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ARTICLE INFO ABSTRACT

Keywords: In response to the global demand for low-carbon, energy-efficient, and sustainable construction materials, this
Corn husk ash study investigates the potential of corn husk ash (CHA) as a viable supplementary cementitious material (SCM)
Durability

for partial cement replacement in mortar. CHA, derived from agricultural waste, was incorporated at 0-25 %
replacement levels by weight of cement and thoroughly characterized for its chemical, physical, and mineral-
ogical properties. With a combined SiOz, Al:0s, and Fe20s content of 76.67 %, CHA satisfies ASTM Class N
pozzolan requirements, demonstrating high pozzolanic reactivity. Although higher CHA content reduced
workability—requiring 22 % more water and resulting in a 21 % slump reduction at 25 % replace-
ment—significant improvements in long-term performance were observed. At 20 % CHA, the mortar achieved a
dry density of 1908.84 kg/m?, 38.32 MPa compressive strength, and 4.38 km/s ultrasonic pulse velocity after 56
days. Durability was enhanced through reduced drying shrinkage, lower water absorption, improved acid
resistance, and increased surface resistivity. Microstructural analysis revealed a denser matrix with refined pores,
attributed to additional C-S-H formation via pozzolanic reactions. These results highlight CHA’s potential as an
eco-efficient alternative to cement, promoting greener construction. Further studies are recommended to explore
its application in alkali-activated and geopolymer systems for broader structural use.

Eco-friendly mortar
Mechanical performance
Microstructure
Workability

This upward trajectory mirrors the rapid expansion of the global con-
struction sector and underscores the urgent need for sustainable
alternatives.

1. Introduction

Cement, the cornerstone of modern infrastructure, serves as the

essential binder in cement paste, mortar, and concrete. However, its
production is among the most energy-intensive industrial processes
globally, demanding high thermal input and emitting substantial
quantities of greenhouse gases [1,2]. This environmental footprint is
largely attributed to the calcination of limestone during clinker pro-
duction, which alone contributes approximately 0.87 tons of CO: per ton
of cement manufactured [3,4]. Alarmingly, the cement industry ac-
counts for nearly 8-9 % of global anthropogenic carbon dioxide emis-
sions, making it one of the most pressing environmental challenges of
the construction sector [5]. The U.S. Geological Survey reported that
global cement production reached approximately 4.2 billion tons in
2017, with projections estimating a rise to 4.5 billion tons by 2050 [6].

To mitigate this environmental burden, ambitious decarbonization
strategies have emerged worldwide. One notable example is the Euro-
pean Cement Association’s Net Zero Roadmap, a comprehensive vision
for achieving carbon-neutral cement production by 2050 [7]. This
roadmap emphasizes innovation across the cement—concrete lifecycle by
targeting five interlinked areas—Clinker, Cement, Concrete, Construc-
tion, and Carbonation—popularly known as the five “C’s.” Such sys-
temic interventions, while transformative, require complementary
advancements in material science, particularly in sourcing eco-efficient
cement substitutes.

Concurrently, the agricultural sector has experienced exponential
growth. According to the U.S. Department of Agriculture and the
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Foreign Agricultural Service, global corn production surged by over
92 %, from 57.41 billion metric tons in 2010/11-110.49 billion metric
tons in 2021/22 [8]. A significant byproduct of this growth is corn husk,
the fibrous sheath encasing the corn cob, which is often discarded as
waste despite its abundant availability and high lignocellulosic content.
Data from the FAO estimate that corn husk constitutes approximately
20 % of the total corn weight, generating an estimated 117.8 million
tons of waste in 2000 alone [9].

In light of growing concerns over solid waste accumulation due to
urbanization, industrialization, and rapid construction, valorizing agri-
cultural residues like corn husk ash (CHA) in cementitious systems offers
a promising avenue for circular economy and low-carbon construction
[10]. Numerous studies have successfully demonstrated the feasibility of
utilizing agro-waste materials such as rice husk ash (RHA) [11,12], corn
cob ash [13,14], and corn stalk ash [15,16] as partial cement re-
placements. Among these, CHA has recently emerged as a material of
interest due to its high content of reactive silica, alumina, and iron ox-
ides, aligning well with the chemical profile of Class N pozzolans [17,18,
19,20].

Noteworthy investigations include the use of CHA in interlocking
paving stones, where compressive strength increased with CHA content
up to 10 %, and density remained comparable at CHA 15 % to that of
100 % OPC-based specimens at all curing phases [19]. Similarly, [18]
and [20] reported marginal reductions in early-age compressive
strength of CHA-blended mortars, but strength values at 56 days
remained similar to the control mixes. Furthermore, [17] observed
increased compressive strength in concrete with 2.5 %, 5 %, and 7.5 %
replacements of corn leaf ash. Collectively, these studies suggest that
CHA, particularly at replacement levels between 5 % and 15 %, can
enhance or maintain compressive strength while offering a sustainable
alternative to Portland cement.

Despite these promising preliminary results, there remains a critical
gap in the comprehensive assessment of CHA’s influence on the me-
chanical properties, microstructural characteristics, and long-term
durability performance of mortar. Most existing studies are limited in
scope, often focusing on early-age strength or isolated material param-
eters, without evaluating the holistic performance required for real-
world structural applications.

This study introduces a systematic and in-depth investigation of corn
husk ash as a sustainable cement substitute in mortar systems, targeting
a wide array of performance metrics, including workability, mechanical
strength, microstructure, and durability under various curing regimes.
Unlike earlier studies that focused primarily on early-age strength or
small-scale applications, this work offers a holistic evaluation of CHA-
blended mortar, aiming to (i) identify the optimal replacement level of
CHA, (ii) understand the underlying microstructural transformations via
scanning electron microscope (SEM) and X-ray diffraction (XRD), and
(iii) assess the long-term durability characteristics through water ab-
sorption and sulfate resistance tests.

By bridging the knowledge gap between agricultural waste valori-
zation and cementitious composite performance, this research not only
promotes the sustainable integration of CHA into mainstream con-
struction materials but also contributes to global efforts in decarboniz-
ing the construction industry. The findings of this study are expected to
inform future material standards and policy frameworks for the utili-
zation of agro-waste in sustainable infrastructure development.

2. Materials and methods
2.1. Materials used

In this study, Portland limestone cement (PLC) grade 42.5 R, ob-
tained from Dangote Cement Factory, and CHA were employed as the
primary binder materials for mortar production. The quality of PLC was
verified in accordance with ASTM C 1084 [21], and its use adhered to
the requirements outlined in ASTM C150 [22].
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The corn husk, an agricultural byproduct, was sourced from the crop
production farm at Arba Minch University, Ethiopia. Post-harvest, the
husks were sun-dried for 7 days to ensure efficient combustion, consis-
tent ash quality, and operational safety during incineration [23].
Pre-drying is critical, as moist husks lead to excessive energy con-
sumption, incomplete combustion, and higher impurity levels, while
also posing safety risks such as steam buildup, thermal shock, and par-
ticle spattering during rapid heating [24,25,26]

Once dried, the husks were incinerated in an electric furnace at
650 °C for 4 h to minimize unburnt carbon content and Loss on Ignition
(LoI), as recommended by [19,27]. This temperature-time profile has
also been validated in the context of calcining agricultural residues to
produce ash suitable for cement replacement. For instance, [28] evalu-
ated the chemical composition, weight loss, and strength activity index
of rice husk ash (RHA), wheat straw ash (WSA), and cow dung ash (CDA)
under varying calcination conditions. Their findings indicated that ashes
calcined at 600 °C for durations between 2 and 6 h exhibited superior
pozzolanic reactivity and mechanical performance. These results rein-
force the suitability of the calcination conditions employed in the pre-
sent study for producing high-quality pozzolanic CHA.

