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This study examines the use of low-value rice husk ash as a stabilizer to optimize the mechanical 
performance and strength of compressed earth blocks made with local soil from the Cauquenes 
Province, Chile. The use of locally sourced earth construction materials in Chile is limited by their 
lower compressive strength compared to conventional fired bricks, along with the demanding 
seismic conditions of the region. To address these limitations, this study details the methodology for 
collecting, preparing, and mixing raw materials to manufacture compressed earth blocks, compacted 
under 10 MPa using a novel cylindrical polylactic acid mold designed for miniaturized samples. 
Fourteen different samples representing nine mixtures of rice husk ash and soil were evaluated using 
an optimized experimental design. The resulting mechanical properties, including fracture analysis 
correlated with performance, were assessed through statistical analysis to determine the significance 
of the optimum mix and the observed trends in strength, modulus of elasticity, yield strength, and 
associated plastic work. The maximum compressive strength achieved was 3.3 MPa. Notably, the 
optimum mix of rice husk ash-stabilized compressed earth blocks exhibited a 60% increase in strength 
compared to pure soil compressed earth blocks, demonstrating the potential of rice husk ash as a 
cement substitute.
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 The increase in the world’s population and the consequent need for urbanization and infrastructure development 
are driving increased demand for cement and concrete. The production of cement is a major contributor to 
global greenhouse gas emissions, accounting for approximately 8% of total carbon dioxide (CO2) emissions 
according to the United Nations Environment Programme1. This, in turn, increases the pressure to accelerate 
action to reduce the carbon footprint generated by the construction sector. The direct CO2emissions of cement 
are expected to increase by 4% globally by 2050, whereas cement production is expected to increase by 12% 
during the same period2. For this reason, in addition to taking measures to mitigate carbon emissions and 
improve energy efficiency in cement production, alternative sustainable materials in the sector are urgently 
needed3.

Among the available options for implementing cleaner and more advanced technologies in construction and 
significantly contributing to climate change, the development of compressed earth blocks (CEBs) incorporating 
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different agroindustrial wastes has shown great potential. CEBs are composite materials made mainly of a 
mixture of soil and a small amount of water. These blocks are formed by compacting this mixture using manual 
or mechanical presses, resulting in solid or hollow rectangular prisms. Dimensions vary depending on the 
applicable standards, manufacturer or project specifications3.

Researchers have studied the incorporation of various additives to improve the performance of CEBs3–9. These 
additives can be grouped into two main categories: reinforcements and stabilizers. Reinforcements typically 
consist of natural or synthetic fibers, such as kenaf or polypropylene, which improve the tensile and cracking 
strength of the block. Stabilizers, or binders, are added to improve the overall strength and durability of the CEB. 
They can include ground materials, powders or ashes derived from organic or industrial by-products, such as 
ground olive dust, by-product ashes, lime and cement. An optimal combination of reinforcements and stabilizers 
can significantly improve the mechanical strength and performance of CEBs3. Researchers have explored various 
soil stabilization applications, emphasizing the importance of adopting environmentally sustainable alternatives 
to conventional cement-based stabilizers, such as fly ash (FA)-based geopolymers, to improve soil performance. 
Turkane and Chouksey (2022) identified 25% FA as optimal for improving soil strength and reducing shrinkage 
and subsidence behavior in flexible pavements10. In another study, they found that 20–30% FA effectively 
stabilizes low-plasticity soils while minimizing landfill waste and environmental impact11.

Sustainable construction materials and the revalorization of agricultural waste have shown promising results 
in recent years as viable approaches for addressing the Sustainable Development Goals of the United Nations. 
The production of cement, known as a major contributor to global greenhouse gas emissions, has motivated 
researchers to explore alternative stabilizers12,13. Chile produces approximately 30,000 tons of rice husk per 
year14. Rice husk represents about 20% of the volume of rice with husk. Rice husk ash (RHA), resulting from the 
combustion of rice husks, represents about 15–25% of the weight of rice husks15. This represents an estimated 
annual production of 4,500 to 7,500 tons of RHA in Chile. This abundant agricultural byproduct currently has 
limited economic use within the country16.

In addition, compressed earth blocks, an ancient construction technique, have gained renewed interest 
because of their potential for reduced environmental impact compared with energy-intensive materials such 
as concrete and fired bricks17. However, compressed earth blocks often exhibit lower compressive strength than 
conventional construction materials, limiting their wider adoption in the construction industry.

To address the challenge of sustainable development goals and contribute to the growing body of research 
on the pozzolanic efficiency of agroindustrial waste for carbon footprint reduction, this study investigates 
the potential of rice husk ash to enhance the mechanical performance of compressed earth blocks. Common 
stabilizers such as lime and cement are used in compressed stabilized earth blocks (CSEBs), enhancing the 
cohesion of the mixed materials through chemical reactions and producing stronger compounds3. Previous 
studies have demonstrated that partial substitution of cement with supplementary cementitious materials 
such as fly ash18, ground granulated blast-furnace slag (GGBS)19,20, and RHA21can enhance the mechanical 
and durability properties of construction materials, including concrete, mortar, and stabilized soils. While 
much research has focused on the benefits of supplementary cementitious materials in concrete and mortar 
applications20, their effectiveness in soil stabilization has also been well documented10,22–25. The incorporation of 
supplementary cementitious materials in stabilized soils follows similar principles as in cementitious materials, 
where reactive silica interacts with calcium hydroxide to form secondary calcium silicate hydrates (C-S-H), 
improving matrix structure, strength development, and long-term durability23. Specifically, in CEB stabilization, 
supplementary cementitious materials such as RHA and GGBS have been found to enhance particle bonding, 
reduce permeability, and increase compressive strength due to their pozzolanic activity26. However, excessive 
amounts of RHA may negatively impact mechanical properties by reducing density and cohesion in the mixture, 
as observed in previous research on concrete and soil applications3,17,21,22,27–29.

The optimization of compressed earth block performance has primarily focused on evaluating compressive 
strength30–32. However, flexural or bending behavior33–35, including measurements of deformability to determine 
the capability of the material to withstand strains is also commonly assessed. Reporting additional properties such 
as water absorption, erosion resistance, abrasion resistance, drying shrinkage, volume variation, and porosity 
would provide complementary characterization data of CEB but only once the optimal mixture for maximum 
strength using local soils and raw materials has been achieved. The influence of particle size distribution can 
affect the mechanical properties of compressed earth blocks. However, Turco et al. (2024)36found that while 
different bulk densities were achieved using soil particle sizes from 2  mm to 12.5 mm sieves, there was no 
significant difference in the mechanical strength of the compressed blocks. This suggests that the particle size 
distribution may not be the primary factor influencing the mechanical performance of CEB. Therefore, the 
current research focuses particularly on investigating the optimal mixture proportions of soil and rice husk 
ash for CEB based on their compressive loading response, as this is a crucial parameter for their structural 
performance and building code compliance4,31,37,38.

