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Introduction
In most civil engineering construction projects, it is very usual that the local subsoil in 
sites is not suitable in the geotechnical viewpoint. Expansive and collapsible soils having 
high plasticity are very responsive to changes in moisture content and show excessive 
volume changes. The settlements caused by swelling or shrinkage are notably greater 
than elastic deformation resulting large scale damages to the overlying structures such 
as ground cracks, building cracks, heaving and rutting of pavement, falling of canal lin-
ing, eave of beds of canal and etc. Therefore, prior to construction, soil improvement 
needed to be done to enhance its mechanical behaviour to suit with the construction 
requirements. This can be performed by soil stabilization which is the method of treat-
ing soils to improve mechanical properties so that they become more suitable for con-
struction beyond their original classification.
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Soil stabilization is being used for numerous engineering works, as its applicability 
to treat a variety of sub-grade materials. The most frequent applications are the pave-
ment construction, railways and airfield runaways where it is used in improving bear-
ing capacity, stiffness and structural rigidity of pavement layers to avoid unacceptable 
plastic deformation and thereby reduce pavement thickness [17]. The main intention 
of these applications is to enhance the strength of soil and minimize the cost of con-
struction by making optimum use of locally available materials. All the soil stabilizing 
methods can be categorized into mechanical stabilization and chemical stabilization. 
One or both of these methods are performed in almost all road and other civil engineer-
ing construction process. The mechanical method refers to the stabilization by altering 
the physical nature of raw soil particles using methods such as compaction, dewatering, 
soil reinforcement (soil nailing) and addition of graded aggregates. The main objective 
is to reduce volume changes, increase stability and drainability of soil. Under chemical 
methods, soil is stabilized through the chemical reactions between additive (cementi-
tious compound) and soil minerals. At present, common binders used in soil stabiliza-
tion are lime and cement. These materials are not environmentally sustainable due to 
their total reliant on natural resources. Production of Portland cement is associated with 
greenhouse gas emission which cater global warming and related climatic changes. In 
addition to that, these materials have rapidly increased in price due to the demand and 
sharp increment in the cost of energy. Dependency on the use of industrially manufac-
tured additives have kept material cost (especially road construction) financially high. 
As a result, underdeveloped and poor nations of the world have been discouraged to 
provide accessible roads to their rural dwellers where higher percentage of their popula-
tion are mostly, agriculturally dependent. Stabilization methods can be adopted on large 
scale when the treatment is low cost and durable. In addition, as the use of such waste 
materials is a recycling sustainable measure that benefits the environment, utilization of 
industrial by-products [11] as soil stabilizing additive has become more important.

Rice husk which is a by-product obtained in bulk amount from rice milling of paddy, 
is an agricultural waste. During milling of rice, nearly 72% of paddy weight is received as 
rice while 5–8% of broken rice and bran and about 20–22% of paddy weight is received 
as husk [7] and [9]. In fact, about 100 million tons of rice husk is generated annually in 
the world [3]. Most of the rice husk obtained during milling process is either dumped 
as a waste or burnt. However, rice husk is used as fuel in rice mills to generate steam to 
blanch rice at low combustion efficiency. In addition to that, rice husk is burnt as fuel at 
high combustion efficiency in brick kilns. Rice husk contains about 75% organic vola-
tile matter and the balance 25% becomes ash which is known as Rice Husk Ash (RHA) 
during the burning process [2, 15] and [16], that is commonly dumped as waste materi-
als. RHA has been categorized under pozzolana, as it comprised of nearly 85–92% sil-
ica and about 3.0% and 1.0% aluminium oxide and iron oxides respectively, which are 
compounds that attribute to pozzolanic reaction [4, 8] and [10]. The silica is in the form 
of amorphous (non-crystalline silica) and the ash contains higher surface area that are 
associated with high pozzolanic reactivity [1] and [14]. Since RHA is a supplementary 
cementitious material, it is apparent that it is capable of improving the mechanical prop-
erties of soils for sub-grade, backfilling purposes. The number of researches on the use 
of agricultural wastes like RHA as an additive along with any conventional material for 
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the stabilization of the fine grain soil is rare. So, utilization of such material for improv-
ing the properties of fine grain soil needs to be investigated.

