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Abstract. River sand, despite being an available material, a low-cost, but loose sandy soil, cannot be used 
as a construction material in civil engineering works due to its poor grain size distribution and low bearing 
capacity. Geopolymer is recently considered a novel eco-friendly alternative to conventional soil 
enhancement and stabilization materials, such as ordinary Portland cement (OPC) and lime, which harm 
the environment in terms of high CO2 emissions and energy consumption. Hence, this study investigated 
the potential strengthening of loose sandy soil using geopolymer. Different alkaline activator (AA) solution 
ratios were used with varying curing temperatures for producing the river-sand geopolymer. The river sand-
geopolymer specimens were matured in the oven at different temperatures for 48 hours. A series of 
unconfined compressive strength (UCS) tests were carried out on the 3, 7, 14, and 28 days of curing. The 
results show that the UCS of the river-sand geopolymer matrix significantly increased with increasing the 
main ingredient of its activator solution (sodium silicate) as well as the temperature. The UCS reached 
13.42 MPa when the AA solution ratio was 0, whereas it decreased up to 1.15 MPa when the AA solution 
ratio became 1.5 at a temperature of 60 °C and 28 days of curing. Therefore, geopolymer is feasible and 
sustainable material to improve problematic soil for different applications. 
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1. Introduction 
River sands, or loose sand, are cohesion-less soils that have a consistent and uniform dispersion of 

particles with no sharp edges. They are classified as poorly graded. The material's gradation characteristics 
pose substantial challenges when employed for construction projects, such as the construction of road and 
railway embankments or fills. Moreover, the compaction of this material presents significant challenges 
because its compaction curves have no clearly defined ideal moisture content. At very low moisture content, 
a minimum dry density value may be observed [1]. 

Furthermore, the load-bearing capacity of on-site river sand is generally insufficient for most 
geotechnical engineering applications. Therefore, it is necessary to utilize alternate materials. The use of 
alternative materials is sometimes impossible since there are no suitable alternative materials available on-
site. Therefore, several techniques for enhancing soil quality and optimizing its workability for engineering 
applications can be investigated. Apply material processing procedures to improve the geotechnical 
characteristics of the flawed soil, such as durability, resistance to erosion, compressibility, permeability, 
physical qualities, and mechanical properties [2]. Soil stabilization refers to the method of improving the 
physical or chemical characteristics of soil. Techniques including mechanical compaction and the use of 
calcium-rich compounds can achieve this [3]. In the last three decades, notable advancements have been 
made in developing and broadly adopting different ground stabilization techniques in industrial projects [4]. 
Recycling crushed concrete is a sustainable way to improve soft soils' chemical and geotechnical properties 
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[5]. Numerous techniques, such as mechanical stabilization (stone columns, preloading, dynamic 
compaction, or vibroflotation), chemical stabilization (using ordinary Portland cement (OPC), cement kiln 
dust (CKD), or lime), or geotextile stabilization have been used to improve the characteristics of weak soil 
[6]. The process of stabilizing weak soil generally involves chemical treatment, which requires chemical 
binders like OPC [7, 8]. Conventional soil stabilizers, such as cement and lime, undergo thermal breakdown 
of calcium carbonate found in limestone during production. This process leads to significant emissions of 
greenhouse gases and energy. Manufacturing each ton of cement leads to the release of about ton of 
carbon dioxide. The global production of CO2 amounts to around 1 %, with an average emission of 0.95 
tons of CO2 per 1 ton of lime processing [9, 10]. The method necessitates a substantial amount of energy 
to sustain the elevated temperatures necessary for the manufacture of OPC, which range from 450 to 
1550 °C, as well as temperatures between 100 and 1000 °C for lime production. During cement 
manufacturing, the raw ingredients are rapidly exhausted. According to the report, the production of 2 billion 
tons of cement necessitates over 3 billion tons of raw materials, with limestone accounting for 70 % of the 
total [11]. 

