
Engineering and Technology Journal 42 (11) (2024) 1355-1366   

 

 

Engineering and Technology Journal  
Journal homepage: https://etj.uotechnology.edu.iq 

 
 

 

 

 

 
http://doi.org/10.30684/etj.2024.149978.1754 
Received 19 May 2024; Received in revised form 02 July 2024; Accepted 11 July 2024; Available online 24 August 2024 

2412-0758/University of Technology-Iraq, Baghdad, Iraq  

This is an open access article under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0 

1355 
 

Critical state characteristics of lateritic soils treated with rice husk ash as 

subgrade soil  
 

 

Chibundu Paul Enyinniaa, Ugochukwu Nnatuanya Okonkwo*b , Chidobere David Nwa-Davidb  

aFederal Polytechnic Nekede, Department of Civil Engineering, P.M.B. 1036, Owerri, Imo State. Nigeria. 
bMichael Okpara University of Agriculture Umudike, Civil Engineering Department, P.M.B 7267, Umuahia Abia State. Nigeria. 

*Corresponding author Email: okonkwo.ugochukwu@mouau.edu.ng 

H I G H L I G H T S  
 

A B S T R A C T  

• This study examined critical state 

characteristics of two lateritic soils treated 

with rice husk ash as subgrade soils. 

• Lateritic soils and rice husk ash were 

characterized. 

• California bearing ratio and drained triaxial 

tests were done on treated soils to find critical 

state parameters. 

• The critical state parameters were compared 

with previous values to predict treated soils' 

behavior during deformation. 

 The behavior of subgrade materials plays a pivotal role in determining the 

longevity of transportation infrastructure. More often, interests had been focused 

on the mechanical behavior of treated soils prior to the failure stage, while the 

critical state conditions had received very little attention. This study focused on 

the critical state characteristics of two distinct lateritic soils (Sample 1, non-

plastic and Sample 2, plastic) which were treated with rice husk ash (RHA). The 

chemical composition of the rice husk ash was examined using X-ray 

fluorescence. The two natural soils were characterized, and the X-ray diffraction 

technique was used to identify the soil minerals. The lateritic soils were subjected 

to varying percentages of rice husk ash treatment, which ranged from 0-21% at 

3% intervals. The experiments on treated soils were compaction, California 

bearing ratio (CBR), and shear strength test. For both samples, the maximum dry 

density was reduced while the optimum moisture content increased with the 

addition of RHA from 0-21%. The maximum deviator stress attained values of 

941.8k  N/m2   and 769.06  kN/m2   at the application of 9% and 12% RHA for 

Samples 1 and 2, respectively. The CBR of Sample 1 was reduced by 81% with 

the addition of 21% RHA, while that of Sample 2 increased by 14.22% with the 

addition of 6% rice husk ash. The critical state parameter (M) for Sample 1 

increased by 5.08% at the addition of 9% RHA, while that of Sample 2 increased 

by 13.09% at 12% RHA. The values are in the same range with some granular 

and unsaturated soils. 
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1. Introduction 

Rice is one major staple food worldwide, and its production rate has soared astronomically. The global rice production in 
2020 was estimated at 499.31 million metric tonnes. For every 1kg of rice produced, approximately 0.28 kg of rice husk is 
generated [1]. Consequently, the massive generation of rice husks could pose a potential environmental risk. There should be 
deliberate efforts to utilize the enormous rice husk for beneficial economic uses to guarantee adequate waste handling 
mechanisms. However, the importance of rice husk cannot be overemphasized because it has been used from different 
perspectives that benefit humanity. Rice husk has been a source of fuel for heat [2-4] and electrical energy [5,6]. It has also been 
used for the absorption and removal of contaminants from wastewater [7,8] and as construction materials in different parts of the 
world like Asia [9-12] and Africa [13-15]. In most cases, rice husk ash has shown potentially good qualities as a good construction 
material, such as improving soil's geotechnical and strength characteristics. Rice husk ash is not the only agricultural residue 
utilized for construction work. There have been some other examples, such as palm husk ash [16], palm bunch ash [17], Bagasse 
ash [18-20]  

In the Tropics, it is common to encounter lateritic soils or use them as fill material during construction. Lateritic soils are 
locally available and relatively cheaper than most construction materials. Moreover, lateritic soils are very suitable as 
construction materials for civil engineering projects because they are almost non-swelling. However, they can be very 
problematic in some cases, especially when active clay minerals are present. In such circumstances, removing the problematic 
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soil and replacing it with another lateritic soil from another deposit as fill material might be the best option. Lateritic soils in the 
treated form had been used as subgrade soils [21-23], road pavements [24-26], earth embankments for dams [27,28] or waste 
containment [29-31], foundation soils [32-34] and cement blocks [35-37]. 

A soil's critical state is the soil's condition under stress beyond failure. It is imperative to understand any soil's critical state 
condition. This will enable the Geotechnical Engineer to predict the soil behavior when the maximum stress the soil can bear is 
exceeded. Critical state conditions of soils were commonly useful in studying saturated and unsaturated soils. The behavior of 
drained and undrained conditions of some soils had been effectively evaluated and predicted using critical state parameters of 
the soils by [38]. Discoveries have also shown that the critical state characteristics could play a significant role in the suction of 
overconsolidated soil [39], unsaturated soils [40-42] and soil under coupling stress [43]. Additionally, it was found by the critical 
state concept that soil moisture content and density could influence the mode of failure [44]. Critical state soil mechanics have 
helped describe the deformation of various feeble rocks like chalk, bonded mudrocks, carbonates, sandstones, and sands [45,46]. 
Most efforts in studying critical state characteristics of soils had been commonly concentrated on untreated soils. In the case of 
treated soils, the interests of most researchers are limited to the maximum stress the soil can withstand before failure. The critical 
state characteristics of treated soils have received very little attention. However, few attempts have been made to study the critical 
state conditions of treated soils using a palm kernel shell ash and rubber mixture [47] and [48] respectively.  

The critical state characteristics of soils treated with rice husk ash have never been examined. Therefore, this study focused 
on determining the critical state parameters of lateritic soils (a measure of critical state characteristics) treated with rice husk ash 
as subgrade soil to compare their characteristics with other soils.  

