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Abstract: Expansive soils are problematic and susceptible to ground movements, causing significant damage to 

overlying structures and reduction of bearing capacity. Geotechnical engineering has long recognized that the 

moisture variation triggers the expansive nature of soils resulting in its swell and shrinkage. Numerous stabilizing 

additives have been used to treat expansive soils such as lime, cement and fly ash. However, the use of bio -enzymes as 

a soil stabilizing agent is not currently fully understood. This study examines the durability performance of the 

enzymatic stabilization of expansive soils in road pavements subjected to moisture fluctuation. Number of experiments 

was performed under controlled conditions to investigate the mechanical and hydraulic response of stabilized soils 

subjected to cyclic moisture degradation at various initial moisture contents covering practical moisture ranges in 

applicable with road pavements. Results showed that strength of stabilized soils was considerably increased with the 

addition of enzyme based stabilizer, revealing its ability to maintain the material stiffness over moisture fluctuation. 

While wetting and drying tests had damaging effects on the UCS, enzyme based stabilization served to preserve soil 

strength effectively throughout the loading cycles. Results obtained from the mechanical/hydraulics tests were further 

elaborated using imaging analysis which provides an insight into the mechanism of enzyme based stabilization and 

the influence of moisture when using this novel stabilization approach. This research will substantially benefit 

geotechnical applications including cost-effective and sustainable road constructions. 
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Introduction 

 

Expansive soils are a problem worldwide, undergoing considerable volume changes; swelling on absorbing water and shrinking 

on evaporation. Moreover, moisture fluctuations cause distinct changes in soil strength. Gillott [23] identified the two primary 

mechanisms involved in swelling of expansive soils; inter-particle swelling and intracrystalline swelling. Inter-particle swelling 

occurs due to the relaxation of capillary tensile forces in clay particles when exposed to water. Intracrystalline swelling typically 

occurs in montmorillonite clay where water causes expansion of the crystal lattice. Because of this behaviour, overlying structures 

are undermined and severely damaged; distress in pavements are further intensified by moisture influence, resulting in durability 

issues and consequently premature failure. This alternating behaviour of shrink and swell causes greater economic loss than damage 

induced by natural disasters. 

Soil stabilization is widely identified to improve durability, enhance the engineering properties and mitigate the volume change 

behaviour of the expansive soils. Various methods of stabilization have been used; these include either mechanical stabilization or 

chemical stabilization. Mechanical techniques densify the soil expelling air from the voids. Chemical techniques incorporate 

additives that improve the properties of problematic soils. Generally, chemical stabilizers are characterized as traditional and non-

traditional additives. Traditional stabilizers include calcium-based stabilizers such as lime and cement. Non-traditional stabilizers 

include salts, acids, enzymes, lignosulfonates, petroleum emulsions, polymers and tree resins. Soil improvement using lime and 

cement are considered costly and less environmentally friendly. Large amounts of resources and energy are consumed during 

production, releasing large amounts of carbon emissions. Moreover, investigations revealed that cyclic wetting and drying causes 

the arresting volume change behaviour to be lost after the first wet-dry cycle, and consequently swelling potential increases after 

each cycle due to the formation of expansive material such as ettringite in calcium-based stabilized soils. Some of the drawbacks 

of calcium-based stabilizers have fostered the use of more sustainable and effective non-traditional stabilizers such as enzymes. 

On the other hand, enzyme based stabilizers can provide an economical and sustainable alternative in soil improvement 

compared to traditional stabilizers. Scholen reported a successful bio-enzymatic application to a forest road in Oklahoma, producing 

a durable and dust free road. However, field studies and laboratory findings have been controversial, relating to the effectiveness of 

this technology. Various researchers reported that enzyme based stabilizers produce maintenance free roads with an increase in 

bearing capacity (UCS, CBR and resilient modulus), while Parsons and Milburn found that enzyme based stabilization produced 

no significant increase in soil strength. Chandler et al. suggests that the inconsistency of results among researchers can be attributed 

to differences in specimen preparation, type of enzyme and curing methods. 