Rice husk ash is considered a waste material that can be effectively utilized in various applications. It can be 
used as a supplementary cementitious material, a source of silica for ceramic production, and a soil stabilizer for 
compressed earth blocks to enhance their mechanical performance39,40. Beyond these uses, other ashes can also 
be employed as a pozzolanic additive40, in concrete to improve durability, as a filler in polymer-based composites 
to enhance mechanical properties, and as a raw material for the synthesis of advanced materials like zeolites and 
silica-based catalysts. Research has shown that valorized materials, such as rice husk ash, when incorporated 
as a soil stabilizer, can significantly improve the compressive strength of compressed earth blocks41. For the 
construction of masonry facing, superior performance in terms of strength and durability has been reported42. 
The compressive strength achieved by a CEB stabilized with 12 wt% of calcium carbide residue (CCR) using an 8 
wt% of RHA was 6 MPa. 36% higher strength compared to the 4.42 MPa reached by a similar CSEB without RHA, 
leading a similar strength (6.2 MPa) reached by a CEB only stabilized with cement content of 8% by weight42. 
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These results provide some evidence on the performance of CEB incorporating RHA, however, different mixture 
proportions with local and different soils should be investigated to evaluate their effectiveness and to determine 
the optimal amount of locally sourced rice husk ash content for the highest load-bearing capacity of CEB.

This study investigated the use of industrial rice husk ash residue as a stabilizer for compressed earth blocks 
manufactured with local soil from Cauquenes Province, Chile. The primary focus of the research is to address the 
mechanical performance and strength characteristics of the resulting construction material. A key contribution 
of this work lies in optimizing these properties to enhance the feasibility of using compressed earth blocks in 
construction. The industrial or local production of compressed earth blocks in Chile is still limited because of 
their relatively low compressive strength compared with that of conventional fired clay bricks, as well as the 
harsh seismic conditions prevalent in the region. This reduced mechanical performance has been a significant 
barrier to the wider adoption of this sustainable construction material in the country.

A new laboratory method was developed to efficiently investigate different CEB compositions. This method 
utilizes smaller-scale specimens produced with a 3D-printed43polylactic acid mold, significantly reducing 
raw material usage, energy consumption, and production time44. The polylactic acid (PLA) mold, designed 
according to Chilean standard NCh 1017. EOf 7545, was validated for strength and optimized topologically 
using CAD and CAE software46,47. This approach enables efficient analysis of various mixtures by optimizing 
the manufacturing process while adhering to compression strength testing standards. The use of the PLA mold 
under 10 MPa compaction pressure has proven feasible and viable for CEB sampling production. Fourteen 
miniaturized CEB specimens, fabricated with these eco-friendly molds and a reduced experimental design, 
were tested under uniaxial compression to determine the influence of RHA content on strength, elastic limit, 
and elasticity modulus. Statistical analysis of the results revealed trends in mechanical responses, correlated 
with observed fracture behavior and RHA content, providing valuable insights into the compressive behavior 
of miniaturized CEBs and informing the optimal use of RHA as a stabilizer in sustainable CEB construction.

 The paper is divided into 4 main sections. Section 2 describes the raw materials, manufacturing methods, and 
testing protocols for the mechanical characterization of the proposed miniaturized samples. Section 3 presents 
the experimental mechanical results in terms of the maximum strength, modulus of elasticity, elastic limit and 
associated plastic work. A statistical analysis of the observed experimental trends of the responses of compressed 
earth block samples manufactured with different proportions of rice husk ash is also provided in Sect. 3, and the 
overall analysis, conclusions, and perspectives for future work are summarized in Sect. 4.

Materials, manufacturing, and testing methods for compressed earth blocks
Raw materials
Sustainable construction materials minimize environmental impact throughout their lifecycle, from resource 
extraction to disposal, while ensuring the continuous availability of raw materials. This involves using renewable 
or recycled materials, reducing energy consumption during manufacturing and use, maximizing durability 
to minimize replacements, and limiting pollution and greenhouse gas emissions. Sustainable materials also 
prioritize health and well-being by being non-toxic and often contribute to local economies through the use of 
locally sourced resources.

In this research, the compressed earth blocks were manufactured using soil and rice husk ash. Soil was 
collected from a test pit within a small area in Cauquenes Province, Chile. Sieve analysis confirmed acceptable 
grain size, and thorough mixing ensured a homogeneous composition. The region is characterized with 
abundant, underutilized soil – some suitable for limited agriculture and some with no agricultural value48. This 
zone also experiences reduced economic activity49.

The RHA was obtained as bottom ash from a local rice processing facility, without additional pretreatment 
such as controlled calcination. This approach promotes direct reuse, minimizing energy consumption while 
maintaining the naturally available properties of RHA for stabilization.

Table 1presents the geotechnical properties and chemical composition of both materials. The soil, classified 
as sandy clay loam according to the United States Department of Agriculture classification (USDA), exhibits 
low plasticity (Plasticity index, PI = 11%), indicating minimal risk of expansion or contraction due to moisture 
variations. Its chemical composition, determined by X-ray diffraction, reveals a predominance of silica (SiO₂ 
− 56.53%), followed by alumina (Al₂O₃ − 23.49%) and iron oxide (Fe₂O₃ − 9.81%), characteristic of this soil type. 
Minor alkaline compounds (CaO, K₂O, Na₂O) are also present. The RHA chemical composition shows a high 
silica content (76%), with moderate amounts of Al₂O₃, Fe₂O₃, K₂O, and CaO, contributing to its dark grey color. 
The balanced proportions of sand, silt, and clay in the soil contribute to the favorable structural stability and 
load-bearing capacity of the CEBs. The low plasticity index further minimizes cracking or deformation during 
drying due to moisture fluctuations50,51.

The soil preparation for the manufacture of compressed earth blocks follows the methodology proposed by 
Valenzuela et al. (2024)3. This process involves screening the soil to separate and remove any nonsoil materials, 
such as plant roots and hard rocks. The soil lumps are then broken down by crushing, and the soil is sieved with 
an opening size of 0.6 mm (No. 30 ASTM E11) to achieve homogenization. This ensures that the soil is properly 
conditioned for the correct molding and production of compressed earth blocks.

Novel manufacturing process for miniaturized CEB samples
For the manufacture of compressed earth blocks, the raw materials of soil, demineralized water, and rice husk 
ash were combined in varying proportions to assess the stabilizing impact of each CEB mixture. Demineralized 
water was used to minimize interference from dissolved ions, ensuring that observed soil-RHA interactions were 
intrinsic and uncontaminated. This controlled approach, consistent with similar studies like Nshimiyimana et al. 
(2019)52, enhances the accuracy and reliability of the results regarding RHA’s pozzolanic capacity and its impact 
on soil stabilization. A water content of 19% by dry weight (soil + RHA) was used to ensure adequate plasticity 

Scientific Reports |        (2025) 15:14920 3| https://doi.org/10.1038/s41598-025-97963-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and adhesion during compaction. This is consistent with findings from Nshimiyimana et al. (2018)53, who 
reported using approximately 17% water content for dry mixtures, and aligns with values obtained from the drop 
weight test, similar to the work of Hany et al. (2021)17. Studies on pure soil CEBs report optimal water content 
between 14 and 19%: Talibi et al. (2023)54used 14%, Muntohar (2011)39used 19%, and Elahi et al. (2020)27used 
15%. While standards like CRATERRE and UNE 41410:2023 recommend 14% and 12% respectively, Asha et al. 
(2020)41 observed a higher water content (22%) with RHA addition, attributed to increased water absorption, 
supporting the 19% value used in this study.

