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This paper discusses the increasing issues of urbanization and industrialization by creating compressed non-fired solid
waste bricks (CNFSWB) under 10 MPa uniaxial pressure and without heat treatment with red mud (RM), fly ash (FA),
and silica fume (SF) as the main materials with less ordinary Portland cement (OPC) and alkali (NaOH) activation,
providing an alternative construction material which is sustainable. Effects of combinations of OPC-NaOH on early-age
and 28-day compressive strength were also systematically examined, as well as their freeze-thaw resistance in order to
determine durability behavior under cyclic environmental factors. Findings indicate that cement hydration and alkali
activation have a synergistic effect on mechanical performance, leading to enhancement of the dissolution of
aluminosilicate phases and consequent formation of C-S-H, C-A-S-H and N-A-S-H gels. The specimens with a
moderate level of NaOH dosage (8.4 g) had the highest 28-day compressive strength (52.24 MPa) and better freeze-thaw
resistance, which showed that there is an optimal level of OPC content and alkali activation ratio, which is important in
densifying the microstructure, mechanical strength and long-term stability. These results indicate the possibilities of using
strategic blending of industrial solid wastes with controlled chemical activation in the production of sustainable, high
performance, and durable non-fired bricks to be used in construction.

Keywords: geopolymerization, alkali activation, industrial waste utilization, sustainable building materials, low-carbon
binder.

1. INTRODUCTION may be potential synergistic reaction pathways which form
. . L . . AFt-like mineral phases in theory [6, 7]. But simple RM-FA

As the industrial activity of the world increases in pace,  mixtures are usually compromised by low early-age strength

the pressure on the ecological environment is increasing.  and  slow hydration kinetics, which produce low
One of the greatest environmental management issues in - compressive strength. This is because of the low supply of
contemporary times is industrial solid waste [1]. The  aactive AIR* in red mud and the comparatively low
amount of solid waste produced continues to increase as the reactivity of FA at young ages to adsorb onto hydration
industrial sectors expand and now, it acts as a source of  roqucts, and thus retards the hydration-inducing process
significant land cover and poses a risk to the ecological and  frther. As such, it is important to use effective activation
human security [2]. In the era of the natu_ral resources and  schemes to improve the performance of these composite
energy reserves depletion, the transformation of solid waste  \aterials. The primary reason why SF, which is a by-
into a fecoverable resource is not an option anymore, it is a product of the ferrosilicon alloy production have received a
necessity. lot of attention with regard to its potential application in

China is cqrr_ently generating about 899_ million tons of  .amentitious systems is its unique physicochemical
FA and 107 million tons of RM, as recent industry reports

indicate [3]. In spite of this, RM and FA have not been born
into building materials yet because of technical issues. High
alkalinity and low reactivity of RM may lead to dimensional
instability and undeveloped mechanical strength. Untreated
RM-based materials have a compressive strength which is
normally a third of that of OPC after 28 days of curing [4, 5].
Interestingly, RM holds Al.Os; and Fe.O3 in abundance,
whereas FA is rich in Al,O3 and SiO,, meaning that there
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characteristics. High specific surface area (15—-30 m?/g),
particle size, and containing more than 90% amorphous
SiO; [8] with an ultrafine particle size. Despite the generally
recognized filler and pozzolanic effects of SF, its
mechanism in activating the reactivity of low-activity
industrial residues is not well studied. Recent studies put
forward the idea that SF not only introduces reactive silica
to enhance the kinetics of hydration but also modulates the
Si/Ca ratio in the hydration matrix and thereby helps in



refining the structure of hydration products formed [9]. SF
reacts with surface hydroxyl groups and ions including
Mg?*, Ca?*, and AIF*, which stimulates the formation of
other gel products and the dissolution of active components
in the waste residue of industries [10—12].

Scientists have explored the possibility of brick
replacement or modalities of using different waste materials
in the manufacture of bricks. It has been established that
geopolymer technology is an effective way of converting
the aluminosilicate-based wastes into useful construction
materials [13]. It has been found that FA [14], bottom ash
[15], granulated blast furnace slag [16], rice husk ash [17],
RM [18], and ceramic dust waste could all be used as raw
materials in the manufacture of geopolymer bricks [19].
Inorganic materials that have the characteristics of ceramics
are geopolymers, which are produced by the reaction of the
aluminosilicate sources with the alkaline solutions at room
temperature or controlled moderately higher temperatures.
Some of the strategies to minimize these emissions are
process optimization, carbon capture and storage and use of
alternative cementitious materials [20 —23].

High-pozzolanic industrial aluminosilicate solid wastes
like RM, FA, and SF, which have comparable chemical
properties to Portland cement stages, have been extensively
studied as an alternative to cementitious material with low
carbon levels construction [24, 25]. Hydration in blended
binders occurs in two phases: primary cement hydration to
form Ca(OH),, and secondary pozzolanic hydration of
Ca(OH), with the reactive waste products. The pH,
chemical composition, and reactivity of industrial wastes
produced in various processes, however, are highly variable
and excess replacement levels tend to result in decreased
early-age strength because of inadequate availability of
Ca(OH); [26,27] and may cause toxicity among other
things . In order to overcome such limitations, chemical
activation has been suggested to be used to increase the
reactivity of waste and to elevate the mechanical
performance [28-30]. The usual activators are NaOH,
Na,S0., Ca0, and Ca(OH), each with different activation
effects [31—33]. Alkali activators and in particular, NaOH
have been found to increase the compressive strength of the
high-volume waste system considerably by increasing the
rate of aluminosilicate dissolution and the formation of gels
[34—37]. Besides, the alkali-activated system allows the
efficient use of industrial wastes and a decrease in the
consumption levels of clinker and CO, emissions, which
provides a sustainable alternative to the standard cement-
based products [38 —42].

The two most popular types of bricks are fired and
unfired bricks used in construction globally, but most of the
unfired bricks are made by stabilizing soil or sand using
binders like cement or lime [43]. The fired clay bricks are
mostly made of clay, sand, and water in certain ratios. Fired
clay bricks production is a very energy-intensive process
[44], and it is estimated that 24 million tons of coal are used
each year. It is also a process that produces a lot of air
pollution [45], and solid waste. Conversely, the production
of the unfired bricks is a cleaner and more environmentally
friendly process since they do not have to be fired at a high
temperature. They are, however, commonly dependent on
the Portland cement or lime to be used as stabilizing agents.
The energy required to make these binders is energy

consuming and contributes significantly to greenhouse gas
emissions, such as CO; [45]. To overcome these drawbacks,
extensive research over the past two decades has focused on
identifying alternative, eco-friendly raw materials for
construction. In a bid to beat these weaknesses, there have
been two decades of research on finding alternative raw
materials that are environmentally friendly to be used during
construction. Actually, the most promising opportunities
include industrial by-products and wastes, which can
partially or entirely substitute the conventional materials,
enhance some technical properties, satisfy the performance
demands, and bring about sustainable development
[46—49].

The use of industrial by-products in manufacturing of
bricks not only improves the performance of the bricks
mechanically, it also minimizes landfill wastes and the
carbon footprint that is realized by the traditional fired
bricks. The proportions of these wastes, as well as the
controlled activation of OPC to NaOH, are important
elements with regard to the realization of structural integrity
and long-term durability. This paper examines how RM,
FA, and SF work together to enhance the microstructure,
compressive strength, and freeze-thaw resistance of
compressed non-fired bricks, both in terms of sustainable
waste management and resource-efficient construction. The
results are informative in designing superior, long-lasting
and low-carbon construction substances to promote more
eco-friendly construction.