Therefore, it is necessary to develop innovative soil stabilizers that may function as a viable and 
ecologically sustainable alternative to cement in many civil engineering projects. The advancements in 
geopolymerization have gained significant attention as a feasible substitute for handling solid waste and 
by-products. These developments provide a sophisticated and economical method for dealing with various 
problems, especially those related to the treatment and storage of hazardous waste in environmentally 
sensitive circumstances [12]. The term geopolymer was initially coined in the 1970s to describe inorganic 
alkaline aluminosilicate-activated materials [13, 14]. This compound's synthesis occurs at ambient or 
slightly higher temperatures, utilizing raw materials rich in alumina and silica, such as fly ash (FA), slag, 
metakaolin, and calcined clay, in the presence of alkaline activators (AA). Geopolymers are becoming 
increasingly attractive as an alternative to soil stabilization due to their ability to address the environmental 
issues connected with traditional binders by producing less quantities of CO2 during the stabilization 
process. On average, producing one 1 of geopolymer generates a mere 0.19 to 0.24 tons of CO2 emissions 
and moderately affects global warming [15].The researcher investigated using geopolymers, specifically 
sodium-based AAs and FA class F, to stabilize sandy clay soil. 

Cristelo et. al. [16] studied involved a comparison with a binder that is based on cement. The ratio of 
activators to FA (A/FA) ranged from 1 to 2.5, whereas the ratio of FA varied between 20, 30, and 40 % of 
the total solids. Unconfined compressive strength (UCS) samples were created and tested after curing for 
7, 28, 90, and 365 days. The results showed a significant improvement in strength when using a lower A/FA 
ratio, leading to a 43.4 MPa rise after 365 days of curing. The UCS results of the cement and geopolymer 
samples showed a significant resemblance after 28 days of curing [16]. Geopolymer treatment significantly 
improved the properties of medium and high plastic soils in a separate investigation. The UCS of the 
medium plastic soils, which included 5 % of FA, was 1.0 MPa. The pressure later rose to 2.6 MPa when 
the FA level was raised to 25 %. However, the UCS did not experience any changes due to the inclusion 
of up to 20 % FA in high plastic soil. But when the concentration of FA reached 30 %, the UCS exhibited a 
substantial and rapid increase of 400 % [17]. Moreover, the strength of soft soil experienced a substantial 
enhancement with the application of a geopolymer consisting of granulated blast furnace slag (GBFS) and 
basic oxygen furnace slag (BOFS). It was shown that exposing samples to temperatures between 20 and 
45 °C resulted in a 42 time increase in the UCS compared to untreated soil [18]. Other researchers had 
utilized the geopolymer that was derived from ground-GBFS as an environmentally friendly alternative to 
cement in deep soil mixing applications. Their study analysed the cement-treated specimens vs. GGBS-
based geopolymer samples. The analysis considered the varying levels of GGBS content, ranging from 10 
to 30 %, and the activator ratio, which ranged from 0.5 to 1.0. The results showed that specimens treated 
with geopolymer had a greater UCS compared to those treated with cement at the exact dosage, except 
for the mixture with an Alkaline/Binder (A/B) ratio of 0.5; this is a consequence of the development of 
increased pozzolanic and geopolymeric mechanisms [19]. 

