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Geopolymer cement represents an innovative and environmentally friendly cement system that utilizes 
non-portlandite precursors to achieve cement hardening. Unlike traditional Portland cement, which 
accounts for approximately 5–8% of global CO₂ emissions, geopolymer cement offers a sustainable 
alternative. While its use has been widely adopted in construction projects, its application in wellbore 
cementing remains limited. Beyond reducing CO₂ emissions, geopolymer cement optimizes waste 
management by incorporating rock-based or industrial by-products rich in aluminosilicate content. 
In this study, Saudi volcanic scoria was developed as the primary binder for lightweight geopolymer 
wellbore cement. By varying the concentration of sodium hydroxide (NaOH) as an alkali activator 
from 15 to 40%, lightweight geopolymer cement was produced without the addition of external 
additives. The geopolymer cement sample containing the optimum concentration of NaOH was then 
used as a benchmark and compared to traditional Portland cement under identical conditions. Key 
variables such as mechanical strengths, rheological properties, free water, and sedimentation were 
analyzed. Experimental results demonstrated that volcanic scoria-based geopolymer cement with 
20% NaOH achieved optimal performance, with the highest compressive and tensile strengths of 
1798 psi and 73.9 psi, respectively. The results revealed that the geopolymer cement outperformed 
Portland cement in several aspects. For example, its compressive strength was 56% higher than that 
of Portland cement. Furthermore, the elastic properties of geopolymer cement were superior, with a 
47% lower Young’s modulus than Portland cement. Rheological evaluations indicated that geopolymer 
cement exhibited excellent pumpability and workability. Despite its plastic viscosity being higher than 
Portland cement, the geopolymer cement demonstrated 180%, 200%, and 336% higher yield points, 
10-second gel strengths, and 10-minute gel strengths, respectively. Geopolymer cement performed 
exceptionally well in terms of stability, with 96% less free water and a 14% lower density variation 
than Portland cement. These findings highlight the potential of Saudi volcanic scoria as a primary 
binder in lightweight geopolymer cement. By applying the one-part method, the volcanic scoria-based 
geopolymer cement becomes a prospective environmentally friendly cement that can potentially 
be used in wellbore operations. It offers a viable solution that mitigates the carbon emissions while 
meeting the technical requirements for wellbore cementing applications.
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In drilling operations, cement is one of the secondary barriers that should be monitored to prevent the wellbore 
from any undesirable event such as kick or blowout1. Therefore, choosing pozzolanic material in cementing 
operations is critical because it can affect the integrity of the cement2,3. Portland has been the main component 
in cementing operations for several decades. Its ability to provide incredible mechanical strength and durability 
makes Portland cement the primary choice. However, the dependency on Portland cement can affect the 
environment. As known, Portland cement contributed to 5% of global carbon emissions4,5. Thus, seeking another 
alternative cement system is essential to avoid environmental issues but maintain the technical standard. A new 
cement system called geopolymer cement was first introduced in 1979 by.

Davidovits6. This inorganic cement system developed non-portlandite material as a binder to be a 
cementitious material7,8. Geopolymer cement has been implemented in several constructions, such as bridges, 
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streets and buildings. Based on this fact, geopolymer cement can be an alternative to Portland cement because it 
provides impressive durability, mechanical properties and minimum environmental impact.

Several methods can achieve lightweight cement density. The common way to decrease the density of cement 
in the industry is by adding more water content. However, this method can affect cement quality by reducing 
its mechanical properties9,10. Therefore, adding some extender (density-reducing additives) can achieve 
cement stability and higher compressive strength. Generally, the extender was divided into three categories: 
water extender, low-density aggregates, and gaseous extender11–13. As explained previously, a water extender 
is a viscosifying agent that allows additional water to the slurry without changing the properties of cement. 
Moreover, low-density aggregates are any additives/materials that have a lower density than the binder. Lastly, 
the gaseous extender is a gas that can foam the cement slurry. The examples for those categories are bentonite, 
coal ash powder, and nitrogen or air, respectively14.

