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Abstract

This study investigates the fire resistance of alkali-activated mortar incorporating crushed brick as both a precursor and
aggregate. The optimal alkaline activator was identified as a combination of KOH and Na, SiO; , with a curing period of
3 days at 70 °C. Two mortar series were produced, each exhibiting different workability: on series comprised cement
mortar, while the other included three alkali-activated mortars, with variations in the molarity of the KOH solution. The
mortar samples were subsequently heated to 600°C, and their mechanical properties and mass were measured to determine
residual values/losses. The best-performing alkali-activated and cement mortars underwent visual assessments of cross-
sections to evaluate the impact of mortar consistency on fire resistance. Additionally, changes in mineralogy and
microstructure were followed by instrumental techniques to clarify the results before and after heating. While cement
mortars had superior mechanical properties at room temperature, alkali-activated mortars retained a higher percentage of
their mechanical properties post-heating, demonstrating better fire resistance. Mortars with plastic consistency showed
better fire resistance than those with fluid consistency. These findings suggest that brick-based alkali-activated mortars
could be developed into fire protection boards for structural members.

Keywords: Alkali-Activated Mortar; Fire Resistance; Mechanical Properties; Mass; FT-IR; FE-SEM-EDS Analysis.

1. Introduction

The durability of a structure is essential for building materials, with fire resistance being a key aspect of the
durability. When it comes to concrete, while it is non-combustible, its properties deteriorate when exposed to high
temperatures [1]. The extent of concrete degradation is typically measured by the residual mechanical properties,
particularly compressive strength. The performance of concrete at elevated temperatures is influenced by its composition
and the compatibility of its components. Specifically, the binder, usually cement, tends to contract at high temperatures,
while aggregate expands, resulting in the formation of cracks in the interfacial transition zone (ITZ) between the
aggregate and the paste [2]. Therefore, it is vital to select a binder and aggregate that exhibit similar thermal behavior
when exposed to fire.

As an alternative to conventional concrete, alkali-activated binders have garnered increasing attention due to their
superior performance under high-temperature conditions [3-5]. These binders are created by treating aluminosilicate
materials, known as precursors, with an alkaline activator in conjunction with a Na-silicate solution [6]. Various
materials can serve as precursors: a) natural resources like kaolin, which is processed into metakaolin; b) industrial by-
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products such as fly ash and slag; and c) construction waste, including rubble from demolished buildings—whether from
targeted demolition or earthquake damage—and low-quality bricks produced in the brick manufacturing sector. The
incorporation of waste materials and construction debris in the production of alkali-activated materials is particularly
significant, as it aids in conserving natural resources [7], managing waste [8, 9], saving energy [10, 11], and reducing
CO, emissions [9-12] during cement production. The literature identifies several commonly used alkaline activators,
including NaOH, KOH, Na,Si03, K,Si03, Na,C03, CaO, and Ca(OH )., along with their various combinations [13].

When the precursor has a high concentration of CaO, a C-A-S-H gel forms during the hardening process [14, 15].
Conversely, a precursor with a low CaO content but rich in aluminosilicates will yield an N-A-S-H gel [14, 16]. The fire
resistance of alkali-activated binders is significantly enhanced at high temperatures when utilizing N-A-S-H and C-A-
S-H gels, especially in comparison to Portland cement. Notably, the primary hydration products of Portland cement, C-
S-H, decompose at temperatures of 150 °C and 450 °C, ultimately disintegrating at 740 °C [14]. In contrast, N-A-S-H
and C-A-S-H gels maintain their stability at temperatures reaching 700-800 °C [14]. Literature indicates that alkali-
activated binders preserve favorable mechanical properties after fire exposure, with resilience noted at temperatures of
550, 600, and even up to 1200 °C [17-21]. Research conducted by Duan et al. [22] reveals that Portland cement loses
all its strength at 600 °C, whereas the alkali-activated binder retains 75% of its initial strength even at 1000 °C.
Furthermore, these researchers found that alkali-activated paste contracts significantly less at elevated temperatures
compared to cement paste, potentially making it more suitable for integration with aggregates in composites that expand
as the temperatures rise.

According to Song et al. [23], the N-A-S-H gel demonstrates greater stability at high temperatures compared to C-
A-S-H gel, which shares properties similar to those of cement. The precursors most likely to form N-A-S-H gel upon
alkaline activation are metakaolin, low-CaO fly ash, and crushed brick in powdered form. Crushed brick is considered
construction waste and can be generated from the demolition of masonry structures due to natural events or earthquakes,
followed by a crushing process. Additionally, this powder may originate from brick manufacturing facilities, where
brick elements are ground to achieve flatness or crushed if they fail to meet the required quality standards for market

placement.

Previous studies have mainly focused on the properties of alkali-activated binders using crushed brick as a precursor
at the paste level. Table 1 presents the input parameters, and the resulting mechanical properties observed in research
conducted on alkali-activated paste levels.

Table 1. Overview of previous research utilizing crushed brick as a precursor in alkali-activated paste

Alkaline - - Achieved mechanical properties at the age
Research Precursor activator Curing regime of 28 days (MPa)
Gado et al. (2020) [24] Crushed brick NaOH+NazSiO3 Room temperature Compressive strength of 32 MPa
Cardoza & Colorado . . Compressive strength of 33.11 MPa and flexural
(2023) [25] Crushed brick NaOH+NazSiO3 Room temperature strength of 13.8 MPa
o N . . Compressive strength of 29.7 MPa and flexural
Garcia Dla[zzg]t al. (2024) wésrtzl);r?c{ sfunssr:;lécgggk NaOH+Na;SiO3 Room temperature strength of 15.7 MPa for a mix of construction waste
to the crushed brick ratio of 60:40
Statkaustas et al. (2023) Mix of cryshed_ brick and 24h at room temperature, 24 h at 60 °C, and Compressive strength of 35.1 MPa for a mix of
metakaolin, with a small NaOH

[16]

Robayo et al. (2016)
[27]

amount of phosphogypsum

Crushed brick;

Mix of crushed brick and
Portland cement

NaOH+NazSiOs

NaOH+NazSiOs

the rest of the time at room temperature

24h at room temperature; 24 h/48 h at 70 °C,
the rest of the time at room temperature

At room temperature

crushed brick to metakaolin of 70:30

Compressive strength of 16.36 MPa for 48 h of oven
curing at 70 °C, the rest of the time at room
temperature

Compressive strength of 102.6 MPa for a mix of
crushed brick to Portland cement of 80:20