However, limited information is available on the durability and impact of moisture on enzyme stabilized soils. Parsons and 

Milburn have investigated enzyme treatment on freezing-thawing and wetting-drying cycles. Results showcased relatively low 

strength and failure during the first soaking phase. The study has not assessed the wet-dry durability and strength on enzyme 

stabilized lean clay, instead focused on silty sands and silts [33]. Moreover, researchers have studied the effect on enzyme treated 

soils on swell, permeability and capillary rise. Results revealed a reduced; swell, permeability and capillary movement. However, 

all these studies have been tested at the optimum moisture condition and have failed to investigate the durability of the enzyme 
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stabilized soil with moisture fluctuations. 

Enzymes are typically naturally occurring, concentrated liquid stabilizer derived from organic materials, however, the 

mechanism of enzyme based stabilization is contested. Marasteanu et al. identified that stabilization occurs through a cationic 

ex- change. Clay molecules are engulfed by enzyme cations, neutralizing it, resulting in a higher density. Moreover, Tolleson 

et al. suggested that catalytic bonding occurs as enzymes attach to the microbes present in the soil and forming tight covalent 

bonds. However, Scholen [43,44] identified that for effective enzymatic stabilization, organic molecules are required to attach 

to clay minerals thus preventing further absorption of water and formation of cementing bonds between particles. Rauch et al. 

[42] suggest that stabilization occurs through organic en- capsulation of clay molecules, by neutralizing the negatively 

charged clay molecules with the addition of enzymes to decrease the clays affinity for water, making it more stable. These 

various hypotheses highlight there is no agreed consensus; hence, it is crucial to identify the stabilization mechanism, particularly 

when investigating the durability of enzymatic stabilization. 

Despite the reported benefits and advantages of bio-enzymes, engineers are apprehensive to apply it to practice. This reluctance 

is attributed to the lack of sound understanding of the stabilization mechanism, and the lack of long-term assessment of enzyme 

stabilized expansive clays and the effect of moisture fluctuations. This paper comprehensively investigates the durability of bio-

enzymatic stabilization of expansive soil by carefully characterising the stabilization mechanism. First, number of micro-scale 

driven imaging tests were used to assess the internal microstructure and mechanism of stabiliza aims of the current study. Firstly, 

X-Ray Micro Computed Tomography (μ-CT) analyses were conducted to understand the internal micro- structure of compacted 

stabilized soil samples. Then a series of laboratory tests were conducted to examine the mechanical behaviour and its durability 

upon degradation; tests included compaction, direct shear test, unconfined compressive strength (UCS), resilient modulus (Mr) 

one-dimensional (1D) swell, permeability and consolidation tests. Tests were performed based on three moisture contents, optimum 

moisture (wopt), equilibrium moisture condition [24,60] after drying to 5–6% residual moisture (wres) and saturated conditions 

(wsat). Detailed description of the tests including procedures, test conditions, test program and relevant standards, are provided 

herein. 

 

Soil characterization 

 

The soil was obtained from a land excavation site in Melbourne, Australia. Due to the geological and arid climatic conditions, 

the soils from the region are known to be reactive. The soil was pre-treated by oven drying to obtain uniform moisture content and 

consequently sieved through the No.4 (4.75 mm) sieve to remove gravels. Atterberg limits, specific gravity, hydrometer analysis 

and standard compaction were performed using the relevant tests according to the Australian Standards. Physical characteristics of 

untreated and stabilized soils are shown in Table 1. Particle size distribution (PSD) and compaction curve are presented in Fig. 1 

and Fig. 2, respectively, whereas crystalline phases identified through X-ray diffraction (XRD) are illustrated in Fig. 3. As per 

the Unified Soil Classification System (USCS) and AASHTO soil classification system, the soil is classified as lean clay with 

sand (CL) and A7-6 respectively (fair to poor subgrade material). The XRD analysis showed that the soil contained illite, quartz, 

montmor- illonite and kaolinite. Based on the presence of the expansive clay mi- neral montmorillonite and the consistency limits, 

the soil is classed as having a medium-high degree of expansion [15,17,29,54]. This ex- pansive nature made the soil an optimal 

candidate for enzyme based stabilization to study its durability and performance due to moisture impact. 

 

Enzyme soil stabilizer 

 

The enzyme soil stabilizer used in this study was the commercially available Eko Soil. Eko Soil is a product that is non-toXic 

and bio-de- gradable, being produced from water and proteins derived from plants. Eko Soil is added to clay-based soils to increase 

the soil compaction and consequently the bearing capacity. Typically, dilution mass ratio (DMR) of 1:500 and application mass 

ratio (AMR) of 1% is specified in industry applications. 

