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Abstract

The durability of alkali-activated materials (AAMs) in acidic environments is a key factor
governing their suitability as sustainable alternatives to ordinary Portland cement (OPC).
This study investigates the acid resistance of fly ash–slag alkali-activated mortars prepared
with either seawater-based or distilled water-based activator solutions, thereby address-
ing the feasibility of substituting potable water in activator preparation. Eleven binder
blends were tested, ranging from 100% fly ash (F100G0) to 100% ground granulated blast
furnace slag (GGBS, F0G100) in 10% replacement increments, each prepared with both
distilled-water (D-series) and seawater-based (M-series) activator solutions. Mortar cubes
were exposed to hydrochloric acid (HCl) and sulphuric acid (H2SO4) after curing for 28,
60, 90, and 180 days. Durability was assessed through mass change, compressive strength
retention, and ultrasonic pulse velocity (UPV), complemented by X-ray diffraction (XRD)
analysis to elucidate mineralogical transformations. Results showed that acid resistance
was governed primarily by binder composition: calcium-rich slag (C–A–S–H) systems
deteriorated mainly by decalcification under acid exposure, whereas low-calcium fly ash
(N–A–S–H) systems degraded more slowly by dealumination. Seawater activation did
not significantly compromise acid resistance relative to distilled-water systems, with the
two-activator series performing comparably under both HCl and H2SO4. Paired com-
parisons of the reported blend values showed small, age-dependent differences between
the two-activator series: seawater activation modestly delayed strength loss under HCl
at intermediate ages, while under H2SO4 it carried a small late-age penalty attributable
to reaction of activator-derived chloride compounds with the acid; at most ages, the two
series were statistically indistinguishable. X-ray diffraction showed essentially identical
phase assemblages in the two series: no crystalline products formed under HCl, where an
amorphous silica-rich residue accumulates on fly-ash-rich blends, whereas gypsum was the
sole crystalline product under H2SO4, enhanced in seawater-activated fly-ash-rich blends.
The findings clarify the role of marine ions in influencing acid degradation and provide
guidance for designing sustainable binder systems for chloride- and sulphate-rich service
environments. Overall, seawater is shown to be a viable substitute for potable water in
activator preparation, retaining acid resistance comparable to distilled-water systems and
supporting the development of more sustainable alkali-activated binders.

Keywords: alkali-activated mortars; seawater-based activator; acid resistance; fly ash-slag
blends; durability; X-ray diffraction
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1. Introduction
Cement production is a major industrial contributor to climate change, accounting

for nearly 8% of global anthropogenic CO2 emissions and more than 38 Gt released since
1928 [1]. India, the second-largest producer with about a 7% share, faces the dual chal-
lenge of meeting infrastructure demand while reducing the carbon intensity of its cement
sector [1,2]. Beyond emissions, cement and concrete consume vast freshwater resources
during mixing, curing, and aggregate washing. Conventional concrete production requires
nearly 500 L of freshwater per cubic metre, translating to around 4 trillion L annually
worldwide, which places acute stress on water-scarce regions [3,4]. It is estimated that
concrete already accounts for ~9% of global industrial water withdrawals, with future
demand projected at 590 to 710 km3 by 2050, nearly three-quarters of which will occur
in regions already facing scarcity [5]. For India, where demand is projected to rise by
nearly 90%, freshwater shortages amplify the urgency to explore alternative binder systems
and non-potable water sources [5,6]. In this context, seawater, treated wastewater, and
other substitutes, combined with supplementary cementitious materials, are seen as viable
approaches to lowering both the carbon and water footprints of construction [3,6].

Research on alkali-activated materials (AAMs) predates modern geopolymer science,
with foundational work by Glukhovsky and colleagues in the 1950s establishing the alkaline
activation of aluminosilicate- and calcium-rich precursors and defining early alkaline
and alkaline–alkaline earth binder systems [7]. Geopolymer science, later formalised
by Davidovits in the 1970s, represents a specific subset of low-calcium aluminosilicate
binders characterised by three-dimensional Si–O–Al polymeric frameworks formed under
highly alkaline conditions [8]. Although AAMs and geopolymers share conceptual and
chemical similarities, they are distinct systems: AAMs constitute a broader class of binders
encompassing both N–A–S–H and C–(A)–S–H gel chemistries, whereas geopolymers refer
primarily to the former. Recent perspectives emphasise the importance of recognising this
distinction, noting that the historical development and scientific foundations of AAMs
extend well beyond geopolymer science [9]. Unlike ordinary Portland cement (OPC),
geopolymers do not depend on limestone calcination, and their low-temperature synthesis
produces poly(sialate)-type frameworks with ceramic-like strength, chemical stability, and
fire resistance [8]. Subsequent work systematised research on alkali-activated slags, fly
ash, and calcined clays, highlighting their advantages in durability, rapid strength gain,
and waste valorisation [10]. Later reviews consolidated the chemistry of low-calcium
N–A–S–H gels and high-calcium C–(A)–S–H gels, showing how blended systems can
balance performance and durability [11]. Experimental studies have demonstrated that
optimised activator ratios, curing regimes, and fly ash–slag blends can achieve compressive
strengths on par with or superior to OPC while maintaining lower permeability and better
chemical stability [12–14]. Applications in pavements, precast blocks, and green buildings
have further established their suitability as sustainable construction materials [14,15].
Broader reviews confirm that AAMs can achieve up to 80% reductions in CO2 emissions and
significantly lower freshwater demand, placing them among the few proven technologies
capable of decarbonizing construction [15,16].

However, the long-term adoption of AAMs hinges on their durability under aggressive
environments. Studies show that their resistance depends strongly on precursor chemistry,
activator design, and curing conditions. Blended FA/GGBS systems have shown enhanced
resistance to acids, chlorides, and sulphates compared to OPC [17,18], while slag-rich
mortars often achieve higher early strength but face greater losses under sulfuric acid at-
tack [19,20]. Fly-ash-rich systems, in contrast, demonstrate superior stability and resistance
to long-term deterioration [20,21]. Marine exposure studies confirm that chloride ingress is
significantly reduced in slag-rich AAMs, meeting service-life requirements that OPC strug-
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gles to achieve [21–23]. Reduced sorptivity and water absorption, denser microstructures,
and better resistance to magnesium sulphate have been repeatedly documented [23,24].
These behaviours originate in the calcium content of the precursor and the gel it forms.
GGBS, being calcium-rich, produces calcium aluminosilicate hydrate, C–(A)–S–H, whose
structural integrity depends on interlayer and framework calcium; under acid exposure,
H+ exchanges for Ca2+ and the gel decalcifies, leaving a porous, dealuminated silica-rich
residue [25–27]. Fly ash, being low in calcium, forms sodium aluminosilicate hydrate,
N–A–S–H, a three-dimensional covalent framework holding little exchangeable calcium,
which degrades primarily by slower dealumination and is correspondingly more acid-
stable [26,28]. The distinction sharpens under sulphuric acid, where the calcium and
reactive alumina of slag-rich systems supply the reactants for gypsum and ettringite, whose
crystallisation generates expansive internal stress in addition to dissolution damage [28,29].
Experimental and microstructural investigations consistently demonstrate that properly
designed blends, especially those with balanced FA–GGBS ratios, achieve strong durability
across acid, sulphate, chloride, and marine exposures [23,30–34]. Review articles synthe-
sise these findings, concluding that geopolymer concretes generally outperform OPC in
aggressive conditions, with acid attack resistance remaining a critical parameter [35–38].