2. MATERIALS AND METHODS
2.1. Materials

The cementitious systems were developed using three
representative industrial by-products as RM, FA, and SF
that were used in this study. The OPC (P.O 42.5) to be used
in mixtures was provided by Hefei Changfeng Conch
Cement Co., Ltd., and FA, RM, and SF were acquired in
domestic coal-fired power stations and alumina refineries of
the aluminum enterprises, respectively. Fig. 1 indicated that
the RM was fine with a characteristic brownish-red
coloration, but silica fume was a fine cold-grey powder. The
fly ash was made up of fine, spongy particles of light grey
color with smooth surfaces, which pointed it to the fact that
fly ash was largely vitreous. Fig.1 illustrates the
morphology of RM, FA, SF, and OPC.

Table 1 indicates the chemical makeup of the raw
materials that were used in this study. FA is mainly made of
Al;O3 and SiO;, which constitute 83.50% of its
composition, with Fe,Os coming in second at 2.92 %. On
the other hand, Fe,Os3 is the predominant mineral in RM
constituting 57.23 % of the mineral and the combination of
Al,0O3 and SiO; forms 27.23 % of its composition. On the
same note, SF mostly consists of SiO; that constitutes about
97.2 percent of its total composition. The rest of silica fume
is composed as AlO, FeO; and CaO that are
approximately 1-2, 0.5-1 and 0.5-2. This composition is due
to the peculiarities of each material, and silica fume is very
active, thus, the mechanical strength and long-term
effectiveness of cementitious composites are highly
enhanced. The CaO content of OPC (43.78) is high, and the
fractions of SiO, and Al,Os3 are also significant in this case,
as it is a calcium-rich hydraulic binder.



Fig. 1. Morphology of : a—red mud; b —fly ash; c—silica fumes; d —ordinary Portland cement
Table 1. Main raw materials FA, RM, SF and OPC Chemical composition (wt.%)

Materials NaO MgO AlLO3 SiO2 K20 CaO Fex03
FA 0.66 0.40 27.70 55.80 1.23 0.88 2.92
RM 5.00 0.26 21.85 5.38 0.41 3.19 57.23
SF 0.11 0.51 0.10 97.20 0.81 0.21 0.01

OPC 0.35 2.84 10.28 22.79 1.12 43.78 2.72

Preparation of the specimen was done with laboratory
tap water that met the Chinese Standard GB 57492022. The
alkaline activator used was NaOH of analytical grade, which
was provided by Shanghai Macklin Biochemical
Technology Co., Ltd.

The particle size distributions of all the raw materials
were measured with a Microtrac S3500 laser diffraction
analyzer and the results are provided in Table 2 and Fig. 2.
Particle sizes used were 2.31-31.11um RM,
3.27-37.00 um  FA, 4.62-1850pum SF, and
5.50-52.32 pm OPC. Median size (dso) (11.00 pm) of SF
was a little less than in RM and FA (13.08 um), whereas
OPC had a much larger median size (22.00 um). The fine
fraction (dig) of RM (2.31 um) was lower than that of FA,
SF, and OPC, which meant that it contained more ultrafine
particles. Conversely, OPC (52.32 um) had the highest
value of the coarse fraction (d90), followed by FA
(37.00 pm), RM (31.11 pm), and SF (18.50 um). In general,
SF had the smallest particle size distribution and fineness
and can therefore be effectively used in the activation of
non-fired brick systems as a calcium-based activator.

Table 2. Particle size distribution of raw materials

2.2. Preparation procedure of cementitious
material

A set of preliminary experiments were carried out prior
to finalizing the mix proportions that were to be used in
Table 3 to methodically analyze the effect of important
parameters at a constant uniaxial compaction pressure of
10 MPa. For instance, the NaOH content was focused on,
and it is a critical parameter that affects the reaction
environment and strength development and surface stability
of CNFSWB. Various doses of NaOH were explored to
produce a good balance between alkali activity and matrix
stability and reduce the chances of efflorescence and surface
corrosion. Though an increase in alkali contents facilitated
early aluminosilicate phases dissolution, excessive use of
NaOH led to surface crystallization and a microstructure
unstable to the crystal. Furthermore, a small quantity of
OPC was added to the hybrid formulations so as to
strengthen early and to promote bonding of the
microstructure without reducing the advantages of alkali
activation.

Parameters RM FA SF OPC
Particle size range, pm 2.31-31.11 3.27-37.00 4.62—18.50 5.50-52.32
dio, pm 2.31 3.27 4.62 5.50
dso, pm 13.08 13.08 11.0 22.0
doo, pm 31.11 37.00 18.50 52.32
Table 3. Experimental mix design
S. No Pressure applied, MPa RM, wt% | FA wt.% | SF, wt% OPC, wt.% | Water,g | 10M NaOH, g
CNFSWB-0 10 30 50 20 - 21 -
AA-CNFSWB 10 30 50 20 - 11.2 9.8
OPC-CNFSWB 10 27 45 18 10 21 —
H1-CNFSWB 10 27 45 18 10 18.2 2.8
H2-CNFSWB 10 27 45 18 10 15.9 5.1
H3-CNFSWB 10 27 45 18 10 12.6 8.4
H4-CNFSWB 10 27 45 18 10 9.8 11.2
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Fig. 2. Particle size distribution of : a—red mud; b—fly ash; c—silica fumes; d —ordinary Portland cement

A mixed evaluation of the mechanical performance,
microstructural integrity, and surface condition allowed the
selection of the 10 M NaOH concentration with the optimal
dosage range and the minimum OPC content in AA-
CNFSWB and hybrid formulations. This was because of the
controlled alkali content and the restricted amount of OPC
that allowed effective activation, structural integrity and
reduced efflorescence. The gradual optimization effort
allowed the stabilization of the reaction conditions in all
mixes, and accurate comparison of mechanical performance
and durability of non-activated, alkali-activated, OPC-
activated, and hybrid CNFSWB systems.

RM, FA, and SF were dried at 105 °C over a period of
24 hours to obtain a constant mass and to remove all the
remaining moisture. Each raw material was dried, and then
weighed precisely with respect to the mix proportions of the
various components as shown in Table 3.

The nomenclature of the samples was determined by the
kind of binder system and the method of activation used by
the composite bricks. CNFSWB refers to solid waste bricks
that are compressed and non-fired and made using RM, FA,
and SF. The suffix -0 indicates the control specimen that has
neither a chemical activator nor cement. AA-CNFSWB is
based on the alkali-activated specimens, where a 10 M
NaOH solution has been employed as the activator in the
absence of the OPC. OPC-CNFSWB implies specimens that
are made with OPC as the only binder. H1-CNFSWB
through H4-CNFSWB are hybrid binder systems where
OPC is mixed with different contents of various proportions
of alkali activator (10 M NaOH) and water content and the
numerical index (H1-H4) indication of the system is lower
water content and higher NaOH content.

