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This study explores the durability of eco-friendly mortar mixes incorporating copper
slag (CS) and glass powder (GP) under aggressive environmental conditions. Glass
powder was used to replace cement at 5%, 10%, 15%, 20%, and 25%, while copper
slag replaced sand at 0% to 50% in 10% increments. Fixed cement to fine aggregate
ratio of 1:4 was maintained throughout the study. The research focuses on evaluating
the long-term performance of these modified mortars under aggressive exposure
conditions, such as marine and sulphate-rich environments. Mechanical strength was
assessed through compressive strength tests, while sustainability under harsh exposure
conditions was evaluated using sulphate, acid resistance tests, carbonation depth
analysis and rapid chloride penetration test (RCPT). The results demonstrated that
optimal combinations, particularly those with 15%-20% GP and 30%-40% CS,
significantly improved resistance to chemical attacks and reduced penetrability.
Microstructural analysis using SEM and XRD confirmed the formation of additional
C-S-H gel, denser internal structure, and reduced portlandite content, highlighting the
pozzolanic contribution of GP and the filler effect of CS. The modifications enhanced
durability and minimized deterioration, demonstrating the viability of GP and CS as
sustainable alternatives for durable mortar incorporating industrial by-products.

Keywords: Glass powder, Copper slag, Durability, Marine and sulphate-rich environments,
Micro-structural analysis.

INTRODUCTION Driouich et al., 2020; G. Ke et al., 2018; Jain et al.,
2022). In India alone, over 62 million tonnes of waste
are generated annually, underscoring the potential for

resource recovery and reuse in infrastructure

The growing emphasis on sustainable development
in the construction industry has increased the focus on
One