Although seawater-based alkali-activated binders have shown promising mechanical
and chloride-related durability performance, their behaviour under acidic exposure has
not been systematically established. This is a critical gap because structures located in
marine and coastal regions such as sewage outfalls, desalination infrastructure, wastewater
pipelines, and harbour installations may be simultaneously exposed to chlorides and
acidic conditions generated by biogenic sulphuric acid, industrial effluents, or localised
seawater acidification. Therefore, acid resistance becomes a key parameter governing the
safe use of seawater-based AAMs. Marine ions are not inert in this context; in calcium- and
alumina-bearing systems, chloride is bound onto layered double hydroxide phases such as
chloride hydrotalcite and chloride-hydrocalumite, altering the aluminate and carbonate
reservoir otherwise available for sulphate-bearing degradation products [39]. In fly-ash-rich
systems, the calcium chloride formed during seawater activation can react with sulphuric
acid to generate additional gypsum and hydrochloric acid, initiating a secondary attack
within the matrix [40]. Both processes modify the dissolution and leaching pathways
and the secondary phase assemblage relative to distilled-water systems. The other major
seawater ions act through distinct pathways. Magnesium is not a protective ion in these
systems: it migrates into the matrix, drives calcium and alkalis outward, and converts
the aluminosilicate gel into low-strength magnesium (aluminium) silicate hydrate while
forming brucite and hydrotalcite, all of which degrade the binding phases [24]. Sulphate
may be partly consumed during early reaction, reducing the reactive aluminate later
available for ettringite formation, while sodium supplements the activator alkalis and
marginally raises pore-solution alkalinity. Because these ions compete for the same calcium
and aluminate reservoirs that govern acid degradation, their net effect depends strongly on
the FA–GGBS ratio examined in this study.

In parallel, amid growing concerns about freshwater scarcity, research has increas-
ingly examined the use of seawater in AAM systems. A wide body of studies confirms
that seawater does not fundamentally hinder alkali activation, though it modifies early
reactivity, pore structures, and microstructural evolution in ways distinct from freshwater
mixes [41–43]. Shi et al. [41] showed that seawater-mixed calcium silicate slag mortars had
slightly lower early compressive strength and workability, but strengths converged with
freshwater mixes by 28 days. Similar outcomes were observed in slag concretes with sea
sand [42]. Fly ash-based pastes mixed with seawater have even shown higher strength and
denser pore structures due to enhanced gel formation [43]. Slag–fly ash blends prepared
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with seawater activators exhibited improved chloride binding and refined pore structures,
attributed to the formation of chloride-bearing phases such as hydrotalcite and Friedel’s
salt [39,44,45]. Seawater mixed binders and hydrothermal curing further enhanced strength
and durability, with several studies reporting long-term compressive strengths exceeding
70 MPa [46–48].

Durability evaluations under seawater and marine exposures demonstrate that
seawater-based AAMs retain superior compressive strength and microstructural integrity
compared with OPC, even though chloride ingress requires careful attention [49–51].
Seawater mixes have been reported to improve sulphate resistance and refine pore net-
works [39,45]. Two mechanisms are advanced. First, chloride-bearing phases such as
Friedel’s salt and hydrotalcite, together with the general refinement of the pore structure, oc-
cupy pore volume and reduce connectivity, slowing the ingress of external sulphate [39,45].
Second, chloride competes with sulphate for reactive aluminate, consuming part of the
aluminate reservoir before external sulphate can form expansive ettringite [39]. Both mech-
anisms act by limiting the ingress or reaction of external sulphate, and neither protects
against strong mineral acids, where degradation is governed by bulk dissolution rather
than ionic ingress; vulnerability to acid attack therefore persists [40]. Thermal performance
tests up to 1000 ◦C show that seawater slag concretes experience greater shrinkage than
OPC, but also superior spalling resistance [46]. Applications using seawater and sea sand in
geopolymer mortars confirm that strengths remain comparable to OPC benchmarks [52–54],
with hydrothermal curing further boosting performance [55]. Review studies synthesise
these findings, emphasising that seawater-based AAMs consistently outperform OPC in
chemical resistance, particularly when activator chemistry is optimised [35]. Recent experi-
mental confirmation across multiple FA–GGBS blends demonstrate that seawater-based
alkaline activators yield mechanical strength and mineralogical phase assemblages nearly
identical to distilled water systems [56], establishing their feasibility as activating water,
while their behaviour under aggressive acidic exposure remains to be established.

Despite this progress, three gaps remain. First, seawater has been studied almost
exclusively as mixing or curing water. Its use as the solvent in the alkaline activator itself,
where it interacts with the binder at the highest pH and the earliest stage of reaction, has
received little attention. Second, durability assessment has focused largely on chloride
ingress and marine or sulphate exposure, while resistance to strong mineral acids has not
been systematically established for these systems. Third, previous studies have examined
only one or two fixed compositions. Because the ion-specific mechanisms outlined above
are expected to depend strongly on the FA–GGBS ratio, the absence of any study spanning
a continuous compositional range leaves an important gap. The present study addresses
all three by systematically evaluating the acid durability of unreinforced FA–GGBS alkali-
activated mortars prepared with seawater- and distilled water-based activators across
eleven binder blends. These ranged from 100% FA to 100% GGBS in 10% increments and
were exposed to hydrochloric acid (HCl) and sulphuric acid (H2SO4) for up to 180 days.
Durability was assessed using mass change, compressive strength retention, and ultrasonic
pulse velocity (UPV), while degradation mechanisms were interpreted through X-ray
diffraction (XRD) of representative slag-rich, balanced, and FA-rich binders.

2. Materials
2.1. Binder Materials

Two industrial by-products were employed as binders: Class F fly ash (FA) and ground
granulated blast furnace slag (GGBS). FA was sourced from the Dr. Narla Tata Rao Thermal
Power Plant, Kondapalli, Vijayawada, Andhra Pradesh, India, while GGBS was supplied
by Astrra Chemicals, Chennai, Tamil Nadu, India. The FA was rich in silica and alumina,
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whereas GGBS contained predominantly calcium along with significant quantities of silica
and magnesium. The specific gravities of FA and GGBS were 2.10 and 2.85, respectively.
The GGBS had a certified fineness of 390 m2/kg with 97.1% passing 45 µm. The fly ash and
GGBS used in the present study are shown in Figure 1.

 

Figure 1. Binder materials: GGBS and Fly ash.

The chemical composition of the fly ash (FA) and ground granulated blast furnace
slag (GGBS) was determined using X-ray fluorescence (XRF) and is reported in terms of
oxide contents (wt.%) in Table 1. The fly ash was predominantly siliceous, containing high
proportions of SiO2 and Al2O3 with comparatively low CaO, while the GGBS exhibited
a calcium-rich chemistry characteristic of latent hydraulic materials. The fly ash satisfied
the compositional requirements for class F (siliceous) fly ash, with SiO2 + Al2O3 + Fe2O3

of 92.3% and CaO of 1.4%. The XRF analysis of GGBS was carried out on a consignment
from the preliminary phase of this research programme; the GGBS used for the specimens
reported here was a separate consignment of the same grade.

Table 1. Oxide composition of binder materials (wt.%).

Oxide SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 SO3 P2O5 MnO Others *

Fly
Ash 63.4 20.8 8.1 1.4 0.2 1.8 2.9 0.3 0.8 0.1 0.2

GGBS 32.8 14.3 1.1 41.2 5.6 0.4 1.2 1.7 0.1 1.4 0.2

* “Others” includes minor oxides such as Cr2O3, ZrO2, SrO, BaO, ZnO, CuO, NiO, V2O5, etc.,
each < 0.1 wt.% in both materials.

2.2. Activator Solutions

The alkaline activators were prepared using sodium hydroxide (NaOH) and sodium
silicate (Na2SiO3), both procured from Astrra Chemicals, Chennai, Tamil Nadu, India.
Analytical-grade sodium hydroxide pellets with a purity of 98% were dissolved in either
distilled water or natural seawater to obtain 12 M solutions, which were allowed to cool for
at least 24 h prior to use. Distilled water was selected to avoid the influence of dissolved
salts, while seawater-based mixes used natural seawater solely as the solvent. The activator
composition of 12 M NaOH combined with sodium silicate containing 31.12% SiO2 and
14.20% Na2O (specific gravity 1.55, SiO2/Na2O ratio = 2.19) was calculated strictly from
the analytical-grade chemicals added. The sodium silicate to sodium hydroxide ratio was
maintained at 2.5 by weight, consistent with optimisation ranges reported for FA-GGBS
alkali-activated systems where this proportion supports balanced workability, dissolution
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kinetics, and early gel formation. The activator modulus and Na2O contents were calculated
solely from analytical-grade reagents; dissolved ions naturally present in seawater (Na+,
Mg2+, Ca2+, K+, Cl−, SO4

2− and trace ions) were not included in molarity or modulus
calculations and were instead considered part of the intrinsic ionic environment influencing
reaction mechanisms.