The mixing was performed with the help of a
laboratory-grade mechanical mixer, but some preliminary
experiments were carried out to maximize the proportioning
of the material and the order of mixing under a constant
compaction pressure of 10 MPa since the pressed brick
mixtures had little water requirement and tended to be dry-
consistent. The amount of water was deliberately minimized
to make the mixture semi-dry to press, instead of a flowing
paste. The dry-mixed constituents in both formulations were
initially mixed in low speed for 3 min to achieve
homogeneity. Where necessary, water and NaOH solution
were added slowly with the mixture stirring to ensure
uniform wetting and also to discourage local agglomeration.
The mixture was then mixed further, at a low power of about
30 s where it was given time to redistribute moisture and
scrape the material stuck on the walls of the vessel to a
uniform granulated consistency fit to be compacted.

The mixtures were finely compacted by an automatic
hydrostatic press of bricks to a uniaxial constant pressure of
10 MPa. The load was then applied slowly at a steady rate
of 0.5 kN/s to a peak force of 16 kN so that the densification
was uniform and the internal defects were minimized. The
compaction process resulted in compact and homogenous
pressed blocks with stable geometry. Three cubic specimens
of size 40 mm x 40 mm x 40 mm were made with each mix
formulation to make the process reproducible and accurate
in measuring the compressive strength. Moreover, there
were also different groups of specimens with the same
dimensions and proportions of mix to be used in freeze-thaw
cycling experiments, so that the assessment of durability
could be carried out without affecting the specimens to test
the mechanical strength.



The specimens were demolded and then, they were
cured under a controlled temperature of 20 +2°C and in
excess of 95 percent relative humidity to test the progress of
mechanical strength and microstructural development over
a duration of 3, 7 and 28 days. One of the sets of specimens
was subjected to freeze-thaw cycling tests after 28 days of
curing to determine the durability performance and the rest
were subjected to mechanical and microstructural tests.

For microstructural and physicochemical analyses,
hydration was terminated by immersing representative
specimens in 95 % ethanol for 48 h to halt ongoing
reactions. The samples were subsequently vacuum-dried at
60°C for 24h to remove residual moisture. Dried
specimens were then sectioned as required for detailed
microstructural,  mineralogical, and  spectroscopic
characterization. Fig. 3 presents the schematic view of the
proposed study.

2.3. Test methods
2.3.1. Compressive strength

The testing procedure prescribed for the determination
of the compressive strength of the samples is in accordance
with the Chinese standard GB/T 17671-2021 [50] on
methods of testing cements. Determination of strength,
commonly used in China for performing tests on
compressive strength characteristics of cement-based
materials. The constant-stress cement pressure testing
machine DEY-300 is used for maintaining the same level of
stress that makes the results accurate. It is possible to
perform this type of test using prismatic specimens
(40 mm x 40 mm x 40 mm) due to the stress balance of the
prism-shaped body under compression. The curing periods
of 3, 7 and 28 days encompass the usual phases of hydration
in the cementitious materials.

Early age (3 days) testing provides information about
the early setting and hardening properties of the material,
while 7- and 28-days test results are used to determine the
long-term characteristics of the material.

A standard of 3 replicates per group is chosen to verify
statistical results. The average value shows the most likely
average for all of the samples and can be considered as a
central tendency data while standard deviation is considered
as compatibility for each compressive strength between

samples. This statistical technique gives independent results
concerning the behavior of the material and their
reproducibility. The mixture of various curing ages also led
to a holistic approach to the strength development as a time-
dependent factor that is needed to be potentially applied in
the construction.

2.3.2. Fourier transform infrared spectroscopy

The samples used in the described process were first
dried at 105 °C during 3 h prior to the collection of the
spectrum so that moisture would not have a negative impact
on spectral collection. This measure will help ensure that
actual chemical composition of the sample, rather than
water and other volatile substances, is in agreement with the
FT-IR results. The product that was dried was subjected to
additional treatment in the form of KBr preparation to
analyze it. KBr, on the other hand, is an IR transparent and
the beam of infrared passes through the sample. A fine
suspension of KBr is added to the sample, and pressed as a
pellet. The frequency of FT-IR spectra was measured using
a Shimadzu FTIR-8400S. This spectrometer covers the
infrared test range, which is 4000-400 cm, which is
widely used with identification of various functional groups
of the sample. Its 1cm resolution makes it able to identify
the area fine and accurately the area with high absorption
peaks which depicts vibrational frequencies of various
bonds in the chemical structure of the sample.

2.3.3. X-ray diffraction analysis

The powdered sample in this process was first dried at
a temperature of 105 °C in a period of 3 h to dry out all
moisture that can affect the diffraction data. An X-ray
diffractometer was used to measure XRD with a Rigaku
SmartLab 9 kW. The device was set to operate at normal
conditions of 40 kV and 40 mA current to give a high
intensity X-ray needed in crystal structure study. The X-ray
source of CuKalpha radiation (1.5418 °A) which is
universally used to interact with the crystal lattice of the
sample was used. A 2theta range of 5—70 degrees was
utilised, which encompasses a wide range of the possible
diffraction peaks of various crystalline phases. A scan rate
of 50°min was used, which is a good tradeoff between
analysis time and resolution.
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The resulting diffraction pattern can be utilized in
identifying mineral phases through a comparison with
known reference patterns of characteristic reflection peaks.
The comparison gives information on composition and
crystallinity, etc.

2.3.4. Thermogravimetric analysis

Thermal profile and resultant mass loss of the hydration
products in the samples were determined using
thermogravimetric analysis (TGA) were performed TGA
5500 (TA Instrument, USA). Before the test, the samples
were dried at 105 °C for 5 hours to eliminate moisture and
sieved with 100 mesh sieve to obtain homogeneous particle
size. The warm samples were analyzed by TGA heating
them between 30 and 800 °C at a heating rate of 10 °C/min.
In these temperature regimes, one can uncover the various
steps of mass loss connected to decay of the individual
substances (water evaporation, carbonate disintegration and
reconstitution or rupturing of hydration items such as
calcium hydroxide or gypsum). Thermal curves would help
identify the thermal stability and composition of the
hydration products which provide information on chemical
behavior of the material, and the structure development in
the hydration state.

2.3.5. Scanning electron microscopy

Microstructures of the red mud-pulverized coal ash-
silica ash ternary solid waste brick specimens were observed
using a Hitachi S-4800 field emission scanning electron
microscope. Before analysis, the seasoning samples were
dried at 105 °C for 3 h to free the material of moisture
deposits, purged with nitrogen gas to remove surface
impurities, and gold-coated. The gold layer will not only
expose the surface of the sample for direct SEM
visualization but, it will also improve the conductivity of the
sample to prevent any charging effects during imaging,

events that are particularly important in HRSEM
observations.
The SEM was operated at 20kV, a value

commensurable with both the obtaining of high-resolution
images and the sufficient penetration depth of the electron
beam into the sample surface. The microscope is equipped
with the field emission, which offers a high resolution for
observing the detailed microstructure including surface
morphologies, particle distribution and interactions between
particles.

2.3.6. Freeze-thaw cycle test

This test was conducted in accordance with the
“Standard for Test Methods of Long-term Performance and
Durability of Ordinary Concrete” (GBT 50082-2009) [51].
After curing the specimens for 28 days, they were immersed
in water at (20 +2) °C for 4 days, with the water level
20 mm above the top surface of the specimens. After
immersion, the specimens were removed, the surface water
was wiped off, and the initial mass was recorded as M.

