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ABSTRACT 

This study examines how Portland cement affects the physical and mechanical properties of geopolymer 

mortar when exposed to tidal water after 28 days of curing, when used instead of fly ash. Geopolymer, an 

alternative to concrete, utilizes waste materials to replace Portland cement. However, it has a relatively 

slow setting time. This study evaluated the influence of varying levels of Portland cement replacement on 

the setting time, water absorption, porosity, sorptivity, and compressive strength by replacing fly ash with 

Portland cement at levels of 0%, 5%, 7%, and 10%. The specimens were cured for 24 h at 100 °C after 

molding. After 28 days, the specimens were exposed to an artificial acidic environment with a pH of 3 for 

one month. The results showed that replacing fly ash with Portland cement reduced the initial and final 

setting times. The water absorption, porosity, and sorptivity increased as the percentage of Portland 

cement replacement rose, while the compressive strength of the geopolymer mortar improved with 7% and 

10% Portland cement replacements. 

Keywords-acid; geopolymer; porosity; sorptivity; tidal 
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I. INTRODUCTION  

The process of manufacturing cement requires large 
amounts of energy and emits carbon dioxide (CO2) into the 
atmosphere. So it is important that some alternatives be 
considered in order to reduce the former’s effects on the 
environment. Blended cement, which includes materials like 
fly ash, ground granulated blast furnace slag, silica fume, and 
geopolymer concrete, known as "green concrete" because it 
does not contain cement, are some of them. Alsalman et al. [1] 
evaluated the energy and CO₂ emissions of geopolymer and 
normal concrete, showing that Portland cement plays a 
significant role in the energy consumption and emissions 
associated with traditional concrete, accounting for 80% of the 
energy usage and 91% of the emissions. Geopolymer concrete 
with a compressive strength of 40 MPa achieves a 46% 
reduction in the energy use and a 73% decrease in the CO₂ 
emissions compared to normal concrete. Geopolymers are 
produced without a mixed design formula due to their strong 
dependence on raw materials, which makes controlling their 
characteristics challenging [2]. The setting time of geopolymer 
paste is an important parameter because it affects the mixing 
and casting processes [3]. Understanding the factors that 
influence the setting time of geopolymers is essential for 
controlling the setting duration and achieving the desired 
timeframe [4]. Some experts assert that geopolymer paste sets 
quickly [5], whereas others contend that it sets slowly and may 
not set within a day [6]. To improve this condition, numerous 
experiments have been conducted, including the addition of 
Portland cement, citric acid, superplasticizers, sucrose, borax, 
and calcium chloride [7-11]. Assi et al. [12] evaluated the 
effect of sucrose on improving the initial and final setting times 
and concluded that sucrose delays setting by raising the 
viscosity, which postpones the beginning of geopolymerization. 
Sucrose prevented fly ash particles from entering the alkaline 
solution, which slowed the process and together with calcium, 
slowed the setting process, by thickening the fluid. The 
absorption of precipitated minerals onto fly ash particles 
slowed geopolymerization, reducing the geopolymer's 
mechanical properties [10]. Zhang et al. [13] used a composite 
of fly ash and Ground Granulated Blast-furnace Slag (GGBS). 
The impact of adding the admixture depends on the type of 
solid activator and the proportion used [9]. Shaaban et al. [14] 
examined the setting time of rice husk ash blended with 
calcined dolomite powder, suggesting that an increased 
proportion of rice husk ash prolongs the setting time due to the 
slower pozzolanic reaction associated with rice husk ash. Nath 
and Sarker [11] found that using 5% Portland cement reduced 
the setting time of geopolymer in an ambient environment. 
They concluded that the optimal mixture was achieved by 
replacing 5% of the total binder with Portland cement and 
maintaining a liquid-to-binder ratio of 0.4. Calcium sources 
were found to significantly shorten the setting time and 
enhance the mechanical properties [15]. Kaja et al. [16] 
explored the effect of Portland cement on the alterations in the 
geopolymerization process. They proposed replacing 5%-7% of 
the fly ash with cement to achieve early-age compressive 
strength. Mehta and Siddique [17] replaced up to 30% of the 
fly ash with Portland cement and the compressive strength 
increased as the percentage of fly ash replaced by Portland 