A volcanic eruption is a natural disaster that explodes tons of tephra and fragments rocks from the belly of the 
volcano. In terms of definition, tephra is unconsolidated pyroclastic material that has particle ranges from ash 
(< 2 mm) and lapilli (2–64 mm) to blocks (dense, angular) such as volcanic (vesicular, rounded) that have more 
than 64 mm and scoria with the average size diameter of 20–30 cm15–18. In the Middle East region, Saudi Arabia 
has identified many possible sources of cement rock that spread in the country’s western region, especially in 
Taif City, which has a resource belt of more than 90 km in length and 10–15 km wide19. Due to the large amount, 
volcanic tephra can be utilized as a cement binder material that can take a role as particle replacement or binder 
material. The potency of Saudi volcanic tephra is tremendous, but research on this material is still limited20. 
For instance, Alanqari et al. (2022) proposed the methodology, preparation and application of Saudi Volcanic 
Ash in wellbore cementing operations21. This study investigated the performance of volcanic ash cement slurry 
in several measurements, including mechanical, physical, and chemical properties, while dissolved in NaOH 
solution. The result revealed that this cement’s compressive strength and thickening time are affected by alkali 
concentration and show outstanding performance when compared with Portland cement.

As one of the tephra’s products, the presence of silica and alumina in volcanic ash has added value when 
incorporated with cement slurry as particle replacement. The study conducted by Kupwade-Patil et al. (2018) 
mentioned that the additional mixture of silica fume and volcanic ash in Portland slurry up to 40% can be 
positively affected by showing low porosity and adding more C-S-H and C-A-S-H gels that influence to 
densification of the microstructure22. Moreover, Celik et al. (2019) investigated the utilization of natural pozzolan 
(NP) and limestone powder (LP) of volcanic ash as particle replacements for Portland cement23. The study 
revealed that even if the NP and LP can increase the hydration process, the NP volcanic ash could be beneficial 
in cement slurry because it can have more effect on the mechanical properties of the cement concrete even 
though NP increases the setting time. In addition, incorporating NP and LP volcanic ash in cement slurry can 
increase the water demand. However, several researchers mentioned that volcanic ash can reduce cement quality 
by decreasing mechanical properties24. It is due to the particle size that used is very fine. Hence, the particle size 
of volcanic ash should be considered before employing it as a particle replacement or binder in a cement system.

On the other hand, using volcanic scoria can positively affect cement performance. According to Al-Swaidani 
(2017), using volcanic scoria as particle replacement can improve the durability of concrete cement, especially in 
acidic environments25. The experimental results reveal that even plain Portland cement has a higher compressive 
strength than Portland-scoria-based cement, and the durability of Portland-scoria-based binder cement was 
higher. It is proved by showing higher water and chloride penetration resistance compared to neat Portland 
cement. In addition, Portland replacement with volcanic scoria can influence the rheological properties of 
the cement. The study conducted by Tchamdjou et al. (2017) explained the effect of the partial replacement of 
Portland cement with natural pozzolan generated from volcanic scoria on the workability and flowability of 
the slurry26. It shows that incorporating volcanic scoria in different percentages of all types almost reduced the 
cement slurry’s yield stress and plastic viscosity. Utilizing volcanic scoria in different cement products has high 
potential since it has many sources in many places worldwide27.

This study focuses on developing Saudi volcanic scoria as a lightweight geopolymer wellbore cement binder. 
Some parameters, such as mechanical and rheological analysis, were conducted to investigate the sample’s 
durability, flowability, and strength. In addition, the free water and sedimentation tests were elaborated to assess 
the cement’s stability and integrity. Moreover, a comparison of lightweight geopolymer with traditional cement 
was added to make the comprehensive analysis. The output of this research is to seek another alternative that 
can be done for wellbore cementing applications that fulfill the technical requirement but contribute to a green 
environment.