The resulting ash, characterized by a dark gray color, was finely
ground using a Los Angeles abrasion testing machine, and the powder
fractions passing through both 75 um and 150 pym sieves were collected
for use. The selected particle size range (75-150 pm) was governed by
the mechanical limitations of the grinding equipment and the unavail-
ability of finer milling technologies, which constrained the production
of ultrafine CHA. The complete production process for CHA is illustrates
in Fig. 1.

The physical properties and chemical compositions of PLC and CHA,
determined through various test methods, as summarized in Table 1.
The chemical compositions were performed using X-ray fluorescence
(XRF) analysis. PLC and CHA had specific densities of 3.15 g/cm?® and
2.38 g/cm®, respectively. CHA exhibited a Brunauer-Emmett-Teller
(BET) surface area of 365.46 m?/g, approximately 15 % higher than
that of PLC (318 m?/g), indicating its greater fineness and reactivity. As
shown in Table 1 and the CaO-SiO,-Al,0O3 ternary diagram (Fig. 2), the
XRF analysis of the binders indicates that the CHA is rich in SiO;
(52.38 %) and Al,03 (22.73 %), with appreciable amounts of MgO, CaO,
K50, P,0s, and Fez0s, minor constituents such as Na-O, MnO, and TiO».
The Lol of CHA was 4.75 %, within the permissible range. Based on the
total content of SiO,, Al;03, and Fe,O3 (76.67 %) and Lol, CHA fulfills
the chemical requirements for natural pozzolans outlined in ASTM C618
[29], qualifying it as a Class N pozzolan. These values are in line with
previous studies [9].

The morphological characteristics of CHA and PLC were investigated
using Scanning Electron Microscopy (SEM), as shown in Fig. 3. The SEM
micrographs reveal that CHA particles exhibit angular, sharp-edged, and
highly irregular geometries, with flat, coarse surfaces (Fig. 3(a))—traits
that suggest a high degree of surface reactivity. Additionally, the pres-
ence of a glassy and porous texture further underscores the material’s
pronounced pozzolanic potential. In contrast, the SEM image of PLC
(Fig. 3(b)) illustrates a denser and more compact microstructure, char-
acterized by granular particles of varying sizes and angular morphology.

X-ray Diffraction (XRD) analysis was also conducted to assess the
mineralogical compositions of both materials, using a BRUKER D2
PHASER diffractometer with Cu Ko radiation across a 20 range of
10°-60°. As illustrated in Fig. 4, the CHA sample predominantly consists
of crystalline quartz (SiO2), accompanied by minor phases including
magnetite, calcite, hematite, and mullite. Conversely, the PLC sample
shows well-defined peaks corresponding to clinker minerals such as alite
(CsS), belite (C2S), and calcium carbonate (calcite), along with minor
constituents like tricalcium aluminate (CsA), tetracalcium alumi-
noferrite (CsAF), and free lime.

To assess the microstructural characteristics of CHA, the Scherrer
equation (Eq. (1)) was adopted to calculate the average crystallite size,
while the crystalline index (CI) was determined using “Relative to Total
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Collection I Drying I

Table 1
Physical properties and chemical compositions of PLC and CHA.

Description Binding Materials
PLC CHA
Physical properties Specific density 3.15 2.38
[g/cm®]
Surface area [m?/ 318 365.46
gl .
Pore size [A] 8.13 8.76
Pore volume [cc/ 0.08 0.08
gl
Color Gray Dark
gray
Chemical CaO 64 4.72
compositions [%] SiOy 22 52.38
AlLO; 5.6 22.73
Fe,03 5.2 1.56
MgO 1.98 5
K20 0.83 3.72
P,0s - 3.7
NaO 0.54 0.24
MnO 0.57 0.12
TiO, - 0.07
Lol 1.38 4.75
z 76.67

Si0y+Al,03+ FeyOs3

7 7 7 7 7 7 7 7 0%
CaO 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% Al,0,

Fig. 2. Ca0O-SiO2-Al:0s ternary diagram of PLC and CHA.

Area” method (Eq. (2)) based on the XRD patterns [30,31]:

_kx2a

= peod’ (€9)

where, D = average crystallite size, k = shape factor (0.94), A = X-ray
wavelength, p = the full width at half maximum (FWHM) in radians, and
6 = Bragg angle.

CI (%) = Acrystalline / Atotal @)

where, Acrystatine = sum of the areas under the crystalline peaks, and

Calcined Ash I

Fig. 1. Production process of corn husk ash.

Sieved Ash I

Aporq = total area including amorphous background.

The analysis revealed an average crystallite size of 44.48 nm a
crystallinity index of 31 %, suggesting that the CHA is predominantly
(69 %) amorphous. This level of amorphous content falls well within the
effective range for high-amorphous Class N natural pozzolans
(55-85 %), as reported in previous studies [32,33,34].

For mortar production, laboratory tap water and natural river sand
from Konso area were used. The sand passing a 4.75 mm sieve, was
washed and characterized per ASTM standards. Its properties, unit
weight (1597 kg/m?), specific gravity (2.64), absorption (2.54 %), and
fineness modulus (2.38), fall within acceptable ranges for fine aggre-
gates. The grading curve is illustrated in Fig. 5, and detailed properties
are listed in Table 2.

2.2. Mix Proportions and Sample Preparations

To ensure consistency and comparability across all formulations,
mortar specimens were prepared using a fixed cement-to-sand ratio of
1:2.75 by weight, in accordance with ASTM C 109 [39], which specifies
proportions for standard 2-inch (50 mm) cube specimens. A constant
water-to-binder (w/b) ratio of 0.48 was adopted throughout the study to
maintain uniform workability and eliminate variability in performance
that might arise from differences in water content.

To evaluate the effect of CHA, PLC was partially replaced with CHA
in increments of 5%, up to a maximum of 25 % by volume. This
replacement was adjusted based on the optimal water content required
for each mix, ensuring consistent consistency across all formulations.
Table 3 outlines the detailed proportions of materials used to prepare
1 m?® of mortar, accounting for a 25 % shrinkage factor. A control mix
containing 100 % cement was also prepared for comparative purposes.

To ensure consistency in sample preparation, the binder materials
(PLC and CHA) were first dry-mixed for two minutes at a low speed in a
mechanical mixer with a capacity of 4.73 liters (5 quintals) at a speed of
20 rpm. After achieving a uniform dry mixture, the appropriate quantity
of water was gradually added, and the mixture was blended for an
additional five minutes at moderate speed to form a homogenous paste.
Once the desired workability was confirmed through consistency tests,
the mortar was cast into anti-corrosive metal molds of varying sizes,
depending on the specific test to be performed. The mortar was carefully
compacted in two layers using a table vibrator with a capacity of
3000-3600 rpm, to ensure uniformity and eliminate air pockets, a
crucial step for evaluating the hardened properties accurately. After
molding, the samples were allowed to set and dry in the molds for 24 h
prior to demolded. To promote hydration and achieve optimal curing
conditions, all specimens were stored in a water tank at an ambient
temperature of 25°C & 2°C for the designated curing periods. The
specimens were cured for 3, 7, 28, and 56 days before being tested for
their hardened properties, ensuring a comprehensive analysis of their
performance over time.