2. Materials and methods 

The lateritic soils used for the investigation in this study were collected with the disturbed sampling method from the Obinze 
lateritic soil deposit with latitude N5°22ꞌ45.34ꞌꞌ and longitude E6°58ꞌ10.45ꞌꞌ which was designated as sample 1, while another 
from Nekede soil deposit on latitude N5°26ꞌ15.20ꞌꞌ and longitude E7°01ꞌ47.30ꞌꞌ designated as sample 2, both located in Owerri 
West Local Government Area of Imo State, Nigeria. The soil mineralogy was identified using the X-ray diffraction technique. 
The tests for characterization of the lateritic soil samples, like the consistency limits, Particle size distributions, and specific 
gravity, were executed in accordance with [49,50] and [51] respectively. The rice husk was collected from a rice mill in Abakiliki 
Local Government  Area in Ebony State, Nigeria. The rice husk was incinerated to ash under controlled combustion in a furnace 
at the temperature of 60 ℃ and then sieved through a 0.075mm sieve. The chemical composition of the rice husk ash was 
determined using the X-ray fluorescence technique. The photograph of the rice husk ash is shown in Plate 1. 

 

Plate 1: Photograph of rice husk ash 

The soil samples were treated with rice husk ash (RHA) from 0-21% at 3% intervals by weight of the dry soil. A compaction 

test was conducted on the treated soil samples to determine the optimum moisture content for each dosage. The British Standard 

Light was used for the compaction test in which 27 blows were given to each of the 3 layers by a 2.5 kg rammer. The optimum 

moisture contents obtained were used to prepare the samples for California Bearing Ratio (CBR) and the drained triaxial test by 

mixing the given dosages of rice husk ash with the lateritic soil and then adding the pre-determined optimum moisture content. 

The CBR specimens were prepared unsoaked using compaction energy equivalent to the British Standard Light, in which three 

layers of the soil sample were placed in the mold, and 2.5 kg rammer was used to give 62 blows evenly on each layer. The critical 

state characteristics of the soil samples were evaluated using a consolidated drained triaxial test to measure the critical state 

parameters of the soil at different percentages of rice husk ash. 

Equations 1 through 3 present the relevant equations for the critical state parameters [52], and the description of the functions 

in the equations are in the list of notations 

 ρ′ = T − U   (1) 

  v = Γ −  λ lnρ′     (2) 

  q = Mρ′          (3) 

The critical state parameters were computed by plotting the Critical State Line (CSL). The slopes of the curves and the 

intercept on the Y-axis were obtained as required to represent the critical state parameters.  

3. Results and discussion 

This section presented the results obtained in this study and also the discussions that supported the results. The results were 

presented in tables and figures in the following sub-sections.  
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3.1 Characterization of soil samples 

Table 1 presents the index properties, soil classifications, specific gravity, consistency limits, and particle size analysis for 

both lateritic soils. The specific gravity of samples 1 and 2 were 2.55 and 2.49, respectively. For most soils, the specific gravity 

falls between 2.65-2.8 [53]. However, the values of specific gravity of the soils slightly fell below the range, which could have 

resulted from high organic content. The liquid and plastic limits of sample 1 could not be determined because the soil was 

observed to be non-plastic, making it difficult to roll or mold.The fine portion of the soil is predominantly silty and lacks adequate 

clay mineral content to enhance soil plasticity.Top of Form Sample 2 has a liquid limit of 33.1% and a plasticity index of 18.3%. 

The particle size analysis results show that both samples' percentage of passing Sieve Number 4 was approximately 100%. Still, 

sample 2 has a higher percentage of fines because it is 25.74% finer than sieve Number 200 (0.075mm) compared to sample 1, 

which is 12.83% finer.  

These index properties and particle size distribution were crucial in classifying the soil samples. [54] grouped soil samples 

1 and 2 to be among A-3 and A-2-6 soils, respectively. Also, [55] classified sample 1 as silty-sand (SM) while sample 2 was 

clayey-sand (SC) of low plastic clay. The [54] rated the quality of the soil groups for road construction works according to the 

soils’ consistency indices and particle size distribution. Moving from the left to the right of the [54] indicates a continual 

reduction in soil quality. Soil samples 1 and 2 are found to be more to the left-hand side of the table. This showed that the two 

soil samples are suitable for road construction work from the point-of-view of consistency limits and particle size distribution. 

Figures 1 and 2 show the X-ray diffraction patterns of soil samples 1 and 2. Quartz and orthoclase are commonly occurring non-

clay minerals found in Sample 1 up to 83%, and the non-clay minerals are virtually inert to the presence of water. The clay 

mineral content was just 17% of the overall mineral content, which is not enough to cause the soil to be plastic, confirming the 

soil's non-plastic nature. On the other hand, Sample 2 contains a higher proportion of clay minerals like kaolinite, muscovite, 

illite, and vermiculite, up to 42.2%. The clay mineral structures change as the moisture content varies. Clay minerals are 

somewhat active in the presence of water, though to various degrees. Clay minerals have plate-like structures and can absorb 

water molecules to expand depending on the type of bonding between their basic units. The films of water encompassing the soil 

particles and the electrochemical forces interact at the particle-water interface [56]. The plasticity and consistency indices in soil 

Sample 2 could be attributed to these clay minerals. 

Table 1: Summary of index properties and soil classifications 

 

Figure 1: X-Ray diffraction pattern for soil sample 1 
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1 2.55 NP NP NP 0.001 0.26 0.43 430.0 157.2 99.86 12.83 SM: Silty 

Sand 

A-3 

2 2.49 33.1 14.8 18.3 0.007 0.12 0.14 56.9 4.9 100.0 25.74 SC:Clayey 

Sand 

A-2-6 
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Figure 2: X-Ray diffraction pattern for sample 2 soil 

3.2 Characterization of rice husk ash 

Figure 3 and Table 2 presented the X-ray fluorescence results for the rice husk ash constituents (RHA). The results show 

that RHA contains a very high silica content of about 83.64%. The requirements for materials to be regarded as pozzolanic 

materials have been established by [57], which stipulates that such material must contain a minimum of 70% for SiO2 + Al2O3 

+ Fe2O3 and a maximum value of 4% for SO3. In the results of the constituents of RHA, SiO2 + Al2O3 + Fe2O3 gave a value of 

85.65%, while SO3 had an insignificant value of 0.61%. This confirms that RHA is a good pozzolanic material for civil 

engineering works. 