Materials and methods
Collected material
The material used in this study is volcanic scoria collected from the western region of Saudi Arabia. This work 
prepared the volcanic scoria as the main binder in lightweight geopolymer wellbore cement by grinding the rock 
materials and sieving them below 106 microns. The X-ray fluorescence (XRF), X-ray diffraction (XRD), and 
Particle Size Distribution (PSD) tests were conducted to characterize the composition and structural size of the 
raw materials.

Table 1 shows the XRF result of the volcanic scoria. Based on the measurement test, silicate oxide (SiO2) 
dominates the composition of the volcanic scoria by 43%, continuing with ferric oxide (Fe2O3) and aluminum 
oxide (Al2O3) by 20% and 13%, respectively. Moreover, the particle size distribution results in Fig. 1 Shows that 
the volcanic scoria’s average size (D50) was 10.84 μm.
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Sample Preparation
This experiment used volcanic scoria as the primary binder in developing lightweight geopolymer cement. The 
sodium hydroxide (NaOH) powder, purchased from Sigma-Aldrich, was considered the main alkali activator, 
as it was agitated with the chemical powder before mixing it with water. To obtain the optimum performance, 
the sodium hydroxide was varied to analyze the mechanical strength of the volcanic scoria-based lightweight 
geopolymer cement. On the other hand, a neat Portland cement was considered as representative of the 
traditional cement. A 300 gr of Class G cement manufactured by Taqa Innovation Centre, Dhahran, Saudi 
Arabia, was dissolved with 0.293 L of water without any additive materials to make a neat cement slurry. This 
traditional cement was compared with the optimum geopolymer cement to assess the performance of the green 
cement system.

As shown by Table  2, the activator compositions of this study ranged from 15% up to 40% by weight of 
blend (BWOB) with a 5% increment. Moreover, the water components were changed by adding more sodium 
hydroxide powder to reach a similar density of 13 ppg. The minimum amount of NaOH powder was considered 
by 15% to improve the mechanical properties of the geopolymer cement. On the contrary, the solid activator was 

Materials
Concentrations (% By Weight 
of Blend)

Volcanic Scoria 100 100 100 100 100 100

NaOH 15 20 25 30 35 40

Water 68 66 64 62 60 59

Table 2.  Cement formulation of volcanic scoria-based in different NaOH percentages.

 

Fig. 1.  The size distribution of the volcanic scoria.

 

Chemical Compositions Volcanic Scoria

MgO 7.82

Al2O3 13.45

SiO2 43.50

SO3 0.37

K2O 1.65

CaO 9.63

TiO2 3.03

Fe2O3 20.55

Table 1.  The XRF of the Volcanic scoria and Portland cement.
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not exceeded by more than 40% due to economic aspects. This study aimed to provide a valuable alternative to 
wellbore cement without compromising operational expenditure.

Following the American Petroleum Institute (API RP 10B) regulation, the cement slurry was made by mixing 
for 15 s at 4,000 rpm and then for the next 35 s at 12,000 rpm. The slurry was conditioned for 30 min in an M7200 
Atmospheric Consistometer at 120 °F with a rotation speed of 150 rpm. The prepared slurry was subjected to a 
series of tests to assess its mechanical properties, rheological behavior, free water, and sedimentation.

Properties measurements
After selecting the optimum concentration of NaOH, lightweight geopolymer cement was compared with neat 
Portland cement of the same density to represent the ability of geopolymer cement to be implemented in shallow 
formations. Following the American Petroleum Institute Recommendation Practice Standard for Wellbore 
Cementing (API RP 10B-2), the comparison was investigated by conducting several tests, including mechanical 
properties, rheological properties, free water, and sedimentation.

