PORT SAID ENGINEERING RESEARCH JOURNAL

Faculty of Engineering - Port Said University
Volume 29 No. 1 pp: 69:80

Durability and Steel Corrosion Resistance of Fly Ash- Based Geopolymer
Concrete Exposed to Water of Lake Qaroun

Hala Emad Elden Fouad" *, Mohamed Ahmed Bayomy 2

! Assistant Professor, Construction Engineering Department, Faculty of Engineering, Misr University for Science and Technology, Egypt.,
email: hala.fouad@must.edu.eg
?Assistant Professor, Civil Engineering Department, Faculty of Engineering, Fayoum University, Egypt, email: _mab01@fayoum.edu.eg
*Corresponding author, DOI: 10.21608/PSERJ.2024.305550.1353

ABSTRACT

This paper proposes replacing Ordinary Portland Cement (OPC) with a geopolymer
(GP) material made from fly ash (FA) combined with an activator solution as a binding
agent. The study investigates the effectiveness of fly ash-based geopolymer concrete
(GPC) in aggressive environments, particularly under the conditions of Qaroun Lake.
Initially, samples of GPC and OPC were prepared and cured for 28 days, followed by
submersion in either aggressive media or potable water for 90 days. To evaluate the
durability of the samples, energy-dispersive X-ray spectroscopy (EDX), scanning electron
Creative. Commions Atvibution mic_roscopy (SEM), an(_:i compression testing were performed. The Linear Polarizatio_n
International License (CC By Resistance (LPR) technique was used to measure the corrosion rate of steel embedded in
4.0). concrete samples. The results demonstrate that after 90 days of exposure to Qaroun water,
http://creativecommons.org/licen  the FA 400, FA 450, and FA 500 samples showed substantial increases in compressive
sl strength (Fcu) by 20.5%, 42.1%, and 42.3%, respectively. The highest compressive

strength values were observed in fly ash-based GPC, followed by OPC. Increasing the fly
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ash (FA) content in GPC enhances its performance. Additionally, GPC exhibits
significantly higher compressive strength (CS) compared to OPC. In aggressive
environments, the compressive strength of GPC increased nearly threefold compared to
that in potable water. Furthermore, the GPC model exhibited a corrosion rate for steel that
was approximately 180 times lower than that of the OPC model. The GPC matrix also
demonstrated a more stable microstructure under harsh conditions compared to OPC.
Microstructural analysis confirmed that GPC maintained a stable mineral composition
when subjected to severe attack, whereas OPC did not.
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maximize the utilization of raw materials rather than
finding a method for disposing of them [1, 2]. GPC is a
novel, unconventional solution that considers
environmental sustainability and has substantially

1 INTRODUCTION

In the past few decades, construction activities have

spread across the globe, inflicting major environmental
problems that have a negative impact on human health.
Cement is the predominant component of concrete,
which contributes to elevated CO, quantity in the
atmosphere, which causes the greenhouse effect, which
has a devastating impact on the environment. The
present research has focused on finding an alternative to
OPC for minimizing CO, emissions. Additionally, to

boosted mechanical characteristics over OPC concrete
[3]. Geopolymer (GP) encompasses numerous positive
aspects over OPC, including being an eco-friendly, cost-
effective, and durable material that can efficiently be
utilized to produce high-strength concrete [4, 5]. Two
main elements can be utilized to form GP: activator
solution as a binder material as well as base material.
The latter consists of byproduct materials or waste
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abundant in alumina and silica, whereas the activator
solution is predominantly composed of sodium along
with potassium-based substances [6]. When reactive base
materials are swiftly dissolved in an activator solution,
polymerization occurs [6, 7].

