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ARTICLE INFO ABSTRACT

Keywords: Concrete has low performance in sulfuric acid environment because of its alkaline nature and shown very high
Nﬂﬂopﬂr'ﬁdes ) degree of deterioration after exposure period. In recent years, the development of long-lasting cement binders
Wastes tile ceramic has become a key priority in the construction industry. This study involved to develop high resistance concrete to

Modified concrete sulphuric acid attacks utilizing industrial wastes such as tile ceramic and bottle glass. Concrete specimens were

prepared with fully crushed ceramic as natural aggregate replacement, the ordinary Portland cement (OPC) was
replaced with 60 % of wastes tile ceramic powder (WTCPs) incorporating varying level (2 %, 4 %, 6 %, 8 % and
10 %) of silica nanoparticles from wastes bottle glass. The performance of the designed concrete was assessed
after 6 and 12 months of exposure to a 10 % suphuric acid and sulphate solutions using several tests, including
residual compressive strength, weight loss, ultrasonic pulse velocity (UPV), visual inspection, and microstruc-
tural analysis. The experimental findings revealed a notable enhancement in the durability of the proposed
concrete against sulphuric acid and sulphate attacks when 60 % of OPC was replaced with WTCPs combined with
4-6 % waste bottle glass nanoparticles (WBGNPs). After 12 months of exposure to sulfuric acid, incorporating
WTCPs and WBGNP into the cement matrix significantly reduced strength, weight, and UPV losses from 74.3 %,
15.4 %, and 66.9 % to 37.9 %, 8.1 %, and 34 %, respectively. A similar trend was observed under sulphate attack,
where losses decreased from 15.1 %, 3.3 %, and 31.5 % to 1.4 %, 1.7 %, and 7.3 %. The substitution of cement
with WTCPs and WBGNPs enhances concrete durability by refining pore structure and lowering permeability.
The pozzolanic reaction between aluminosilicate and calcium hydroxide generates additional calcium silicate
hydrate (C-S-H) gel, which densifies the matrix, limits microcrack formation, and strengthens resistance to
chemical ingress. Consequently, this process effectively controls the excessive formation of gypsum and ettrin-
gite, reducing deterioration, extending service life, and improving overall performance in aggressive environ-
ments. Its concluded that using high volume of WTCPs incorporating silica nanoparticles leads to produce high
performance concrete to aggressive environments with many environmental benefits such as minimize the de-
mand of natural resources, reduce the landfill problems and contribute to control the carbon dioxide emission by
reduce the used cement in construction industry.
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1. Introduction

In construction industry, concrete is widely used and researched due
to its availability of local materials, low cost, adaptable composition,
and ease of construction [1,2]. Concrete plays a critical role in infra-
structure development but is associated with significant environmental
impacts due to the high carbon emissions from ordinary Portland cement
(OPC) production [3,4]. However, with increasing the demand of
cement in construction industry, the carbon dioxide emission from this
industry trend to increase and contributed to 8 % of total greenhouse
emission [5-7]. Several technologies have been adopted to reduce CO-
emissions from cement production, including material efficiency stra-
tegies (such as optimizing mix design and extending service life), the use
of alternative materials, fuel switching, energy-efficiency improve-
ments, and carbon capture and storage [8-10]. The use of alternative
materials—particularly supplementary cementitious materials (SCMs)
as partial replacements for cement—is widely practiced. Various types
of low-carbon cement are now produced using industrial by-products
such as fly ash, slag, and rice husk ash, etc. Incorporating SCMs into
the cement matrix not only reduces CO: emissions but also improves the
mechanical performance and extends the service life of concrete by
enhancing its durability in aggressive environments. Concrete durability
generally increases with higher SCM content; however, the compressive
strength often declines when SCMs exceed approximately 20-30 % [11,
12]. This presents a major challenge for producing ultra-durable, low--
carbon concrete using high SCM volumes (up to 50 % cement
replacement).

Ordinary Portland cement concrete is generally known for its low
resistance to sulfuric acid exposure. It is widely accepted that concrete
structures show reduced durability in aggressive environments,
including sulfuric acid and sulphate conditions, which can greatly
shorten their service life [13]. In a study by Metha [14] related to
concrete’s durability and progress for next half century they identified
the primary reasons for the failure of concrete in terms of it hierarchy
order including corrosion of steel, frost-mediated damages in the cold
climate, and physicochemical reaction under the exposure of corrosive
environment. The pH values of concrete typically range between 11 and
12. When exposed to acidic substances, concrete undergoes a redox re-
action that breaks the calcium hydroxide and various products emerge
from cement hydrations, weakening its strength and durability [15].
Notably, HySOy4 is a major harmful chemical agent that affects concrete,
causing both acid and sulphate corrosion. In engineering practice, sul-
phuric acid environments are commonly encountered, such as in acid
rain [16-18], industrial settings, and sewage treatment systems [2,19,
20]. Consequently, research on concrete’s resistance to sulphuric acid
has gained increasing attention, with scholars conducting various
studies. However, there is currently no standardized method for evalu-
ating concrete’s resistance to sulphuric acid [21,22]. To assess the
damages of concrete, most researchers rely on various easily measurable
indicators like visual appearance, corrosion depth, mass loss, and
strength loss after subjected to HySO4 solution for specific durations.
Surface roughness is also a key factor influencing the bonding perfor-
mance between concrete and rock interfaces [23], and the surface of
contact amid casted concrete and precast.

Although it can tolerate brief contact with mild acids, OPC cannot
withstand solutions with a pH of 3 or below[24]. Sulfuric acid is espe-
cially damaging to concrete because it causes both acid attack and sul-
fate attack. The degradation of concrete sewer pipes due to sulfuric acid
is a widespread global issue. Additionally, industrial waste often con-
tains significant amounts of sulfuric acid, exposing concrete structures in
industrial areas to potential damage. Sulfuric acid reacts with calcium
hydroxide, a cement hydration product in concrete, forming expansive
gypsum and ettringite [25,26]. The formation of gypsum in concrete
results in increased volume, leading to internal stress, expansion, and
micro-cracks [12]. Gypsum interacts with calcium aluminate hydrate
(C3A), leading to the formation of ettringite, which has a volume nearly
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seven times greater than the original compound [27]. The presence of
ettringite generates internal pressure within the concrete, causing cracks
[20]. Over time, the corroded concrete loses its mechanical strength,
which leads to further cracking, spalling, and eventual destruction [28].

A global rise in concrete structure damage due to acid exposure has
become noticeable. This is mainly driven by the growing presence of
acidic environments resulting from expanding urban and industrial ac-
tivities [29]. Acidic conditions can also originate from agricultural
sources. Given the high susceptibility of cementitious materials to acid
exposure, the study of acid attacks on concrete is of significant impor-
tance [30-32]. Many researchers have examined the durability of
cement materials when exposed to various acids, particularly solutions
with a pH lower than, equal to, or higher than 4 [33]. Several studies
have concentrated on the impact of strong acids, including sulfuric acid
(H2S0.), hydrochloric acid (HC), carbonic acid (H2COs), and phosphoric
acid (HsPO.) [8], on cement materials, mortar, and concrete without
mineral additives [34].

The hydration bond of concrete is weakened under the exposure of
sulphuric acid, resulting in substantial damage and durability reduction
[35,36]. Nonetheless, the concrete must possess sufficient strength to
extend the lifespan of construction projects, withstand
weathering-related issues, attack by chemicals, abrasions, and other
types of deteriorations, while upholding its anticipated performance
[37]. Traditional concrete is vulnerable to chemicals attack especially to
acid and sulphates, raising considerable distress. Studies showed that
OPC-based concrete’s alkaline nature make them prone to acids attack,
causing the cement paste components to disintegrate upon exposure to
acids [38].