reusing industrial by-products to reduce environmental
degradation and conserve natural resources. A wide
range of industrial wastes—such as fly ash, waste glass,
plastic and slag —have been utilized as alternative
materials in mortar production (Hwang et al., 1998; A.
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applications (Abukersh & Fairfield, 2011).
promising material in this domain is copper slag (CS), a
by-product of copper manufacturing processes, with
significant contributions from industries, such as
Hindustan Copper Ltd. and Hindalco. Due to its stable
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chemical composition and granular texture, CS has
gained attention as a viable alternative to fine aggregates
in cement-based materials (Bilir et al., 2015; Batis et al.,
2015; Aouan et al., 2021). Casagrande et al. (2023)
conducted a systematic review affirming that
incorporating up to 40% CS can significantly enhance
the mechanical properties of mortar, including flexural,
compressive, and tensile strengths. Another extensively
studied industrial waste is waste glass, which presents
disposal challenges due to its non-biodegradable nature
(Q. Li et al., 2022). Finely ground waste glass ash
(WGA) is increasingly recognized as a promising
sustainable supplementary cementitious material for use
in mortar and concrete. Its pozzolanic nature promotes
the formation of calcium silicate hydrate (C-S-H) gel
during hydration, thereby enhancing the micro-structure
and improving the long-term durability of cement-based
composites (Ramadoss & Sundararajan, 2014). While
waste glass used as coarse aggregate may induce alkali-
silica reactions, leading to expansion and cracking (Jin
& Chen, 2022), its finely ground form—waste glass
powder (WGP)—exhibits pronounced pozzolanic
properties. The multi-angular morphology of WGP also
enables it to function as a micro-filler, refining the pore
structure and resulting in a denser cement matrix
(Casagrande et al., 2023; de Pedro et al., 2023). Studies
have shown that replacing 20%-30% of cement with
waste glass powder (WGP) can enhance compressive
strength and resistance to chemical attacks. However,
excessive replacement may reduce mechanical
performance due to a lower cementitious content (Bilir,
2010; Sivasakthi, 2021; Saiz Martinez et al., 2017; Paul
et al., 2025). Additionally, the synergy between copper
slag (CS) and glass powder (GP) in cementitious
composites has demonstrated significant potential. For
example, Patel et al. (2021) found that mortars with 15%
glass powder replacement exhibited slightly higher
carbonation depth than control mixes, but their overall
performance remained acceptable due to the denser
micro-structure and reduced permeability. Ayub et al.
(2024) observed that incorporating 10% GP in mortar
containing CS as fine aggregate resulted in enhanced
compressive strength, reduced shrinkage, and increased
formation of calcium silicate hydrate gel. This denser
micro-structure offers improved durability, particularly
in aggressive environments. Studies by Xu et al. (2021)
and Saranya et al. (2021) have specifically examined
iron slag (or steel slag), which is notable for containing
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high-temperature minerals like dicalcium silicate (C2S)
and tricalcium silicate (CsS), phases that are similar to
those found in Portland cement. According to Sharma
and Kaur (2020), replacing 30% of sand with copper
slag and 15% of cement with glass powder reduced the
total charge passed by up to 45%, indicating a significant
improvement in chloride resistance. The fine particles in
these materials contribute to pore refinement and
increased densification of the matrix. In contrast to the
pozzolanic behavior of copper slag, steel slag powder
(SSP) is known for its latent hydraulic properties.
However, a significant drawback of SSP is its slower
hydration kinetics, which can lead to prolonged setting
times and reduced early-age strength (Kou & Poon,
2020; Ramadoss & Sundararajan, 2014). A study by
Singh et al. (2018) observed that mortar mixes
incorporating 10%-20% glass powder exhibited lower
strength loss and reduced surface erosion after
prolonged acid exposure compared to control mixes.
However, due to its rough texture and high surface area,
copper slag (CS) enhances the bond between the cement
and aggregate paste, thereby increasing the strength of
concrete (Velumani et al., 2023). Research also indicate
that CS aggregates can minimize metal leaching,
ensuring environmentally safe construction (He et al.,
2021; Arunchaitanya & Dey, 2023). Rao et al. (2019)
found that mortars with 15% glass powder replacement
showed up to 30% higher residual strength after 84 days
in a sulphate solution compared to unmodified mortar.
The denser micro-structure delayed the ingress of
sulphate ions, reducing damage. Despite extensive
studies on CS and glass powder (GP) individually,
limited data exist on their combined use in mortars,
particularly under sulphate-rich and marine conditions.
The objective of this study is to bridge this gap by
examining the durability and performance of mortars
incorporating various proportions of glass powder (GP)
and copper slag (CS). While both CS and GP are
effective SCMs individually, their combination presents
a synergistic opportunity to optimize performance. CS
contributes significantly to the physical densification of
the matrix and provides iron oxides, while GP offers a
highly reactive source of amorphous silica. It is
hypothesized that combining these materials may lead to
a more balanced and efficient system. GP, with its high
pozzolanic reactivity, could compensate for any
potential reduction in early strength associated with CS.
Conversely, the micro-filler effect of CS could
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complement the pore-refining effect of GP, resulting in
a composite matrix with superior mechanical properties
and durability compared to systems containing a single
SCM. The research will assess parameters, such as
compressive strength, sulphate and acid resistance,
carbonation depth, and rapid chloride permeability.
Micro-structural analyses, including SEM and XRD,
will provide a deeper understanding of the internal
transformations and mechanisms influencing long-term
performance.

MATERIALS AND MIX CALCULATIONS

In this study, Zone |1 fine aggregate, as classified by
IS 383:2016, was sourced from the Banas River. The
physical characteristics of the fine aggregates are
presented in Table 1. Copper slag was used as a partial
replacement for natural river sand by weight of sand.
Glass powder was sourced from soda-lime glass bottles,
which were crushed, finely ground, and sieved through
a 90-micron mesh to achieve a consistent particle size
and enhance pozzolanic activity. Ordinary Portland