 

Sample preparation 

 

Remoulded specimens were prepared for all the tests performed. Soil specimens were obtained from the soil compacted 

using Standard various types of man-made synthetic materials that may be used to stabilize and hence modify the properties of soils 

by injecting them inside the pores. The various types of materials he discusses about are micro fine cement, polyurethane, silicates, 

acrylamide, phenoplasts, epoxy etc.tion using enzyme based stabilizers. The effect of moisture fluctuation on the mechanical 

properties of stabilized expansive soil was then evaluated by concentrating on swelling, permeability, on solidation, compaction, 

unconfined compressive strength results and resilient modulus. The results of the research study are used to identify the effectiveness 

and durability of enzyme based stabilization in liable to road construction.  

 

Literature Reviews:  

Synthetic chemical grouts and social context:  

 

Xanthakos et al. (1994) [1] has mentioned in his research paper all about  

Karol et al., (2003) [2] carried out research over toxicity of various chemical grouts used in soil stabilization and their adverse 

effects in social contexts. He mentions in his research that except sodium silicate all the synthetic chemical grouts those were used 

at that time were toxic in nature. He mentioned a case study of 1974 in Japan which entails about a case of five water poisoning 

cases observed due to use of Acryamide as chemical grout to stabilize soil resulting in ban for use of all chemical grouts for soil 
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treatment.  

 

Cayan et al., (2008) [3] mentioned in his research paper all about the environmental concerns like rise of sea water level as a result 

of global warming whose one of the major reason is cement which is a very essential part of the civil infrastructure industry and 

also used as the one of the chemical grout to stabilize the weaker soils. And he also discusses about the very need to find out the 

revolutionary substitute which is in general biologically non-toxic, non-hazardous, and non-inflammable as compared to synthetic 

chemical grouts that in any way degrade the environment and hence questions the life possibility in near future. 

  

 BIO-MEDIATED SOIL IMPROVEMENT METHOD:  

Mitchell and Santamarina (2005) [4] have outlined the biologically potential influences in the sub-surface that could modify the 

properties of soil and be utilized by geotechnical engineers. They defined this new field of harnessing the biological metabolism to 

9 change the local geo-chemistry and improve the mechanical behaviour of soil as Bio-mediated technique of soil stabilization.  

 

Whitman et al., (1998) [5] discussed about the microbes concentration with respect to the depth in the soil sub-surface. This review 

help us identify the depth up to which the enzymes can penetrate to stabilize the soil strata. He found that more than 109 cells per 

gram of soil exist in top one metre of soil and their concentration decreases in general as the depth increases. He mentioned that the 

lower limit of most soil stabilization applications with microbe concentration of around 106 cells per gram of soil exist at 30 metres 

of depth.  

 

Madigan and Martinko (2003) [6] discussed about the geometric compatibility between the soil and the microbes in which they 

are grouted as a part of central issue for possibility of uniform stabilization of soil. They found that relatively small size of microbes 

of size range between 0.5 to 3μm are more effective for treatment 

.  

EFFECT OF BIO-ENZYMES AND THEIR DOSAGES ON PROPERTIES OF VARIOUS TYPES OF SOILS. 

 

Marasteanu et al. (2005) [7] has carried out tri-axial and resilient modulus tests on two combinations of soil which were stabilized 

with two different enzymes. Soil I had a specific gravity of 2.73 and 96 % of fines (75 % of clay) and plasticity index of 52%. 

While, Soil II had plasticity index of 9.4% and 60% of fines (14.5% of clay). Chemical analysis of only enzyme A was conducted, 

as the supplier of other enzyme B did not agreed for it. The chemical analysis for the enzymes was based on determination of pH, 

total organic carbon concentration, metals concentrations (e.g., Fe, Al, and Ca), and inorganic anion concentrations (e.g., NO3-, 

SO42- and Cl-). The pH of enzyme A was 4.77 and it had very high potassium (K) concentration and moderate to high 

concentrations of magnesium (Mg), calcium (Ca) and sodium (Na). The tests were conducted on a base (Base-1) as well to compare 

the results. The protein concentration in the undiluted enzyme A was found to be 9230 mg/L. The presence of protein alone does 

never entails that the solution will exhibit enzymatic activity for the substrates used. This identifies two possibilities: Product A is 

highly concentrate enzyme solution that may contain only a single type of enzyme or a group of them that catalyse reactions not 

being analysed in the various tests conducted or product A is unable to stabilize soil via by some enzymatic activity but rather by 

some other mechanism, might be due to their surfactant characteristics. 10  

 