Acid degradation of concrete structures present substantial chal-
lenges for strength and durability performance related to the facilities of
bio-gases and water treatments [39,40]. Sulfuric acid attack, in partic-
ular, is a common cause of damage to concrete’s durability. The re-
actions amid the surface particles on concrete can lead to the formation
of ettringite, gypsum, and other corrosive by-products [41]. Upon con-
tact with sulfuric acid, concrete begins to deteriorate, and this deterio-
ration can be categorized into two stages. The first stage involves the
interaction with calcium hydroxide, while the second stage results from
the reaction with calcium silicate hydrate [42]. These chemical pro-
cesses cause changes in the weight, strength, and microstructure of both
concrete and mortar, affecting their physical and chemical properties.
Such factors must be carefully considered during construction, partic-
ularly in coastal regions [43]. Therefore, the issue of sulfuric acid attack
is a key area of research in structural engineering, drawing significant
attention worldwide [44].

The influences of HySO4 on the properties of concrete have widely
been studied. The effect of high volume of aluminosilicate wastes in-
clusion in concrete as a SCM for partial replacement of OPC was
examined [45]. Their findings indicated that adding this material
enhanced the concrete’s resistance to acid. The authors concluded that
the inclusion of these materials improved the concrete’s resistance to
acid. Additionally, Chindaprasirt et al. [46] found that H,SO4 leads to
the OPC-based concrete’s weight losses that increase with exposure time
in acid. The impact of substituting up to 20 % of OPC weight with
sugarcane bagasse ash in cement paste and mortar was examined,
revealing a significant enhancement in the concrete’s resistance to sul-
furic acid attacks, thereby reducing both strength and weight loss per-
centages [47]. It was suggested [48] that 21 % replacement of OPC with
SCMs can enhance the durability performance, as SCMs preserve the
reference cement’s key characteristics. In another investigation [49], the
authors reported that the inclusion silica fume (SF) leads to reduce the
weight loss after exposure to 3 % HsSO4 solution and enhanced it
durability performance and residual strength. Joshaghani and Moeini
[50] by incorporating rice husk ash and bagasse, wherein the inclusion
of these materials was found to enhance the acid resistance mortars.

Nanosilica serves as an efficient binder for cement and aggregates
due to its large specific surface area [51], and small particle size, which
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contribute to its high pozzolanic activity [52]. However, because of their
high reactivity and mobility, silica nanoparticles used in the concrete
industry present notable environmental risks. Mitigating these risks re-
quires the implementation of engineering controls, proper handling
procedures, personal protective measures, and comprehensive training.
By reducing permeability, nanosilica particles effectively fill voids and
pores [53], thereby strengthening the Interfacial Transition Zone (ITZ).
Additionally, nanosilica accelerates the concrete hydration process,
promoting the formation of calcium-silicate-hydrate (C-S-H) gel [52],
which further enhances the overall strength of the concrete [53]. When a
reaction between nanosilica and Ca(OH), takes place, the Portlandite
(Ca(OH)3) content goes down, forming a dense material [54]. In terms of
resistance to corrosion and extreme temperatures, mechanical proper-
ties and durability are enhanced when nanosilica is added to cement at 4
% [55-57]. Poor dispersion can produce agglomeration [55,57] and
reduce workability [56] when high amount of nanosilica is used, and
nanosilica replacement is best performing at 0.5-4 %.Therefore, using
nano-silica together with a high volume of supplementary cementitious
materials as a cement replacement can provide an effective solution to
improve the low strength performance of proposed concrete.

The use of Artificial Intelligence (AI) in the construction sector,
especially within concrete research, has grown remarkably in recent
years. This growth is motivated by the demand to enhance material
performance, minimize experimental expenses, and accurately forecast
concrete behavior under different conditions [58]. Recent research has
confirmed the efficiency of Al methods in fulfilling these goals, repre-
senting a major advancement in the design and assessment of concrete
mixtures [59]. In this experimental, waste ceramic tiles and silica
nanoparticles derived from bottle glass were chosen for their abun-
dance, affordability, and notable environmental advantages. As com-
mon by-products of construction and household waste, these materials
help minimize landfill accumulation and support sustainable waste
management practices. Their high silica content and amorphous char-
acteristics enhance pozzolanic reactivity, contributing to a denser
microstructure and greater concrete durability. The incorporation of
these waste materials reduces cement usage and carbon emissions while
offering a cost-effective and environmentally friendly solution for pro-
ducing high-performance concrete. This research explores the utiliza-
tion of WCTPs as a partial replacement for OPC (60 %) and crushed
wastes tile ceramic (WTC) as a substitute for natural aggregates to
enhance resistance against sulphuric acid and sulphate attacks.
Furthermore, silica nanoparticles obtained from waste glass bottles
(WBGNPs) were added at varying levels to accelerate early hydration
and strengthen durability under aggressive conditions. The modified
concrete was tested in 10 % H2SO+ and 10 % MgSO. solutions over
exposure periods of 6 and 12 months. Performance evaluations included
measurements of residual compressive strengths (RCS), weight losses
(WL), ultrasonic pulse velocity (UPV), visual appearance, X-ray crys-
tallography (XRD), field emission scanning electron microscopy
(FESEM), energy dispersive X-ray analysis (EDX), and Fourier-transform
infrared spectroscopy (FTIR) analyses.

2. Materials and methods
2.1. Characterizations of materials

In this study, waste tile ceramic materials were collected from the
construction industry. The received materials were initially crushed
using a Los Angeles Abrasion machine equipped with 25 stainless steel
balls, each 40 mm in diameter, operating at a drum speed of 25-30 rpm
(rpm). The crushed material was then sieved through a 600 um sieve to
remove larger particles, ensuring consistency in fineness by maintaining
the same grinding procedure, duration, weight, and number of balls for
each batch. The resulting fine powder was further ground for six hours
until it passed through a 75 um sieve, with fineness checked at one-hour
intervals. The super-fine powder obtained was subsequently stored and
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used for mix design preparation.

For the production of silica nanoparticles, waste glass bottles
collected from a local market were cleaned with tap water to remove dirt
and impurities. The cleaned bottles were crushed using the Los Angeles
Abrasion machine and sieved through a 600 um sieve to separate coarse
particles. The sieved glass was then ground for an additional three hours
to achieve a particle size of approximately 25 um. The resulting glass
powder was annealed at (110 + 5) °C for one hour and then subjected to
a further seven hours of grinding using a ball milling machine to obtain a
uniform distribution of glass nanoparticles.

Industrial waste materials, including WCTPs and WBGNPs, were
prepared and used as partial replacements for OPC in concrete pro-
duction (Fig. 1). Crushed ceramics served as replacements for fine and
coarse aggregates. The materials were analyzed for their chemical
composition, physical properties, morphology, and microstructure using
methods such as Pycnometer testing [60], BET analysis [61], and par-
ticle size analysis (PSA) [62]. The OPC, meeting ASTM Type I cement
standards (ASTM C150) [63], exhibited specific gravity (SG) of 3.15, a
fineness of 3995 cm?/g, and a median particle size of 16.4 um, with 97 %
of particles passing a 45 pym sieve.

X-ray fluorescence (XRF) spectroscopy was used to determine the
chemical composition of the binder materials, including OPC, WTCPs,
and WBGNPs.Table 1 outlines the OPC’s chemical composition, high-
lighting its high calcium oxide (CaO) content, which enhances hydration
reactions and early strength. The WCTP, after grinding, achieved a
median particle size of 17.1 ym, with 97 % of particles below 45 pm,
satisfying ASTM C618 pozzolanic requirements [64]. WCTP exhibited a
specific surface area of 16.4 m?/g, an SG of 3.06, and was primarily
composed of silica and alumina oxides (85.6 %). Sodium oxide content
(13.2 %) was identified as influential in hydration reactions. Trans-
mission Electron Microscopy (TEM) analysis was employed to determine
the median particle size of the nanomaterials. The results revealed that
the WBGNPs had a median particle size of 80 nm, with a specific surface
area of 206 m?/g and a specific gravity of 1.02. The chemical compo-
sition of WBGNPs-derived silica nanoparticles revealed a high concen-
tration of alumina and silica oxides (83 %), with both materials adhering
to ASTM C618 standards.

