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intensified research into sustainable alternatives to ordinary Portland cement
(OPC) and ways to utilize industrial waste. This study is motivated by the need to
enhance both the mechanical properties and durability of high volume fly ash
(HVFA) concrete, by incorporating waste glass powder (GP) as a partial
replacement for fly ash, with a particular focus on improving resistance to external
sulfate attack. The cementitious binder of the reference mixture was a blend of
50% (OPC) and 50% fly ash by weight. Another two mixes were prepared by
substituting 10% and 20% of fly ash weight with glass powder (GP). Key
properties evaluated included compressive strength, water absorption, ultrasonic

pulse velocity (UPV), and external sulfate resistance. Compressive strength was
assessed for each mixture after 150 days of curing in both a 5% sodium sulfate
(Na,S0,) solution and in normal water. The durability index was calculated as the
difference in compressive strength between the sulfate-exposed and water-cured
specimens. The results demonstrated that the inclusion of 10% and 20% glass
powder in HVFA concrete present higher strength (43.6, 38.6 MPa) at both curing
method in compare with reference mix (34.9 MPa). Therefore, the durability index
of mixes with GP was improved, whereas 10% of GP is the optimum replacement
level. The results of water absorption will decline from 3.15% to 2.33% and 2.65%,
while (UPV) will increase from 4.683 Km/secto 5.292 and 5.023 Km/sec of 10%GP
and 20%GP mixtures, respectively. Significantly, UPV measurements increased by
13% and 7.2% for concrete mixes containing 10% and 20% GP, respectively,
compared to the control mix, further confirming enhanced concrete uniformity
and quality.

Concrete durability
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1. Introduction

Climate change and global warming become vital issues that require urgent solving pathways. The
manufacturing of ordinary Portland cement, a key binder of concrete, is one of the majority carbon
emissions, accounting for about 8% of the total emission around the world [1-2]. Due to the global
continuation of the construction industry and the development of infrastructures, there is an
imperative to decarbonization of conventional concrete and its constituents. One of the
encouraging solutions of shifting conventional concrete to more sustainable building material is
using supplementary cementitious materials (SCMs) together with ordinary Portland cement.
There are different types of SCMs that can be used in concrete mixtures, including industrial by-
products such as fly ash, silica fume, blast furnace slag, etc., and some sources from end-of-life
materials as recycled waste glass [3]. Fly ash can be used as a blended or mineral admixture at a
level of 50% by the total mass of cementitious materials. This allows for the development of a high
concrete (HVFAC) system as defined by Mehta [4-5]. Several researchers have been attracted to
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high-volume fly ash concrete and have conducted studies on its production and characteristics.
Kumar et al,, evaluated the mechanical and durability properties of HVFAC prepared by replacing
OPC by 20%, 40%, 50%, 60%, and 70% with FA. The authors found that the compressive strength
and ultrasonic pulse velocity results have decreased with the increase of FA content, while the
volume of permeable voids has declined by 15.65% at the 50% fly ash level, and then the permeable
voids increase for mixes with 60% and 70% FA content [6]. Similarly, Babalu et al. [7] investigated
the compressive and flexural strengths and some durability properties of HVFAC mixtures that
included 30%, 40%, 50%, 60%, and 70% of FA as a cement substitute. The main results show that
the mix with 30% FA content presented the highest compressive and flexural strength and best
resistance in acidic environment. Moreover, some studies investigated the durability of HVFAC
against the external and internal sulfate attack. Al-Attar and Taha [8] evaluated the effect of internal
sulfate attack by adding natural gypsum (CaS0O,) to the fine aggregate of high-volume fly ash self-
compacting concrete. The strength degradation of all mixes including 50% and 60% FA was
neglectful at the early age, followed by a more reduction in the strength for the 60% FA and 50%
FA mixes, respectively. In the same context, Liu et al,, [9] determined the variation of physical and
mechanical properties of high-volume fly ash self-compacting concrete exposure to dry - wet cyclic
sulfate attack with 5% Na2S04. Other research represented by Das et al. [10] examined the
durability of ternary blended high volume fly ash—ground granulated blast furnace slag concrete
exposed to aggressive environments. The binder of the tested mixes was blended as: (50% OPC +
25% FA + 25% GGBFS), (50% OPC + 20% FA + 30% GGBFS), and (50% OPC + 30% FA + 20%
GGBFS). On the other hand, the excessive use of glass products in different fields has generated a
significant amount of end-life waste. This waste of glass is usually disposed of as damping and
landfilling, consequently hazardous, and adverse effects will accrue on the environment and
ecological balance. Recycling and reuse waste glass as fine glass powder in concrete production will
provide a sustainable approach to overcome this challenge [11]. Numerous researchers would
encourage for introducing (GP) into concrete as a partial replacement of cement because of its
pozzolanic activity and amorphous phase [12-13]. The work of Paul et al. [14] lies in replacing the
cement with waste glass powder at levels from 0 to 40%, then measuring the shrinkage, durability,
and mechanical properties of two concrete grades, M30 and M40. In additional experimental
research, Muhedin and Ibrahim [15] described the physical, mechanical, and microstructure
properties of concrete that containing 0%, 10%, 15%, and 20% of waste glass powder as partial
replacement of cement and fine aggregate separately. Furthermore, some researchers have used
waste glass powder as a blend with other pozzolanic additives. Abed et al. [16] utilized waste glass
powder and silica fume as pozzolanic materials to partially substitute cement in mortar
manufacture. The study of Chengjin Li [17] discovered the compressive strength and sulfate
corrosion resistance of concrete mixture made of blended limestone powder and glass powder with
cement. The author found that combination of 10% limestone powder and 5% glass powder was
the best mixed to improve the corrosion resistance and strength. Also, Akinpelu et al. [18] examined
the impact of waste glass powder and metakaolin as partial substitutes for cement in self-
compacting concrete. Their research indicated that a ternary mixture including 5% metakaolin and
10% waste glass powder significantly enhanced both workability and mechanical qualities,
exceeding the control mix in strength and microstructural performance. Furthermore, fly ash
availability is diminishing in many regions due to the closure of coal power plants, and because of
its slower pozzolanic reaction, it mainly contributes to long-term strength gains. Glass powder,
with its high amorphous silica content and fine particle size, exhibits faster reactivity and can
enhance early-age strength when blended with fly ash. [19]. Hence, there is a gap in research on
the durability performance of concrete made with high volumes of blended fly ash and waste glass
powder in aggressive external sulfate attacks. The primary aim of this study is to systematically
investigate the durability performance and mechanical properties—specifically, compressive
strength, water absorption, and ultrasonic pulse velocity—of high-volume fly ash (HVFA) concrete
incorporating varying proportions of waste glass powder (GP) as a partial replacement for fly ash.
This study concentrates on evaluating the performance of HVFA concrete at higher replacement
rates, which is essential for optimizing waste glass utilization and produce more durable and
sustainable concrete that can be applicable in a wide range of civil engineering fields.
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2. Experimental Work
2.1 Materials