cement increased, reaching an optimum replacement at 20%. 
The durability of concrete in harsh environments is a serious 
concern, because calcium hydroxide (Ca(OH)₂) and calcium 
silicate hydrates (C-S-H) react in acidic conditions, resulting in 
damage to the concrete. Deterioration may arise from the 
numerous chemical reactions between the aggressive 
environment and the concrete's calcium-containing 
constituents. Using geopolymers in structural applications, 
particularly in acidic environments, requires an evaluation of 
their durability. Authors in [18-21] demonstrated that 
geopolymer is more resistant to acidic environments than 
traditional concrete. The periodic change in the river water 
levels or tides, resulting in the concrete's intermittent 
submersion, diminishes its strength [22-24]. However, little is 
known about the impact of tidal cycles in a corrosive, acidic 
environment on geopolymers that incorporate fly ash as a 
substitute for Portland cement. While previous studies have 
examined the effects of Portland cement on setting time, 
strength development, and general acid resistance of 
geopolymers, they have not thoroughly investigated how 
replacing fly ash with Portland cement affects the fresh and 
durability properties under tidal acidic conditions. In particular, 
the combined influence of incremental cement replacement on 
porosity, absorption, and strength when subjected to wet-dry 
cycles in acidic environments has not been sufficiently 
addressed. The present study examined the durability of a low-
calcium, fly ash-based geopolymer mortar in an acidic 
environment under temperature-controlled conditions. The 
artificial acidic environment consisted of hydrochloric acid 
with a pH of 3. Portland cement was substituted partially for fly 
ash at percentages of 0%, 5%, 7%, 10%, and 15%, and 
activated using solutions of sodium silicate and hydroxide. The 
setting time, compressive strength, and permeation 
parameters—including water absorption, porosity, and 
sorptivity—were studied, while the compressive strength was 
evaluated before and after one month of immersion in an acid 
solution. 

II. EXPERIMENTAL PROGRAM 

A. Materials 

The fine aggregate was obtained from the nearest local 
quarry, exhibiting a fineness modulus of 2.13. Its water 
content, absorption, weight, and volume were measured at 
2.4%, 2.46%, 1.47 g/cm³, and 2.68, respectively. The fly ash 
was sieved through a 200-mesh sieve with a 45-μm aperture to 
comply with ASTM C618 regarding the pozzolanic grain 
fineness percentage. The specification states that no more than 
34% should be retained on sieve no. 325, which has a 75-μm 
aperture. The fly ash used in this study came from the Asam-
Asam coal-fired power plant in South Kalimantan, Indonesia, 
where 9.4% was retained on sieve no. 325, thereby fulfilling 
the ASTM C618 criteria. The specific gravity of the fly ash was 
measured at 3.05, and its volume weight was recorded at 1.18 
g/cm³, as presented in Table I. According to the XRF results, 
the fly ash is class F, as the amounts of SiO₂, Al₂O₃, and Fe₂O₃ 
equaled 86.29. The alkaline solution used was a blended 
mixture of sodium silicate (Na₂SiO₃) and sodium hydroxide 
(NaOH) at a ratio of 2.5:1. Sulfuric acid (H₂SO₄) and 
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hydrochloric acid (HCl) solutions were used to create two 
artificial acidic environments. 

TABLE I.  FLY ASH CHEMICAL CONTENT 

Oxide SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO2 TiO2 P2O5 SO3 

% 48.86 11.29 26.14 6.74 4.46 0.11 0.43 0.36 0.78 0.05 0.34 

 

B. Mix Proportion and Procedure 

The proportional relationship among the constituent 
materials determined the formulation of geopolymer mortar. 
The present study used an alkaline solution, maintaining a ratio 
of Na2SiO3 to 8M NaOH at 2.5. The geopolymer paste was 
synthesized using a weight ratio of fly ash to an alkaline 
solution of 60:40. Geopolymer mortar was composed of fine 
aggregate and geopolymer paste, with a formulation of 65% 
and 35%, respectively, as shown in Table II. The following 
Geopolymer Pastes (GP) were used in the study: GP-0, GP-5, 
GP-7, GP-10, and GP-15, where the percentage of fly ash 
replacement with Portland cement was 0%, 5%, 7%, 10%, and 
15%, respectively. 