M B Mgangira et al. (2009) [8] has presented lab test results on the effect of enzyme based chemical liquid as soil stabilizer. Two 

soil samples were taken one with Ip of 7 % and the other with Ip of 35 %. Tests conducted included standard Proctor test, UCS tests 

and tests for Attenberg limits. Treatment with various enzyme dosage resulted in slight decrement of Ip of both soil. Enzyme based 

treatment of two soils in the other hand showed a mixed effect on the UCS. So, no significant and consistent improvement in the 

UCS could be attributed to the treatment.  

 

Peng et al. (2011) [9] has carried out UCS tests on three soil samples; coarse grained, fine grained and silty loam textures and 

named them as Soil I, Soil II and Soil III respectively. All the soil samples were stabilized with an enzyme (Perma-zyme) and 

quicklime. The samples were cured for 60 days in two dissimilar conditions; in sealed container and air-dry. In case of sealed 

container the moisture was preserved in the different samples throughout the curing period. While the samples that were put to air-

dry condition were allowed to dry at room temperature. The enzyme was found to act effectively in air-dry curing for Soil I and 

Soil II as compared to quicklime where as it was found ineffective for Soil III in air-dry curing and for the three soil samples in 

sealed curing too. Quicklime on the other hand was found more effective than the enzymes as the water in the specimens was not 

allowed to vaporize which encouraged the hydration of quicklime.  

 

Faisal Ali et al. (2012) [10] has focused in this research on the modification of engineering properties of three natural residual soils 

and mixed with various dosages of liquid chemical. A lot of lab tests such as consistency limits, compaction (OMC & MDD), UCS 

etc. were carried out to judge the performance & effectiveness of this chemical as a soil stabilizing agent. The result and analysis 

showed that the liquid stabilizer can reduce shrinkage by eliminating re-absorption of water molecules and reducing plasticity. It 

also reduces the OMC by exchanging and ionizing the water molecules on the surface of clay platelets; It raises the MDD by orderly 

re arranging and neutralizing the clay platelets and also increases the inter particle bridging.  

 

Shukla M et al. (2010) [11] has experimented on an expansive soil treated and cured with an eco-friendly, organic, and non-toxic 

bio-enzyme stabilizer in order to evaluate its suitability in modifying the swelling potential of the expansive soils. The study shows 

that the bio enzyme stabilizer that was used found to be quite effective in reducing the swelling of an expansive soil on the wet side 
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of optimum moisture content. 11  

 

C.Venkatasubramanian et al. (2011) [12] has experimented on three different soil samples with four dosages for 2 and 4 weeks 

of curing after application of enzyme to find effect on various strength parameters. It is clear from the results that addition of bi-

enzyme has significant effect in improving UCS values of chosen samples. The analysis showcased that the soil-stabilizing enzymes 

fasten the reactions between the clay and the organic cat-ions and catalyse the cat-ionic exchange without becoming the part of the 

end product.  

 

A.U. Ravishankar et al. (2009) [13] has made comprehensive study on the effect of Terrazyme soil stabilizer with easily in 

abundant available laterite soil in South Kannada and Udupi districts .The soil does not satisfy the basic requirements (LL<=25% 

and Ip<=6%) to be used as a sound base course material in the pavements. To improve and modify the behaviour of soil the soil 

was initially blended with sand at various proportions unless until it matches the Atterberg’s Limits for sub-base course of the 

pavement. The effect of enzyme on soil and the blended soil in terms of UCS and permeability are studied.  

 

Mihai et al. (2005) [14] has carried out various tests (wet-dry, strength tests, leach testing, Atterberg’s limits, freeze and thaw and 

strength tests) on soils (classified as SP, ML, CH, CL and SM) stabilized with cement, Permazyme 11-X, lime, and class C fly ash. 

UCS, stiffness, wet-dry, freeze-thaw, compaction and leaching tests were carried out on two silty soils (SM and ML) treated with 

Permazyme 11-X at a standard dosage.SM and ML soils had fines 30 % and 88%, LL 20% and 30% and Ip 3% and 7% respectively. 