The ordinary Portland cement used was (CEM I 32.5 R), which meets Iraqi specification (I1Q.S
No0.5:2019) [20]. The cementitious materials consisted of blended Fly ash (FA) and waste glass
powder (GP) as per ASTM C618 [21]. The process of producing glass powder (GP) involved the
collection of the broken pieces of waste window glass, then crushing and grinding these wastes to
produce the final product of GP as shown in (Fig. 1). The Fly ash was brought from an electrical
power station in Turkey and it is available in local markets. The chemical oxides and properties of
(FA) and (GP) are presented in Table 1. The crushed gravel of size (5-14) mm was used as coarse
aggregate, while the fine aggregate was natural sand of maximum size 5 mm and grading in zone 2.
All aggregates are complying with Iraqi specification (IQ.S No0.45:1984) [22]. For adjusting the
workability, high range water reducing admixture (superplasticizer - Glenium 51) was utilize. The
tap water (free from contaminates) was used for mixing and curing.

Fig. 1. Waste glass powder used in HVFA concrete mixture

Table 1. Chemical analysis and physical properties of fly ash, and waste glass powder

Chemical oxides FA GP OpPC
SiO; 56.5 78.2 20.73
Al203 23.7 1.53 5.18
Fe,03 6.3 0.71 3.48
Ca0 5.8 8.1 62.87
MgO 1.2 0.56 2.16
SO3 1.5 0.1 1.92
L.O.I 1.2 0.32 2.16
Blain fineness (m2/kg) 420 290 320
Strength activity index, % 83 90.5 /