Cement (OPC) of 43-grade, complying with IS
8112:2012 specifications, was used throughout the
study. Both the physical and chemical properties of the
cement were evaluated in the laboratory, and the
corresponding data is included in Table 1. The particle
size distribution curves of CS and sand are depicted in
Figure 1. Micro-structural examination through
Scanning Electron Microscopy (SEM) revealed notable
morphological distinctions between the two materials.
As shown in Figure 2, copper slag particles exhibited a
rough and angular texture, which is expected to enhance
mechanical interlocking within the concrete matrix. In
contrast, river sand particles displayed smoother and
more rounded surfaces. The chemical compositions of
OPC, river sand, CS, and waste glass powder (WGP)
were determined through X-ray Diffraction (XRD)
analysis, the results of which are presented in Table 2.
The XRD patterns shown in Figures 3(a) and 3(b) reveal
a high content of quartz and alumina in both sand and
copper slag. This mineralogical similarity supports the
feasibility of using copper slag as an alternative to
natural sand in cementitious materials.

Table 1. Key index properties of cement, fine aggregate, copper slag, and glass powder

. Bulking of
Property/ 'I\:/:ngntless Specific AbWatelf DBUI!( Fine Sound Fi Consi Setting
Parameter odulus Gravity sorption | Density Aggregate/ oundness ineness onsistency Time
(FM) (%) | (gleo) | O
River Sand 2.82 2.66 15.4 1.585 20.20/ 11 - - - -
Copper Slag 2.75 2.71 12.3 1.589 16.25/ 11 - - - -
Glass Powder 0.91 2.53 0.80 2.586 - - - - -
Cement - 3.07 - - - 2mm 5% 29% 5hr.
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Figure 1. Particle size curves for sand and copper slag
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Table 2. Chemical compounds of mortar constitutes

Composition (%) | CaO | SiOz | Al20s | Fe20s | MgO | SOs | MnO | NazO | K20 | TiOz | P20s | H20
Cement 64.9 | 21.00 | 4.2 2.3 15 1.7 - 0.33 | 0.45 - - -
Sand 345 | 7223 | 1075 | 360 | 129 | - | 005 | 230 | 191 | 043 | 010 | -

Cs 210 | 7115 | 1380 | 337 | 085 | - | 015 | 335 | 415 | 0.33 | 0.23 | 0.80
GP 9.8 | 7300 | 035 | 028 | 3.08 | - - 13.79 | 0.16 | - - -

mode lens mode D
Field-Free | 5.9 mm Nova NanoSEM 450

—5 pm —

Figure 2. (b) SEM Image of sand (c) SEM image of copper slag
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Figure 3. (a) XRD pattern for river sand

Mix Calculations

In this investigation, the cement-to-fine aggregate
ratio for masonry mortar was maintained at 1:4 by
weight. To determine the optimal water-to-cement (w/c)
ratio corresponding to each level of material
replacement, the flow table test was conducted in
accordance with ASTM C1437-15. The objective was to
ensure that the workability of the mortar—measured in

Quartz at 26.68' A
J ' Copper Slag T

E-Feldspar at 27.95° A

Angle (2 Theta)

(b) XRD pattern for copper slag

terms of flow—remained within the desirable range of
105% to 115%. All mixes were prepared manually to
reflect realistic field practices, and the calculated w/c
ratios were carefully maintained for each mix to ensure
consistency. The proportions of the individual
constituents used per cubic meter of mix are detailed in
Table 3.

Table 3. Mix design details for 1 cubic meter of mortar

Fine Aggregates
Percentage Glass 99reg Water Water Binder
%) (kg)
(% (kg) (kg)

CMO00 334.4 0 1336.2 0 307.7 0.92
CGO0510 317.7 16.7 1202.6 133.6 296.2 0.89
CG1020 300.9 335 1068.9 267.2 284.6 0.85
CG1530 284.2 50.2 935.3 400.8 277.1 0.83
CG2040 267.5 66.9 801.7 534.5 269.6 0.81
CG2550 250.8 83.6 668.1 668.1 260.1 0.79

CMO00 = Control mix.

CG = Copper slag and Glass powder GP=5, 10, 15, 20, and 25% CS=10, 20, 30, 40, and 50% (GP/CS; 5/10, 10/20, 15/30,

20/40 and 25/50).