FA is a finely divided ash generated by pulverized coal
in power plantsand is regarded as an industrial
byproduct composed primarily of solid or porous
spherical  particles.  These  particulates include
crystalline as well as amorphous constituents, such as
quartz (SiO,) and mullite (3Al,03.2Si0,). Alumina
typically varies between (20% and 30%), and silica
between (40% and 60%). The majority of samples are
generated utilizing FA (with a diminished calcium
content-class F) per ASTM C 618. [8]. Most studies
theoretically investigated the impacts of potassium (K
and sodium (Na®) ions present in potassium hydroxide
(KOH) and sodium hydroxide (NaOH), respectively [9].
The reaction between calcium carbonate
and NaOH produces a dried alkali activator consisting of
calcium hydroxide as well as carbonate of sodium. As an
infill, calcium carbonate enhances CS and diminishes
porosity [10]. With respect to concrete mechanical
properties: CS is enhanced when FA was utilized as A
GP base rather than OPC (by 1.5 times) [11,12].
Furthermore, Naidu [13] illustrated that the CS of Fly
Ash - Geopolymer Concrete (FA-GPC) attained 90 % (in
14 days) at ambient temperature, from a final value of 57
MPa. FA-GPC has outstanding CS and is appropriate for
the products of precast concrete, according to
prior research [14]. Hamdy et al. developed (18 FA GP
concrete mixtures) to determine their enhanced
mechanical characteristics by 28% in comparison to
OPC mixtures [12]. According to [15], CS of GPC
elevated along with raising the content of FA.

Researchers have focused on the impact of aggressive
media on GPC performance in recent years. Reduced
calcium FA-based GPC samples exhibited exceptional
durability =~ when exposed (for 180 days) to
elevated chloride  solution  and  sulfuric  acid
concentrations. The bars of implanted steel were
protected from corrosion by the matrix of concrete,
which acted as practically impermeable substances [16].
Soft white deposits eventually transformed into firm
crystals on the samples' surface were also observed [17].
In contrast, the efficacy of copper GPC with the
activation of sodium hydroxide in chloride solutions
and sulfate exhibited a slight rise in CS, but this increase
was insignificant. In addition, the samples’ corrosion
resistance had been enhanced in the aggressive media
[18]. Following seven years of immersion, the samples
halted steel bars’ corrosionand exhibited Na,COs-
activated GPC’s outstanding resistance to the corrosive
solution, according to supporting research [19]. A further
investigation that synthesized GP utilizing Qaroun water
found that the specimens’ CS enhanced by up to 30%
relative to OPC and that steel bars’ corrosion rate
decreased [20, 21]. Therefore, GPC is considered to have

higher durability than traditional OPC mixes because it
does not contain portlandite and possesses a minimized
calcium content [2, 22,23].

In comparison to OPC, GPs possess superior chemical
as well as physical characteristics, emit no noxious
gases, and exhibit superior resistance if exposed to
aggressive media. Additionally, X-ray diffraction (XRD)
results demonstrated that GP had fewer fissures and
fractures than OPC [24, 25]. Nevertheless, there is little
research examining how Qaroun water impacts the rate
of rebar corrosion in reinforced GPC. The present
research examines FA-GPC impact compared to OPC on
rebar corrosion rate. The restorative conditions of

Qaroun  water are utilized for  comparing
freshwater properties. In  order toidentify the
microstructural, mineralogical, chemical,
and mechanical properties of GPC  specimens,

SEM, compressive strength testing, EDX, and X-ray
diffraction (XRD) are performed on OPC and GP, and
OPC samples. In addition, the Linear Polarization
Process (LPR) method is employed for estimating steel
bars' corrosion rate.