The specimens were then placed in a basket, and the
basket was positioned at the center of the freeze-thaw
chamber to start the freeze-thaw cycles. The freezing
temperature was (—17 = 2) °C. The specimens were frozen
for 8 hours and then placed in water at (8 + 2) °C to thaw for

another 8 hours, completing one cycle. A total of 50 cycles
were carried out. During the test, the specimen condition
was observed and photographed.

The freeze-thaw resistance of the specimens was
evaluated based on mass loss rate (Awn) and strength loss
rate (Afc). The smaller the Aw, and Af; values, the better the
freeze—thaw resistance of the specimens.

The strength loss rate after freeze-thaw cycles was
calculated using Eq. 1:

Af, = LT 100, 1)
feo

where Af_ is the average freeze-thaw strength loss rate of
the specimens after 50 cycles, %; fc, is the average
compressive strength after 50 freeze-thaw cycles, MPa; fc,
is the average compressive strength of the reference
specimens, MPa.

The mass loss rate after freeze-thaw cycles were
calculated using Eq. 2:

Awn = =51 5 100, @)
0

where Awn is the average freeze-thaw mass loss rate of the
specimens after 50 cycles, %; G, is the average mass of the
specimens before the 50 freeze-thaw cycles, g; G, is the
average mass of the reference specimens after 50 freeze-
thaw cycles, g.

3. RESULTS AND DISCUSSION

3.1. Compressive strength

The development of compressive strength of CNFSWB
specimens prepared at a constant compaction pressure of
10MPa with various proportions of RM, FA and SF and
varying activation routes is shown in Fig. 4 and Table 4. The
findings indicate the existence of different strength
development behaviors of non-activated, AA, OPC-
activated, and hybrid activated systems. Section 2.3.1
provides details of the test procedure.
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Table 4. Compressive strength of cementitious materials at 3,7,

and 28 days
Compressive | Compressive | Compressive
S. No strength, MPa| strength, MPa |strength, MPa
(3d) (7d) (28d)

CNFSWB-0 1.8 +0.09 46+0.18 7.1+0.25

AA-CNFSWB 15.2+0.42 19.23+0.55 | 245+0.73
OPC-CNFSWB | 25.4+0.76 31.25+0.94 [4025+1.21
H1-CNFSWB | 21.69+0.61 | 27.13+0.82 |36.13+1.05
H2-CNFSWB | 22.28+0.64 | 26.89+0.79 |37.29+1.09
H3-CNFSWB | 35.34+1.12 | 40.32+1.35 |52.24+1.67
H4-CNFSWB | 26.82+0.78 | 33.35+1.02 |47.13+1.48

The compressive strength of the non-activated CNFSW
sample was very low and it reached only 7.1 MPa at 28 days
which supports that RM, FA, and SF alone have low self-
cementing capacity when subjected to compaction but not
with chemicals.

In the case of the AA-CNFSW, in which 10 M NaOH
was the only activator and OPC was not included in the
system, a significant strength gain could be detected in
comparison to the non-activated sample. The compressive
strengths obtained by the AA-CNFSW specimen were
11.2 MPa, 19.23 MPa and 24.25 MPa at 3, 7 and 28 days
respectively. This strength increment is explained by the
fact that the aluminosilicate phases of FA and SF dissolve
under very alkaline environment, and after it, the gels of N
-A-S-H type of geopolymers are formed. The lack of
calcium however greatly inhibited the cross linking and
densification of the gels hence relatively weak when
compared to the systems made of OPC.

OPC-CNFSWB showed stable strength formation, with
compressive strengths of 25.40 MPa, 31.25 MPa and
40.25 MPa of compressive strengths at 3, 7, and 28 days,
respectively. This action is indicative of the heightened
dominance of cement hydration reaction along with
secondary pozzolanic reaction with RM, FA, and SF.

The compressive strength in hybrid activated systems
was greatly dependent on the dosage of the NaOH. The
strengths of the 28 days 36.13 MPa and 37.29 MPa of the
NaOH contents of 2.8 g (H1-CNFSWB) and 5.1 g (H2-
CNFSWB), respectively, were a bit lower than those of the
OPC-only system. This implies that the alkalinity was low,
which in part disrupted cement hydration without
completely activating the aluminosilicate phases.

Strong increase in compressive strength was observed
at a medium dosage of NaOH of 8.4 g (H3-CNFSWB) that
produced the maximum 28-day strength of 52.24 MPa, and
the speed of early age strength development. This higher
performance is explained by the synergistic co-existence of
C-S-H/C-A-S—H gels by cement hydration and N-A-S—H
gels by alkali activation, forming a denser and more
homogeneous matrix. In this system, early Ca2* release from
cement hydration enhances the dissolution of
aluminosilicate phases under alkaline conditions, promoting
the co-precipitation and intergrowth of C-S-H, C-A-S-H,
and N-A-S—H gels. The interaction of this hydration and
geopolymeric products results in the formation of a denser
and more cross-linked gel network, which significantly
improves the mechanical performance and structural
integrity of the matrix. The addition of more NaOH to bring
the level to 11.2 g (H4-CNFSWB) led to the loss of

compressive strength in 28 days by 28.13 MPa. High
alkalinity probably led to partial gel polymerization or to
greater interconnection between the pores, or to
microcracking of the gel due to the alkali, and the hardened
matrix was weakened. In general, the findings indicate that
NaOH-only is able to trigger geopolymerization, yet high
strength in CNFSW systems is not obtained because of the
limited calcium availability. Conversely, hybrid activation
offers an ideal combination of hydration and
geopolymerization processes resulting in high compressive
strength in an event of the use of the correct amount of
NaOH.

3.2. Structural and chemical characteristics in
CNFSWB

Fourier transform infrared (FTIR) spectroscopy was
used to examine the structural changes and chemical
properties of the reaction products, which were generated in
CNFSWB systems. After 28 days of curing the
representative specimens, such as CNFSWB-0, AA-
CNFSWB, OPC-CNFSWB, as well as the most
advantageous hybrid mixture, H3-CNFSWB, were analyzed
and the results are shown in Fig. 5. The comparative
analysis will clarify the action of alkali activation, cement
hydration, and the interaction between them on the bond
evolution, gel formation and densification of the matrix.
Section 2.3.2 gives the detailed procedure of the experiment.