Cleaned crushed granite stones were used as coarse aggregates in the
concrete mixes, prepared and stored under saturated surface dry (SSD)
conditions to minimize free-water content variations. As shown in Fig. 2,
the grading of coarse aggregates followed ASTM C136 standards [65],
with the granite aggregates exhibiting a specific gravity (SG) of 2.67, a
water absorption rate of 1.2 % (ASTM C127), and a maximum particle
size of 10 mm. Additionally, crushed ceramic aggregates, adhering to
ASTM C33 specifications, were used as an alternative to natural aggre-
gates, also with a maximum particle size of 10 mm.

For fine aggregates, river sand meeting ASTM C33 specifications
[66] was used, with grading verified through sieve analyses in compli-
ance with ASTM C136. The sand, maintained in SSD conditions as per
ACI-219 standards, exhibited a specific gravity and water absorption
capacity evaluated according to ASTM C128. The fineness modulus of
the sand was determined to be 2.8, confirming its suitability for concrete
mixes. Ceramic waste was also crushed and sieved to meet fine aggre-
gate specifications in accordance with ASTM C33, successfully
substituting natural sand in the designed concrete mixtures.

2.2. Mix design

The incorporation of high volumes of waste materials (up to 50 %) as
partial cement replacements in concrete provides substantial sustain-
ability advantages. These include improved durability in aggressive
environments, reduced carbon emissions from cement production,
conservation of natural resources, decreased energy demand, and the
diversion of industrial by-products from landfills [57,68]. This approach
aligns with the principles of the circular economy and promotes envi-
ronmentally responsible construction practices. In this study, concrete
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(d) Fine crushed ceramic

(e) Coarse crushed ceramic

Fig. 1. Raw materials used in preparing the modified concrete specimens: (a) OPC, (b) WTCPs, (c) WBGNPs, (d) fine crushed ceramic (< 4.75 mm), and (e) coarse

crushed ceramic (< 10 mm).

Table 1
Elemental weight percentages of the chemical compositions for OPC, WTCPS,
and WBGNPs.

Composition OPC WTCPs WBGNPs
SiO, 17.60 71.7 69.14
Al,03 4.54 13.9 13.86
Na,O 2.49 13.21 8.57
Fe,03 3.35 0.37 0.24
CaO 67.84 0.02 3.16
MgO 2.18 0.64 0.68
K20 0.27 0.03 0.01
LOI 1.73 0.13 0.16

100 f — ASTM €33 lower limit |
— ASTM C33 upper limit |
i

1- Fine ceramic
80 o — River sand

] — Coarse ceramic
== Crushed stone

Passing, %

40 -

20 -

0.01 0.1 1.0 4.0 10.0

Particle Size, mm

Fig. 2. Particle size distributions of river sand, crushed stones, and WTC ag-
gregates (fine and coarse) in compared to ASTM C33 specifications [67].

was designed with 60 % WTCPs as a replacement for OPC. However,
utilizing such a high proportion of WTCPs as a supplementary cemen-
titious material often leads to slower early-age strength development
due to its lower reactivity compared to OPC. The reduced early strength

of WTCPs-modified concrete can restrict its use in construction appli-
cations that require rapid formwork removal, early load-bearing ca-
pacity, or accelerated construction timelines. To address this limitation,
nanosilica derived from waste bottle glass has demonstrated significant
potential in enhancing the early strength, durability, and sustainability
performance of concrete. Owing to their ultra-fine particle size and large
specific surface area, these nanoparticles accelerate hydration, leading
to denser microstructures and improved early strength [69,70]. Such
improvements contribute to the production of eco-friendly concrete by
reducing cement consumption and encouraging the reuse of industrial
waste, thereby supporting green construction initiatives. Considering
these benefits, varying proportions of WBGNPs were incorporated into
the cement matrix to develop high-performance concrete suitable for
aggressive environments, as presented in Table 2.

The proposed binder was prepared by blending OPC, WTCPs, and
WBGNPs for three minutes to achieve a homogeneous mix. The mixing
process utilized a 0.2 m® drum mixer to ensure uniformity in the con-
crete mixtures. Initially, 50 % of the crushed ceramic aggregates were
mixed for two minutes, followed by the addition of the remaining 50 %,
which was blended for an additional three minutes in the dry state.
Subsequently, the ternary blended binder, coarse aggregates, and fine
aggregates were mixed in their dry state for five minutes. Water and a
solution of superplasticizer (SP) were then added to activate the mix,
which was further blended for four minutes before testing.

The workability of the fresh concrete was evaluated via slump tests
as per ASTM C143, and the mix was poured into 100 mm x 100 mm x
100 mm steel molds following ASTM C579-18. The concrete was poured
in layers, each compacted using a vibration table to minimize air voids
and ensure uniformity. Mold surfaces were smoothed with a plasterer
float. The prepared concrete specimens were maintained under labora-
tory conditions for 24 h at 26 °C + 1.5 °C and relative humidity above 75
%, followed by demolding and submersion in water for curing over a
one-week period. The mixing and curing protocols ensured consistent
concrete quality, as detailed in Table 2, supporting the evaluation of the
designed mix’s performance and durability.

2.3. Tests procedure

After 28 days of curing, the compressive strength of the modified
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Table 2

Design of a sustainable concrete mix incorporating silica nanoparticles (kg/m?).
Mix code Binder, kg/m* WTC aggregates, kg/m> Water to Binder SP, %

OPC WTCPs WBGNPs Fine Coarse

100 % OPC 420 0 0 816 894 0.48 1.5
60 % WTCPs 168 252 0 816 894 0.48 1.5
2 % WBGNPs 168 252 8.4 816 894 0.48 1.5
4 % WBGNPs 168 252 16.8 816 894 0.48 1.5
6 % WBGNPs 168 252 25.2 816 894 0.48 1.5
8 % WBGNPs 168 252 33.6 816 894 0.48 1.5
10 % WBGNPs 168 252 42.0 816 894 0.48 1.5

concrete was tested to evaluate the influence of WTCPs-WBGNPs on
concrete performance and to determine the optimal content. For each
mixture, three concrete cubes were tested, and the average result was
recorded. In compared to real environments, high concentration of
sulphuric acid and sulphate (10 %) are used to accelerate the deterio-
ration process which helps to simulate and predict the long-term per-
formance of concrete within a shorter testing period (6-12 months). The
effects of sulfuric acid on concrete specimens were assessed by
immersing 28-day-old concrete samples in a 10 % H2SOa solution pre-
pared using deionized water [71]. Six specimens of each concrete type
were evaluated, with specimens weighed before immersion and tested
over a 365-day period. The acid solution was refreshed every 60 days to
maintain stable pH conditions. Measurements were conducted at 180
days and one year, following ASTM C267 guidelines, to evaluate weight
losses, residual compressive strength (RCS), and microstructural
changes. For each age, three specimens were evaluated and the average
value was considered. Sulfate attacks were primarily attributed to the
infiltration of sulfate ions ((S04)?"), which degraded the concrete by
altering concentrations of magnesium (Mg), calcium (Ca), and sodium
(Na) in the solution. Results indicated improved resistance of the con-
crete against sulfuric acid and magnesium sulfate solutions in harsh
environments.

Microstructural analyses of acid-immersed specimens employed
advanced techniques such as X-ray diffraction (XRD) [72], field emission
scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (FESEM-EDX) [73], and Fourier-transform infrared spec-
troscopy (FTIR) [74]. XRD was utilized to identify crystalline phases,
lattice parameters, and orientations in the mixes, with data collected
over a 5-90° angle range at 0.02° increments. MDI Jade and Match
software confirmed the amorphous characteristics of the specimens.
High-magnification scanning electron microscopy (SEM) [75] analyzed
surface morphologies of modified cement samples after one year of
exposure. The samples for FESEM-EDX analysis were collected from the
central portion of the cube immediately after the concrete specimens
were crushed during the compressive strength test and were then
promptly immersed in containers filled with acetone. Samples were
mounted, dried, gold-coated, and imaged at 20 kV with 1000 x magni-
fication, providing critical insights into morphological changes. These
observations underscore the improved durability of the modified con-
crete in aggressive environments.