Seawater was collected from the east coast region of Andhra Pradesh, India. The major
ionic constituents, including sodium, magnesium, calcium, potassium, sulphate, phosphate,
chlorides, and trace ions, were quantified according to IS 3025 series test methods [57]. The
concentrations are presented in Table 2 in mg/L. Based on these measured ionic contents,
the salinity of the seawater was approximately 21.7 g/L, which is consistent with natural
coastal seawater influenced by river inflow and seasonal dilution. The measured pH of the
seawater sample was 7.49.

Table 2. Chemical composition of seawater (mg/L).

Test Parameter Cl− Na+ SO42− Mg2+ K+ Br− Ca2+ PO43− NO2− F− Al3+ NO3−

Concentration (mg/L) 13,400 5503.4 1569.3 800.7 342.2 58.4 50.74 4.97 4.57 1.2 1.17 0.32

Note: The measured ionic concentrations represent major species; the total dissolved solids may be
slightly higher due to unmeasured trace ions.

2.3. Fine Aggregate

River sand conforming to Zone II grading of IS 383:2016 [58] was used as the fine
aggregate. It had a specific gravity of 2.65 and a fineness modulus of 2.81. The sand was
oven-dried and sieved through a 4.75 mm IS sieve prior to use to ensure uniformity.

3. Experimental Programme
3.1. Mix Proportions and Specimen Preparation

A total of eleven binder combinations were prepared by varying the FA–GGBS ratio
in 10% increments, ranging from F100G0 (100% FA) to F0G100 (100% GGBS). Mixes are
designated FxGy, where x and y denote the fly ash and GGBS contents, respectively,
expressed as percent by mass of total binder; the eleven blends were therefore F100G0,
F90G10, F80G20, F70G30, F60G40, F50G50, F40G60, F30G70, F20G80, F10G90, and F0G100.
Where the activator type is specified, the prefixes D and M denote activators prepared with
distilled water and seawater, respectively, so that DF60G40 and MF60G40 refer to the same
binder blend activated with distilled water and seawater. The binder-to-sand ratio was fixed
at 1:1 by mass, and the activator-to-binder ratio was maintained at 0.45, consistent with
optimisation practices commonly adopted for FA–GGBS geopolymer systems. Previous
studies on blended binders activated with sodium hydroxide and sodium silicate have
shown that an alkaline liquid-to-binder ratio of 0.45 provides an effective balance between
workability, reaction kinetics, and the stability of the fresh mix [59]. In agreement with
these observations, preliminary trials in the present study also indicated that a ratio of
0.45 offered adequate workability without segregation, while supporting uniform strength
development across all fly ash–slag combinations [56]. In addition, the sodium silicate-to-
sodium hydroxide ratio in the activator solution was fixed at 2.5 by weight. This proportion
falls within the optimisation range reported for FA–GGBS alkali-activated systems, where
sufficient silicate availability enhances precursor dissolution and early gel formation, while
avoiding excessive viscosity or premature stiffening observed at higher ratios. The detailed
mix proportions for all eleven fly ash–GGBS alkali-activated mortar mixtures are presented
in Table 3.
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Table 3. Mix proportions of alkali-activated fly ash–GGBS mortar mixtures (per m3 of fresh mortar).

Mix ID Fly Ash
(kg/m3)

GGBS
(kg/m3)

Total
Binder
(kg/m3)

Fine
Aggregate

(kg/m3)

Alkaline
Activator
(kg/m3)

NaOH
Solution
(kg/m3)

Na2SiO3
Solution
(kg/m3)

F100G0 898 0 898 898 404 116 288
F90G10 808 90 898 898 404 116 288
F80G20 718 180 898 898 404 116 288
F70G30 629 269 898 898 404 116 288
F60G40 539 359 898 898 404 116 288
F50G50 449 449 898 898 404 116 288
F40G60 359 539 898 898 404 116 288
F30G70 269 629 898 898 404 116 288
F20G80 180 718 898 898 404 116 288
F10G90 90 808 898 898 404 116 288
F0G100 0 898 898 898 404 116 288

Mix proportions are expressed on a 1 m3 basis of fresh mortar. The binder-to-fine aggregate ratio was
maintained at 1:1 by mass, the alkaline activator-to-binder ratio at 0.45, and the sodium silicate-to-
sodium hydroxide solution mass ratio at 2.5 for all mixtures.

Dry binder and sand were first mixed for 3 min, followed by gradual addition of the
pre-prepared activator solution. Mixing continued for an additional 10 min to ensure ho-
mogeneity. The fresh mortar was cast into 70.6 mm cube moulds, compacted on a vibrating
table. Specimens were demoulded after 24 h and cured under ambient laboratory condi-
tions until the designated test ages of 28, 60, 90, and 180 days. Laboratory temperature and
relative humidity were not directly monitored; climatological records for the study period
indicate monthly mean ambient temperatures of approximately 27–30 ◦C and monthly
mean relative humidity of approximately 69–83%. For each binder blend, the D-series and
M-series specimens were cast on the same day from the same batch of materials and cured
alongside one another. Some of the mortar cube specimens prepared for immersion in acid
are shown in Figure 2.

  

Figure 2. Cube specimen for acid attack test.

For clarity of interpretation, the binder combinations were grouped into three
categories based on FA–GGBS proportions: (i) GGBS-rich mixes (F0G100 to F30G70);
(ii) balanced mixes (F40G60 to F60G40); and (iii) FA-rich mixes (F70G30 to F100G0). This
classification was applied consistently to both distilled-water-activated (D-series) and
seawater-activated (M-series) mixes and was used throughout the durability analysis to
interpret the influence of calcium availability and activator chemistry.

3.2. Acid Exposure Regime

Durability was evaluated by immersing specimens in 5% hydrochloric acid (HCl)
and 5% sulphuric acid (H2SO4) solutions. All mortar cubes were ambient air-cured for
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28 days before being subjected to acid exposure. Separate sets of specimens were immersed
in acid for 28, 60, 90, and 180 days, with corresponding control specimens maintained
in ambient air for the same durations. Strength-loss and strength-retention values were
therefore calculated with respect to their age-matched control specimens. The prepared
5% solutions exhibited initial pH values in the range of 0.1 to 0.6 for HCl and 1.2 to 1.8
for H2SO4, confirming that the specimens were exposed to highly acidic conditions. The
observed pH ranges reflect the strong acidity of the reagents and the expected partial
neutralisation and ionic interactions occurring during early immersion of alkali-activated
mortars. The selection of a 5% acid concentration is consistent with established durability
testing protocols for alkali-activated and cementitious materials, where concentrations in
the 3 to 5% range are commonly used to simulate aggressive but experimentally manageable
acidic conditions. During exposure, the acid concentration was monitored by periodically
measuring the pH and comparing it with the expected ranges for freshly prepared 5%
solutions. Early increases in pH, attributable to rapid leaching and neutralisation reactions,
were used as indicators of acid consumption. To minimise concentration drift and maintain
comparable exposure severity across all mixes, the acid solutions were renewed every
15 days. Figure 3 shows the mortar cubes immersed in hydrochloric acid solution, and
Figure 4 shows the cubes immersed in sulphuric acid solution.

 

Figure 3. Mortar cubes immersed in hydrochloric acid.

 

Figure 4. Mortar cubes immersed in sulphuric acid.