METHODOLOGY

Compressive Strength

The compressive strength of the mortar was evaluated
following the guidelines specified in IS 4031 (Part
6):1988. Mortar cubes with dimensions of 50 mmx 50
mm x 50 mm were cast by placing the mix into molds in
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three equal layers. Each layer was compacted manually
using 25 strokes of a tamping rod to ensure proper
densification. To minimize air entrapment and achieve a
smooth surface finish, the molds were then placed on a
vibrating table. After 24 hours of setting, the cubes were
demolded and placed in a water-curing tank. The
specimens were cured for a total duration of 7, 28, 56, and
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84 days, including the initial 24 hours. Compression tests
were conducted using a calibrated compression testing
machine at a certified laboratory, applying a uniform load
at a rate between 2 N/mmz2and 6 N/mma2. Three specimens
were tested for each mix variation to ensure accuracy and
consistency of the results.

Acid Attack Test Procedure

To examine how acidic environments, affect mortar
performance, specimens were immersed in a 5% sulfuric
acid solution, following the durability testing procedures
outlined in ASTM C267 (2001). To evaluate acid
resistance, mortar cubes with dimensions of 70 mm x 70
mm x 70 mm and 50 mm x 50 mm x 50 mm were used.
After moist curing, the specimens were immersed in the
acidic medium for durations of 7-, 28-, 56-, and 84-day
intervals. The resistance of the mortar mixes to acid attack
was evaluated based on the changes in mass and
compressive strength after exposure to an acidic
environment, as shown in Figure 4. After curing, the initial
mass and compressive strength of a set of control samples
were recorded. The remaining specimens were then
immersed in a 5% sulfuric acid (H2SO4) solution. The pH
of the solution was monitored regularly and maintained
constant throughout the exposure period of 84 days.

Figure 4. Mortar samples immersed in sulphuric acid
solution
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Sulphate Attack Test Procedure

To investigate the influence of sodium sulphate on
mortar performance, specimens were submerged in a
5% sodium sulphate solution, in accordance with the
ASTM C267 (2001) guidelines. Observations were
made at 7, 28, 56, and 84 days to monitor variations in
mass and compressive strength. Figure 5 shows the
curing of mortar samples in sodium sulphate.

Figure 5. Mortar samples immersed in
sodium sulphate

Carbonation Test Procedure

The carbonation resistance of mortar mixes was
evaluated in accordance with the guidelines provided by
RILEM CPC 18 (1988). Specimens measuring 40mm x
40mm x 160 mm were prepared, with all sides coated in
epoxy paint except for one 40mm x 40 mm face, which
was left exposed to facilitate controlled carbonation.
The prepared specimens were exposed to a controlled
carbonation environment, where the chamber conditions
were maintained at 5% carbon dioxide concentration
and 50% relative humidity. Carbonation depth
measurements were taken after 7, 28, 56, and 84 days of
exposure, as shown in Figure 6. At each interval, the
specimens  were split longitudinally, and a
phenolphthalein solution was applied. The depth at
which the color changed from pink to colorless was
recorded as the depth of carbonation.
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Figure 6. Specimen subjected to CO; in carbonation chamber

Rapid Chloride Permeability Test (RCPT) Procedure

To assess the durability characteristics of the mortar,
the RCPT was carried out in accordance with ASTM
C1202 (W, 2013). For this purpose, cylindrical samples
measuring 100 mm in diameter and 50 mm in thickness
were cast. The experimental setup involved placing the
specimen between two compartments—one filled with a
sodium hydroxide (NaOH) solution and the other with a
sodium chloride (NaCl) solution. An electrical voltage

Charge in Coulombs =900 X [Py + (2 X P3g) + (2 X Pgg) + (2 X Pgq).....

where,

P = Current (in Amperes)
Abbreviation 0, 30, 60........ 600 = Time period in
minutes.