For silty sand soil type, Rios et al. [20] examined the characteristics of stabilized this soil type using 
alkali-activated cement. The researchers employed sodium hydroxide (SH) (NaOH) and sodium silicate 
(SS) (Na2SiO3) as the alkali activator solution and FA as the precursor material. The strength and stiffness 
tests reveal substantial enhancement beyond the 28 days of the curing process, although the short-term 
strength was deemed sufficient. Recent research suggests that its capacity to endure immersion and 
wetting-drying cycles is consistent with the existing standards for soil cement, thereby supporting its 
potential as a viable alternative to soil cement. In the study conducted by Hai-yan et al. [21], a geopolymer 
was synthesized through the combination of alkali-activated saline soil with FA, resulting in the development 
of environmentally sustainable construction materials. The researchers observed that the mixing of saline 
soil with FA resulted in enhanced mechanical and physical properties, as well as increased durability. The 
aforementioned attributes are further augmented as the percentage of FA rises from 20 to 60 %. Based on 
the findings of the study, it has been determined that the most optimal parameters for the dissolution of 
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SiO2 and Al2O3 involve the utilization of a 5 M NaOH solution at a temperature of 60 °C over a period of 24 
hours. Moreover, the use of FA significantly improves water's resilience and resistance to permeation. Their 
investigation uncovered that exclusively stimulating saline soil as a precursor has restricted advantages. 
Adding extra chemical components like alumina and silica to the product is required to get the desired 
characteristics [21]. The use of FA-based geopolymer as an additive in organic soils is advantageous due 
to its strong bonding properties, resulting in enhanced strength and long-term stability [22]. The use of FA-
based geopolymer significantly increases the stiffness of soil-reclaimed asphalt pavement-fly ash (soil-
RAP-FA) mixtures, with higher FA content leading to higher equivalent modulus Mequ [23]. The loose sand 
geopolymer matrix's, USC showed a significant increase within the range when the main ingredient of the 
geopolymer, i.e., FA, was increased. The compressive strength of the soil-geopolymer matrix was observed 
to increase when the FA content was 5–15 % but decreased when the FA content was 20–30 % [24]. 
Geopolymer, like Rafsangan natural pozzolan, CKD, and an activator, such as calcium carbide residue or 
NaOH, were combined to stabilize sandy soil with poor grading. The research showed that the addition of 
CKD and NaOH considerably improved the UCS of the soil samples [25]. 

Most literature, as per our knowledge, that dealt with enhancing soil characteristics or improving its 
stabilization conditions by applying an alkali-geopolymer approach has an inevitable need for adding fine 
materials enriched with alumina and silica like FA, furnace slag, etc. Despite the growing interest in using 
geopolymer as sustainable materials, there is a lack of studies on their application in the field of 
geotechnical aspects. Therefore, this work investigated the feasibility of employing geopolymer for 
geotechnical stabilization of loose sandy soil as an alternative to cement, lime, or any other pozzlanic 
additives. The river sand soil has many pozzolanic chemical components, including silica and alumina, 
which make it an excellent raw material for geopolymer. This study investigated the impact of mixing river 
sand with varied proportions of AA solution ratios at varied temperatures on the UCS at different curing 
times. The aim of this work is to develop a substance that increases soil particles' adhesion and solidity 
(i.e., enhances its geotechnical characteristics). The produced substances might be utilized as a building 
material in engineering applications and infrastructure projects, as well as for impeding the displacement 
of sand dunes. A thorough series of laboratory tests were conducted to evaluate the strength and stiffness 
of the geopolymer-loose sand matrix. In addition, the sand's microstructure enhancement was analysed 
using scanning electron microscopy (SEM). 

2. Material and Methods 
2.1. Soil Properties 

The river sand-soil utilized in this work was obtained from a location near the Euphrates River within 
Ramadi city and classified as SP by unified soil classification system ASTM D2487-2017 [26]. Fig. 1 depicts 
the grain size distribution of the river sand-soil according to ASTM D422-2007 [27]. Table 1 gives a 
summary of the physical and chemical characteristics of the river sand soil. The chemical components of 
the river sand soil as identified by X-ray fluorescence analysis is showed in Table 2. 

 
Figure 1. Grain size distribution curve of river sand. 

 
 
 

0
10
20
30
40
50
60
70
80
90

100

0.0010.010.1110

Fi
ne

r (
%

)

Diameter (mm)

River sand soil 



Magazine of Civil Engineering, 18(7), 2026 

Table 1. The properties and classification of river sand soil. 
Soil property Value 

Specific gravity, Gs 2.7 
Uniformity coefficient 2.3 

Coefficient of curvature 1.25 
‘D10 (mm) 0.1 
D30 (mm) 0.17 
D60 (mm) 0.23 
Sand % 95.4 

Silt & clay (%) 4.52 
Plasticity NP 

pH 8 
OC (%) 3.4 

2.2. AA Solution 
In this study, the activator used was a combination of SH and SS that was purchased from a local 

vendor in Baghdad. According to the product specifications, NaOH, used in the work was a white colored 
flake-like shell with 98 % purity, as obtained by the chemical analysis. It was characterized by its rapid 
dissolution in distilled water with continuous stirring. It has a molecular weight of 40 g/mol and this 
substance is preferred for producing geopolymer because of its abundance and higher alkalinity compared 
to other components. On the other hand, the specifications for SS indicate that it is in a liquid state and 
contains SiO2 (32.5 %), Na2O (13.4 %), and water (54 %). The materials are illustrated in Fig. 2. 