TABLE II.  MIXTURE PROPORTIONS OF THE GEOPOLYMER 
MORTAR 

Mixture 
Fine aggregate 

(kg) 

Portland 

cement (kg) 

Fly ash 

(kg) 

Na2SiO3 

(kg) 

8M NaOH 

solution (kg) 

GP-0 6.4 0 2.06 0.39 0.984 

GP-5 6.4 0.10 1.96 0.39 0.984 

GP-7 6.4 0.14 1.92 0.39 0.984 

GP-10 6.4 0.21 1.86 0.39 0.984 

GP-15 6.4 0.31 1.75 0.39 0.984 

 
8M NaOH was prepared by dissolving 320 grams of NaOH 

flakes in 1 L of solution. This solution generates heat; 
consequently, it must be prepared one day before 
manufacturing the specimens. An 8M NaOH solution was 
combined with Na2SiO3 following the prescribed dosage and 
the fly ash and alkali solution were poured into the mixer. 
Subsequent to thorough stirring, the addition of fine aggregate 
continued until the mixture attained homogeneity and then it 
was molded. After the molding process, the test object was 
placed in an oven set at a temperature of 100 °C for a period of 
12 h and then, the material was left at room temperature until 
the compressive strength test limit at 28 days was attained. The 
curing regime at 100 °C for 12 h was determined through 
preliminary experiments conducted in the laboratory prior to 
this study, which showed that this condition facilitated 
expeditious geopolymerization, thereby inducing robust early 
strength development while impeding microcracking, a 
phenomenon that has been observed to occur under protracted 
or more rigorous curing regimens. An artificial acid solution 
was prepared by combining H2SO4 and HCl until the resulting 
acidic water achieved a pH of 3. This pH level was selected to 
represent a common acid concentration observed in natural 
acidic environments. The usage of H2SO4 and HCl as probes 
enabled the modeling of two distinct acidic conditions: H2SO4 
is classified as a stronger, more aggressive acid, while HCL is 
considered a lighter, less aggressive acid. To ensure the 
stability of the artificial acidic water within a designated pH 
range, daily pH monitoring was conducted over a 24-h period. 

In instances where an increase in pH was observed, the 
introduction of either H2SO4 or HCl solution was imperative to 
restore the pH of the sulfuric acid water to a range of 3. The 
compressive strength test was conducted using cylinders with a 
diameter of 26 mm and a height of 52 mm. The decision to 
employ a diminutive cylinder size was based on the material 
efficiency and ease of handling. It is important to note that the 
adopted dimensions maintain the standard height-to-diameter 
ratio of 2:1, which is essential for the validity of the 
compressive strength testing. Testing was performed at 28 days 
to determine the controlled compressive strength prior to the 
exposure to an acid environment. Subsequent to a 28-day 
period, the test specimen was placed in an acidic environment 
with a pH of 3. The compressive strength test was conducted 
after one month of the test specimen being immersed in an acid 
solution. Two acid solutions were used in this research. The 
test specimen was submerged for seven days, then retrieved 
and maintained at ambient temperature for an additional seven 
days before being re-immersed, thereby simulating wet-dry 
tidal conditions. This cycle was repeated for a total of four 
weeks, resulting in two complete wet-dry cycles. The test 
specimen remained submerged in the acid solution until the 
designated test duration was complete. Currently, there is no 
ASTM standard that covers geopolymer paste, mortar, or 
concrete. Consequently, certain tests employ ASTM standards 
that are designated for cement paste, cement mortar, and 
conventional concrete. The evaluation of geopolymer mortar's 
absorption and porosity was conducted through the use of 
ASTM C 642-06 [25], a standard test method for assessing the 
properties of geopolymer mortars. The ASTM C1585-13 [26] 
protocol was applied to facilitate the sorptivity testing. The 
experiment used a cylinder with a diameter of 10 cm and a 
height of 5 cm. The evaluation was conducted at the 28-day 
mark. 

