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ABSTRACT

The rising demand for cement and electricity has increased carbon emissions and produced large volumes
of Fly Ash (FA) waste from coal power plants. Converting this waste into geopolymer mortar provides a
sustainable alternative to conventional cement. This study used FA from the Asam-Asam Power Plant,
activated with sodium silicate (Na:Si0O:) and 8M sodium hydroxide (NaOH) in ratios of 1:1, 1.5:1, 2:1, and
2.5:1, with superplasticizer (SP) dosages from 0.1 to 0.3%. Mortar specimens were evaluated for water
absorption, porosity, and sorptivity at 28 days and for compressive strength at 28 days and after up to
three months of exposure to tidal acidic exposure. At 28 days, compressive strength reached 12.61 MPa.
Secondary sorptivity was 0.0008-0.0023 mm s''? for the geopolymer mixes (minimum at SP3-R1.5) and
0.00071 mm 52 for the cement mortar; the initial 1-6 h segment satisfied the linearity criterion (r > 0.98)
only for the cement mortar (5;=0.049 mm s?), indicating a divergence between mechanical strength and
capillary transport. Geopolymers showed greater resistance to strength loss under tidal acidic exposure.

Keywords-geopolymer mortar; fly ash; porosity; sorptivity; tidal acidic exposure

I INTRODUCTION Producing one tonne of cement emit's about 0.7'—1.1 tonnes of

., . . CO: [2], largely from limestone calcination, which contributes
Indonesia’s rapid infrastructure growth has sharply  gjgnificantly to global warming. The cement industry alone
increased the demand for construction materials, especially accounts for 5-7% of global CO emissions [3-5]. Reducing
concrete. Since cement forms 10-12% of concrete volume,  these emissions has become an urgent priority [5]. Proposed
rising demand has driven cement production upward [1]. strategies include recycling cement, which can cut emissions
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by up to 94% [6], and partial replacement of clinker with FA,
limestone substitutes, or biomass fuels such as rice husks [7].
Energy use has also grown with infrastructure expansion.
Electricity demand in Indonesia has continued to rise,
increasing reliance on coal-fired power plants. Coal remains
the dominant fuel for power plants, producing large amounts of
FA and bottom ash (BA)—80-90% is FA [8].

Using FA in construction can reduce both carbon emissions
and coal waste. Indonesian Government Regulation No. 22 of
2021 classifies coal combustion residues, including FA, as non-
hazardous. High-volume fly ash (HVFA) concrete replaces 50—
80% of cement, while geopolymer concrete eliminates cement
entirely, using alkaline-activated FA [9-11]. Compared with
conventional concrete, geopolymers generally show higher
strength, lower shrinkage, and better resistance to heat and
chemicals [12-14]. However, challenges still exist regarding
workability, viscosity, and long setting times [14].

FA from the Asam-Asam Power Plant has been studied for
soil stabilization, emission control in peatlands, and as a
material in bricks, paving blocks, and concrete [15-17].
Geopolymer strength largely depends on FA properties [18,
19]. The Asam-Asam Power Plant in South Kalimantan
generates a significant amount of ash, similar to power plants
in other regions [20]. While its blends with metakaolin and
Bemban fiber [21] have been examined, fewer studies address
key physical properties—porosity, density, absorption, and
sorptivity—and their effect on performance. These factors are
critical for understanding geopolymer mortar behavior.

Concrete also deteriorates rapidly in acidic environments.
Portland cement is especially vulnerable as acids in peat water
react with calcium compounds, leading to structural breakdown
[22-24]. In tidal zones, cycles of wetting and drying accelerate

this process, reducing strength by nearly 20% in under two
months [23]. Durability in such conditions is therefore
essential. Geopolymer concrete performs better than Portland
cement under acid attack [22, 25-28], but little is known about
its behavior under repeated tidal exposure.

This study addresses that gap by examining how porosity,
density, water absorption, and sorptivity affect the compressive
strength and durability of Asam-Asam FA-based geopolymer
mortar in tidal acidic exposure. Beyond performance, it
highlights the potential of local industrial waste as a sustainable
construction resource.