Compaction tests for treated soils were carried out at moisture content 1% less than optimum value. But only 1% and 4% increase 

in dry density was found for SM and ML respectively. The soil samples for two soils after 28 days of curing were checked for 

stiffness and no improvement was found. Similarly for freeze-thaw very less improvement and for OMC-MDD & leaching test as 

well no improvement was found.  

 

R.A. Velasquez et al. (2006) [15] has used chemical analysis and resilient modulus testing to study the effectiveness of sub-grade 

stabilization and the mechanism of action of two enzyme products (enzyme A & B).Two types of soils were investigated in in this 

study. Soil I with high % of fines (96.4% passing 200 μ sieve) and high clay content (75.2%) and Soil II with relatively low % of 

fines (59.7% passing 200 μ) and lower clay content (14.5%). Enzyme A and B improved soil workability and reduced the 

compaction effort at the time of sample preparation. Thus, lower effort was used to obtain the target density of the modified 

specimen as compared to untreated sample; the addition of enzyme A increased resilient modulus of soil 12  

 

II by an average of 54% while it did not improve the resilient modulus of soil I; the addition of enzyme B to soils I and II had sound 

effect on the resilient modulus of soil. MR of soil I improved by an average of 69% and that for soil II it get raised by 77%; also, 

the resilient modulus increased as time of curing increased; Shear strength of soil I and Soil II were increased by an average of 9% 

and 23% respectively. While enzyme B raised the shear strength as 31% and 39% for soil I and II respectively. Hence it is known 

from analysis that % of fines and the chemical combination are the basic properties that may affect the mechanism of stabilization. 

Therefore, it is very necessary to give special look while selecting method of treatment for different types of soils.  

 

Santamarina et al., (2001) [16] discusses about the monitoring of process of bio-mediation by non- destructive methods as they 

produce very less or no strain (resistivity case) so that the soil and the process of treatment remain undisturbed by measurements 

for accurate results. He mentions the following three geo-physical methods of non-destructive analysis to have real-time monitoring 

of biological, geotechnical and chemical components of soil sub-surface resulting in soil stabilization: velocity of shear waves, 

velocity of shear waves, resistivity method.  

 

 MONITORING OF PROCESS OF BIO-MEDIATION FOR SOIL STABILIZATION:  

 

DeJong et al., (2006); Whiffin et al., (2007); Harkes et al., (2008) [17] have focussed on mainly the chain of reactions taking 

place especially the environment created by microbes of elevating the pH to generate supersaturated conditions that result in calcite 

precipitation which is the major cause of soil stabilization.  

 

Jason T. DeJong et al. (2007) [18] have focussed completely on bio-mediated soil improvement method and mainly focusses on 

the various mechanisms of biological mediation which include bio-mineralization, bio-films and bio-gas generation which in turn 

results into soil stabilization.  

 

EFFECT OF MAJOR ENVIRONMENTAL FACTORS ON BIOLOGICALLY INDUCED CEMENTATION FOR 

STABILIZATION OF SOIL:  

 

Liang Cheng et al. (2016) [19] they studied the about influence the common environmental factors like temperature, oil 

contamination, freeze-thaw cycling, rainwater flushing, and urease concentration make when soil is treated by MICP technique so 

that the 13 efficiency of treatment in the most adverse condition can be known considering all these factors altogether. 
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Methodology 

Number of experiments was conducted in this study to facilitate the 

Table 1 

 
Table 1 

Physical soil characteristics. 
 

 

                                                                              Untreated soil           Enzyme stabilized soil 

Specific gravity 2.7 2.7 

Liquid limit (LL) % 48 49 

Plastic limit (PL) % 18 17 

Plasticity index (PI) % 30 32 

Maximum dry density (MDD) (g/cm3) 1.62 1.67 

Optimum moisture content (OMC) (%) 22.9 21.2 

Permeability (m/s) 6.83 × 10−10 1.03 × 10−10 
Passing sieve number 200 (%) 74.7 

Unified soil classification CL* 

AASHTO soil classification A7-6 
 

 

* Note: CL = lean clay with sand. 
 

 
 

Fig. 1. PSD curve. 