 

Figure 3: X-Ray fluorescence intensity peaks of rice husk ash 

Table 2: Showing the constituent materials of RHA 

       from X-ray fluorescence 

S/No Constituent Composition (%) 

1 SiO2 83.64 

2 V2O5 0.002 

3 Cr2O3 0.01 

4 MnO 0.33 

5 Fe2O3 1.05 

6 CO3O4 0.003 

7 NiO 0.001 

8 CUO ----- 

9 Mb2O3 0.04 

10 P2O5 5.29 

11 SO3 0.61 

12 CaO 2.61 

13 K2O 3.71 

14 Al2O3 0.92 

15 TiO2 0.14 

16 Ag2O 0.001 

17 Cl 1.529 

18 ZrO2 0.002 

19 SnO2 0.08 
 

3.3 Compaction characteristics of lateritic soils treated with RHA  

The compaction results for the maximum dry density and optimum moisture content are shown in Figures 4 and 5, 

respectively. The results revealed important trends as the rice husk ash content increased from 0-21%, the optimum moisture 

content rose from 8.8-18.7% and 11.5-18.8% for  Samples 1 and 2, respectively, while the maximum dry density dropped from 

2.04–1.63 g/cm3 and 1.97-1.66 g/cm3 for Samples 1 and 2 respectively. The rise in the optimum moisture content with an increase 

in rice husk ash content could be attributed to the expansion of the surface area by the utterly fine ash particles, which necessitated 
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higher moisture content to cover their surface sufficiently. Conversely, the drop in maximum dry density as ash content increased 

was likely due to the inherent lower density of the ash material relative to the soil. This is because as RHA content increases, the 

soil particles are partially replaced by the ash fines in a given volume of treated soil, consequently reducing the density 

continually. Furthermore, in Figures 4 and 5, it is evident from the graphical presentation that the decrease in maximum dry 

density was more pronounced in sample 1 compared to sample 2. This disparity can be attributed to the coarser texture of sample 

1 and the relative fineness of sample 2. Coarse-grained soils attain higher maximum dry densities than finer soils. The more the 

ash replaced the coarser soil particles, the quicker the density drops compared to finer soil. 

 

Figure 4: Variations of maximum dry density with percentage RHA content 

 

Figure 5: Variations of optimum moisture content with percentage RHA content 

3.4 Strength characteristics of lateritic soils treated with RHA  

3.4.1 California bearing ratio test (CBR) 

The relationships of CBR of soil Samples 1 and 2 and RHA contents are presented in Figure 6.The test results for CBR 

reveal distinct patterns for the two samples. Sample 1 showed a decrease in CBR from 49.3-9.37% as the RHA content increased 

from 0-21%, which is contrary to the usual trend [13-15], although best results achieved were when used as admixtures to binders. 

This reduction trend in CBR could result from the inert nature of soil because of the lack of clay minerals, which could have 

supplied the compounds required for a pozzolanic reaction to produce cementitious compounds. Rather, the rice husk ash caused 

a dilution effect, in which the added RHA to lateritic soil reduced the concentration of soil particles and, consequently, the lesser 

the load-bearing particles in terms of resistance to penetration within the soil-ash mixture. Additionally, the alteration in the 

distribution of particle sizes may occur due to the addition of RHA, in which the finer RHA particles potentially fill the voids 
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between soil particles, diminishing the interlocking effect and consequently producing a lower CBR value.In contrast, Sample 2 

initially experienced a slight increment in CBR from 21.44-24.49% as RHA content increased from 0-6%, which was also 

followed by a gradual decrease in CBR from 23.02-18.43% as RHA content increased from 9-21%. The initial rise in CBR value 

was likely because of the high silica content (83.64%), as shown in Table 2, which reacts with calcium compounds in the soil to 

form more hydrated calcium silicate compounds. These hydrated calcium silicate compounds are cementitious, improving the 

soil particles' binding and leading to a higher CBR value. The reduction in CBR for both samples can be attributed to the 

excessive content of RHA. During sample testing, it was also observed that the soil exhibited a low resistant effect to penetration 

at very high RHA content, which may contribute to the lower CBR observed at high ash content in Sample 2. Notably, the 

optimum RHA content for Sample 2 appears to be 6%, as CBR values declined below this threshold.  

 

Figure 6: Variations of CBR with increase in RHA contents 

3.4.1 Shear strength test 

The results of the shear strength characteristics, like maximum deviator stress and residual deviator stress, are presented in 

Figures 7 and 8, respectively. From Figures 7 and 8, the maximum deviator stress increased to a peak value of 941.8 kN/m2 as 

the RHA content increased to about 9% for sample 1 and 769.06 kN/m2 at 12% RHA content for sample 2. Then, it reduced to 

577.2 KN/m2 at 21% RHA content for sample 1 and 634.26 kN/m2 at 21% for sample 2. Sample 1 showed a higher initial value 

of 857.20 kN/m2 at 0% RHA content, and sample 2 gave a 601.42 kN/m2 at 0% RHA content. This could be attributed to the 

higher internal shear resistance of the particles in sample 1 than in sample 2, but the rate of reduction in strength when the 

percentage of RHA was increased was higher in sample 1 than in sample 2. The results for residual deviator stress showed a 

similar trend. The improvement in the deviator strength of the soil could also be attributed to the pozzolanic reactions between 

RHA and the soil's components, which increased the binding effect, as mentioned earlier. This caused the cohesion and, 

ultimately, the shear strength of the treated soil to increase. 