The burning temperature of the risk husk should be maintained in between 500 to 700 
°C in order to produce RHA with high pozzalonic activity [6]. RHA is used as fuel for 
brick burning process and the temperature varies from 550 to 750 °C within the brick 
kiln [10]. With the presence of Ca(OH)2, the  SiO2 and  Al2O3 react with dissolved  Ca2+ 
and  OH− and produce secondary cementitious product called “Tobermorite gel” [10] 
(Calcium Silicate Hydrate (C-S–H) and Calcium Aluminates Hydrate (C-A-H)). It was 
observed that the  Ca2+ in the lime react with  SiO2 in the RHA with the presence of 
moisture and improve the strength of the paste [13] and [19]. Therefore, this research 
intended on investigating the optimum dosage of RHA and lime mixture for soil stabi-
lization through the laboratory observation of effects of binder on some geotechnical 
properties of clayey soil which are relevant to evaluate the performance of sub-grade and 
backfill soils.

Methodology
Materials

Based on the visual inspection, a clayey soil was selected as the source of the soil mate-
rial for the experimental study. The soil was amber in colour as shown in Fig. 1a. The col-
lected soil was pulverized with wooden mallet to break lumps and then air-dried for at 
least 24 h since well air dried soil samples were required for laboratory testing according 
to AASHTO Standards.

Rice Husk Ash used for the present investigation was obtained from a brick kiln 
(Fig. 1b). In this kiln, rice husk was burnt at an increased temperature (i.e. 620 °C) and 
was the only material that was used as the fuel for the brick burning. The RHA collected 
from the kiln was free from debris and consisted particles of different sizes. Collected 
RHA was then sieved through 3 mm sieve and passing fraction was collected for testing 
purposes. The chemical analysis of the RHA was conducted by using X-ray fluorescence 
analyser. Commercial grade quick lime was used for the sample preparation (Fig.  1c) 
since it is more reactive in pozzolanic reaction [12] compared to hydrated lime.

Sample preparation

Sample preparation for testing was done as per the requirement of the tests. The 
required amount of materials was weighed out on the weight basis as per the percentage 

Fig. 1 Materials for test a Clay soil b Rice Husk Ash c Lime
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to be added to the dry soil for testing. The soil and the stabilizing agents were then 
mixed together in dry conditions thoroughly before testing as per the design mix pro-
portions. For determining the quantitative information about the treated soil, RHA was 
mixed with soil in increasing proportion of 5%, 10%, 20% and 30% by weight of dry soil. 
Further for evaluating the effect of lime, increasing proportions of lime with respect to 
the Table 1, in dry condition by weight of dry soil was added with the soil mixed with 
RHA varying from 5 to 30%. In addition to that clay soil without RHA and lime (i.e. 0%) 
was tested as Control Sample (CS). Three samples were prepared for each category and 
average test results were obtained.

Experimental study

Index and engineering properties tests were carried out on virgin soils. In the second 
phase of the study, the same laboratory tests were performed on aforementioned treated 
soil samples (Table 1) to observe the changes in the properties of soil at soon after and 
at 28 days after of mixing. Test results were then analysed along with the results of the 
control samples to evaluate the combined effects of lime and RHA on the geotechnical 
properties of the original soil and thereby to determine the optimal proportion for stabi-
lization. Laboratory experiments, conducted were;

• Liquid Limit Test (AASHTO: T089–96)
• Plastic Limit Test (AASHTO: T090–96)
• Proctor Compaction Test (AASHTO: T180–01)
• Direct Shear Test (ASTM: D 3080–98)
• Unconfined Compressive Strength Test (ASTM: D2166–16)
• Wet Sieve Analysis (ASTM: D 1140–00)
• Specific Gravity Test (ASTM: D 854–02)

All of the above tests were conducted on virgin soil to identify its natural behaviour. 
Only Atterberg limits, compaction, direct shear and unconfined compressive strength 
tests were performed on the treated soil (i.e. RHA mixed soil).