In total, 111 mortar cubes were cast, with a minimum of three
specimens prepared for each curing age to ensure statistical validity and
result reliability. Except for those used in flexural strength and dry
shrinkage tests, all specimens were cast in 5 x 5 x 5 cm cubic molds.
Flexural strength tests employed 40 x 40 x 160 mm prism molds, while
dry shrinkage tests utilized 25 x 25 x 285 mm prism molds.
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Fig. 3. SEM images of powders (a) CHA and (b) PLC.
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Fig. 4. XRD traces of CHA and PLC.
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Table 2
Physical properties and results of fine aggregate with respective test methods.
S. Property Test Result Unit Standard
No. Methods Value
1 Silt Content ASTM C 40 4.17 % [%] Max., 8
[35]
2 Absorption or ASTM C 2.54 % [%] Max., 3
Bulking of Sand 128 [36]
3 Fineness Modulus ASTM C 2.38 [-] 2.2-2.6
136 [37]
4 Moisture Content ASTM C 5.38 % [%] 2-6
566 [38]
5 Unit Weight ASTM C 1597 [kg/ 1520-1680
128 [36] m?]
6 Specific Gravity ASTM C 2.64 [-] 2.50-2.68
128 [36]
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Fig. 5. Particle size distribution of the fine aggregate.
2.3. Experimental procedures

2.3.1. Workability tests

The initial stage of the study focused on evaluating the workability of
the binder paste mixes using consistency and setting time, following
ASTM C187 [40] and ASTM C191 [41], respectively. Besides, the slump
flow test was conducted to further to investigate the flowability and
workability of the mortars in accordance with ASTM C151/C151M [42].
These workability tests were essential to ensure the practicality of the
mixes before casting and testing the hardened and microstructure

Table 3
Mix proportions of materials in 1 m*® of CHA-based cement mortars.
Mix Cement Content CHA Content Water Sand
d
Code Volume, wt, Volume, wt, [lit] [kgl
[%] kgl [%] [kgl
CHA-0 100 % 566.67 0% 0.00 272.00 1558.33
CHA-5 95 % 538.33 5% 35.13 272.00 1558.33
CHA-10 90 % 510.00 10 % 56.67 272.00 1558.33
CHA-15 85 % 481.67 15% 70.27 272.00 1558.33
CHA-20 80 % 453.33 20 % 140.53 272.00 1558.33
CHA-25 75 % 425.00 25 % 175.67 272.00 1558.33
properties.

2.3.2. Mechanical tests

Concurrent with the workability tests, the soundness of the cement
pastes was assessed in accordance with ASTM C1437 [43]. Subse-
quently, a range of mechanical tests was conducted, including bulk dry
density, compressive strength, flexural strength, and ultrasonic pulse
velocity (UPV), to evaluate the mechanical performance of the mortars.
The bulk dry density, compressive and flexural strength tests were
conducted in accordance with ASTM C642 [44], ASTM C109 [39], and
ASTM C348 [45], respectively; while the UPV test was performed bases
on ASTM C597 [46].

2.3.3. Characterization of samples

For microstructural analysis, broken pieces from post-compressive
strength testing were utilized. These samples were first immersed in
ethanol (97 % purity) for 24 h to halt the hydration process. They were
subsequently oven-dried at 105 4+ 5°C for 24 h, as recommended by
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[47]. The hydration products of the mortar specimens were assessed
using SEM (JEOL model JSM-6390LV) after preparing small and thin
slices (10 x 10 mm) from the broken mortar samples. These slices were
not polished, but were coated with a platinum alloy for SEM analysis.
The key hydration products that could be identified in the SEM analysis
included calcium hydroxide (C-H), calcium silicate hydrate gel (C-S-H),
ettringite, and unreacted particles and pore spaces.

In addition to SEM analysis, Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and thermogravimetric analysis (TGA)
were employed to further investigate the microstructure of the mortar.
After compressive strength testing, the specimens were immersed in
ethanol solution and oven-dried, then crushed and ground to powders
passing through a 75 pm (#200) sieve. The FTIR analysis aimed to
identify chemical components in the samples, such as those observed in
SEM, along with additional compounds like carbon and water. FTIR
measurements were carried out using a DIGILAB FTS-3500 with a
transmittance wavelength range of 400-4000 cm ™, as described in
[48].

TGA was employed to assess the thermal stability and mass loss
resulting from temperature changes. The TGA analysis was performed
using a PerkinElmer STA6000 machine with a temperature range of
40-800°C, with a heating rate of 20°C/5 min [49]. The results from TGA
provided insights into the carbonation of calcium carbonate (CaCOs),
the dihydroxylation of C-S-H gel, and the dehydration of C-H gel, as
described in [50,51].

2.3.4. Durability tests

The durability performance of the mortar samples was evaluated
through water absorption, apparent porosity, sulfate resistance, drying
shrinkage, and electrical surface resistivity (ESR) tests. Water absorption
and porosity were determined using ASTM C642 [44] to assess perme-
ability and pore structure. For sulfate resistance, mortar cubes were first
cured in water for 24 h, then immersed in a 5 % magnesium sulfate
(MgSO0.) solution for 3, 7, 28, and 56 days. This test was conducted in
accordance with ASTM C1898 [52] and supplemented by procedures
outlined in prior studies [53]. Resistance to sulfate attack was quantified
through changes in compressive strength and mass relative to unexposed
control specimens.

Drying shrinkage was measured in line with ASTM C157 [54],
recording length changes from the initial reading before curing to sub-
sequent values at 7, 28, 56, 91, and 120 days. Electrical surface re-
sistivity was evaluated to assess the mortar’s resistance to ionic
penetration and potential durability in aggressive environments. This
was done using a four-point Wenner probe with a 38 mm spacing, as
described in AASHTO T277 [55].

3. Results and discussions
3.1. Fresh properties

3.1.1. Water demand and slump flow

Previous research reported that incorporating aro-waste materials as
a partial or complete cement replacement influences the workability
properties of cementitious systems [11]. In the present study, the impact
of CHA on water demand and mortar workability is presented in Fig. 6.
As shown, the inclusion of CHA in the binder system notably increased
the water requirement of the mixes. For instance, the paste mix with a
25 % CHA replacement level exhibited a consistency of 33.07 %, in
contrast to 27.04 % revealed for the reference PLC mix—representing an
approximate 22 % increase in water demand. This behavior is primarily
attributed to the hygroscopic nature and high surface area
(365.46 mz/g) compared to PLC (310 m?/ g). The porous, irregular
texture of CHA (Fig. 3), along with the elevated free CaO content [56],
further contributes to its higher water absorption capacity, thereby
increasing the water requirement to achieve desirable workability.
Moreover, the relationship between water demand and CHA
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Fig. 6. Effect of CHA on water consistency and slump flow of cement paste.

replacement level exhibited a strong positive linear trend, with a coef-
ficient of determination (R?) of 0.9787, indicating a highly predictive
correlation. Similar findings have been reported by [57], where the
substitution of cement with 30 % sugarcane bagasse ash (SCBA)
increased the w/b from 0.61 to 0.761, representing a 24.75 % rise to
support hydration and pozzolanic activity.