2 EXPERIMENTAL PROCEDURE
2.1 Materials

This investigation employed fly ash (FA) and ordinary
Portland Cement (OPC) as cementitious materials.
According to the National Research Center, FA is a fine
powder (with a 2.1specific gravity) and a particle size of
70 microns. Table 1 shows the oxide composition of
ordinary Portland cement (OPC) and fly ash (FA) as
determined by X-ray diffraction (XRD) analysis. FA
contains significantly less calcium than OPC but is rich
in aluminum and silicon compounds. According to Fig.
1, the XRD analysis of fly ash (FA) showed no distinct
peaks; however, there is a significant diffuse peak around
15-30° 20. Additionally, several peaks identified as
quartz minerals do not participate in the chemical
reaction. Additionally, there is a prominent bulge
between 18 and 36° 20 in the XRD patterns of fly ash
(FA). These findings indicate that the amorphous phase
predominates in FA[26]. The OPC (CEM 1/52.5N) used
in this study complies with ASTM C150 standards. The
alkali activator consists of sodium silicate (Na, SiO; )
and sodium hydroxide (NaOH), commonly known as
caustic soda. NaOH is available in pellet or flake form
and is highly soluble in water. A 12 molar solution is
prepared, consisting of 60.25% Na, O, 39.75% water,
with a specific gravity of 0.8. The other component of an
alkali activator is Na,SiO; developed as a thick liquid
or solid. The Na,SiO; utilized in this study is composed
of 57 % water, 31.7 % SiOs1, and 1.98 % Na,O, with a
1.2. specific gravity. As a coarse aggregate, pulverized
dolomite with a specific gravity maximum of 2.6- and
12-mm particle size is utilized. Both coarse and fine
aggregates are in accordance with the quality and
grading requirements of ASTM-C33. The water used for
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casting or curing the samples was fresh and free from
impurities, including organic compounds, acids, oils, and
salts in accordance with ASTM D 1193, the water was
also free from silt, clay, and other substances that could
adversely affect the concrete or reinforcing steel. The pH
of the mixing water was 7. The water used in the Qaroun
water curing series was sourced from Qaroun Lake in Al-
Fayoum. The chemical composition of this water is
provided in Table 2.

High-grade tensile carbon steel (12 mm diameter) with
a 360 MPa yield strength is utilized.

Table 1. Oxide composition % of the raw material’s
weight based on X-ray Fluorescence analysis.

Constituents wt.% OPC Fly ash
SiO; 21.70  60.95
Al,O3 6.30 29.58
CaO 6450 1.88
Na,0 0.28 0.24
Fe,O3 3.40 3.54
MgO 1.86 0.14
K,0 0.54 1.06
Cl 0.00 0.05
SO, 1.77 0.25
Losses 0.81 0.19

Table 2 The chemical components of Qaroun Lake water.

Property Result
Density 1.025gm/cm®
Chlorides 12.985 gm/l
Sodium 10.109 gm/I
Sulfate 9.712 gm/l
Magnesium 1.325 gm/l
Calcium 0.500 gm/I
Bicarbonate 0.305 gm/I
Carbonates 0.030 gm/I
Others 0.472 gm/l
lons -

1 Flabimaiiaiting
5 10 15 20 25
pesition

Figure 1: Mineral composition between OPC and FA.

2.2 Concrete mix design, Mixing, and
Treatment

This study utilized one OPC concrete mix and three
distinct FA concrete samples. Each of FA sample content
is FA 400, FA 450, and FA 500 (400, 450, and 500
kg/m®, respectively), with NaOH: Na,SiO; (1:3 ratio).

The ratio of solution proportion to binder (W/G) for all
the mixtures of GPC was 0.50 by weight (in order to
yield adequate workability) designed according to the
ACI-211-11 standards. In contrast, the reference mix
OPC includes a w/c 0.50 ratio and 400 kg/m® cement.
The ratio of coarse aggregate to fine aggregate is
(0.65:0.35). Table 3 depicts the ingredients of the
mixture (for 1 m® of GPC). It is important to note that the
steel bars were initially coated with an epoxy zinc
primer, except for two 1 cm sections that were left bare
to create a closed electrical circuit. All blends were
mechanically mixed for 3 minutes, then molded and
vibrated for 30 seconds to remove entrapped air. The
samples were then covered with plastic wrap to prevent
water evaporation and cured at ambient temperature for
24 hours. After demolding, OPC concrete samples were
submerged in a water bath for 28 days, while GPC
samples were air-cured. Finally, the concrete samples
were embedded in an aggressive medium simulating the
conditions of Qaroun Lake, while reference samples
were left in tap water. The concrete samples were
exposed to aggressive median and tap water for a
duration of 90 days to evaluate the impact of these media
on the durability of the concrete mixes.

