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1. Introduction 
 

Lime and cement have been used for stabilising soils at 

shallow depths. Calcium-based stabilisers form expansive 

minerals such as ettringite and/or thaumasite in presence of 

moisture in sulfate bearing soil as shown in equation 1 

(Puppala et al. 2005). It can form excessive swelling 

minerals along with the cementitious products. Literature 

reveals that these minerals can cause large amount of 

heaving and lead to cracking of the infrastructure built on 

them such as pavements, building foundations etc. and 

results in huge repair and maintenance costs (Seco et al. 

2017, Cheshomi et al. 2017, Mohn et al. 2016, Zhang et al. 

2015, Punthutaecha et al. 2006 and Puppala et al. 2005). 

Sulfates may exist within the soil naturally, or may be 

produced from the oxidation of sulfate minerals. Sulfates 

are present in natural soils as calcium sulfate (gypsum), 

sodium sulfate (thenardite) and magnesium sulfate 

(epsomite) (Talluri 2013). Many cases of damages due to 

sulfate content in soil has been reported in southern, 

western and southwestern United States (Petry and Little 

1992, Rollings et al. 1999 and Puppala et al. 2004). It is 

reported that the existence of sulfate can reduce the strength 

of stabilized soils (Gilazghi et al. 2016). The ettringite  
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formation consumes calcium from the binder and hence 

slows down the rate of hydration to form calcium-silicate-

hydrate (Puppala et al. 2005 and Talluri 2013).  

𝐶𝑎2+ +  2𝐴𝑙(𝑂𝐻)4
−  + 4(𝑂𝐻)− +  3(𝑆𝑂4)2− + 26𝐻2 

→  𝐶𝑎6[𝐴𝑙(𝑂𝐻)6]2 . (𝑆𝑂4)3 .26𝐻2 𝑂 (1) 

In addition to above issues the manufacturing process of 

Portland cement emits huge amount of sulphur dioxide 

aerosol emissions, CO2 emissions (approximately 0.95 t 

CO2/t PC), dust generation, high consumption of energy 

(approximately 5000 MJ/t PC) and resources 

(approximately 1.5 t limestone and clay/t PC) (Worrell et al. 

2001, Higgins 2007, Scrivener and Kirkpatrick 2008, 

Rashad 2016, Yi et al. 2014, Khan and Taha 2015, Jin et al. 

2015 & Sargent 2015). With this background, the demand 

of more environmental friendly and sustainable materials 

for ground improvement is explained. Hence, there is a 

research need to develop and evaluate the performance of 

the alternative additives to traditional stabilizers so that 

better stabilization can be provided to sulfate bearing soils. 

The stabilization process of cement treated soil includes 

cation exchange, flocculation, agglomeration, cementitious 

hydration and pozzolonic reaction (Geiman et al. 2005, 

Mallela et al. 2004, Dhakal 2012 and Sargent 2015). Cation 

exchange and heat of hydration decreases the diffused 

double layer thickness and its plasticity. The calcium ion 

from the binder will replace the low valence sodium or 

potassium ions. Van der Waals forces of attraction make the 

soil structure flocculated by the edge to face connections 

(Sargent 2015). The hydration products such as calcium 
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Abstract.  Use of cement in stabilizing the sulfate-bearing clay soils forms ettringite/ thaumasite in the presence of moisture 

leads to excessive swelling and causes damages to structures built on them. The development and use of non-traditional 

stabilisers such as alkali activated ground granulated blast-furnace slag (AGGBS) and enzyme for soil stabilisation is 

recommended because of its lower cost and the non detrimental effects on the environment. The objective of the study is to 

investigate the effectiveness of AGGBS and enzyme on improving the volume change properties of sulfate bearing soil as 

compared to ordinary Portland cement (OPC). The soil for present study has been collected from Tilda, Chhattisgarh, India and 

5000 ppm of sodium sulfate has been added. Various dosages of the selected stabilizers have been used and the effect on 

plasticity index, differential swell index and swelling pressure has been evaluated. XRD, SEM and EDX were also done on the 

untreated and treated soil for identifying the mineralogical and microstructural changes. The tests results show that the AGGBS 

and enzyme treated soil reduces swelling and plasticity characteristics whereas OPC treated soil shows an increase in swelling 

behaviour. It is observed that the swell pressure of the OPC-treated sulfate bearing soil became 1.5 times higher than that of the 

OPC treated non-sulfate soil. 
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silicate hydroxide and calcium aluminate hydroxide gels are 

formed when calcium from binder react with soluble 

alumina and silica from the clay. 