3. Results and discussion
3.1. Workability and compressive strength

The effect of incorporating high volumes of WTCPs and varying
content WGBNPs on the workability and compressive strength of con-
crete was evaluated. Workability was assessed using slump tests per
ASTM C143, revealing that replacing 60 % of OPC with WTCPSs reduced
slump values by 18.95 %, from 190 mm to 154 mm. The incorporation of
WTCPs as a partial replacement for OPC decreases the slump and
workability of concrete, primarily due to its angular particle shape, fine
particle size, and limited water absorption capacity. These features

increase internal friction and the total surface area within the mix,
thereby demanding additional water to attain a similar flow to that of
conventional concrete. Moreover, the ceramic powder lacks the smooth
and lubricating nature of cement particles, resulting in a stiffer mix and
reduced ease of placement and compaction [67].

Similarly, the addition of WGBNPs further decreased workability,
with slump values decreasing by 3.24 %, 7.79 %, 10.38 %, 14.28 %, and
16.88 % as WGBNPs content increased from 0 % to 2 %, 4 %, 6 %, 8 %,
and 10 %, respectively (Table 3). The incorporation of nanosilica into
the cement matrix markedly decreases workability because of its ultra-
fine particle size and large surface area [76,77], which elevate water
demand and particle friction. Nanosilica particles absorb a substantial
portion of the mixing water, reducing the amount of free water available
for lubrication. Moreover, their high pozzolanic reactivity accelerates
the formation of calcium silicate hydrate (C-S-H) gels, further stiffening
the mix. Consequently, the fresh paste becomes denser and less fluid,
resulting in a significant reduction in workability [78].

Table 3 also highlights the impact of WGBNPs on the compressive
strength of concrete over time. Incorporating WGBNPs at concentrations
of 2 %, 4 %, 6 %, 8 %, and 10 % in the high-volume WTCPs mix (60 %)
enhanced both early and long-term compressive strength. At 28 days,
the compressive strength increased to 28.3, 36.9, 35.3, 31.1, and 26.9
MPa, surpassing the strength of the ceramic-based mix without nano-
particles (26.4 MPa). This improvement is attributed to the nano-
particles’ ability to accelerate hydration, densify the gel matrix, reduce
porosity, and refine the microstructure. The inclusion of nanomaterials
facilitates filling and micro-aggregate effects, forming a denser and
stronger cementitious matrix. Barbhuiya et al. [51] reported that the
inclusion varying level in concrete matrix significantly can be enhance
the strength properties.

3.2. Sulfuric acid resistance

3.2.1. Residual compressive strength

The residual compressive strength of concrete specimens exposed to
10 % sulfuric acid was assessed over 6 and 12 months to evaluate the
strength and durability of the proposed concretes. As shown in Fig. 3, the
RCS of all specimens decreased with prolonged exposure. Control
specimens exhibited significant deterioration, with compressive
strength dropping from 43.9 MPa at 6 months to 11.3 MPa at 12 months.
In contrast, modified concretes containing high-volume WCTP and silica
nanoparticles from WBGNPs demonstrated improved resistance. The 60

Table 3
Slump and compressive strength of modified concrete.
Tests OPC WTCPSs WGBNPs
100 60 %
% ’ 2% 4% 6% 8% 10
%
Slump, mm 190 154 149 143 138 132 126
Compressive 43.9 26.3 28.3 36.9 35.3 31.1 26.9
strength, MPa
Strength standard 2.4 1.3 2.1 1.9 1.4 1.8 2.2

deviation +
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Fig. 3. Residual compressive strength of concrete specimens after immersion in
the acid solution for 6 and 12 months.

% WCTP specimens showed a reduction from 26.4 MPa to 21.8 MPa at 6
months and further to 15.2 MPa at 12 months. Specimens containing 4 %
WBGNPs exhibited better retention, with strength decreasing from 36.9
MPa to 31.5 MPa and 21.7 MPa over the same periods, while those with
6 % WBGNPs followed a similar trend, decreasing from 35.3 MPa to 30.1
MPa and 21.9 MPa. These findings highlight the superior acid resistance
of modified concretes, attributed to the dense microstructure and
reduced porosity provided by WTCP and WBGNPs.

Replacing 60 % of OPC with WTCPS and incorporating varying
contents of WBGNPs significantly improved the resistance of concrete
specimens to sulfuric acid attack, as illustrated in Fig. 4. After 6 months
of immersion in a 10 % sulfuric acid solution, strength loss in the WCTP
specimens was substantially reduced from 37.1 % to 14.7 % with the
addition of 4 % and 6 % WBGNPs, respectively. Over a 12-month im-
mersion period, control specimens with OPC showed severe deteriora-
tion, with strength loss reaching 74.3 %. In contrast, concrete specimens
containing 60 % WCTP and supplemented with 4 % and 6 % WBGNPs
exhibited significantly lower strength losses of 41.2 % and 37.9 %,
respectively. These results demonstrate the effectiveness of WCTP and
WBGNPs in enhancing acid resistance, reducing deterioration, and
improving the durability of concrete in aggressive environments.

1 B 60% wTCPs

704 B 4+ WBGNPs

] [ 6% wBGNPs

Strength Loss, %

6 12

Immersion Time, Months

Fig. 4. Strength loss of proposed concrete specimens after immersion in acid
solution for 6 months and 12 months.
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The compressive strength loss of concrete exposed to sulfuric acid is
primarily caused by the breakdown of the C-(A)-S-H gel and CaCOs
network due to H* ions from H2SO4, which produce Si(OH)s and Al**. The
enhanced resistance of modified concrete mixtures, containing 60 %
WTCPS and 4-6 % WBGNPs, is attributed to their high silica and
alumina content and reduced calcium hydroxide (Ca(OH)2) due to
pozzolanic reactions, which mitigate sulfuric acid attacks. In contrast,
the degradation of OPC concrete is accelerated by significant gypsum
formation from calcium-sulfuric acid reactions. The expansive pressure
from gypsum increases cracking and microstructural damage, leading to
greater strength loss in OPC concrete compared to the WTCPS-WBGNP
mixtures, which exhibited improved durability and reduced
deterioration.

The reactions outlined in Egs. (1)-(3) describe the formation of
gypsum (calcium sulphate dehydrate (CaSO4. 2H50)) and ettringite
(3Ca0. Al,O3. 3 CaS0O4. 32H,0) due to the interaction between sul-
phuric acid and cement hydration products, which are key factors
contributing to sulphate attack in concrete [79]. In Eq. (1), sulphuric
acid reacts with Portlandite (Ca(OH)2) to produce calcium sulphate
dihydrate, a compound that precipitates within the concrete’s pore
structure. Eq. (2) shows that sulphuric acid also attacks calcium silicate
phases, leading to further gypsum formation along with the release of
orthosilicic acid and water, thereby weakening the silicate matrix and
increasing porosity. Subsequently, as described in Eq. (3), gypsum reacts
with calcium aluminate phases (3CaO. Al,03. 12H50) in the presence of
water to form ettringite, a highly expansive mineral. The continuous
accumulation of gypsum and ettringite causes significant internal stress,
volumetric expansion, and microcracking within the cement paste. Over
time, these cracks facilitate deeper ingress of aggressive agents, accel-
erating deterioration, reducing structural integrity, and ultimately
shortening the concrete’s service life.

Portlandite + Sulphuricacid— Calciumsulphatedihydrate (@D)]

Calciumsilicate + Sulphuricacid— Calciumsulphate + Orthosilicicacid
+ Water (2)

Calciumaluminatemonosulfate + Calciumsulphatedehydrate

+ Water— Ettringite 3)

The chemical reactions depicted in Egs. (1), 2, and 3 demonstrate
that sulfuric acid deteriorates concrete through both sulfate and
hydrogen ions, forming expansive byproducts such as gypsum and
ettringite on the surface (Fig. 5). Gypsum, initially produced upon acid
interaction, reacts with calcium aluminate phases in the cement matrix
to generate ettringite, which further increases tensile stresses, leading to
cracks and peeling. These byproducts are soft, movable, and gelatinous,
resulting in the surface softening and degradation of the concrete
specimens. This highlights the dual corrosive action of sulfuric acid and
the role of expansive compounds in accelerating concrete deterioration.