The appropriate proportions of each raw material were determined based on the ranges reported in the 
literature and the experimental design of the mixtures proposed in this research. The specific proportions used 
for mixing and producing the CEB samples are provided in Table 2. Each mixture is labeled with an identifier 
(M1–M9) for reference in statistical analysis and performance evaluation. The soil replacement content ranges 
in weight between 2.7% and 20%, whereas 100% soil content is used for the two control samples (M3). A total 
of fourteen samples with nine different mixtures were prepared and manufactured separately via the established 
process.

The raw materials were mixed manually in a container for 5 min until a homogeneous mixture was obtained 
and then poured into a cylindrical mold of the CEB samples manufactured with polylactic acid (PLA) via 3D 
printing technology.

The cylindrical mold for the miniature CEB samples was designed based on topological optimization of the 
infill density, providing an efficient material distribution to achieve the maximum strength‒to‒weight ratio46. 
The mold design incorporated a minimum safety factor of 1.5, ensuring structural integrity when applying a 
compaction pressure of 10 MPa. This pressure, reported as high in literature55, was selected based on studies 
indicating standard values between 2 and 10 MPa56–58. While higher pressures generally increase compressive 
strength due to densification6,59,60, this study prioritized sample reproducibility and consistency within 
equipment constraints. Future research could further investigate the effects of compaction pressure on RHA-
modified CEBs, particularly considering feasibility in manual or local production methods.

To apply compaction pressure to the wet raw material mixtures (Fig.  1a) and produce miniature CEB 
samples, the following steps were performed. The mold containing the raw material mixture, separated by two 
small polylactic acid discs, was mounted on a base part and equipped with an upper piston made of a similar 
material (Fig.  1c). This assembly was then placed in an Instron 3369 universal testing machine (Fig.  1b). A 
controlled load of 0.23 kN/s was applied through the tungsten carbide discs of the uniaxial machine. This load 
was transmitted to the piston mold, the upper separation disc, and consequently, the pressure was transmitted 
to the raw material mixture. The load was increased until a maximum of 7.07 kN was reached, corresponding 

Mixture ID Soil (wt%) RHA (wt%) Number of samples Experimental response

M1 85.7 14.3 2

• Compressive strength
• Young Modulus
• Yield stress
• Plastic work

M2 80.0 20.0 2

M3 (control) 100.0 0.0 2

M4 94.4 5.6 3

M5 83.1 16.9 1

M6 97.3 2.7 1

M7 87.9 12.1 1

M8 92.2 7.8 1

M9 90.0 10.0 1

Table 2.  Design matrix of raw material proportions of soil and rice husk ash (RHA).

 

Geotechnical properties of soil
Chemical 
composition (%)

Soil RHA Soil RHA

Gravel (%) 3.0 Na2O 1.38 0.67 Cr2O3 0.03 0.07

Sand (%) 52.3 MgO 1.84 0.77 MnO 0.13 0.35

Silt (%) 22.3 Al2O3 23.49 9.89 Fe2O3 9.81 5.94

Clay (%) 22.4 SiO2 56.53 76.23 ZnO 0.02 0.02

Liquid limit (%) 36.0 P2O5 0.17 0.41 SrO 0.03 0.03

Plastic limit (%) 25.0 SO3 0.05 0.27 ZrO2 0.06 -

Plasticity index (%) 11.0 Cl 0.02 0.14 Nb2O5 0.02 -

Humidity (%) 2.3 K2O 2.23 2.25 BaO 0.08 -

Specific gravity (gr/cm3) 2.59 CaO 2.66 2.20 V2O5 - 0.02

USDA Classification Sandy clay loam TiO2 1.42 0.67 Total 100 100

Table 1.  Geotechnical properties of soil including chemical composition of soil and rice husk ash.
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to an internal compaction pressure of 10 MPa. Owing to the nature of the mixture, air escaped from the upper 
and lower parts of the cylindrical mold, whereas residual water escaped from the interface between the separator 
piece, the internal cylindrical surface of the mold, and the base part designed with water container surfaces. 
To emulate a manual hydraulic press, the displacement of the uniaxial machine discs was stopped once the 
maximum 7.07 kN load for 10 MPa was reached. During a dwell period, the compaction pressure decreased to 
a minimum of 8.5 MPa, and the initial loading rate was then reapplied until 10 MPa of compaction pressure 
was reached again. This process was repeated seven times until the compaction pressure stabilized. Finally, the 
sample was removed from the mold via a specialized piece designed for that purpose (Fig. 1b, stage 3).

The manufacturing process was repeated for the different mixture compositions (Fig.  1d). After 
manufacturing, all miniature CEB samples were placed in sealed polyethylene bags for a 6-day curing period. 
The CEBs were then removed from the bags and allowed to dry at room temperature in the laboratory for 26 
days. The dimensions of the cylindrical samples were 30 mm in diameter and 60 mm in height.

Experimental methods for evaluating the compressive mechanical behavior of CEB samples
The compressed earth block samples obtained from the shape of the cylindrical mold were tested via compressive 
strength tests. The mechanical performance of the samples was evaluated to assess the stabilizing potential of 
rice husk ash in soil-water mixtures. The samples were tested with the same dimensions as those generated 
when the CEB samples were produced with the cylindrical mold. Standardized cylindrical specimens (h/d = 2.0), 
as recommended by ASTM C39, were used for compressive strength testing. This geometry ensures uniform 
stress distribution and minimizes edge effects, leading to more reliable strength measurements compared to 

Fig. 1.  Manufacturing process of miniaturized compressed earth blocks: (a) raw material mixing, (b) uniaxial 
machine, (c) compaction in a cylindrical mold (SolidWorks 2021 Student Edition: ​h​t​t​p​s​:​/​/​w​w​w​.​s​o​l​i​d​w​o​r​k​s​.​c​o​m​
/​p​r​o​d​u​c​t​/​s​t​u​d​e​n​t​s​​​​​)​, and (d) CEB samples with varying soil-RHA compositions.
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prismatic or cubic specimens, which are known to exhibit higher apparent strength due to stress concentrations 
at the corners61. While prismatic specimens may appear more representative of the actual block geometry, the 
standardized cylindrical test provides a more consistent and comparable measure of the material’s inherent 
compressive strength (ASTM D1633-17; ASTM C39/C39M-21). This approach allows for better quality control 
and facilitates comparison with existing literature. The standardized h/d ratio of 2.0, as specified in ASTM C39, 
offers a balance between measurement accuracy and test efficiency.

The tests were carried out in accordance with the ASTM C39 standard using an Instron 3369 universal testing 
machine with a maximum load capacity of 50 kN. The high accuracy of the machine (± 0.5% up to 250 N, 
± 1% from 100 N to 250 N) ensured precise force measurements, minimizing errors in compressive strength 
calculations62.

All the CEB samples were placed centrally between the two steel plates of the Instron machine and loaded 
until the initial failure of the samples was reached. The displacement velocity control for the compression test 
was set at 1 mm/min. The same test procedure was applied as that used in the study conducted by Valenzuela et 
al. (2023)13. The results obtained from this compressive strength test are explained in detail in Sect. 3.

A lack of universally accepted standards is found in building codes for the minimum dry compressive strength 
of compressed earth blocks3. Various standards, such as BIS: 1982, ARSO: 1996, AFNOR: 2001, ICONTEC: 
2004, NMAC, 2016, AENOR, 2008, ASTM E2392, 2016, and IS 1725: 2013, suggest a minimum dry compressive 
strength of 2 MPa for CEBs. However, other standards, such as NMX-C-404-ONNCCE: 2012 and SLS 1382: 
2009, report a minimum strength above 7 MPa.