II. METHODOLOGY

A. Constituent Materials

FA was sourced from the Asam-Asam Power Plant in
South Kalimantan, Indonesia. Table I reports the oxide
composition measured by X-ray fluorescence (XRF). With a
CaO content of 6.74% and a combined SiO2, Al2Os, and Fe2Os
content of 86.29%, the values are consistent with those
reported in [29]. Fly ash (FA) qualifies as Class F FA (ASTM
C618) [30]. The specific gravity of FA was 2.83, bulk density
1.45 g/cm?3, and fineness (retained on No.325, 45 um) = 24%.
The alkaline activator combined Na.SiOs (Si0O2/Na.O = 3.25, or
30.62% SiO: and 9.42% NaO) and 8M NaOH. A Type D
Superplasticizer (SP) improved workability, dispersion, and
compaction. Fine aggregate from a local quarry had a fineness
modulus of 3.13, specific gravity of 2.70, water absorption of
1.63%, loose bulk density of 1.47 g/cm3, and compacted
density of 1.60 g/cm3. The particle size distribution of fine
aggregate in grading zone I. Tidal acidic exposure was
simulated with a sulfuric acid solution with a pH of 3.

TABLE L FA OXIDE COMPOSITION (WT%)
Oxide SiO: ALOs Fe:0s CaO MgO Na:0 K:0 MnO: TiO: P205 SOs
% 48.86 11.29 26.14 6.74 4.46 0.11 0.43 0.36 0.78 0.05 0.34

B. Mixture Design and Preparation

Unlike conventional concrete, the geopolymer mortars were
proportioned by mass. Sodium silicate and 8M sodium
hydroxide solutions were combined at Na:SiOs/NaOH mass
ratios R = 1.0, 1.5, 2.0, 2.5. The precursor-to-activator
proportion was FA: alkali = 60:40, i.e., L/B = 0.67 (liquid-to-
binder). Fine aggregate to paste (FA + liquid) was 65:35, which
corresponds to S/B = 3.10 (sand-to-binder). The SP was dosed
at 0, 0.1, 0.2, or 0.3 wt.% of FA (coded SPO to SP3).

For reproducibility, on a normalized basis of 1.00 kg FA,
the total activator is L = 0.67 kg and is split as follows: R = 1.0:
0.334 kg Na»SiOs + 0.333 kg 8M NaOH; R = 1.5: 0.400 kg +
0.267 kg; R = 2.0: 0.445 kg + 0.222 kg; R = 2.5: 0.476 kg +
0.191 kg. The corresponding fine-aggregate mass was 3.095 kg
(8/B ~ 3.10). After casting, specimens were hardened at room
temperature and then underwent two curing regimes: ambient
curing (room-temperature storage) and moist curing (covered
with a damp cloth for 28 days).

Mix IDs follow the format SPx—Ry, where SPx represents
the SP dosage (0, 0.1, 0.2, or 0.3 wt% of FA, corresponding to

SP0-SP3), and Ry denotes the Na2SiOs/NaOH mass ratio (1.0,
1.5, 2.0, or 2.5, corresponding to R1, R1.5, R2, and R2.5). For
example, SP3-R1.5. The cement mortar used as a control is
denoted as CM. When multiple mixes are presented, results are
ordered by ascending R within each SP (SPO—SP3 if several
SP levels appear), with CM listed last.

C. Experimental Procedures

1) Compressive Strength

Tests were performed at 14 and 28 days on 50 mm cubes, in
accordance with ASTM C109 [31]. Before acid exposure,
specimens were cured under two regimes: ambient curing
(27£2°C, 70-80% RH) and moist curing (wrapped in damp
cloth and rewetted daily). For the durability evaluation, only
moist-cured cubes were exposed to HxSOj4 adjusted to a pH of
3.0£0.1 under two scenarios: wet-dry cycling and continuous
immersion. The term wet-dry cycles means that the cubes were
immersed for 7 days, then air dried at ambient temperature for
7 days (one 14-day cycle). pH was checked every 24 hours and
readjusted to 3.0+0.1. The solution was replaced weekly. The
sequence was repeated for 3 months. Continuous immersion
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means cubes remained submerged for 3 months with the same
pH monitoring and weekly replacement. For both scenarios, the
solution to the specimen volume ratio was 5:1. The
compressive strength was then measured after 1, 2, and 3
months of exposure, and results are reported as mean + SD (n =
3) for each mix and condition. Figure 1(a) illustrates the
specimens of geopolymer mortar, and Figure 1(b) shows the
typical brittle failure under axial compression, showing shear
wedges and lateral spalling.