Table 2. Chemical compositions of soil (X-ray fluorescence) analysis. 
Chemical composition Elemental Oxide 

SiO2 6.659 
Al2O3 0.577 
Fe2O3 4.681 
Cao 7.165 
K2O 0.583 

Na2O 0.26 
Mgo 0.117 
SO3 0.0005 
MnO 0.0692 
SiO2 6.659 

 

 
(a)   (b)    (c) 

Figure 2. Materials: (a) Na2SiO3 (SS), (b) NaOH flakes (SH), c) river sand soil. 

2.3. Compaction Test 
Many laboratory tests were conducted to examine geopolymers made from river sand. The standard 

Proctor test, as outlined in ASTM D698-12 [28], determined the maximum unit weight and optimum moisture 
content (OMC) of the untreated river sand soil. Fig. 3 demonstrates that the maximum unit weight is 
15.59 KN/m3 and the OMC is 9.36 %. The moisture-density curve is not as distinct when compared to the 
compaction curve for cohesive soils. When compacting coarse-grained cohesionless soils (such as sands 
and gravels) using a standard or modified Proctor's technique, the shape formed is referred to as a 
humpback or camelback [29]. 
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2.4. Sample Preparation 
To create SH, 320 g of appropriate NaOH flakes were dissolved in 1 l of distilled water. The solution 

was mixed until it reached the desired 8 molarity (M) of concentration. It is important to note that when 
NaOH is added to water, it generates an exothermic reaction. Therefore, it is necessary to wait for a specific 
time before using the solution. This ensures that the solution does not generate heat during the mixing 
process, which could negatively affect its workability. To prepare the river sand geopolymer, the required 
amount of SS was added to the SH at least 2 hours prior its use. The amount of alkaline solution added to 
the dry materials was calculated based on the OMC percentage obtained from the standard Proctor test, 
which was approximately 9.34 %. The manufacture of the river sand-geopolymer involved the utilization of 
three different ratios of SH to SS (SH:SS). Additional 10 % of extra water was added to achieve the desired 
water content and suitable workability. Three ratios of SH:SS were used in the production of the river-sand 
geopolymer, these ratios of SH:SS were 0, 0.75, and 1.5 %. 

The process began by combining the AA solution with dry river sand soil and stirring thoroughly for 
6 to 10 min until a homogenous mixture was achieved. Table 3 provides a detailed description of the 
components used in the blend. The mixture was poured evenly in 3 layers into PVC molds, which were 
cylindrical with dimensions of 100 mm in height and 50 mm in diameter. A longitudinal incision was made 
on the side of the molds to make specimen extraction easier. The uppermost portions of each layer were 
scraped to ensure contact between the three levels. To achieve homogeneity among the three layers, a 
plastic rod was employed to remove any air bubbles or voids that may have formed during the pouring 
procedure. The entire mold was placed on a vibration plate to achieve densification. After vibrating, the 
specimens were cured in the oven at designated temperatures of 30, 45, and 60 °C for 48 hours. The 
specimens were extracted from the molds, enveloped in plastic sheets, and placed back in the oven at a 
temperature of 30 ° for curing until the time of testing. The UCS of each specimen was assessed at age of 
3, 7, 14, and 28 days. In accordance with ASTM D2166-2006 [30], the UCS specimens were fabricated 
using cylindrical PVC tubes with a height-to-diameter (h:d) aspect ratio of 2:1, measuring 100:50 mm. A 
uniaxial machine with a loading capacity of 50 kN and a displacement rate of 0.1 mm/min was utilized to 
conduct the UCS test on the specimen. 

The UCS may not be the best method to assess the bearing capacity of sandy soil because of its 
poor ability to sustain lateral pressure. This can be attributed to the lack of cohesion in the soil. As a result, 
the study lacks reference samples to compare with samples treated with an activated alkali solution. 

 
Figure 3. Compaction curve of river sand soil. 