-311-

was applied across the specimen to enable ionic
movement. Six samples were tested simultaneously
under uniform conditions. The current flowing through
each sample was measured at 30-minute intervals over a
total period of 600 minutes (10 hours). The total charge
passed, expressed in Coulombs, was determined using
the following formula. Figure 7 shows the arrangement
of the RCPT test.

+(2 X Pggo)]
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Figure 7. RCPT test setup

RESULTS AND DISCUSSION

Compressive Strength

The test results in Figure 8 show that the
incorporation of GP and CS in the mortar mix leads to
an increase in density. Among the tested samples, the
mortar mix with (15% GP, 30% CS) replacement
exhibited the highest average compressive strength,
followed by the reference mortar mix. The reference
mortar mix, without any GP and CS replacement,
exhibited a lower average compressive strength
compared to the (15% GP, 30% CS) mix. The superior
performance of these mixes can be endorsed to the larger
surface area of GP and CS particles, which increases

water absorption. This reduces the water-binder ratio,
ultimately leading to enhanced compressive strength
(Ling, T.C et al., 2020). The 25% GP and 50% CS
copper slag replacement mortar mix showed the lowest
average compressive strength among the checked
samples. This reduction in strength can be attributed to
the inability to meet the designed water requirements at
higher replacement levels, resulting in unhydrated
binder particles (Shruti Bhargava at al., 2025).
Consequently, this limits the formation of calcium
silicate hydrate (CSH) gel, which is crucial for the
development of compressive strength (Duan et al.,
2020).

13 37 Days
10:98 11725 0028 Days
11 1056 019
{E £56 Days
E , -I- [ 898 -I-_] E gl 84 Days
& : :
s = ] e T A 7T8
x h | i 1
7 T
£
2
2 5
g
g 5
&}
1
1 CM CG510 CG1020 CG1530 CG2040 CG2550
% Replacement

Figure 8. Test results of compressive strength
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Acid Attack

Acid attack tests were conducted on 50 mm mortar
cubes, with three specimens tested per exposure period.
Substantial changes in compressive strength were
observed between the GP+CS-modified mortars and the
control specimens initially as shown in Figure 9. The
compressive strength exhibited a significant decrease
during the initial phase of acid exposure, primarily due
to the rapid degradation of the surface matrix. However,
the rate of strength loss gradually diminished over time,
suggesting a slowing degradation process as the acid
penetrated deeper into the specimens. This reduction
was primarily due to the formation of soluble calcium
salts, such as gypsum, which contributed to the
weakening of the matrix. After 28 days, the
development of expansive ettringite further exacerbated

internal micro-cracking, significantly compromising the
structural integrity of the specimens. By the end of 84
days, a sharp decrease in compressive strength—up to
45%—was observed. Gypsum began to deposit within
the voids of the mortar matrix, thereby reducing the rate
of weight loss up to 14 days of acid exposure for the 1:4
mixes (T. Wang et al., 2023). Over time, primary
hydration products, like C-S-H and C-A-S-H, degrade,
leading to the formation of secondary phases, such as
basanite and expansive ettringite. These secondary
products expand, weakening the matrix and causing
increased disintegration, especially after 28 days of
exposure. In the 1:4 mortar series, the strength loss
ranged from 6.04% to 9.58%. Complete disintegration
of the specimens was observed after 84 days of acid
exposure, likely due to their lower cement content.

Compressive Strength (N/mm?)

CG1020

% Replacement

CG1530

07 Days

m28 Days
856 Days
084 Days

CG2040 CG2550

Figure 9. Test results of acid attack

Sulphate Attack

Figure 10 displays the residual compressive strength
of mortar specimens following exposure to a sodium
sulfate solution. The values shown are the average
results from three mortar cubes, each measuring 50 mm.
Across all mixes—whether incorporating glass powder
(GP) and copper slag (CS) or not—there was no notable
difference in compressive strength, regardless of the
replacement ratios used. Interestingly, all mixtures
exhibited a strength gain during the initial 84 days of
sulfate exposure, with improvements ranging from 30%
to 50% of their original strength. This reaction generates
sodium hydroxide (NaOH), increasing the alkalinity of
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the pore solution. This highly alkaline environment is
known to promote the stability and continued formation
of strength-giving calcium silicate hydrate (C-S-H) gel.
The resulting alkaline environment promoted the
stabilization of key hydration compounds, such as
calcium silicate hydrate (C-S-H), enhancing strength
characteristics, as noted by Mehta and Monteiro (2006).
The impact of sulfate attack was also evident in the
observed weight loss of the specimens. Overall, the
findings indicate that the addition of GP and CS did not
compromise the mortar’s resistance to sulfate-induced
deterioration.
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Figure 10. Test results of sulphate attack