: . . Naz2SOs4, Compressive strength of 102 MPa for a mix of
Roba(yzoms;'i)la[zzasr]et N M'XS;Q[;,S]E?G?;I: and Na2COs, NaOH, At room temperature crushed brick to Portland cement of 80:20 and
NaOH+Na,SiO3 alkaline activator NaOH+NaSiOs

Zhang et al. (2021) [29]

Crushed brick

NaOH+NazSiOs

0/24h/48h/72h/96h at 50°C, 24 h at 200 °C,
the rest of the time at room temperature

24h/48h/72h at 50/66/75/85, 95/105/115/125

Compressive strength of 48 MPa for 48 h at 50 °C anc
24h at 200°C (tested directly after curing)

Compressive strength of 45.7 MPa for 24 h at 105

Ulugél et al. (2021) [30] Crushed brick NaOH oc °C (tested directly after curing)
Yildirim et al. (2021) Crushed brick NaOH 24h/48Nh/72h at 95/105/115/125 °C Compressive strength of_ 80 MPa for 48 h at 115 °C
[31] (tested directly after curing)
. A mix of crushed brick and . 24h at 60 °C, the rest of the time at room Compressive strength of 59 MPa for a mix of crushec
Sediraetal. (2018) [11] tungsten mining waste mud NaOH+NaSi0s temperature brick to tungsten mining waste mud of 50:50
- 24h in moisture, 72h in air, and 48h at 60
°C, the rest of the time at room temperature;
. . - 24h in moisture, 72h in air, and 96h at 70  Flexural strength of 13.7 MPa for 24h in moisture, 3
Vasié et al. (2022) [32] A mix of crushed brick and KOH+Na:Si03  °C, the rest of the time at room temperature;  h in steam, 48h in air, and 96h at 70 °C, the rest of

low illitic clay

- 24h in moisture, 3 h in steam, 48h in air, and
96h at 70 °C, the rest of time at room
temperature.

the time at room temperature
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Research on the use of crushed brick as a precursor in mortars is notably limited. Reig et al. [33] explored this by
utilizing crushed brick alongside quartz sand as an aggregate to create alkali-activated mortars. These mortars were
subjected to curing at 65 °C for either 3 or 7 days, achieving commendable compressive strengths, reaching 50 MPa
after 7 days of curing. Tuyan et al. [34] developed alkali-activated mortars using crushed brick and quartz sand, curing
them at both room temperature and elevated temperatures (ranging from 50 to 100°C) for varying durations from 1 to 7
days. As expected, increased curing temperatures and extended curing times led to enhanced compressive strength
values. While there is existing research on the fire resistance of alkali-activated binders, the authors have identified a
significant gap in studies specifically addressing the fire resistance of alkali-activated mortars derived from crushed
brick.

Most research on the alkali activation of crushed brick predominantly employs sodium-based alkaline activators; a
combination of NaOH and Na, SiO3 [11, 24-27, 29, 33, 34] or solely NaOH [16, 30, 31]. In contrast, Robayo-Salazar
et al. [28] explored various activators, including Na,S04, Na,C03,and NaOH — Na,Si03. Meanwhile, Vasi¢ et al. [32]
utilized a blend of KOH and Na, SiO; , achieving impressive flexural strength values with appropriate care. Hosan et
al. [35] conducted research on alkali-activated fly ash using a potassium-based alkaline activator, specifically a
combination of KOH and K2SiO3, which exhibited superior fire-resistant properties compared to sodium-based alkali-
activated binders (a combination of NaOH and Na,SiOs). Specifically, while the compressive strengths of pastes
activated with sodium-based activators diminished after exposure to 200 °C, those activated with potassium-based
activators increased within the 200-600 °C range. Additionally, mass loss, shrinkage, and crack formation during
exposure to high temperatures were less pronounced in pastes activated with potassium-based counterparts compared to
those activated with sodium-based activators. The enhanced performance may be attributed to the more porous structure
of potassium-activated pastes, which facilitates moisture evaporation and mitigates pore pressure buildup at elevated
temperatures, thereby protecting the samples from damage [36, 37]. Ghazy et al. [4] investigated the impact of various
alkaline activators—sodium (NaOH + Na,Si03), potassium (KOH + K,Si03), and a combination of both (KOH +
Na,Si0s)—on the fire resistance of alkaline-activated mortars using fly ash as a precursor. Their findings revealed that
mortars activated with a combined alkaline activator (KOH + Na,Si03) exhibited superior mechanical properties after
exposure to temperatures up to 800 °C compared to those activated with either sodium- or potassium-based activators
alone. Further, mortars activated with a potassium-based alkaline activator demonstrated better fire resistance than those
activated with a sodium-based alkaline activator. Finally, all alkali-activated mortars studied by this group of authors
exhibited superior fire resistance compared to Portland cement mortar. Lahoti et al. [38] also studied the impact of
different activators on the fire resistance of alkali-activated fly ash paste, including sodium-based (NaOH + Na,Si053),
potassium-based (KOH + K,Si03), and a mixture of sodium- and potassium-based (NaOH + KOH + K,Si03) alkaline
activators.

Their observations even indicate an increase in compressive strength and minimal internal damage (cracks) in the
mortar with a potassium-based alkaline activator after exposure to 600 °C. The mortar with a mixture of sodium- and
potassium-based alkaline activators retained its compressive strength but exhibited more significant internal damage,
while the mortar with the sodium-based alkaline activator showed a slight decrease in compressive strength and the most
noticeable internal damage after exposure to 600 °C. Interestingly, the internal damage (cracks) present in all samples
of the alkaline-activated mortars after their exposure to 600 °C disappeared completely after being exposed to 900 °C.

However, it is important to highlight that Ghazy et al. [4] and Lahoti et al. [38] reached their conclusions regarding
the superior performance of alkali-activated composites by utilizing a combination of sodium and potassium as the
alkaline activator, particularly in studies centered on fly ash-based composites. Additionally, while Vasi¢ et al. [32]
showcased the potential for achieving commendable mechanical properties in alkali-activated composites made from
crushed brick and activated with a blend of potassium hydroxide and sodium silicate, the fire resistance of such
composites remains unexamined.

Clay brick masonry is one of the oldest and most durable construction methods used by humans [39]. However,
many existing masonry buildings have lost their functionality and need to be demolished to make way for new structures.
These buildings often collapse due to earthquakes, and whether removed due to deterioration or earthquake damage,
significant amounts of waste are generated. Additionally, the clay brick industry produces large quantities of brick dust
during the grinding of brick units to achieve the required flatness. Furthermore, some brick units are deemed unsuitable
for market use due to defects such as cracks or poor quality and are subsequently discarded in landfills near the
manufacturing site. Regardless of how this waste is generated, there is potential to repurpose it with an added value.
This paper investigates the possibility of utilizing crushed brick waste in alkali-activated mortars, intending to help
protect buildings from the high temperatures developed during a fire.