 

Proctor compaction performed in accordance with AS 1289.5.1.1 [4] at the respective moisture contents. The μ-CT, swell and shear 

strength specimens were then trimmed to size. Treated samples were prepared with the enzyme at DMR of 1:500 and AMR of 

1%. Firstly, soil was pre- moistened to the initial moisture content of OMC – (AMR/DMR) + 2% and allowed to cure in a 

sealed airtight container for 48 h. The diluted stabilizer was then miXed into the soil at the selected AMR and allowed to   stand   

for   1 h before   compaction.  All samples were compacted within ± 2% of the MDD. Compacted samples were tested after a 

4- day curing period in airtight containers. 

 

Testing Programme 

 

The behaviour of stabilization on the internal microstructure was examined using μ-CT on soil specimens at wopt conditions. In 

order to assess the influence of moisture on enzyme stabilized soil, a series of tests were conducted on soil specimens at various 

moisture contents. After curing, the compacted samples were trimmed to size if required, before testing. In this study, three 

moisture contents were investigated, wopt, equilibrium moisture condition [24,60] after drying to 5–6% wres and wsat conditions, 

to reflect and accurately predict how the subgrade soils react to seasonal changes in moisture content [18]. The experi- mental 

plan is summarized in Table 2 and elaborated below. 

 

X-Ray Micro Computed Tomography (μ-CT) 

 

μ-CT analysis was performed to non-destructively evaluate the density, volume and porosity fractions [26]. Samples for μ-CT 

analysis was obtained using UCS samples, which were compacted and cured 4- days before trimming to about 20 mm3. μ-CT 

analysis was conducted using the Bruker Skyscan 1275 Micro CT apparatus. Samples were scanned at 20 μm resolution, using an 

X-ray tube with a copper filter at a voltage of 100 kV, current of 100 mA and a copper filter. CTAn soft- ware was used to analyse 

the μ-CT porosity and microstructure of tested specimens. 

 

California bearing ratio (CBR) 

 

Soaked and unsoaked CBR testing was conducted following AS 1289.6.1.1 [5] using a standard compaction hammer. Subgrade 

CBR is typically expressed from soaked conditions to assess the strength of subgrade material used in road design and construction. 
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Unconfined compressive strength (UCS) 

 

UCS testing was performed in accordance with AS 5101.4 [7]. Samples were prepared in cylindrical moulds (105 mm diameter, 

 

 

 

Fig. 3. XRD of tested soil. 

115 mm height) and compacted using Standard Proctor compaction, and tested up to failure or 15% strain under a constant deformation of 1 

mm/min [7,9]. 

 
Wetting and drying test 

 
Following the curing period, compacted soil samples were subjected to wetting and drying cycles adapting the ASTM D559 [8] procedures to 

investigate the durability of enzyme based soil stabilization. Throughout testing, specimens were wrapped around a rubber mem- brane and placed 

between two porous stones to aid in handling. In the current study, up to 5 wetting-drying cycles were applied to simulate a major rainfall event that 

has induced flooding followed by dry condi- tions over a ten-year period. Each cycle consisted of 1-hour saturation in the vacuum chamber at 52 

cmHg, followed by 24-hour immersion in water at room temperature and then drying the soil at 100 °C for 24 h. Compared to the ASTM D559 [8], wetting 

periods included vacuum saturation and increased wetting time up to 24 h to ensure samples were completely saturated simulating a flooded condition, 

common to many parts of Australia. The drying temperature was maintained at 100 °C to reach typical site moisture conditions (equilibrium moisture 

content) within the 24-hour drying period. Samples were exposed to 0, 1, 3 and 5 cycles prior to the compressive strength testing and volume change 

assessment. Volume change values reported in this study were determined by measuring the average height and diameter at 3 points on the soil 

sample. The compressive strengths were determined in the drying state. 

 
Permeability 

 
Falling head permeability test was performed on untreated and stabilized soil samples in accordance with AS1289.6.7.2 [6]. Test specimens were 

prepared in UCS cylindrical moulds (101.6 mm diameter, 116.43 mm height) and compacted to its respective OMC and MDD using a standard 
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compactive effort. The specimen was saturated using the vacuum chamber previously described. Once saturated, the parameter was attached to the 

falling head apparatus. At regular intervals, reading of the standpipe was taken until the permeability became constant. 