The O-H stretch and H-O-H bending vibration of
physically adsorbed and chemically bound water,
respectively, are observed in a broad absorption band at the
range 34263446 cm™ and a weak band at the range
1587 — 1598 cm?, respectively [52, 53]. Such bands indicate
products of hydration and geopolymerization, which
consists of the presence of interlayer water in the amorphous
gel networks of C-A-S—H and N-A-S—H. The fact that they
persisted in all samples means that hydrated binding phases
occurred during the curing in a wet environment.
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Fig. 5. FTIR spectra of ternary solid waste brick at 28d

Weak bands at 2817 to 2832 cm™* are attributed to C-H
stretching vibrations of the aliphatic CH2/CHs groups,
which are typically attributed to trace organic or
carbonaceous impurities of red mud and fly ash. These



bands are not directly involved in the inorganic
polymerization reactions and thus they vary insignificantly
across the various activation systems. The asymmetric
stretching vibration of carbonate (COs2) groups is the
absorption band in the range of 13511357 cm™. This is
mostly related to modicum normalization of calcium
bearing hydration products through the curing and sample
preparation process, at least in cement containing and hybrid
systems, but a slight contribution by the remaining carbon
in fly ash cannot be ruled out. The outstanding and the most
structured part is the wide band between about 1116 and
1122 cm?, which is assigned to the asymmetric stretching
vibrations of Si-O-T bonds (T = Si or Al) in aluminosilicate
structures. This band is the fingerprint of the reaction
between geopolymerization and hydration reaction and it
signifies the formation of amorphous C-A-S-H and N-A-S-
H gel networks [54]. This wide character is indicative of the
structural disorder exhibited by the alkali-activated and
hybrid cementitious materials, in both cases, concomitant
incorporation of Ca?* and AlI®* ions results in a mixed gel
chemistry. This band is similar to all samples; it indicates
that the general level of polymerization and the structure of
the gel are similar.

There is a unique band at approximately 763 —782 cm!
that is ascribed to the symmetric stretching vibrations of
SiO»-Si and SiO2-Al bonds that can occur either due to
partially reacted silicate phases or unreacted crystalline
minerals like the quartz sandwiched in fly ash and silica
fume. This persistence of this band suggests that all silicate
phases are not completely dissolved during activation, as is
common in low temperature alkali-activated systems. The
band at low wavenumbers at approximately 455478 cm*
is attributed to SiO bending vibrations in the tetrahedral
silicate units [55-57].Overall, the FT-IR results
demonstrate that alkali, cement, and hybrid activation routes
all promote the formation of similar hydration and
geopolymerization products in RM-FA-SF bricks. The
dominance of Si—O-T vibrations, together with hydroxyl-
and water-related bands, confirms that the mechanical
performance of the bricks is governed by the development
of amorphous aluminosilicate and calcium-aluminosilicate
gels rather than by distinct crystalline reaction products.
This conclusion is consistent with XRD and TG-DTG
observations, which collectively indicate comparable gel-
dominated binding mechanisms across all activation
systems.

3.3. Transformation of hydrated products

The analysis using X-ray diffraction (XRD) was used to
explain the evolution of the phases and crystalline attributes
of the CNFSWB systems based on RM and FA and SF.
Representative  specimens were CNFSWB-0, AA-
CNFSWB, OPC-CNFSWB, and H3-CNFSWB, which were
also analyzed after 28 days of drying and the obtained
diffraction patterns of these are shown in Fig. 6. The
description of the experimental procedure is presented in
Section 2.3.3. All the XRD patterns of the specimen show a
complex of crystal reflections overlaying a wide diffuse
halo which shows that the crystalline phases coexist with the
dominance of an amorphous or poorly crystalline reaction
matrix.
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Fig. 6. XRD pattern of CNFSWB at 28 day

This hydrated background is typical of the hydration
and geopolymerization derived gel phases which are
incapable of being completely resolved by XRD and are
however important in binding and strength building.

The phase identification confirms the existence of
calcium aluminum oxide (CasAl»Og), tricalcium aluminate
(CaszAl1206), quadrz (SiO2), lime (syn-CaO), calcium
silicate (CazSiOy), laumontite (CaAlzSisO12- 12H,0), calcite
(CaCO0s), and gismondine (CaAlsSi20Os-4H,0). The low
concentration of red mud could be the reason that some of
the small crystalline phases are not mentioned in the RM-
rich systems. The absence of RM can explain the fact that
minor mineral phases were not detected [58].

The quartz reflections still exist at both curing ages in
all the samples, which shows that there are still some
crystalline silica impurities of fly ash and silica fume. Under
the curing conditions used, largely this substance is not
reactive, thus owing to its high thermodynamic stability
which FTIR bands of unreacted silicate structures also
affirm. The phases are calcium aluminum oxide and
tricalcium aluminate formed as the result of the reaction
between alumina-based components of red mud and fly ash.
It has been found that these aluminate phases play a role in
early-age kinetics of reactions and densification of matrices,
especially in alkali-activated and hybrid systems.

The existence of silicate precursors in hydration
reactions is indicated by the observed presence of CazSiOa.
Though C-A-S-H and N-A-S-H gels are mostly
amorphous, the presence of Ca;SiO, indicates the continued
polymerization of silicate and this is in line with the
evidence of FTIR showing the formation of the SIO2; and
SiO24 networks. This has been recognized as calcite, which
is a result of partial carbonation of calcium bearing
hydration products when preparing the samples and during
the curing of the samples. It is usually found in cementitious
and alkali-activated binders, and does not affect the integrity
of the matrices. It is worth noting that, the existence of the
zeolitic phases like laumontite shows that there is some
crystallization of the aluminosilicate gels. These stages
indicate that amorphous geopolymeric networks reorganize
structurally under alkaline environments, which confirms
reaction pathways of geopolymer-like in the CNFSWB
systems.



3.3.1. Thermogravimetric analysis of hydration in
CNFSWB

Thermal behavior and phase development of CNFSWB
samples were analyzed with the help of thermogravimetric
(TG) and derivative thermogravimetric (DTG) analyses.
The representative samples, such as CNFSWB-0, AA-
CNFSWB, OPC-CNFSWB and H3-CNFSWB were tested
after 28 days of curing as shown in Fig. 7. Multi-stage mass-
loss patterns are similar in the TG-DTG curves, which
suggests comparable reaction products in all the activation
systems whereas the differences in the intensity of mass-loss
and the positions of the peaks indicate variation in gel
composition and reaction.
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Fig. 7. TG-DTG curves of CNFSWB at 28 day

A second stage of mass-loss that follows between 220
and 350 °C is linked with the loss of chemically bound water
associated with the reaction products, mainly C-A-S-H, N-
A-S-H and N(C)-A-S-H gels [59, 61]. The peaks of the
DTG in this region get wider and move to higher
temperatures in the activated systems, particularly at 28
days, indicating gel polymerization and thermal stability
following progressive incorporation of Cax+ and Als+ into
the gel structure. The presence of a small DTG peak around
270 °C can be explained by the breakdown of katoite-type
phases, which are created during initial reactions in
hydration [62, 63].

At elevated temperatures, there is clear mass loss during
400-500 °C of OPC-CNFSWB and H3-CNFSWB, which
is associated with the dissolution of calcium hydroxide
(Ca(OH),) produced during cement hydration. This fact is
demonstrated by the lower strength of this peak in the hybrid
system than in OPC-CNFSWB, which shows that some of
the Ca(OH), was used up in secondary reactions with
reactive aluminosilicate species, resulting in the occurrence
of further C-A-S—H-type gels [64].

The last stage of mass-loss, which takes place in
550-750 °C, is explained by the breakdown of carbonate
phases (primarily calcite) that were produced during the
partial carbonation process of the curing and handling of
samples [65]. The reduced carbonation observed in AA-
CNFSWB and H3-CNFSWB compared to CNFSWB and
OPC-CNFSWB due to denser gel matrices, and the higher
usage of calcium-bearing phases during activation, which
was confirmed by the XRD and FT-IR data. In general, the
TG-DTG analysis proves that alkali, cement and hybrid

activation play a significant role in dehydration behavior
and thermal stability of CNFSWB systems. The gradual
changes of the dehydration peaks to high temperatures and
lowering of the Ca(OH). and carbonate decomposition
peaks in the later ages of curing show the formation of
stable, gel-dominated binding phases. These results are in
line with those of the FT-IR and the XRD analysis and the
reason behind the enhanced mechanical performance and
the durability of the activated CNFSWB specimens.