Mechanical properties
Three tests were performed to evaluate the mechanical properties of compressive strength, tensile strength, and 
Young’s modulus. For example, the compressive strength was measured after 24 h of curing using cylindrical 
cement samples with dimensions of 1.5 inches in diameter and 4 inches in length. The scratch test method 
involved applying a sharp cutter to the sample’s surface at a consistent depth to estimate its compressive strength.

Tensile strength was assessed under identical curing conditions using a hydraulic press. Cement samples 
with a diameter of 1.5 inches and a thickness of 0.75 inches were tested via the indirect Brazilian tensile strength 
method. This approach calculated tensile strength based on the maximum load the sample could withstand 
before failure. A crushing machine was employed to perform the tensile strength measurements. Similar to 
compressive strength, the tensile strength of these samples was measured after a 24-hour curing time.

Evaluating elastic properties is one of the crucial aspects of mechanical properties testing, providing insights 
into the dynamic behavior of cementitious materials. Unlike conventional static strength tests, elastic property 
analysis determines the material’s response to stress by measuring the propagation velocity of ultrasonic waves. 
This study assessed the key elastic property of Young’s modulus. The experimental procedure was conducted 
using the NER Benchtop Velocity system, which measures compressional and shear wave velocities under 
atmospheric conditions using cylindrical cement samples 1.5 inches in diameter and 4 inches in length.

Rheological behavior
After conditioning, rheological measurements were performed using a viscometer to evaluate critical fluid 
properties such as plastic viscosity, yield point, and gel strength. The viscometer determined the shear stress 
at various shear rates (3, 6, 100, 200, and 300 rpm) in ascending and descending sequences, with the results 
averaged to obtain representative values.

Free water
The static stability of the cement under wellbore conditions was assessed by measuring free water content. Free 
water content was evaluated by pouring the slurry into a 250 mL cylindrical flask and allowing it to stand for two 
hours. Any fluid separation was observed to determine the slurry’s static stability during this period. To replicate 
wellbore conditions, the slurry was conditioned and exposed to elevated temperatures for two hours to simulate 
its behavior during circulation and evaluate fluid separation within the sample.

Sedimentation test
The static stability of the cement under wellbore conditions was also evaluated by performing a sedimentation 
test. This test analyzed density variations in cement samples after curing cylindrical specimens for 24 h. The 
density changes were assessed using direct density measurements. To represent density distribution along the 
sample, the cured cement cylinders were sectioned into three parts: top, middle, and bottom. Smaller cement 
cylinders, each measuring 1.5 inches in diameter and 1 inch in length, were cut from these sections to facilitate a 
precise comparison of density variations. The density of the smaller samples was then calculated based on their 
specific gravity, providing insights into the uniformity of the cement.

Result and discussion
Mechanical properties
Firstly, sodium hydroxide (NaOH) was commonly used as the main activator in most geopolymer cement. In 
this part, the effects of several NaOH quantities on the strength properties of lightweight geopolymer cement 
were evaluated. The formulation varied from 15 to 40% by weight of binder (BWOB). In addition, the samples 
were cured and tested in the same conditions. Based on the experimental result in Fig. 2, the sample with a 20% 
alkali activator revealed the optimum compressive and tensile strength. Therefore, the Saudi volcanic scoria-
based cement with 20% NaOH will be used as a benchmark in lightweight geopolymer cement.

The compressive strength of the Saudi volcanic scoria-based geopolymer cement exhibits significant 
variability with changes in NaOH concentration, as depicted in Fig. 2. At the lowest concentration of 15% by 
weight of binder (BWOB), the compressive strength is measured at 435 psi. This value increases dramatically to 
1798 psi at a 20% concentration, marking an increase of 313%. This peak compressive strength at 20% NaOH 
concentration indicates an optimal point for the geopolymerization process, where the alkali activation of the 
Saudi volcanic scoria is most effective. However, as the concentration of NaOH increases beyond 20%, there 
is a noticeable decline in compressive strength. At 25% NaOH, the strength drops to 1189 psi, a decrease of 
34% from the peak value. This trend continues with further increases in NaOH concentration, reaching 1001 
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psi at 30%, 857 psi at 35%, and finally, 725 psi at 40% NaOH concentration. These results suggest that higher 
concentrations of NaOH may lead to an over-activation of the geopolymer matrix, potentially causing structural 
weaknesses or inefficiencies in the binding process.