In terms of slump flow, a consistent reduction in flowability was
observed with increasing CHA content. The average slump flow values
recorded for CHA level of 0 %, 5 %, 10 %, 15 %, 20 %, and 25 % were
274.93 mm, 261.09 mm, 253.54 mm, 247.22 mm, 236.73 mm, and
215.73 mm, respectively. This translates to reductions of approximately
8 %, 16 %, and 34 % for CHA-5, CHA-15, and CHA-25 mixes relative to
the control (CHA-0). This reduction in slump could attributed the rough
surface morphology, angularity, and porous of CHA particles, which
increase internal friction which is responsible and hinder the flow of the
fresh mortar [58]. Comparable findings were reported by [59], who
observed a 4 % decrease in workability when cement was partially
replaced with 20 % rice husk silica ash.

Further, literature indicates that mortars incorporating natural poz-
zolans with finer particle size distributions and higher specific surface
areas typically exhibit greater reductions in slump flow, especially when
used at low w/b ratios [60,61]. This behavior is consistent with the
present study, where CHA fractions in the 75-150 um range were used.
As reported by [62], the use of such particle sizes can significantly
reduce slump flow due to increased water demand and surface inter-
action, emphasizing the role of particle fineness in workability loss.

3.1.2. Setting time
The setting times of various binder formulations incorporating CHA
are shown in Fig. 7. A clear trend of accelerated setting is observed as the
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Fig. 7. Initial and final setting times of CHA -modified and control
cement pastes.
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CHA content increase from 5 % to 25 %. The control mix displayed the
longest initial and final setting times, recorded at 125.22 min and
427.05 min, respectively. In contrast, the CHA-25 mix demonstrated a
markedly faster setting behavior, initiating set at 85.99 min and
completing final set at 360.92 min, approximately 15 % shorter than the
control. This acceleration is largely due to the high fineness, amorphous
silica, and elevated alumina content of CHA, which enhance the
pozzolanic reactivity. These components react more readily with cal-
cium hydroxide Ca(OH)2, promoting the earlier formation of C-S-H gel,
which contributes to quicker stiffening of the matrix. The findings align
with prior studies indicating the role of reactive aluminosilicate phases
in expediting setting times [63]. Interestingly, the setting behavior of
CHA-5 was nearly identical to that of the control, attaining about 91 %
and 95 % of the initial and final setting times, respectively. This sug-
gested that low CHA substitutions have a negligible impact on setting
kinetics. Importantly, all paste formulations conformed to the standard
requirements of both ASTM and Ethiopian standards, confirming their
suitability for practical application.

3.2. Mechanical performance

3.2.1. Soundness

Fig. 8 illustrates the influence of varying CHA content on the
soundness of cement pastes. The result depicts that the incorporation of
CHA enhances the paste resistance to volume changes at the time of
setting and hardening. Remarkably, the CHA-20 mix attained the
highest volumetric stability, registering an expansion of only 0.43 mm, a
corresponding to an 87 % improvement over the control mix. This
performance can be attributed to several synergistic factors: the
pozzolanic reactivity of CHA reduces the amount of free CaO by facili-
tating secondary hydration reactions, while the balanced MgO content
and micro-filling effect of CHA particles help limit capillary porosity and
residual stress buildup [64].

Moreover, the soundness values display a strong correlation with
CHA incorporation, indicated by a high coefficient of determination (R>
= 0.9188), underscoring the reproducibility and reliability of the find-
ings. All test results remain well within the limits prescribed by ASTM
C151 [42], which stipulates a maximum allowable expansion of 10 mm
for Portland cements.

3.2.2. Bulk dry density

Table 4 presents the evolution of bulk dry density in mortar speci-
mens containing different proportions of CHA, monitored at 3, 7, 28,
and 56 days. The results reveal that incorporating CHA significantly
enhances the compaction and density of the hardened mortar. The
control mix (CHA-0) had a 3-day density of 1531.19 kg/m®, which
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Fig. 8. Soundness of cement paste incorporating varying levels of CHA.
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increased steadily with curing age and CHA content. Notably, the CHA-
20 mix consistently achieved the highest densities across all curing pe-
riods, reaching 1908.83 kg/m° at 56 days, a 24.66 % increase over the
control. This enhancement is attributed to the formation of additional C-
S-H gel formation due to pozzolanic activity of CHA, as well as the filler
effect from its fine particle size and high specific surface area. These
attributes facilitate better particle packing and reduced porosity, as
supported by the microstructural observations. These findings affirm
that CHA addition not only maintains the integrity of the hardened
mortar but actively improves its structural compactness, aligning with
previous literature [63].

3.2.3. Compressive strength

The compressive strength development of CHA-blended cement
mortar as a function of curing time and CHA replacement percentage is
shown in Fig. 9. All mortar samples exhibited progressive strength gain
over time, consistent with the ongoing hydration and pozzolanic re-
actions. The control mix achieved strengths of 13.83 MPa and
32.50 MPa at 3 and 56 days, respectively. Remarkably, the CHA-20 mix
outperformed the control at all ages, achieving 23.78 MPa and
38.32 MPa—representing 72 % and 18 % enhancements at the 3rd and
56th days, respectively.

Furthermore, the CHA-25 mix also exhibited superior strength per-
formance, confirming that optimal CHA inclusion levels fall between
20-25 %. At 28 days, compressive strength gains over the control were
recorded as follows: CHA-5 (+0.72 MPa), CHA-10 (+2.57 MPa), CHA-
15 (+4.41 MPa), CHA-20 (+6.50 MPa), and CHA-25 (+5.79 MPa).
The enhancement is largely due to the abundant reactive silica in CHA,
which accelerates the formation of secondary C-S-H gel, thereby
improving the load-bearing capacity [65,66]. This trend is consistent
with prior studies, such as [67], which documented similar performance
using Guinean CHA. In contrast, other agro-waste ashes such as corn cob
ash have demonstrated detrimental effects at higher replacement levels,
with [68] reporting a 9.50 MPa reduction in compressive strength when
cement was partially replaced with 20 % corn cob ash.

A statistically significant linear relationship was established between
compressive strength, CHA content, and curing age, captured by the
fitted equation: f, = 17.302 + 0.314a + 0.283b, where a is the CHA
content (%) and b is the curing age (days), with an adjusted R% = 0.877.

3.2.4. Flexural strength

Given that the incorporation of CHA in cement mortar enhanced the
compressive strength, a corresponding improvement in flexural
behavior was anticipated. Fig. 10 illustrates the flexural strength evo-
lution of mortar samples incorporating varying CHA dosages. A linear
enhancement in strength was observed with increasing CHA content up
to a 25 % cement replacement, particularly evident at extended curing
durations.

