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Abstract: Geopolymer mortar offers an eco-friendly way to protect concrete 

in harsh environments. Affordable materials such as fly ash (FA) and rice husk 

ash (RHA) improve sustainability, with RHA providing silica. The long-term 

effects of geopolymer and Portland cement in marine environments, especially 

under severe sulfate attack, remain largely unexplored. Understanding 

interface mineral formations is key to evaluating concrete's resistance to 

chemical infiltration. This study evaluated geopolymer mortar containing 0–

10% RHA, replacing FA, as a protective layer for Portland concrete. Samples 

were exposed to chloride- and sulfate-rich seawater for 5 months to evaluate 

mechanical strength, porosity, sulfate resistance, chloride penetration, and 

interface behavior. A 5% RHA replacement (Si/Al = 3.26) optimized 

performance, enhancing chemical bonding at the interface through C-A-S-H 

formation. The geopolymer layer significantly improved sulfate resistance, 

outperforming Portland mortar with 20% FA (FPC). Marine exposure 

accelerated geopolymerization, increasing density and compressive strength 

while reducing chloride ingress. The protective N-A-S-H gel, stabilized by Fe, 

Al, and Mg, remained resistant to sulfate and chloride ions. Additionally, 

dissolved silica from RHA mitigated degradation and reduced CO₂ emissions 

by 62.1%. The study showed that geopolymer mortar is promising for 

jacketing, repairing, or patching concrete structures in marine environments. 

Keywords: Fly ash, rice husk ash, geopolymer, wrapping material, seawater  

1 Introduction 

Developing infrastructure in coastal areas, such as bridges, piers, and tunnels, is essential for 

promoting economic growth. Concrete, as the most common material, is recognized for its durability 

compared to steel and is frequently used in marine construction. However, it faces significant challenges. 

Prolonged exposure to seawater with high chloride and sulfate concentrations can degrade concrete and 

reduce its service life. When chloride ions infiltrate the concrete, they react with cement hydration 

products, forming Friedel's salt and compromising the concrete's structural integrity [1]. The sulfate 

content and available alumina also contribute to the formation of ettringite and Friedel's salt. This 
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generates expansive pressure, leading to cracks and reducing the concrete's performance [2]. Enhancing 

concrete's chloride-binding capacity is essential to address these challenges. This approach can reduce 

the concentration of free chloride ions, thereby delaying corrosion of steel reinforcement in reinforced 

concrete structures. Furthermore, sulfate attacks decalcify the Ca(OH)₂ and C-S-H phases, promoting the 

formation of gypsum and ettringite, which further weaken the concrete [3]. These challenges underscore 

the need for expertise in marine concrete construction, a field where knowledge and experience are 

valuable and essential. 

Various studies proposed supplementary cementitious materials (SCM) such as fly ash (FA), rice 

husk ash (RHA), palm oil fuel ash, and blast furnace slag to enhance concrete durability by reducing 

pore connectivity [4–7]. Incorporating RHA particles decreases water absorption and sorptivity 

coefficient, while silica fume and RHA support the pozzolanic reaction, reducing Ca(OH)2 content [8]. 

The pozzolanic reaction transforms Ca(OH)2 into C-S-H, filling micro-pores and restricting chloride-

ion penetration, thereby enhancing durability. However, using FA alone, even at 15% of the cement 

weight, can lead to corrosion of steel reinforcement after 4 years of seawater exposure, indicating the 

need for additional protective measures against chloride and sulfate attacks [9,10]. In several coastal 

bridges, reinforcement corrosion has been observed, primarily due to insufficient concrete cover. These 

concrete structures use 10–15% fly ash (FA) replacement. The reduced cover depth likely facilitated the 

penetration of aggressive agents, such as chlorides, from the marine environment, thereby accelerating 

corrosion despite the partial replacement of cement with FA. 

Applying a protective coating effectively enhances concrete's resistance to chlorides. Epoxy-

polyurethane and aliphatic acrylic coatings are most efficient in delaying corrosion initiation, especially 

in tidal zones [11]. The effectiveness of surface coatings in hindering chloride-ion diffusion in marine 

concrete has been demonstrated in relation to service-life predictions. A threshold depth of 50 mm and 

a target critical chloride concentration of 0.07% by weight of concrete have been established. Various 

surface treatments, including polyurethane, modified cementitious coating, and styrene acrylate, have 

been shown to enhance the longevity of concrete structures by 68%, 27%, and 11%, respectively. This 

evidence indicates that utilizing surface coatings for repairs significantly contributes to the durability of 

concrete when exposed to marine conditions [12, 13]. However, common coating materials have limited 

longevity and need periodic reapplication for sustained chloride resistance [14]. The efficacy of coatings 

is time-dependent, with the concentration of chloride ions impacting performance. 

Recent research explores the development of concrete coating materials that are resilient to 

seawater exposure, with a focus on geopolymer materials. Geopolymer utilizes waste sources like FA, 

RHA, palm oil fuel ash, and sugarcane bagasse ash, reacting them with alkalis such as sodium silicate 

(Na2SiO3) and sodium hydroxide (NaOH). Fly ash-based geopolymers exhibit superior resistance to 

aggressive environments, attributed to a denser concrete matrix and smaller pore size [15]. Unlike 

Portland concrete, the sulfate and chloride attack mechanism on geopolymer concrete reveals the 

absence of binding between the ions and N-A-S-H [10, 16]. Chloride ions in geopolymer adhere 

physically to the surface of the N-A-S-H gel without reacting with the geopolymerization product [17]. 

Despite findings suggesting that sodium chloride (NaCl) and sodium sulfate (Na2SO4) can enhance the 

solubility and reactivity of fly ash, the mechanism of seawater attack on geopolymer materials in real 

environments remains insufficiently discussed. 

Geopolymer paste and mortar, with low permeability, high bond strength, and good ductility [18], 

show promise as coatings for marine concrete structures [19]. Other aluminosilicate sources, such as 

metakaolin, ground granulated blast furnace slag, and silica fume, are often used for marine applications 

for corrosion resistance in aggressive environments [20]. Geopolymer, as an alkali-activated material 

with recommended precursors such as natural pozzolans, is a promising choice for coatings, retrofitted 

concrete repairs, rehabilitation, and sensing in different environments [12, 21, 22]. 

Geopolymers as structural elements offer benefits but are limited by their inherent brittleness, rapid 

setting time [23], and unpredictable long-term performance, which restrict their wider use. This 

brittleness leads to sudden failures under tensile and flexural stresses, and long-term stability concerns 

include shrinkage, microcracking, and aging-related phase changes. Additionally, studies on accelerated 

aging suggest potential crystallization and strength loss, raising durability concerns in different 

environmental conditions. These uncertainties hinder accurate performance predictions and complicate 

standardization efforts. Therefore, many studies suggest the use of fiber reinforcement and 
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nanomaterials to mitigate brittleness [24, 25]. The effectiveness of fibrous geopolymer varies based on 

fiber type, quantity, and matrix composition.  

Despite the benefits and drawbacks of geopolymers, this material offers advantages in actual 

seawater environments due to its low calcium content. This characteristic enables it to resist 

deterioration resulting from calcium leaching triggered by barnacle invasions. Its stable chemical 

structure in seawater provides sustainable protection to Portland concrete (PC). In our previous study, a 

40 mm geopolymer mortar coating significantly increased compressive strength from 37 MPa (28 days) 

to 52 MPa (90 days in seawater), preventing chloride ingress [26]. The denser microstructure at the 

geopolymer-PC concrete interface, which forms additional C-A-S-H products, distinguishes it from the 

PC interface area. 

Enhancing the mechanical strength and durability of geopolymer involves adjusting the alkaline 

silica ratio or incorporating silica to reduce porosity [27]. Amran et al. [15] underscored the influence 

of Si/Al ratios on the structure of fly ash-based geopolymers. An abundant source of natural silica in 

Indonesia, Malaysia, Japan, and Thailand is RHA, which contains 91% silica due to the ability of plants 

to accumulate it from the soil [28–30]. As an example, in 2022, rice production in Indonesia was 

estimated at 55.67 million tons, with a quarter comprising rice husks [31]. There is significant potential 

for the use of RHA in geopolymer concrete. RHA decreases water permeability in geopolymer concrete, 

but higher RHA content as a precursor requires more alkali activators [32]. An ideal RHA content of up 

to 15% can help reduce permeability in ground granulated blast furnace slag (GGBFS)-based 

geopolymer concrete. It is essential to consider all these factors to achieve the desired permeability level. 

Adding up to 20% RHA to fly ash-based geopolymer concrete enhanced water resistance by promoting 

N-A-S-H gel formation and compacting the geopolymer structure [33]. The challenge of incorporating 

high volumes of rice husk ash (RHA) into geopolymer mixtures warrants further examination. Therefore, 

a research gap exists regarding the effectiveness of RHA in geopolymer mortars exposed to seawater, 

underscoring the need for further investigation of its performance in marine environments.  

This study explores the use of RHA geopolymer concrete coating mortars with FA replacement 

levels ranging from 0% to 10% and examines their impact on workability. These 50 mm-thick mortars, 

coated on the inner concrete, were made from Portland concrete containing FA, mimicking the shield 

of existing structures. The concrete was immersed in the Madura Strait for 150 days, near industrial 

areas in Surabaya City, Indonesia, where it was subjected to severe sulfate conditions and chloride attack 

from seawater. The study analyzes chloride and sulfate binding in protective geopolymer mortars and 

compares them with pozzolan-based cement.  

Geopolymer mortar exhibits strong adhesion to Portland cement surfaces, enhancing durability 

against sulfate attack and improving mechanical properties through the formation of C-A-S-H minerals. 