2.2 Mixture Design and Preparation of the Specimens

A total of three concrete mixtures were prepared and tested to evaluate some durability aspects
related to external sulfate attack. The mix design of control mixture based on using blended of (50%
FA with 50% OPC) to produce high volume fly ash concrete with a target compressive strength up
to 30 MPa at 28 days. For the other two mixtures, the FA was replaced with waste GP by 10% and
20% of weight. These substitution level (10% and 20% GP) has selected for evaluating the
performance of HVFA concrete at higher replacement rates, which is essential for optimizing waste
glass utilization and enhancing sustainability advantages. The denotation and the proportion of
materials of all mixes are presented in Table 2. The mixing process started by blending the OPC, FA,
and GP manually. Then, the binder was mixed with the coarse and fine aggregate inside the drum
of an electrical mixer. The water and superplasticizer were added gradually into the mixer, and the
mixing process was done in about 8 minutes until achieved a homogenous mixture. The fresh
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concrete was cast into cubic molds of (15x15x15) cm, compacted with steel rod, covered with
plastic sheet and left to set for 24 hours before being demolded.

Table 2. Mix proportion of HVFA concrete (kg/m3)

Materials Batch name
M1(50FA:0GP) M2(40FA:10GP) M3(30FA:20GP)
Cement 250 250 250
Fly ash 250 200 150
Glass powder 0 50 100
Coarse aggregate 1080 1080 1080
Fine aggregate 722 722 722
(w/cm), % 0.35 0.35 0.35
Superplasticizer, %* 3 3 3

* The dosage of superplasticizer is (%) by weight of cement
2.3 Curing, Exposing Regime and Testing Methods

Immediately after demolding the specimens of each mix, the total of (108) samples were divided
into two groups according to the specified curing regime. For the first group, the samples were
cured normally by immersion in water (taken as the reference of compressive strength). The
samples of the second group have immersed directly (after demolding) in a chemical solution of
5% sodium sulfate (Na,SO4) prepared as per ASTM C1012 [23]. Figure 2 shows the specimens
immersed inside the sodium sulfate solution. As an indication of the uniformity and quality of the
concrete matrix, the samples of normal curing (first group) were tested to measure the water
absorption and transmit velocity of ultrasonic pulse (UPV) at 7 and 28 days according to ASTM
C642 [24] and ASTM C597 [25], respectively. To evaluate the long-term durability performance,
the strength development of all mixes in each curing regime was determined by testing the
compressive strength as per BS 1881:116 [26] at ages of 7, 28, 90, 120, and 150 days. The test of
specimens at a later age (150 days) will provide more reliable results about the concrete's
performance over its service lifecycle.

Fig. 2. Some specimens of HVFA concrete mixtures submersed in Na,SO4 solution

3. Results and Discussion
3.1 Water Absorption

As shown in (Fig. 3), the water absorption of HVFA concrete lies in 3.5% and 3.15% at 7 and 28
days, respectively. Notably, the replacement of FA with 10% and 20% GP will decrease the water
absorption by 29.7% and 22.3% at 7 days, respectively. This decrement will be 26.0% for mix M2
(40FA:10GP), and 15.8% for mix M3 (30FAP:20GP) at age of 28 days. From Figure 3 it can be seen
that the mixture M2 (40FA:10GP) have the lowest water absorption. The reduction in water
absorption is due to the pozzolanic activity and the filling effect of glass powder within gel pores
and concrete matrix. Glass powder is rich in amorphous silica, which reacts pozzolanically with
calcium hydroxide (Ca(OH),) released during cement hydration. This secondary reaction results in
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the formation of additional calcium silicate hydrate (C-S-H) gel, which fills the capillary pores and
reduces overall porosity [12], [27-28]. On the other hand, the fine particle size of glass powder
improves the particle packing density within the cementitious matrix. The glass powder particles
act as fillers that occupy voids between the larger cement and fly ash particles. This leads to a more
compact and refined microstructure, further decreasing the volume of permeable pores available
for water absorption [1], [29]. Furthermore, the synergistic effect of glass powder with fly ash will
complement the slower pozzolanic activity of fly ash, accelerating the densification process and
contributing to a more impermeable matrix at earlier ages [14]. These findings are consistent with
previous studies that reported enhanced durability and reduced permeability when glass powder
was used as a partial replacement of cementitious materials [11], [27].
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Fig. 3. Water absorption of HVFA concrete mixtures