At 56 days, the flexural strength of CHA-modified mortars ranged
between 5.55 MPa and 6.36 MPa, with the CHA-20 mix attaining the
highest value of 6.36 MPa, followed closely by CHA-25 at 6.02 MPa.
These values represent a 14.6 % and 8.6 % increase, respectively, over
the control (CHA-0) mix. Furthermore, partial replacement of cement
with CHA (0-25 %) yielded 48 -84 % and 10 -18 % improvements in
flexural strength at 28 days compared to the 3-day and 7-day curing
results, respectively. These enhancements are attributed to post-
hydration pozzolanic activity that facilitates the formation of cross-
linked C-S-H gel networks [69], the inherent hydrophilicity of CHA
[70], and improved interfacial bonding within the mortar matrix [71].
Collectively, these factors lead to a denser microstructure and
delayed-age strength gains. Notably, the CHA-20 and CHA-25 mixes
exhibited superior synergy between hydration kinetics and microstruc-
tural refinement, mirroring findings by [12], who observed a > 16 %
flexural gain using 20 % corn stalk ash replacement. Comparable studies
also support this trend; for example, [72] reported that replacing cement
with 10 % cashew leaf ash yielded 2.33 % and 2.2 % improvements in
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Table 4
Bulk dry density of mortar mixes samples with varying CHA content.
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Mix Code Average Bulk dry density, [kg/m®] Increment of density compared to CHA-0, [%]
3" day 7t day 28 day 56 day 3™ day 7% day 28" day 56" day

CHA-0 1531.19 1613.39 1682.03 1777.51 - - - -
CHA-5 1555.74 1628.95 1732.83 1787.57 1.60 % 6.38 % 13.17 % 16.74 %
CHA-10 1558.17 1652.16 1759.21 1815.76 1.76 % 7.90 % 14.89 % 18.58 %
CHA-15 1644.35 1693.60 1788.43 1829.27 7.39 % 10.61 % 16.80 % 19.47 %
CHA—20 1703.42 1724.20 1830.65 1908.83 11.25 % 12.61 % 19.56 % 24.66 %
CHA-25 1682.84 1720.78 1792.71 1854.77 9.90 % 12.38 % 17.08 % 21.13 %
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Fig. 10. Flexural strength development of PLC-CHA mortar mixes at different
curing ages.

flexural strength at 56 and 90 days, respectively.

Additionally, Fig. 10 highlights the flexural-to-compressive strength
ratios for 56-day cured samples, which ranged between 16.04 % and
17.06 %—well within and often exceeding international guideline
thresholds. For instance, the CHA-20 mix achieved a ratio of 16.5 %,
surpassing the laboratory testing results observed by BS EN 1015-11
[73], ASTM C 348 [74] and ASTM C 349 [75], all of which typically
report ratios between 10-20 %. This underscores the structural effi-
ciency and mechanical reliability of CHA-enhanced mortars for flexural
applications.

3.2.5. Ultrasonic pulse velocity (UPV)
Fig. 11 displays the UPV measurements across various mortar mixes
containing 0-25 % CHA at different curing ages. Results reveal a

CHA-25

CHA-20 CHA-10

CHA-15

Fig. 11. Effect of CHA content on UPV of mortar samples across varying
curing durations.

pronounced increase in UPV values with rising CHA content up to 20 %,
particularly at later curing stages. At 56 days, UPV ranged from
3.06 km/s (CHA-0) to a peak value of 4.38 km/s for the CHA-20 mix,
confirming superior internal quality and material densification. While
the CHA-25 mix exhibited a marginal decline, its UPV values remained
significantly higher than the control, reflecting a well-structured matrix.
Remarkably, all 56-day UPV results—excluding the CHA-O and CHA-5
samples—fell within the ‘good’ quality range (3.5-4.0 km/s) accord-
ing to IS 13311 (Part 1) [76], with CHA-20 slightly exceeding this upper
bound, indicating exceptional microstructural cohesion. Compared to
the control mix, the CHA-20 mortar passed ultrasonic pulses 0.72 km/s
(at 28 days) and 1.05 km/s (at 56 days) faster, validating its enhanced
compactness and reduced void structure.

The densification observed in CHA-based mortars arises from several
mechanisms, including: (i) accelerated pozzolanic reactions at later
ages, (ii) transformation of macropores into mesopores via hydrotalcite
(Ht) crystal precipitation [77], (iii) development of a refined interfacial
transition zone (ITZ) [48], and (iv) the amorphous structure of CHA
promoting secondary C-S-H gel growth [78]. These phenomena collec-
tively contribute to the formation of a robust, compacted matrix with
improved mechanical and durability characteristics. Fig. 12 further
established a strong positive correlation (R? = 0.9431) between UPV and
compressive strength, and a strong inverse relationship (R* = 0.8843)
between UPV and apparent porosity.

3.3. Microstructure

3.3.1. Fourier-transform infrared (FTIR) spectroscopy

Fig. 13 (a) and (b) present the FTIR spectra of mortar specimens of
the control mix (CHA-0), CHA-5, and CHA-20 cured for 7 and 28 days,
respectively. On the 7th day (Fig. 13 (a)), prominent absorption bands
were identified in the ranges of 490-1030 cm™ , 1505-2375 cm™ , and
2920-3840 cm™ . A sharp peak near 490 cm™ in CHA-5 was associated
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with unhydrated iron oxide (Fe3Os3) particles, while similar features in
CHA-0 and CHA-20 around 500 cm™ suggested the formation of
unreacted alite and belite—linked to delayed strength development in
earlier-age hydration [48,79]. Peaks at 940-955 cm™ confirmed the
formation of C-S-H gel via Si-O asymmetric stretching, with a shift to-
ward 1030 cm™ in CHA-20 indicating enhanced silica crystallization.
Asymmetric stretching of sulfate groups (SO427) from gypsum and
ettringite was evident between 1090 and 1192 cm™ [80].

The presence of CaCOs and H20 was observed around 1510 cm™ in
CHA-5, with slightly reduced intensities at 1505 cm™ in CHA-0 and
CHA-20. Methylene (C-H) stretching from CHy/CHs groups appeared
distinctly near 2370-2375 cm™ in all samples. Notably, O-H-O vibra-
tions of absorbed water emerged near 2920-2925 cm™ , shifting ac-
cording to CHA content. Broad O-H bands 3550-3840 cm™ indicated C-
H formation, with band intensity increasing with CHA dosage, sug-
gesting more extensive hydration reactions.

At 28 days (Fig. 13 (b)), similar spectral features were retained,
affirming ongoing hydration and phase development. The persistent
bands at 490-500 cm™ and 935-1030 cm™ further indicated continued
formation of unreacted phases and C-S-H gel. CHA-0 exhibited stronger
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CaCO3 and CH- related bands at 1510 cm™ and 2360 cm™ , respec-
tively, attributed to enhanced CO% and CH-group presence [80].
Broadened O-H stretching near 2910-2925 cm™ confirmed the inclu-
sion of OH" ions. Interestingly, CHA-20 demonstrated stronger C-H ab-
sorption and broader bands between 3550-3840 cm™ , suggesting a
greater degree of hydration product formation. These findings align with
the assertion of [81] that hydrogen bonding becomes more prominent
near 3700 cm™ and above, indicating advanced curing and material
transformation.