The geopolymerization process increases the mortar's density and compressive strength, especially with 

the addition of RHA, which shows significant strength improvements over 150 days. When exposed to 

seawater, RHA further enhances geopolymerization, resulting in higher compressive strength and 

reduced chloride-ion penetration and porosity. However, using more than 5% RHA, rather than fly ash, 

can reduce mortar strength due to increased porosity. Unlike traditional cement mortar, which increases 

in pH due to decalcification, geopolymer mortar maintains a lower pH and alters its mineral composition 

in response to ion attack. Overall, geopolymer mortar outperforms traditional cement mortar in strength 

and resilience against environmental challenges.  

This study highlights the need for further research on RHA's effectiveness as a silica source for FA 

in geopolymer mortar exposed to seawater, suggesting a potential avenue for understanding geopolymer 

performance in marine environments. This approach aligns with circular economy principles by 

converting industrial byproducts into valuable resources and promoting resource efficiency in 

construction. Furthermore, this study suggests a potential area for further research to understand the 

performance of geopolymer materials in marine environments. 

2 Materials and Methods 

 

2.1 Materials 
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The materials utilized in this research include Portland Composite Cement (PCC) and fly ash (FA) 

sourced from Tanjung Jati B Power Plant, Indonesia. This coal-fired power plant is located on the 

northern seashore of Java Island, allowing the FA to contain chloride. Additionally, the materials 

consisted of RHA, river sand, and crushed stone with a maximum size of 10 mm. Observation of Fly 

Ash (FA) reveals small, spherical particles. Interestingly, within this particulate system, some spherical 

particles exhibit a unique structure in which they encapsulate several smaller microspheres. The 

employed FA contains 0.1% free chloride and 0.32% bound chloride. This value has been considered 

as the initial amount of chloride ions before the specimen was immersed in seawater. Fly ash (FA) 

comprises 54.31% silica, yet only 64% of this silica is soluble, with a significant portion being partially 

reactive. This is a typical phenomenon of using FA as the main precursor [34]. The fineness of fly ash 

(FA) was assessed by determining the percentage of particles 87.5% passing through a No. 325 (45 µm) 

sieve, as specified by ASTM C618 [35]. The RHA particles are porous and flake-like. Particles of FA 

and RHA analyzed with scanning electron microscopy (SEM) are shown in Fig.  1 The chemical 

composition of both FA and RHA is listed in Table 1. 

 

 

Fig.  1. SEM analysis at 2000× magnification. 

Table 1. Chemical composition of FA and RHA (% by mass) 

Material 
Oxides (%) 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O3 SO3 LOI 

FA 54.31 17.62 10.14 5.62 2.98 3.57 1.6 0.36 0.86 2.19 

RHA 92.04 0.89 0.49 0.80 0.78 0.06 2.48 1.4 0.64 0.18 

 

Fig.  2. Particle size analysis with wet sieving 

To enhance the reactivity of the geopolymer matrix, rice husk ash (RHA) was incorporated as a 

key supplementary silica source, thereby improving the overall strength and durability of the final 

product. The RHA underwent combustion at 500ºC for 10 hours, and subsequently, 80.6 of % particles 

passed through sieve no. 325 (45μm). It was found that the amorphous phase of RHA constitutes 74%,  

comprising amorphous silica minerals, predominantly quartz and cristobalite. RHA is coarser than FA, 

as illustrated in Fig.  2. In the same alkaline mixture, a precursor with higher RHA may show a delay 
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in compressive strength development.  

2.2 Preparation and Selection of Mortar Mixture 

Studies recommend incorporating ground granulated blast-furnace slag (GGBFS) into marine 

geopolymers to enhance sulfate resistance. [36]. GGBFS was excluded from this study because it 

reduces workability and speeds up setting time.  

 

Fig.  3 Flow table tests for mortar. 

Fig.  3 illustrates the experiment from the mortar workability tests conducted with a flow table, 

which followed the standards in ASTM C1437 − 20 [37]. The images, arranged from left to right, depict 

mortar samples with RHA percentages of 0%, 2.5%, 5%, 10%, and 15%. The furthest image on the right 

shows mortar made with Portland cement. The results indicate that the inclusion of rice husk ash (RHA) 

negatively impacts the mixture’s workability. In particular, incorporating 15% RHA with fly ash 

resulted in insufficient mortar fluidity, preventing proper filling of the mold for IC concrete. 

Consequently, the maximum allowable RHA content was restricted to 10%. 

2.3 Preparation of Inner Specimens and the Coating Method 

The test used 50 mm-diameter, 100 mm-tall IC (inner concrete) cylinders as specimens. Since the 

seawater exposure period was under 5 months, rebar is not discussed in this paper. A diagram illustrating 

a way to encapsulate the IC test sample blocks with mortar is given in Fig.  4. There is a rationale for 

our choice of a mortar thickness of 5 cm. The incorporation of chloride thickness enhances the 

compressive strength of concrete. The high binding capacity of the coating material has effectively 

reduced free chloride levels. According to ACI PRC-357 [38], the minimum recommended concrete 

cover over primary reinforcement for structures located in waterfront and coastal marine environments 

is 7.5 cm. 

 

Fig.  4. Encasing inner concrete (IC) with mortar. 

Our prior research conducted in submerged zones and with corrosion precipitation [26,39] 

indicated that at depths between 2.5 and 4 cm, the free chloride content within the concrete was below 

0.15%, which meets acceptable limits for reinforced concrete's chloride concentration. The suggested 

maximum coating thickness is 4-5 cm. Furthermore, increasing cover depth by 10 mm yields roughly 

an 8% to 10% improvement in service life; similarly, raising it by just 5 mm can extend service life by 

about 4% to 5%. Although changes in concrete cover depth have a comparatively modest impact on 

residual service life compared with other factors, ensuring optimal coverage remains crucial for 

effective design. Sufficient cover depth serves as vital protection against ion infiltration and helps 

postpone corrosion initiation [40]. 

Although the specimens were subjected to elevated sulfate concentrations in an aggressive 

environment, the exposure duration was limited. Consequently, the effects of corrosion on the rebar are 
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not examined in this study. For extended periods (ranging from 6 months to 2 years or more), it is 

essential to consider the influence of biofilms and barnacles. The development of microfouling, 

primarily microbial biofilms, is influenced by marine environmental conditions, substrate 

characteristics, and immersion time. Some studies have indicated that marine organisms such as 

barnacles and oysters that adhere to concrete surfaces create protective layers, which can slow down 

chloride ion diffusion [41]. Conversely, other research has determined that microbial biofilms in marine 

environments significantly impact concrete substrates by initiating and hastening biodeterioration 

through various biochemical processes [42]. 

2.4 Submerged Zone Exposure 

The total chloride and total sulfate levels in the seawater at the immersion location, as observed 

over the past eleven years, are illustrated in Fig.  5.  

 

(a) Chloride (b) Sulfate 

Fig.  5. An increase in the concentration of (a) chloride and (b) sulfate in the Madura Strait. 

 
Fig.  6. Specimen details and submerging scheme. 

The sulfate content in the Madura Strait has also increased continuously since 2015. According to 

the ACI 318-19 standards [43], the sulfate exposure in the strait falls into the severe category (S2). 

Unlike typical laboratory-scale simulations that focus solely on the effects of chloride using salt 
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solutions, real marine environments involve multiple factors such as temperature fluctuations, sulfate-

chloride interactions, and various other seawater constituents. These additional factors significantly 

influence the durability of concrete and must be accounted for when assessing the performance of 

mortar-coated concrete in marine environments. 

All specimens were immersed in the submerged zone in the Madura Strait for five months 

following a seawater exposure scheme (Fig.  6). Before immersion, the sides of the specimens were 

coated with a 5-cm-thick resin layer (Sikagard 63N) to prevent seawater penetration. The top and bottom 

were exposed to seawater. Bubble wrap protected the specimens from colliding during immersion. The 

mortar cover thickness was 5 cm, as recommended by previous studies [26,44]. Three observation points 

(M1, M2, C3) were used to analyze pH, chloride, and sulfate ions. At 28 days, the IC was wrapped in 

geopolymer mortar to form a composite and underwent moist curing for another 28 days before seawater 

immersion at 0, 30, 60, 90, 120, and 150 days. 

The curing process is essential for achieving the required strength and durability of concrete and 

mortar. However, environmental conditions during curing greatly affect material quality, especially 

strength development and long-term performance. As a component of an initial investigation, we 

analyzed four distinct materials: (1) geopolymer mortar (GN), (2) Portland cement concrete integrated 

with 20% fly ash (FA) to produce the IC (FPN), (3) geopolymer mortar synthesized with alkali and 

seawater, aged 28 days before immersion (GS-28), and (4) geopolymer mortar formulated with alkali 

and seawater, aged 1 day before immersion (GS-1). These materials were subjected to a variety of curing 

environments, encompassing freshwater, saltwater, and seawater. Cylindrical specimens, characterized 

by a diameter of 10 cm and a height of 20 cm, were fabricated for the assessment of compressive strength. 

The findings after 90 days are presented in Fig.  7. 

    
(a) Freshwater (b) Salt Water (c) Seawater (d) Seawater-

Geopolymer 

Fig.  7. Strength of geopolymer (GN) mortar made with water, made with seawater (GS), and Portland concrete 

(FPN) with different curing conditions. 

Research on the negative effects of long-term curing in freshwater on concrete strength is limited. 

Curing is generally recognized for enhancing strength by facilitating continued hydration. However, 

certain studies have indicated that extended curing durations may not always lead to increased strength 

and, in some cases, could contribute to strength reduction and decreased durability of concrete [45,46]. 

Preliminary investigation data indicated that geopolymer (GN) exhibits greater long-term resistance to 

curing in both freshwater and saltwater than Portland concrete (FPN). However, prolonged exposure to 

seawater, particularly for more than 90 days, significantly reduces the mechanical strength of both 

materials, underscoring the aggressive nature of the marine environment on GN, FPN, and GS. It is 

noteworthy that exposure to seawater did not substantially affect the mechanical properties of 

geopolymer mortar (GS), unlike in Portland cement concrete. This observation inspired the current 

investigation, suggesting that geopolymer-based mortar may serve effectively as a protective 

encasement for existing constructions against the deleterious effects of seawater. 