2. Experimental Part

The characterization of all materials used for mortar production (cement - CEM, brick powder - BP, aggregate from
crushed brick products/crushed brick aggregate - CBA) was conducted through chemical analysis, laser diffraction, and
Fourier-transform infrared spectroscopy (FT-IR).
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To evaluate the compatibility of brick powder (BP) as a precursor with alkaline components (KOH/ a combination
of KOH and NaSiOs), a screening test was conducted on samples with simple preparation, leading to the selection of
the optimal alkaline activator and the appropriate curing method for alkali-activated samples. Subsequently, two series
of mortars with different workability were produced, with cement mortar and three alkali-activated mortars within each
series, in which the molarity of the KOH solution, a component of the alkaline activator, was varied. A total of eight
mortar mixtures were prepared and tested for consistency in the fresh state, mechanical properties at room temperature,
and after exposure to high temperatures. For the alkali-activated mortar and cement mortars that exhibited the best
mechanical properties after exposure to high temperatures in each group, a visual assessment of the cross-sections was
conducted to evaluate the impact of the mortar's consistency on its fire resistance. For the alkali-activated mortar that
retained the best mechanical properties after exposure to high temperatures among all the alkali-activated mortars, as
well as the cement mortar of the same workability, FT-IR spectra and Field Emission Scanning Electron Microscopy
equipped with Energy Dispersive Spectroscopy (FE-SEM-EDS) analyses were performed to clarify the previously
obtained results before and after exposure to high temperatures. The testing scheme for alkali-activated mixtures is
illustrated in Figure 1.

SCREENING TEST

Curing at 70 °C in a drying

oven for 3 days wrapped
[~ in aluminium foil and

immersing 7 days in water

CBA+BP+10M KOH
CBA+BP+12M KOH
CBA+BP+14M KOH

POOR QUALITY
AFTER 7 DAYSIN
WATER

NOT HARDENED
AFTER 3 DAYS

Curing at room
temperature

Curing at 70 °C in a drying

| oven for 3 days wrapped
in aluminium foil and

immersing 7 days in water

CBA+BP+(10M KOH+Na:Si0s)
CBA+BP+(12M KOH+NazSi0s)
CBA+BP+(14M KOH+Na:Si0s)

U

GOOD QUALITY
AFTER7 DAYS IN
WATER

MORTAR MIXTURES
SERIES 1 - MORTARS OF SERIES 2 - MORTARS OF
FLUID CONSISTENCY PLASTIC CONSISTENCY
curing at room CEMENT MORTAR CEMENT MORTAR Curing at room
temperature temperature

CBA+BP+(10M KOH+NazSi0s) | CBA+BP+(10M KOH+Na:SiOs)

CBA+BP+(12M KOH+NazSi0s) | CBA+BP+(12M KOH+Na:SiOs)

Curing at 70 °C wrapped CBA+BP+(14M KOH+Na:Si0s) | CBA+BP+(14M KOH+Na:Si0s)

in aluminium foil
Curing at 70 °C covered Curing at 70 °C covered
with a metal plate with a metal plate
\ 4 v
HEATING TO 600°C AND COOLING NATURALLY
\ 4 A 4 A 4
FT-IR AND FE-SEM EDS ANALYSIS VISUAL ASSESSMENT OF THE
FOR THE ALKALI ACTIVATED CONDITION OF THE CROSS
;sgyg%ﬁ;hgiggéﬁlmb MORTAR THAT RETAINED THE BEST SECTIONS BEFORE AND AFTER
AFTER EXPOSURE TO 600 °C MECHANICAL PROPERTIES AFTER EXPOSURE TO 600 °C FOR
EXPOSURE TO 600 °C AND CEMENT SELECTED MORTARS WITHIN
MORTAR OF THE SAME SERIES EACH OF TWO SERIES

Figure 1. Testing scheme for alkali-activated mixtures

2.1. Materials and methods
2.1.1. Properties of Aggregate, Binder and Alkaline Activator

The aggregate (CBA) was obtained by crushing brick wall elements produced in a brick manufacturing plant in
Turcin, Croatia, which were deemed to be of unsatisfactory quality and therefore were not placed on the market but
were considered waste in the production process. In the reference mortar mixture, CEM | 52.5 R cement (CEM) was
used as the binder, while in the alkali-activated mortar mixtures, brick powder (BP) obtained from grinding bricks in
the Cerje Tuzno brick factory (Croatia) was used as a precursor.

Figure 2 shows the appearance of the crushed brick aggregate (CBA), brick powder (BP), and cement (CEM)
captured by a digital camera at 60x magnification.
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a) CBA b) CEM ‘ c) BP

Figure 2. Appearance of a) crushed brick aggregate (CBA), b) cement (CEM) and c) brick powder (BP) captured by a
digital camera at 60x magnification

The chemical composition of the aggregate, cement, and brick powder was determined using the EDXRF method
under EN 196-2:2013 [40]. The granulometric composition of the aggregate, cement, and brick powder was determined
using laser diffraction according to 1SO 13320:2020 [41]. Fourier-transform infrared spectroscopy (FT-IR) was used to
detect minerals present in the initial materials. Thermo Fisher Scientific instrument Nicolet iS10 in the mid-infrared
range was employed. The samples were crushed in a pestle with mortar to minimize the noise, dried at 105 °C to constant
mass, and immediately measured. An aqueous solution of KOH with molar concentrations of 10 M, 12 M, and 14 M
was used as the alkaline activator, along with a mixture of 10 M, 12 M, and 14 M KOH solutions and a sodium silicate
(NazSiOs) solution, where the molar ratio of Na,SiOz to KOH was 1:2.5. The KOH solution was obtained by dissolving
KOH granules (from the manufacturer Gram-Mol d.0.0.) in water. Na,SiO3 (from the manufacturer Gram-Mol d.0.0.)
was in liquid form.

2.1.2. Screening Test

In the screening test, 50 g of brick powder (BP) as a precursor, 150 g of crushed brick aggregate (CBA), and 73 g of
aqueous KOH solutions with concentrations of 10 M, 12 M, and 14 M, as well as mixtures of 10 M, 12 M, and 14 M
KOH solutions with sodium silicate (NazSiOs), where the molar ratio of Na,SiO3; to KOH was 1:2.5, were mixed. The
obtained mixtures were poured into molds and cured at room temperature and at 70 °C in a drying oven for 3 days,
wrapped in aluminum foil to prevent evaporation of the liquid component (Figure 3).