Specimens were distributed across multiple containers for each acid type. All contain-
ers were filled from the same batch of freshly prepared solutions, renewed on the same
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schedule, and maintained under the same laboratory conditions. For each binder blend,
the D-series and M-series specimens were exposed within the same container, so that each
distilled-water and seawater pair shared an identical exposure environment. Within each
container, specimens were arranged in a single layer with lateral spacing between adjacent
cubes and between cubes and the container walls, giving free solution access to five faces of
each cube; the base face rested on the container floor and was therefore not freely exposed.
The solutions were stirred periodically to maintain uniform concentration and prevent
localised depletion. As this arrangement was identical for all mixes and both series, it does
not affect the comparative basis of the study, although absolute degradation rates may be
marginally conservative relative to fully immersed conditions.

For each mix, three replicate specimens were tested under each condition. Mass
change was recorded at each exposure interval (28, 60, 90, and 180 days) by measuring the
oven-dried mass of the specimens before and after immersion using a digital balance with
an accuracy of +/−0.01 g. Compressive strength tests were performed immediately after
each exposure period using a calibrated compression testing machine (CTM) with a capacity
of 2000 kN in accordance with IS 516 (Part 1/Sec 1):2021 [60]. The load was applied without
shock and increased continuously at a constant stress rate of 14 N/mm2 per minute. All
tests were carried out under ambient laboratory conditions. Mass change and compressive
strength retention were determined for all combinations and all exposure durations.

3.3. Ultrasonic Pulse Velocity (UPV)

UPV tests were performed to assess internal quality and microstructural integrity
before and after acid exposure. A digital pulse velocity apparatus fitted with 54 kHz
transducers was used, following IS 516: Part 5: Sec 1: 2018 [61]. The measured pulse
velocities were interpreted using the prescribed quality grading. Values above 4.40 km/s
were classified as excellent, 3.75 to 4.40 km/s as good, 3.00 to 3.75 km/s as doubtful, and
values below 3.00 km/s as poor. These classifications provided a non-destructive indicator
of internal cracking, microstructural degradation, and loss of material integrity under
acid exposure.

3.4. X-Ray Diffraction (XRD) Analysis

Post-exposure mineralogical characterisation was performed using XRD. Fragments
from selected specimens representing slag-rich, balanced, and FA-rich binders were soaked
in isopropyl alcohol to halt ongoing reactions by displacing the alkaline pore solution and
stabilising the reaction products prior to drying. The samples were then oven-dried at 40 ◦C
and ground into fine powder. Diffractograms were recorded on a PANalytical EMPYREAN
diffractometer with Cu Kα radiation (λ = 1.5406 Å), operated at 40 kV and 30 mA, over a
2θ range of 5–70◦ with a step size of 0.02◦. Phase identification was performed in Profex
(version 5.6.1, open-source graphical user interface for BGMN; N. Döbelin, RMS Foundation,
Bettlach, Switzerland) using ICDD reference data, with assignments accepted only where
multiple reflections of a phase were observed. For semi-quantitative comparison, the
heights of the diagnostic reflections were normalised to the quartz (101) reflection at 26.64◦

2θ arising from the fine aggregate, which is present in all specimens and insoluble under
both exposure environments. The position and area of the broad amorphous band between
15◦ and 45◦ 2θ were used to follow changes in the binder gel.

3.5. Statistical Analysis

For each binder blend, exposure condition, and age, three replicate cubes were tested,
and representative values are reported for each blend. The influence of the activator water
was assessed by paired comparisons of the reported blend values between the D- and
M-series at each acid and exposure age, using paired t-tests across the eleven blends, with
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the Wilcoxon signed-rank test as a non-parametric check and Cohen’s dz as the effect size;
these were computed in Python 3 using the SciPy statistical library. The mass-change and
strength-loss charts presented in Section 4 were plotted in Microsoft Power BI Desktop
(Microsoft Corporation, Redmond, WA, USA). Differences were considered significant at
p < 0.05. Strength loss was computed relative to the age-matched control of the same blend
and series.

4. Results
This section presents the durability performance of alkali-activated mortars under

hydrochloric acid (HCl) and sulphuric acid (H2SO4) exposure. The results are organised
according to mass change, compressive strength loss, ultrasonic pulse velocity (UPV), and
X-ray diffraction (XRD) analysis. Trends are discussed with respect to binder chemistry
(FA-GGBS ratio), type of activation water (D-series vs. M-series), and exposure duration
(28, 60, 90 and 180 days).

4.1. Mass Change Characteristics Under Acid Exposure

The mass change behaviour of the alkali-activated mortars under hydrochloric acid
and sulphuric acid exposure is presented in Figures 5 and 6, and the paired statistical
comparison of both activator series is summarised in Table 4. Binder composition governed
the following response: GGBS-rich blends lost mass progressively under HCl while FA-rich
blends initially gained mass, and all blends gained mass under H2SO4. The influence of
the activator water was small in absolute terms (paired mean differences within about
1.2 percentage points at all ages) and reached significance only at isolated ages: under
HCl the two series differed significantly only at 90 days, when the mean mass change of
the seawater series was slightly more negative (−3.75% versus −3.00%, p = 0.008), chiefly
because its FA-rich blends had accumulated smaller surface-residue mass gains rather
than because its slag-rich blends dissolved faster; under H2SO4, the seawater series gained
slightly more mass at 28 days (p = 0.012) and marginally more at 180 days (p = 0.054).
At the remaining ages, the paired differences were not statistically significant, so binder
composition remained the dominant variable throughout.

Figure 5. Mass change in the eleven blends after 28, 60, 90, and 180 days in 5% HCl, distilled water
(D), and seawater (M) series (positive values indicate mass gain; negative values indicate mass loss).
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Figure 6. Mass change in the eleven blends after 28, 60, 90, and 180 days in 5% H2SO4, distilled water
(D), and seawater (M) series (positive values indicate mass gain; negative values indicate mass loss).

Table 4. Paired comparisons of the reported blend values between the distilled water (D) and
seawater (M) series across the eleven blends: mean difference, 95% confidence interval, paired-t
p-value, Cohen’s dz, and Wilcoxon p-value (n = 11 blends per comparison).

Response Acid Age n Mean
D-Series (%)

Mean
M-Series (%)

Diff
D − M 95% CI p (t) Cohen’s

dz, p (W)

Mass Change HCl 28 11 0.41 0.84 −0.42 −1.04, 0.19 0.155 −0.46 0.413
Mass Change HCl 60 11 −1.28 −1.76 0.49 −0.24, 1.22 0.169 0.45 0.240
Mass Change HCl 90 11 −3.00 −3.75 0.75 0.24, 1.26 0.008 0.99 0.007
Mass Change HCl 180 11 −7.29 −6.94 −0.35 −1.05, 0.35 0.291 −0.34 0.270
Mass Change H2SO4 28 11 1.61 1.95 −0.35 −0.60, −0.10 0.012 −0.93 0.020
Mass Change H2SO4 60 11 3.99 4.16 −0.17 −0.58, 0.23 0.359 −0.29 0.365
Mass Change H2SO4 90 11 5.63 5.29 0.33 −0.19, 0.86 0.182 0.43 0.206
Mass Change H2SO4 180 11 9.03 10.23 −1.20 −2.42, 0.03 0.054 −0.66 0.123
Strength loss HCl 28 11 11.32 11.36 −0.04 −3.20, 3.13 0.980 −0.01 0.577
Strength loss HCl 60 11 45.93 39.60 6.32 1.69, 10.95 0.012 0.92 0.010
Strength loss HCl 90 11 59.91 56.86 3.05 −0.18, 6.28 0.062 0.63 0.067
Strength loss HCl 180 11 69.30 67.03 2.27 0.57, 3.97 0.014 0.90 0.042
Strength loss H2SO4 28 11 31.51 32.11 −0.60 −3.40, 2.21 0.646 −0.14 0.638
Strength loss H2SO4 60 11 54.39 51.46 2.94 −0.01, 5.88 0.050 0.67 0.042
Strength loss H2SO4 90 11 68.68 70.04 −1.35 −3.72, 1.02 0.232 −0.38 0.240
Strength loss H2SO4 180 11 81.06 83.44 −2.38 −3.37, −1.39 <0.001 −1.61 0.002

Note: For mass change, negative values indicate loss and positive values indicate gain. Diff = D − M;
a positive value indicates a higher value in the distilled water series. For strength loss, positive Diff
therefore indicates greater loss in the D-series; for mass change, positive Diff indicates a less negative
(or more positive) mass change in the D-series.