3.3.2. Phase compositions of the mortar samples

The phase evolution of cementitious systems incorporating CHA was
comprehensively using X-ray diffraction (XRD) analysis. Fig. 14 illus-
trates the diffraction patterns of mortar specimens cured for 7 and 28
days, highlighting the mineralogical phases developed throughout the
hydration process. At 7 days of curing, the control mix (CHA-0) pre-
dominantly displayed hydration products typical of ordinary Portland
cement, including calcium hydroxide (C-H) in the form of portlandite
(P), alite (C3S), ettringite (AFt), and gypsum as monosulfate (AFm)
mode, alongside a notable amount of C-S-H gel. Notably, the absence of
CHA resulted in no crystalline silica (quartz) phases, corroborating
findings from previous studies [80]. The pronounced diffraction peaks
indicate a substantial quantity of portlandite, ettringite, gypsum, and
alite, signifying active hydration. In contrast, the incorporation of CHA
into the mortar mixes (CHA-5 and CHA-20) introduced crystalline
quartz, with increasing peak intensity from CHA-5 to CHA-20. Peaks at
26 values of 26.7° and 28° correspond to SiO2 and C-H, respectively,
confirming the ash’s contribution to the overall phase composition.
Alite, essential for early strength development, exhibited higher in-
tensities than belite (C,S) and C-S-H across all mixes, particularly in the
early hydration stages. Both belite and C-S-H gel were identified in the
260 region between 49.8° and 57.4°, whereas ettringite and gypsum were
consistently detected around 18° in all mortar types.

XRD patterns of CHA-5 and CHA-20 at 28 days revealed prominent
peaks for quartz and portlandite, while C-S-H and belite displayed
broader, less intense humps, characteristic of their semi-crystalline or
amorphous nature. C-S-H gel was notably detected at 26 angles of 24°,
34.2°,39.4°,49.7°, and 57.5°, whereas C-H appeared at 28.2° and 29.6°,
and belite was identified around 32° and 46.1°. The intensity of SiOs
peaks (26.7° and 28.8°) in CHA-5 and CHA-20 mixes further confirmed
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Fig. 13. FTIR spectra of mortar specimens containing CHA after (a) 7 days and (b) 28 days of curing.
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Fig. 14. XRD patterns CHA-containing mortar specimens cured at 7 and 28 days.

the increased crystalline silica presence due to CHA addition.

A quantitative summary of the hydration product content, deter-
mined using the Scherrer equation (Eq. (1) and (2)), is presented in
Table 5. The control mix exhibited the highest C-H and alite content at
early age, whereas CHA-5 and CHA-20 demonstrated significantly
increased proportions of C-S-H gel over time, reflecting enhanced
pozzolanic activity. While some CHA particles remained unreacted,
particularly at higher replacement levels, these particles contributed
positively through a filler effect, promoting matrix densification and
refined pore structure. Notably, the concentrations of ettringite and
gypsum decreased with extended curing, particularly in CHA-20, indi-
cating their conversion into more stable hydration phases such as
monosulfate and additional C-S-H. This transformation supports
improved long-term durability and dimensional stability of the cemen-
titious matrix by reducing the potential for deleterious expansion,
shrinkage, and crack formation over time.

The substantial rise in C-S-H content and concurrent reduction of
portlandite in CHA-rich mixes underscore the effectiveness of CHA in
promoting pozzolanic reactions. These transformations ultimately result
in a more refined and compact microstructure, as also evidenced by SEM
investigations. As a consequence, the inclusion of CHA enhances the
long-term mechanical performance of mortar by reducing porosity and
increasing the volume of binding phases [82,83].

3.3.3. Scanning electron microscope (SEM) analysis
Fig. 15 and Fig. 16 present the SEM micrographs of CHA-0, CHA-5,
and CHA-20after 7 and 28 days of curing, respectively. As noted in prior

Table 5
Quantitative phase composition of hydration products in CHA-containing
mortar specimens.

Hydration Products Composition [%]

7th day 28th day

CHA- CHA- CHA- CHA- CHA- CHA-

0 5 20 0 5 20
Portlandite (C-H) 32.01 22.2 13.35 19.06 6.22 5.22
Alite (C3S) 26.98 14.07 6.57 0.00 0.00 0.00
Belite (C,S) 11.30 2.85 1.30 10.78 2.00 2.00
Unreacted CHA 0.00 6.83 8.75 0.00 14.98 15.15
Ettringite and 4.65 3.11 3.39 3.48 1.81 0.00

Gypsum (Aft/Afm)

C-S-H Gel 25.06 50.94 66.64 66.68 74.99 77.63

research [48,82], the predominant hydration products observable under
SEM include C-S-H gel, C-H, ettringite, and AFm, alongside residual
unreacted particles and pore structures, which are influenced by the
binder chemistry and hydration kinetics. At the early stage of hydration
(7 days, Fig. 15), the microstructure of CHA-O revealed scattered for-
mations of fibrous C-S-H gel embedded within a matrix abundant in
crystalline calcium hydroxide and elongated needle-like ettringite. The
presence of considerable porosity was evident, indicative of an imma-
ture and loosely packed matrix. However, the incorporation of CHA
(CHA-5 and CHA-20) resulted in a visibly altered morphology: a more
heterogeneous texture emerged, with a noticeable presence of unreacted
CHA particles and denser hydration products. While the pozzolanic ac-
tivity of CHA may not be fully activated at early ages, its filler effect
clearly contributed to refining the microstructure, reducing pore size,
and initiating nucleation sites for further C-S-H development [84].

After 28 days of curing (Fig. 16), the micrographs showcased pro-
nounced microstructural evolution. he CHA-0 mix exhibited further
development of C-S-H and C-H phases, but retained some degree of
porosity. In stark contrast, the CHA-containing mortars displayed a
substantially denser and more cohesive matrix. Especially in the CHA-20
mix, the microstructure appeared highly compacted with a well-
interlocked network of C-S-H gel and significantly reduced pore space.
This densification is attributed to the delayed yet vigorous pozzolanic
reaction between the amorphous silica in CHA and free calcium hy-
droxide, leading to the secondary generation of additional C-S-H, which
filled voids and enhanced the structural integrity of the mortar matrix
[84]. The fineness and high glassy-phase content of CHA (as indicated in
Table 1) further accelerated these processes by enhancing the surface
area available for reaction and facilitating ion mobility [85]. This syn-
ergy between physical filler effects and chemical pozzolanic activity
culminated in a robust microstructure, minimizing porosity and boost-
ing mechanical performance, in alignment with findings from [86].

3.3.4. Thermogravimetric analysis (TGA)

TGA was conducted to assess the thermal stability and phase
decomposition of mortar specimens containing varying amounts of
CHA. The TGA curves shown in Fig. 17 (a) and (b) illustrate the mass
loss during profiles of the samples at 7 and 28 days of curing, respec-
tively, as the temperature increased from 20 to 800 °C. Each sample,
with an initial mass of approximately 10 mg, underwent weight loss due
to the decomposition of hydration products and mineral phases. Based
on established studies [48,87], the mass loss in the TGA profiles can be
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Fig. 17. TGA analysis of cement-CHA-based mortar after 7 and 28 days of curing.

categorized into three distinct temperature ranges: (1) 105-420 °C-loss
of physically bound water and dehydration of C-S-H and ettringite; (2)
420-550 °C-dehydroxylation of calcium hydroxide (portlandite); and
(3) 550-750 °C—decarbonation of calcium carbonate (CaCOs) into cal-
cium oxide (CaO) and CO,.