Mechanism of alkali activation can be explained by 

geopolymerisation. Alumina silicates form alkali alumino-

silicates in presence of aqueous alkali hydroxide or silicate 

solution (Sargent 2015, Mozumder and Laskar 2015 and 

Khale and Chaudhary 2007). Alkali activation of GGBS 

transforms the glassy structures (partially or totally 

amorphous and/or metastable) into very compact well-

cemented composites (Palamo et al. 1999).  This process 

destructs the Si-O and Al-O bonds in the GGBS and it 

increases the hydration rate. It depends on the pH of the 

solution (Yi et al. 2014, Jin et al. 2015). 

Stabilisation of soil using enzymes can be a cost 

effective alternative to traditional construction materials 

(Tingle et al. 2007 & Rafique et al. 2016). It lowers the 

attraction of water to soil due to the reaction between 

protein molecules and soil molecules (Velasquez et al. 

2005). 

Several studies have been done for improving the 

engineering properties of sulfate-rich soils using reactive 

magnesia- GGBS, lime-GGBS, lime-fiber, cement kiln dust, 

granulated blast furnace slag and fly ash, sulfate resistant 

cement stabilisation, rubber-soil technology, polymer 

stabilisation etc. (Zhang et al. 2015, Jin et al. 2015, Yi et al. 

2014, Sargent 2015, Du et al. 2016, Du et al. 2015, Yu et al. 

2016, Yi et al. 2016, Celik and Nalbantoglu 2013, Carraro 

et al. 2013, Sargent et al. 2012, Gilazghi et al. 2016 & 

Talluri 2013). It appears that cement-stabilized soils 

containing clay are particularly prone to sulfate attack.  

The use of GGBS in conjunction with lime has been 

shown to reduce the degree of heave due to the production 

of CSH gel (Buttress 2013 & Wild et al. 1998). CSH gel 

which is responsible for the increased is produced by using 

alumina ions from the clay and lime. Wang et al. (2005) 

reduced the amount of ettringite formation by use of 

supplementary cementitious materials (SCM). Wild et al. 

(1998) reported that lime along with GGBS improved 

strength of soil with considerable amount of gypsum.  

Jin et al. (2015) reported that reactive MgO can be an 

effective and economical activator for GGBS. Yi et al. 

(2014) concluded that activators such as NaOH, Na2CO3 

and Na2SO4 can contribute the strength development rate of 

GGBS stabilized marine soft clay. Du et al. (2015) found 

that GGBS–MgO-stabilised kaolin clay display higher dry 

density up to 7% than the PC-stabilised kaolin clay. MgO 

activated GGBS accelerated the strength development rate 

of stabilised clay but excessive MgO with high reactivity is 

found to have negative effect on its strength performance 

(Yi et al. 2016). It is reported that sodium sulfate attack has 

much less significant effect on the surface integrity, mass 

loss, dry density, and unconfined compressive strength of 

the GGBS-MgO stabilized soil as compared with the OPC-

stabilized kaolin clay (Yi et al. 2016). 
Gilazghi et al. (2016) investigated stabilization of 

sulfate rich high plasticity clay using polymer and reported 
as dosage of polymer upto 13% leads to increase in 
strength. The performance of liquid soil stabilisers were 
studied by various researchers (Velasquez et al. 2005, 
Rauch 2003, Ganapathy et al. 2016, Eujine et al. 2016 & 

Latifi et al. 2015). Ganapathy et al. (2016) found that the 
plasticity index, maximum dry unit weight and permeability 
of the soil decreased leading to an increase in California 
bearing ratio value, unconfined compressive strength and 
shear strength with increasing dosage of the bio-enzyme. 
The behaviour of enzymatic lime stabilised soils was 
investigated and was reported that combination of enzyme 
and lime stabilise the soil effectively then using enzyme or 
lime alone. This may be because the enzyme acts as a 
catalyst in presence of lime (Eujine et al. 2016). 

It is noticed that only a limited research has been carried 

out to understand the effect of non-traditional stabilisers on 

the swelling properties of sulfate bearing soil. The present 

study focuses on the efficacy of alkali activated GGBS and 

bio-enzyme in controlling volume changes of soil with 

added amount of sodium sulfate. Test specimens were 

subjected to consistency limits, differential swell and swell 

pressure tests. Analytical techniques such as XRD, SEM 

and EDX were also done on the untreated and treated soil to 

identify and characterise the reaction products formed and 

to study the changes in microstructure which occur in the 

selected soil when it is stabilised with OPC, AGGBS and 

enzyme. 