Table 3. Mixture components for 1m® of GPC mix

in (Kg) (with NaOH: Na,SiO;=1:3).

Phase Cement Flyash Sand Coarse  Total
agg. solution
OPC 400 0 595 1190 200
FA400 0 400 595 1190 200
FA450 0 450 558.4 11168 225
FA500 0 500 522.3 10446 250
2.3 Testing

All four mixtures were subjected to EDX, corrosion
rate, SEM, and CS analyses for hardened concrete.

2.3.1  Compressive Strength (CS)

Each of the four mixtures consists of three 10 x 10 x 10
cm3 specimens for compressive strength (CS) testing in
aggressive media, resulting in a total of 36 cubic.
specimens for comparison with OPC concrete samples.
The GPC samples were air-cured, while the OPC samples
were water-cured in the laboratory at Fayoum University.
The cubes were de-molded after 24 hours and then cured.
After 28 days all samples were immersed in the specified
water (either Qaroun water or freshwater) for at least
three months, as shown in Figure 2.

R

5 , -
Figure 2: Concrete cubes specimens exposed to aggressive
media.
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2.3.2  Corrosion Rate

Forty-eight cylindrical specimens (100 mm in length
and 50 mm in diameter), each containing a rebar (100
mm in length and 12 mm in diameter), were used to
determine the corrosion rate. The reinforcing bar was
positioned vertically in the center of the mold, parallel to
its long axis. After molding, the samples were extracted
and treated. The corrosion rate was measured by
submerging the samples in either freshwater or Qaroun
water, stored in plastic containers, for periods of one day,
one month, two months, and three months.

The accelerated corrosion method was implemented.
The purpose of this method is to promote corrosion by
anodically polarizing the steel rod in the concrete
specimen. According to [26], the electrochemical circuit
received a current density (1 mA/cm?) from a 12-V direct
current (DC) power supply. As depicted in Fig. 3 (a), the
stainless steel plate was attached to the power
supply negative terminal, and the positive terminal was
attached to the reinforced steel bar [26]. The first
functions as the anode, whereas the second is the cathode.
The electrochemical process details are depicted in Fig. 3

(b) [26].

The cylindrical concrete specimens exposed to
aggressive environments are shown in Fig. 4. The gradual
increase in corrosion will subject the concrete structure to
stresses, which will appear as fractures. Once the
accelerated testing was completed, the cylinders were
transferred for linear polarization resistance (LPR)
corrosion analysis The corrosion rate was determined
using a corrosion vessel and the linear polarization
resistance (LPR) test with the VOLTAMASTER 4
program, following ASTM C 876. The Tafel
extrapolation technique was employed, and polarization
experiments were conducted at a scan rate of 5 mV/s.

(b) Detail A

Figure 3: Schematic diagram of the accelerated corrosion
technique [32].

g, e, 4 = y Y -
Figure 4: Concrete cylindrical specimens exposed

to aggressive media.

2.3.3 Instrumentation

The cubic samples were cured for 28 days, then they
were exposed to the aggressive media for 1 day, 1 month,
2 months and 3 months. After compressive strength test,
the samples were tested at a loading rate of 100 kPa/s.
Crushed fragments from the compressive strength tests,
after 90 days of immersion, were collected for further
analysis using FTIR and SEM. A Perkin Elmer FTIR
Spectrum RX1 Spectrometer was used to evaluate the
functional groups present in the samples. The samples
were ground and mixed with a small amount of potassium
bromide, then pressed into 13 mm diameter disks at a
pressure of 8 t/cm? for FTIR analysis. The wavenumber
range used was 400 to 4000 cm™ 1. The microstructure of
the hardened specimens was examined using an SEM
Inspect S (FEI Company, Netherlands) equipped with an
energy dispersive X-ray analyzer.