3.2.2. Weight loss

Weight loss testing is a widely used method for assessing the degree
of concrete degradation under sulfuric acid exposure due to its
simplicity and convenience. As shown in Fig. 6, concrete weight loss
increased with prolonged immersion in a 10 % H2SOa solution over 6
and 12 months. Replacing 60 % of OPC with WCTP and incorporating
varying amounts of WBGNPs reduced weight loss significantly. After 6
months, weight loss decreased from 4.97 % in control specimens to 4.52
%, 3.07 %, and 2.56 % with 60 % WCTP and 4 % and 6 % WBGNPs,
respectively. A similar trend was observed at 12 months, where weight
loss dropped from 15.35 % to 10.41 %, 8.33 %, and 8.12 %. The
reduction in degradation was attributed to the lower CaO content in the
modified matrix, limiting gypsum formation and reducing spalling and
surface damage. As well as, the WTCP and WBGNPs help reduce the
weight loss of concrete exposed to acid attack by producing a denser and
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Fig. 6. Effects of 10 % H»SO4 acid solution exposure on the weight loss of
concrete specimens immersed for 6 and 12 months.

less permeable microstructure through pozzolanic reactions and filler
effects. These mechanisms limit the penetration of acidic substances into
the concrete matrix. As a result, long-term durability is improved by
generating more stable compounds and lowering the amount of reactive
calcium hydroxide in the cement paste.

Initially, concrete specimens showed a slight weight gain during the
first two to three months of immersion due to the reaction between
sulfate ions (SO4*) and hydration products, forming expansive com-
pounds such as gypsum and ettringite, which filled porous spaces. Over
time, however, the accumulation of these products caused internal
stresses, cracking, and eventual weight loss. The pozzolanic reaction
from WTCPs and WBGNPs substitution further improved durability by
decreasing calcium hydroxide and increasing fine filler materials,

enhancing resistance to sulfuric acid. These findings align with prior
studies on the durability of pozzolanic material-modified concrete.

3.2.3. Ultrasonic pulse velocity

The effects of sulfuric acid on the internal structure of modified
concrete specimens were assessed using ultrasonic pulse velocity (UPV)
tests, as shown in Fig. 7. UPV readings demonstrated an increase in
damage with prolonged exposure to a 10 % H2SO4 solution over 6 and 12
months. Control specimens made entirely with OPC showed the highest
deterioration, with UPV values dropping from 4480 m/s at 6 months to
1482 m/s at 12 months, indicating extensive cracking and weakened
interfacial transition zones (ITZ). In contrast, modified specimens con-
taining 60 % WTCPs and 4 % or 6 % WBGNPs exhibited significantly
improved resistance. After 6 months, UPV readings decreased only
slightly, from 3692 m/s, 4410 m/s, and 4376 m/s to 3118 m/s, 3799 m/

E 100% orc
B 6o wrceps
B+ waGNps

[ 600 waaNps

5000

1000 =

Control [ 12

Immersion Time, Months

Fig. 7. UPV readings of modified concretes containing WCTP and WBGNPs
after exposure to 10 % H2SO. for 6 and 12 months.
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s, and 3817 m/s, respectively, with similar trends observed at 12
months. The enhanced performance of the modified specimens is
attributed to reduced CaO content and increased SiO2, Al-Os, and MgO
levels from the pozzolanic materials, which limited gypsum and ettrin-
gite formation, improving structural stability against sulfuric acid
attack.

Prolonged exposure to the sulfuric acid environment caused gradual
but progressive deterioration of concrete, characterized by gypsum
formation and subsequent ettringite production. These expansive com-
pounds led to micro-cracking, spalling, and strength loss due to internal
stress and bond weakening within the matrix. The C-S-H and C-A-S-H
gels underwent decalcification, transforming into hydrous silica, further
reducing matrix cohesiveness and bond strength. Visual inspections
noted a whitish gypsum layer on specimen surfaces after initial expo-
sure, with degradation becoming more pronounced over time, especially
for OPC specimens. However, modified specimens benefited from
enhanced pore-filling and pozzolanic reactions from WCTPs and
WBGNPs, mitigating the effects of acid attack. These findings align with
prior studies correlating compressive strength and UPV, underscoring
the durability advantages of incorporating sustainable replacement
materials.

3.2.4. Visual appearance

Visual inspection of concrete specimens exposed to sulfuric acid for
12 months revealed significant differences in surface deterioration
among the tested mixes, as shown in Fig. 8. Control specimens made
with 100 % OPC exhibited severe surface damage and extensive crack
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formation (Fig. 8a), whereas the modified specimens with WTCPs and
WBGNPs showed improved durability. Specimens incorporating 60 %
WTCPs and 6 % WBGNPs demonstrated the highest resistance to acid
attacks, with minimal surface damage and reduced crack formation
(Fig. 8d). Acid attack on concrete primarily results in surface paste loss,
aggregate degradation, and gypsum formation due to the reaction of
sulfuric acid with calcite and Portlandite. Gypsum, a weak and moisture-
sensitive compound, forms a white, sticky layer that erodes over time,
causing spalling and material loss. The enhanced resistance in the
modified mixtures is attributed to the nanoparticles’ ability to improve
compactness, reduce gypsum formation, and slow the rate of material
deterioration, thereby extending the concrete’s service life.

The enhanced resistance of modified concrete specimens containing
60 % WTCPS as a replacement for OPC and supplemented with WBGNPs
can be attributed to the formation of dense gels such as C-(A)-S-H and
CaCOs with a low CaO to SiOz ratio (0.54). In acidic environments, these
dense gels release lime, leaving behind a protective silica and alumi-
nosilicate gel layer that shields the cement paste from further corrosion.
In contrast, OPC specimens, with a high CaO to SiO: ratio (3.85),
experience dissolution of calcium hydroxide and calcium sulphoalumi-
nates, leading to decalcification of dense C-S-H gels and forming a
porous, degraded layer vulnerable to sulfuric acid attacks. The inclusion
of WBGNPs as supplementary cementing materials further enhances
durability by promoting a lower CaO to SiO: ratio and forming a dense
silica gel layer, effectively protecting the modified cement paste against
degradation.

=)

(c)4% WBGNPs

(b) 60% WTCPs

(d) 6% WBGNPs

Fig. 8. Visual appearance of concrete specimens after 12 months of acid solution exposure: (a) 100 % OPC, (b) 60 % WTCPs, (c) 4 % WBGNPs, and (d) 6 % WBGNPs.
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3.2.5. X-Ray diffraction (XRD)

The analysis of four modified concrete mixtures revealed a signifi-
cant reduction in gypsum formation when 60 % of OPC was replaced
with WCTPs and 4-6 % WBGNPs, as indicated by the lower intensity of
gypsum peaks at key diffraction angles, including 29.6° 2theta (Fig. 9).
The inclusion of WCTP and WBGNPs shifted diffraction peaks from 29.7°
to 31.4°, supporting reduced gypsum and ettringite generation and
enhancing resistance to sulfuric acid attacks.

Table 4 shows that control specimens with 100 % OPC exhibited
higher gypsum (20.5 %) and ettringite (34.7 %) formation compared to
modified concretes, which ranged from 14.8 to 15.3 % for gypsum and
23.9-24.8 % for ettringite. The higher OPC content in control specimens
led to increased calcium hydroxide availability, resulting in more gyp-
sum and ettringite formation, causing internal stresses, micro-cracking,
and structural deterioration. Conversely, the reduction in OPC content
in the modified mixes limited calcium hydroxide production, improving
durability against sulfuric acid. This highlights the role of WTCPs and
WBGNPs in mitigating gypsum formation, reducing cracking, and
enhancing concrete resistance in acidic environments.

In sulfuric acid environments, Portlandite in the concrete matrix
reacts with the acid to form gypsum, which detaches from the structure,
increasing porosity and reducing compressive strength. Prolonged
exposure exacerbates strength loss as gypsum reacts with Tricalcium
aluminate and water, forming expansive ettringite. This reaction in-
duces internal pore pressure, leading to crack formation and secondary
corrosion. The deterioration of concrete strength and durability is
further linked to a higher calcium-to-silica ratio and extended exposure
to acidic conditions, underscoring the critical role of material compo-
sition in resisting acid attacks.