 

Figure 7: Graphs of maximum deviator stress against % RHA content 
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Figure 8: Graphs of residual deviator stress against % RHA content 

3.5 Critical state parameters of untreated and treated soils 

The plots for the critical state lines of the two soils are shown in supplementary file 1-32, and the summary of the critical 

state parameters is also presented in Table 3. From the results, the values of the critical state parameter “M” which is the slope 

of the shear stress-effective stress plots at the critical state of sample 1, increased from1.7427-1.8313 when the RHA content 

increased from 0-9% and then decreased to 1.471 with increased in rice husk ash content up to 21%. Also, the value of ‘M’ for 

sample 2 increased from 1.5228-1.7222 with an increase in rice husk ash content from 0-12% and then decreased to 1.6179 with 

an increase in rice husk ash content up to 21%. The trend of the results for the ‘M’ value for both soils had a similar trend with 

a slight difference, though it was found that sample 1 had higher values of ‘M,’ which ranged from 1.831 to 1.471 compared to 

sample 2, which ranged from 1.72 – 1.522. This difference may be attributed to the texture of the two samples. Sample 1 has a 

lesser content of fines, which will give room for the RHA to fill up the void spaces and have more reaction with the soil particles, 

and this reaction causes a binding effect on the soil particle through its pozzolanic characteristics. Meanwhile, Sample 2, with 

its higher fine content, gives less space for the interaction of the RHA with the soil, yielding a lower value of “M.”    

Table 3: Summary of values critical state parameters of treated soils 

                          λ Γ                          M 

% RHA Content Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 

0 0.001 0.0151 1.2434 1.3097 1.7427 1,528 

3 0.0034 0.0109 1.1999 1.3004 1.6981 1.5912 

6 0.0053 0.0086 1.2621 1.3203 1.7034 1.6217 

9 0.0038 0.0192 1.289 1.4235 1.8313 1.6975 

12 0.0045 0.0134 1.3163 1.4082 1.7484 1.7222 

15 0.0065 0.0222 1.3643 1.4883 1.7097 1.6765 

18 0.0118 0.0191 1.4555 1.4524 1.6963 1.6819 

21 0.0236 0.0152 1.5835 1.481 1.471 1.6179 

 

Comparing the values of the critical state parameters (M) to the values obtained from the previous studies, [42] got M 

between 0.178 and 0.82 for lateritic soil treated with palm kernel husk ash; [58] obtained values around 1.1 for porous sandstones; 

[59] got values between 0.42 and 0.7 for tire-soil mixture; [60] found values around 1.2 for consolidated soil and [61] got values 

between 0.813 and 0.885 for untreated lateritic soil. In view of the preceding, it can be deduced that the values of “M” obtained 

for the two lateritic soils in this study are somewhat higher. However, the “M” values are still in conformity with some previous 

studies like [62] which obtained an “M” value of 2.0 for granular soils that underwent dilation, and [63] that got values of up to 

2.01 for unsaturated soil. These higher values of “M” indicated that the soil becomes stiffer and less compressible due to the 

effects of RHA, including pozzolanic reactions and improved cohesion. [63] suggested that a steeper "M" slope indicates that 

the soil can withstand higher stresses with less volume change. 

The critical state parameters “λ” and “Γ” are the slopes and intercepts of the critical state lines of the specific volume-

effective stress plots, respectively. The critical state parameter “λ” for sample 1 increased from 0.001-0.026, whereas sample 2 

fluctuated from 0.0151-0.0152 as the rice husk ash content increased from 0-21%. The critical state parameter “Γ” for sample 1 

increased from 1.2434-1.5835, and that of sample 2 increased from 1.3097-1.481 with the increase in rice husk ash content from 

0-21%. The increments in the values could result from the pozzolanic reactions between the rice husk ash and soil components, 

which enhanced the shear strength and reduced compressibility. Comparing the two samples, the values of λ and Γ increased as 

the amount of fines (RHA content) increased, and their initial values of the critical state parameters corresponded to the same 

range as that of sand. The trend conforms with [64], where the critical state parameters ( λ and Γ) of sand matrix soil increased 
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with the fine content, which ranged from  0 .062 – 0.160 for λ  and 1.732 to 2.431 for Γ. Other studies like [52],[65,66] all had 

values in the same range with the values of “λ” and “Γ” for sand and sand fine matrix. Therefore, the deformation pattern of the 

lateritic soils treated with rice husk ash under wheel load when used as a subgrade soil would be like that of sand or sand fine 

matrix. 

Never mind that the rice husk ash did not show much significant improvement on some of the strength properties like 

California bearing ratio, and even though there is a decrease in soil sample 1, the slight application of rice husk ash (optimum 

content level) to the two soils especially for subgrade purposes is a good discovery. The California bearing ratio requirement for 

subgrade soils is usually any value above 10-15%. For soil sample 1, the California bearing ratio was more than 49%, while for 

soil sample 2, it was about 21% and increased slightly at the application of a small dosage of rice husk ash. Therefore, the 

addition of a small content of rice husk ash would be beneficial to the two soils because the study showed that the presence of 

rice husk ash improved their critical state characteristics and, therefore, would help the soils to resist deformation in case the 

critical state of the soil is attained under wheel loads to avoid quick development of potholes on the road pavements.    

4. Conclusion  

In conclusion, the study of the critical state of two lateritic soils treated with rice husk ash (RHA) as a subgrade material has 

provided valuable insights into these soils' engineering properties and performance. The key findings and conclusions of this 

study can be summarized as follows: 

 The lateritic soils 1 and 2 were rated silty sand (SM) and Clayey sand (SC) in the Unified Soil Classification System, 

while the AASHTO rating system referred to them as A-3 and A-2-6 respectively. 

 Sample 1 mainly contains non-clay minerals (quartz and orthoclase) with slight clay minerals like kaolinite, chlorite, 

osumilite, garnet, and illite. In contrast, Sample 2 contains substantial amounts of non-clay minerals (quartz and 

orthoclase) and substantial quantities of clay minerals like kaolinite, muscovite, vermiculite, osumilite, garnet, and 

illite. 

 Rice husk ash was also confirmed as a good pozzolanic material. 

 For samples 1 and 2, the maximum dry density was reduced while the optimum moisture content increased with the 

addition of rice husk ash from 0-21%. 

 For sample 1, the California bearing ratio was reduced by 81% at the addition of 21% rice husk ash, while sample 2 

increased by 14.22% at the addition of 6% rice husk ash. 

 The maximum deviator stress attained maximum values of 941.8 kN/m2 and 769.06 kN/m2 when applying 9% and 12% 

rice husk ash for Samples 1 and 2, respectively. 