3.2 Ultrasonic Pulse Velocity

The values of ultrasonic pulse velocity measured for all mixes at 7 and 28 days are presented in
(Fig. 4). The results of all concrete mixes indicate increasing of UPV with curing age as a
consequence of improving the concrete structure due to the continuous of cement hydration. The
inclusion of 10% and 20% GP has increased the UPV of reference mix (M1) up to 13.0% and 7.2%
respectively. As expected, the substitute of FA with fine particles and high pozzolanic activity of GP
will enhance the hydration process, refinement the pores size and backing of the interfacial
transition zone (ITZ), as mention previously. Therefore, the transmitted time of the pulse within
concrete matrix will decline significantly, so its velocity increase, similarly to the previous study of
Safiy et al. [29].

3.3 Development of Compressive Strength
Two types of solutions used in the curing of concrete specimens.

Specimens cured in water: The results of compressive strength of HVFA concrete mixtures (M1),
(M2), and (M3) are graphically presented in (Fig. 5). All the specimens under water curing
demonstrated a continuous increasing of compressive strength with time. The outcomes show that
the strength of M1, M2, and M3 at age of 7 days developed by 56.0%, 33.7%, and 28.6% after 120
days, respectively. The results of Figure 5 indicate the addition of GP significantly enhanced the
compressive strength. The pozzolanic activity and fineness of GP will densified ITZ and refine the
size of pores. Consequently, the strength of concrete has been improved [26-29]. Although fly ash
has a slow pozzolanic activity, a corresponding the strength gain at early ages is also slow.
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Fig. 5. Compressive strength of HVFA concrete mixtures curing in water

Nevertheless, the reference mix (M1) exhibited a retarding of the strength development in
compare with M2 and M3 mixes till the later ages. While the addition of glass powder (GP)
accelerates early-age strength gain, fly ash (FA) plays a crucial role in strength development of the
mixes (M2 and M3) at later ages through the continuous pozzolanic activity that consumption the
weak calcium hydroxide and formation additional stronger and durable gel [19]. The blend of 10%
GP and 40% FA yielded in the highest strength at all test ages. This may be attributed to optimizing
the synergistic effects of both supplementary cementitious materials in relation to the highest
pozzolanic activity, optimized particle packing and filler effect, and balancing of replacement level
and hydration products. This finding matches with the results of UPV and water absorption test
and in same trend as the previous studies [11], [29-30].

Specimens submersing in Na;S04 solution: The strength development of HVFA concrete specimens
immersed in 5% Na;SO, sulfate solution are shown in (Fig. 6.) It was observed that all concrete
mixtures exhibited continuous strength gain with time up to 120 days. The 7th day’s compressive
strength of M1, M2, and M3 increased by 49%, 27.11%, and 20.83% at age of 120 days, respectively.
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Fig. 6. Compressive strength of HVFA concrete mixtures submersing in Na;SO4 solution

The compressive strength of all mixes has steadily increased at ages 28, 60, and 90 days to reach
the maximum strength at 120 days. The compressive strength at 28 days for M1, M2, and M3 was
35.30,44.36,and 39.20 MPa, respectively. The values have increased by 2.12%, 10.12%, and 2.04%
at 60 days, and by 2.55%, 13.61%, and 6.63% at 90 days, respectively. This behavior can be
attributed to the formation of more cementitious hydration products and densification of the
microstructure. After 150 days of immersing, all specimens will begin to face the adverse effects
of sulfate solution. The compressive strength of mixes M1, M2, and M3 at 150 days has slightly
decreased by 1.06%, 1.17%, and 2.43% compared to the results of 120 days, respectively. The
reduction in strength of HVFA mixes related to the mechanism of sulfate attack on cement paste
components, mainly the reaction between calcium hydroxide and sulfate ions. Consequently, high
volume products (gypsum and ettringite) will take place within hardened cementitious matrix,
leading to more cracking and degradation.

3.4 Durability Index (Degree of Damage)

The durability index, represented as the degree of damage (Di), is a crucial measure in this study
for quantitatively evaluating the resistance of high-volume fly ash (HVFA) concrete to external
sulfate attack. The index reflects the variation in compressive strength of concrete specimens
subjected to a sulfate-rich environment against those cured under normal water conditions. The
(Di) measured according to the following equation [31]:

Cs
Di=1-— (1)
Cw
Where; Di is a degree of damage (durability index), Cs: compressive strength of samples exposed
to sulfate attack after a given period, Cw: compressive strength of samples cured normally in water
at the same period.