Sea sand and seawater, rich in chloride and sulfate ions, influence the properties of geopolymer 

concrete. Chloride ions had a minimal impact on compressive strength because the dense FA matrix 

resisted penetration. Seawater curing increased strength by up to 15%, preventing reactant leaching and 

stabilizing the structure [47]. Although chloride disrupted internal polymerization, it formed a protective 
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surface layer, improving durability and highlighting seawater's potential when used with optimized 

molarity and curing methods [48]. 

In this study, the IC was prepared and subjected to a 28-day moist-curing period. Subsequently, 

coating mortars were applied for IC using the composition specified in Table 2.  

Table 2. Concrete composition (kg/m³) 

Code FA RHA PCC 
Fine 

Aggregate 
Water Na2SiO3 NaOH 10 M Si/Al 

IC 92 - 371 872 218 - - - 

GN 847 - - 990 - 242 121 3.02 

G2.5 825 18 - 990 - 242 121 3.14 

G5 804 36 - 990 - 242 121 3.26 

G10 762 72 - 990 - 242 121 3.54 

FPC 111 - 444 1528 250 - - - 

In the IC mixture, FA was used to replace 20% of the Portland cement composite (PCC) weight at 

a water-to-binder ratio of 47%, yielding a compressive strength of 37 MPa at 28 days. The strength met 

the specific requirements outlined in ACI 318M-19 [43], for concrete designated for use in chloride 

environments, which mandates a minimum compressive strength of 35 MPa.  

While this composition satisfied the minimum requirements, it fell short of the maximum water-

to-binder (w/b) ratio limit of 40% stipulated by the standard. Moreover, the water content in the mixture 

exceeds 200 kg/m3, increasing the risk of chloride and sulfate ions penetrating. This specific design mix 

was deliberately selected to assess the vulnerability of concrete in a seawater environment. The 

geopolymer mortar used sodium silicate (Na2SiO3) and 10 M sodium hydroxide (NaOH) as alkali 

activators, with an Na2SiO3-to-NaOH ratio of 2. The FA to alkali activator ratio was 70:30, and the 

binder to fine aggregate ratio was 55:45. RHA replaced FA at volumes of 0%, 2.5%, 5%, and 10%, 

denoted as GN, G2.5, G5, and G10, respectively. The Si/Al molar ratio in the geopolymer mortars was 

determined using silicon sources from FA, RHA, and Na2SiO3, with the sole aluminum source from FA. 

After wrapping, all specimens underwent an additional 28 days of moist curing before being ready for 

resin coating and seawater immersion. Except for G10, which achieved a strength of 25 MPa, the 

remaining mortars demonstrated a 28-day compressive strength within the 40-41 MPa range. We 

prepared the Portland-based control mortar (FPC) for reference. Mortar specimens used for this 

compressive strength test were cylindrical mortars 5 cm in diameter and 10 cm in height. 

2.5 Test Procedure for pH, Chloride Ion, Porosity, and Sulfate Penetration 

The tests included compressive strength, free and bound chloride content, total sulfate content, pH 

value, and porosity. Specimens were immersed in seawater for 0, 30, 60, 90, 120, and 150 days. Fig.  8 

shows the specimen surface after immersion before testing; from left to right are GN, G2.5, G5, G10, 

and FPC, respectively. The top image shows the test specimen's surface after 1 month of immersion, 

while the bottom image shows the surface after 150 days of immersion. All barnacles on the surface 

were removed before sampling at point M1. 

 

Fig.  8. Specimen surface after 30 days of immersion (top) and 150 days of immersion (bottom). 
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2.5.1 Compressive Strength of Concrete Specimens Encased in Mortar 

The specimens were made into composite materials, with IC enclosed in wrapping mortars. This 

study aimed to assess the compressive strength of the composites before and after seawater immersion. 

Initial tests were conducted using a hydraulic testing machine, followed by subsequent tests after 

seawater exposure. Each variation included four identical specimens, and the average compressive 

strength was calculated. The tests were conducted at the Concrete, Advanced Materials, and Mechanical 

Computing Laboratory at ITS, Surabaya, Indonesia. The compressive strength (σ) was determined using 

Eq. (1), where strength equals the force (P) applied to the concrete surface divided by the surface area 

(A). ANOVA was used to analyze the effects of RHA substitution, soaking time, and their interaction 

on strength. 

/P A =            (1) 

2.5.2 Chloride Content, Sulfate Content, Carbonation, and pH  

At seawater immersion intervals of 30, 60, 90, 120, and 150 days, chloride penetration test 

assessments of the mortar were conducted using the argentometry method. To assess the effectiveness 

of wrapping mortar, mortar samples were extracted only from the surface (M1) and at 4.9-5.0 cm from 

the surface (M2) to determine free chloride, bound chloride, sulfate, and pH levels. In this study, the 

chloride ingress profile in concrete is not fully explained. Therefore, chloride penetration in mortar 

layers is not presented. At points M1, M2, and C3, pH, chloride, carbonation, and sulfate analyses were 

conducted for each sample, and the 2 test results were averaged. After reaching the appropriate age, the 

mortar surface, including adhering barnacles, was cleaned, and the resin coating was removed. For M1, 

the surface exposed to seawater was ground to a depth of 2 mm for sampling. Mortar slabs were cut at 

a distance of 4.8 cm from the surface and ground to a depth of 1-2 mm to obtain samples representing 

point M2. At point C3, where the depth from the surface is 6.9-7.1 cm, the sample was cut and ground. 

Sulfate content was measured using spectrophotometry. The carbonate ion (carbonate and bicarbonate) 

content was measured by acidimetric titration. The preparation process for mortar samples designated 

for the durability test is illustrated in Fig.  6. The chloride content is typically determined in the sample 

as parts per million (ppm). For mortar or concrete samples, it is necessary to convert these values to the 

binder weight for a more meaningful assessment. The conversion of chloride content from parts per 

million (ppm) to a percentage of the weight of the binder was calculated using Eq. (2).  

6m 10 100%
p W

C


−
=           (2) 

where 𝐶 represents the percentage of chloride concentration to the weight of the binder, 𝑝 is the 

concentration of chloride ions in the mortar in ppm, 𝑊m is the dry weight of the mortar (kg), and 𝑊b is 

the weight of the dry binder (kg). 

2.5.3 Porosity Test  

Porosity testing adheres to the guidelines outlined in ASTM C642-13 [49], standards for the 

mortars in point M2. The test results yielded the open-pore volume. Calculation of the total pore volume 

involved grinding the sample and measuring its volume, accounting for both open and closed pore 

volumes, formulated in Eq. (3) to Eq. (5). The total pore volume is subsequently interpreted as the 

combined sum of the open pore volume and the closed pore volume, where 𝑔1 is the bulk density in dry 

condition (g/m³), 𝑔2 is the apparent density (g/m³), and 𝑔3 is the absolute density (g/m³). 

𝑂𝑝𝑒𝑛 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = [
𝑔2−𝑔1

𝑔2
] × 100%        (3) 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = [
𝑔3−𝑔1

𝑔3
] × 100%       (4) 

Closed porosity Total porosity Open porosity= −      (5) 

2.5.4 Microstructure Analysis 

Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD) analysis were conducted to 

investigate matrix alterations in the wrapping mortar following immersion in seawater. SEM analysis 
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was performed with a JEOL JSM-6510-A. The crystal structure content analysis was conducted using 

an X-ray Diffractometer (XRD) X'Pert MPD with Kα and λ radiation of 1.5406 Angstroms.  

3 Results and Discussion 

3.1 Compressive Strength 

Fig.  9 presents the compressive strength test results for composite concrete specimens in which 

IC is encased in mortar, before and after seawater immersion for 30 to 150 days. At 28 days (0 days 

soaking), adding 5% RHA increased the geopolymer mortar's compressive strength from 40.3 MPa (GN) 

to 45.1 MPa (G5), attributed to silica particles from RHA creating a denser matrix. This micro silica-

filler effect enhanced the strength of the G5 specimen. However, incorporating 10% RHA (G10) 

significantly reduced the initial strength to 26.9 MPa. This phenomenon aligns with Mehta et al. [50], 

who reported that using more than 15% RHA hinders geopolymerization, reducing strength. The low 

alumina content in RHA increased the Si/Al ratio from 3.02 (GN) to 3.54 (G10), thereby decreasing 

strength, as it deviates from the optimal range of 1.875 to 2.078, as noted by Wijaya et al. [51]. The lack 

of alumina in RHA contributes less to strength development compared to FA, while the high silica 

content slows the reaction, requiring more time to achieve optimal strength [52]. 

 

Fig.  9. Strength of wrapped concrete during submersion. 

Extended seawater exposure for 150 days effectively preserved the compressive strength of the 

composite of IC encased in geopolymer mortar. All specimens showed consistent strength gains ranging 

from 33% to 78%. The G10 mortar demonstrated the highest increase, rising 78% from 26.9 MPa to 48 

MPa after 150 days, surpassing FPC strength after 120 days. The initially lower strength of high Si/Al 

ratio systems is attributed to slower polycondensation, driven by the more challenging dissolution of 

silica compared to alumina. This slower reaction prolongs the time needed to reach peak strength. Other 

studies report that beyond 10 %, compressive strength decreases to a level lower than the reference 

strength (0 % RHA) [53]. The ongoing geopolymerization, driven by unreacted FA and RHA, continues 

to enhance strength even at 365 days [54]. The compressive strength of FA-based geopolymers depends 

on the LOI, precursor fineness, silica solubility, and the Si/Al ratio in the mixture [55]. The best 

compressive strength is achieved at a specific Si-to-Al ratio [56]. A higher silica content will decrease 

compressive strength. However, in corrosive environments such as seawater, a higher silica content is 

necessary for durability. This is the reason this study uses a minimum ratio of 3.0. In G10, despite its 

high silica content due to RHA, the RHA fineness is lower than that of FA, resulting in lower solubility. 