Figure 3. Curing of alkali-activated “lollipops™: a) at room temperature, and b) in a drying oven

All the “lollipops” were subsequently immersed in water (Figure 4) for 7 days to visually assess their water
absorption capacity.

i =

W

o
. &

Figure 4. Alkali-activated “lollipops” immersed in water
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2.1.3. Testing at the Mortar Scale

In the mortar scale part of the research, four mortar mixtures were prepared in two different consistencies, plastic
and fluid consistencies. Within each consistency, one mixture was a cement mortar, while the remaining three mixtures
were alkali-activated mortars. The cement used for making the cement mortars (CEM), the brick powder used as the
precursor (BP), and the crushed brick aggregate (CBA) were the same as for the screening test. The alkaline activator
was a mixture of 10 M KOH, 12 M KOH and 14 M KOH and a sodium silicate solution (Na,SiOs) where the molar ratio
of Na;SiO3 to KOH was 1:2,5. Details of the mortar mixtures are presented in Table 2. The consistency of the mortars
was tested according to EN 1015-3:2005 [42].

Table 2. Details of the prepared mortar mixtures

Cement, Brick powder, Aggregate, Molarity of the KOH solution + NazSi0a solution

Series  Mixture

CEM (9 BP (9) CBA(9) solution KOH Mass KOH (g) Mass of water (g) Mass of solution Na2SiOs (g)
R1 750 - 2250 - - 900
A-1-10 - 750 2250 10 264 373 663
A A-1-12 - 750 2250 12 285 306 709
A-1-14 - 750 2250 14 298 258 744
R2 750 - 2250 - - 610
A-2-10 - 750 2250 10 224 315 561
re A-2-12 - 750 2250 12 241 259 600
A-2-14 - 750 2250 14 251 219 630

Mortar mixtures were cast into three-part molds measuring 4x4x16 cm. Mixtures A-1-10, A-1-12, and A-1-14 were
cured in the mold at elevated temperature for 3 days, covered with a foil or a 10 mm thick metal plate, while mixtures
A-2-10, A-2-12, and A-2-14 were cured at elevated temperature for 3 days, covered with a 10 mm thick metal plate.
Sample curing is shown in Figure 5. Cement mortar samples were cured for 1 day in the mold, and then at room
temperature.

Figure 5. Curing of alkali-activated mortar samples at 70 °C for 3 days: a) with coverage by foil and b) with coverage by a
metal plate

2.1.3.1. The Heating and Cooling Regime of the Mortar Samples

Samples measuring 4x4x16 cm of cement mortar and alkali-activated mortar cured with metal plate coverage were
heated in an electric furnace NABERTHERM L9/11/P330 (Figure 6) at a rate of 4 °C/min, following the RILEM TC
129-MHT [43] guidelines. The temperature was raised to 600 °C and maintained for 60 minutes. This temperature was
chosen because it highlights the distinct behavioral differences between cement and alkali-activated binders, as noted
by Pan et al. [17, 19], with alkali-activated mortar showing improved mechanical properties, while cement mortar's
properties decline [21]. After the heating period, the samples were allowed to cool naturally to room temperature within
the furnace.
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Figure 6. Samples in the electric furnace

2.1.3.2. Testing of the Mortar Samples Before and After being Exposed to High Temperature

Flexural and compressive strength, elasticity moduli, and mass were measured on cement mortar samples and alkali-
activated mortar samples cured with metal plate coverage. Measurements were taken for both high temperatures exposed
samples and those that were not, aiming to assess the residual values or losses for each property. Flexural and
compressive strength of the mortars were determined according to EN 1015-11:2019 [44]. According to the standard’s
recommendation, flexural strength was determined at a loading rate of 50 N/s, while compressive strength was
determined at a loading rate of 400 N/s. Elastic moduli were determined by reading from the linear portion of the stress-
strain curves (E = o/¢) obtained during the compressive strength testing. The mass was measured on three samples before
and after exposure to high temperatures.

For the alkali-activated mortar that retained the best mechanical properties after exposure to high temperatures within
each series, as well as for the cement mortars, a visual assessment of the condition of cross-sections was performed to
evaluate the effect of mortar consistency on its fire resistance. The appearance of the cross sections was captured by a
digital camera at 60x magnification.

For the alkali-activated mortar that retained the best mechanical properties after exposure to high temperatures
among all alkali-activated mortars, as well as for the cement mortar with the same workability, FT-IR spectra and Field
Emission Scanning Electron Microscopy equipped with Energy Dispersive Spectroscopy (FE-SEM-EDS) analyses were
performed to clarify the previously obtained results before and after exposure to high temperatures. The FT-IR spectrum
was determined using the same procedure as for the initial materials. Samples cured for 28 days were vacuumed and
coated with Au-Pd in a 15 nm layer in the Fisons instruments chamber, and their surface micromorphology and elemental
composition were examined by FE-SEM-EDS using the MIRA 3 XMU Tescan instrument. The SEM images were
obtained in a high vacuum using magnifications up to 5,000x.

2.2. Results and Discussion
2.2.1. Results on Initial Materials Level

The results of the chemical composition analysis are presented in Table 3.

Table 3. Chemical composition of aggregates, cement, and brick powder

Material P20s Na.O KO CaO MgO AlOs TiO2 Fex03 SiO2 MnO2 SOs Losson ignition (%)
Crushed brick aggregate (CBA)  0.15 0.66 3.08 1.80 231 1849  1.33 7.72 62.53 0.09 0.45 1.37
Cement (CEM) 0.06 0.27 080 63.82 1.29 4.66 0.20 2.56 20.34 0.04 2.70 3.10
Brick powder (BP) 0.14 0.56 3.39 1.59 2.05 1782 142 8.14 63.71 0.12 0.08 0.99

The granulometric composition of the aggregate, cement, and brick powder are presented in Table 4 and Figure 7.
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Table 4. Particle size distribution parameters

Parameters
Material ——
Dio (Um)  Dso (um)  Dgo (M) Drmean (UM)  Dimodar (um)  Distribution range
Crushed brick aggregate (CBA) 0.15 0.66 3.08 0.09 0.45 1.37
Cement (CEM) 0.06 0.27 0.80 0.04 2.70 3.10
Brick powder (BP) 0.14 0.56 3.39 0.12 0.08 0.99
——CBA ---CEM ---BP
30
25
20 -
g
£ 15 -
=]
S
10 -
I, \\
5 Fiat I" A
- \
R ’ \\ /’ N
0 ; == —— e —— .
0.01 0.1 1 10 100 1000 10000
Particle size (pm)
Figure 7. Particle size distribution
FT-IR spectra for the initial materials are presented in Figure 8.
et i — CEM

Q

[&]

c

8

£ A ~ifferdv— CBA
w . .