The scanning electron microscope (SEM) is used to
characterize and  describe the crystallography,
composition, and morphology of a specimen's
microstructure. In this research, the microscopic
characteristics of the samples were determined by
analyzing finely pulverized material. To obtain images
with high brightness, contrast, and resolution while
preventing surface charging, procedures described in [2]
were followed. Energy-dispersive X-ray spectroscopy
(EDX) is another analytical technique used to
characterize and analyze the chemical composition of
samples. It operates on the principle that each element in
the periodic table has a unique atomic structure, which
produces a distinctive set of peaks in its electromagnetic
emission spectrum. The EDX analysis was performed
using the same semiconductor detectors employed in the
SEM study [27].

3 RESULTS AND DISCUSSION

3.1Compressive strength results when exposed
to Qaroun water-aggressive media

OPC concrete samples were cured by submerging
them in water for 28 days, while GPC samples were air-
cured. Subsequently, both concrete samples were
embedded in an aggressive medium (fresh water or
Qaroun Lake water). The exposure period to the
aggressive medium was 1 day, 1 month, 2 months, and 3
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months. Table 4 presents the relationship between the
compressive strength of the hardened concrete samples
and their immersion time in the different media (after 28
days of curing).

Table 4. The concrete mixtures’ CS exposed to a)
fresh water and b) Qaroun water.

Concrete sample OPC F400 F450 F500

Feu (MPa)
1 day 29.5 39 439 50.1
Feu (MPa)
a) Fresh 1 month 30.2 401 441 53
water Feu (MPa)
series 2 months 316 42 453 572
Feu (MPa)
3 months 32 44.3 49 60.5
Feu (MPa)
1 day 29.5 39 43.9 50.1
Feu (MPa)
1 month 28.2 43.9 52.8 59
b) Feu (MPa)
Qaroun 2 months 26 44.8 56.6 68.4
water Feu (MPa)
series 3 months 24 47 62.4 713
Fig. 5(@) compares GPC and OPC samples’

compressive behaviors. In Fig. 5(a), GPC samples with
varying FA contents exhibited an increase in
compressive strength. This enhancement, particularly
evident at higher FA levels, can be attributed to the
readily available silica and alumina within the
geopolymer matrix. A comparison of the data in Table 4
indicates that the FA 500 sample consistently exhibited
the highest compressive strength (CS) compared to the
other samples over time. Upon graphical analysis of
these results, it is clear that the compressive strength
(Fcu) increased by approximately 20% in water.
Nonetheless, OPC only resulted in an increase in
compressive strength (Fcu) of about 8%, as shown in
Table 4 [27]. The compressive strength of each mixture
improved over time, particularly with increased FA
content. This aligns with the findings of Hala et al. [2],
which illustrated that the performance of GPC is largely
time-dependent.

The treatment of GPC samples in Qaroun water
showed significant strength gains over time. After 90
days, the control mix of OPC exposed to Qaroun water
exhibited a decrease in Fcu of approximately 18.6%. In
comparison to cement treated in pure water, cement
treated in Qaroun water demonstrated lower strength.
The presence of chloride ions in Qaroun water facilitated
the early formation of calcium hydroxide, consistent with
reports in [24-25]. This study used treated Qaroun water
as a baseline to assess the impact of FA-GPC on Fcu, as
shown in Fig. 5(b). The three levels of FA content
examined in the GPC were found to enhance
performance in saline conditions, as indicated in [2].
Overall, GPC based on fly ash exhibited more significant
improvements in strength compared to OPC concrete.
For example, the FA 400, FA 450, and FA 500 samples

showed significant increases in compressive strength
(Fcu) 90 days after exposure to Qaroun water, reaching
20.5%, 42.1%, and 42.3%, respectively. The highest
compressive strength values were observed when fly ash
was used as the primary material, followed by ordinary
Portland cement (OPC).