This hinders the increase in compressive strength in the early stages. 

The primary purpose of incorporating rice husk ash (RHA) is to enhance durability, as the mortar 

serves as a protective coating rather than a load-bearing material. Despite some studies indicating that 

RHA may reduce compressive strength, composite specimens have shown increasing strength over 150 
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days of immersion. RHA's main function is to resist chloride and sulfate attacks in seawater and prevent 

early-age penetration, as confirmed by chloride content tests demonstrating reduced chloride ingress. 

Furthermore, RHA provides reactive silica, which promotes the formation of a stable N-A-S-H structure 

in geopolymers, thereby enhancing resistance to chloride penetration. 

In contrast, FPC mortar showed a 17% increase in compressive strength after 90 days of immersion, 

followed by a 12.5% decrease at 150 days. The strength gain was due to pozzolanic reactions, which 

densified the mortar [57]. However, the subsequent decline was caused by chloride- and sulfate-induced 

degradation of C-S-H minerals, leading to the formation of M-S-H, brucite, gypsum, and ettringite, and 

resulting in cracks and reduced mechanical strength [2,10,58,59]. In comparison, advanced 

geopolymerization and pozzolanic reactions in the geopolymer mortar significantly enhanced its 

microstructure and compressive strength. 

3.2 Analysis of variance for compression strength  

An analysis of variance (ANOVA) was performed to evaluate the effects of RHA substitution, 

immersion time, and their interaction on compressive strength as the dependent variable. Table 3 

presents the ANOVA results at a 95% confidence level. The analysis confirmed that RHA substitution, 

immersion time, and their interaction significantly affected compressive strength (P = 0.000, below the 

α = 0.05 threshold). 

Table 3. Results of ANOVA analysis for compressive strength test 

Source DF Adj SS Adj MS F-Value P-Value 

RHA (%) 3 3057.00 1018.98 258.13 0.000 

Immersion time (days) 5 3240.90 648.19 164.20 0.000 

RHA (%)*Immersion time (days) 15 207.80 13.86 3.51 0.000 

Error 56 221.10 3.95   

Total 79 6611.40    

ANOVA (Analysis of Variance) evaluates whether independent variables, or factors, exert a 

statistically significant effect on the dependent variable, also known as the response. However, ANOVA 

does not identify which specific treatments result in distinct responses. To address this, ANOVA is often 

complemented by post hoc pairwise comparisons. Factorial plots are used to plot the relationships 

between responses and variables, as presented in Fig.  10. 

 

Fig.  10. The relation between RHA substitution and immersion time on the compressive strength test. 

A post hoc Tukey’s test was conducted to discern variations in treatment responses. The resulting 

grouping information displays significant and non-significant differences among treatments. Groups 

that do not share a letter differ significantly.  

Table 4 provides details on the treatment comparison of RHA in concrete, revealing that the 0%, 

2.5%, and 5% RHA treatments share a letter, indicating no significant difference in response. 

Conversely, the 10% RHA treatment is significantly different from all other treatments, as indicated by 
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the absence of shared letters. 

Table 4. Grouping information using the Tukey Method and 95% confidence (effect of RHA) 

RHA (%) N Mean Grouping 

2.5 19 53.309 A  

5.0 20 52.730 A  

0.0 20 52.024 A  

10.0 21 38.529  B 

Table 5 presents a comparison of treatment effects by immersion time. The results indicated that 

the treatments with 90 and 120 days of immersion time share a letter, implying a non-significant 

difference in response. Conversely, the treatments with 0, 30, 60, and 150 days of immersion time do 

not share a letter, indicating a significant difference. 

Table 5. Grouping information using the Tukey Method and 95% confidence (effect of immersion time) 

Immersion time (days) N Mean Grouping 

150 16 57.225 A     

120 13 54.498  B    

90 15 52.805  B    

60 12 47.721   C   

30 12 43.951    D  

0 12 38.691     E 

3.3 Interface Between Geopolymer-Concrete 

Fig.  11 shows the specimen damage after the compressive strength test. The geopolymer mortar 

remained strongly adhered to the concrete surface, while the FPC mortar peeled off completely. 

Geopolymer mortar bonds to concrete better than FPC mortar, confirming its superior strength and shear 

performance as a repair material for Portland concrete [60,61].  

This indicates that the bond between geopolymer mortar and concrete is stronger than that between 

FPC mortar and concrete. These results, consistent with previous studies, confirm the superior bond 

strength and shear capability of geopolymer materials when used as repair materials for Portland 

concrete [60,61]. 

   

Fig.  11. Bond between: (a) geopolymer mortar-concrete and (b) FPC mortar-concrete. 

Fig.  12 illustrates the interface layer between GN mortar and the inner concrete, showing a distinct 

0.47 mm-thick transition layer that highlights the interface's compactness. The image, captured with a 

Dino-Lite Premier Digital Microscope AM4113/AD4113, shows that the geopolymer mixture can 

infiltrate the open pores of the concrete surface, forming a new layer. Elemental mapping revealed the 

distribution of essential elements at the composite's interface layer. EDS with SEM enabled precise 

elemental analysis. The region’s distinct elemental composition indicates that the interface is 

heterogeneous. These maps reveal complex interactions between the geopolymer layer and nearby 

Portland concrete. 

Fig.  13 displays the mapping, revealing distinct patterns in the distribution of Calcium (Ca), 

Silicon (Si), Aluminum (Al), and Sodium (Na), shedding light on their roles in interfacial bonding. SEM 

analysis shows a strong connection between the geopolymer and interface layers. N-A-S-H forms in the 
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mortar, while C-A-S-H attaches to the geopolymer gel and fills gaps with hydration products. Elemental 

analysis at a selected point shows mass ratios of 21.0% Calcium (Ca), 8.3% Silicon (Si), and 1.7% 

Aluminum (Al), providing insights into the structural characteristics and elemental composition at the 

interface. The gradual color change at the geopolymer-cement paste interface indicates a reaction 

between the geopolymer matrix and cement. The robust adhesion and uniform structure at the 

geopolymer-inner concrete (IC) interface result from the formation of C-A-S-H gel. The content of Ca, 

Si, and Al at the interface is crucial. The placement of geopolymer mortar over IC with available 

Ca(OH)₂ triggers a reaction between calcium from Ca(OH)₂ and SiO₂ and Al₂O₃ from FA, leading to C-

A-S-H formation. 

 

Fig.  12. Interface layer with a magnification of 40× (left) and 223× (right). 

 
  

 
  

Fig.  13. Elemental mapping of the interface layer. 

The XRD test results for the interface area between the geopolymer mortar and concrete at the age 

of 7 days are presented in Fig.  14. The presence of the C-A-S-H phase is detected. On the concrete side 

(IC), mineral cement hydration products, such as C-S-H and Ca(OH)₂ (marked in red), are observed. 

Unreacted cement product is represented by calcite. Meanwhile, on the geopolymer mortar side, 

geopolymerization products marked in blue, including the N-A-S-H and N-A-S phases, are identified 

alongside unreacted FA products represented by quartz, magnetite, and diopside.  

In the geopolymer mortar, FA is activated by an alkali solution, forming Si(OH)₄⁻ and Al(OH)₄⁻ 

monomers. This activation promotes the formation of C-A-S-H in the interface layer through reactions 

between Ca(OH)₂ from the IC surface and the alumina and reactive silica in the mortar. However, low-

calcium FAs exhibit limited reactivity, often requiring over 28 days for C-A-S-H formation via the 

pozzolanic reaction [62,63]. The formation of C-A-S-H gel strengthens the bond between the 

geopolymer mortar and concrete, filling any gaps and creating a dense interlayer that enhances 
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resistance to aggressive ion attacks [64]. This C-A-S-H layer offers exceptional protection against 

sulfate ions, a key factor in concrete durability [65,66]. By improving both mechanical properties and 

chemical resistance, geopolymer coatings can significantly extend the service life of concrete structures. 

While low-calcium FA forms C-A-S-H, high-calcium FA often produces C-N-A-S-H gel [67]. The 

chemical bond between aluminosilicate materials and sodium silicate in the geopolymer layer reinforces 

the adhesion to the concrete surface [68]. 

 

Fig.  14. Minerals in the interface layer of geopolymer mortar and concrete at 7 days. 

3.4 Pore Characteristics of Wrapping Mortar 

This study analyses two types of pores: open (permeable) and closed (impermeable). Fig.  15 

presents the porosity test results, including open, closed, and total porosity, for all variations at 0, 30, 

60, 90, 120, and 150 days of immersion. Open pores are permeable, allowing air or water penetration, 

while closed pores are impermeable and withstand hydrostatic pressure, indicating concrete's tightness. 

Open pores contribute to porosity and reduce durability by facilitating chloride ion absorption. The 

results show that incorporating up to 5% RHA (G2.5 and G5) reduces open porosity. This reduction is 

due to silica particles from RHA filling micropores and microcracks with secondary C-S-H gel, 

mitigating cracks caused by crystallization and shrinkage stress. 

 

Fig.  15. Porosity of mortars during submersion. 

The denser pore structure contributed to the increased compressive strength in G2.5 and G5 mortars 

at 28 days (before immersion). However, at 10% RHA content (G10), open porosity increased 

significantly, resulting in a reduction in strength. SEM analysis at 2000× magnification in Fig.  16 shows 

that the N-A-S-H gel in G5 at 28d is the densest. Similar trends of increased porosity at RHA levels 

above 10% have been reported, attributed to the porous nature of RHA, which forms clusters of pores 

and cracks in the geopolymer matrix [33,69].  