The tensile strength of the geopolymer cement also shows a peak at the 20% NaOH concentration, mirroring 
the trend observed in compressive strength. Starting at 28 psi for 15% NaOH, the tensile strength increases to 74 
psi at 20%, an increase of 239%. This indicates a strong correlation between compressive and tensile strength at 
this concentration, suggesting an optimal balance in forming the geopolymer network. Subsequent increases in 
NaOH concentration lead to a decline in tensile strength. At 25%, the tensile strength is 57.9 psi, decreasing by 
22% from the peak. The decline continues to 50.8 psi at 30%, 45.3 psi at 35%, and drops to 42.1 psi at 40%. This 
pattern aligns with the hypothesis that excessive NaOH may disrupt the optimal geopolymer matrix formation, 
leading to reduced mechanical properties.

The observed trends in compressive and tensile strengths with varying NaOH concentrations highlight the 
critical role of alkali concentration in the polymerization process of Saudi volcanic scoria-based cement. The 
peak at 20% NaOH concentration for both strength measures suggests this as the optimal concentration for 
achieving maximum mechanical properties in this geopolymer system. This finding is consistent with studies by 
Davidovits (2015)28where the balance between the dissolution of aluminosilicate precursors and the formation 
of geopolymeric gel is crucial for strength development. Moreover, the decline in strengths at higher NaOH 
concentrations could be attributed to the formation of excessive sodium silicate gels that may not contribute 
effectively to the structural integrity of the geopolymer, as suggested by Provis and van Deventer (2009)29. This 
could also be due to the potential for increased porosity or microstructural defects at higher alkali concentrations, 
which is a common observation in geopolymer materials, as discussed by Duxson et al. (2007)30.

Mechanical properties are the assessment tests conducted to investigate the integrity of the wellbore cement. 
Figure  3 examined compressive strength and Young’s modulus to study the mechanical properties of the 
Saudi volcanic scoria-based geopolymer and Portland cement for lightweight wellbore cementing application. 
Practically, higher compressive strength can represent good wellbore stability. However, achieving higher 
compressive strength in shallow formation is not necessary. This is because the cement with high compressive 
strength might cause problems to the wellbore with lower formation pressure. According to Adjei & Elkatatny 
(2021), lightweight cement with 50 psi compressive strength can uphold the casing14. Moreover, lightweight 
cement with a strength ranging from 250 to 1000 psi can be implemented for many shallow-form operations. 
According to Ahmed et al. (2023), cement materials with good elasticity have a lower Young modulus31. The 
lower Young’s modulus shows that the cement is more stable under the shear deformation.

Based on the experimental results, the Saudi volcanic scoria-based geopolymer cement exhibited an 
exceptional result, with excellent compressive strength. For instance, the compressive strength of Portland 
cement was only 1153 psi, while the volcanic scoria-based geopolymer had a very high compressive strength 
of 1798 psi, which is 56% higher than Portland cement. This enhancement in strength can be attributed to the 
unique geopolymerization process where volcanic scoria, rich in aluminosilicate, undergoes alkali activation, 
forming a robust three-dimensional network of Si-O-Al bonds, as discussed by Davidovits (2015)28.

Moreover, Young’s modulus, a measure of the material’s stiffness, also shows a marked difference between the 
two types of cement. For example, the Saudi volcanic scoria-based geopolymer cement was more stable during 
the shear deformation, as represented by its lower Young’s modulus than the Portland cement. For example, 

Fig. 2.  Compressive and tensile strengths of Saudi volcanic scoria-based geopolymer in different NaOH 
percentages.
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volcanic scoria-based geopolymer showed a Young’s modulus of 1.82 GPa, 47% lower than that of Portland 
cement (3.38 GPa).