Table 1 Mix proportions of soil, RHA and quick lime

Series Sample No Soil (%) RHA (%) Lime (%)

1 1 100 5 0

2 100 10 0

3 100 20 0

4 100 30 0

2 1 100 5 10

2 100 10 10

3 100 20 10

4 100 30 10

3 1 100 5 20

2 100 10 20

3 100 20 20

4 100 30 20
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Results and discussion
Table  2 indicates the test results for the laboratory experiments conducted on raw 
unsuitable soil. According to the AASHTO soil classification, the selected soil belongs 
to the group A-7–5, that is highly clay. Group index for the soil was 40. Based on the 
group index, selected soil can be identified as very poor for a subgrade material.

Table  3 shows the chemical composition of RHA which was evaluated by using 
X-ray fluorescence analyser. RHA was collected from a brick kiln where RHA used 
as fuel for brick burning process. The measured average burning temperature of the 
RHA was 620 °C. The temperature was within the ideal value (i.e. 500 °C to 700 °C) 
[10] for producing an ash with high pozzolanic activity. According to the Table  3, 
RHA sample contains total amount of 93% of silica, aluminium oxide and iron oxides 
which are compounds that attribute to pozzolanic reaction.

Effects on plasticity index

Based on the Atterberg limit test results, variation of plasticity index which is one 
of significant index property that measures plasticity of soil could be evaluated for 
the treated soil. Figure  2 illustrates the variation of plasticity index with the addi-
tion of binder mixture at soon after mixing and 28 days after mixing. With increase 
in RHA content from 0 to 30%, plasticity index decreased up to first 5% increment 
then increased with slight fluctuations for all three lime contents for soon after 
mixing of binder mixture. After 28 days, plasticity index decreased up to first 10% 
increment then increased as similar to soon after mixing. Results also showed that, 
up to 0–10% of lime content, plasticity index has reduced and when lime content 
was increased beyond 10% of lime, plasticity index increased. Minimum plasticity 
index could be observed for 5% RHA and 10% lime (i.e. soon after mixing) was 16.6, 

Table 2 Properties of raw soil

Particle size distribution

Gravel (%) 0

Sand (%)  < 10%

Clay + Silt (%)  > 90%

Liquid limit (%) 66.5

Plastic limit (%) 33.5

Plasticity index (%) 33

Maximum dry density (kg/m3) 1489.4

Optimum moisture content (%) 26.8

Internal friction angle (°) 21

Cohesion (kPa) 11.6

Unconfined compressive strength (kPa) 79

Table 3 Chemical composition of RHA (Wt. %)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Loss in ignition

90.04 1.83 1.37 1.28 0.73 0.42 2.61 1.72
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showing a reduction of 49.7% and for 10% RHA and 20% lime (i.e. 28 days after mix-
ing) was 14.3, showing a reduction of 56.67%, respectively.

Initial reduction of the PI could be attributed to the initial reduction in LL and 
increment in PL due to the factors which are less water affinity caused by replace-
ment of clay minerals with binder and increased flocculation caused by cation 
exchange in the soil additive mixture. Reduction of PI in soil (i.e., by 36%) observed 
in the test done by Zha et al. [20] when fly ash (i.e. 12%) used as the binder for a sim-
ilar type of soil (i.e. high plastic clay) is comparatively less than the reduction of PI in 
soil obtained in this study. Durga et al. [5] have stated that a reduction of 96% could 
be observed in PI when a mixture of 38% quarry dust and 2% lime was as the binder. 
Even though the plasticity reduction is greater, it is not that realistic in terms of the 
required amount (i.e. 38% of quarry dust) and availability of material.

Effects on compaction characteristics

Maximum Dry Density (MDD)

With increase in RHA content from 0 to 30%, MDD of the treated soil decreased 
soon after mixing. In addition to that, with increase in lime content from 0 to 20%, 
MDD increased as shown in Fig. 3. Reduction of MDD with addition of RHA at con-
stant lime content could be considered to be a result of addition RHA, which has 
relatively low specific gravity of 1.95 compared to that of the raw soil which has a 
specific gravity of 2.59. This might be resulted due to some other factors like forma-
tion of Tobermorite gel from pozzolanic reactions that covers soil particles resulting 
in larger particles with larger voids, thus lesser density.