 The critical state parameter (M) for Sample 1 increased by 5.08% at the addition of 9% rice husk ash, while that of 

Sample 2 increased by 13.09% at 12% rice husk ash, and the values were of the same range with some granular soils 

and unsaturated soils. 

 The critical state parameter (λ) for Sample 1 increased by 96.15%, while that of Sample 2 did not show any significant 

change with the addition of 21% rice husk ash. Also, the critical state parameter (Γ) increased by 27.35% and 13.08% 

with the addition of 21% rice husk ash for Samples 1 and 2, respectively. These values were in the same range as some 

sand and fine sand matrices. 

 This study confirms that the critical state conditions of treated soils are also measurable, like the untreated soils, and 

aids in making informed decisions about subgrade stabilization in road construction projects, leading to more efficient 

and sustainable transportation networks. 

 

List of Notations 

 𝜌′ = Effective stress at a critical state  

 𝑇  = Total stress at critical state (The sum of the confining pressure and the deviator stress) 

 𝑈 = Pore water pressure at a critical state 

 𝑣 = Specific volume at a critical state 

 𝑞 = Shear stress at a critical state  

λ, Γ, and 𝑀 = Constants   (Critical state parameters) 

Acknowledgment  

We sincerely wish to express our gratitude to the Civil Engineering Department of Federal University of Technology Owerri 

for granting us access to their laboratory facilities during this study. 

Author contributions 

Conceptualization, Chibundu Enyinnia and Ugochukwu Okonkwo; data curation, Chibundu Enyinnia.; formal analysis, 

Chibundu Enyinnia.; investigation, Chibundu Enyinnia.; methodology, Chibundu Enyinnia.; project administration, Chibundu 

Enyinnia, resources, Chibundu Enyinnia.;  software, Chibundu Enyinnia.; supervision, Ugochukwu Okonkwo.;  validation, 

Chibundu Enyinnia, Ugochukwu Okonkwo and Chidobere Nwa-David.; visualization, Ugochukwu Okonkwo.; writing—

original draft preparation, Chibundu Enyinnia.; writing—review and editing, Ugochukwu Okonkwo and Chidobere Nwa-David. 

All authors have read and agreed to the published version of the manuscript. 



Chibundu Paul Enyinnia et al. Engineering and Technology Journal 42 (11) (2024) 1355-1366 
 

1363 

 

Funding 

The authors declare that there is no funding information for the study that could affect the manuscript submitted for 

consideration. 

Data availability statement 

The data for this study will be made available on request. 

Conflicts of interest 

The authors declare that there is no conflict of interest. 

References 

[1] S. Tome, V. Shikuku, H. Tanaguelon, S. Akiri, M. Etoh, C. Rüscher, J. Etame , Efficient sequestration of malachite green in 

aqueous solution by laterite-rice husk ash-based alkali-activated materials: parameters and mechanism, Environ .Sci. Pollut. 

Res., 30 (2023) 67278.  https://doi.org/10.1007/s11356-023-27542-9 

[2] M. Anshar, A.S. Abd Kader, F.N. Ani  , The Utilization Potential of Rice Husk as an Alternative Energy Source for Power 

Plants in Indonesia, Adv. Mater. Res., 845 (2013 ) 494-498.  http://dx.doi.org/10.4028/www.scientific.net/AMR.845.494 

[3] H.A.S. Ullah, B. Salam, M.N. Islam, Alternative fuel from pyrolysis of rice husk, 2nd International Conference on 

Mechanical Engineering and Renewable Energy, Chittagong  University of Engineering and Technology, 2013, 13-125. 

[4] Z. Li, E. Jiang, X. Xu, Y. Sun, Z. Wu, The complete utilization of rice husk for production of synthesis gas, RSC Adv., 7 

(2017) 33532-33543 . https://doi.org/10.1039/c7ra04554a 

[5] O. Mohiuddin, A. Mohiuddin, M. Obaidullah, H. Ahmed, S. Asumadu-Sarkodie, Electricity production potential and social 

benefits from rice husk, a case study in Pakistan, Cogent Eng., 3 (2016) 1177156.  

http://dx.doi.org/10.1080/23311916.2016.1177156 

[6] S. Asumadu-Sarkodie, P.A. Owusu, Feasibility of biomass heating system in Middle East Technical University, Northern 

Cyprus Campus, Cogent Eng., 3 (2016) 1134304.  https://doi.org/10.1080/23311916.2015.1134304 

[7] C.Y. Tsai, P.Y. Lin, S.L. Hsieh, R. Kirankumar, A.K. Patel, R.R. Singhania, CD Dong, CW Chen,  Engineered mesoporous 

biochar derived from rice husk for efficient removal of malachite green from wastewaters, Bioresour. Technol., 347 (2022) 

126749.  https://doi.org/10.1016/j.biortech.2022.126749 

[8] T.H. Pham, T.T.H. Chu, D.K. Nguyen, T.K.O. Le, S. Al Obaid, S.A. Alharbi, J. Kim, M.V. Nguyen,  Alginated-modified 

biochar derived from rice husk waste for improvement uptake performance of lead in wastewater, Chemosphere, 307 (2022) 

135956. https://doi.org/10.1016/j.chemosphere.2022.135956 

[9] A.A. Ashango, N.R. Patra, Behavior of expansive soil treated with steel slag, rice husk ash and lime, J. Mater. Civil Eng., 28 

(2016) 06016008. https://doi.org/10.1061/(asce)mt.1943-5533.0001547 

[10] T.R. Karatai, J.W. Kaluli, C. Kabubo, G. Thiong'o, Soil stabilization using rice husk ash and natural lime as an alternative 

to cutting and filling in road construction, J. Constr. Eng. Manag., 143 (2017) 04016127. 

https://doi.org/10.1061/(asce)co.1943-7862.0001235 

[11] M.B. Ahsan, Z. Hossain, Use of rice husk ash (RHA) as a sustainable cementitious material for concrete construction, 

Proceedings of the 1st GeoMEast International Congress and Exhibition, Egypt 2017 on Sustainable Civil Infrastructures, 

2018, 197-210 . http://dx.doi.org/10.1007/978-3-319-61633-9_12 

[12] Y. Liu, C.W. Chang, A. Namdar, Y. She, C.H. Lin, X. Yuan, Q. Yang, Stabilization of expansive soil using cementing 

material from rice husk ash and calcium carbide residue, Constr. Build. Mater., 221 (2019) 1-11. 

https://doi.org/10.1016/j.conbuildmat.2019.05.157  

[13] A.O. Eberemu, H. Sada, Compressibility characteristics of compacted black cotton soil treated with rice husk ash, Jordan J. 