During immersion, all geopolymer mortars developed more closed pores, raising density as 

chemical reactions reduced pore size. Although seawater exposure could induce hydrolytic reactions, 

the Na cations in seawater mitigated cation leaching from the geopolymer mortar. Unreacted fly ash and 

silica particles from RHA continued to react, further densifying the gel. The solidified system also 

prevented dealumination, avoiding gel dissolution and strength loss. Observations suggest that available 

cations in the soaking water support continuous geopolymerization throughout the immersion period 

[16,70]. The most significant increase in density was observed in the G10 specimen, which had the 
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highest Si/Al ratio of 3.55. This rise in density corresponded to a remarkable increase in later strength. 

The inclusion of rice husk ash (RHA) reduced capillary pore volume while increasing gel pores, due to 

the silica-filling effect within the 3D geopolymer framework and to increased N-A-S-H gel formation. 

However, the lower polycondensation rate of silica compared to alumina-silica particles prolonged the 

densification process. Geopolymer systems with a high Si/Al ratio (>2) form polysialate-disiloxo or 

polysialate-multisiloxo structures, contributing to a denser and more homogeneous matrix [71]. 

 

Fig.  16. SEM analysis for GN, G5, and G10 before immersion 

The FPC mortar showed increased closed porosity, indicating a pozzolanic reaction from FA 

activation. The density rise was attributed to gypsum and salt formation due to seawater infiltration. 

Although compressive strength increased by 17% at 60 days, it decreased by 12.5% at 150 days, likely 

due to expansive pressure from aggressive ions accumulating in the pores, weakening the concrete. Pore 

size distribution is crucial for ion transport, with larger pores (≥10–50 nm) facilitating ion movement, 

while smaller pores (<10 nm) reduce permeability and enhance durability [72]. The size of the pore 

“throat” and free water primarily influence transport rather than the hydrated chloride ion, which is 

about 0.3 nm (approximately 3Å). Closed pores (less than 20 nm) increase concrete density and decrease 

permeability [73,74]. In marine settings, chloride and sulfate ions produce secondary minerals like 

Friedel’s salt and ettringite in concrete pores. These can decrease porosity and raise density, but also 

cause internal expansion and microcracks, reducing durability [75]. Their aluminosilicate gel matrix is 

more chemically stable, resulting in lower chloride diffusivity and better resistance to sulfate attack 

despite greater porosity [76]. Open pores allow more ions to enter, increasing corrosion risk, while 

closed pores block pathways and boost durability. Therefore, pore connectivity and chemistry matter 

more than total porosity. The superior performance of geopolymer concretes in marine conditions 

illustrates how a complex pore network and chemical stability can counteract the effects of increased 

pore volume. These findings highlight the need for concrete mixes with reduced porosity to limit ion 

diffusion and improve the durability of marine structures. Advanced mix designs and additives that 

reduce porosity significantly extend structural lifespan in marine environments. [19,40]. 

3.5 Analysis of Variance for Closed Porosity in Wrapping Mortars 

This study analyzed the effects of RHA substitution and immersion time on closed porosity using 

ANOVA at a 95% confidence level. Tukey's post hoc test identified conditions that led to significant 

differences, highlighting the role of closed porosity in forming denser microstructures. The combined 

analysis provided insights into microstructural factors and helped identify optimal conditions for desired 

properties. Table 6 shows the ANOVA results for RHA substitution and immersion time as independent 

factors. 

Table 6. ANOVA analysis for closed porosity 

Source DF Adj SS Adj MS F-Value P-Value 

RHA (%) 3 3.897 1.299 8.070 0.001 

Immersion time (days) 5 59.102 11.820 73.400 0.000 

RHA (%)*Immersion time (days) 15 12.554 0.837 5.200 0.000 

Error 24 3.865 0.161   

Total 47 79.418    

Table 6 shows that RHA substitution, immersion time, and their interaction all have a statistically 

significant effect on closed porosity, with P-values of 0.001, 0.000, and 0.000, respectively. These low 

P-values indicate a strong statistical association between these factors and closed porosity outcomes. 
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The findings highlight that variations in RHA levels and immersion times, as well as their interaction, 

significantly influence the closed porosity of the materials. A factorial plot in Fig.  17 visually illustrates 

the relationship between RHA substitution and immersion time on closed porosity. The factorial plot 

clearly illustrates how RHA substitution and immersion time interact to influence closed porosity. This 

graphical representation enhances the interpretation of statistical findings by illustrating the complex 

relationship between the two factors.  

Fig.  17 also indicates that 5% RHA substitution results in the highest closed porosity, while 10% 

yields the lowest. Additionally, closed porosity increases with longer immersion times. In Table 7 two 

groups were identified: Group A (0% and 5% RHA substitution), indicating statistically similar effects, 

and Group B (0%, 2.5%, and 10% RHA substitution), suggesting comparable impacts among these 

levels but differing from Group A.  

 

Fig.  17. The relation between RHA substitution and immersion time on closed porosity. 

Table 7. Grouping information using the Tukey Method and 95% confidence (RHA effect on closed porosity) 

RHA 

(%) 

N Mean Grouping 

5.0 1

2 

5.575 A  

0.0 1

2 

5.133 A B 

2.5 1

2 

5.092  B 

10.0 1

2 

4.775  B 

Identification of four groups based on immersion time is presented in Table 8. Tukey's post hoc 

test results in Table 7 and Table 8 show distinct treatment groupings.  

Table 8. Grouping information using the Tukey Method and 95% confidence (Immersion time effect) 

Immersion time (days) N Mean Grouping 

150 8 6.525 A    

120 8 6.188 A B   

90 8 5.763  B   

60 8 4.863   C  

30 8 4.000    D 

0 8 3.525    D 

The 60-day treatment forms a distinct group with a significantly different response. Treatments at 

120 and 150 days have similar effects, as do the 90- and 120-day groups and the 0- and 30-day groups. 

These results clarify how RHA levels and immersion durations influence closed porosity. The 

microstructure of geopolymer mortar varies with RHA content and immersion time, thereby altering 

pore properties and density. Fewer open pores result in a denser structure that restricts chloride 
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penetration. Therefore, ANOVA analysis identifies G5, containing 5% RHA, as the mixture with the 

optimal microstructural properties. 

3.6 Chloride Penetration in Wrapping Mortars 

Fig.  18 shows bound (left) and free (right) chloride penetration at the surface (M1) and 5 cm depth 

(M2) over 150 days of seawater immersion, accounting for the initial chloride in fly ash. 

 

Fig.  18. The relation between RHA substitution and immersion time on closed porosity. 

 

RHA addition reduced free chloride penetration, with concentrations decreasing over time as the 

pore structure densified during immersion. Increased density enhances impermeability, slowing 

chloride infiltration, while RHA's reactive silica further reduces open pores, limiting chloride entry. The 

chloride-binding capacity of geopolymer mortar is lower than that of FPC mortar, as seen at point M2. 

This is due to the absence of a chemical chloride-binding mechanism within the N-A-S-H gel system. 

In seawater, sodium ions can be released from the alumina-silica skeleton, especially at the mortar 

surface in contact with it, leading to depolymerization. Since sodium ions are loosely bound to alumina 

tetrahedra, their absence creates a negative charge that attracts positively charged ions such as sodium, 

magnesium, or potassium from seawater. This ion exchange primarily occurs at the mortar surface, 

allowing chloride ions to penetrate without altering the N-A-S-H structure. In less compact systems, 

alumina may also leach due to imbalances in [SiO₄] and [AlO₄] bonds. Chloride ions can bind to cations, 

such as Fe or Al, within geopolymer pores. However, in silica-rich systems, sodium leaching is reduced, 

and the Si-O-Si bonds remain intact, minimizing chloride ion entry. This is exemplified by G10, where 

chloride ions did not bind to the surface (M1) but penetrated the matrix (M2) due to the presence of 
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open pores. The protective geopolymer mortar formed C-A-S-H gel at the IC interface, reducing 

chloride penetration. Fig.  19 shows a decline in chloride ion penetration into the IC for all geopolymer 

mortars over 30, 60, and 90 days. 

G5 and G10 mortars with dense silica bonds had the lowest free chloride levels, whereas FPC 

mortar showed an increasing trend. In geopolymer systems, chloride ions bind physically to the gel 

surface, whereas in Portland concrete, they bind both physically and chemically to hydration products. 

N-A-S-H gel has a higher physical chloride-binding capacity than C-A-S-H gel [77,78]. It is reported 

that the combination of C-A-S-H and N-A-S-H forms a 3D structure that slows chloride diffusion [79]. 

Chloride binding in C-A-S-H gel occurs externally, resulting in lower chloride penetration, with its 

binding capacity surpassing that of C-S-H gel [80]. 

 

  
 (a) 

  
(b) (c) 

  
(d) (e) 

Fig.  19. Chloride content at different points from the surface during submersion. 

3.7 Sulfate Attack 

Fig.  20 shows sulfate penetration in G5 and FPC specimens at depths of 0, 5, and 7 cm after 30, 

60, and 90 days of immersion. At point C3 (IC), sulfate content reached 0.72%, 1.27%, and 1.3% of the 

concrete weight, exceeding chloride content, which measured 0.31%, 0.72%, and 0.45% at the same 

times. A similar trend was observed in FPC mortar, with sulfate penetration at point C3 recorded at 

2.15%, 1.25%, and 1.74%, compared to chloride levels of 0.51%, 0.86%, and 0.81%. Fig.  5 shows that 

sulfate levels in Madura Strait seawater have risen from 2015 to 2025. The cumulative sulfate content 

during immersion reached 0.44%, classifying the exposure as severe (S2) per ACI 318-19, indicating a 

heightened risk of sulfate-induced deterioration of concrete durability compared to chloride attacks. 
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Fig.  20. Total sulfate in wrapping mortar and inside the IC at: G5 (left) and wrapping mortar FPC (right). 