For the lime amount of 10% and 20%, the MDD of treated soils at 28  days after 
mixing is increased for RHA content from 0 to 10%. It is the 4.6% development of 
the MDD compared to Control Sample (CS). After that, MDD is decreased with the 
increment of RHA content. Increase of MDD of mixture might be due to the solidi-
fication of soil particles with the time. Addition of lime would be increased the utili-
zation of amount of RHA.
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Optimum Moisture Content (OMC)

It can be observed that, OMC of treated soil increased with the addition of RHA from 
0 to 30% while, increase in lime content from 0 to 20%, resulted in decreased OMC as 
shown in Fig. 4. Increase in OMC with the addition of RHA could be possibly due to 
the addition of RHA, caused increased amount of silica and alumina, which made the 
mixture to require more water for the pozzolanic reaction. Further, water absorption of 
RHA is higher than raw material (i.e. soil). Therefore, more water was needed to com-
pact the treated soil to obtain maximum density. The reduction in OMC with the addi-
tion of lime for each RHA content, could be attributed to the cation exchange between 
stabilizer and expansive clay soil, reduced the thickness of diffuse double layer and 
promoted the flocculation. This flocculation of the soil solid particles implies that the 
water—binder—soil mixtures could be compacted with lower moisture content, hence 
reduced OMC. Favourable changes in the compaction parameters for treated soil are to 
obtain a higher value of MDD and a lower value of OMC. In fact, past researches which 
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are, Zha et al. [20] and Yadu & Tripathi [18] indicated that − 1.8% and − 9.1% change in 
MDD and − 6.3% and + 36% change in OMC could be observed in their subjective clay 
soil for binder fly ash (12%) and fly ash (3%) + blast furnace slag (6%), respectively. When 
considering these two studies, though the use of fly ash (12%) is more preferred, toxic 
constituents, free availability and cost are some related problems. In this study, even 
though the results showed more preferable conditions for lime content of 20%, it is bet-
ter to go for a lime content of 10% which is also acceptable based on the facts that cost 
and embodied energy.

Effects on shear strength properties

Internal friction angle

In Fig. 5, it can be clearly seen that, internal friction angle of soil increased with the addi-
tion of RHA and lime. Soon after mixing, the Increases were 23.81%, 33.33% and 42.86% 
for 0%, 10% and 20% of lime contents, respectively. After 28 days of mixing, the increases 
were 33.33%, 43.33% and 60.48% for 0%, 10% and 20% of lime contents, respectively. 
This increase can be considered to be as a result of (a) when increasing the lime content, 
more cations on the surface of clay particles could be replaced by  Ca2+ ions reducing the 
water affinity and diffuse double layer thickness resulted in increased friction angle, (b) 
with the addition of RHA, pozzolanic reaction was promoted which would increase the 
bonding stress due to the formation of cementitious compounds such as CSH and CAH. 
When considering rate of increment, rates for the increase in RHA from 0 to 5% were 
greater than the rates for the increase in RHA from 5 to 30%. This was because, higher 
 Ca2+ ion concentration caused replacement of more cations on the surface of the clay 
particles.

Cohesion

As shown in the Fig. 6, cohesion of the mixture was increased slightly up to first 0–5% 
increase in RHA content for all three lime contents soon after mixing. Further increase 
in RHA at constant lime amount resulted in decreased cohesion of soil.
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When increasing the lime content considering constant RHA content, increase in 
cohesion could be observed. This was due to the cation exchange resulted in flocculation 
of particles increasing the surface area of particle which promoted higher electrostatic 
attraction between particles.