Table 3. Details of mixture used. 
Sample Soil (%) AA SH:SS Temperature (°) 

S-AA 0 T30° 100 0 0:100 30 
S-AA 0 T45° 100 0 0:100 45 
S-AA 0 T60° 100 0 0:100 60 

S-AA 0.75 T30° 100 0.75 43:57 30 
S-AA 0.75 T45° 100 0.75 43:57 45 
S-AA 0.75 T60° 100 0.75 43:57 60 
S-AA 1.5 T30° 100 1.5 60:40 30 
S-AA 1.5 T45° 100 1.5 60:40 45 
S-AA 1.5 T60° 100 1.5 60:40 60 

Sample codes: SH:SS( SH = NaOH, SS= Na2SO3) 
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3. Results and Discussion 
3.1. UCS 

3.1.1. Effect of Curing Time of Soil –Geopolymer 
The UCS of river sand-geopolymer tends to increase with the passing of time. This trend was 

observed across different temperatures and curing durations of 3, 7, 14, and 28 days for soil stabilization 
with AAs. Several researchers have found similar observations regarding the impact of cure time on 
geopolymer [18, 31–33] . In this study, the highest UCS values were recorded for stabilized soil specimens 
that had been incorporated with all ratios of AAs at different temperatures after 28 days of testing. For 
example, for an AA of SH:SS = 0:100 at 60°C, the UCS values increased from 5 to 13.42 MPa over a period 
of 28 days, with intermediate readings of 9 MPa at 7 days and 12.39 MPa at 14 days. This increasing trend 
was observed across all other mixtures as well. The strength of the geopolymer material increases over 
time, indicating a continuous build-up of bonding as the polymerization process progresses, as 
demonstrated in Fig. 4. 

 
Figure 4. The effect of curing time on UCS of the river-sand geopolymer. 

3.1.2. Effect of curing temperature of geopolymer 
The UCS of stabilized soil mixed with an AA (river-sand geopolymer) improves significantly with an 

increase in the curing temperature. Many researchers have also studied the effect of temperature on 
geopolymers [18, 31–33]. The observed enhancement in strength with increasing curing temperature can 
be attributed to the dehydroxylation, disintegration, and polycondensation mechanisms of the 
aluminosilicate polymer that take place between the soil-precursor particles and the alkaline solution. The 
present investigation provides confirmation that elevated curing temperatures have a positive impact on the 
dissolution of aluminosilicate, resulting in a homogeneous dispersion of gel formation. This results in a 
bridging of the gaps between interface transition zones and an increase in compressive strength as in the 
previous studies [34,35] , as shown in Fig. 5. For example, the UCS of mixture AA of SH:SS = 0:100 
increased from 6.81 to 8.69 and 12.39 MPa with increasing curing temperature from 30 to 45 and 60 °C, 
respectively. Thus, higher temperatures enhanced the effectiveness of  dissolving features in 
aluminosilicate precursors, which could explain the significant increase in strength [36]. 
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Figure 5. Effect of temperature on UCS of the river-sand geopolymer. 

3.1.3. Effect of AA ratio of geopolymer 
The type of activator, the ratio of SH: SS, immediately affect the UCS value of stabilized soil. The AA 

solution is prepared mixed from SH with SS. The solution of SH with 8 M concentration and the ratio of 
SH:SS 0, 0.75, and 1.5 % was used. Moreover, in this study, the AA ratio (SH:SS = 0:100) gives the highest 
UCS value at 28 days and 60 °C of curing as shown in Fig. 6. Soluble silica increases the condensation 
activity and promotes the growth of more silica in the polymeric chain, hence enhancing its strength 
characteristics [37, 38]. Increasing the activator content resulted in an increase in the leaching of silicon 
and aluminium from amorphous phase in river-sand geopolymer. The strength geopolymer materials 
prepared by SS was improved at room temperature [39]. 

 
Figure 6. Effect of AA on UCS of the river-sand geopolymer. 