180

~
5]

Compressive strength (MPa.]
N w & v )]
[} Q (=] Q o

=
]

]

OPC FA 400 FA 450 FA 500
m1iday ®1month M 2months 3 months Samples
a)
80
=
od
§ 60
Pty
: D
g =
220 I
o
(&)
0
OPC FA 400 FA 450 FA 500
m1day ®™1month ®2months ™3 months Samples
b)

Figure 5: CSs of concrete specimens exposed to (a)
freshwater and (b) Qaroun water.

3.2The corrosion rate results

Figure 6 and Table 5 illustrate how the polarization
curves for the mixtures treated with Qaroun water and
freshwater were obtained. The OPC sample exhibited a
corrosion current nearly 700 times greater than that of
GP. It has been confirmed that treating the OPC sample
with Qaroun water increases its moisture content. This
then acts as an electrolyte medium between the anodic
and cathodic portions of the rebar, accelerating
corrosion, which is consistent with Dasar et al. [28]. GPs
can exhibit greater improvements in compressive
strength (CS) compared to OPC samples, as indicated by
the corrosion rate. After 90 days of exposure to Qaroun
water, the F500 sample's polarization resistance
decreased from 1600 to 131.65 Q-cm?, the corrosion
current dropped from 80.96 to 60.10 pA/cm?, and the
corrosion rate reduced significantly from 939.60 to 1.09
mm/year. According to the results presented, the
administration of GPC raises the corrosion rate under
Qaroun water conditions. In general, OPC samples
display much higher rates of corrosion in saltwater media
compared to GP samples. It is essential to observe that
OPC has two mechanisms for corrosion protection.

Using CH's elevated alkalinity, the first mechanism
entails the formation of a passive layer on the steel
surface [29, 30].
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physically protected [31,32]. Due to the fact that GP
samples have a greater density (higher CS) and pH value
than OPC samples, they are more resistant to corrosion.
Moreover, it is more resistant to intake by NC-NS media
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and degradation by MC-MS media. Additionally, the
presence of FA prevents chloride ions from accessing
reinforcement [33, 34]. Consequently, the F500 sample
performs the best due to its deficient CaO concentration.
This precludes the formation of calcium carbonates, and
thus no white deposits (salt) formed. Alternatively, OPC
samples with an elevated concentration of CaO
reacting with carbon dioxide produced calcium carbonate
compounds [33, 34]. Given that the immersion media are
not permitted to penetrate the reinforcement, the topmost
surfaces of the samples are exposed to air. Fig.7 depicts
the specimens that were exposed to Qaroun water media.

a)OPC b)F500

Figure 7: Photos of samples after exposure to Qaroun

bt
£y 4/

for a) OPC, and b) F500.

3.3SEM analysis

Following the compressive strength (CS) testing,
scanning electron microscopy (SEM) micrographs were
obtained from all exposed samples immersed in Qaroun
water and freshwater. Fig. 8 (a) depicts the POC non-
crystalline (amorphous) matrix following
freshwater treatment. CH manifests as hexagonal
crystals, calcium silicate hydrate as gel, and ettringite as
needles, with a notable number of cavities and fractures.
In comparison to F 400 and F 500, OPC most closely
resembles  portlandite, which  decomposes into
magnesium silicate hydrate, sodium, and gypsum.
Moreover, as ettringite density increases, porosity
declines markedly [35]. Even though the crystalline
particles are well-formed as well as translucent,
unreacted FA particles continue to exist in the structure,
as shown in Figs. 8(b) and 8(c) from the F 400 and F 500
matrix treated with fresh water. The FA particles range
in size from 1 to 10 m and have a uniform, spherical
shape.