3.1.7. FESEM image analysis

The effects of sulfuric acid on the surface morphology of concrete
specimens were analyzed using FESEM after 12 months of immersion in
a 10 % H2S0a4 solution, with results shown in Fig. 10. The SEM micro-
graphs of control specimens made with 100 % OPC (Fig. 10a) revealed
extensive gypsum and ettringite formation, larger crystal sizes, and
numerous micro-cracks and pores compared to the modified concrete
specimens containing WTCPS and WBGNPs (Figs. 10b, ¢, and d). The
control specimens exhibited highly porous surfaces with decomposed C-
S-H and C-A-S-H gels, Portlandite remnants, and unreacted quartz,
leading to surface spalling and disintegration. In contrast, modified
specimens demonstrated reduced gypsum and ettringite formation,
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Fig. 9. XRD patterns of modified concrete specimens containing 100 % OPC, 60
% WCTPs, 4 % WBGNPs, and 6 % WBGNPs after 12 months of exposure to the
acid solution.
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Table 4
X-ray diffraction (XRD) peak analysis of concrete specimens after 12 months of
immersion in a 10 % H2SO4 solution.

Indices Amount, weight %
Gypsum Ettringite Portlandite Quartz Others
100 % OPC 20.5 34.7 17.2 27.6 1.7
60 % WTCPs 15.1 24.8 16.9 40.6 2.6
4 % WBGNPs 15.3 24.3 17.1 41.2 2.1
6 % WBGNPs 14.8 24.9 16.7 42.7 1.9

fewer micro-cracks, and improved surface morphology. The sulfate ions
from sulfuric acid degraded the dense C-(A)-S-H gels on the concrete’s
surface, increasing porosity and accelerating deterioration. Increased
exposure time amplified micro-crack formation and porosity, weakening
the cohesiveness of the concrete and reducing residual compressive
strength. The results highlight the superior resistance of modified con-
cretes to sulfuric acid attacks due to the incorporation of WTCPs and
WBGNPs.

3.1.8. Energy dispersive X-Ray analysis (EDX)

The EDX atomic spectrum analysis (Fig. 11) revealed significant
changes in the microstructure and elemental composition of concrete
specimens exposed to sulfuric acid for one year, highlighting the
leaching of CaO and Alz0s. Control specimens displayed higher calcium
(29.3 %) and sulfur (4.6 %) contents, indicating extensive ettringite and
gypsum formation, consistent with FESEM and XRD findings.
Conversely, modified concretes with 60 % WTCPS and 4-6 % WBGNPs
showed reduced calcium (21.6 %, 21.4 %, and 19.1 %) and sulfur (1.6 %,
1.4 %, and 0.5 %) levels, reflecting lower gypsum and ettringite crys-
tallization. These reductions correlate with increased resistance to sul-
furic acid attacks. Silica content in modified specimens was higher (7.3
%) compared to controls (5.4-6.4 %), signifying greater C-S-H and C-A-
S-H gel dissolution and transformation into a crystalline solid. The
findings confirm that incorporating WTCPs and WBGNPs mitigates
ettringite and gypsum formation, reduces internal stresses, and en-
hances concrete durability in acidic environments, aligning with prior
studies.

3.1.9. FTIR spectral analysis of concrete

The FTIR spectra of modified concrete specimens exposed to a 10 %
H2SO0s solution for one year (Fig. 12) revealed distinct vibration modes
associated with Al-O, Si-O-Si/Al, Al-OH, Si-O of C-S-H gels, and C—O of
calcite, among others, indicating chemical changes due to acid exposure.
Control specimens with 100 % OPC exhibited more pronounced asym-
metric Si-O-Si and Al stretching vibrations (1137-1091 c¢cm™), corre-
sponding to higher levels of calcium-rich ettringite and gypsum
formation compared to modified specimens containing 60 % WCTP and
4-6 % WBGNPs. Vibrations linked to gypsum crystals were detected in
all specimens at 662-658 cm™!, while strong C—O stretching vibrations
in control specimens (1413.9 cm™) were slightly reduced in modified
specimens (1412.6-1412.1 cm™). Additionally, the range of 3610-3440
cm™ highlighted hydroxyl group bonds in all acid-exposed samples,
suggesting de-alumination and breakdown of the Al20s-SiO2 network
due to reactions with sulfur. These findings, supported by XRD, FESEM,
and EDX analyses, demonstrate that the incorporation of WTCPs and
WBGNPs reduces ettringite and gypsum formation, improving resistance
to sulfuric acid attacks.

3.3. Sulphate acid resistance

3.3.1. Specimens’ strength performance

The strength of concrete exposed to a 10 % MgSOa4 solution was
evaluated over 6 and 12 months, with strength loss percentages shown
in Fig. 13. Strength loss increased with longer exposure, with control
specimens (100 % OPC) exhibiting the highest losses: 8.04 % after 6
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(d) 6% WBGNPs

Fig. 10. Surface morphology of modified concrete specimens after 12 months of exposure to 10 % H2SO4 solution: (a) 100 % OPC, (b) 60 % WTCPs, (c) 4 % WBGNPs,

and (d) 6 % WBGNPs.

months and 15.17 % after 12 months. In contrast, specimens incorpo-
rating 60 % WTCPs and 4 % or 6 % WBGNPs demonstrated significantly
improved resistance, with strength losses of 1.74 %, 1.59 %, and 0.99 %
at 6 months, and 5.98 %, 2.82 %, and 1.45 % at 12 months, respectively.
These improvements are attributed to reduced calcium hydroxide con-
tent, which limits the formation of gypsum and ettringite, compounds
known to cause expansion, micro-cracking, and accelerated deteriora-
tion in aggressive sulfate environments. The replacement of OPC with
WTCPs and WBGNPs effectively mitigates these degradation mecha-
nisms, enhancing the durability of concrete under sulfate attack. The
inclusion of pozzolanic materials incorporating nanoparticles signifi-
cantly enhance the durability performance of proposed concrete and
reduce strength loss in specimens exposed to acid attack by producing a
denser microstructure that lowers permeability and limits the penetra-
tion of harmful ions. In addition, SCMs react with calcium hydroxide, a
byproduct of cement hydration, to generate extra binding phases such as
calcium silicate hydrate (C-S-H) and calcium aluminate silicate hydrate
(C-A-S-H), which enhance long-term strength and durability.

3.3.2. Weight loss

Fig. 14 depicts the weight loss percentage of concrete specimens
prepared with high amounts of WTCPs and WBGNPs exposed to sulfate
attacks. A direct correlation between weight loss and exposure time was
observed across all specimens. The replacement of 60 % OPC with WCTP
and the incorporation of 4 % and 6 % WBGNPs significantly enhanced
concrete durability, reducing weight loss during immersion in a 10 %
MgSOas solution. After 6 months, weight loss decreased from 1.24 %
(control) to 0.45 %, 0.43 %, and 0.41 % for specimens containing 60 %
WTCPs and 4 % or 6 % WBGNPs, respectively. Similar improvements
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were observed after 12 months, with weight loss reduced from 3.32 % to
2.23 %, 1.75 %, and 1.69 %. These reductions are attributed to lower
calcium hydroxide content, which limits gypsum and ettringite forma-
tion, mitigating expansion and micro-cracking, and enhancing dura-
bility against aggressive sulfate environments.

3.3.3. Ultrasonic pulse velocity

Fig. 15 shows the UPV readings of proposed concretes before and
after exposure to sulfate attacks for 6 and 12 months, demonstrating a
decrease in UPV values with longer exposure, indicating the formation
of micro-internal cracks due to gypsum and ettringite expansion. Control
specimens made with 100 % OPC exhibited rapid deterioration, with
UPV readings dropping from 4480 m/s to 3986 m/s after 6 months and
to 3068 m/s after 12 months. In contrast, modified specimens containing
60 % WTCPs and 4 % or 6 % WBGNPs showed improved resistance, with
UPV reductions from 3692 m/s to 3418 and 3106 m/s, from 4410 m/s to
4302 and 4089 m/s, and from 4376 m/s to 4252 and 3994 m/s,
respectively. These results highlight the superior durability of modified
concretes under sulfate attack due to reduced gypsum and ettringite
formation.