Civ. Eng., 9 (2015) 214-228 

[14] J.E. Sani, P. Yohanna, I.A. Chukwujama, Effects of rice husk ash admixed with treated sisal fibre on properties of lateritic 

soil as a road construction material, J. King Saud Univ. Eng. Sci., 32 (2020) 11-18. 

https://doi.org/10.1016/j.jksues.2018.11.001 

[15] U.N. Okonkwo, E.C. Ekeoma, H.E. Ndem, Exponential logarithmic for strength properties of lateritic soil treated with 

cement and rice husk ash as pavements of low-cost roads, Int. J. Pavement Res. Technol., 16 (2023) 333-342. 

https://doi.org/10.1007/s42947-021-00134-x 

[16] U.N. Okonkwo, Compressibility of lateritic soil strengthened with palm kernel husk ash for sub-grade soil, Electron. J. 

Geotech. Eng., 23 (2018) 249-260. 

https://doi.org/10.1007/s11356-023-27542-9
http://dx.doi.org/10.4028/www.scientific.net/AMR.845.494
https://doi.org/10.1039/c7ra04554a
http://dx.doi.org/10.1080/23311916.2016.1177156
https://doi.org/10.1080/23311916.2015.1134304
https://doi.org/10.1016/j.biortech.2022.126749
https://doi.org/10.1016/j.chemosphere.2022.135956
https://doi.org/10.1061/(asce)mt.1943-5533.0001547
https://doi.org/10.1061/(asce)co.1943-7862.0001235
http://dx.doi.org/10.1007/978-3-319-61633-9_12
https://doi.org/10.1016/j.conbuildmat.2019.05.157
https://doi.org/10.1016/j.jksues.2018.11.001
https://doi.org/10.1007/s42947-021-00134-x


Chibundu Paul Enyinnia et al. Engineering and Technology Journal 42 (11) (2024) 1355-1366 
 

1364 

 

[17] K.C. Onyelowe, Nanosized palm bunch ash (NPBA) stabilization of lateritic soil for construction purposes, Int. J. 

Geotechnical, Eng., 13 (2019) 83-91. https://doi.org/10.1080/19386362.2017.1322797 

[18] U. N. Okonkwo, J. C. Agunwamba, Characterization of bagasse ash and lateritic soil for low-cost road construction in 

Nigeria, Nigerian J. Soil Sci. Res., 12 (2014)  154-159   

[19] U.N. Okonkwo, J.C. Agunwamba  ,  Classical optimization of bagasse ash content in cement-stabilized lateritic soil, Nigerian 

J. Technol., 35 (2016) 481-490. http://dx.doi.org/10.4314/njt.v35i3.3 

[20] A.K. Yadav, K. Gaurav, R. Kishor, S.K. Suman, Stabilization of alluvial soil for subgrade using rice husk ash, sugarcane 

bagasse ash and cow dung ash for rural roads, Int. J. Pavement, Res. Technol., 10 (2017) 254-261.  

https://doi.org/10.1016/j.ijprt.2017.02.001 

[21] O. Onakunle, D.O. Omole, A.S. Ogbiye, Stabilization of lateritic soil from Agbara Nigeria with ceramic waste dust, Cogent 

Eng., 6 (2019) 1-10.  https://doi.org/10.1080/23311916.2019.1710087 

[22] C. Kennedy, U.N. Okonkwo, The effectiveness of residual soil, Orashi River sand and Sombrero River sand as stabilizing 

agents for subgrade soil of highway pavement, Sch. J. Eng. Technol., 11 (2023) 91-107.  

https://doi.org/10.36347/sjet.2023.v11i04.001 

[23] U.N. Okonkwo, C. Kennedy, Effectiveness of cement and lime as stabilizers for subgrade soils with high plasticity and 

swelling potential, Saudi J. Civ. Eng., 7 (2023) 40-60. https://doi.org/10.36348/sjce.2023.v07i03.001 

[24] R.K. Etim, I.C. Attah, P. Yohanna, Experimental study on potential of oyster shell ash in structural strength improvement 

of lateritic soil for road construction, Int. J. Pavement  Res. Technol., 13 (2020) 341-351. https://doi.org/10.1007/s42947-

020-0290-y 

[25] U.N. Okonkwo, E.E. Arinze, S.U. Ubochi, Predictive model for elapsed time between mixing operation and compaction of 

lateritic soil treated with lime and quarry dust for sub-base of low-cost roads, Int. J. Pavement Res. Technol., 15 (2022) 243-

255.  https://doi.org/10.1007/s42947-021-00022-4 

[26] U.N. Okonkwo, E..C Ekeoma, L.O. Eleke,  Polynomial models for predicting time limits for compaction after mixing 

operation of lateritic soil reinforced using cement or lime, J. Civ. Eng. Sci., 14 (2023) 26 – 34.  

https://doi.org/10.33736/jcest.4918.2023 

[27] U.N. Okonkwo, Lateritic soil and calcined kaolin for earth embankments|, Environmental Geotechnics, 4 (2017) 384-389.  

http://dx.doi.org/10.1680/jenge.16.00011 

[28] J.R. Oluremi, S.T. Ijimdiya, A.O. Eberemu, K.J. Osinubi, Reliability evaluation of hydraulic conductivity characteristics of 

waste wood ash treated lateritic soil, Geotech. Geol. Eng., 37 (2019) 533-547. https://doi.org/10.1007/s10706-018-0625-5 

[29] U.N. Okonkwo, E.E. Arinze, E.I. Ugwu,  Lateritic soil treated with polyvinyl and waste powder as a potential material for 

liners and cover in waste containment, J. Solid Waste Manag., 44 (2018) 173-179.  