A component with an elevated atomic number
corresponds to the vibrant color, while a constituent
element with a minimal atomic number corresponds to
the dark color [36]. In a heterogeneous, porous matrix,

FA-based GP is composed of residual alkaline
precipitates, GP gel, and partially or non-reacted FA
grains. GPC is composed of a dense, continuous gel-like
structure with readily visible micropores
and microcracks at the surface level. Increasing FA
content decreases fractures and fissures and increases GP
gel, increasing strength. On the GPC binder's surface, the
unreacted alkali solution containing FA spheres can
occasionally cause the formation of tiny needle- or
stripe-shaped particulates. The spines of the reaction
products form the bonds between grains, and the crust's
attachment to the sphere does not appear to be
particularly strong [37]. Therefore, pores are visible in
significantly decreased concentrations than OPC [38].

In Fig. 9 (), a Qaroun water-treated OPC sample
contains numerous CH crystals, needles, and massive
cavities, resulting in a porous structure. Additionally,
slabs of calcium silicate hydrate (C-S-H) are
distinguishable. Fig. 9(b) depicts the influence of FA on
the GP matrix following immersion for 90 days.
Additionally, sodium sulfate deposits are evident. This
occurred due to sodium ions permeating the matrix.
The amorphous structure has also partially transformed
into a crystalline form. This can be explained
by immersion duration, which could be responsible for
the increased CS of the exposed samples [39]. Fig. 9(c)
demonstrates elevated FA content impact on the GP
matrix following immersion for 90 days. Magnesium ion
leak into the matrix can be detected, which is responsible
for the sporadic occurrence of Si-Al gel and some Mg in
the matrix. This modification does not appear to affect
the gel's potency [40] significantly.

3.4. EDX analysis

Figures 10 and 11 depict the mapping images provided
by the fresh water and Qaroun water-treated mixtures
(OPC, F 400 and F 500), while Figure 12 demonstrate
the corresponding EDX spectra. In addition, Tables 6 &
7 list the matching individual chemical components as
well as the expected chemical compounds of these
mixtures, respectively. The atoms of alumina, oxygen,
silica, calcium, and carbon were found to be the
fundamental elements in every group. The calcium
content of the OPC sample treated in freshwater was
51.04 percent, while it was 6.88 percent in F 400 and 4.7
percent in F 500. For instance, the silica content of the
OPC specimen treated with fresh water was 3.72 percent,
while it rose to 25.91 percent in F 400 and 27.36 percent
in F 500. The alumina content of the OPC specimen
treated in freshwater was 0.56%, increased to 6.47% in F
400, but decreased to 6.66% in F 500. Based on the EDX
analysis, the most probable chemical compounds for the
GP groups were silicon oxide and aluminum oxide,
whereas, for the control group, it was calcium carbonates
or (calcium oxide and carbon oxide). In calcium oxide,
the F 400 group (9.62%) and F 500 group (6.58%)
exhibited decreased compound than the OPC group
(71.41%).
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Table 6: The chemical components of the fresh- and
Qaroun water-treated series by EDX.

a) Freshwater treated series

Elem. _ OPC _ F400 _ F500
Weight  Atoms Weight  Atoms Weight  Atoms
% % % % % %
Si 3.72 2.93 25.91 17.20 27.36 18.19
Ca 51.04 28.18 6.88 3.20 4.70 2.19
Na 1.12 1.08 2.72 2.20 3.19 2.59
Al 0.56 0.46 6.47 4.47 6.66 4.61
Fe 0.48 0.19 1.26 0.42 1.57 0.52
0 25.92 35.84 39.71 46.27 40.87 47.69
C 16.84 31.02 16.75 26.00 15.49 24.08
Mg 0.32 0.29 0.32 0.24 0.15 0.12
b) Qaroun water treated series
Elem. OPC F400 F500
Weight  Atoms  Weight Atoms  Weight  Atoms
% % % % % %
Si 14.76 11.46 30.47 21.00 40.76 29.55
Ca 41.92 22.81 4.04 1.95 6.63 3.37
Na 0.88 0.84 3.12 2.62 4.05 3.59
Al 1.23 0.99 5.99 4.30 9.17 6.92
Fe 1.32 0.51 1.10 0.38 2.50 0.91
0 19.07 25.99 42.79 51.75 13.37 17.01
C 20.39 37.01 10.57 17.03 22.53 38.18
Mg 0.43 0.39 0.06 0.05 0.13 0.11

Table 7: The predicted chemical compounds of the
fresh- and Qaroun water treated series by EDX.

b) Qaroun water treated

Freshwater tr ri .
a) Freshwater treated series series

Elem.