Carbonation

Carbonation depth was evaluated after 7, 28, 56, and
84 days of exposure. At each interval, the specimens
were split longitudinally, and phenolphthalein solution
was applied to the freshly exposed surface to assess
carbonation depth. The loss of pink coloration,
indicating reduced alkalinity, was measured and is
presented in Figure 11. The results indicate that the 1:4
GP+CS mortar mixes exhibited shallower carbonation
depths compared to the control mix, suggesting
improved resistance to CO: ingress. However, the

variation among different mixes was not highly
significant (Moghaddas et al., 2022). The chemical
process occurring during carbonation is represented by
the following reactions: carbon dioxide (CO2) diffuses
into the mortar and reacts with moisture (H20) to form
carbonic acid (H2COs). This weak acid reduces the
alkalinity of the system, promoting the decomposition of
portlandite [Ca(OH):] into calcium carbonate (CaCO:s).
(P. Duan et al.,2016). The decrease in alkalinity leads to
the observed color change from pink to colorless upon
phenolphthalein application.
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Figure 11. Depth of “carbonation

RCPT Test Results
RCPT test results for control and blended concretes
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are displayed in Figure 12. Results show that the value
of minimum charge was observed for GP+CS/15+30
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mix. The amount of charge calculated for control,
GP+GS 0/0, GP+CS/10+20, GP+CS/15+30 and
GP+CS/20+40 mixes, was 1925, 1524, 1417 and 2024
Coulombs, respectively. The observed reduction in the
heat of hydration for mixes containing GP and CS is a
direct result of their slower reactivity. The pozzolanic
reaction of GP occurs after the primary cement
hydration, leading to a lower and more extended heat
release profile. Another reason was that extra C-S-H gel
in concrete made it compact and dense, which restricted
the charge to pass through it. Liu et al. (2018) also
mentioned the same reason for reduction of charge and

causes of low permeability. The increased charge passed
observed in mixes with high GP and CS content is likely
due to a less dense micro-structure. While the water-to-
binder (w/b) ratio was kept constant, the high surface
area and angular morphology of CS and GP may have
increased the water demand. To maintain a consistent
flow, a slight increase in the effective water content
might have been necessary, which can lead to higher
capillary porosity as the water evaporates. This
increased porosity provides inter-connected pathways
for ion migration, thereby increasing the permeability
and the charge passed in the RCPT.

3000
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] 2105
£ 2000
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1500 — & -56 Days
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1000 )
c™Mm CG510 CG1020 CG1530 CG2040 CG2550
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Figure 12. RCPT test results

Scanning Electron Microscopy (SEM) Analysis
SEM analysis was performed on various mortar
specimens to assess the compactness and morphology of
the micro-structure, influenced by the formation of
hydration products. A representative portion of the
hardened mortar was selected for analysis. The
specimen was oven-dried to remove moisture which
could interfere with imaging, and the surface was
polished to ensure smoothness. To avoid charging
effects during SEM analysis, the sample was coated with
a thin conductive layer, such as gold or carbon, and then
mounted onto an SEM stub using conductive adhesive.
SEM  micro-graphs of blended mortar mixes
incorporating different proportions of glass powder and
copper slag are shown in Figure 13(b). Mortar
containing 15% GP and 30% CS exhibited a notably
denser and more compact micro-structure than the
control mix. This improvement is attributed to the finer