 
Direct shear testing 

 
Direct shear testing was performed in accordance with ASTM D3080 [64]. Specimens were prepared by trimming compacted samples to direct 

shear boX size (60 mm length × 60 mm width × 20 mm height). Direct shear tests were performed by applying a shearing rate of 0.025 mm/min 

until the soil failed or reached a maximum horizontal displacement of 20 mm. The shearing rate was determined after a number of preliminary tests 

conducted at OMC condition by monitoring the change in volume (i.e. volumetric strain) and moisture content (Table 3). The selected shearing 

rate was able to minimize the shear induced volume changes and subsequent changes in suction while es- tablishing constant water content due 

to the very low permeability of clay. Direct shear specimens were tested at the applied normal stresses of 50 kPa, 100 kPa, 150 kPa and 200 kPa to 

determine the effective shear stresses at failure using Bishop [65] effective stress equation. Soil suction was estimated from the PSD using the Arya 

and Paris model [66]. The normal stresses and shear stress at failure were then plotted to determine the Mohr-Coulomb failure envelopes. 

 
One dimensional swell 

 
ASTM D4546 [10] procedure was employed to determine the swell pressure using the consolidation apparatus. Test method A ‘wetting- after-

loading’ was used in this study. The compacted soil specimen was cut to size of the consolidation ring (50 mm diameter and 20 mm height) and 
prepared according to moisture contents of wopt, wres and wsat as previously described. Various vertical loads were first applied to the specimens to 
produce a range of stresses (1 kPa, 5 kPa, 12.5 kPa, 50 kPa, 100 kPa and 200 kPa). The samples were inundated with water taking deformation 
readings until primary swell/collapse was completed. 

Table 2 

Summary of experimental tests performed. 

Test Soil treatment DMR AMR (%) Compacted dry density (g/cm3) Moisture content (%) 

μ-CT Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt 

CBR Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt 

UCS Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt, wres, wsat 

Wetting/drying Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt 

Permeability Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt 

Direct shear Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt, wres, wsat 

1D swell Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt, wres, wsat 

Resilient modulus Untreated, stabilized 1:500 0, 1 1.62, 1.67 wopt, wres, wsat 

 
 

Table 3 

Scheme to determine shear rate. 

Soil properties Shear rate (mm/min) Change in moisture content (%) Volumetric strain (%) 

wopt condition - normal stress 

200 kPa 

0.01 7.8 3.3 

 0.02 6.1 3.4 

 0.025 2.8 2.9 

 

Resilient modulus 

 

Specimens for resilient modulus test were prepared using the stan- dard proctor hammer. The mould used to prepare the resilient 

modulus specimens had a height of 200 mm and a diameter of 100 mm. Specimens were compacted in 3 layers such that the 

compacted height of the soil was 67 ± 2 mm in the first layer and 133 ± 2 mm in the second layer, and the third layer was compacted 

to finish flush with the top of the mould. The procedure described in AASHTO T 307-99 [1] was followed for the resilient modulus 

testing using the loading se- quence for subgrade soil. 

 

Conclusions: 

 

This study investigates assessing the durability of enzyme based soil stabilization for expansive soils subjected to moisture 

degradation is applicable with the soil. A series of lab tests was con- ducted to assess the impact of moisture on the engineering 

properties of enzymatically stabilized clay soils. Results showed the addition of en- zyme stabilizer has been able to showcase 

considerable improvement in strength and hydraulic characteristics of soil.  Stabilization has also been effective to improve the 

water permeability resistance. Strength results also revealed the enzyme based stabi- lizers ability to maintain the material stiffness 

over moisture fluctua- tions, ensuring its durability. The results from the wetting and drying tests further showcased the durability 

effects. Even though the control  soil samples undergo crack propagation, volume reduction, shape changes and reduction in UCS 

results with an increase in the number of wetting and drying cycles, the addition of the enzyme stabilizer in ex- pansive soils limits 

these changes, preserving strength and durability in its applications. Moreover, treated soil samples had undergone a re- duction in 

swell across the varying moisture contents, revealing the stabilizers ability to inhibit swell. These results provide an insight into the 

mechanism of stabilization and the influence of moisture when using this novel stabilization approach. Hence the study shows the 

enzyme based soil stabilization has been effective to improve and maintain the strength and hydraulic characteristics, which is 

beneficial for sustainable road construction. It is to be noted that differing enzyme stabilizers and mix proportions can yield different 

http://www.ijrti.org/
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results which pri- marily depend on the field soil type/condition. However, it is re- commended that enzyme based stabilization be 

used in conjunction with another additive to provide greater improvements in the strength 
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