N-A-S-H surfaces can absorb both cations (Na, Mg, K, Ca) and anions from seawater. The cations 

pair with chloride and sulfate ions to form ionic pairs. However, the captured cations are larger than 

sulfate ions (SO₄²⁻), causing the N-A-S-H layer to attract and accumulate chloride and sulfate ions. 

This study shows that while 10M NaOH reduces chloride ingress, it may not fully block sulfate 

penetration into the IC. Higher alkalinity or finer FA and RHA particles could improve performance. 

Geopolymer mortar outperformed FPC in sulfate resistance, with the N-A-S-H and C-A-S-H gel cross-

linking in the IC interlayer (M2) reducing sulfate penetration. FPC mortar relied on alumina-rich 

pozzolanic reactions to mitigate C-S-H decalcification. The findings suggest using FA and RHA with 

slag or metakaolin to enhance sulfate resistance, as Wang et al. [81] demonstrated improved 

impermeability with C-(N)-A-S-H gel formation. 

It is reported that sulfate and magnesium attacks in a chloride environment degrade concrete, 

reducing Friedel's salt content [82]. Sulfate ions bind to the AFm phase, decreasing chloride binding 

capacity. The type and concentration of cations influence free chloride levels in concrete. Over time, in 

the geopolymer system, sulfate ions contribute to pore refinement and activate geopolymerization, 

leading to reduced chloride diffusion [83]. 

3.8 pH Change in Wrapping Mortar 

Fig.  21 shows the pH values at points M1 and M2 in the mortar. The pH at M1, in direct contact 

with seawater, is slightly lower than at M2, indicating that cations react with negative ions in surface 

pores. Geopolymer mortar generally has a lower pH than Portland mortar, despite using a concentrated 

alkali solution. Increasing RHA content further lowers the pH, with GN at 12.3 and G10 at 11.9 before 

submersion. The geopolymerization process uses an alkaline solution to react with Al₂O₃ and SiO₂, 

reducing OH⁻ levels and lowering mortar pH during the first month of immersion. Prolonged immersion 

increases pH due to sodium ion leaching, which activates oxygen species in the N-A-S-H skeleton, 

attracting hydrogen atoms and forming hydroxyl groups at the ends of Si-Al bonds. 

 

Fig.  21. pH at points M1 and M2 in wrapping mortar. 
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Si-Al bonds. Chloride and sulfate ions in the geopolymer enhance the solubility and reactivity of FA, 

providing an advantage since the solubility of silica and alumina in FA is not solely dependent on 

hydroxide ions in the system. The breakdown of sodium ions increased the pH of the pore solution. 

However, the high sodium content in seawater reduced the risk of sodium leaching from the geopolymer 

mortar. To stabilize the pH, a highly alkaline solution, typically at least 10 M NaOH, is needed for 

geopolymer mixtures in contact with water.  

At point M2, adjacent to the IC, the FPC mortar showed a pH increase from 12.9 (pre-soaking) to 

13.3 after 120 days of immersion, followed by a slight decrease to 13.2 at 150 days. The observed 

increase in pH indicated a sulfate attack. The infiltration of sulfate ions decalcified the C-S-H gel, 

liberating Ca2+ and OH- ions into the pore solution and subsequently elevating the pH. The decline in 

pH observed in the FPC mortar at 150 days was likely due to carbonation rather than sulfate or chloride 

exposure. This form of attack involved carbonate ions reacting with available free calcium to form 

calcite, or the deposition of dissolved calcite from seawater into the mortar's pores. Li et al. [84] found 

that the rate of pH decrease in concrete products was affected by the dilution level of CO2 in seawater.  

3.9 Carbonation 

Increasing sulfate content in the Madura Strait indicates higher dissolved carbon in seawater, 

coinciding with increasing emissions in Surabaya, a large coastal city. Dissolved carbon ions in seawater 

can be adsorbed by concrete to form carbonate bonds. Carbonate ion measurements were taken at points 

M1, M2, and C3 after 150 days of immersion. The method used was acidimetric titration, which was 

also used by other studies [85,86] to measure the carbonate phase and quantify mineralized CO2 in the 

wrapping mortars and the inner concrete. Fig.  22 shows penetration of carbonate ions in G5 and FPC 

specimens at different depths after 90 days and 150 days of immersion. At 150 days of immersion, in 

mortar G5, mineralized carbonation reached 2.2% on the surface and 1.5% at M2. Higher carbonation 

in the geopolymer mortar shows that the geopolymer adsorbed more carbonate ions from seawater than 

the FPC mortar. The Na+ content of its matrix also influences the ability of geopolymer mortar to adsorb 

carbonate ions from seawater. As previously explained, during immersion, the pH of the geopolymer 

increases due to the solubility of Na ions, which likely bind to carbonate ions, precipitating in the 

mortar's pores. The result of this precipitation can be sodium carbonate (natrite) and/or calcium 

carbonate, since fly ash in this study contains free lime as well as the original Ca2+ ions from seawater. 

These minerals can be identified using XRD analysis. 

 

Fig.  22. Total mineralized carbonate (% binder weight) in wrapping mortar at 90d (left) and 150d (right). 

All water that interacts with the atmosphere naturally absorbs carbon dioxide, playing a key role in 

the carbon cycle. As these waters traverse rocks and sediments, they pick up metal ions such as calcium 

and magnesium, yielding dilute bicarbonate solutions. Bicarbonate is the dominant form of dissolved 

inorganic carbon in both seawater and most freshwater, serving as a significant carbon sink that helps 

regulate environmental carbon levels. Biologically, attached biota, especially bacteria, barnacles, and 

microalgae, play an important role in accelerating carbonation through their metabolic activities. 

Autotrophic microorganisms such as cyanobacteria and microalgae carry out photosynthesis and 

assimilation of inorganic carbon (CO₂), producing carbonate ions (CO₃²⁻) and bicarbonate (HCO₃⁻) as 

by-products [87]. Heterotrophic bacteria like Bacillus, Pseudomonas, and Nitrosomonas increase 

dissolved CO₂ at the concrete–seawater interface through respiration and oxidation of organics. This 

CO₂ reacts with calcium ions in the concrete, resulting in the precipitation of calcium carbonate (CaCO₃) 

[88]. On the geopolymer surface, this mechanism is further enhanced by the presence of active Si–O–
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Al and Na⁺ sites, which adsorb dissolved CO₂ more efficiently than in Portland cement-based systems. 

Therefore, the increased carbonation in samples with biofouling reflects not only chemical degradation 

but also microbial biomineralization, which enriches the concrete surface layer with biological 

carbonate precipitation [89]. 

3.10 X-Ray Diffraction (XRD) 

 

Fig.  23. XRD test result of specimens before and after immersion. 

Fig.  23 shows the XRD patterns of G5 mortar (5% RHA), its IC, and FPC before and after 150 

days of immersion. Before immersion in G5-0, geopolymerization forms minerals such as albite, jadeite, 

cancrinite, and sodalite. Cancrinite, a product of the FA and NaOH-based activator reaction represents 

the N-A-S-H gel phase. Lawrencite, containing chloride ions, originates from FA that contains Fe 

reacted with chloride ions, likely due to its seaside ash yard source. Labradorite, quartz, anorthite, and 
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magnetite come from fly ash and sand, while cristobalite derives from RHA. Native minerals are shown 

in black, geopolymerized or hydration minerals in blue, and minerals formed after seawater immersion 

in red. After seawater immersion, G5-150 showed reduced crystallinity of FA-derived minerals, such 

as labradorite and quartz, indicating continued geopolymerization. The high sodium content in seawater 

sustained the reaction and improved the solubility of FA and RHA. Additionally, there was a notable 

increase in geopolymerization minerals, especially albite and anorthite. Geopolymers absorb water due 

to hydroxyl groups, forming capillary pores. Increased albite content, from sodium ion leaching, relaxes 

Si-O-Al chains, triggering [AlO₄] and [SiO₄] repulsion and hydroxyl binding. Ion discharge into pore 

water promotes the formation of brucite (Mg(OH)₂), which increases pH. While brucite does not initiate 

geopolymerization, it stabilizes pH and improves mechanical properties. Intensified geopolymerization 

increased the Si/Al reaction rate, enhancing compressive strength from 45 MPa (G5-0) to 60 MPa (G5-

150). The relaxation of [AlO₄] and [SiO₄] ions weakened bonds, forming Al products that bind to 

seawater anions, such as chloride, forming chloroaluminate. Simultaneously, Si binds with Mg or 

brucite, forming magnesium silicate hydrate (M-S-H). Chloride ions were captured in the system, 

forming compounds such as chloroaluminate with Al, sodalite with Si/Al, and lawrencite with iron. 

Carbonate ions in the geopolymer system bind with sodium to form natrite and with calcium to 

form aragonite. The sodium involved comes from alkali-activator leaching and from unreacted sodium 

[90]. Dissolved alkalis from seawater diffuse through micropores, reacting with CO₂ to form carbonate 

precipitates. Seawater's calcium content promotes aragonite deposits, with higher calcium levels at the 

seabed than on the surface. Additionally, the formation of magnesium sulfate salts indicates seawater 

intrusion and precipitation within the geopolymer mortar. 

The XRD results for G5 at point C3 in the IC show the formation of portlandite and C-S-H phases 

from cement hydration, while the pozzolanic reaction with 20% FA produced the C-A-S-H phase, 

represented by lawsonite. Minerals such as ghiaraite, anthophyllite (M-S-H), brucite, and gypsum were 

also detected, indicating that sulfate and chloride penetration reached the coated concrete, consistent 

with the chloride and sulfate penetration results in Fig.  19 and Fig.  20. Magnesium sulfate penetration 

in core concrete led to portlandite decalcification, forming gypsum, and brucite reacted with silica from 

FA to form M-S-H. However, it did not negatively affect the IC concrete. Seo et al. [91] noted that 

gypsum formation increases with higher magnesium sulfate levels. Brucite and gypsum acted as pore 

fillers, sealing pores and limiting further ion penetration. This pore-filling effect from sulfate and 

chloride penetration contributed to the increased compressive strength of specimen G5. 