The enhanced mechanical properties of the volcanic scoria-based geopolymer cement over Portland cement 
indicate its potential superiority in wellbore applications requiring high strength and stability under stresses. 
The significant improvement in the mechanical properties suggests that this geopolymer could be particularly 
advantageous in wellbore cementing, where durability and resistance to deformation are critical.

Rheological properties
Rheological properties are essential parameters that govern the workability and pumpability of cement slurries. 
These properties play a key role in improving the durability of the cement and ensuring effective zonal isolation 
within the wellbore. The design of the rheological behavior of cement slurries must be tailored to the specific 
wellbore conditions to achieve optimal performance. Furthermore, a properly designed cement slurry should 
facilitate efficient mud removal, ensure proper slurry placement, and form an impermeable barrier for enhanced 
well integrity32,33. Yield point and viscosity are crucial for assessing the workability and ease of handling of 
slurry during cementing processes, particularly in applications involving pumping. Yield point represents 
the minimum force needed to start the flow of cement slurry, whereas plastic viscosity indicates the slurry’s 
resistance to flow once movement has begun34.

The Bingham plastic model evaluated the rheological properties of volcanic scoria-based lightweight 
geopolymer cement. To perform a comprehensive analysis, the rheological behavior of the geopolymer slurry 
was compared in various activator percentages, as illustrated in Fig. 4. Experimental results revealed several 
significant findings.

The addition of excess sodium hydroxide powder can significantly reduce the pumpability and workability 
of geopolymer slurry. This is proved by the sample containing an additional 40% sodium hydroxide, which 

Fig. 4.  Rheological properties of Saudi volcanic scoria-based geopolymer cement in various NaOH 
percentages.

 

Fig. 3.  Mechanical properties of Saudi volcanic scoria-based geopolymer cement and Portland cement.
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exhibited a 256% increase in viscosity compared to the 15% NaOH-based sample. Conversely, the yield point 
of the samples decreased with higher percentages of activator. Among the tested formulations, adding 15% 
NaOH notably enhanced the yield point of the slurry. Similarly, incorporating lower concentrations of sodium 
hydroxide positively influenced the gel strength of the geopolymer slurry. The sample with 15% additional NaOH 
demonstrated the most optimal gel strength at 10 s and 10 min conditions. In contrast, the lowest gel strength 
was observed in the sample containing 35% NaOH. These findings suggest that the rheological properties of 
geopolymer cement can be improved by reducing the amount of sodium hydroxide as an activator.

Although the 15% NaOH-based sample achieved better performance than the benchmark sample, the 20% 
NaOH-based geopolymer cement exhibited an acceptable result when compared to the Portland cement, as 
illustrated in Fig. 5. Experimental results revealed several significant findings. Despite the plastic viscosity of the 
geopolymer slurry being approximately higher than that of Portland cement, the geopolymer cement exhibited 
good pumpability.

The yield point of Saudi volcanic scoria-based geopolymer cement is significantly higher at 28 lb/100 ft² 
compared to Portland cement’s 10 lb/100 ft². This represents a 180% increase in the yield point of Saudi volcanic 
scoria-based geopolymer cement relative to Portland cement. A higher yield point indicates that Saudi volcanic 
scoria-based geopolymer cement possesses greater resistance to initial flow under static conditions, which can 
enhance its capacity to suspend solid particles, such as aggregates or additives, in the mixture. This behavior is 
advantageous in applications where sedimentation prevention is critical.