4.1.1. Mass Change Under Hydrochloric Acid Attack

During the first 28 days of HCl exposure, the GGBS-rich mortars exhibited the largest
mass losses: DF0G100 lost 5.46%, DF10G90 4.56%, DF20G80 3.12%, and DF30G70 1.65%,
while seawater-activated counterparts were slightly less affected (MF0G100 at 3.19%,
MF10G90 at 2.68%, MF20G80 at 2.35%, and MF30G70 at 1.78%), an effect attributed to
chloride-related densification of the near surface gel [62,63]. The balanced blends were
nearly mass-neutral, ranging from −0.9% to +1.6% across both series. In contrast, the FA-
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rich mixes showed the following mass gains: DF70G30 +2.8%, DF80G20 +3.4%, DF90G10
+5.8%, and DF100G0 +7.4%, with comparable gains in the M-series (+2.6% to +6.85%), re-
flecting the formation of insoluble aluminosilicate layers that impeded acid ingress [40,64],
identified by XRD as an amorphous, silica-rich residue (Section 4.4).

After 60 days, losses in the GGBS-rich group increased to 3.8–6.6% in the D-series and
4.0–5.3% in the M-series, and the balanced blends had turned to net losses of up to 2.9%.
FA-rich mortars largely maintained gains (DF100G0 +5.8%, MF100G0 +3.9%), although
MF70G30 had already become mass-neutral.

By 90 days, the loss front had advanced through the balanced group (losses of about
2–4%) and into the lower FA-rich blends, leaving only the highest-FA mixes with net gains
(DF90G10 +1.1%, DF100G0 +3.4%; MF100G0 +1.9%).

At 180 days, all blends showed net mass losses of 8.3–15.2% in the GGBS-rich group
(with the M-series slightly lower at 9.4–14.4%), 4.9–7.9% in the balanced group, and only
2.0–5.5% in the FA-rich group. The complete reversal of the earlier FA-rich mass gains
reflects progressive consumption of the silica-rich surface residue: dissolution ultimately
outpaces residue accumulation once the layer cracks or densifies (Section 4.4).

Overall, immersion in HCl produced steadily increasing mass loss in GGBS-rich
mortars, moderate deterioration in balanced mixes, and mass retention or slight gains in
FA-rich mortars. DF100G0 and MF100G0 consistently demonstrated the best resistance,
retaining the highest mass at each exposure age [64].

4.1.2. Mass Change Under Sulphuric Acid Attack

Under 5% H2SO4 exposure, all mixes gained mass from the outset [29,36]. At 28 days,
the GGBS-rich blends gained 1.9–3.1% (D-series) and 2.4–3.1% (M-series), the balanced
blends 1.2–2.3%, and the FA-rich blends 0.8–1.6%, the gain scaling with the calcium available
for sulphate precipitation. The early gain is attributed to sulphate uptake and amorphous
or poorly crystalline precursors: crystalline gypsum was not yet detectable at 28 days, and
ettringite is not stable at the pH of the exposure solution (Section 4.4).

By 60 days, gains reached 4.5–7.4% in the GGBS-rich group (4.9–7.5% in the M-series),
3.9–4.8% in the balanced blends, and 1.1–3.7% in the FA-rich blends.

At 90 days, accumulation continued, with the GGBS-rich blends at 6.0–9.7% (D) and
6.0–10.9% (M), balanced blends at 5.0–6.0%, and FA-rich blends at 1.5–5.0%.

At 180 days, the GGBS-rich mortars recorded the highest accumulation (8.3–18.1%
D-series; 12.1–16.8% M-series), followed by the balanced blends (8.7–11.1% and 9.2–13.0%)
and the FA-rich blends (2.6–7.6% and 2.5–7.4%). The seawater series gained slightly more
overall at late ages (p = 0.054 at 180 days, Table 4), consistent with the greater sulphate
interaction of its chloride-bearing matrix.

In summary, sulphate attack evolved from initial surface sealing to progressive internal
damage. Mass gain increased throughout the exposure period, accelerating between 90
and 180 days as crystalline gypsum developed (Section 4.4), while expansive crystallisation
progressively damaged the microstructure [36]. GGBS-rich binders exhibited the highest
overall expansion, balanced binders showed intermediate behaviour, and FA-rich binders
the least expansion. Seawater-activated mixes gained slightly more mass at early and late
ages (significant at 28 days and marginal at 180 days, as in Table 4), consistent with an
earlier onset of sulphate accumulation and, in the slag-rich blends, of surface spalling [62].

4.2. Strength Loss Characteristics Under Acid Exposure

Three sets of mortar cubes were cast and air-cured for 28 days. One set served as
the control (no acid), while the remaining two sets were immersed in 5% HCl and 5%
H2SO4, respectively. After the initial 28-day curing period, specimens were exposed to their
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designated acid solutions for 28, 60, 90, and 180 days, with corresponding control specimens
maintained in ambient air for the same total durations. Strength loss and retention at each
exposure age were therefore calculated with respect to the age-matched control specimen,
ensuring consistent comparison between distilled-water and seawater-activated mixes.
Figure 7 illustrates the compressive strength variations under HCl exposure, and Figure 8
presents the corresponding trends under H2SO4 exposure.

Figure 7. Compressive strength loss relative to age-matched controls after 28, 60, 90 and 180 days
in 5% HCl (values indicate strength loss relative to age-matched control specimens; higher values
indicate greater deterioration).

Figure 8. Compressive strength loss relative to age-matched controls after 28, 60, 90, and 180 days in
5% H2SO4 (values indicate strength loss relative to age-matched control specimens; higher values
indicate greater deterioration).
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The influence of the activator water on strength retention was age-dependent (Table 4).
Under HCl, the seawater series retained significantly more strength at 60 days (mean loss
39.6% versus 45.9%, p = 0.012) and marginally more at 90 days (p = 0.062), the advantage
narrowing to 2.3 percentage points by 180 days (p = 0.014). Under H2SO4, the two series
were statistically indistinguishable up to 90 days, after which the seawater series lost
significantly more strength (83.4% versus 81.1% at 180 days, p < 0.001, and dz = −1.61).
These paired comparisons across the eleven blends provide the statistical basis for the
trends described below, within which binder composition remained the stronger variable
at early and intermediate ages.

4.2.1. Strength Loss Under Hydrochloric Acid Attack

At 28 days of HCl exposure, strength losses were still modest and, in the D-series, in-
creased with GGBS content (Figure 7): from 8.3% for the pure fly ash mix (DF100G0)
and 9.0% for DF70G30–DF80G20 to 13.5% for the pure slag mix (DF0G100). In the
M-series, the FA-rich blends were the least affected (2.5% for MF100G0 and 5.1–5.3%
for MF80G20–MF90G10), while the balanced blends showed the largest early losses
(15.8–20.0% for MF50G50–MF60G40). The low early losses of the seawater FA-rich blends
are attributed to chloride-related densification of the near-surface gel [65]; as no crystalline
chloride phases were detected by XRD at 180 days (Section 4.4), any such products are
amorphous or transient.

By 60 days, deterioration had accelerated in all blends, with losses of 45–60% in the
slag-rich D-series against 25–38% in the FA-rich M-series. The seawater series retained
more strength on average (39.6% versus 45.9% mean loss, p = 0.012, as in Table 4), with the
benefit being clearest in the FA-rich blends (MF100G0 25.0% versus DF100G0 45.5%).

At 90 days, as HCl leaching decalcified the primary gel, the compositional differences
narrowed, and losses reached 44–66%. The seawater series remained marginally ahead
(56.9% versus 59.9% mean loss, p = 0.062), with the largest remaining advantages again in
the FA-rich blends (MF100G0 43.6% versus DF100G0 56.1%).

By 180 days, prolonged HCl attack overwhelmed both the secondary surface products
and much of the primary gel network; the two series and all compositions converged at
62–73% loss (mean 67.0% for the M-series versus 69.3% for the D-series, p = 0.014). Strength
loss thus progressed from about 2.5–20% at 28 days to 62–73% at 180 days, with the seawater
series equal or slightly ahead at intermediate ages and binder composition governing the
early-age response.