The XRD results show the mineral composition of FPC mortar before (FPC-0) and after 150 days 

of seawater exposure (FPC-150). In FPC-0, cement hydration products include portlandite (Ca(OH)₂), 

C-S-H, and C-A-S-H, along with minerals from natural components such as anorthite, diopside, quartz, 

calcite, and magnetite. The FA used contained 0.32% bound chloride ions, forming sodalite and 

lawrencite (FeCl₂). After immersion, new minerals such as gypsum (CaSO₄·2H₂O) and ghiaraite 

(CaCl₂·4H₂O) formed due to the infiltration of chloride and sulfate ions, leading to the decalcification 

of portlandite and C-S-H. Calcium ions released into the pores bonded with sulfate ions, forming 

gypsum. While C-A-S-H gel resisted sulfate attack, chloride ions weakened its stability, leading to the 

formation of less durable Friedel's salt. Ghiaraite formation indicated early chloride attack, emphasizing 

the importance of limiting C₃A content and increasing SCMs to improve durability in aggressive 

environments.  

Mg²⁺ ions in seawater, present as MgCl and MgSO₄ salts, react with Ca(OH)₂ in concrete to form 

brucite (Mg(OH)₂) and CaSO₄ or CaCl₂ [91,92]. Brucite formation leads to the decomposition of C-S-

H into non-cohesive M-S-H [91] and, in excess, causes volume instability due to its expansive nature. 

Seawater immersion increased calcite formation, indicating carbonation, as calcium ions from hydration 

reacted with seawater carbonates, precipitating in pores [93]. Unlike aragonite in G5 mortar, calcite 

reflects the different calcium sources in FPC mortar. Ca(OH)₂ depletion also results from pozzolanic 

reactions that form C-S-H and C-A-S-H phases. FA substitution enhances these reactions, with alumina-

silica in FA binding incoming chloride ions as sodalite and chloroaluminate. 

An intriguing aspect is the carbonation observed in the mortar. The increased calcite levels after 

soaking indicate that carbonate ions bind to calcium sources in the mortar. Similarly, geopolymers 

exhibited carbonation via the precipitation of natrite and aragonite. Further research is needed to assess 

the combined effects of rising CO₂ emissions, carbonation, and chloride and sulfate penetration in 
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concrete. Evaluating CO₂ capture capacity is essential to determine its impact on concrete durability. 

3.11 Scanning Electron Microscope (SEM) Analysis 

Fig.  24 presents SEM analysis of initial GN mortar before submersion, showing dense N-A-S-H 

gels with sodalite containing chloride from FA.  
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Fig.  24. SEM analysis of GN before submersion and its initial particles of Mg and Fe. 

Another image of the same sample reveals unreacted fly ash particles at another spot, containing 

magnesium (Mg) and iron (Fe) micro-particles. These particles, primarily magnesium oxide and iron 

oxide (hematite or magnetite), originate from coal minerals and remain unbound due to the absence of 

sodium, indicating incomplete geopolymerization in that region. Elemental analysis at the spot shows 

Si (11.4%), Al (0.8%), Fe (9.1%), and Mg (6.1%), highlighting the dominance of Si and Fe and the 

notable presence of Mg.  

The SEM test results at 2000× magnification in Fig.  25 provide the results of GN mortar after 

immersion in seawater, depicting unreacted fly ash, reacted fly ash, magnesium sulfate, and lawrencite. 

The mineral lawrencite exhibits a layered structure in a trigonal system [30,65,94]. The deposition of 

magnesium sulfate on the N-A-S-H surface occurs as it precipitates from seawater into geopolymer 

pores. This pore-filling effect compacts the mortar, enhancing compressive strength by accelerating 

alumina dissolution within the N-A-S-H skeleton. The resulting compaction improves the mechanical 

properties of GN mortar. 

 

Fig.  25. SEM analysis for wrapping mortar GN after 150 days of submersion. 

Fig.  26 shows SEM results of G5 mortar (2000× magnification) after 150 days of seawater 

immersion, identifying unreacted and reacted FA, cristobalite, and lawrencite.  
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Fig.  26. SEM analysis for wrapping mortar G5 after 150 days of submersion. 

Cristobalite from RHA enhances pore-filling, creating a denser matrix that reduces seawater 

penetration and limits magnesium sulfate deposits compared to GN mortar. In high Si/Al ratio systems 

(>2.25), magnesium sulfate can reactivate silica, forming an M-S-H gel that acts as a filler, reducing 

adhesion loss and expansive cracking. While cracks around N-A-S-H due to magnesium sulfate are 

present in both GN and G5 mortars, they are less severe in G2.5. 

A higher sulfate addition rate posed a risk to the durability of concrete in seawater. While a 20% 

fly ash replacement improved durability, it was insufficient to prevent chloride and sulfate penetration 

from the FPC mortar into the IC. Additionally, a water-to-binder ratio above 40% and water content 

exceeding 200 kg/m³ proved ineffective. Using 10M NaOH in the wrapping mortar resulted in better 

durability than FPC mortar, reducing penetration of chloride and sulfate ions into the core concrete (IC), 

unlike the increasing trend observed in FPC mortar. However, 10M NaOH was less effective overall, 

suggesting that higher concentrations may be needed to accelerate FA and RHA dissolution and compact 

pores earlier. 

3.12 Environmental Impact 

The construction industry significantly contributes to resource consumption and CO₂ emissions. 

Incorporating secondary cementitious materials (SCMs), such as alkali-activated cements from 

industrial byproducts, can mitigate these impacts. While replacing cement with recycled concrete 

powder may initially reduce strength, proper treatment can achieve carbon-negative effects, promoting 

sustainability [95]. Reducing CO₂ emissions is crucial for achieving sustainability goals and combating 

climate change, especially in construction. This study demonstrates that geopolymer mortar emits 

significantly less carbon compared to Portland cement mortar. Although not entirely carbon-neutral due 

to alkali production emissions, geopolymer technology offers a sustainable alternative, reducing carbon 

emissions by approximately 30% in high-strength concrete compared to conventional cement [96]. 

Table 9. Materials emission factors (kgCO2-eq/m3) from references 

Material CO2 emission factor Minimum emission Maximum emission 

Fly Ash 0.009-0.027 Shi et al. [99] Turner and Collins [100] 

RHA 0.0027-0.1032 Fernando et al. [101] Alnahhal et al. [102] 

Cement 0.82-0.95 Collins [103] Sun et al. [104] 

Sand 0.014 Flower and Sanjayan [105] Flower and Sanjayan [105] 

Water 0.000318-0.00091 Zhao et al. [106] Botto and Botto [107] 

Na2SiO3 0.43-1.514 Zhang et al. [108] Li et al. [109] 

NaOH 0.625-1.425. Thannimalay et al. [110] Sandanayake et al. [97] 

This study compares carbon emissions between geopolymer mortar and control mortar containing 

Portland cement (FPC). The CO2 emission factors for the materials have been obtained from a range of 

scholarly references. Variability in these emission factors can be attributed to differences in production 

and transportation processes, as documented in some literature [97,98]. Table 9, 错误!书签自引用无
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效。 and Table 11 provide a comprehensive analysis of the reductions in carbon dioxide emissions 

associated with the use of geopolymer. The comparison is based on both the lowest and the highest CO2 

emission factors.  

Table 10. Calculation of CO2 emission (kgCO2-eq/m3) for wrapping mortars 

Code 
Calculation of CO2 Emission-According to the lowest CO2 emission factor 

Total 
FA RHA Cement Sand Water Na2SiO3 NaOH 

FPC 1.0 0.0 364.1 21.2 0.1 0.0 0.0 386.4 

GN 7.6 0.0 0.0 13.8 0.0 104.1 21.3 146.8 

G2.5 7.4 0.0 0.0 13.8 0.0 104.1 21.3 146.6 

G5 7.2 0.1 0.0 13.8 0.0 104.1 21.3 146.5 

G10 6.9 0.2 0.0 13.8 0.0 104.1 21.3 146.2 

Table 11. Calculation of CO2 emission (kgCO2-eq/m3) for wrapping mortars 

Code 
Calculation of CO2 Emission-According to the highest CO2 emission factor 

Total 
FA RHA Cement Sand Water Na2SiO3 NaOH 

FPC 3.0 0.0 421.8 21.4 0.2 0.0 0.0 446.4 

GN 7.6 0.0 0.0 13.9 0.0 366.4 48.6 436.5 

G2.5 7.4 1.9 0.0 13.9 0.0 366.4 48.6 438.2 

G5 7.2 3.7 0.0 13.9 0.0 366.4 48.6 439.8 

G10 6.9 7.4 0.0 13.9 0.0 366.4 48.6 443.2 

The findings demonstrate that applying the lowest CO2 emission factor (illustrated in Fig.  27 (a)) 

results in a 62% reduction in emissions from geopolymer mortar compared to control mortar. 

Additionally, incorporating Rice Husk Ash (RHA) further enhances this outcome, resulting in a 62.2% 

reduction in total emissions. This improvement is primarily due to RHA's ability to replace a portion of 

the fly ash, which exhibits a higher emission factor. In contrast, with calculations based on the highest 

emission factor, the significant reduction in emissions is no longer apparent (illustrated in Fig.  27 (b)). 