At 7 days (Fig. 17 (a)), all mixes exhibited an initial mass loss below
120 °C, primarily attributed to the evaporation of unbound water.
Notably, CHA-O experienced a higher mass loss (2.38 mg) compared to

10

CHA-5 (0.27 mg) and CHA-20 (0.15 mg), reflecting a more porous ma-
trix with higher free moisture content. However, this stage alone may
not accurately reflect the formation of C-S-H, as suggested by [84]. A
significant mass reduction, averaging 15 %, was observed around 420 °C
in all mixes, signaling the dehydration of C-S-H gel and AFt. As the
temperature approached 550 °C, dehydroxylation of portlandite begin,
with CHA-0 showing the greatest mass loss—indicative of lower thermal
resistance. In contrast, CHA-5 and CHA-20 demonstrated enhanced
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thermal stability, underscoring the protective effect of CHA incorpora-
tion on the matrix. The improved thermal performance is further high-
lighted in the 550-750 °C range, where CHA-based mortars exhibited
more pronounced CaCOs decomposition, consistent with their higher
calcite content confirmed by XRD results. Beyond 600 °C, mass loss
accelerated, but CHA-5 and CHA-20 mixes retained greater stability,
offering 36 % and 40 % higher resistance, respectively, than the CHA-0
mix.

The 28-day TGA results (Fig. 17 (b)) revealed even more pronounced
differences in thermal behavior. CHA-O displayed substantial mass loss
in the 220-420 °C and 600-750 °C ranges, corresponding to the
breakdown of C-H and decarbonation of CaCO3. Conversely, CHA-5 and
CHA-20 exhibited markedly reduced weight loss during these phases.
Specifically, CHA-5 showed 10 %, 11.35 %, and 17.52 %, improved
thermal stability at key degradation temperatures, confirming its pro-
gressive enhancement over time. Above 750 °C, CHA-20 exhibited a
highly resilient structure, likely due to a dense and consolidated matrix
rich in secondary C-S-H gel. This increased thermal resistance can be
attributed to the lower portlandite content in CHA-blended mortars, a
direct consequence of pozzolanic activity that consumes Ca(OH), to
form additional C-S-H [30]. The superior thermal behavior of CHA-20,
showing 17.58 % greater stability than CHA-0, reaffirms its higher
pozzolanic reactivity and enhanced cementitious performance [88].
Furthermore, [84] cautions that uncontrolled carbonation of portlandite
can affect long-term durability—an issue mitigated by CHA through its
portlandite-reducing effect.

In summary, both the 7-day and 28-day TGA profiles clearly validate
the improved thermal stability and structural integrity of CHA-based
mortars. These findings are consistent with SEM and XRD analyses,
highlighting the pozzolanic consumption of C-H and the evolution of a
denser microstructure in the order of CHA-20 > CHA-5 > CHA-0. The
results not only substantiate the mechanical performance improvements
observed but also underline the thermal resilience gained through CHA
incorporation.

3.4. Durability properties

3.4.1. Water absorption

Fig. 18 presents the water absorption performance of hardened
cement mortar incorporating varying percentages of CHA. As displayed,
water absorption decreased consistently with higher CHA content,
indicating an enhancement in mortar durability across all curing pe-
riods. The measured absorption values ranged from 3.02 % to 18.66 %.
Mortars blended with 20 % and 25 % CHA demonstrated superior
durability, achieving notably low water absorption rates of 3.02 % and
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Fig. 18. Water absorption of CHA-containing mortar mixes after immersion
and boiling.
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3.26 % at 56 days, respectively.

In comparison to the CHA-20 mix, the control specimens signifi-
cantly higher water absorption, recording increases of 28 % at 3 days,
27 % at 7 days, 48 % at 28 days, and 57 % at the 56 days. Regardless of
replacement level, the mean water absorption values were approxi-
mately 16.11 %, 14.00 %, 7.57 %, and 4.94 % at 3, 7, 28, and 56 days,
respectively, as shown by the trend line in Fig. 18. These results align
with previous studies reporting that the partial substitution of cement
with agricultural waste-based SCMs—such as CHA [67], corn cob ash
[14,13], and corn stalk ash [16,89]—significantly enhances durability.
The improvement is mainly attributable to the unique pore-filling ca-
pacity and cohesive characteristics of these fine SCMs, which lead to a
more refined and impermeable microstructure.

3.4.2. Void (air) space or apparent porosity

In parallel with the trends observed for bulk dry density and water
absorption, the apparent porosity of mortar mixes decreased as the CHA
content increased up to 20 %, followed by a slight increment at 25 %,
across all hydration ages (Fig. 19). The void content reduction was most
significant in mortars with 20 % CHA, exhibiting the lowest porosity of
2.73 % at 56 days, indicating a notably dense and compacted micro-
structure, with a similar trend observed for the CHA-25 specimens.

Porosity decreased following the order: CHA-O > CHA-5 > CHA-
10 > CHA-15 > CHA-25 > CHA-20. Mortars containing 20 % CHA
showed improvements in microstructural densification by 42 %, 45 %,
67 %, and 60 % at 3, 7, 28, and 56 days, respectively, compared to the
control. However, at 56 days, the apparent porosity of CHA-25 mortars
exhibited a modest 35 % compared to CHA- 20, suggesting a threshold
beyond which excessive CHA content may slightly compromise micro-
structural integrity. These observations are consistent with the chemi-
cally bound water content variations during hydration. The
enhancement in microstructure is primarily attributed to the pozzolanic
reaction and hydraulic diffusion of CHA particles into capillary voids,
effectively sealing pores and producing a denser matrix [13,51]. In
addition, the linear fit analysis indicates a moderate inverse correlation
(R? = 0.783) between CHA incorporation and porosity for mortars
immersed in water for 56 days.

3.4.3. Change in compressive strength due to sulfate attack

The resistance of cement mortars containing CHA against sulfate
attack was assessed through measurements of compressive strength loss
(Fig. 20 (a)) and weight loss (Fig. 20 (b)) after curing either water or in a
5 % MgSO:= solution for 3, 7, 28, and 56 days. It was observed that all
mortar mixes exhibited varying degrees of deterioration when exposed
to the sulfate solution, particularly after 28 and 56 days of curing.

The control mix (CHA-0) exhibited the highest deterioration, with a
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Fig. 19. Apparent porosity of mortar mixes as influenced by CHA content and
curing duration.
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Fig. 20. Effect of CHA on sulfate attack in mortars (a) Loss in compressive strength and (b) Loss in weight.

7.3 % loss in compressive strength at 28 days and a 20 g weight loss by
56 days—demonstrating its vulnerability to sulfate-induced damage. In
contrast, CHA-modified mortars, especially CHA-20 and CHA-25, dis-
played superior durability characteristics. Compressive strength losses
across all mixtures ranged between 0.81 MPa and 2.35 MPa, while
corresponding weight losses varied from 9.04 g to 19.44 g, as shown in
Fig. 20 (a) and 20 (b).

