif-
ferent forms of the coefficient of determination (R2) and the adequate precision. The adjusted
and predicted R2 were found to be in good agreement with each other with a difference of less
than 20%. The adequate precision metric was higher than four for all cases, which indicates a
strong (80%) probability that the variations in the measured responses are a product of the
variables A and B instead of natural variation (commonly known as noise).

τmax = 0.298 − 0.000257 × A + 0.0300 × B − 0.000235 × B2 (1)

G = 2479 − 3.76 × A + 15.0 × B (2)

µ = 4.73 − 0.0428 × A + 0.960 × B − 0.000102 × A × B − 0.000114 × A2 − 0.00926 × B2 (3)

where:

τmax: peak shear stress (MPa);
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G: shear modulus (MPa);
µ: pseudo-ductility;
A: temperature (◦C);
B: area of carbon textile reinforcement (mm2).

Table 3. Fit statistics for surface models.

Response Mean Std. Dev. CoV % R2 Adjusted R2 Predicted R2 Adequate Precision

Shear stress [MPa] 0.96 0.16 16.8 0.82 0.77 0.67 11.1
Shear modulus [MPa] 2084 209 10.0 0.95 0.94 0.91 22.9

Pseudo-ductility [-] 16.8 4.30 25.4 0.90 0.80 0.60 6.9

The models were constructed using the data provided in Table 2. Data were input into
the Design Expert®v11.1.2.0 software. The data entries were checked for outliers using
normal plots, Cook’s distance plots and Residual versus Predicted values. Three outliers
for G values were identified (as previously mentioned) and these are underlined in Table 2
(see specimens 2L_T20_a, 1L_T300_b and 2L_T300_b).

3.3.1. Peak Shear Stress

The response surface model presented in Figure 7a allows for a visualization of the
influence of both the area of carbon textile and temperature in the peak shear stress values
of the wallettes. As seen in Figure 7, there seems to be a quadratic relationship between
the area of reinforcement and the peak shear stress regardless of exposure temperature.
The trend indicates that a further increase in textile reinforcement (for example, adding a
third layer or increasing the size of the fiber bundles) would likely not result in a further
increase in the peak shear strength. The perturbation plot for peak shear stress (Figure 8b)
allows for comparing the effect of temperature and area of reinforcement. The plot shows
the influence of changing one parameter and leaving the other one fixed. As observed
in the 3D surface plot, the perturbation graph shows the quadratic relationship between
the reinforcement amount and peak shear stress. The plot indicates the slight influence of
temperature, denoted by the almost horizontal A factor line (A standing for temperature).
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3.3.2. Shear Modulus

As observed in Figure 8a, the relationship between shear modulus and factors A and
B is best approximated by a linear relationship. The perturbation plot in Figure 8b shows
that, while both variables A and B influenced the stiffness of the masonry wallettes, Factor A
(temperature) has a slightly higher influence, as evidenced by the higher slope of the A line.

3.3.3. Pseudo-Ductility

The relationship between the reinforcement amount and the temperature is described
by the 3D response surface plotted in Figure 9. There is a quadratic relationship between
these two factors and the pseudo-ductility of the wallettes, owing to the influence of
temperature in affecting the stiffness of the wallettes and the previously proven influence of
the area of textile reinforcement on the stiffness and peak shear stress of the wallettes. The
plot shows that, similar to the case of peak shear stress, there is a pseudo-ductility ceiling
value gained at the highest level of reinforcement; it is unlikely (according to the regression
model) that a further increase in pseudo-ductility would be produced by an increase in
the amount of carbon textile reinforcement. The 3D plot shows the higher influence of
temperature at low levels of reinforcement. This can be associated with the insulating effect
of the GFNS mortar. As the number of layers was increased from one to two, the thickness
of the mortar was also increased, resulting in more mortar insulating both the masonry
wall and the carbon textile reinforcement. The insulating effect is provided both by the
GFNS matrix, as reported by Sakkas et al. [36], and by the FNS fine aggregate according to
the results of Saha et al. [48], who reported that the thermal conductivity of OPC mortars
decreased from 2.34 W/mK to 1.65 W/mK and 1.16 W/mK by substituting silica sand
with FNS sand by 50% and 100%, respectively. The perturbation plot provided in Figure 9
shows the influence of both temperature and area of textile in the pseudo-ductility of these
wallettes. The effect is nonlinear and indicates that, while high exposure temperature does
not seem to affect the peak shear strength, it does result in a decrease in pseudo-ductility.
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4. Conclusions