Carbon emission reductions are observed at only 2.2%, and emissions increase when RHA is utilized, 

due to its higher emission factor. The factor that significantly influences the increase in carbon emissions 

in geopolymers is sodium silicate. This is because sodium silicate production involves melting silica 

sand and soda ash at temperatures around 1400 °C, which consumes very high energy [100]. In general, 

geopolymer mortar can still reduce CO₂ emissions compared to traditional Portland cement (FPC) 

mortar [111]. However, producing rice husk ash (RHA) through burning may slightly increase 

emissions. While geopolymer synthesis emits less CO₂ than conventional cement, the production of 

alkali reagents still contributes to emissions, underscoring the need for further innovation in sustainable 

materials. Additionally, the use of industrial byproducts presents challenges, including regulatory 

acceptance and the need for continued research to optimize performance in construction applications. 
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(b) 

Fig.  27. CO2 reduction of each geopolymer mortar variation compared to FPC mortar (a) Calculation based on 

the smallest emission factor (b) Calculation based on the highest emission factor. 

Numerous studies on fly ash-based geopolymer systems have demonstrated potential reductions in 

CO₂ emissions of 36% to 64% compared to ordinary Portland cement (OPC). These reductions are 

influenced by various factors, including the type of activator, the curing temperature, and the distance 

the materials are transported. The findings from this study align well with the existing literature, 

highlighting the promising opportunity to enhance the environmental performance of geopolymer-based 

materials by partially substituting fly ash with rice husk ash (RHA). This innovative approach not only 

uses two local waste materials fly ash and RHA but also paves the way for a more sustainable, 

environmentally friendly construction industry by effectively reducing the carbon footprint of building 

materials. 

4 Future Studies and Applications of Geopolymer Mortar in Marine Environments 

The results of the study suggest that geopolymer mortar could be effectively used for a variety of 

applications, including jacketing, repairing, or patching existing concrete structures in challenging 

marine settings. This innovative method not only addresses the immediate needs of maintenance and 

restoration but also accounts for the ever-changing environmental conditions characteristic of such 

dynamic environments. These conditions are influenced by a multitude of factors, including tidal 

movements and atmospheric exposure, which can accelerate deterioration from salt spray and humidity. 

Furthermore, the presence of biofouling organisms that attach to submerged surfaces adds another layer 

of complexity to the maintenance of marine structures, as these organisms can degrade materials over 

time. By using geopolymer mortar, known for its durability and resistance to harsh marine environments, 

engineers and construction professionals can enhance the longevity and structural integrity of concrete 

elements exposed to these conditions. This approach not only promotes sustainability by utilizing eco-

friendly materials but also represents a proactive strategy in the ongoing effort to preserve vital 

infrastructure in coastal and marine environments. 

Further research on the application of geopolymer mortar in marine infrastructure should 

thoroughly assess its long-term durability, explore its self-healing properties, and evaluate the 

integration of alternative precursors and advanced nanomaterials to enhance resistance to sulfate and 

chloride exposure.  

Further investigation into the self-healing capabilities of geopolymer mortar is required, as this 

material is intended to serve as a protective barrier for existing structures. Wave impact, seawater splash, 

and impurities in seawater can complicate the healing of cracks in geopolymer. Some types of seawater 

bacteria accelerate corrosion, requiring early crack healing before microbial initiation of corrosion [112]. 

However, the natural formation of calcium carbonate and brucite within the geopolymer matrix enables 

self-healing. In addition, carbonization and rehydration are the main self-healing mechanisms for 

microcracks (less than 300 μm). An interesting study showed that brucite has the potential to serve as 

the primary self-healing product precipitated in the gap to fill cracks [113]. The observations indicated 
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that seawater impurities are attached to the crack surface, potentially hindering crack self-healing. 

Adding lime, such as dolomite, to the geopolymer mortar mixture may be an interesting option for 

further study. Furthermore, the use of urease-producing bacteria, which are resistant to seawater and 

have a carbonic anhydrase effect, could aid the healing process [114]. These microbes produce 

precipitation material much more rapidly than natural precipitation does, driven by chemical reactions 

within the geopolymer mortar. Developing self-healing geopolymer composites employing bacteria or 

encapsulated healing agents warrants examination to improve crack resistance and prolong service life.  

Exploring hybrid geopolymer coatings that integrate nano silica, graphene oxide, basalt fibers, or 

bio-based additives may further enhance geopolymer mortar's mechanical strength, impermeability, and 

adhesion in extreme marine environments [115]. The low surface roughness achieved with 

nanomaterials contributes to increased anti-fouling efficacy [42]. It also results in a more hydrophobic 

surface. The results clearly confirm that this combination allows for increased resistance to biofouling 

and biodeterioration of durable concrete structures in aggressive marine environments [116]. 

The practical implementation of geopolymer coatings on coastal and offshore structures requires 

pilot-scale trials under diverse tidal conditions to assess performance over prolonged exposure to 

seawater, temperature variations, and wet-dry cycles. In the context of Indonesia’s New Capital City 

(IKN), where infrastructure development is projected to occur near coastal regions characterized by 

aggressive sulfate-rich conditions, geopolymer mortar emerges as a sustainable alternative to 

conventional coatings, thereby reducing carbon emissions and enhancing structural durability [117]. 

Furthermore, applying geopolymer mortar in seawalls, piers, marine tunnels, and offshore wind turbine 

foundations could bolster Indonesia’s initiatives for climate adaptation and green infrastructure 

development. Conducting life cycle assessments (LCAs) alongside techno-economic feasibility studies 

is crucial for improving cost-effectiveness and enabling mass production. This will ascertain that 

geopolymer technology is a viable and sustainable option for next-generation marine infrastructure. The 

proposed future studies and applications are illustrated in Fig.  28. 

 

Fig.  28. Future studies should focus on enhancing the durability of structures in coastal areas. 

5 Conclusions 

This study provides insights into the performance of geopolymer mortar despite some limitations. 

These limitations highlight the need for future investigation. The 5-month immersion period may not 

reflect long-term durability, and findings are specific to the materials and seawater used. Comparisons 

are limited to FPC mortar and exclude other coatings. Further research is needed, including a lifecycle 

assessment and real-world application testing. The findings also indicated that geopolymer mortar has 

potential for use in jacketing, repairing, or patching existing concrete structures in marine environments. 

This approach reflects the dynamic nature of environmental conditions, which fluctuate due to factors 

such as tidal action, wave splash, atmospheric exposure, and biofouling. While a 5% RHA replacement 

is optimal, achieving 62.1% of the total emission reduction, investigating other silica-rich materials 

could further improve performance. Key findings of this study emphasize the feasibility of utilizing 

waste materials for protecting existing Portland concrete structures and include the following 

conclusions:  

1) The geopolymer mortar formed a strong bond with the Portland product surface, facilitated by 

the infiltration of geopolymer gel and unreacted fly ash into IC pores, reacting with available 

calcium. Despite the IC's 28-day age, the geopolymer coating formed calcium aluminosilicate 

hydrate (C-A-S-H) minerals at the interface, thereby creating a chemical bond. This bond 

enhanced mechanical properties and established a robust protective barrier against sulfate 
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attacks, significantly contributing to the geopolymer's durability and resilience in aggressive 

environments. 

2) The geopolymerization reaction occurring during the soaking period led to an increase in the 

density of the geopolymer mortar, resulting in enhanced compressive strength of the specimens. 

G10 showed the largest increase, rising by 78%. The 28-day compressive strengths of GN, 

G2.5, G5, and G10 were 40 MPa, 42 MPa, 45 MPa, and 27 MPa, respectively. After 150 days 

of soaking, these strengths increased to 62 MPa, 58 MPa, 60 MPa, and 48 MPa, respectively. 

In contrast, the compressive strength of the inner concrete (IC) wrapped in FPC mortar initially 

peaked at 60 days of immersion and then declined. 

3) Although burning rice husks slightly elevates the CO₂ content in RHA material, it has been 

demonstrated to serve as a silica source for enhanced geopolymerization reactions during 

seawater immersion, leading to increased closed pores, reduced total porosity and chloride 

ingress, and improved compressive strength. ANOVA results also supported this. Higher silica 

availability increased the Si/Al ratio, compacting the Si-O-Al skeleton and enhancing stability 

during 150 days of seawater immersion. Using up to 10% RHA to replace the volume of FA 

resulted in decreased compaction, increased mortar porosity, and reduced compressive strength. 

Therefore, the recommended RHA level is 5% of the FA volume, as implemented in mortar 

G5. 

4) RHA significantly reduced chloride ion penetration in geopolymer mortar, with G10 showing 

the lowest penetration. However, free chloride ions still permeated due to high open porosity. 

The chloride-binding capacity of geopolymer mortar was lower than that of FPC, as the N-A-

S-H surface exhibited a less effective binding mechanism. Chloride ions primarily bonded with 

Fe to form lawrencite and with Al to form chloroaluminate, both trapped in the micropores of 

the geopolymer gel. 

5) Sulfate attack on the protective mortar was noted, with geopolymer mortar showing better 

sulfate retention. Sulfate binding involved cations such as magnesium, as Mg²⁺ reacted with 

hydroxyl groups on the Si-O-Al chain to form brucite, which then reacted with silica to produce 

M-S-H. Dissolved silica from RHA helped mitigate magnesium damage. However, sulfate 

settled in pores as magnesium sulfate, causing internal microcracks. Overall, sulfate ion attacks 

were more damaging to geopolymer mortar than chloride ions. 

6) Chloride and sulfate attacks did not affect the geopolymerization process (N-A-S-H gel) but 

led to the degradation of cement hydration products such as C-S-H, C-A-S-H, and Ca(OH)₂. 

Geopolymer mortar consistently exhibited a lower pH than FPC mortar. Minor pH fluctuations 

during immersion reflected changes in mineral composition due to ion attack. In geopolymers, 

sodium ion leaching activates oxygen species within the N-A-S-H framework, forming 

hydroxyl groups (brucite). In contrast, FPC showed an increase in pH due to sulfate-induced 

decalcification of the C-S-H gel, which released Ca²⁺ and OH⁻ ions into the pore solution. 
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