-315-

particle size of GP and CS, which enhances particle
packing and effectively fills voids within the matrix. The
SEM image of the control sample may show a localized
area with a high concentration of C-S-H gel. However,
SEM provides a qualitative, two-dimensional view of a
very small area, which may not be representative of the
bulk micro-structure. Quantitative analysis through
techniques, like XRD or MIP, would be required to
compare total C-S-H content accurately. The improved
mechanical and durability properties of the blended
mixes strongly suggest that the secondary C-S-H formed
from the GP reaction effectively refines the pore
structure on a scale that is crucial for performance, even
if it is not the dominant feature in a particular SEM
micrograph (Ling et al., 2020). In contrast, is displays
SEM images of mixes with higher replacement levels,
where larger voids are apparent. This increased porosity
is primarily due to insufficient calcium availability,
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which limits the formation of C-S-H gel. Without
adequate C-S—H, the bonding between filler particles is

——20pm

RV vag O | vac mode D | spot | dwell | det
e | 2000 kV | 5000 | Lowvacuum | 5.0mm | 3.0 | Sps | LVD

(a) Control Mix

weakened, resulting in a more porous and mechanically
inferior mortar structure (Saiz Martinez et al., 2017).

t 20 pm —————

8.1mm (30 | Sps | LVD

(b) CG1530 Mix

20.00 kV | 5000 x

Figure 13. Images of SEM analysis

X-ray Diffraction (XRD) Analysis

The XRD test is used to identify crystalline segments
in a material by analyzing the relative intensities of
peaks within the diffraction pattern. For this test, an
appropriate portion of hardened mortar is selected and
finely ground—typically using a mortar and pestle or a
mechanical grinder—until a uniform powder is
obtained. The powder is then sieved to ensure a
consistent particle size, generally below 75 microns.
This fine powder is placed into a sample holder and
compacted to form a smooth, level surface suitable for
XRD analysis.As shown in Figure 14, the control mortar
exhibited prominent calcium hydroxide (CH) peaks

B
Wkl se,

T T T T T

| =

A

(a) Control Mortar

between 20° and 40° 20, indicating the presence of
unreacted CH. However, with the incorporation of glass
powder (GP), which provides additional reactive silica,
much of this CH was converted into calcium-silicate-
hydrate (C-S—H), as also noted by Ling et al. (2020).
The GP-modified mixes displayed more pronounced C—
S-H peaks in the 30° to 80° 26 range, along with a
noticeable reduction in CH peak intensity. These
observations align with the mechanical and durability
test results, further confirming the beneficial role of
copper slag as a fine aggregate and glass powder as a
partial cement replacement in enhancing the micro-
structural properties of the mortar.

T T T T T T T T 1

(b) CG1530

Figure 14. Images of XRD analysis
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CONCLUSIONS

This study confirms the potential of copper slag (CS)
and glass powder (GP) as sustainable partial
replacements for fine aggregate and cement,
respectively, in mortar formulations. Comprehensive
testing was conducted including compressive strength,
acid and sulphate resistance, carbonation depth, Rapid
Chloride Penetration Test (RCPT), and micro-structural
analyses (XRD and SEM). This study demonstrated that
an optimal combination of 15% GP and 30% CS can
produce mortar with performance characteristics
equivalent or superior to conventional mortar, while
utilizing a substantial volume of industrial by-products.
The key finding is that this optimal mix consistently
achieved performance metrics that were statistically
equivalent to those of the control mix across all tests. In
several key durability tests, such as acid and sulfate
resistance, the (15% GP, 30% CS) mix showed a marked
improvement. However, for certain properties, like early
compressive strength, the observed average increase
was not statistically significant when error bars
(representing standard deviation) are considered.
Mechanical properties, particularly compressive
strength, improved notably at moderate replacement
levels, while durability under chemical exposure (acid
and sulphate) and carbonation conditions also showed
better resistance.

» The maximum compressive strength was achieved
with the mix containing 15% GP and 30% CS,
showing a 9.38% increase over the control mix.
Under acid and sulphate exposure, this mix also
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