Postprocessing data from compression experiments
The performance of the compression specimens was determined from the engineering stress-strain curve. 
Load vs. displacement measurements from the uniaxial testing machine were post-processed and appropriately 
corrected using the method proposed by Tuninetti et al. (2020)63. Compressive strength or ultimate stress was 
identified as the maximum strength in the stress-strain curve. Young’s modulus was determined from the initial 
linear portion of the stress-strain curve using a linear regression fit between 0.2 and 0.8 of the initial yield 
point64. The initial yield point was determined using the 0.2% strain offset method and the associated plastic 
work65, defined as the area under the stress-strain curve to the initial yield point minus the reversible energy of 
elastic recovery, was reported.

Ultimate compressive strength is a fundamental parameter for determining the optimal mixture composition. 
The ultimate compressive strength indicates the maximum stress a CEB can withstand before complete failure, 
which is critical for designing safe and reliable wall structures. The modulus of elasticity allows structural 
analysis predictions of walls under various loading conditions to ensure that structures can withstand the 
expected stresses and strains. Finally, the initial yield and associated plastic work indicate the maximum loads 
that the CEB or CEB walls can withstand before internal damage, but not complete failure, occurs. At this stage, 
microcracks may appear and grow until the damage is greater than the degree of block strengthening. The data 
collected from the compression tests were analyzed to determine the effects of the rice husk ash content on the 
mechanical properties.

Statistical analysis of the compressive response
Comparative statistical analysis is applied between a linear model and a quadratic model relating the RHA content 
in CEB to the responses or dependent variables in terms of the ultimate compressive strength, Young’s modulus, 
yield stress and associated plastic work. To evaluate the significance of the linear and quadratic regression 
models on the experimental data, t tests and F tests are applied, and p values are used to draw conclusions about 
the statistical significance of the models. A linear regression model, if significant, allows the determination of a 
global trend between the compressive response of CEB and the ash content, whereas a quadratic model could 
provide an optimal range of ash content for maximum compressive strength.

The formulation of the linear regression model is expressed mathematically according to Eq. (1):

	 y = β 0 + β 1x� (1)

where y is the dependent variable, x is the independent variable, β 0 is the intercept, and β 1 is the slope. 
To determine the significance of the linear regression model, statistical hypothesis tests are performed on the 
significance of the individual model with the coefficient of the linear term ( β 1) and the overall model through 
the p value.

The t test is applied to evaluate the significance of the independent variable (ash content) in predicting the 
dependent variable. The t test for the slope coefficient ( β 1) is expressed as follows:

•	 Null hypothesis ( H0): There is no linear relationship between the x variable and the y variable. Therefore, 
β 1=0.

•	 Alternative hypothesis ( H1): There is a significant linear relationship between the variable x and the variable 
y. Thus, β 1 ̸= 0.

To determine if the linear function obtained from the overall regression model is statistically significant, an F 
test is performed, and the significance F of the overall model is analyzed. The F test is used to evaluate the null 
hypothesis that the coefficients of the regression model are all equal to zero, indicating that the model is not 
significant overall. The hypotheses for the F test are as follows:

•	 Null hypothesis ( H0): The overall regression model is not statistically significant.
•	 Alternative hypothesis ( H1): The overall regression model is statistically significant.
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If the significance F value, which represents the p value for the F test, is less than the chosen significance level 
(in this case, 0.05), then the null hypothesis is rejected. This would indicate that the overall regression model is 
indeed statistically significant and that at least one of the regression coefficients is nonzero. The null hypothesis 
suggests that there is sufficient evidence to conclude that the linear relationship obtained from the overall model 
is statistically significant.

The formulation of the quadratic-type nonlinear fitting model is expressed mathematically according to Eq. 
(2):

	 y = β 0 + β 1x + β 2x2� (2)

With respect to the linear model, this model adds an additional term β 2, which is a coefficient of the quadratic 
term x2. The statistical hypothesis test, t test, and F test are performed again to evaluate the statistical significance 
of the quadratic model via the p value.

The t test is used to evaluate the individual significance by means of the coefficient β 2 of the independent 
variable, presented as follows:

•	 Null hypothesis ( H0): There is no quadratic relationship between the independent variable and the depend-
ent variable. The quadratic term does not improve the model, and the relationship between the variables is 
best modeled with a linear relationship. Therefore, β 2=0.

•	 Alternative hypothesis ( H1): There is a significant quadratic relationship between the independent variable 
and the dependent variable. The quadratic term is significant and improves the model. Hence, β 2 ̸= 0.

To determine if the quadratic relationship obtained from the global model is statistically significant, the F 
test compares the significance of the linear model with that of the quadratic model. In this case, the F test is 
formulated as follows:

•	 Null hypothesis ( H0): The quadratic model does not fit significantly better than the linear model.
•	 Alternative hypothesis ( H1): The overall fitting model is significant as a whole and is better than the linear 

model.

Mechanical performance of CEBs under compressive loading
This section presents the experimental results of strength, elasticity, and yield strength with the associated plastic 
work of compressed earth blocks manufactured with different rice husk ash contents between 0 and 20 wt% 
obtained from compressive loading testing. Fracture behavior is characterized and classified according to failure 
mode and mechanical strength. The experimental trends observed in the responses are also statistically analyzed 
to support the findings. Finally, the optimal mixture of soil with ash that improves the mechanical performance 
and strength characteristics of the resulting sustainable cement-free construction material is identified.

Effect of RHA stabilizers on the stress‒strain response
The mechanical properties of the CEB samples were analyzed through experimental tests of their uniaxial 
compression resistance. The maximum compressive strength (σUlt), yield strength (σe), Young’s modulus (E), and 
associated plastic work (Wp) were determined and compared for the different investigated material compositions. 
Figure 2a shows the stress‒strain behavior determined from mechanical compression tests of the CEB samples 
with different contents. The darker blue curve indicates lower rice husk ash content. Figure 2b and c show the 
characteristic mechanical properties of the samples processed from the curves shown in Fig. 2a. Data points 
from Fig. 2a were extracted and plotted in Fig. 2b (ultimate stress, Young’s modulus) and Fig. 2c (yield stress, 
plastic work per unit volume). Blue markers indicate ultimate stress and yield stress, while red markers represent 
Young’s modulus and plastic work. For 5.6% RHA, three samples were tested; for 0%, 14.3%, and 20% RHA, 
two samples were tested, whereas for 2.7%, 7.8%, 12.1%, and 16.9% RHA, only one sample was tested. Fully 
filled markers denote the first-sample test, unfilled markers the second-sample test, and raster-filled markers the 
third-sample test for a specific mixture formulation given in Table 2. This experimental design (Table 2) ensures 
a representative range of soil-RHA compositions while optimizing resources.

The compressive strength ranges between 1.6 and 3.3 MPa, whereas the elastic modulus is between 72 and 
180 MPa (Fig. 2b). The lowest strength is found for the CEB sample with no rice husk ash content, and the 
maximum values occur for ash contents of 10 and 14.3 wt%. A trend is visible in the results; lower ultimate 
strength values are globally obtained for samples with lower rice husk ash contents. However, the maximum 
content of rice husk ash close to 20 wt% does not yield the maximum strength values. In terms of linear elastic 
behavior, the slope representing the elastic modulus shows a high dispersion of values with no clear correlation 
with the ash content (Fig. 2b).