(@)

(b)

Fig. 1. (a) Geopolymer mortar before compressive testing; (b) typical
brittle failure under axial compression.

2) Water Absorption, Density, and Porosity

These properties were tested only on SP3-R1, SP3-R1.5,
SP3-R2, and SP3-R2.5. Tests followed ASTM C642-06
guidelines [32]. Three cylindrical specimens (100 x 50 mm,
volume 392.7 cm3) per mix were cured for 28 days. The
specimens were oven-dried at 100-110°C for 24 hours, cooled,
immersed in water for three days, boiled for five hours, and
cooled for 14 hours before testing. Porosity was calculated as
the difference between apparent density and bulk density,
divided by the apparent density. SP3 mixtures, as the maximum
SP dosage was expected to provide better workability and
compaction, leading to more reliable evaluation of physical and
transport properties.

3) Sorptivity

Sorptivity at 28 days was measured in accordance with
ASTM C1585 [33] on SP3-R1, SP3-R1.5, SP3-R2, SP3-R2.5,
and CM specimens. For each mix, three cylinders 100 x 50 mm
were oven-dried for 3 days, conditioned in sealed containers for
15 days, sealed on all faces except the exposed face, and tested
in shallow water as illustrated in Figure 2. Mass gain was
recorded from 1 min to 7 days, and cumulative absorption
computed as:

It) = ((Mt-Mo))

Apw

where m is in g, A is the exposed-face area (7,854 mm? for 100-
mm diameter), pw = 0.001 g/mm?®, and I in mm. Initial (1-6 h)
and secondary (1-7 d) sorptivity were obtained by least-squares
regression of / (mm) versus ()", in mm s™2; if the full-interval
fit did not achieve r > 0.98, the value was designated as Not
Determined (ND).

Fig. 2.
all faces except the exposed face (shallow water contact).

Sorptivity Setup: oven-drying; sealed conditioning; and sealing of

III. RESULTS AND DISCUSSIONS

A. Compressive Strength

Figures 3 and 4 illustrate the compressive strength of
geopolymer mortar at 14 and 28 days for mixes with different
SP dosages (SPO-SP3) and alkaline solution ratios (R1-R2.5).
At 28 days, strength increased steadily with higher alkaline
ratios. For example, SPO increased from 4.25 MPa at R1 to
7.70 MPa at R2.5, while SP3 improved from 6.75 to 12.61
MPa. Adding SP increased the compressive strength by about
60%, showing its role in supporting long-term strength. At 14
days, the influence of SP was most obvious at the lower
alkaline ratio: at R1, SP3 more than doubled the strength
compared with SPO. At R2.5, the increase was smaller but still
noticeable. Overall, the alkaline ratio was the main driver of
strength gain, while SP helped by improving compaction and
reducing voids. As the alkaline solution ratio increases, the
molar ratio of SiO2/Na-O in the solution also increases, with
values of 1.06, 1.38, 1.62, and 1.80 corresponding to alkaline
solution ratios of 1, 1.5, 2, and 2.5, respectively. Mechanical
and morphological properties of geopolymer are influenced by
the molar ratio of SiO; to NaO [34-36]. Higher ratios
promoted denser matrices, consistent with the trend reported by
authors in [36].
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Compressive strength of geopolymer mortar at 14 days.
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Fig. 4. Compressive strength of geopolymer mortar at 28 days.
Figure 5 shows the effect of curing methods. Specimens
wrapped in damp cloth reached strengths 5-17% higher than
those kept at room temperature. This suggests moist curing is a
practical option in the field. Heat curing can accelerate
geopolymerization, but it is energy-demanding and less
realistic for in-situ work [37-42]. These results confirm that
ambient or moist curing can deliver sufficient strength for
structural use without relying on high-temperature treatment.
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Fig. 5. Effect of curing on compressive strength of geopolymer mortar.