3.4. Microstructural morphology and distribution
of hydration products

Fig. 8 shows the microscopic surface morphology of
four typical CNFSWB samples, i.e., compaction-only
sample (CNFSWB-0), alkali-activated sample (CNFSWB-
ALK), cement-activated sample (CNFSWB-OPC), and the
best hybrid sample H3-CNFSWB Fig.8. These
micrographs demonstrate that unique microstructural
characteristics and binding mechanisms of various
activation pathways appear. In Section 2.3.5, the detailed
procedure used in testing is outlined. CNFSWB-0 sample
Fig. 8 a shows a very tight structure, which mainly consists
of mechanical bonds, and chemical bonds are not very
evident. High uniaxial pressure is efficient in removing
macro-voids resulting in a solid particle packing. Angular
red-mud and spherical fly-ash grains, or cenospheric fly-ash
grains, are trapped inside a fine particulate base, silica fume
at the same time seems to be found in the form of dense
agglomerations. Isolated block-like inclusions that are
probably agglomerated ultrafine particles or broken
cenospheres are encircled by thin interfacial cracks or
crevices. Particle contacts are primarily point-to-point with
little neck formation that forms weak interfaces that serve as
stress concentrators. This microstructure reveals how the
compressive strength of the compaction-only specimen and
its durability did not prove to be very high.

The alkali-activated CNFSWB (CNFSWB-ALK)
Fig. 8 b displays a distinct chemical binding mechanism
dominated by alkali activation. Glassy fly-ash particles
commonly exhibit thin reaction rims, and gel bridges are
formed between adjacent grains. Silica-fume agglomerates
are partially dissolved and overgrown by an amorphous N-
A-S-H-type gel, with calcium supplied by red mud
participating in the reaction. The gel appears as thin films
coating particle surfaces and partially filling micro-voids.

However, a considerable fraction of particles remains
unreacted or only partially reacted, and localized shrinkage,
and microcracks are occasionally visible. Angular
crystalline precipitates, likely sodium carbonates formed by
carbonation of pore alkalinity, are also observed. Although
alkali activation enhances chemical bonding relative to the
compaction-only sample, the gel network is thinner and less
continuous than in cement-activated systems, explaining its
inferior mechanical performance and freeze-thaw
durability. The cement-activated CNFSWB (CNFSWB-
OPC) Fig.8 c¢ shows a markedly improved bonding
environment. Hydration and pozzolanic reactions lead to the
formation of foil-like and fibrillar C—(A)-S—H gel, which
partially bridges adjacent particles and fills micro-voids.
Interfacial gaps around inclusions are significantly reduced,
and many particle contacts exhibit meniscus-shaped necks
or gel collars.
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Needle-like AFt hydrates are occasionally observed in
residual pores, while some anhydrate cement grains persist
as angular cores surrounded by porous hydration rims.
Overall, the matrix transitions from purely mechanical
interlocking to a combined mechanical-chemical bonding
system, accounting for the enhanced strength and improved
freeze—thaw resistance observed for CNFSWB-OPC. The
optimal hybrid specimen H3-CNFSWB Fig. 9 d exhibits the
most compact and homogeneous microstructure among all
samples. A dense, continuous binding matrix is formed
through the synergistic interaction of cement hydration
products and alkali-activated gels. C—(A)-S—H and alkali-
activated aluminosilicate gels intergrow and uniformly coat
particle surfaces, effectively eliminating interfacial gaps and
significantly reducing pore connectivity. Most fly-ash and
silica-fume particles are well integrated into the matrix, with
extensive neck formation and gel bridging between grains.
Microcracks are rare, and residual pores are small and
discontinuous. This highly densified microstructure
strongly restricts water ingress and frost-induced damage,
providing a clear microstructural explanation for the
excellent mechanical performance and outstanding freeze-
thaw resistance of H3-CNFSWB after 50 cycles.

3.5. Freeze-thaw cycle performance

The freeze-thaw cycle test was conducted to evaluate
the durability of CNFSWB under simulated seasonal
temperature fluctuations. After 28 days of standard curing,
all specimens were subjected to a total of 50 freeze-thaw
cycles, during which mass variation, compressive strength
retention, and surface integrity were monitored. Mass loss
and visible deterioration, including cracking, peeling, and
spalling, were used as the primary indicators of freeze—
thawresistance. The detailed experimental procedure is
described in Section 2.3.6.

The OPC-CNFSWB was found to have the desirable
freeze/thaw damage resistance and structural integrity
without any apparent surface damage, despite the existence
of up to 30 freeze-thaw cycles. Gradual degradation of the
surface and mass loss were seen through further cycling
after this point. Conversely, the AA-CNFSWB was only
able to perform 20 cycles before cracking and peeling of
surfaces started intensely, with a poor freeze thaw
performance. In the case of the hybrid activated systems, a
different behavior in terms of durability was noted.

Specimens H1-CNFSWB and H2-CNFSWB were
stable structurally to 20 freeze-thaw cycles and then surface
microcracks and localized spalling ensued. It is worth noting
that the hybrid specimens with 8.4 g alkali (H3-CNFSWB)

and 11.2 g alkali (H4-CNFSWB) showed a superior freeze
thaw property whereby they remained intact, on all the 50
cycles without cracks formed and peeling surface with
negligible loss of mass. This shows that a good cement-
alkali synergy is useful in increasing densification of the
matrix and durability in the long run during repeated freeze-
thaw cycles.

Table 4 summarizes the degradation in compressive
strength of CNFSWB due to freeze-thaw cycling. The
compressive strength of AA-CNFSWB was significantly
lowered after 20 freeze-thaw cycles, which implies low
resistance to cyclic freezing. Beyond 20 cycles, the
deterioration was severe and the specimen could not allow
the structural integrity to be sustained in the presence of
prolonged freeze-thawed conditions. Conversely, OPC-
CNFSWB had superior durability, as it was observed that
the mechanical performance of the material remained steady
at 30 cycles, but thereafter, strength began to degrade
steadily as the material was subjected to more cycling. Due
to extensive cracking and fragmentation, no intact
specimens remained for subsequent compressive strength
testing; therefore, complete strength loss data could not be
obtained for these mixes.