The control samples without the addition of rice husk ash presented compressive strengths between 1.6 
and 1.9 MPa, which did not meet the minimum requirement of 2 MPa specified by several building codes for 
compressed earth blocks (BIS: 1982, ARSO: 1996, AFNOR: 2001, ICONTEC: 2004, NMAC: 2016, AENOR: 
2008, ASTM E2392: 2016, and IS 1725: 2013). In contrast, all the CEB samples with the addition of rice husk ash 
achieved an acceptable level of compressive strength according to these standards. It is important to note that 
directly translating the compressive strength of cylindrical specimens to rectangular CEB is not accurate due to 
differences in stress distribution and failure mechanisms. A correction factor should be applied to estimate the 
strength of rectangular blocks based on previous studies3. Future work should compare specimens under the 
same conditions for better characterization.
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Samples with 0% RHA exhibit the lowest deformation capacity, failing early at the lowest maximum 
compressive stress. These samples show almost no plastic deformation, indicating brittle behavior. Samples with 
RHA content between 10% and 14.3% by weight demonstrate the highest compressive strength and maximum 
plastic deformation. RHA contents both above and below this range result in decreased peak compressive 
strength and reduced deformation at failure. Furthermore, RHA contents exceeding 14.3% show even less 
plastic deformation compared to those below the optimal range, suggesting increased brittleness at higher RHA 
concentrations (Fig. 2a).

Strength mechanism of soil stabilization with respect to chemical analysis is well reported in the literature. 
The strength mechanism in RHA-stabilized CEBs is primarily governed by pozzolanic reactions and particle 
bonding. The high silica content (76%) in RHA reacts with calcium hydroxide (Ca(OH)₂) from soil minerals 
to form secondary calcium silicate hydrates (C-S-H), enhancing matrix cohesion and compressive strength23. 
The chemical composition of the soil (SiO₂ − 56.53%, Al₂O₃ − 23.49%, Fe₂O₃ − 9.81%) also contributes to the 
stabilization process, as alumina and iron oxides participate in the formation of calcium aluminate hydrates 
(C-A-H), which further strengthen the soil structure22. Additionally, the presence of alkaline oxides (CaO, K₂O, 
Na₂O) in RHA facilitates cation exchange, reducing soil plasticity and improving aggregate interlocking24. This 
effect is particularly relevant for low-plasticity soils, where the interaction between RHA and clay minerals leads 
to increased load-bearing capacity and decreased shrinkage potential25. The chemical reaction between SiO₂ 
and Ca(OH)₂ is time-dependent, meaning that strength development continues over an extended curing period, 
contributing to the long-term durability of the stabilized blocks26.

RHA content significantly affects the yield strength and associated plastic work (Fig. 2c). The results show 
that the optimum RHA content (10–14.3 wt%) provides the best performance with yield stress reaching a 
maximum value of 2.8 MPa indicating higher yield strength and plastic work a maximum value of 0.54 J/mm³, 
indicating higher ductility and energy absorption. The relationship between ultimate compressive strength and 
yield strength is assessed to evaluate the load-bearing capacity and long-term stability of CEBs with varying 
RHA content. The comparative analysis reveals that with increasing RHA content value from 0 to 14.3% by 
weight, an increasing tendency to increase compressive strength and yield stress is observed, suggesting a 
balance between stiffness and ductility, offering superior structural performance by facilitating higher effective 
load distribution capacity. The 14.3 wt% RHA content is considered optimal as it maximizes load distribution 
efficiency and the balance between strength and ductility. A RHA content above 14.3 wt%, both compressive 
strength and yield stress decrease. Yield stress drops from 2.8 MPa (14.3 wt% RHA) to 2 MP (20 wt% RHA), 
while compressive strength declines 0.7 MPa. This indicates that the excess RHA in the CEB mix saturates the 
mix, reducing cohesion, generating cracks instead of reinforcing the matrix and weakening the microstructure 
to the point of generating lower load transfer efficiency.

Fracture modes of CEBs under uniaxial compression
The effects of different rice husk ash contents on the fracture modes of the tested samples under compressive 
loading are shown in Fig. 3. The dashed line in Fig. 3a indicates failure in the samples, which can be divided into 
two main fracture mode groups: single columnar/shear failure and multiple shear failure (local cracks with flake-
shaped failure). These two groups of failures are counted separately and subdivided into three ranges of strength 
and elastic modulus according to the reported experimental values: high, middle and low ranges (Fig. 3b). Low 

Fig. 2.  (a) Uniaxial compressive response of CEBs with different RHA contents. (b) Compressive strength and 
elastic modulus vs. RHA content. (c) Initial yield stress and associated plastic work vs. RHA content.
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to moderate strength counts are associated with single columnar/shear-dominated failure, whereas multiple 
shear failure cracks (flake-shaped failure) correlate with the groups reporting the highest compressive strength 
range. In terms of the elastic modulus, moderate to high values are also related to multiple shear cracks, whereas 
low to moderate Young’s moduli are correlated with a columnar/shear failure mode. Note that only one count 
of samples classified with shear/columnar failure has a high Young’s modulus. However, this sample also shows 
minor zones of multiple cracks (0% RHA sample shown in Fig. 3a). The analysis of failure modes reveals a clear 
correlation between the mechanical properties and the fracture behavior of the CEB samples, where multiple 
shear failure cracks in the samples are associated with a higher strength and elastic modulus, whereas more 
columnar/shear fractures lead to a lower strength and elastic modulus.

Therefore, the variation of RHA content influences the microcracking patterns and internal damage, as shown 
in Fig. 3. For CEB from 10 to 20% RHA, multiple shear failure cracks are observed while for CEB from 0 to 7.8% 
RHA, columnar and simple shear failure are observed. CEB without RHA has a weaker block matrix, resulting 
in a material with low durability, susceptible to stress cracking, with brittle CEB failing at 1.6 MPa compressive 
stress. The positive influence of the addition of RHA to the mix occurs up to a maximum value of 14.3% RHA at 
which a trend towards increased yield strength and associated plastic work is observed. However, when exceeding 
a content of 14.3% by weight of RHA the yield strength and associated plastic work decreases, suggesting that an 
excess of RHA reduces the cohesion of the CEB, which generates brittleness in the CEB, decreasing the ability 
of the material to control internal damage and leading to premature failure with a compressive stress of 2.6 MPa 
(for CEB with 20% RHA) compared to 3.3 MPa for CEB including 14.3% by weight of RHA.

Mapping the trend: RHA content and its effect on CEB mechanical performance
The different linear and quadratic models fitted to the observed compressive response (Fig. 4) of the samples 
in terms of rice husk ash content are presented in Table 3. A statistical analysis is subsequently performed to 
evaluate whether the relationships between the variables are better represented by a quadratic or linear model 
(Table 4). This comparative analysis is carried out by comparing the R2, adjusted R2, t tests, and F tests.