B. Water Absorption, Density, and Porosity

Table II presents the physical properties of the geopolymer
mortar after 28 days, while Figure 6 illustrates their
relationship with compressive strength. Water absorption
dropped from 6.59+0.09% at R1 to 5.47+0.18% at R2.5, while
porosity declined from 21.15%+3.11% to 11.56+6.97%. At the
same time, bulk density increased from 1.66+0.11 Mg/m3 to
2.31+0.25 Mg/m?3, pointing to a denser internal structure. These
changes were closely tied to strength. Mixtures with higher
density and lower porosity consistently carried greater loads,
whereas higher absorption and porosity weakened the matrix
(R>>0.67). Similar links between pore structure and strength
have been reported before, with absorption reflecting pore
connectivity [43], and denser mixes showing better
performance [44, 45]. On the micro level, increasing the
Na»SiOs/NaOH ratio enhances aluminosilicate dissolution and
gel production, forming N-A—S—H and C—(A)-S—H phases that
fill voids, reduce porosity, and strengthen bonding [46].

CM showed a water absorption of 7.26+0.33%, an apparent
density of 2.16 Mg/m3, and a porosity of 10.18+0.65%.
Compared with geopolymer mortar, it had slightly lower
porosity but absorbed more water. Authors in [43] observed
similar results in mortars made with metakaolin and GGBFS.
Overall, the data confirm that pore structure strongly governs
performance: mortars with fewer voids not only absorbed less
water but also developed higher strength.

TABLE IL PHYSICAL PROPERTIES OF GEOPOLYMER

MORTAR-SP3 MIXES

Mix ID
SP3-R1 | SP3-R1.5 | SP3-R2 | SP3-R2.5 CM

Parameter

Water absorption|

(%) 6.59+0.09 | 6.24+0.15 | 6.19+0.22 | 5.47+0.18 | 7.26+0.33

Bulk density, dry|

B 1.6620.11 | 1.69+0.05 | 1.79+0.09 | 2.31+0.25 | 1.94+0.03
(Mg/m’)

Apparent density

3 2.11£0.14 | 2.15+0.28 | 2.23+0.20 | 2.60+0.07 | 2.16+0.02
Mg/m’)

Volume of
permeable voids |21.15+3.11|20.83+6.12(19.84+3.42(11.56+6.97|10.18+0.65

(%)

C. Sorptivity

The combined results from Figure 7 and Table II highlight
a clear difference between geopolymer mortars and CM in
terms of sorptivity, porosity, and water absorption. All mixes
show the expected two-phase I~V t response. The CM exhibits
the steepest initial slope (Si=0.049 mm s-12) and the lowest
secondary slope (Ss=0.00071 mm s-1"2). For the geopolymers,
the 1-6 h segment did not consistently meet the ASTM
linearity criterion (r 2 0.98); therefore, S; is reported as ND, and
the early-time rise is discussed qualitatively (lowest for R1—
R1.5, intermediate for R2.5, highest for R2). In contrast,
secondary sorptivity is reportable for all geopolymers (0.0008—
0.0023 mm s'2, minimum at R1.5). Water absorption ranks
differently: CM = 7.26% exceeds the geopolymers (5.47—
6.59%), with SP3-R2.5 the lowest (5.47%). This indicates that
rate (sorptivity) and capacity (absorption/voids) are decoupled:
near-surface connectivity governs early ingress, whereas a
finer/tortuous network controls the later stage and cumulative
uptake. Accordingly, SP3-R2.5 can achieve the highest
strength and lowest absorption yet still not minimize the early-
time rate—consistent with prior reports [43, 47-50].
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D. Durability of Geopolymer Mortar

Durability was evaluated on geopolymer mortar with an
alkaline ratio of 2.5 and 0.3% SP, compared with CM. After 28
days of curing, specimens were exposed to sulfuric acid (pH 3)
for up to three months. Two conditions were applied: full
immersion (F) and wet-dry cycles (WD). Acidic water (A)
represented the aggressive environment, while neutral water
(N) served as the control. Compressive strength was measured
after 1, 2, and 3 months, as shown in Figures 8 and 9.