The compressive strength degradation of CNFSWB
after freeze-thaw cycling is summarized in Table 5. In the
hybrid cement alkali activated systems, it is worth
mentioning that the hybrid specimens of the 8.4 g alkali
(H3-CNFSWB) and 11.2g alkali (H4-CNFSWB) had
excellent freeze-thaw stability as they were structurally
stable at all 50 cycles as shown in Fig 9. H3-CNFSWB had
compressive strength of 48.16 MPa after 50 cycles with
7.81 strength loss and H4-CNFSWB had 42.50 MPa with
strength loss of 9.82 indicating great resistance against
mechanical  degradation caused by freeze-thaw

environment.
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Fig. 9. Morphology after 50 freeze-thaw cycle: a—H3-CNFSWB;
b—H4-CNFSWB



Table 4. Influence of freeze-thaw cycle on compacted solidified soil

Specimen Number Freeze-thaw-cycles Specimen appearance state Mass loss, %
CNFSWB-0 1 Breakage was observed All
AA-CNFSWB <20 Breakage was observed All
OPC-CNFSWB <30 Breakage was observed All
H1-CNFSWB <20 Breakage was observed All
H2-CNFSWB <20 Breakage was observed All
H3-CNFSWB <50 only negligible mass loss <0.12
H4-CNFSWB <50 only negligible mass loss <0.53
Table 5. Data table of freeze-thaw cycle test results
No. fco, MPa Fc50, MPa Awn, % Afc, %
CNFSWB-0 7.1 ALL -
AA-CNFSWB 24.25 ALL —
OPC-CNFSWB 40.25 ALL —
H1-CNFSWB 36.13 ALL -
H2-CNFSWB 37.29 ALL -
H3-CNFSWB 52.24 48.16 0.38 7.81
H-4CNFSWB 47.13 42.50 >0.5 9.82

The deterioration behavior observed could be explained
by the fact that CNFSWB structures are responding
internally to repeated freezing and thawing. Squeezing
increases the initial particle spacing between particles and
increases interparticle contact leading to hydration and
densification of the matrix, though it also causes residual
internal stresses. In freeze-thaw cycling, water enters the
pore net and loosely attached fine soil particles become
softened when wet and break the adhesion between them.

Freezing of the pore water afterwards causes volumetric
expansion that causes frost-related tensile and wedging
stresses, which increase with each cycle, causing crack
propagation on the surface, peeling of the surface, and loss
of strength.

This is more pronounced in AA-CNFSWB in which
slower reaction kinetics and less compact pore structure
make things more prone to freeze-thaw damage.

Conversely, addition of cement with the correct amount
of alkali facilitates development of a more compact and
uniform microstructure which greatly minimizes infiltration
of water and frost related damages. The high results of both
H3-CNFSWB and H4-CNFSWB prove that the balanced
cement-alkali synergy is effective to promote the freeze-
thaw stability, but when cementation is insufficient, or pore
connection is high, the cement eventually deteriorated under
the cyclic freezing environment. The stability of hybrid
hydration—geopolymeric gels under cyclic freezing and
thawing, highlighting how a well-balanced C-S—H/C-A-S—
H/N-A-S-H gel network improves structural resilience. In
addition, the role of the interfacial transition zone (ITZ) has
been incorporated, emphasizing its contribution to crack
initiation and propagation under cyclic thermal stress. The
effect of excessive alkali dosage has also been clarified,
particularly regarding its potential to increase pore
connectivity, reduce gel stability, and promote alkali-
induced microcrack propagation, which collectively
accelerate freeze—thaw deterioration. These additions
provide a more systematic explanation of the durability
differences observed among the tested specimens.

3.6. Hydration mechanism

The reaction mechanisms of (a) non-activated
CNFSWB, (b) AA-CNFSWB, (c) OPC-CNFSWB, and (d)
hybrid OPC—alkali CNFSWB reveal a progressive transition
from physical bonding to hydration-dominated binding and
finally to a highly efficient hybrid geopolymer—hydration
system.

The CNFSWB system without chemical activators,
RM, FA, and SF exhibits limited intrinsic reactivity. Upon
water addition, slight dissolution of amorphous SiO, and
Al;O; from FA and SF occurs; however, the pore solution
lacks sufficient alkalinity and calcium to sustain continuous
geopolymerization or hydration reactions. Consequently, no
stable cementitious gel network is formed. The hardened
structure is mainly composed of mechanically compacted
particles, where interparticle bonding is weak and
discontinuous. This explains the very low compressive
strength and slow strength development observed in non-
activated CNFSWB.

The highly alkaline environment rapidly breaks Si—-O—
Si and Si—O—Al bonds in the amorphous phases of FA, SF,
and partially RM, releasing silicate and aluminate species
into the pore solution. These dissolved species react to
polycondensation to produce sodium aluminosilicate
hydrate (N-A-S-H) gel that serves as the major binding
phase.

Considering that RM only adds small amounts of
calcium, the total amount of Ca?* is not enough to alter the
geopolymer gel by a significant amount. Consequently, the
N-A-S-H network is rather sodium rich, cross-linking has
not occurred completely, and there has been minimal
refinement of the pores. The gel applications are used to coat
particle surfaces and partially seal voids to achieve
moderate strength enhancement than inactivated system,
and limit long-term densification and mechanical
performance due to the absence of calcium.

Si0, + OH™ + H,0 — [H;Si0,]; 3)
Al, 05 + OH™ + H,0 — [AI(OH),]™; 4)



[H5Si0,] + [Al(OH),]” + Na* > N— A —S — H gel. (5)

The OPC-activated CNFSWB system is such that OPC
triggers the hydration reactions when in touch with water.
The disintegration and hydration of CsS, C.S, and C3A
phases produce calcium silicate hydrate (C—S—H), calcium
aluminate hydrate (C-A-H), and calcium hydroxide.
Constant calcium hydroxide development increases the pore
solution pH parameter to about 1213, a factor that increases
the rate of further cement hydration and dissolution of
reactive silica and alumina present in RM, FA, and SF. The
emitted Si** and AI®** ions engage in secondary reactions of
pozzolana with Ca?* to produce more C-S—-H and C-A-S-
H gels. These hydration products slowly populate capillary
pores, enhance interparticle contacts and enhance matrix
continuity. Nevertheless, the total rate and connectivity of
gels are still low in comparison with alkali-activated
systems, so moderate strength develops.

Si0s + 7H,0 — 3C — S — H + 3Ca(OH),; (6)
Si0, + Ca(OH), + H,0 -» 3C—S —H; (7
Al, 0; + Ca(OH), + H,0 » C— A —H. 8

NaOH is used rapidly in this system to enhance the rate
of alkalinity, and dissolve amorphous aluminosilicate
phases in FA, SF, and RM, at the same time providing
calcium to the system through hydration of OPC. The
dissolved silicate and aluminate species are polycondensed
to make N-A-S-H gel, Ca ?* ions are involved in the
making of calcium-modified gels like C—(A)-S—H. The
partial intergrowth and coexistence of N-A-S—H and C—(A)
—-S-H gels makes one hybrid N-A-S-H-C-(A)-S -H
binding network with high structural connectivity and
chemical stability. These gels coat the particles uniformly,
connect interfaces, and fill in micro-voids, which form a
thick and crammed microstructure. The ultrafine particle
size and high re-activity of SF further speed up the
formation of gels by acting as nucleation sites and
consuming CH rapidly therefore further refining
microstructures. When alkali is properly balanced between
sodium-based geopolymerization and calcium-based
hydration, the early-age level of strength and high-quality
long-term mechanical performance are reached. The over-
alkalinity, on the contrary, alters the solidification of the gel
as well as causes microstructural flaws, which underlie the
necessity to optimize the dose of alkali. This hierarchical
process proves that alkali activation is sufficient to trigger
geopolymerization, but not high-strength because of the low

amount of calcium and OPC hydration is moderately
performes. The hybrid OPC-alkali activation process
enhances the maximum gel formation and densification of
the microstructure, and that is why the optimized CNFSWB
bricks have high strength and durability. This mechanistic
knowledge justifies the possibility of the development of
high-performance, low-carbon non-fired bricks using
industrial solid wastes by controlled hybrid activations.