In the quadratic regression of the ultimate stress, the coefficient of determination (R²) obtained is 0.77, while 
in the linear regression, it is 0.58. This means that 77% of the variability in ultimate stress is explained by the 
RHA content in the quadratic model, compared to 58% in the linear model. To further evaluate the models, the 
adjusted R² values were compared. Adjusted R² modifies the R² value by considering the number of predictors in 
the model, providing a more accurate measure of how well the model fits the data by penalizing for the inclusion 
of unnecessary variables. For the linear regression, the adjusted R² is 0.55, while for the quadratic regression it 
is 0.73. These values indicate that the quadratic model not only explains a larger proportion of the variability 
but also does so without overfitting, making it a better fit for the data than the linear model. By analyzing these 
metrics, it is evident that including the quadratic term improves the predictive capability and overall reliability 
of the model.

By means of the significance of the coefficients for the x term of the linear model and for the x2 term of 
the quadratic model, the best fit is verified, also considering the significance of the model as a whole through 
the F test. For the linear regression model, β 1 = 0.0545 indicates a positive slope for the fit curve, and for the 
quadratic regression model, β 2 = −0.0053 indicates a concave curve; therefore, the value of the quadratic 
term x2 is nonzero and is significantly better than the value of the x term. The negative coefficient β₂ in the 

Fig. 3.  Fracture surface type classification of CEBs: (a) columnar and shear fracture types with increasing RHA 
content, (b) stress levels and modulus distribution by failure type.
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quadratic model contributes to a concave-downward curve when modeling the relationship between ultimate 
compressive strength and RHA content. This implies that there is an optimal RHA content for maximizing 
compressive strength. Adding RHA up to this optimal point increases strength, but beyond it, further additions 
of RHA decrease strength. The p-value of 0.011 for β₂ confirms that this quadratic term is statistically significant, 
indicating a genuine nonlinear relationship. Therefore, simply using a linear model (which assumes a constant 
increase in strength with increasing RHA) would be inappropriate. The quadratic fit suggests an optimal RHA 
range around 15 wt%, highlighting the importance of careful ash content selection to avoid diminishing returns 
and potential weakening due to decreased density and cohesion beyond this optimum.

The p value of 0.011 associated with the coefficient β 2 is less than 0.05, which indicates that the quadratic 
term is significant and contributes to the model fit (Table 5). Finally, both models are also compared through the 

Ultimate stress Young modulus Yield stress Plastic work

Lineal model Quadratic model Lineal model Quadratic model Lineal model Quadratic model Lineal model Quadratic model

Multiple R 0.763 0.879 0.121 0.236 0.816 0.884 0.755 0.812

R square 0.582 0.773 0.015 0.056 0.666 0.781 0.571 0.660

Adjusted R square 0.547 0.732 −0.067 −0.116 0.638 0.742 0.535 0.598

Standard error 0.328 0.252 30.9 31.6 0.250 0.211 0.052 0.048

Observations 14 14 14 14 14 14 14 14

Table 4.  Regression statistics of the calibrated models.

 

Independent variable (x) Dependent variable (y1,2,3,4) Linear model Quadratic model

RHA content (wt%)

Ultimate stress (MPa) y = 0.05x + 2.08 y = −0.0053x2 + 0.16x + 1.77
Young’s modulus (MPa) y = −0.53x + 130.82 y = −0.15x2 + 2.51x + 122
Yield stress (MPa) y = 0.05x + 1.86 y = −0.0035x2 + 0.12x + 1.65
Plastic work (J/mm3) y = 0.0085x + 0.34 y = −0.0006x2 + 0.02x + 0.31

Table 3.  Calibrated linear and quadratic regression models of compressive properties in terms of RHA 
content.

 

Fig. 4.  Linear vs. quadratic regression models for compressive response properties of CEBs based on 
stress‒strain data.
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F test (Table 6), and the p value for the linear model is 0.0015, whereas for the quadratic model, the p value is 
0.0003. The F test presents a low p value, so the null hypothesis is rejected (Sect. 2.5). This finding suggests that 
there is a significant quadratic relationship between the dependent variable (ultimate stress) and the independent 
variable (rice husk ash content), confirming that the quadratic model significantly improves the fit compared 
with the linear model. Similar fitting results are achieved with the quadratic model for yield stress and the 

Degrees of freedom Sum of squares Mean square F statistic Significance F

Ultimate strength

Linear model

Regression 1 1.792 1.792 16.702 0.0015

Residual 12 1.288 0.107

Total 13 3.080

Quadratic model

Regression 2 2.381 1.190 18.731 0.0003

Residual 11 0.699 0.064

Total 13 3.080

Young’s modulus

Linear model

Regression 1 170.3 170.3 0.179 0.6801

Residual 12 11450.0 954.2

Total 13 11620.3

Quadratic model

Regression 2 646.7 323.3 0.324 0.7299

Residual 11 10973.7 997.6

Total 13 11620.3

Yield stress

Linear model

Regression 1 1.497 1.497 23.934 0.0004

Residual 12 0.750 0.063

Total 13 2.247

Quadratic model

Regression 2 1.756 0.878 19.652 0.0002

Residual 11 0.491 0.045

Total 13 2.247

Plastic work

Linear model

Regression 1 0.044 0.044 15.953 0.0018

Residual 12 0.033 0.003

Total 13 0.076

Quadratic model

Regression 2 0.050 0.025 10.674 0.0027

Residual 11 0.026 0.002

Total 13 0.076

Table 6.  Analysis of variance was performed on the fitted models to examine the significance of the F statistic.

 

Coefficients Standard error t statistic p-value

Ultimate strength Linear model Intercept 2.0778 0.1555 13.3631 1.446 × 10−8

RHA content 0.0545 0.0133 4.0868 1.508 × 10−3

Quadratic model Intercept 1.7704 0.1566 11.3070 2.139 × 10−7

RHA content 0.1615 0.0366 4.4098 1.046 × 10−3

RHA content squared −0.0053 0.0017 −3.0433 1.118 × 10−2

Young’s modulus Linear model Intercept 130.8201 14.6625 8.9221 1.210 × 10−6

RHA content −0.5313 1.2576 −0.4225 6.801 × 10−1

Quadratic model Intercept 122.0766 19.6184 6.2225 6.506 × 10−5

RHA content 2.5117 4.5877 0.5475 5.950 × 10−1

RHA content squared −0.1514 0.2191 −0.6910 5.039 × 10−1

Yield stress Linear model Intercept 1.8569 0.1187 15.6428 2.403 × 10−9

RHA content 0.0498 0.0102 4.8922 3.708 × 10−4

Quadratic model Intercept 1.6530 0.1313 12.5909 7.087 × 10−8

RHA content 0.1208 0.0307 3.9340 2.336 × 10−3

RHA content squared −0.0035 0.0015 −2.4081 3.473 × 10−2

Plastic work Linear model Intercept 0.3415 0.0248 13.7686 1.031 × 10−8

RHA content 0.0085 0.0021 3.9942 1.780 × 10−3

Quadratic model Intercept 0.3084 0.0302 10.2231 5.928 × 10−7

RHA content 0.0200 0.0071 2.8351 1.622 × 10−2

RHA content squared −0.0006 0.0003 −1.6989 1.174 × 10−1

Table 5.  Statistical analysis of the fitted models, reporting the p values for the model variables.
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associated plastic work. Therefore, a significant quadratic trend of the ultimate and yield stress values and the 
associated plastic work at initial yielding with the variation in the rice husk content is found. In conclusion, the 
F test results strongly support the superior predictive capability of the quadratic model (lower p-value = 0.0003) 
compared to the linear model (p = 0.0015), indicating that the quadratic model explains a significantly greater 
proportion of the variance in the data. This reinforces the conclusion that mechanical responses, particularly 
compressive strength, exhibit a nonlinear relationship with RHA content, characterized by a peak at optimal 
RHA levels, which is better captured by the quadratic model.