http://dx.doi.org/10.5276/JSWTM.2018.173 

[30] K.J. Osinubi, A.O. Eberemu, T.S. Ijimdiya, P. Yohanna, Interaction of landfill leachate with compacted lateritic soil treated 

with Bacilllius coagulans using microbial-induced calcite precipitation approach, J. Hazard. Toxic, Radioact. Waste, 24 

(2020) 04019024. http://dx.doi.org/10.1061/(ASCE)HZ.2153-5515.0000465 

[31] R.K. Etim, T.S. Ijimdiya, A.O. Eberemu, K.J. Osinubi,  Compatibility interaction of landfill leachate with lateritic soil bio-

treated with Bacillus Magaterium: criterion for barrier material in municipal solid waste containment, Cleaner Mater., 5 

(2022) 100110.  https://doi.org/10.1016/j.clema.2022.100110 

[32] K. Ishola, T.S. Ijimdiya, P. Yohanna, K.J. Osinubi, Evaluation of shear strength of compacted iron ore tailings treated 

lateritic soil, A J. Eng., 4 (2020) 48-58. https://doi.org/10.61762/pajevol4iss3art8814 

[33] I.I. Obianyo, A.P. Onwualu, A.B.O. Soboyejo, Mechanical behavior of lateritic soil stabilized with bone ash and hydrated 

lime for sustainable building applications, Case Stud. Constr. Mater., 12 (2020)  e00331. 

https://doi.org/10.1016/j.cscm.2020.e00331 

[34] U.N. Okonkwo, C.P. Enyinnia, U.C. Ajah, C.D. Nwa-David, U.N. Tobby, Geotechnical and mineralogical characteristics 

of lateritic soil and locust bean (Parkia Biglobosa) Pod ash as construction soil, J. Civ. Engi. Sci. Technol. University 

Sarawak, Malays., 15 (2024) 78-79. https://doi.org/10.33736/jcest.6076.2024 

[35] A.G .Mimboe, M.T. Abo, J.N.Y. Djobo, S. Tome, Lateritic soil based-compressed earth bricks stabilized with phosphate 

binder, J. Build. Eng., 31 (2020) 101465.  https://doi.org/10.1016/j.jobe.2020.101465 

[36] B.A. Akinyemi, A. Elijah, A. Oluwasegun, D.T. Akpenpuun, The use of red earth, lateritic soils and quarry dust as an 

alternative building material in sandcrete block, Sci. Afr., 7 (2020) e00263. https://doi.org/10.1016/j.sciaf.2020.e00263 

[37] K.E. Ibedu, P.P. Duru, O.O. Akin, E.A. Egwa, Compressive strength and water absorption of cement-locust bean waste ash 

blend for latcrete blocks production, J. Civ. Eng. Constr. Technol., 14 (2023) 6-13. https://doi.org/10.33736/jcest.4362.2023 

https://doi.org/10.1080/19386362.2017.1322797
http://dx.doi.org/10.4314/njt.v35i3.3
https://doi.org/10.1016/j.ijprt.2017.02.001
https://doi.org/10.1080/23311916.2019.1710087
https://doi.org/10.36347/sjet.2023.v11i04.001
https://doi.org/10.36348/sjce.2023.v07i03.001
https://doi.org/10.1007/s42947-020-0290-y
https://doi.org/10.1007/s42947-020-0290-y
https://doi.org/10.1007/s42947-021-00022-4
https://doi.org/10.33736/jcest.4918.2023
http://dx.doi.org/10.1680/jenge.16.00011
https://doi.org/10.1007/s10706-018-0625-5
http://dx.doi.org/10.5276/JSWTM.2018.173
http://dx.doi.org/10.1061/(ASCE)HZ.2153-5515.0000465
https://doi.org/10.1016/j.clema.2022.100110
https://doi.org/10.61762/pajevol4iss3art8814
https://doi.org/10.1016/j.cscm.2020.e00331
https://doi.org/10.33736/jcest.6076.2024
https://doi.org/10.1016/j.jobe.2020.101465
https://doi.org/10.1016/j.sciaf.2020.e00263
https://doi.org/10.33736/jcest.4362.2023


Chibundu Paul Enyinnia et al. Engineering and Technology Journal 42 (11) (2024) 1355-1366 
 

1365 

 

[38] V.T.A. Phan, D.H. Hsiao, P.T.L. Nguyen,  Critical state line and state parameter of sand fines mixtures, Proc. Eng., 142 

(2016) 299-306. https://doi.org/10.1016/j.proeng.2016.02.045 

[39] A.R. Estabragh, A.A. Javadi, Critical state for overconsolidated unsaturated silty soil, Canadian Geotechnical J., 45 (2008) 

408-420. https://doi.org/10.1139/T07-105 

[40] A. Maatouk, S. Leroueil, P. La Rochelle, Yielding and critical state of a collapsible unsaturated silty soil, Geotechnique, 45 

(1995) 465- 477.  https://doi.org/10.1680/geot.1995.45.3.465 

[41] E.J. Murray, V. Sivakumar, Discussion: Critical state parameters for an unsaturated residual sandy soil, Geotechnique, 54 

(2004) 69-71.  https://doi.org/10.1680/geot.2004.54.1.69 

[42] Q. Wang, D. E. Pufahl, D. G. Fredlund,  A Study of Critical State on an Unsaturated Soil, Can. Geotech. J., 39 (2002) 213-

218.  https://doi.org/10.1139/t01-086 

[43] J.F.T. Juca, T.M.P. de Campos, F.A.M. Marinho, unsaturated soils, Proceeding of 3rd International Conference on 

unsaturated Soils, Recife, 3, 2004, 328.  https://doi.org/10.1201/9781003211334 

[44] J.V. Stafford,  An Application of Critical State Soil Mechanics: The Performance of Rigid Tines, J. Agric. Eng. Res., 26 

(1981) 387-401. http://doi.org/10.1016/0021-8634(81)90115-3 

[45] E.H. Rutter, J. Hadizadeh, The influence of porosity on the low-temperature brittle-ductile transition in siliclastic rocks, J. 