3.7. Environmental impact and cost analysis of
CNFSWB

Since CNFSWB is designed with all the industrial solid
waste and does not need a high-temperature firing, it is
important to determine its environmental and economic
performance to prove its sustainability potential in
construction applications. This paper has considered a life
cycle analysis (LCA)-based methodology of determining
the embodied carbon dioxide emissions (EC), embodied
energy consumption (EE), and material cost of the designed
CNFSWB system.

The embodied CO; emissions include the greenhouse
gas emissions during the extraction and processing of the
raw materials, the transportation and drying of the product,
the calcination and sieving of the product. The embodied
carbon of CNFSWB was determined using Eq. 8, which
takes into consideration the mass contribution of each
constituent material and the unit embodied CO; emission
factor of that material. In the same way, the embodied
energy consumption was calculated by presenting the
energy intensity of individual raw materials by the use of the
Eqg. 9.

Embodied CO, = Y1, (m; x CO;); (8)

where m; is the mass per unit volume of each component, n
is the total number of components in the binder system, and
COi represents the embodied CO, emissions per unit mass
of the material.

The embodied energy consumption was evaluated in a
similar manner using:

Embodied CO, = ¥,i-,(m; X Energy;). 9)

The values of embodied carbon, embodied energy, and
unit cost of OPC, RM, FA, SF, NaOH, and water used in
this paper are shown in Table 6. These values are used to
determine the overall environment and economic conditions
of the composite brick system.

Table 6. EC and EE of raw materials and cost of raw materials

Raw materials Embodied CO; emission, Embodied energy, Material cost, Ref
kg COykg MJ/kg HKD/kg ’
OPC 0.83 5.75 0.918 [66-69]
RM 0.015 0 0 [70-72]
FA 0.01 0.10 0.35 [73]
SF 0.15 0.16 2.1 [68]
NaOH 0.625 4.98 2.73 [74]
H,O 0.001 0.1 0.007 [74]
*The exchange rate of GBP-HKD was regarded as around 10.28.




3.7.1. Embodied CO2 emission

The materials made using OPC are particularly famous
to be characterized by a high carbon footprint as a result of
the exhaustive level of calcinations and the use of fossil
fuels. Conversely, CNFSWB greatly minimizes the
embodied carbon with the abundant use of industrial by-
products, especially RM, FA, and SF, which are only
slightly further processed.

OPC is the constituent with the greatest embodied CO;
emission (0.83 kg CO2/kg), as compared with RM and FA,
which have insignificant carbon footprint because of the
waste origin of these substances. Though alkaline activators,
including NaOH, may have a rather high embodied carbon,
the dosage used in CNFSWB is significantly reduced
relative to traditional geopolymer systems, so the overall
contribution is reduced.

Consequently, the overall embodied carbon of
CNFSWB is significantly lower in comparison with the
conventional fired clay bricks and OPC-based masonry
units. The ratio between compressive strength and
embodied carbon per MPa also demonstrates the higher
carbon efficiency of CNFSWB, pointing out that the high
mechanical performance is attained by a minimal
environmental impact.

3.7.2. Embodied energy

This is the same case of embodied energy consumption
of CNFSWB as embodied carbon. The embodied energy
contribution is dominated by OPC and NaOH because they
are energy-intensive to produce and RM and FA have
almost zero embodied energy. One of the most crucial
benefits of CNFSWB is the fact that this manufacturing
route does not require energy input (either by kiln firing,
sintering, or steam curing).

Therefore, the overall embodied energy of CNFSWB is
still much less than the embodied energy of the fired bricks,
UHPC, and cement-based masonry material in the literature.
When compressive strength is taken into account, CNFSWB
has shown a low embodied energy per MPa, indicating
synergistic interaction between uniaxial compaction and
chemical activation to obtain dense microstructures and
high strength with low energy input.

3.7.3. Material cost analysis

CNFSWB material was assessed in terms of unit prices,
provided in Table 6. RM was also assumed conservatively
in that it has no cost, since the waste is an industrial waste
that in most cases does not fetch commercial value, but costs
in terms of disposal. FA and water also report very low
costs, and SF and NaOH are the main contributors of the
cost. Although alkaline activators are included, the total cost
of CNFSWB can be considered competitive because firing
energy is removed, and the level of OPC substitution with
waste-derived materials is high. CNFSWB has a lower cost
per unit volume than the traditional fired bricks and cement-
based masonry units. More to the point, CNFSWB has a low
material cost per MPa when normalized by compressive
strength, which means that it is highly cost-efficient when it
comes to the delivery of mechanical performance. This is a
big edge, especially when it comes to applications that need
high strength, durability and sustainability.

3.7.4. Sustainability implications

CNFSWB has a high potential as an alternative to the
traditional masonry materials through its ability to be low
embodied carbon and low embodied energy and at the same
time be competitive on material costs, thus making it a
sustainable material. These two properties of the combined
application of industrial solid wastes and densification
technology allow CNFSWB to be more efficient than
conventional materials in the environment per unit strength.
In general, the findings confirm that CNFSWB is a cost
effective and resource efficient multi-purpose construction
material, in addition to being an environmentally friendly
resource with regard to the construction of infrastructural
and building projects on a large scale.

4. CONCLUSIONS

The strength formation of compressed non-fired solid
waste blocks (CNFSWB) made of RM, FA, and SF is
controlled firstly by the chemical activation mechanism, and
the physical compaction at 10 MPa has the most impact on
the first-stage densification, but not effective for bonding.

Non-activated CNFSWB has a zero compressive
strength, which proves the lack of any important self-
cementing properties of the RM—FA-SF system without
chemical activation. NaOH activation alone (AA-
CNFSWB) triggers the dissolution of aluminosilicate and
geopolymerization process, thus producing moderate
strength, but the insufficient amount of calcium prevents
further densification of the gel and long-term mechanical
behavior.

The cement hydration-driven secondary pozzolanic
reactions stabilize the strength evolution of the OPC-
activated CNFSWB to a compressive strength of about 40
MPa in 28 days.

The activation of OPC with NaOH hybrid allows
improving the mechanical performance significantly,
allowing the simultaneous creation of C—(A)-S—H and N-
(A)-S-H gels, which increases the homogeneous
microstructure.

The optimal concentration of NaOH of 8.4 g (H3-
CNFSWB) provides the maximum compressive strength of
28 days of 52.24 MPa, which demonstrates that there is
good interaction between the alkali activation process and
the cement hydration process. H3-CNFSWB and H4-
CNFSWB samples were found to be of good freeze-thaw
resistance (they showed negligible loss of strength and mass
at repeated thawing-freezing cycles).

The lack of NaOH does not activate the aluminosilicate
fully, and excessive alkalinity will have negative effects on
the strength because the gel in alumina silicate will not
polymerize properly and more micro structural defects will
be formed.

The microstructural and phase analyses (XRD, FTIR,
TG-DTG, and SEM) have continuously verified the gradual
change of crystalline precursors to pure gel phases with the
predominant ratio, i.e., hybrid activation, OPC activation,
alkali activation, and compaction-only. These findings
indicate that using controlled hybrid activation strategy,
industrial solid wastes can be converted to high-strength,
low-carbon non-fired construction blocks.
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