4.2.2. Strength Loss Under Sulphuric Acid Attack

At 28 days of H2SO4 immersion, all mixes had already lost 28–36% of strength
(Figure 8), with no significant difference between the series (p = 0.65) and only a weak
dependence on composition, indicating an early, generalised attack consistent with rapid
sulphate uptake.

By 60 days, sustained sulphate ingress had raised losses to 43–61%; the D-series was
marginally worse on average (54.4% versus 51.5%, p = 0.050), with the largest single loss in
DF80G20 (61.4%).

At 90 days, extensive leaching and crystallisation had fractured both gel networks,
with losses of 65–74% affecting the two series almost equally (p = 0.23).

By 180 days, deterioration was severe and universal (78–86% loss), and the seawater
series was now significantly worse (83.4% versus 81.1% mean loss, p < 0.001, dz = −1.61,
as in Table 4). This small but consistent late-age penalty is mechanistically coherent with
the XRD finding that seawater-activated FA-rich blends retain markedly more gypsum
(Section 4.4): chloride introduced by the seawater activator is converted by sulphuric acid
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to additional expansive gypsum, with release of HCl, in the secondary attack described
by Siddique and Jang [40]. Strength loss under H2SO4 thus accelerated from about 30% at
28 days to 78–86% by 180 days, exceeding the corresponding HCl losses at every age.

4.2.3. Comparison

Overall, sulphuric acid caused faster and more severe strength loss than hydrochloric
acid at all immersion ages, exceeding the HCl losses by about 14 percentage points on
average at 180 days (paired across all series combinations, p < 0.001). Under HCl, seawa-
ter activation delayed mid-term degradation, significantly at 60 days and marginally at
90 days (Table 4), but the two series converged by 180 days; under H2SO4, the seawater
series carried a small but statistically significant late-age penalty, consistent with chloride-
derived gypsum formation (Section 4.4). Binder composition governed the early- and
mid-term response, with FA-rich blends losing the least strength through 90 days under
HCl, while prolonged exposure ultimately overwhelmed all compositions. From a practical
perspective, seawater-activated mortars remain serviceable in chloride- and acid-exposed
environments over short- and intermediate-exposure, but in sulphate-rich settings binder
optimisation alone is insufficient and protective measures such as pH-buffering admixtures
and protective surface coatings remain necessary.

4.3. Ultrasonic Pulse Velocity (UPV) Evaluation at 180 Days

Ultrasonic pulse velocity (UPV) testing was conducted to assess the internal quality
and microstructural integrity of alkali-activated mortars before and after acidic exposure.
The measured velocities were interpreted using the quality grading of IS 516 (Part 5/Sec 1):
2018 [61] described in Section 3.3. The observed UPV results of different combinations after
immersion in acid solutions are presented in Table 5 along with UPV observed in respective
control specimens.

Table 5. Ultrasonic pulse velocity for various mortar mixes.

Combination

UPV Speed (km/s) in Distilled-Based Specimen UPV Speed (km/s) in Marine-Based Specimen

Control
Specimen

Specimen
Immersed in

HCl

Specimen
Immersed in

H2SO4

Control
Specimen

Specimen
Immersed in

HCl

Specimen
Immersed in

H2SO4

F0G100 5.85 2.47 1.38 6.17 3.13 1.08
F10G90 5.62 4.15 2.16 5.85 3.40 3.65
F20G80 5.65 4.05 2.68 5.65 1.69 0.68
F30G70 5.62 4.07 2.46 5.43 1.80 0.59
F40G60 5.62 3.51 2.11 5.29 2.40 1.53
F50G50 5.68 1.84 1.13 5.65 1.80 1.25
F60G40 5.52 3.88 1.64 5.13 3.91 1.56
F70G30 5.13 4.44 3.65 5.13 4.15 3.50
F80G20 4.76 3.76 4.24 4.18 3.41 4.10
F90G10 4.17 2.49 3.85 4.72 2.09 2.44
F100G0 4.78 3.86 2.95 4.78 4.35 4.95

In the control condition, both D-series (distilled-water activator) and M-series (sea-
water activator) specimens recorded velocities of 4.17–6.17 km/s. Twenty of the twenty-
two control specimens exceeded 4.40 km/s and are therefore graded as excellent, while
DF90G10 (4.17 km/s) and MF80G20 (4.18 km/s) fell marginally into the good band, con-
firming sound microstructural quality with high density and continuity. Control velocities
of the two series were comparable, with no consistent advantage for either activator across
the eleven blends.
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After immersion in hydrochloric acid, significant reductions in UPV were observed,
particularly in GGBS-rich mixes. For instance, in F0G100, the velocity decreased from
5.85 km/s to 2.47 km/s in the D-series and from 6.17 km/s to 3.13 km/s in the M-series.
Such reductions indicate severe microstructural deterioration due to calcium leaching and
decalcification of C–(A)–S–H gels. However, the intermediate and FA-rich blends (e.g.,
F60G40, F70G30) retained relatively higher velocities, suggesting partial preservation of
internal integrity due to the presence of aluminosilicate layers that restricted HCl ingress.

Differences between the seawater- and distilled-water-activated series after acid expo-
sure were within the scatter of the method and showed no consistent pattern across the
mixes, in line with the small and age-dependent differences established for mass change
and strength loss (Table 4). UPV retention was governed primarily by binder composition,
with the FA-rich mixes maintaining the most continuous pulse-transmission paths.

Exposure to H2SO4 further accentuated reductions in UPV, particularly in GGBS-
rich mortars, where expansive gypsum formation produced extensive internal cracking.
Mixes such as MF20G80 (0.68 km/s) and MF30G70 (0.59 km/s) exhibited markedly low
velocities due to severe sulphate-induced expansion. In contrast, the FA-rich mixes F70G30
and F80G20 retained substantially higher velocities in both series (3.50–4.24 km/s), and
MF100G0 retained the highest velocity of all (4.95 km/s), because their aluminosilicate-
dominated matrices are less susceptible to sulphate-driven expansion and microcracking.
Although seawater-activated FA-rich mixes also showed high UPV values, this behaviour
is primarily governed by the inherent sulphate resistance of the aluminosilicate network
rather than the activation water itself.

Overall, the UPV results corroborate the mass- and strength-based findings: deterio-
ration was governed by binder composition and acid type, sulphate attack produced the
most severe loss of internal continuity, and the activator water had no consistent influence
on the retained pulse velocity.

4.4. XRD Analysis

Figures 9 and 10 present the diffractograms of the slag-rich (F20G80), balanced
(F60G40) and fly-ash-rich (F80G20, F100G0) blends after 180 days of immersion in 5%
HCl and 5% H2SO4 respectively, for both activator series, and Table 6 reports the peak-
height ratios of the diagnostic reflections normalised to the quartz (101) reflection of the
fine aggregate, together with the centroid of the amorphous gel band. Because the quartz
of the fine aggregate is insoluble in both acids and present in equal proportion in all mixes,
it provides a stable internal reference against which the evolution of the binder-related
phases can be compared semi-quantitatively.

In all specimens, the crystalline assemblage is dominated by phases inherited from the
raw materials: quartz and alkali feldspar from the river sand, and mullite, hematite and
minor magnetite as relicts of the fly ash, whose normalised intensities scale consistently
with the fly ash content of the blend (Table 6). Calcite, formed by atmospheric carbonation
of the calcium-bearing gel during ambient curing, is present in the slag-rich and balanced
blends. The binder itself appears as the broad amorphous band between 15◦ and 45◦ 2θ,
whose centroid moves systematically from about 25◦ in F100G0 to about 29◦ in F20G80.
This displacement tracks the transition from the N–A–S–H-dominated to the C–(A)–S–H-
dominated gel and provides a quantitative mineralogical counterpart to the compositional
grouping adopted in Section 3.1. In the unexposed state, the distilled-water and seawater
series are indistinguishable in both phase assemblage and band position, confirming that
seawater activation does not measurably alter the crystalline mineralogy of the hardened
binders [56].

https://doi.org/10.3390/constrmater6040053

https://doi.org/10.3390/constrmater6040053


Constr. Mater. 2026, 6, 53 17 of 26

Table 6. Peak-height ratios of the diagnostic reflections normalised to the quartz (101) reflection at
26.64◦ 2θ, and centroid of the amorphous gel band (15–45◦ 2θ), for 180-day specimens.