A textile-reinforced alkali-activated mortar (TRAAM) based on ferronickel slag was
tested for its potential as a retrofitting technique to increase the shear capacity of histori-
cal masonry wallettes. The diagonal shear tests were executed on unreinforced/unfired,
TRAAM-reinforced/unfired and TRAAM-reinforced/fired walls. The reinforcement com-
prised bilateral carbon fiber TRAAM jackets with either a single or a double layer of
textile. Fired specimens (all exposing both strengthened faces to fire) were subjected to a
fast temperature rising ramp (~50 ◦C/min) followed by an hour-long steady-state expo-
sure at average TRAAM surface temperatures of 300 ◦C and 550 ◦C. The following main
conclusions can be drawn from this work:

• The time-temperature histories imposed on all reinforced specimens bore no visible
thermal cracks.

• The unreinforced/unfired masonry wallettes failed due to sliding shear, whereas
the ones reinforced with bilateral TRAAM jackets (unfired and fired alike, excluding
those with defects prior to testing) failed due to a combination of diagonal cracking
and delamination/bulging of the top mortar layer. For double-layered systems, the
extensive debonding of the TRAAM jacket from the walls’ faces also took place during
failure. Future relevant experimental campaigns should take measures to avoid
thermal edge effects (during both heating and cooling down) that may lead to the
detachment of the jackets along the perimeter of the specimens.

• Compared to unreinforced/unfired specimens, the unfired wallettes reinforced with
GFNS-based jackets resulted in a substantial increase in peak shear stress (by 260% and
335%, for single- and double-layered systems, respectively). Fire-inflicted TRAAM-
reinforced specimens—compared with the unreinforced/unfired ones— failed at much
larger shear stress values (with increases reaching 240% and 200% for single-layered
systems exposed to 300 ◦C and 550 ◦C, respectively, and 290% for double-layered
systems regardless of exposure temperature). This means that—compared to their
jacketed/unfired counterpart specimens—exposure to the time-temperature histories
applied in this work resulted in a minimal shear strength loss of the jacketed specimens,
which was less than 15% for all cases.

• Compared to unreinforced/unfired specimens, the unfired wallettes reinforced with
GFNS-based jackets resulted in an increase in shear modulus amounting to approx-
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imately 25% and 40% for single- and double-layered systems, respectively. The fire
scenarios imposed on these specimens resulted in (i) the cancellation of any stiffness
gains when heating at 300 ◦C (i.e., the shear modulus of strengthened/fired speci-
mens was comparable to that of unreinforced/unfired ones or—equivalently—it was
reduced by approximately 25% with regards to reinforced/unfired specimens for
both reinforcement ratios) and (ii) a considerable decrease in the specimens’ rigidity
when heating at 550 ◦C (the decrease being larger for lower reinforcement quantities:
65% and 45% for 1L and 2L specimens, respectively or—equivalently—being equal to
60–70% with regards to reinforced/unfired specimens for both reinforcement ratios).
Therefore, heating adversely affects the rigidity of TRAAM-reinforced walls to a much
larger extend than it does the strength.

• Shear strength gains from doubling of the textile reinforcement were rather mod-
erate (20%, 15% and 30% for unfired, fired_@300 ◦C and fired_@550 ◦C specimens,
respectively).

• Even after exposure to a high thermal load (550 ◦C, for more than 1 h), the TRAAM
jacket was still able to contribute to a residual deformation capacity increase (compared
to unreinforced/unfired walls) and prevent the brittle collapse of the masonry wall.
Compared to reinforced/unfired walls, heating at 300 ◦C bore a negligible effect on
the residual pseudo-ductility; on the contrary, heating at 550 ◦C caused a significant
pseudo-ductility drop (approximately 50%) for both reinforcement ratios.

• The 3D response surface and perturbation plots show the higher dependency of the
peak shear stress upon the reinforcement amount rather than on the temperature.
The shear modulus and the pseudo-ductility, on the other hand, are almost equally
influenced by these parameters.

• Based on the above, the authors support that the prospect of using alkali-activated mor-
tars for repair and strengthening applications, when close-to-initial residual capacity
after high temperature exposure is desired, seems very promising.
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