The resulting Young’s modulus from compression tests in terms of RHA content follows a different behavior. 
The R2for the linear regression is 0.0146, indicating that the linear model explains only 1.46% of the variability 
in the Young’s modulus, whereas the quadratic model has a higher R2of 0.056 (5.6% of the variability in the 
Young’s modulus). The adjusted R2 for the linear model is −0.067, and the adjusted R2for the quadratic model is 
−0.116, which indicates that both models present low R2 values, and that the inclusion of the quadratic term does 
not improve the model. This makes it more complex, and the fit worsens when a greater number of parameters 
are considered. Therefore, none of the models fit the variability in the Young’s modulus with respect to the rice 
husk ash content. Other factors not considered in this analysis may influence the variability and dispersion 
of the experimentally obtained Young’s modulus results. The statistical significance indicates that the p value 
associated with the coefficient of the quadratic term β 2 = −0.15 is 0.5, and for the coefficient of the linear term 
β 1 = −0.53, the p value is 0.6. Furthermore, the F test for both models indicates high p values (0.68 for the 
linear model and 0.73 for the quadratic model), implying that neither model is significant in its entirety and that 
it cannot effectively explain whether there is a significant relationship between the dependent and independent 
variables. This lack of model fitting of Young’s modulus could be explained due to its more sensitivity nature to 
sample inconsistencies and equipment limitations in measuring displacement than compressive strength. Small 
variations in sample surfaces can lead to inaccurate strain values. In contrast, compressive strength depends solely 
on load measurements and initial geometry, while Young’s modulus depends on both load and displacement. 
Therefore, the error in Young’s modulus measurements is assumed to be higher due to the combined influence 
of these two error sources.

Figure 5 presents the residuals plotted against the independent variable (x) to validate the regression model. 
The residuals are randomly distributed around the red line in the quadratic model, in contrast to the linear 
model, where the residuals are distributed in the form of a specific pattern. No significant difference is observed 
in the residual plots for the Young’s modulus. Furthermore, the absence of a discernible pattern in the residuals 
of the quadratic model reinforces the conclusion that this model accurately captures the relationship between 

Fig. 5.  Residual plots for linear and quadratic adjusted models of CEB compressive properties vs. RHA 
content.
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the rice husk ash content and mechanical properties, thereby providing a reliable framework for predicting the 
performance of compressed earth blocks.

Optimal mixture composition of CEB stabilized with RHA for sustainable construction
The use of ash stabilizers from agro-industrial waste due to their favorable mechanical characteristics has been 
the interest of previous research. Lime and wood ash mixed with 2.5%, 5%, and 7.5% cement were found to be 
effective in improving CSEB properties. The optimal ratios for enhanced compressive strength found by Hwang et 
al. (2018)66were 5% lime with 5% cement, and 5% wood ash. Elahi et al. (2020)27investigated sawdust ash content 
with cement mixtures, finding compressive strength increased by at least 21% compared to non-stabilized CEBs. 
According to Yatawara & Athukorala (2021)67, incorporating 7.5% RHA in clay soil CEBs with a 1:15 ordinary 
Portland cement-to-clay ratio and 20 mL/kg-cement resin adhesive increased compressive strength by 26%, 
reaching 4.06 MPa. In contrast, our study used sandy clay loam soil without additional cementitious binders 
or resin adhesives, achieving a maximum compressive strength of 3.3 MPa at 14.3% RHA, representing a 60% 
increase over control CEBs. The differences in soil type and stabilizers influence strength. Lower RHA content 
(7.5%) combined with OPC and resin enhanced strength in clay-rich soil, whereas in sandy clay loam, a higher 
RHA content (14.3%) was required to optimize strength. These results highlight the importance of soil type in 
determining optimal RHA replacement levels for stabilized CEB.

Building upon these findings, this study focused on RHA as the sole stabilizer to enhance the sustainability of 
CEBs. RHA content varied from 0 to 20 wt% and the optimal content was determined to be 15.1 wt%, yielding 
a predicted compressive strength of 3.0 MPa (using a quadratic model) and a maximum experimental value of 
3.3 MPa. These results comply with several international earth construction standards (BIS: 1982, ARSO: 1996, 
AFNOR: 2001, ICONTEC: 2004, NMAC, 2016, ASTM E2392, 2016, and IS 1725: 2013), supporting RHA as a 
sustainable construction material.

Due to their enhanced ultimate and yield stress, RHA-stabilized CEBs offer significant advantages for 
sustainable construction. These improvements enable RHA-stabilized CEBs to meet international standards 
for load-bearing applications, validating their use as eco-friendly building materials. The enhanced mechanical 
properties translate to improved structural performance, allowing the CEBs to support greater loads and 
broadening their application. Moreover, the increased yield stress enhances safety and durability by providing 
greater resistance to deformation, creating more resilient and lower-maintenance structures. Finally, using RHA 
contributes to resource efficiency by potentially reducing material usage, promotes waste utilization by replacing 
cement, and offers cost-effectiveness due to its local availability and low cost68–71.

Compared to cement-based stabilizers used in CEBs, RHA demonstrates its potential as an environmentally 
preferable stabilizer for sustainable construction. Cement production is a highly energy-intensive process that 
contributes approximately 8% to global anthropogenic CO₂ emissions72. A significant part of these emissions 
originates from clinker production, which requires high temperatures (approximately 1450 °C) and releases CO₂ 
from both fuel combustion and limestone decomposition73. Average CO₂ emissions from cement production 
range from 0.66 to 0.82 kg per kg of cement produced74. In contrast, the production of RHA is produced by 
the combustion process at significantly lower temperatures (500–800 °C), leading to a substantial reduction 
in emissions75. Furthermore, the incorporation of 15% RHA in concrete can reduce total carbon emissions by 
15% while maintaining performance targets, according to Ro et al. (2024)74. In addition to CO₂ reduction, the 
use of RHA as an additional stabilizer mitigates waste disposal issues and improves the circular economy of 
agricultural by-products75. Table 7summarizes a comparative assessment of energy use and emissions between 
cement and RHA-based stabilizers. The results highlight that, although the combustion of RHA requires some 
amount of energy, the overall carbon footprint is still significantly lower than that of cement-based alternatives. 
Furthermore, cement’s reliance on virgin raw materials contrasts with RHA’s reuse of an existing agricultural by-
product, which provides an additional sustainability benefit74,75.

These advantages promote wider adoption of RHA-stabilized CEBs as a more sustainable, durable, 
and economical building material. However, further research is needed to investigate other properties for 
compliance with quality and industrial standards, including water erosion, thermal conductivity, and shrinkage. 
A comprehensive life-cycle assessment and long-term performance testing under various environmental 
conditions (freeze-thaw cycles, humidity variations) are also recommended. Additionally, assessing large-scale 
production feasibility and refining the manufacturing process to enhance efficiency and industrial applicability 
would further support its adoption. The significant environmental impact of cement-based construction 
industry (40% of solid waste77,78, 38% of CO2 emissions3, and 68% higher water consumption compared to other 
industries) further underscores the importance of sustainable alternatives like RHA-stabilized CEBs.