§ |s-0-Siisi-0-Al - - BP
—

o~
400 1000 1600 2200 2800 3400 4000
Wave number (cm™)

Figure 8. FT-IR spectra of the initial materials (Qz — quartz, Ab — albite, Or — orthoclase, Hem. — hematite; Qz,cryst. —
crystalline quartz, Qz, am. — amorphous quartz)

2.2.2. Results of Screening Test

Alkali-activated mixtures cured at room temperature were of poor quality after 3 days, whereas the alkali-activated
mixtures cured at 70 °C did harden properly. The appearance of the alkali-activated 'lollipops' resulting from curing at
elevated temperatures is shown in Figure 9.
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Figure 9. Appearance of alkali-activated “lollipops” cured at elevated temperature

The result of immersing the alkali-activated “lollipops” in water is shown in Figure 10. Since “lollipops” prepared
with KOH disintegrated in water, those alkali-activated mixtures were excluded from further investigation.

10M KOH 12M KOH 14M KOH
+ +

+
Na,SiOg NasSiO3 NazSiO;

10M KOH 12M KOH 14M KOH

Figure 10. Alkali-activated “lollipops” after 7 days in water

2.2.3. Results of Testing at the Mortar Scale

Figure 11 shows the appearance of the mixtures during the consistency testing, while Table 5 presents the obtained
results of consistency testing.

Figure 11. Consistency testing of mortar mixtures: a) plastic consistency and b) fluid consistency
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Table 5. Results of the mortar consistency testing

Series Al A2

Mixture R1 A-1-10 A-1-12 A-1-14 R2 A-2-10 A-212 A2-14
Consistency (cm)  >30 >30 >30 >30 16.0 16.5 23.0

20.0

The appearance of the alkali-activated mortar samples from series Al after curing is shown in Figure 12.
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Figure 12. The appearance of alkali-activated mortar samples from series Al: a) surface cracks with curing under foil

coverage, b) distortion of samples with curing under foil coverage, c) surface cracks with curing under metal plate coverage
and d) distortion of samples with curing under metal plate coverage.

The appearance of the alkali-activated mortar samples from series A2 after curing is shown in Figure 13.

10M KOH

Figure 13. The appearance of alkali-activated mortar samples from series A2: e) surface cracks with curing under metal
plate coverage and f) distortion of samples with curing under metal plate coverage
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The flexural strength test results are presented in two figures: Figure 14 shows the absolute values, and Figure 15
shows the relative values. Similarly, the compressive strength test results are shown in Figure 16 for absolute values and
Figure 17 for relative values. Absolute values include standard deviation and are based on three samples, while relative
values are calculated as the ratio of the property of samples exposed to high temperatures to the same property of samples

at room temperature. In the presented results, the “A” mark at the end of the name indicates the samples exposed to high
temperatures.
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Figure 14. Absolute values of flexural strength of mortars: a) mortars of series Al (fluid consistency) and b) mortars of
series A2 (plastic consistency)
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Figure 15. Relative values of flexural strength of mortars: a) mortars of series Al (fluid consistency) and b) mortars of
series A2 (plastic consistency)
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Figure 16. Absolute values of compressive strength of mortars: a) mortars of series Al (fluid consistency) and b) mortars of
series A2 (plastic consistency)
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Figure 17. Relative values of compressive strength of mortars: a) mortars of series Al (fluid consistency) and b) mortars of
series A2 (plastic consistency)
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Elastic moduli are shown in relative and absolute values (Figures 18 and 19).
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Figure 18. Absolute values of the elastic moduli of the mortars: a) mortars of series Al (fluid consistency) and b) mortars of
series A2 (plastic consistency)
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Figure 19. Relative values of the elastic moduli of the mortars: a) mortars of series Al (fluid consistency) and b) mortars of
series A2 (plastic consistency)

The mass losses are shown in Figure 20.
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Figure 20. Absolute mass values of the mortars: a) mortars of series Al (fluid consistency) and b) Mortars of series A2
(plastic consistency)

The appearance of the cross sections, captured by a digital camera at 60x magnification, of the alkali-activated mortar
that exhibited the best mechanical properties after exposure to high temperature within each mortar series (mortars A-
1-10 and A-2-10) and the cement mortars from both series (mortars R1 and R2), before and after their exposure to high
temperature, is shown in Figure 21.
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s

g) A-2-10 h) A-2-10-A
Figure 21. The appearance of the cross-sections of the mortar samples: a) R1, b) R1-A, c¢) R2, d) R2-A, e) A-1-10, f) A-1-10-
A, g) A-2-10 and h) A-2-10-A captured by a digital camera at 60x magnification

The FT-IR spectra of the alkali-activated mortar, which demonstrated the most favourable mechanical properties
following exposure to high temperatures (mortar A-2-10), alongside the cement mortar of comparable workability
(R2), are presented in Figure 22. Notably, the band associated with CaCOs is absent after the high-temperature
exposure.
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Figure 22. FT-IR spectra of the alkali-activated mortars (Qz — quartz, Ab — albite, Or — orthoclase, Hem. — hematite;
Qz,cryst. — crystalline quartz, Qz, am. — amorphous quartz)
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FE-SEM-EDS analysis of the alkali-activated mortar, which exhibited the best mechanical properties after exposure
to high temperatures (mortar A-2-10), and the cement mortar of similar workability (R2), both before and after exposure
to high temperatures, is shown in Figures 23 and 24. The detection of the elemental composition is presented in Tables
6and7.

Figure 23. FE-SEM micrographs magnified to 1,000x (with EDS layered image) and 5,000x (50 pm and 10 pm). R2 (a, b, and
¢) and R2-A (d, e, and f). The used symbols are Qz — Quartz grains, AS — Aluminium silicate phase, Ca - calcium-bearing
phase, and Hem — Hematit.