As shown in Figure 8, FA geopolymer mortar performed
remarkably well in acid. In immersion, its compressive strength
increased by 17.2% after one month and by 21.5% at the end of
three months. This trend indicates that unreacted FA continued
to dissolve and contribute to the formation of N-A-S—-H gels,

which refined the pore structure and improved matrix density.
Under wet-dry cycles, the pattern was different: strength first
increased (10.9% at one month) but then declined slightly,
reaching a loss of 5.3% at three months. The reduction is
attributed to microcracks generated during drying, which acted
as pathways for acid ingress. Authors in [51] described the
same mechanism in cyclic preloading tests, where cracks
accelerated the deterioration of geopolymers in acid
environments.
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Fig. 8. Effect of tidal acidic exposure on the compressive strength of

geopolymer mortar.

Cement mortar, by contrast, followed the classic path of
deterioration, as shown in Figure 9. Its strength fell nearly 50%
after three months of acid immersion and almost 30% under
wet-dry cycles. The difference stems from binder chemistry:
calcium hydrates (C-S-H, Ca (OH):) are unstable in acid,
forming gypsum and ettringite that expand, crack the matrix,
and accelerate attack. Authors in [52, 53] emphasized that
calcium hydrates are the weak link in OPC, while low-calcium
geopolymers based on N-A—S—H are far more stable. The role
of calcium was consistent with the findings in [29], where
small cement additions gave short-term strength gains after
acid exposure due to pore filling by ettringite. Authors in [54]
described the same two-stage effect: early densification,
followed by expansion and cracking once ettringite exceeded
pore capacity. Reviews of slag—FA blends confirm this trade-
off—higher calcium contents improve early strength but
compromise long-term durability [55].
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Fig. 9. Effect of tidal acidic exposure on the compressive strength of
cement mortar.
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The neutral water results provide further insight. In full
immersion, the geopolymer mortar continued to gain strength
steadily, reaching a 76.4% increase after three months. This
indicates that geopolymerization was still progressing beyond
28 days, with unreacted FA gradually incorporated into the N—
A-S—H network. Cement mortar, in contrast, gained only about
6% in full immersion. This suggests that calcium leaching
weakens the cement matrix even in non-aggressive water. The
neutral water controls reinforced these findings. Geopolymer
mortar continued to gain strength, reaching a 76.4% increase
under immersion and maintaining more than 50% improvement
under wet - dry cycles after three months. Cement mortar,
however, first showed minor gains (~*6%) before losing 22—
23% of its strength, whether immersed or cycled. This behavior
reflects ongoing geopolymerization in FA systems, while
calcium leaching and microcracking dominate OPC. These
results align with reviews that highlight the superior chemical
stability of N-A—S—H gels compared with calcium hydrates, as
well as the role of microstructure in long-term durability [56,
57].

In summary, the results clearly demonstrate that FA
geopolymers outperformed cement mortar under both acidic
and neutral exposures. Strength gains in immersion, limited
losses under acid cycles, and consistent improvement in neutral
water confirm the durability of low-Ca geopolymers. By
contrast, cement mortars suffered severe degradation in acid
and progressive leaching in neutral water, underscoring their
vulnerability. Unlike many earlier studies focused only on acid-
induced strength loss, this work links porosity, absorption, and
sorptivity with durability under tidal cycles, providing a more
complete view of long-term performance. Moreover, by using
FA from the Asam-Asam Power Plant, the study shows how
local industrial byproducts can be transformed into durable and
sustainable binders for coastal environments.

IV. CONCLUSION

This study examined geopolymer mortar made with Fly
Ash (FA) from the Asam-Asam Power Plant, focusing on
strength, pore structure, water transport, and durability in tidal
acidic exposure. Strength improved with higher alkaline ratios,
and the addition of 0.3% superplasticizer (SP) gave the best
results. Denser mixes with lower porosity and absorption also
reached higher strength, confirming that pore structure plays a
central role. Sorptivity confirmed the expected two-phase
capillary behavior. While secondary sorptivity was lowest for
R1.5, the lowest water absorption occurred at R2.5, indicating a
partial decoupling between early-time rate and cumulative
uptake. When exposed to sulfuric acid, the difference between
binders was clear. Geopolymer mortar gained strength in
immersion and showed only small losses in wet—dry cycles,
while cement mortar deteriorated rapidly. Its aluminosilicate
gel network provided stability at low pH, unlike cement
hydrates that reacted to form gypsum and ettringite. In short,
the study shows that pore structure and transport properties
significantly control long-term performance. Using local FA,
geopolymer mortar proved to be a durable and sustainable
material for tidal acidic exposure.
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