3.3.4. X-Ray diffraction (XRD)

Fig. 16 illustrates the XRD analysis of modified concrete specimens
exposed to 10 % sulfuric acid for 12 months, showing the presence of
gypsum in all tested mixtures. The intensity of gypsum peaks at key
angles, including 29.6° 20, decreased significantly with the replacement
of 60 % OPC by WTCPs and the addition of 4 %—6 % WBGNPs. Peaks at
10.8°, 21.1°, 34.8°, 48.9°, and 56.9° also demonstrated reduced in-
tensity, indicating limited gypsum and ettringite formation in the
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modified concrete. The double peak structure at 27.6° and 27.9° sug-
gested the coexistence of quartz and gypsum, corroborating previous
findings by Bellmann and Stark. The shift in peak from 29.7° to 31.4° in
modified specimens further supports enhanced resistance to sulfuric
acid. Reduced OPC content in the binder matrix minimizes free calcium
hydroxide, which is prone to sulfate attack, thereby improving the
durability of the modified concrete.

3.3.5. FESEM image analysis
Fig. 17 presents the FESEM analysis of concrete specimens exposed
to 10 % MgSOa solution for 12 months, highlighting the effects of sulfate
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attacks on surface morphology. Control specimens made with 100 %
OPC (Fig. 17a) exhibited severe deterioration, characterized by larger
quantities and sizes of gypsum and ettringite crystals compared to
modified specimens containing 60 % WTCPs and 4 %—6 % WBGNPs.
The control specimens also displayed more micro-cracks and higher
porosity, leading to increased internal stresses and expansion, which
significantly contributed to strength, weight, and UPV losses. In
contrast, the modified specimens demonstrated improved durability
with reduced gypsum and ettringite formation, fewer cracks, and lower
porosity, underscoring the enhanced resistance of WCTPs- and WBGNPs-
enriched concrete against sulfate attacks.
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and (d) 6 % WBGNPs.
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Fig. 11. (continued).

3.3.6. FTIR spectral analysis of concrete

Fig. 18 shows the FTIR spectra of modified concrete specimens
exposed to sulfate attacks for 12 months, revealing the chemical and
structural changes in the binder due to prolonged exposure. Significant
stretches, including Al-O, Si-O-Si/Al, Al-OH, Si-O of C-S-H gels, C—O of
calcite, and O—H of water, reflect the influence of binder composition
and sulfate exposure. The Si-O-Al, O—H, and C—O stretches observed in
the spectra indicate the dealumination of the Al.0s-SiO2 network
resulting from the reaction between calcium hydroxide and external
sulfur. These findings, corroborated by XRD, FESEM, and EDX analyses,
confirm the formation of gypsum and ettringite crystals, highlighting the
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degradation mechanisms affecting concrete durability under sulfate
attacks.

4. Application of Al for estimation and optimization

In this section, artificial intelligence (AI) was employed to estimate
and optimize the concrete mix design for minimizing strength and
weight loss under acidic and sulphate environments. A Random Forest
Regressor model [80] was developed using experimental data to predict
degradation outcomes based on various mix parameters, including OPC,
WTCPS, and WCT aggregate, the Sequential Least Squares Programming
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Fig. 12. FTIR analysis of modified concretes containing high volumes of

WTCPs and WBGNPs after 12 months of exposure to 10 % H2SOa.
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Fig. 13. Strength loss percentage of proposed concrete specimens exposed to
10 % MgSOa solution for 6 and 12 months.

(SLSQP) algorithm [81] was applied to optimize these parameters,
incorporating constraints to ensure the total weight of aggregates did
not exceed 1700 kg/m?>. This Al-driven approach not only enhanced the
accuracy of the predictions but also facilitated the identification of an
optimal mix design that significantly reduces concrete deterioration,
demonstrating the efficacy of integrating machine learning techniques
in civil engineering applications.

4.1. Dataset and correlation matrix

In the provided correlation matrix, the relationship between various
construction material properties is quantified, with a color gradient
ranging from blue (indicating a strong negative correlation) to red
(indicating a strong positive correlation). Notably, WCT aggregate_-
Coarse and WCT aggregate_Fine exhibit a perfect correlation coefficient
of 1.00, suggesting identical or highly related measures. Moreover,
variables such as Acid Strength Loss and Sulphate Strength Loss over 6
and 12 months show strong negative correlations with OPC, high-
lighting a significant inverse relationship. Additionally, the SP_Percent
variable demonstrates moderate positive correlations with W_C and
OPC, indicating potential interactions that could influence the hydration
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Fig. 15. UPV readings of proposed concrete exposed to sulfate attacks for 6 and
12 months.

and setting characteristics of concrete (Fig. 19).
4.2. Performance prediction

The prediction of strength and weight loss in concrete subjected to
acidic and sulphate environments was performed using a Random Forest
regression model. This ensemble learning algorithm effectively captures
complex, non-linear relationships among the input parameters and their
effects on performance metrics. The model was trained to minimize the
mean squared error (MSE), defined as:

1 A
MSE = > i) Q)
i=1

where y; represents the actual values and y; denotes the predicted
values. The Random Forest model combines the predictions from mul-
tiple decision trees, enhancing robustness and accuracy. After training,
the model was validated on a separate test set, allowing for precise
predictions of strength and weight loss over a 12-month period. This
predictive capability served as a foundation for the optimization of the
concrete mix design, ensuring enhanced performance in aggressive
environmental conditions.
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Fig. 16. XRD analysis of proposed concrete specimens after 12 months of
exposure to sulfate attacks.

Fig. 20 presents the comparison between actual and predicted values
for Acid and Sulphate Strength Loss, as well as Acid and Sulphate Weight
Loss, all measured over a 12-month period. Each subplot demonstrates a
strong linear relationship between the actual and predicted data, with
high coefficients of determination (R? values) ranging from 0.97 to 0.99.
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This indicates that the predictive model provides an accurate estimation
of both strength and weight loss under acidic and sulfate conditions. The
close alignment of the data points with the linear regression line further
confirms the model’s ability to replicate the experimental results with
minimal deviation, validating its reliability for forecasting long-term
performance in similar environmental conditions.
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Fig. 18. FTIR analysis of proposed concrete specimens after 12 months of
exposure to sulfate attacks.
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Fig. 17. FESEM images of proposed concrete after 12 months of exposure to sulfate attacks.
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Table 5 summarizes the performance metrics of the predictive model
for four output parameters: Acid Strength Loss, Acid Weight Loss, Sul-
phate Strength Loss, and Sulphate Weight Loss, all measured over 12
months. The model demonstrates high accuracy, as evidenced by the
high R? values (ranging from 0.97 to 0.99), which indicate strong cor-
relations between predicted and actual values. The Mean Squared Error
(MSE) and Mean Absolute Error (MAE) values are also provided, where
lower values indicate better model performance. The model exhibits the
best performance in predicting Sulphate Weight Loss, with the lowest
MSE (0.01) and MAE (0.08), while maintaining strong accuracy across
all parameters. These results highlight the model’s reliability in fore-
casting long-term deterioration under acid and sulfate exposure.

The following equations have been extracted from an Al-driven
model, specifically designed to predict the strength and weight loss of
concrete after 12 months under acid and sulphate resistance. These
equations offer a high degree of accuracy, with the models for sulphate
resistance achieving R? values of 0.949 and 0.842 for strength and
weight loss, respectively, indicating strong predictive power. Although
the model for acid weight loss requires further refinement, the overall
results demonstrate the potential of Al in enhancing decision-making
processes in concrete mix design and performance evaluation. By inte-
grating these Al-derived equations into engineering workflows, pro-
fessionals can better estimate concrete durability under various
environmental conditions, facilitating more informed and efficient
decision-making in the field of sustainable construction.