Struct. Geol., 13 (1991) 609-614.  https://doi.org/10.1016/0191-8141(91)90047-M 

[46] J. Hadizadeh, R.D. Law, Water-weakening of sandstone and quartzite deformed at various stress and strain rates, Int. J. 

Rock. Mech. Min. Sci., 28 (1991) 431-439.  https://doi.org/10.1016/0148-9062(91)90081-v 

[47] U.N. Okonkwo, Critical state of compacted lateritic soil and palm kernel shells ash for earth embankments, Ground 

Improvement, Proc. Inst. Civ. Eng.,  175 (2022) 97 – 103.  http://dx.d oi.org/10.1680/jgrim.19.00005  

[48] J.C.L. Perez, C.Y. Kwok, K. Senetakis, Micromechanical analyses of the effect of rubber size and content on sand-rubber mixtures at 

the critical state, Geotextiles and Geomembranes, 45 (2017) 81-97. https://doi.org/10.1016/j.geotexmem.2016.11.005 

[49] ASTM D4318-17. Standard test methods for liquid limit, plastic limit and plasticity index. American Society for Testing 

and Materials International, West Conshocken, P A, USA, 2018. https://www.astm.org 

[50] ASTM D6913-04 . Standard test methods for particle-size distribution (gradation) of soils using sieve analysis; American 

Society for Testing and Materials, International, West Conshocken,  P A, USA, 2017. https://www.astm.org 

[51] BS 1377-1 . Methods of test for soils for civil engineering purposes: General requirements and sample preparation; British 

Standard Institute, London, United Kingdom, 2016. 

[52] Atkinson, J. H.  An Introduction to Mechanics of Soils and Foundations; through Critical State Soil Mechanics, McGraw-

Hill International Limited, United Kingdom, 1993. 

[53] Arora, K. R. Soil Mechanics and Foundation Engineering; (Geotechnical Engineering). Standard Publishers Distributors, 

Delhi, India, 2008. 

[54] AASHTO. Standard specifications for transportation, materials and methods of sampling and testing. The New AASHTO 

Green Book, American Association of State Highway and Transportation Officials, Washington DC, USA, 2011.  

[55] ASTM D2487-17. Standard practice for classification of soils for engineering purposes (Unified Soil Classification System); 

American Society for Testing and Materials International, West Conshocken, P A, USA, 2020.  

[56] Mitchell, J.  Soga, K. Fundamentals of Soil Behaviour; 3rd Edition, Wiley, Hoboken, N J, USA. 2005. 

[57] ASTM C618  .Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use as a Mineral 

Admixture in Concrete; American Society for Testing and Materials, International, West Conshocken, P A, US, 2001. 

[58] R.J. Cuss, E.H. Rutter, R.F. Holloway,  The application of critical state soil mechanics to the mechanical behaviour of 

porous sandstones, Int. J. Rock . Mech. Min. Sci., 40 (2003) 847-862. http://dx.doi.org/10.1016/S1365-1609(03)00053-4 

[59] C.H. Liu, J.Y. Wong, Numerical simulations of tire-soil interaction based on critical state soil mechanics, J. Terramech., 33 

(1996) 209-221.  https://doi.org/10.1016/S0022-4898(97)00005-0 

[60] K.L. Dev, R.J. Pillai, R.G. Robinson,  Estimation of critical state parameters from one-dimensional consolidation and triaxial 

compression tests, Indian Geotechnical J., 43 (2013) 229-237.  https://doi.org/10.1007/s40098-013-0063-5 

[61] B.A. Ajayi, H.M. Alhassan, H.Y. Gambo, U. Hassan, Critical state of lateritic soils taken from varied burrow pit depth, 

Curr. Appl. Sci. Technol., 30  ) 2018(1-13. http://dx.doi.org/10.9734/CJAST/2018/43920 

[62]  Y. Xiao, H. Liu, X. Ding, Y. Chen, J. Jiang, W. Zhang, Influence of particle breakage on critical state line of rockfill 

material, Int. J. Geomech., 16 (2015).  https://doi.org/10.1061/(ASCE)GM.1943-5622.0000538 

https://doi.org/10.1016/j.proeng.2016.02.045
https://doi.org/10.1139/T07-105
https://doi.org/10.1680/geot.1995.45.3.465
https://doi.org/10.1680/geot.2004.54.1.69
https://doi.org/10.1139/t01-086
https://doi.org/10.1201/9781003211334
http://doi.org/10.1016/0021-8634(81)90115-3
https://doi.org/10.1016/0191-8141(91)90047-M
https://doi.org/10.1016/0148-9062(91)90081-v
https://doi.org/10.1016/j.geotexmem.2016.11.005
https://www.astm.org/
https://www.astm.org/
http://dx.doi.org/10.1016/S1365-1609(03)00053-4
https://doi.org/10.1016/S0022-4898(97)00005-0
https://doi.org/10.1007/s40098-013-0063-5
http://dx.doi.org/10.9734/CJAST/2018/43920
https://doi.org/10.1061/(ASCE)GM.1943-5622.0000538


Chibundu Paul Enyinnia et al. Engineering and Technology Journal 42 (11) (2024) 1355-1366 
 

1366 

 

[63] Toll D. G. 1990. A framework for unsaturated soil behaviour, Geotechnique, Institution of Civil Engineers, United 

Kingdom, Vol. 40, pp. 31-44. https://doi.org/10.1680/geot.1990.40.1.31 

[64] A. Marto, C..S Tan, A.M. Makhtar, F. Pakir, Effects of fines content on critical state parameters of sand matrix soils, 1st 

International Conference on Science and Technology, AIP Conf. Proc., 1755, 2016, 060001. 

https://doi.org/10.1063/1.4958492 

[65] A. Marto, C.S. Tan, A.M. Makhtar, T. Kung Leong, Critical state of sand matrix soils, Sci. World J., 2014 (2014) 290207.  

https://doi.org/10.1155/2014/290207 

[66] Jefferies, M. Been, K. Soil Liquefaction: A critical state approach, CRC Press, London, 2006.     

https://doi.org/10.4324/9780203301968  

 

https://doi.org/10.1680/geot.1990.40.1.31
https://doi.org/10.1063/1.4958492
https://doi.org/10.1155/2014/290207
https://doi.org/10.4324/9780203301968