Parameter Cement stabilizer RHA stabilizer References

Production temperature (°C) 1450 500–800 72

CO₂ emissions (kg CO₂/kg) 0.66–0.82 0.3–0.5 76

Energy consumption (MJ/kg) 3.0–5.0 1.5–2.5 74

Raw material type Virgin limestone Agricultural waste (rice husk) 75

Waste reduction potential None High (repurposes waste) 75

Sustainability and resource efficiency High raw material demand Enhances circular economy 74

Table 7.  Comparative assessment of cement vs. RHA stabilizers.
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The findings of our study address several key aspects of sustainability68–71, including the elimination of cement 
through the use of RHA as a stabilizer, which significantly reduces the carbon footprint associated with cement 
production77,78. By utilizing RHA, an agricultural byproduct, the method promotes circular economy principles 
and mitigates waste disposal challenges. The proposed material mixture demonstrates enhanced mechanical 
properties for CEBs, contributing to greater longevity and durability. Additionally, the methodology maximizes 
the use of locally available soil and RHA, reducing reliance on non-renewable materials and supporting large-
scale industrial applications for sustainable construction. While demineralized water was used in this study 
to ensure experimental reliability, practical applications can rely on locally available water sources that meet 
quality standards, further enhancing sustainability and cost-effectiveness. Future research should explore the 
impact of different water sources on RHA-stabilized CEB performance. Although carbon footprint analysis and 
life cycle assessments remain essential for a comprehensive evaluation, they are identified as key areas for future 
exploration.

In addition to evaluating environmental impacts, practical considerations for implementing the curing 
method in field conditions should be considered. The 6-day curing period using sealed polyethylene bags 
employed in this study can realistically be adapted to field practices using simple and cost-effective methods 
common in CEB construction. Typical approaches include covering blocks with polyethylene sheets, damp 
burlap, or other moisture-retaining materials, effectively preventing rapid moisture loss and protecting the 
blocks from wind and direct sunlight. Future research could further investigate sustainable alternatives, such as 
locally sourced or biodegradable films, to enhance eco-friendly curing practices.

The testing method proposed in this study can be adapted for ashes from different sources within the 
sample size limits; however, its effectiveness depends on the specific properties of each ash type, meaning it may 
require modifications rather than being universally applicable. The effectiveness of ash as a stabilizer depends 
on key factors such as chemical composition, fineness, and reactivity, which vary depending on the source and 
processing conditions. In this study, RHA was selected due to its high silica content and pozzolanic properties, 
which contributed to strength development in CEBs. Other ashes, such as fly ash, wood ash, and sugarcane 
bagasse ash, may have different chemical compositions and reactivity levels, which can influence their stabilizing 
performance. To achieve similar performance in CEBs, specific adjustments in mix design (e.g., optimizing the 
ash-to-soil ratio, adjusting water content, or incorporating additional binders such as lime or clay) and processing 
conditions (e.g., finer grinding to increase reactivity, controlled burning temperatures to enhance pozzolanic 
activity, or pre-treatment to remove impurities) may be required. Future research should systematically evaluate 
various ash types under the same experimental conditions to determine their effectiveness in CEB applications. 
Key factors such as amorphous silica content, particle size distribution, and impurity levels should be analyzed 
to establish a broader understanding of how different ashes contribute to strength and durability.

Conclusions
This study investigated the use of agricultural waste material, specifically rice husk ash, as a stabilizer to optimize 
the mechanical performance and strength of compressed earth blocks made with local Chilean soil. The 
feasibility of using rice husk ash as an alternative to cement and lime for stabilizing compressed earth blocks was 
demonstrated. An optimal RHA content between 10% and 14% by weight maximizes both compressive strength 
and plastic deformation in compressed earth blocks. RHA contents outside this range result in decreased 
strength, reduced deformation, and increased brittleness. From the manufacturing and experimental testing, the 
following contributions and findings are highlighted:

•	 A new laboratory mold made of polylactic acid allows efficient evaluation of the compositions of different 
miniaturized CEB cylindrical samples under a compaction pressure of 10 MPa.

•	 The addition of rice husk ash significantly improved the compressive strength of the compressed earth blocks 
compared with that of the control samples without ash. The control CEB samples without ash reported a 
compressive strength of 1.6 MPa and did not meet the minimum compressive strength requirement of 2 MPa 
specified by the building codes.

•	 All the CEB samples with the addition of rice husk ash achieved acceptable strength levels, with maximum 
values ranging from 3.0 to 3.3 MPa for 10 to 14 wt% ash from the total mixture.

•	 Failure mode analysis demonstrated a strong relationship between mechanical properties and fracture behav-
ior in CEB samples. Specimens exhibiting multiple shear failure cracks showed higher strength and elastic 
modulus, whereas those with columnar/shear fractures exhibited reduced strength and stiffness.

The calibrated linear and quadratic regression models describing the relationship between the compressive 
response and rice husk ash content were statistically evaluated to determine whether the data exhibited a linear 
trend or a local optimum in performance. Hypothesis testing was employed to assess the significance of the 
models and identify the most appropriate representation of the observed experimental trends. The following 
conclusions can be drawn from the t tests and F tests:

•	 Both the linear and quadratic models yielded p < 0.05, indicating a significant relationship between the varia-
bles (ultimate stress, yield stress, and plastic work) and the RHA content.

•	 The quadratic model explained approximately 77.3%, 78.1%, and 65.9% of the variability in the ultimate 
stress, yield stress, and associated plastic work, respectively, as a function of RHA content, providing a better 
fit than the linear model.

•	 The quadratic model allowed us to determine an optimal local RHA content of 15.1% for maximum CEB 
strength with the investigated local raw materials.
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•	 The quadratic model suggests an initial increase in the ultimate strength as the RHA content increases, but 
after a certain point, the strength decreases. This could be because although RHA can act as a cementitious 
material, improving the strength up to a certain level, excessive amounts may negatively affect the mechanical 
properties due to a possible decrease in the density and cohesion of the material.

•	 The RHA content did not significantly affect the Young’s modulus of the CEB samples obtained from the 
stress‒strain curves. The variability in this parameter may be due to factors such as dimensional variations in 
the samples and the sensitivity of the equipment used for deformation measurement, considering the rela-
tively low strain levels involved.

This study demonstrated the feasibility of using RHA as a sustainable stabilizer to improve the mechanical 
properties of CEBs. The optimal RHA content between 10% and 14% resulted in a significant 60% compressive 
strength improvement compared to unstabilized CEBs, meeting building code requirements and confirming its 
potential for field applications. However, further research is necessary to address certain limitations. The long-
term durability of RHA-stabilized CEBs under various environmental conditions, including water resistance, 
freeze-thaw cycles, and thermal stability, remains an important area for investigation. Additionally, the variability 
in RHA composition due to differences in processing methods and feedstock may influence its stabilizing 
performance, necessitating further studies. Large-scale production feasibility also requires optimization, 
considering energy consumption, supply chain challenges, and the need for efficient field curing methods. 
Additionally, a comprehensive life-cycle assessment and carbon footprint analysis is required to quantify the 
environmental impact of RHA-stabilized CEBs in comparison to conventional cement-based materials, to 
ensure their long-term sustainability benefits. Furthermore, compliance with building standards and regulatory 
guidelines is essential for the widespread adoption of this material. Future research should systematically 
evaluate these aspects to ensure the practical implementation of RHA-stabilized CEBs in diverse construction 
environments.
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