The gel strength of Saudi volcanic scoria-based geopolymer cement is also notably higher than that of Portland 
cement. The 10-second gel strength for Saudi volcanic scoria-based geopolymer cement is 27 lb/100 ft², while 
Portland cement shows only 9 lb/100 ft², representing a 200% increase. Similarly, the 10-minute gel strength is 
48 lb/100 ft² for Saudi volcanic scoria-based geopolymer cement, compared to 11 lb/100 ft² for Portland cement, 
which is a 336% increase. This significant enhancement in gel strength demonstrates that Saudi volcanic scoria-
based geopolymer cement exhibits superior gelation properties, forming stronger gel structures over time and 
enhancing resistance to particle settling in static conditions. This characteristic improves the ability to control 
fluid migration and resist gas intrusion in cementing operations.

Free water
Referring to the API RP 10B-2 standard, this test aims to determine the stability of the wellbore cement in static 
conditions35. This experiment started by investigating the free water of geopolymer cement in different NaOH 
compositions, as presented in Fig. 6. It shows that all geopolymer samples exhibited lower free water by obtaining 
a free fluid of less than 1 ml. The sample activated with 30% obtained the lowest free water after being cured at 
50ºC for 2 h by 0.3 ml, while the highest free fluid was exhibited by the 40% NaOH-based sample with 0.7 ml.

In comparison to the benchmarked sample, the 20% NaOH-based sample shows a higher free water content 
than the 30% NaOH-based sample. It is proved by the free fluid of the benchmarked sample, which exhibited 0.5 
ml, 66% higher than the lowest one. However, the 20% NaOH-based geopolymer cement exhibited good stability 
when compared against Portland cement, as presented in Fig. 7. The free water of Portland cement has been 
increased significantly by reached the value of 12 ml, which means 2300% increased than geopolymer cement. 

Fig. 5.  Rheological properties of Saudi volcanic scoria-based geopolymer cement and Portland cement.
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This test highlights significant difference in water retention characteristics. Free water is not chemically bound 
or absorbed during cementitious materials’ hydration or activation process.

This vast difference in free water content can be attributed to the fundamental differences in the two cement 
types’ hydration and chemical reaction mechanisms. Portland cement undergoes a hydration process in which 
water is consumed to form calcium silicate hydrate (C-S-H) and other byproducts. However, excess water 
remains unbound and contributes to the free water content. In contrast, Saudi volcanic scoria-based geopolymer 
cement relies on an alkali-activation process that forms a dense, three-dimensional aluminosilicate network. 
This network exhibits reduced porosity and a higher capacity to bind water, thereby minimizing the free water 
content chemically36.

Fig. 7.  Free water test of the Saudi volcanic scoria-based geopolymer (a) and Portland cement (b).

 

Fig. 6.  Free water test of geopolymer cement in various NaOH percentages.
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The low free water content of Saudi volcanic scoria-based geopolymer cement has practical implications for 
its performance characteristics. Reduced free water content enhances the material’s durability and resistance to 
cracking, shrinkage, and water-related degradation. Additionally, it contributes to lower permeability, which is a 
desirable property for wellbore cementing applications28. In contrast, the higher free water content in Portland 
cement can increase porosity, adversely affecting long-term durability and mechanical performance.

Sedimentation test
The sedimentation test also aims to determine the stability of the wellbore cement in static conditions. The test 
evaluates the homogeneity and stability of the materials, which are critical for ensuring uniform properties 
and performance in practical applications. This research analyzed the sedimentation of lightweight geopolymer 
cement in various NaOH contents. Figure 8 demonstrates the density variation and density distributions of the 
geopolymer cement in three different sections: top, middle and bottom parts. This experiment was conducted by 
measuring the weight of each section in both dry and wet conditions.

In terms of density variations, the sample activated with 30% NaOH exhibited less segregation by showing a 
density variation of 2.65%. Moreover, the density of this sample in three different sections was measured as 1.64 
g/cm³, 1.69 g/cm³ and 1.68 g/cm³, respectively. The difference between the top and bottom sections was only 
0.04 g/cm³. It indicates that the particle of this geopolymer cement was distributed properly.