3.2. Stress-strain curve 
The experiment involved testing stabilized soil-geopolymer specimens containing an AA ratio 

(SH:SS = 0:100) from SS only, and other specimens containing an AA (SH:SS = 43:57, 60:40) at 8 M 
concentration of SH. The specimens were kept to mature for 48 hours and were subjected to curing 
temperatures of 30, 45, and 60 °C. After that, they were  left in the oven until the time of the test at 3, 7, 14, 
and 28 days. The stress-strain relationship between the specimens is shown in Fig. 7. The results showed 
that as curing time and temperature increased, the stress increased, and the strain decreased  as the results 
displays in [40, 41]. The stress-strain curve of the river-sand geopolymer specimens showed a clear peak 
stress, followed by a gradual decrease in strain. This indicates inherent brittleness under shearing. In 
comparison, shear failure occurred in specimens (S-AA 0) at a relatively lower strain compared to the 
specimens of (S-AA 0.75) and (S-AA 1.5) at all curing temperatures in different ages of the test. This is 
because the addition of SS improves the strength between soil particles, provides a uniform distribution, 
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and reduces the average pore size. The decrease in the percentage of SS in the AA solution negatively 
affects the strength of the geopolymer. 

3.3. Microstructure Characteristic 

 
Figure 7. Stress-strain curve for the specimen with test time of: (a) 3 days;  

(b) 7days; (c) 14 days; (d) 28 days. 
A SEM investigation was conducted on river-sand geopolymer specimens with two different AA 

ratios: 100:0 (0 %) and 60:40 (1.5 %). All specimens were allowed to be cured for 28 days before 
conducting the SEM test. The geopolymer mixtures were polymerized for 48 hours at 60 °C. Fig. 8 displays 
the SEM images of river-sand geopolymer. The SEM test was conducted on samples identical to those 
used for the UCS test. The chosen activated solution ratio filled the pores of the loose river sand and 
created thick formations. Furthermore, a noticeable alteration took place in the composition of sandy soil 
because of the introduction of an AA and the polymerization process, causing partial dissolving of 
aluminosilicate and activation of sand particles effectively. The stabilized sand particles were tightly 
connected by a geopolymer connection within a highly cross-linked 3D network, forming a solid crystalline 
composite. This aligns with the substantial improvements in soil stability. The polymerization process 
occurred due to the addition of an activator solution (SS) to the alkaline nature of selected river sand, which 
resulted in the formation of sodium aluminium silicate hydrate (N-A-S-H) gel in conjunction with the partial 
dissolution of activated soil sand with an AA ratio of 0 more than the specimens of AA = 1.5. The results 
match the findings of the studies on the effect of the geopolymer on the microstructure of the improved soil 
as a binder [22, 24]. 

 
Figure 8. SEM images (9.5 X: 5 un) of geopolymer (a) AA 0 % (SH:SS = 0:100),  

(b) AA 1.5 % (SH:SS = 43:57), at 60° and 28 days. Sodium aluminate silicate hydrate gel (N-A-S-H) . 

4. Conclusion 
The study investigated the significance of using geopolymer based on river sand soil (granular soil) 

merely without the addition of any fine pozzolanic materials such as FA, volcanic ash, etc. 

Sandy soil stabilization by geopolymer showed a promising eco-friendly, economically viable, and 
sustainable alternative to OPC and lime. 
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The geopolymer could enhance the mechanical properties of soil, where the strength of river-sand 
geopolymer, measured as UCS, significantly increased with the AA = 0 (SH:SS = 0:100) ratio (high 
concentration of activator solution (SS)). 

The highest value of UCS (13.42MPa) was at AA ratio = 0, 60 °C, and 28 days curing time. This 
result might be attributed to the existence of soluble silica that enhanced the condensation activity and 
developed more silica in the polymeric chain, which improved the strength property of the soil matrix. 

Furthermore, under UCS, the dominant stress-strain reaction for geopolymer-based river sand soil 
was brittle yield, with stress peaking before sudden failure. When the geopolymer stress ratio increases, 
the response becomes stiffer. The SEM images revealed a homogeneous, denser, and very stiff structure. 

The geopolymer gel improved the soil particles. The images indicated that the pores in the texture 
surrounding the geopolymer gel were evenly distributed and that the geopolymer behaved as a binder 
among the soil particles. 
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