Mix Condition
(180 d)

Gypsum
11.6◦

Calcite
29.4◦

Mullite
16.4◦

Hematite
33.2◦

Gel-Band
Centroid (◦2θ)

DF20G80 Control 0.004 0.062 0.007 0.007 29.2
DF20G80 HCl 0.002 0.051 0.008 0.009 29.0
DF20G80 H2SO4 0.060 0.063 0.018 0.019 29.0
MF20G80 HCl 0.003 0.061 0.009 0.005 29.1
MF20G80 H2SO4 0.012 0.044 0.010 0.008 29.0
DF60G40 Control 0.005 0.061 0.019 0.015 27.8
DF60G40 HCl 0.003 0.035 0.023 0.018 28.1
DF60G40 H2SO4 0.024 0.023 0.018 0.015 27.9
MF60G40 Control 0.002 0.035 0.014 0.011 28.2
MF60G40 HCl 0.004 0.035 0.025 0.019 28.3
MF60G40 H2SO4 0.028 0.035 0.023 0.020 28.1
DF80G20 Control 0.003 0.021 0.028 0.020 26.9
DF80G20 HCl 0.008 0.009 0.059 0.045 24.1
DF80G20 H2SO4 0.327 0.026 0.039 0.045 24.8
MF80G20 Control 0.002 0.010 0.027 0.019 27.0
MF80G20 HCl 0.004 0.005 0.038 0.028 24.3
MF80G20 H2SO4 0.941 0.010 0.058 0.089 23.7
DF100G0 Control 0.004 0.006 0.052 0.040 24.6
DF100G0 HCl 0.010 0.010 0.070 0.051 24.0
DF100G0 H2SO4 0.035 0.004 0.046 0.033 23.8
MF100G0 Control 0.004 0.006 0.048 0.035 25.6
MF100G0 HCl 0.004 0.006 0.040 0.030 24.9
MF100G0 H2SO4 0.057 0.011 0.062 0.050 24.9

Ratios are semi-quantitative, from single scans per condition; values ≤ 0.01 are at detection level. In
heavily degraded specimens, the quartz reference intensity rises as binder dissolves, so ratios there
are conservative lower-bound indicators. The 180-day control scans of MF20G80 were unavailable.

After 180 days in hydrochloric acid, no new crystalline phase was detected in any
blend of either series (Figure 9). This observation is chemically consistent: The chloride
salts of all leached cations (CaCl2, NaCl, and AlCl3) are highly soluble, so the products
of HCl attack are exported to the solution rather than precipitated within the matrix, and
degradation proceeds by dissolution alone. The diffractograms record this as a progressive
loss of the binder contribution rather than as new reflections. In the slag-rich blends,
the C–(A)–S–H band near 29◦ weakens while the relict aggregate reflections gain relative
intensity, mirroring the decalcification-driven mass losses of Section 4.1.1. In the fly-ash-rich
blends, the amorphous band instead grows and its centroid shifts from approximately 27◦

to approximately 24◦ (Table 6), towards the position characteristic of amorphous silica.
This identifies the insoluble surface layer inferred from the mass gain of these mixes as
an amorphous, dealuminated silica-rich residue, formed as H+ extracts aluminium and
the charge-balancing sodium from the N–A–S–H framework while the siloxane skeleton
survives [25–28]. Being amorphous, the residue generates no reflections of its own and
is visible only through the growth and displacement of the gel band, which explains
why it escapes conventional phase identification. Its continued accumulation at 180 days,
alongside the declining net mass gain of Section 4.1.1, indicates that the later-age reversal
reflects dissolution gradually outpacing residue formation once the layer cracks or densifies,
rather than any change in mechanism.
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Figure 9. XRD patterns after 180 days of immersion in 5% HCl for distilled-water (D)- and seawater
(M)-activated blends (Q = quartz, M = mullite, F = alkali feldspar, C = calcite, H = hematite; intensities
normalised to the quartz 26.64◦ reflection). No new crystalline phases are detected; all reflections
correspond to aggregate and precursor relict phases and to carbonation calcite.
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Figure 10. XRD patterns after 180 days of immersion in 5% H2SO4 (G = gypsum; other markers as in
Figure 9). Gypsum is the only new crystalline degradation product; note its full reflection set and its
enhancement in the seawater-activated fly-ash-rich blends.

After 180 days in sulphuric acid, gypsum (CaSO4·2H2O) is the only new crystalline
phase, identified by its complete reflection set (11.6◦, 20.7◦, 23.4◦, 29.1◦, 31.1◦ and 33.3◦ 2θ;
Figure 10). Ettringite was not detected in any specimen; this is expected, since ettringite
is unstable below pH ≈ 10.7 and gypsum is the stable calcium sulphate at the pH of the
exposure solution [36,64]. Gypsum was below detection in every blend at 28 days and
well developed by 180 days, showing that crystalline sulphate accumulation is a later-
age phenomenon; the early mass gain of Section 4.1.2 is therefore attributed to solution
uptake and amorphous or poorly crystalline sulphate precursors that subsequently ripen
to gypsum. Notably, the retained gypsum at 180 days does not follow the calcium content
of the binder (Table 6). The slag-rich blends, which generate the most calcium sulphate
and expand the most, retain comparatively little gypsum in the analysed material because
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their degraded surface layers progressively spall into the bath, consistent with their severe
UPV losses (Section 4.3) and the plateau of their mass-gain curves and the visible surface
condition of the specimens after 180 days of exposure (Figure 11). The dimensionally
stable fly-ash-rich matrices, by contrast, retain the precipitated gypsum in place, and it is
here that the influence of the activator water becomes visible: the seawater series retains
distinctly more gypsum than the distilled series (I11.6/I_quartz = 0.941 versus 0.327 for
F80G20, and 0.057 versus 0.035 for F100G0). This enhancement is consistent with the
secondary-attack mechanism of Siddique and Jang [40], in which chloride introduced
by the seawater activator is stored in the low-calcium matrix as calcium chloride and
converted to additional gypsum, with release of HCl, upon reaction with sulphuric acid.
In the slag-rich blends, the trend reverses (0.012 versus 0.060 for F20G80), in line with the
earlier onset of surface spalling observed for the seawater series in Section 4.1.2.

Taken together, the XRD results resolve the durability behaviour into two distinct
degradation pathways. Hydrochloric acid attacks both gel types by dissolution without
crystalline reaction products, leaving in fly-ash-rich blends an amorphous silica-rich residue
that constitutes the mass-gaining, ingress-limiting surface layer; sulphuric acid combines
dissolution with in-situ precipitation of expansive gypsum, whose retention is governed by
the mechanical integrity of the degraded layer rather than by the amount formed. Seawater
activation changes neither pathway; its measurable influence is confined to the additional
gypsum generated in fly-ash-rich blends through the chloride reservoir it introduces, and
to the earlier spalling of slag-rich surfaces, both secondary effects superimposed on a phase
assemblage otherwise identical to that of the distilled-water systems.