Compared to the benchmark sample, the 20% NaOH-based sample exhibited the density variations of 4.44%, 
1.79% higher than the lowest sample. For the density at each section, the benchmarked sample revealed the 
density of the top, middle and bottom samples at 1.58 g/cm³, 1.64 g/cm³, and 1.66 g/cm³, respectively. The 
variation of the top and bottom samples was higher than the previous one by reaching 0.08 g/cm³. Despite 
exhibiting higher density variation and distribution, the benchmarked geopolymer cement achieved better 
performance than Portland cement. As presented by Fig. 9, the traditional cement sample exhibited densities 
of 1.53 g/cm³, 1.58 g/cm³, and 1.61 g/cm³ for the top, middle, and bottom sections, respectively. The density 
variation in this case was slightly higher, with a difference of 0.08 g/cm³ between the top and bottom sections, 
corresponding to a density variation of 5.1%.

When comparing the overall density variation, the Saudi volcanic scoria-based geopolymer cement 
demonstrated 14% less variation than Portland cement, which suggests improved stability and reduced 
sedimentation within the geopolymer matrix. This reduced variation in geopolymer cement can be attributed to 
its dense aluminosilicate network formed during the alkali-activation process, which limits particle segregation 
and enhances structural homogeneity36. However, Portland cement relies on hydration reactions, which may 
result in greater sedimentation due to particle size and density differences. The average density across all sections 
for geopolymer cement is 1.63 g/cm³, which is slightly higher than the average of 1.57 g/cm³ for Portland cement. 
This 3.82% increase in average density indicates that geopolymer cement has a denser matrix overall, which 
could translate to better mechanical performance and durability in practical applications.

The lower density variation in Saudi volcanic scoria-based geopolymer cement suggests enhanced uniformity, 
a critical property for lightweight materials. Reduced variation minimizes the potential for weak points caused 
by segregation, leading to improved mechanical strength and resistance to cracking. Nevertheless, the higher 

Fig. 8.  Sedimentation test for geopolymer cement in different NaOH content.
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density variation observed in Portland cement could lead to uneven performance. This phenomenon is likely 
caused by the higher water content and slower hydration process of Portland cement, which allows for greater 
particle movement and sedimentation during setting28.

Conclusions
This study successfully developed Saudi volcanic scoria as a primary binder in lightweight geopolymer cement. 
By applying the one-part method, the sodium hydroxide (NaOH) was assessed as the main activator in different 
percentages to achieve the optimum performance of geopolymer cement. Compared with traditional Portland 
cement, the mechanical properties, rheological behavior, free water, and sedimentation of geopolymer cement 
showed promising results. Some key findings are presented in the points below:

•	 The 20% of NaOH can contribute to the highest compressive and tensile strength of the volcanic scoria-based 
lightweight geopolymer cement among the other percentages.

•	 Compared to the neat Portland cement, the geopolymer cement exhibited excellent compressive strength and 
Young’s modulus.

•	 The rheological properties of both samples revealed an appropriate result. Even though the plastic viscosity 
was higher than Portland cement, the yield point and gel strength of geopolymer cement were better than 
Portland cement, meaning that geopolymer cement has better particle transport and is more resistant in static 
conditions.

•	 The cement stability of geopolymer cement was exhibited more by showing that the free water and density 
variation of geopolymer cement were lower than Portland cement.

These findings underscore the potential advantages of Saudi volcanic scoria-based geopolymer as a sustainable 
alternative to Portland cement in wellbore operations. The development of this green cement using an 
unconventional method not only offers better performance characteristics but also aligns with the broader goal 
of reducing environmental impacts associated with cement production. This study serves as an initial step toward 
the adoption and commercialization of Saudi volcanic scoria in geopolymer-based wellbore cement applications. 
However, further analysis is required to optimize the formulation for lightweight green cement, particularly for 
use in shallow formations.

Data availability
Due to data privacy, supporting data cannot be made openly available. Contact the corresponding author for 
further information about the data and conditions for access.
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