III. RESULTS AND DISCUSSION 

A. Setting Time 

The ASTM C191–08 [27] was used to execute the setting 
time evaluation. The initial setting was achieved when the 
Vicat needle penetrates to a depth of 25 mm, whereas the final 
setting occurs if the needle does not leave an imprint on the test 
specimen or if the penetration measurement is 0 mm. Figure 1 
presents the initial and final settings in comparison, with the 
total setting time exhibiting a range of variation, with a 
minimum of 207 min and a maximum of 1,260 min recorded. 
The initial and final settings of the geopolymer paste were 360 
min and 900 min, respectively. For Portlant cement 
replacements of 0%, 5%, 7%, 10%, and 15%, the initial 
settings were 360 min, 105 min, 74 min, 60 min, and 42 min, 
respectively, and the final settings were 900 min, 255 min, 210 
min, 150 min, and 165 min, respectively. Subsequent to the 
initial setting, 0%, 5%, 7%, 10%, and 15% PCC replacements 
required 540 min, 150 min, 136 min, 90 min, and 123 min to 
achieve the final setting time, respectively. 

 



Engineering, Technology & Applied Science Research Vol. 15, No. 6, 2025, 28829-28835 28832  
 

www.etasr.com Nurwidayati et al.: Investigating the Impact of Fly Ash Replacement with Portland Cement on Porosity, … 

 

 

Fig. 1.  Setting time of the geopolymer paste of blended fly ash and 

Portland cement. 

The higher the percentage of PCC is, the shorter is the 
period between the initial and final settings. With the exception 
of 15%, it required 123 min to arrive at the final setting from 
the initial, longer than 10% PCC and shorter than 7% PCC. 
This result shows that substituting fly ash with PCC accelerates 
the setting time of geopolymer paste. It appears that the higher 
the proportion of replacement is, the shorter is the period 
necessary to set both the initial and final settings. This 
advantage can be attributed to the reduced chemical reaction 
rate of the geopolymer paste synthesized with fly ash 
precursors. The dissolution of raw materials was accelerated, 
and the compound solidified more rapidly due to the 
incorporation of calcium [28]. The increased formation of 
amorphous C-S-H gel leads to a shorter setting time [29]. This 
result aligns with the findings of [30-32]. The role of the 
calcium content within the system, which enhances the setting 
of the geopolymer paste, can be derived not solely from 
Portland cement, but also from GGBS, calcium hydroxide 
(Ca(OH)2), calcium oxide (CaO), or high-calcium fly ash [33, 
34]. The compaction process demonstrated a substantial 
enhancement when the geopolymer paste was integrated with 
Portland cement in comparison with the geopolymer paste used 
in isolation. This enhancement was attributed to the rapid 
chemical reaction between calcium in Portland cement and an 
alkaline solution, accelerating the setting and hardening process 
[31]. Furthermore, the elevated temperature curing and 
heightened NaOH molarity expedite the setting time of 
geopolymer paste, in addition to increasing the calcium content 
in its base material [29, 35]. The initial setting for the GP-15 
was 42 min, with a final setting time of 165 min. The adoption 
of ASTM C191 [27] on the cement paste setting time indicates 
that the initial setting time must be a minimum of 45 min, 
while the final setting time must not exceed 375 min. 
Consequently, the GP-15 mixture was not subjected to further 
evaluation. It has been demonstrated that approximately 5-10% 
of Portland cement replacement in geopolymers can yield a 
setting time that is analogous to that of Portland cement [31]. 