At the 28 and 56 days, the CHA-20 mortar achieved approximately
29 % and 22 % greater resistance to compressive strength loss compared
to the control, along with improvements of 30 % and 11 % in mass
stability, respectively. Interestingly, increasing CHA content beyond
20 % did not lead to adverse effects under sulfate exposure; instead, it
maintained or enhanced resistance without significant degradation. For
instance, CHA-25 recorded the lowest mass loss (12.8 g at 56 days),
translating to a minimal 2.7 % reduction in weight, while its strength
reduction remained comparably low at 1.0 MPa (or ~3.5 %). These
improvements can be attributed to several interrelated mechanisms. The
inclusion of CHA contributes to pore structure refinement, limiting ionic
ingress and alkali migration, which are critical precursors for sulfate
attack. The lower CaO content in CHA (refer to Table 1) also plays a
pivotal role by minimizing the formation of expansive reaction products
such as gypsum and ettringite, thereby enhancing dimensional stability
[51,90,91]

Additionally, the relationship between water absorption and sulfate
resistance was examined using a linear fit, as shown in Fig. 21. The
analysis revealed a strong inverse correlation between water consistency
and loss in compressive strength (R*> = 0.9325) and between water
consistency and loss in weight (R? = 0.9049) at 28 and 56 days. This
finding further confirms that mortars with reduced water absorption
exhibited superior resistance to sulfate-induced degradation.

3.4.4. Dry shrinkage

Fig. 22 (a) and (b) appear illustrate effect of CHA content, ranging
from 0 % to 25 % by weight of cement, on the length change of different
mortar formulations due to dry shrinkage over curing periods from 7 to
120 days. As moisture loss tends to be greater at later ages, partly due to
ongoing exothermic pozzolanic reactions [92,93], all mortar specimens
exhibited increased shrinkage with time. The reference mortar made
with 100 % of cement (CHA-0) showed a length change ranging from
2.00 x 1073 cm at 7 days to 20.80 x 10~ ¢cm at 120 days. In contrast,
mortars incorporating CHA displayed lower shrinkage values, ranging
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Fig. 21. Correlation between water absorption and sulfate resistance at 28 and
56 days.

from 0.86 to 18.53 x 10~2 cm over the same period (Fig. 22 (a)).

According to [94], substantial shrinkage observed after 91st and
120th days could be attributed factors such as the absence of crystal
phases such as CH, the characteristics of C-A-S-H, relative humidity
conditions, and the specific size distribution of pores. Overall, the
incorporation of CHA into the mortars effectively reduced their sus-
ceptibility to shrinkage. The greatest shrinkage resistance was observed
for the mix containing 20 % CHA. At hydration periods of 56, 91, and
120 days, the CHA-20 mortar retained 26.70 % (3.42 x 107% cm),
33.33% (5.98 x 107 cm), and 35.61 % (7.41 x 10 cm) lower
shrinkage, respectively, compared to the control. Notably, the perfor-
mance of CHA-25 was comparable to that of CHA-20.

The mechanisms contributing to reduced shrinkage in CHA-modified
mortars may involve several factors: the presence of unhydrated parti-
cles [89], the formation of a thin NazO film over hydration products that
acts as a sealing barrier against moisture evaporation, and a reduction in
capillary pressure gradients within the micropore network [49,94].
Additionally, the slight increase in capillary tension within the matrix
may help push particles closer together, mitigating volumetric
contraction. According to ASTM C157 [54], the permissible range for
28-day drying shrinkage is between 0.05 % and 0.06 %. As shown in
Fig. 22 (b), dry shrinkage values for all mortar formulations at 56, 91,
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Fig. 22. Dry shrinkage behavior of mortar samples with varying CHA continents: (a) length change (in x10~3 cm) and (b) shrinkage percentage.

and 120 days remained close to or within this acceptable limit.

3.4.5. Electric surface resistivity (ESR)

Fig. 23 demonstrates the average ESR result for mortar cubes cured
for 7, 28, 56, and 91 days. As shown, the ESR values of the mortar mixes
increased with both higher CHA content and longer curing durations,
ranging from 8.23 to 14.57 KQ.cm at 7 days and exceeding 79 KQ.cm at
91 days for mortar incorporating 20 % CHA, which recorded the highest
value among all mixes. At 28 and 56 days, the CHA-20 samples
demonstrated significantly denser microstructures than the control
samples, with corresponding ESR values of 11.20 and 17.86 KQ.cm,
respectively. This improvement in microstructure contributed to a
reduced incidence of corrosion and enhanced the overall mortar dura-
bility. Furthermore, when compared to the control mix, mortar samples
incorporating 5 %, 15 %, and 25 % exhibited ESR increases of 7.29 %,
16.08 %, and 19.62 %, respectively. According to [27], a minimum ESR
value of 20 KQ.cm is recommended for high-performance concrete
(HPC) as an indicator of “good” durability. Accordingly, all mortar
samples cured for more than 28 days in a water tank met this durability
threshold. The enhancement in ESR with CHA addition can be attributed
to the pozzolanic reactions occurring at later ages between CHA and
PLC, resulting in the formation of a dense and interconnected C-S-H gel
network. This denser structure reduces capillary porosity and chemical
diffusion pathways [27,95]. Moreover, higher CHA contents likely
diminish the mobility of leaching ions (such as Ca*, Na*, K*, and OH"),
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Fig. 23. Influence of CHA on the ESR of CHA-containing mortar samples.
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which are primary conductors in cementitious materials. The increased
consumption of free CH rough pozzolanic activity also reduces the
availability of leachable Ca* and OH- ions, contributing further to the
enhanced electric resistivity [96].

4. Conclusions

This study evaluated the potential of CHA as a partial cement
replacement in mortar, focusing on fresh, mechanical, durability, and
microstructural performance. CHA, predominantly composed of silica
(52.38 %) with 61 % amorphous content and crystalline quartz, meets
the criteria for Class N pozzolans per ASTM C618. Its high reactivity led
to significant improvements in strength and durability. Incorporating
CHA reduced workability and setting time due to its high surface area
and porous texture; however, at 20 % replacement, the mortar achieved
optimal performance with a 56-day compressive strength of 38.32 MPa
and flexural strength of 6.36 MPa. Enhanced microstructural densifi-
cation, attributed to secondary C-S-H formation, contributed to reduced
porosity, water absorption, shrinkage, and improved resistance to acid
and sulfate attack. These results confirm CHA’s effectiveness in
improving mortar performance while promoting sustainable reuse of
agricultural waste.

Despite these promising results, the study is limited to CHA as a sole
cement replacement material and was conducted under controlled lab-
oratory conditions. Broader performance under real-world exposure and
structural application was not examined. In addition, synergistic effects
with other supplementary cementitious materials (SCMs), as well as
economic, environmental, and life-cycle assessments, were beyond the
scope of this work, limiting comprehensive evaluation of CHA’s prac-
tical and ecological impact.

To further advance this line of research, future investigations should
incorporate comparative assessments between CHA and other pozzo-
lanic materials to better contextualize its performance. Evaluating
CHA'’s behavior in conjunction with other SCMs and within alkali-
activated or geopolymer binders may reveal synergistic benefits. Long-
term durability testing—including resistance to chloride ingress,
carbonation, freeze-thaw cycles, and other aggressive exposures—is also
essential to validate CHA’s reliability in diverse climates and applica-
tions. Moreover, scaling up to industrial production, coupled with cost-
effectiveness analyses and life-cycle sustainability assessments, will be
vital for supporting CHA’s practical deployment in mainstream
construction.
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