A higher (Di) value indicates greater deterioration, while a lower value signifies better durability
and resistance to sulfate-induced degradation. The results of concrete damage degree are
graphically presented in Figure 7. It can be seen that the degree of damage of each mix was
increased with time, and it reached to the maximum at end time of test - 150 days due to prolonged
sulfate exposure. The reference mix (M1) exhibited the lowest degree of damage. This phenomenon
is attributed to the slower strength gain of M1 under water curing, resulting in a smaller variation
between the strengths in sulfate and water curing. While M2 (40% FA, 10% GP) and M3 (30% FA,
20% GP) mixes showed higher strength increments under normal curing, which led to a larger
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differential when compared to sulfate-exposed specimens. Consequently, their degree of damage
was higher. This observation does not suggest inferior performance; instead, it indicates that the
rapid strength gain achieved through the addition of glass powder is not entirely sustained under
aggressive sulfate conditions. Despite this, all mixes containing glass powder (M2 and M3) retained
significantly higher absolute compressive strengths than the reference mix after sulfate exposure,
underscoring the beneficial role of GP in enhancing sulfate resistance and overall durability.
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Fig. 7. Degree of damage of HVFA concrete mixtures after exposure to Na;SO4 solution

4. Conclusions

This study investigated high-volume fly ash concrete (HVFA) with 10% and 20% waste glass
powder (GP) additions for evaluating its resistance to external sulfate attack. Experimental
methods included physical and mechanical tests and durability examinations over 150 days. The
following conclusions can be drawn from the key finding of this paper as below:

e The study confirms that structural concrete with a significant fly ash content—up to 50% of
the binder—can attain a target compressive strength of 30 MPa within 28 days. This
illustrates the feasibility of replacing a significant amount of ordinary Portland cement (OPC)
with fly ash, which is necessary for mitigating the environmental impact of concrete
production.

e The use of waste glass powder as a partial replacement for fly ash, at 10% and 20% content,
significantly enhances the compressive strength of high-volume fly ash concrete (HVFA). The
incorporation of 10% and 20% GP increases strength relative to the reference mix from 34.9
MPa to (43.6 and 38.6) MPa at 28 days, and improves strength development at both early and
later stages to reach (55.1 and 45.4) MPa, respectively.

e The pozzolanicactivity and filling of glass powder have improved the microstructure of HVFA
concrete. The water absorption test indicated a notable reduction in the absorption rate of
mixtures incorporating glass powder relative to the reference mixture; absorption decreased
from 3.15% in the reference mixture (M1: 50% FA, 0% GP) to 2.33% in M2 (40% FA, 10%
GP) and 2.65% in M3 (30% FA, 20% GP) at 28 days, indicating enhanced density along with
lower pore volume caused by the pozzolanic reaction of the glass powder.

e The ultrasonic pulse velocity (UPV) test findings indicated an increased in ultrasonic wave
speed from 4.683 km/s in the reference mix to 5.292 km/s in M2 and 5.023 km/s in M3 at 28
days. This enhancement signifies an improvement in the homogeneity and consistency of the
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concrete's matrix, associated with a decrease in micro-cracks and a strengthening in the
concrete's durability.

e Results indicate that HVFA concrete with glass powder displays superior resistance to
sulfate-induced deterioration relative to the control mix. The durability index, determined
by the variation in compressive strength between water-cured and sulfate-exposed samples,
indicates that mixtures with glass powder (notably at a 10% substitution) have less strength
degradation and exhibit enhanced durability over time.

e Of the studied mixtures, a mix including 50% Ordinary Portland Cement, 40% fly ash, and
10% glass powder (referred to as M2) exhibited superior performance regarding strength
and durability. This mixture achieved the highest compressive strength, minimal water
absorption, superior UPV, and optimal resistance to sulfate attack, establishing it as the
optimum mixture for mechanical and durability properties.

e This type of concrete is highly encouraged for civil engineering applications since it is
innovative and sustainable. It contributes to sustainable development goals by lowering the
environmental impact of concrete production and using industrial waste.

e Recommendations for further studies of high-volume fly ash-glass powder concrete are
required to investigate the effects of lower GP content (e.g., 5% or less) and the combined
use of GP with other supplementary cementitious materials, as well as the impact on other
concrete properties such as shrinkage, creep, and fire resistance, which will help further
advance the field.
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