B. Absorption and Porosity 

The absorption and porosity of the specimens were 
measured at 28 days of curing, prior to their exposure to the 
acid environment. Figure 2 presents the absorption and porosity 
of the three geopolymer mixtures (GP-5, GP-7, and GP-10) at 
28 days of curing. The specimens with 5% Portland cement 
(GP-5) demonstrate the lowest absorption and porosity 

compared to those with a higher Portland cement content, such 
as GP-7 and GP-10. The absorption and porosity values for 
GP-5 were recorded at approximately 6.07% and 16.43%, 
respectively. As the percentage of Portland cement increased, 
both the absorption and porosity in the geopolymer mortar also 
increased. The GP-10 specimen demonstrated the highest 
values for both properties, with the absorption recorded at 
6.54% and porosity at 20.06%. These results indicate that the 
addition of Portland cement contributes to the formation of a 
more porous structure in geopolymer mortar. The observed 
increase in porosity with higher Portland cement content 
suggests that more pore cavities develop as the cement content 
rises, leading to increased absorption and porosity. Saif et al. 
[32] documented analogous trends in geopolymer systems 
comprising varying cement contents. The enhanced absorption 
and porosity can be ascribed to the elevated presence of 
calcium-rich phases in Portland cement, which may exert an 
influence on the microstructure and pore formation within the 
geopolymer matrix. 

 

 

Fig. 2.  Absorption and porosity. 

C. Sorptivity 

Figure 3 presents the initial and final absorption rates of the 
geopolymer mortar, with fly ash partially replaced by Portland 
cement. The sorptivity on the initial absorption is indeterminate 
due to a correlation coefficient of less than 0.98, as determined 
by ASTM C 1585 [26]. In comparison, the sorptivity on the 
secondary absorption was 1.0 mm/sec1/2, 1.4 mm/sec1/2, and 1.5 
mm/sec1/2, respectively, for Portland cement 5%, 7%, and 10%. 
The specimens with 5% cement content demonstrated the 
lowest absorption levels in comparison to those with 7% and 
10% cement content. The findings of this study indicated that 
the absorption performance of geopolymer mortar using fly ash 
is contingent upon the cement content. Mehta and Siddique 
[17] partially replaced fly ash with 20% Portland cement, and 
Chotetanorm et al. [36] used bottom ash as a raw material for 
geopolymer mortar. Increasing the replacement of fly ash with 
Portland cement results in greater absorption due to elevated 
porosity, as indicated by a higher sorptivity [36]. 

 



Engineering, Technology & Applied Science Research Vol. 15, No. 6, 2025, 28829-28835 28833  
 

www.etasr.com Nurwidayati et al.: Investigating the Impact of Fly Ash Replacement with Portland Cement on Porosity, … 

 

 

Fig. 3.  Effect of fly ash replacement with Portland cement on sorptivity. 

D. Compressive Strength 

Figure 4 shows the alterations in the compressive strength 
prior to and following one month of exposure to tidal acidic 
environments. The control compressive strength is defined as 
the strength at 28 days of age, with no exposure to an acidic 
environment of HCl and H2SO4. The wet condition in the graph 
indicates that the test object was continuously immersed in 
acidic water, whereas WD refers to wet and dry cycles, where 
the test object was soaked for seven days, followed by seven 
days at room temperature. At the 28-day mark, the compressive 
strength exhibited a range of 10.09 MPa-10.79 MPa, with GP-
10 demonstrating the lowest value and GP-5 showing the 
highest. Despite the modest magnitude of the observed 
variations, a discernible trend emerged, indicating a decline in 
the compressive strength as the proportion of Portland cement 
increased. This finding aligns with the observed trends in 
absorption, porosity, and sorptivity, which exhibited an upward 
trajectory with increasing the Portland cement content. A 
comparative analysis of the microstructures of GP-5, GP-7, and 
GP-10 revealed that GP-5 exhibited a denser microstructure 
compared to GP-7 and GP-10. An increased quantity of pores 
in geopolymer mortar is associated with a decline in the 
compressive strength. This inverse relationship between the 
porosity and compressive strength is in agreement with the 
findings of [16], where it was stated that an elevated cement 
content in alkali-activated fly ash binder enhances the transport 
properties while concurrently diminishing the gel formation. 
Conversely, Yip et al. [37] advanced the hypothesis that the 
decline in the compressive strength is attributable to the 
alterations in the Si/Al ratio. 