Acid Resistance

Strength Loss:

Acid Strength Loss = 6.26 x OPC — 6.26 *+ WCTPs — 2.52
x WBGNPs — 36.43 * Fine.NA + 37.34
* Coarse_.NA + 36.43 * Fine_WTC agg
— 37.34 x Coarse_.WTC agg + 0.08 = W/C
+ 0.61 « SP + 51.18
(5)
Weight Loss:

Acid Weight Loss 0.83 x OPC — 0.83 x* WCTPs — 1.23

x WBGNPs + 49.11 * Fine. NA — 48.83

* Coarse_NA — 49.11 * Fine. WTC agg + 48.83
* Coarse_.WTC agg + 0.50 + W/C + 0.58 x SP

+ 11.65

(6)
Sulphate Resistance
Strength Loss:
Sulphate Strength Loss = 1.90 * OPC — 1.90 « WCTPs — 1.71
* WBGNPs + 45.18 x Fine.NA — 45.14
«x Coarse_.NA — 45.18 x Fine.WTC agg
+ 45.14 x Coarse.WTC agg + 0.44 «+ W/C
+ 0.44 = SP + 7.79

7
Weight Loss:

Table 5

Performance metrics of the predictive model for four output parameters.
Output Parameter R? MSE MAE
Acid Strength Loss (12 months) 0.99 7.49 2.10
Acid Weight Loss (12 months) 0.97 0.41 0.54
Sulphate Strength Loss (12 months) 0.99 0.52 0.59
Sulphate Weight Loss (12 months) 0.98 0.01 0.08
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Sulphate Weight Loss = 0.14 x OPC — 0.14 x WCTPs — 0.23
x WBGNPs + 6.08 x Fine. NA — 6.05
x Coarse_NA — 6.08 * Fine_WTC agg
+ 6.05 x Coarse_.WTC agg + 0.07 = W/C
+ 0.07 = SP + 2.38
(8)

4.3. Optimization of concrete mix design for minimizing strength and
weight loss in acidic and sulphate environments

This study focuses on optimizing the concrete mix design to mini-
mize both strength and weight loss when exposed to acidic and sulphate
environments. The optimization process uses a SLSQP algorithm, solving
a constrained optimization problem. The objective is to determine the
ideal proportions of OPC, WCTPs, WBGNPs, aggregates, and SP to
minimize concrete degradation over a 12-month period. Additionally, a
constraint was introduced to ensure that the total weight of fine and
coarse aggregates does not exceed 1700 kg/m?>.

The optimization problem is formulated as a multi-objective mini-
mization task, where the goal is to minimize the following parameters:

M Acid Strength Loss (12 months) (ASL12)
M Acid Weight Loss (12 months) (AWL12)
W Sulphate Strength Loss (12 months) (SSL12)
M Sulphate Weight Loss (12 months) (SWL12)

The objective function f(x) to be minimized is:

f(x) =ASL12 + AWL12 + SSL12 + SWL12 9

Constraints and Boundaries
The optimization is subject to the following constraints:

i. The input variables, including OPC, WTCPs, WBGNPs, and SP %,
must stay within the ranges provided by the dataset.

ii. The total weight of fine and coarse aggregates must not exceed 1700
kg/m?. This constraint can be mathematically expressed as:

Fine Aggregates + Coarse Aggregates < 1700

Mathematically, the full set of constraints is defined as:

OPC min < OPC < OPC max

WTCPSs min < WTCPs < WTCPs max

WBGNPs min < WBGNPs < WBGNPs max

W/C min <W/C < W/C max

SP % min <SP %< SP % max

Fine Aggregates + Coarse Aggregates < 1700

Optimization Algorithm: Sequential Least Squares Programming (SLSQP)

The SLSQP algorithm is applied to minimize the objective function
while satisfying the constraints. SLSQP is a gradient-based optimization
method that iterates through potential solutions by adjusting the input
variables. The algorithm is designed to handle both equality and
inequality constraints.

The optimization problem is mathematically expressed as:

min,f(x) = ASL12 + AWL12 + SSL12 + SWL12 10)
subject to g(x)>0 and Fine Aggregates + Coarse Aggregates <1700

The flowchart for the optimization process is illustrated as follows:

Start — Define Objective Function — Define Input Variables and Con-
straints — Apply SLSQP Algorithm — Evaluate Total Loss — Iterate Until
Convergence — Optimal Mix Design

The scatter plot shown in Fig. 21 illustrates the optimized concrete
mix design parameters derived from the study aimed at minimizing
strength and weight loss in acidic and sulphate environments. Each
point represents a specific parameter, providing a clear visual overview
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Fig. 21. Optimized concrete mix design parameters to minimizing strength and weight loss in acidic and sulphate environments.

of the optimized values. The data distribution highlights the balance
between different components of the mix, showcasing how adjustments
to the proportions can enhance concrete performance.

Future validation is planned to substantiate the SLSQP-optimized
mix. The optimized mix and two dataset-bounded controls will be cast
and evaluated for compressive strength (ASTM C39) and deterioration
under acidic and sulphate exposure (ASTM C267, ASTM C1012) over 12
months. Outcomes (mass/strength loss and expansion at 1, 3, 6, 12
months; n > 3) will be analyzed by one-way ANOVA/Tukey, with vali-
dation indicated by significantly lower deterioration for the optimized
mix.

5. Conclusions

This study demonstrated that replacing 60 % of OPC with WTCPs and
incorporating 4-6 % WBGNPs significantly improved the durability of
concrete exposed to acidic and sulfate environments. The improvements
were attributed to enhanced microstructure, reduced gypsum and
ettringite formation, and better resistance to degradation. Al-driven
optimization further validated the mix design by minimizing strength
and weight loss. The following results are concluded:

i. Modified concrete specimens were prepared by replacing 60 % of
OPC with WTCPs at varying contents (2, 4, 6, 8, 10 %) of
WBGNPs. Although replacing OPC with WTCPs and adding
WBGNPs reduced workability, compressive strength improved
significantly. At 28 days, compressive strength rose from 26.4
MPa in ceramic-based concrete to 36.9 MPa with 4 % WBGNPs,
highlighting the densification of the cementitious matrix and
enhanced durability under aggressive environments.

. The durability performance of the designed concrete was signif-
icantly enhanced with the inclusion WTCPs and WBGNPs in the
cement matrix. The loss in strength of the proposed concrete
when exposed to acid solution was sharply decreased with the
inclusion of 60 % of WTCPs, 4 % of WBGNPs and 6 % of WBGNPs
wherein the loss percent was reduced from 37.13 to 14.73 % after
half year of exposure and from 74.26 to 37.96 % after one-year
exposure in the acid solution, respectively.

A similar trend (significant decrease) was observed for the weight

loss, UPV readings and loss percentages with the inclusion the

WTCPs and WBGNPs in the concrete mixes.

From the visual appearance, it was found that the replacement of

60 % of OPC with WTCPs and incorporation of 6 % of WBGNPs

iii.

iv.
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could improve the specimens’ resistance compared to other

specimens, reducing the surface deterioration, number of cracks

and their sizes.
. The microstructures analysis of concrete via XRD, FESEM-EDX,
and FTIR indicated a remarkable reduction in the calcium level
in the cement matrix due to the replacement of OPC by WTCPs
and BGWNPs, reducing the free Portlandite and expansive crys-
talline gypsum and ettringite formulation, leading to a decrease
in the internal stress, expansion and micro-cracks of concrete.
Al-driven analysis using a Random Forest Regressor achieved
high predictive accuracy (R* 0.97-0.99) for strength and weight
loss under acidic and sulfate environments. Sequential Least
Squares Programming (SLSQP) optimized the mix design, incor-
porating 60 % WTCPs and 4-6 % WBGNPs, reducing sulfate
strength loss to 1.45 % and weight loss to 0.41 % after 12 months,
while ensuring aggregate content stayed below 1700 kg/m?>.
The proposed concrete developed with high amount of wastes
ceramic tiles and incorporated with silica nanoparticles can be
highly recommended for the uses in aggressive environment such
as sulphuric acid for it high resistance and excellent performance.
Together, the proposed concrete can consider as eco-friendly
construction materials for it benefits to reduce the landfill prob-
lems, re-use of the ceramic and glass wastes, reduce the demand
of natural resources and contribute to low carbon footprint, thus
meeting the sustainable development goals in 21st century.
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