Figure 24. FE-SEM micrographs magnified to 1,000x (with EDS layered image) and 5,000x (50 pm and 10 pm). A-2-10 (a, b,
and c) and A-2-10-A (d, e, and f). The used symbols are Qz — Quartz grains, AS — Aluminium silicate phase, Ca — calcium-
bearing phase, and Hem — Hematite.
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Table 6. EDS analysis of the cement mortar R2

Elements (Wt.%) R2 (Figure 23-a) R2 (Figure 23-c) R2-A (Figure 23-d) R2-A (Figure 23-f)

O 49.11 60.12 52.36 69.49
Na 0.70 0.59 0.39 0.36
Mg 0.75 0.60 0.77 0.67
Al 591 4.29 6.14 4.83
Si 14.62 10.19 16.21 12.25
S 0.28 0.17 0.81 0.53
Cl - - 0.25 0.15
K 141 0.70 1.29 0.70
Ca 14.55 7.11 18.16 9.62
Fe 3.11 1.09 3.62 1.37
Ti 0.16 0.16 - -

C 9.18 14.94 - -

Table 7. EDS analysis of the alkali-activated mortar A-2-10

Elements (Wt.%) A-2-10 (Figure 24-a)  A-2-10 (Figure 24-c)  A-2-10-A (Figure 24-d)  A-2-10-A (Figure 24-f)

0 52.95 70.40 48.22 63.76
Na 0.32 0.29 2.37 2.18
Mg 0.93 0.82 0.70 0.61
Al 522 4.12 8.18 6.42
Si 14.52 10.99 27.80 20.94
S 0.54 0.36 - -

Cl 0.13 0.08 - -

K 0.96 0.52 6.66 3.60
Ca 20.82 11.05 1.07 0.57
Fe 3.61 1.37 4.39 1.66
Ti - - 0.60 0.27

2.2.4. Discussion

Table 3 indicates that the crushed brick aggregate (CBA) and the brick powder (BP) are abundant in Al,O3 and SiO»,
yet they exhibit low levels of CaO. In contrast, cement (CEM) shows a higher CaO content. Additionally, CBA and BP
possess a greater proportion of Fe,O3; compared to cement and demonstrate a lower loss on ignition than cement. Table
4 presents the values for D1 (the particle diameter at which less than 10% of all particles are smaller), Dso (the particle
diameter at which 50% of all particles are smaller and 50% are larger), Dgo (the particle diameter at which less than 90%
of all particles are smaller), Dmodal (the particle diameter corresponding to the peak point of the particle size distribution
diagram), Dmean (the mean particle diameter), and the distribution range (the range of particle sizes). The data clearly
indicate that CEM is the fines material, followed by BP, while CBA is the coarsest among the materials analyzed. The
distribution range is calculated by subtracting the value of D1 from Dgg and dividing the result by Dso. The smallest
distribution range is observed for CBA, with CEM exhibiting the largest range.

The mineralogical analysis conducted through FT-IR on the initial materials (Figure 8) provided supplementary
insights to the XRF results. The most prominent bands, located around 1000 cm™, are characteristic of the
aluminosilicates, indicating the asymmetric stretching vibrations of Si-O-Si and Si-O-Al [45]. Particularly, these bands
are more pronounced in sample BP compared to sample CBA, reflecting a higher abundance of quartz and feldspars.
Furthermore, the intensity of these bands tends to increase in powders with finer particle sizes [46]. The band found at
691-692 cm in fired BP samples reflect the bending vibration of crystalline quartz. Additionally, small doublets in both
samples indicate stretching vibrations of an amorphous quartz component, detected around 775 cm [46]. This suggests
that the material is partially crystallized and partially amorphous [32]. The lack of absorption bands in the range of 3600-
3700 cm* and approximately 1640 cm implied the absence or minimal presence of clay minerals in the waste brick
[47-49]. Moreover, the characteristic wide band of asymmetric stretching of CaCO3 at approximately 1458 cm™ was not
observed in samples BP and CBA, although it was clearly identified in the CEM sample [50]. Lastly, a band at 554-556
cm?, indicative of trace amounts of hematite [32, 45], is more pronounced in BP than in CBA, aligning well with the
findings from the XRF analysis.

1345



Civil Engineering Journal Vol. 11, No. 04, April, 2025

A small band observed at 1618 cm™ in CEM is attributed to the bending vibration of water in sulfates [51]. The
bands around 513 and 881 cm! correspond to the bending-in-plane vibrations of Si-O bonds in Si-O-Si/Si-O-Al, while
the asymmetric stretching vibration of the same bond is detected at 1152 cm™ [52]. Additionally, slightly noticeable
bands between 600 and 659 cm* indicate a bending vibration of Al-O in I1V-fold coordination with a SiO4 [52].

As shown in Figure 9, the alkali-activated “lollipops” produced solely with KOH were prone to crumbling, in contrast
to those made with a mixed solution of KOH and Na,SiOs, which exhibited a much more compact structure. Due to the
disintegration of the alkali-activated “lollipops” made exclusively with KOH, these mixtures were excluded from further
investigation.

A reduced number of surface cracks were observed in samples cured with metal plate coverage compared to those
cured with foil coverage (see Figures 11-a and 11-c). Additionally, distortion was less pronounced in the samples cured
with metal plate coverage (see Figures 11-b Figure 11-d). A comparison of Figures 12-c and 12-d with Figures 13-e and
13-f reveals that the alkali-activated mortar samples from series A2 exhibited fewer surface cracks than those from series
Al, with distortion also being less evident in the samples from series A2. This suggests that a fluid consistency may
contribute to the formation of surface cracks and distortion in the samples. Due to the high incidence of surface cracks
and significant distortion, a portion of the Al sample series, which was cured at elevated temperatures under foil
coverage, was excluded from further testing. All alkali-activated mortar samples cured at elevated temperatures with
metal plate coverage, along with the cement mortar samples, were subjected to high-temperature exposure as detailed
below.

From Figure 14, it is evident that mortars with a plastic consistency (Figure 14-b) achieve higher flexural strength
values compared to those with a fluid consistency (Figure 14-a). This outcome aligns with expectations, as a higher
water/cement ratio, as observed in the Al series mortars, typically leads to poorer mechanical properties [53]. Notably,
the flexural strengths recorded after exposure to high temperatures were consistently lower than the initial values, with
the exception of the A-2-10 mortar mix, which demonstrated an increase in flexural strength post-exposure. The higher
residual flexural strength value for R1, in contrast to R2, contradicts the findings of Messaoudene et al. [54], who
asserted that a higher water/cement ratio adversely affects the properties of cement mortar after high-temperature
exposure more significantly than a lower water/cement ratio. Figure 15-a illustrates that fluid consistency cement mortar
(R1) retains a greater percentage of residual flexural strength compared to the alkali-activated mortars (Al series)
following fire exposure. Conversely, Figure 15-b reveals that the alkali-activated mortars (A2 series) exhibit higher
percentages of residual flexural strength than the cement mortar. Specifically, for the fluid consistency mortars (Al
series) after fire exposure, the retained percentages of initial flexural strength are as follows: 99% for mortar R1, 89.4%
for mortar A-1-10, 62.2% for mortar A-1-12, and 63.1% for mortar A-1-14. In the case of plastic consistency mortars
(A2 series), the residual strengths are 84.4% for mortar R2, 140.3% for mortar A-2-10, 98.1% for mortar A-2-12, and
71.2% for mortar A-2-14.