 

 

Fig. 4.  The compressive strength of mortar post-exposure to an acidic 

environment. 

As a result of the exposure to an acidic environment, a 
decline in the compressive strength of geopolymer mortar was 
observed in GP-5. The reduction in compressive strength of the 
test specimens subjected to wet-dry cycles was less significant 
than that of the specimens continuously immersed in acidic 
environments. The reduction in compressive strength during 
the wet-dry cycle was 16% in HCl solution and 23% in H2SO4 
solution, respectively. Conversely, the values recorded in the 
continuously submerged condition were 38% and 31%, 
respectively. It appeared that the continuous exposure to an 
acidic environment was more detrimental than alternating 
between wet and dry cycles. In contrast, GP-7 and GP-10 
exhibited an intriguing contrasting trend, marked by an 
enhancement in the compressive strength when exposed to an 
acidic environment. The GP-7 specimen demonstrated 
compressive strengths of 14.80 MPa and 13.69 MPa when 
subjected to HCl solution under continuous immersion and 
wet-dry cycles, respectively. The compressive strengths in 
H2SO4 solution were measured at 14.2 MPa and 19.15 MPa, 
respectively. The data indicate an increase in the compressive 
strength ranging from 33% to 86% in comparison with the 
strength evaluated at 28 days. In a similar manner, GP-10 
specimens exhibited compressive strengths of 18.02 MPa and 
16.34 MPa when subjected to continuous immersion in HCl 
solution and wet-dry cycles, respectively, as well as 16.80 MPa 
and 19.15 MPa in H2SO4 solution. A comparison of the 
compressive strength values measured after 28 days revealed 
an increase ranging from 33% to 86%. Following the exposure 
to the acidic environment, GP-5 exhibited a reduction in the 
compressive strength. Conversely, GP-7 and GP-10 
demonstrated a significant increase in the latter. This 
discrepancy can be attributed to the elevated calcium content 
observed in the 7% and 10% Portland cement replacement 
samples. The presence of these replacement materials has been 
shown to influence the formation of ettringite and calcium-
silicate-hydrate phases, resulting in the observed variation in 
the mechanical properties of the samples. The penetration of 
acidic solutions into the pore system resulted in increased 
ettringite precipitation, due to the presence of additional 
calcium. In the short term, these products occupied micro 
voids, resulting in a denser and less porous matrix with an 
enhanced load-bearing capacity. Xie et al. [38] observed that 
ettringite initially refined the microstructure and enhanced the 
compressive strength, although the excessive formation 
eventually caused deterioration. This mechanism explains the 
unusual strength gain of GP-7 and GP-10 compared with GP-5, 
where the lower calcium content limited the development of 
such secondary products. 

IV. CONCLUSIONS 

The present study shows that partially replacing fly ash 
with Portland cement has a substantial impact on the fresh and 
durability properties of geopolymer mortar. The proportion of 
Portland cement was increased, resulting in a reduction of both 
the initial and final setting times. This finding serves to confirm 
the accelerating role of calcium in the geopolymerization 
process. The addition of higher Portland cement contents to the 
specimens resulted in increased absorption, porosity, and 
sorptivity. However, the specimens with 5% replacement 
exhibited a denser microstructure and higher compressive 
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strength after 28 days of hydration. Conversely, under 
conditions of acidic tidal exposure, a contrasting trend was 
noted. The compressive strength of GP-5 decreased, while GP-
7 and GP-10 exhibited significant strength gains. This 
enhancement is attributed to the formation of secondary 
products, including ettringite and calcium-silicate-hydrate 
phases, which have been observed to fill the pore spaces and 
temporarily densify the matrix. These findings underscore the 
efficacy of moderate Portland cement replacement (7%–10%) 
in enhancing the setting behavior of geopolymer mortar and its 
resistance to acidic environments. This makes geopolymer 
mortar a viable option for structures exposed to harsh tidal 
conditions. 
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