Figure 11. Representative condition of specimens after 180 days of exposure: (a) slag-rich blend
distilled water-activated blend DF10G90; (b) fly-ash-rich seawater-activated blend MF80G20. The
slag-rich specimen shows severe expansion and surface spalling under H2SO4 and surface erosion
under HCl, whereas the fly-ash-rich specimen remains dimensionally intact, with a white sulphate
(gypsum) surface deposit under H2SO4.
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5. Discussion
The results are resolved into three findings. First, the degradation mechanism and

rate are set by the binder chemistry. The calcium-rich C–(A)–S–H gel of slag-rich blends
is attacked by proton exchange and decalcification; under HCl, the products are soluble
and the matrix dissolves, which is why mass loss and UPV decline are most severe in
these blends and why XRD detects no new crystalline phases. The low-calcium N–A–S–H
framework degrades by slower dealumination, leaving an amorphous silica-rich residue
that accounts for the early mass gain of FA-rich blends and limits ingress, so that FA-rich
blends lose the least strength through 90 days; the reversal of their mass gain by 180 days
marks the point at which dissolution overtakes residue formation. Under H2SO4, the same
dissolution chemistry is compounded by in situ precipitation of gypsum, whose expansive
growth cracks and spalls the degraded layer; the acceleration of deterioration between 90
and 180 days coincides with the appearance of crystalline gypsum in the diffractograms,
and sulphuric acid exceeded hydrochloric acid by about 14 percentage points of strength
loss at 180 days (p < 0.001).

Second, the activator water is a second-order but age-patterned variable. Under
HCl, the seawater series retained significantly more strength at 60 days (Table 4), an
advantage that had largely converged by 180 days, while its only significant mass-change
difference, a slightly more negative mean at 90 days, stemmed chiefly from the smaller
surface-residue gains of its FA-rich blends; under H2SO4, it carried a small but significant
late-age penalty (p < 0.001 at 180 days). Both effects have a chloride origin rather than
a magnesium one. The early benefit is attributed to chloride-related densification of the
near-surface gel; since no crystalline chloride phases were detected at 180 days (Section 4.4),
such products are amorphous or transient. The late sulphate penalty matches the XRD
observation that seawater-activated FA-rich blends retain markedly more gypsum, formed
by conversion of activator-derived calcium chloride with release of HCl in a secondary
attack [40]. Magnesium, sometimes invoked as a buffering ion, is present at only about
800 mg/L in the seawater used, and the literature shows it degrades rather than protects
alkali-activated binders [24].

Third, the practical window for these materials is set primarily by composition and
exposure time. FA-rich and balanced blends offer the best strength retention through
intermediate ages in acid-dominated service, slag-rich blends offer the highest absolute
strength but the fastest relative degradation, and under sulphuric attack, no blend is
immune once gypsum crystallisation is established. Seawater can replace distilled water in
the activator with performance that is equal or modestly better at intermediate ages under
HCl and only marginally worse at late ages under H2SO4, supporting its use where potable
water is scarce, with protective measures advised for sulphate-rich service.

6. Conclusions
6.1. Acid Resistance and Mass Change

Under hydrochloric acid, GGBS-rich mortars exhibited the highest mass losses, driven
by decalcification of C–(A)–S–H gels and dissolution of calcium-rich domains; differences
between the two activator series were small, and the only significant mass-change difference
(90 days, Table 4) reflected the smaller surface-residue mass gains of the seawater FA-rich
blends rather than faster dissolution of their slag-rich counterparts. FA-rich mortars initially
gained mass through precipitation of an insoluble, dealuminated silica-rich residue that
restricted further ingress, the gains reversing by 180 days as dissolution outpaced residue
formation. Under H2SO4, all mixes gained mass through sulphate uptake and later gypsum
precipitation, with the seawater series gaining slightly more at early and late ages (Table 4).
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6.2. Strength Retention Under Acid Attack

Strength retention was governed by binder composition and exposure duration, with
an age-dependent influence of the activator water. Under HCl, the seawater series retained
significantly more strength at 60 days, and the FA-rich blends were the most resistant
through 90 days, before all compositions and both series converged at 62–73% loss by
180 days. Under H2SO4, deterioration was more severe at every age, culminating at 78–86%
loss, with a small but statistically significant late-age penalty for the seawater series that
is consistent with chloride-derived gypsum formation. Regardless of activation water,
prolonged acid exposure ultimately overwhelmed all compositions.

6.3. Ultrasonic Pulse Velocity (UPV) Behaviour

UPV results corroborated the mass and strength findings. Velocities declined with ex-
posure in proportion to the severity of attack, most sharply under H2SO4, where expansive
gypsum formation disrupted internal continuity. Differences between the activator series
were within the scatter of the method and showed no consistent pattern; retention was
governed by binder composition, with FA-rich mixes maintaining the highest velocities
after exposure.

6.4. Mineralogical Transformations (XRD)

XRD showed that the crystalline phase assemblage of the unexposed mortars is domi-
nated by relict phases of the raw materials and is essentially identical for seawater- and
distilled-water-activated systems. Under HCl, no new crystalline degradation products
formed in either series; deterioration proceeded by dissolution, and in FA-rich blends, the
amorphous band shifted towards the silica-gel position, identifying the protective surface
layer as a dealuminated, silica-rich amorphous residue. Under H2SO4, gypsum was the sole
crystalline degradation product, absent at 28 days and well-developed by 180 days, while
ettringite was not detected at the low pH of exposure. Seawater activation increased the
gypsum retained in FA-rich blends, consistent with a chloride-mediated secondary attack
in which activator-derived calcium chloride reacts with sulphuric acid to form additional
gypsum and was associated with earlier surface spalling in slag-rich blends.

6.5. Mass Gain Dynamics in Fly-Ash-Rich Mortars

FA-rich mortars (both D and M series) experienced net mass gain through intermediate
ages due to aluminosilicate- and sulphate-based precipitation. Differences between the
two series were small (Table 4); the surface layer is identified by XRD as an amorphous,
dealuminated silica-rich residue (Section 4.4), whose eventual consumption explains the
reversal of the gains by 180 days. These findings demonstrate that mass change must be
interpreted alongside strength retention and phase evolution, as higher mass does not
imply better durability.

6.6. Practical Implications

The results establish that seawater-activated mortars perform comparably to distilled-
water mortars under acid exposure, with a modest mid-term advantage under HCl and a
small late-age penalty under H2SO4, both of chloride origin. For acid-dominated service,
FA-rich and balanced blends provide the best strength retention through intermediate ages,
while GGBS-rich blends offer the highest absolute strength at the cost of the fastest relative
degradation; in sulphate-rich environments, protective measures remain necessary for all
blends. Overall, seawater can be used in alkaline activators without compromising the acid
resistance of FA–GGBS alkali-activated mortars, supporting their application in coastal and
industrial infrastructure where potable water is scarce.
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7. Future Scope and Limitations
Particle size distribution of the fly ash was not determined. As both series used

identical binder proportions by mass and the same fly ash source throughout, this does not
affect the comparative basis of the study, but absolute reaction kinetics may differ for fly
ash of different fineness.

Specimens were cured under ambient laboratory conditions rather than a controlled
curing regime. As each D-series and M-series pair was cast on the same day and all
specimens were held in the same environment, the comparative basis of the study is
unaffected, although absolute performance values may differ under controlled or elevated-
temperature curing.

This study was carried out under ambient laboratory conditions and did not account
for combined environmental effects such as wet–dry cycling or freeze–thaw action, which
may significantly influence long-term durability. Large-scale structural behaviour, crack
development, and field-scale performance were also beyond the scope of this investigation.

The microstructural characterisation in this work was limited to XRD-based identi-
fication of crystalline degradation products. While XRD provided clear evidence of the
major phases formed during acid exposure, complementary techniques such as SEM/EDS,
TG/DTG and mercury intrusion porosimetry could further elucidate morphological evo-
lution, gel decomposition, porosity and pore size distribution, and the distribution of
degradation products. In addition, XRD was performed on single powder samples per
condition, so the reported peak-intensity ratios are semi-quantitative; Rietveld refinement
with an added internal standard would be required for absolute phase contents. Future
studies incorporating these advanced characterisation tools would enable a more compre-
hensive understanding of reaction pathways in seawater- and distilled-water-activated
alkali-activated mortars.

Future research should therefore focus on evaluating mortars under real environmental
exposures, including variations in seawater chemistry and field-based durability validation.
Further studies on the use of alternative admixtures, protective surface treatments, and re-
inforcement strategies are recommended to enhance the practical applicability of seawater-
activated alkali-activated mortars in aggressive marine and sulphate-rich environments.
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