Effects on Unconfined Compressive Strength (UCS)

Results showed that (Fig.  7), the Unconfined Compressive Strength (UCS) increased 
when adding RHA up to 10%, adding additional RHA gave a reduction in unconfined 
compressive strength at all three lime contents. The initial increment might be due to 
quantity of RHA could induce pozzolanic reaction and cementitious compounds that 
strength increase, while the additional amount of RHA could act as unbounded parti-
cles, forming weak bonds between the soil and the cementitious compounds formed. 
Increase in UCS with addition of lime for any RHA content resulted because of the 
promoted formation of cementitious compounds between the Ca(OH)2 formed in the 
soil and the pozzolans available in the RHA. For soon after mixing of binder, maximum 
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UCS could be observed when nearly 10% RHA and 20% lime were added, which was 
106 kPa, showing a 34.18% increase. After 28 days of mixing, the maximum UCS was 
121.7 kPa, showing a 54.05% increase for same mix proportions (i.e. 10% RHA and 20% 
lime). Increase in UCS could be expected with time due to continuation of the pozzo-
lanic action (i.e. gaining strength). The optimum dosage in the viewpoint of UCS results 
for improving strength of the treated soils was therefore 10% of RHA and 20% of lime. 
When comparing results of this study with past research work, similar changes in UCS 
could be seen for both binders 12% fly ash [20] and 10% RHA + 10% lime which was 25% 
of increase in UCS. According to the results, increasing the lime content is more pre-
ferred in the viewpoint of UCS variation.

During hydration process,  SiO2 and  Al2O3 in the mixture dissolve due to increase of 
 pH value. The hydrous Silica and Alumina react with the  Ca2+ (from quick lime) and pro-
duce insoluble compounds (CSH, CAH) often called as secondary cementitious prod-
ucts or Tobermorite gel. With the continuation of curing, insoluble compounds produce 
hardens the treated soil particles. This might be contributed to increase the unconfined 
compressive strength of treated soil at 10% RHA content. The addition of RHA caused to 
decrease in unconfined compressive strength, because there might be a lack of  Ca2+ for 
the continuation of pozzolanic reaction. The lime hardening process is a much slower 
reaction, which requires considerably longer time than the hydration of cement. This 
process (i.e. lime hardening) occurs well in hydrous environment. Therefore, the con-
tinuation of curing process continues the gain of compressive strength. In addition, the 
high temperature accelerates the chemical reactions and solubility of the silicates thus 
increases the rate of strength gain. Therefore, it is recommended to use hot water for 
curing of the treated soil. Moreover, higher pH may accelerate formation of secondary 
cementitious products. The RHA can be effectively used as a soil stabilizer, resulting to 
prevent the environmental pollution caused by open dumping of RHA. In addition, uti-
lisation of RHA as soil stabilizer, would be reduced the  CO2 emission from other soil 
stabilizers like cement (i.e.  CO2 emission due to production of cement).

Conclusions
Experimental study of this research indicated noticeable positive improvements in 
index and engineering properties of the raw unsuitable soil which were plasticity, shear 
strength and compressive strength, at the same time, showing slight reduction in com-
paction properties. Furthermore, increases in engineering properties such as shear 
strength and compressive strength could be observed with time because of the pozzo-
lanic action of the additive. Therefore, as a whole, it could be clearly identified that RHA 
and lime mixture has the potential of improving index and engineering properties of 
soil positively. When considering overall test results, the optimum dosage for the treat-
ment is 10% of RHA and 20% of lime by weight of dry soil. Properties of stabilized soil 
are obviously dependent on the type of soil to be treated. Therefore, for soil with clay/
fine content > 90%, LL around 60% and PI around 30, dosage of 10% of RHA and 20% 
of lime can be recommended to be used for soil stabilization. In geotechnical applica-
tions where lime is entirely used for stabilization on clay soil with high plasticity, usage 
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of RHA could be promoted as a partial replacement of the primary additive. Since RHA 
is less expensive in terms of availability and material cost compared to cement and lime, 
usage of RHA as an alternative or as a partial replacement of lime in geotechnical appli-
cations, will reduce the cost for construction particularly in the rural areas of develop-
ing countries, solve related disposal problems while reducing the negative impacts on 
environment.
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