Plastic consistency mortars (Figure 16-b) achieve higher compressive strength values compared to fluid consistency
mortars (Figure 16-a). This outcome is anticipated due to the elevated water/cement ratio present in the fluid consistency
mortars (Al series). Notably, compressive strengths following exposure to high temperatures were consistently lower
than the initial values for the same property, with the exception of the A-2-10 mortar mix, which demonstrated an
increase in compressive strength recorded in fire-exposed samples of alkali-activated composites, as reported by Abd
Razak et al. [21]. Figures 17-a and 17-b reveal that the percentages of remaining compressive strength of alkali-activated
mortar generally surpass those of cement mortar. However, A-1-14 stands out as an exception, exhibiting a slightly
lower remaining compressive strength compared to its reference mix, R1. Specifically, for fluid consistency mortars,
the retained percentages of initial compressive strength after firing were as follows: 82.3% for mortar R1, 99.5% for
mortar A-1-10, 84.2% for mortar A-1-12, and 75.7% for mortar A-1-14. In contrast, the residual compressive strengths
for plastic consistency mortars were 78.6% for mortar R2, 122.9% for mortar A-2-10, 110.1% for mortar A-2-12, and
84.3% for A-2-14. The higher remaining compressive strength of R1 compared to R2 contradicts the findings presented
by Messaoudene et al. [54]. For alkali-activated mortars, those with a lower proportion of the liquid component (plastic
consistency mortars) demonstrated enhanced remaining compressive strength values relative to those with a higher
liquid component proportion (fluid consistency mortars) at the same alkali activator concentration, aligning with the
results reported by Palizi & Toufigh [55]. The more significant strength reduction observed in cement mortar compared
to alkali-activated mortars can be attributed to the substantial presence of calcite and calcium hydroxide in Portland
cement, which decompose at temperatures reaching up to 600°C. This is further influenced by the lower quantities of
calcite and calcium hydroxide found in alkali-activated binders [19]. The strength increase noted in alkali-activated
mortars is explained by Pan et al. [19] as being due to the formation of a geopolymeric gel. This gel fills the matrix,
making it denser and positively affecting the strength.

The insights regarding the absolute values of flexural and compressive strengths of mortars also extend to the
elasticity moduli. Mortars with plastic consistency (Figure 18-b) demonstrate higher elasticity moduli compared to those
with fluid consistency (Figure 18-a). Notably, the elasticity moduli values after exposure to high temperature are
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consistently lower than the initial values, with the exception of the A-2-10 mortar mix, which exhibited an increase in
the elasticity moduli post-exposure. This increase aligns with findings reported by Pan et al. [17]. Figure 19 indicates
that all alkali-activated mortars in both series outperform cement mortars in terms of remaining elasticity moduli. Among
alkali-activated mortars, those with a lower liquid component proportion (plastic consistency) show superior remaining
elasticity moduli compared to those with a higher liquid component proportion (fluid consistency) at the same alkali
activator concentration, corroborating the results presented by Palizi & Toufigh [55]. The remaining elasticity moduli
percentages for mortars in series A-1 are as follows: 77.9% for mortar R1, 94.9% for mortar A-1-10, 90.9% for mortar
A-1-12, and 98.9% for mortar A-1-14. For series A-2, the percentages are 81.9% for mortar R2, 114.3% for mortar A-
2-10, 94.6% for mortar A-2-12, and 85% for mortar A-2-14.

Figure 20 reveals that cement mortars experience a higher mass loss compared to alkali-activated mortar mixtures
[20-22], irrespective of their consistency. This mass loss for cement mortars from both series is recorded at 3.9%, while
alkali-activated mortars exhibit a narrower mass loss range of 2.5% to 2.7% (Figure 20). Although this study did not
assess samples at a temperature of 400 °C, Duan et al. [22] noted that at this temperature, mass losses due to the firing
of Portland cement composites and alkali-activated composites become equivalent. Beyond this temperature threshold,
the mass of alkali-activated composites remains relatively stable with increasing temperature, whereas the mass of
Portland cement composites significantly decreases up to 600 °C, at which point monitoring becomes impossible due to
the sample decomposition.

Figure 21 shows that both cement mortars and alkali-activated mortars underwent a color change following exposure
to high temperatures. Additionally, the alkali-activated mortars developed cracks in their cross-section when subjected
to elevated temperatures, with a notably higher number of cracks observed in the fluid consistency alkali-activated
mortar (Figure 21-f) compared to the plastic consistency variant (Figure 21-h). This observation accounts for the greater
retention of properties in mortar A-2-10 after high-temperature exposure, in contrast to mortar A-1-10. At the
magnification used, no visible cracks were observed in mortars R1 and R2 post-exposure (Figures 21-b and 21-d). As
noted by Alshugari & Cevik [56], thermal stresses induced by the evaporation of water from the alkali-activated matrix
during heating can lead to cracking. Given that the fluid-consistency mortar contains a higher water content than its
plastic-consistency counterpart, this explanation corroborates the increased number of cracks observed in the fluid-
consistency alkali-activated mortar during firing compared to the plastic-consistency variant.

The FT-IR spectra of the alkali-activated materials (Figure 22) revealed significant bands corresponding to feldspars
in fired ceramic materials and quartz in all the tested mortars, located between 988 and 998 cm™. The sharpest and most
pronounced band was identified in sample A-2-10, likely due to the lower quantity of geopolymers that occurred. The
shift of this critical band to lower wave numbers compared to the initial materials is thought to signify the activation
mechanism that facilitates the development of a substantial amorphous phase [34]. Based on the position of this band,
the most effectively activated material was A-2-10-A. The bands observed at 692-694 cm* correspond to the bending
vibrations of crystalline quartz [34], primarily sourced from waste bricks. The bands recorded in the R2 and R2-A
samples at 874 and 1417 cm™* (but not in the A samples) are attributed to carbonates [57]. A minimal amount of hematite
was detected at 520-561 cm™ [34, 45], with the highest concentration found in sample A-2-10, which was tested at room
temperature. The presence of a metal plate may have slowed down certain reactions during curing, while subsequent
conditions could have triggered additional hematite reactions. Very subtle bands in the 644-648 cm™ range indicated
Al-O bending vibrations [52].

The calcium-bearing phase visible in Figure 23-a is likely attributed to C-S-H, CH, and CaCOs in mortar R2.
Notably, calcium-bearing phases remain present even after exposing mortar R2 to a temperature of 600 °C (Figure 23-
d), aligning with the findings of Vetter et al. [58], who reported that these phases completely decompose at 740 °C. In
the R2 samples, iron is uniformly distributed, likely originating from CBA, as shown in Figures 23a and 23d.