OPC F400 F500 OPC F400 F500

Sio2 7.95 55.42 58.54 31.58 65.19 40.76

CaO 7141 9.62 6.58 41.92 5.66 9.27

Na20 1.51 3.67 4.30 1.19 4.20 5.46

Al203  1.07 12.22 12.59 2.32 11.33 17.32

Fe203  0.68 1.80 2.24 1.88 1.10 3.58

MgO 0.53 0.52 0.26 0.71 0.10 0.21

Cco 9.83 16.75 15.49 20.39 10.57 22.53

Nonetheless, the F 400 group (16.75%) and F 500
group (15.49%) exhibited a greater quantity of carbon
oxide compound than the OPC group (9.80%). In
addition, the F 400 group (55.42 % &12.22 %) and the F
500 group (58.54 %, 12.59 %) contained a greater
quantity of silicon oxide as well asaluminum oxide
compounds than the OPC group (7.95 % & 1.07%.
However, Qaroun water treatment results in a greater
quantity of calcium oxides, alumina, and silicon, along
with a reduced amount of calcium oxide in GP samples
compared to OPC samples treated in freshwater. This
occurrence (elevated alumina, silica,
and calcium content) is predominantly responsible for
the aforementioned enhancement in the properties of the
concrete as a result of FA addition. These findings align
with those of Chahal et al. [40]. Furthermore, adding
algae to concrete may be a viable option to boost the
precipitation of CS and CaCOs, SiO,, and Al,O;. The F
400 and F 500 series are believed to have enhanced the
concrete's properties, unlike the Qaroun water-treated
OPC series [26].

CONCLUSIONS

As a major component of concrete, OPC contributes
significantly to CO, emissions, which are harmful to the
environment. Previous research has proposed FA-GPC
as a sustainable alternative to OPC concrete. However,
few studies have investigated the effects of Qaroun water
treatment on GPC. In this study, the compressive
strength (CS) of GPC exposed to Qaroun water with
time, as well as the corrosion rate of steel rods embedded
in FA-GPC, were analyzed and compared to OPC
concrete. The results show that:

e The FA 500 model provides the highest compressive
strength over time compared to other models. By
plotting these results, Fcu increases by about 20% in
water. However, OPC only improves Fcu by about
8% after 90 days.

e Increasing the FA content in GPC improves
mechanical properties and durability.

e Prolonged exposure to aggressive environments
enhanced the CS of GPC by up to 42.3% exposed to
Qaroun water for 90 days. The GPC samples
showed an improvement in compressive strength in
aggressive median. So, GPC is more durable than
OPC mixtures due to its lack of portlandite and
lower calcium content.

e  Furthermore, the corrosion rate of steel bars in GPC
samples is greatly reduced by approximately 180
times lower than that of the OPC model.

e The chemical responses of OPC and GPC diverge
under harsh conditions. The results showed that
GPC products have many properties such as voids,
porosity, microcracks, FA spheres, dense and large
binders, Qaroun water is more important than the
freshwater impact, and amorphous materials
according to the synthetic FA microstructure.

e GPC offers numerous advantages, including
environmental ~ friendliness,  cost-effectiveness,
durability, and suitability for producing high-
strength concrete. So overall, this study shows that
the efficacy of GPC is better than OPC.

Recommendations for future researchers: it’s preferable

to use different cover thicknesses and different numbers

of steel bars in the sample to simulate different structure
elements.
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