Quartz and hematite, identified in the R2 mortar sample at room temperature (Figure 23-a) and derived from crushed
brick aggregate, decompose at temperatures of 573 °C [59] and above 1300 °C [60]. Consequently, these minerals can
still be detected in the R2 mortar sample even after exposure to high temperatures (Figure 23-d). An aluminosilicate
phase was identified in the R2 mortar sample at room temperature but was absent at elevated temperatures. The images
of the mortar samples, both before (Figure 23-b) and after (Figure 23-e) exposure to high temperatures, reveal a
composition primarily consisting of silicon and calcium, followed by aluminum, iron, and some potassium, a finding
corroborated by EDS analysis (Table 6). The EDS analysis indicates the presence of carbon in the sample prior to high-
temperature exposure, but not afterwards (Table 6). This suggests that during high-temperature exposure, CaCOs3
decomposed into CaO and CO,, with the latter dissipating. The decomposition of CaCO3 was detected before reaching
700 °C, as noted by Karunadasa et al. [61]. Figures 23-c and 24-c illustrate cracks in both alkali-activated and Portland
cement mortar samples, likely resulting from drying shrinkage [62]. However, the crack in Figure 23-c appears narrower
than in Figure 24-c, supporting the findings of Wei et al. [38], who observed that alkali-activated mortars typically
experience greater shrinkage than Portland cement mortars, leading to wider cracks. The formation of cracks due to
drying can be mitigated by incorporating fibers into the alkali-activated composite mixture [63]. Although the crack was
present in the Portland cement mortar before firing, it was not observed in the sample after firing (Figure 23-f).
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Calcium-bearing phases, quartz, and hematite are prominently observed in the images of the alkali-activated mortar
sample A-2-10, both prior to (Figure 24-a) and following high-temperature exposure (Figure 24-d). In contrast to the
R2 sample, this mortar incorporates aluminosilicate phases before and after exposure to elevated temperatures, likely in
the form of mullite, which exhibits high thermal stability and only decomposes at temperatures exceeding 1000°C [14].
The presence of silicon and aluminum is evident in Figure 24b and confirmed by EDS analysis in Table 7. Notably, the
quantities of silicon and aluminum are seen in Figure 24-b and corroborated by EDS analysis in Table 7. The quantities
of silicon and aluminum in the fired samples have nearly doubled. Calcium, which is present at room temperature (Figure
24-b and Table 7), has significantly diminished post-firing, while the proportion of potassium (Figure 24-b) has
markedly increased. These EDS analysis results indicate the formation of an N-A-S-H gel, specifically its K-A-S-H
variant, which remains stable at high temperatures [10]. According to Song et al. [23], N-A-S-H and K-A-S-H gels
decompose only at temperatures of 800°C and 1200°C, respectively, which explains the alkali-activated mortar's
impressive mechanical properties post-firing. A comparison of Figures 24-c and 24-f reveals that as the temperature
rises, the mortar's structure becomes increasingly densified, aligning with the findings of Duan et al. [22] and Song et
al. [23]. The densification may result from the sintering and melting processes of alkali-activated mortars, which initiate
at temperatures around 600 °C [64].

According to Song et al. [23], densification can lead to the formation of microcracks in alkali-activated mortar, as
illustrated in Figure 24c. Figure 24-f not only depicts a crack but also indicates a reduced pore content within the mortar.
This crack may result from thermal stress due to water evaporation from the alkali-activated matrix during heating [56].

Sandeep et al. [5] emphasize that the Si/Al ratio is crucial in determining the mechanical properties retained after
exposure to high temperatures. Higher Si/Al ratios correlate with improved residual properties of the composite. The
EDS analysis results of Portland cement mortar prior to high-temperature exposure (as shown in the 2nd and 3rd columns
of Table 6) reveal Si/Al ratios of 2.47 and 2.4. In contrast, the EDS analysis of alkali-activated mortar before exposure
(2nd and 3rd columns of Table 7) shows Si/Al ratios of 2.78 and 2.66. As previously illustrated in Figures 15-b, 17-b,
and 19-b, the alkali-activated mortar A-2-10 demonstrated superior residual properties compared to the Portland cement
mortar R2, attributable to its higher Si/Al ratio.

The alkali-activated mortars examined in this study demonstrated enhanced performance in withstanding high
temperatures compared to traditional cement mortars. These mortars have potential applications in the fabrication of
protective boards for materials such as structural steel or wood, thereby extending the duration these structures can
support loads during a fire. Ongoing research in this field aims to achieve similar properties in alkali-activated mortars
while streamlining their preparation process. This includes utilizing the heat generated during the preparation of alkali-
activated solutions to facilitate the internal curing of the mortars.

3. Conclusion

This paper explores the fire resistance of alkali-activated mortars composed entirely of bricks, with the objective of
evaluating the benefits of utilizing crushed brick waste. Two series of mortars were produced, differing in workability:
one series of cement mortar and three series of alkali-activated mortars, each with varying molarities of KOH solution
(10, 12, and 14 M).

The findings indicate that using KOH solution exclusively as an alkali activator results in the instability of alkali-
activated mortars, leading to their decomposition upon contact with water. In contrast, the combination of KOH
solution and Na;SiOs; as activators yields stable samples. Consequently, subsequent research and conclusions
concentrate on alkali-activated mortars that incorporate KOH solution at different molarities and Na,SiOs as the
alkaline activator.

At room temperature, the mechanical properties of cement mortars surpass those of any alkali-activated mortars,
irrespective of their workability. However, after exposure to high temperatures, alkali-activated mortars with plastic
consistency consistently retain a greater percentage of their mechanical properties and exhibit lower mass loss
compared to cement mortars. Similarly, alkali-activated mortars with fluid consistency generally demonstrate higher
retained mechanical properties and lower mass loss after high-temperature exposure than cement mortar. The slightly
diminished properties in fluid-consistency alkali-activated mortars, relative to cement mortar, can be attributed to the
increased formation of cracks during firing. These cracks are directly related to thermal stresses caused by the
evaporation of water from the alkali-activated matrix during heating. The superior fire resistance of alkali-activated
mortars compared to cement mortars is likely due to the formation of mullite and N-A-S-H (K-A-S-H) gel in the
alkali-activated matrix.

The most effective fire resistance, characterized by the highest remaining mechanical properties and lowest mass
loss after firing, was observed in the plastic consistency alkali-activated mortar made with a 10 molar KOH solution and
Na,SiOs. This type of alkali-activated mortar shows promise for application in fire protection boards for buildings, and
the incorporation of crushed brick waste in such applications would enhance the value of this material.
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