 

 

2. Experimental programme 
 

2.1 Materials used 
 

The soil samples have been collected from Tilda, 

Chattisgargh India. The geotechnical characterization of the 

soil is given in Table 1. The chemical composition of GGBS 

and OPC obtained from Cement Plant at Bhilai are given in 

Table 2. Ground granulated blast-furnace slag (GGBS) 

activated by 1 molar (M) sodium hydroxide solution 

(NaOH), enzyme and OPC were used for the present study. 

Sodium hydroxide has greater capacity to liberate silicate 

and aluminate monomers (Mozumder and Laskar 2015). 

Bio-enzyme was used for the study as stabiliser. Sodium 

sulfate was used to make artificial sulfate bearing soil. 

 

2.2 Sample preparation and testing methods 
 

Soil is dried, pulverized and sieved through 4.75mm IS 

sieve. Dosages of GGBS were selected as 6%, 9%, 12%, 

15% and 20% of dry weight of soil. Dosage of OPC was 

selected as 12% dry weight of selected soil based on the 

compaction and unconfined compression test (UCS) results 

as shown in Figs. 2-3. Enzyme has been used 70 ml/m3, 100 

ml/m3, 133 ml/m3, 400 ml/m3 and 645 ml/m3 of soil. 

Sodium sulfate solution of 5000 ppm has been used instead 

of water and various tests have been done as given in Table 

3. Atterberg limits and differential swelling index (DSI) 

tests have been done after 28 days of sample preparation on 

the untreated and treated samples in laboratory as per Indian 

Standard Codes IS: 2720- 5 (1985) and IS: 2720- 40 (1970) 

respectively. Swell pressure test (Fig. 1) has been conducted 

as per IS: 2720-41 1977. This test is used to measure the 

maximum swelling pressure of the soil specimens at which 

no volume change of the specimens is anticipated 

(Punthutaecha et al. 2006). The specimens have been  
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Table 1 Properties of the soil 

Property Value 

Liquid Limit (LL) 42.25 % 

Plastic Limit (PL) 18.6 % 

Plasticity Index (PI) 23.65 % 

Optimum Moisture Content (OMC) 13.5 % 

Maximum Dry Density (MDD) 17.2 kN/m3 

 

Table 2 Chemical Composition of GGBS and OPC 

Element OPC (percentage by weight) 
GGBS (percentage by 

weight) 

CaO 56.24 36.02 

MgO 4.74 7.9 

SiO2 20.65 34.43 

Al2O3 5.31 9.36 

Fe2O3 3.7 0.94 

LOI 1.78 0.1 

IR 1.3 0.16 

 

Table 3 Test details  

Test Material Designation 

Non-sulfate soil NS 

Sulfate soil- 5000ppm S 

Non-sulfate soil + OPC 12% NS+C 

Sulfate soil- 5000ppm + OPC 12% S+C 

Sulfate soil- 5000ppm + Enzyme 70 ml/m3 S+E1 

Sulfate soil- 5000ppm + Enzyme 100 ml/m3 S+E2 

Sulfate soil- 5000ppm + Enzyme 133 ml/m3 S+E3 

Sulfate soil- 5000ppm + Enzyme 400 ml/m3 S+E4 

Sulfate soil- 5000ppm + Enzyme 645 ml/m3 S+E5 

Sulfate soil- 5000ppm + GGBS 6%+ 1M NaOH S+G1 

Sulfate soil- 5000ppm + GGBS 9%+ 1M NaOH S+G2 

Sulfate soil- 5000ppm + GGBS 12%+ 1M NaOH S+G3 

Sulfate soil- 5000ppm + GGBS 15% + 1M NaOH S+G4 

Sulfate soil- 5000ppm + GGBS 20% + 1M NaOH S+G5 

 

 

Fig. 1 Swell pressure test apparatus 

compacted in a mould of 100 mm in diameter and 127.3 

mm in thickness at optimum water content by using 

modified Proctor compaction effort. Two porous stones 

have been placed at the top and bottom of the soil specimen. 

The loading plate eliminated the point load effect. A dial 

gauge was placed on the top of the specimen to monitor 

volume changes in the specimen due to water absorption. 

The specimen is saturated under seating pressure of 5 kPa, 

and allowed to swell. After cessation of swelling is 

observed, the specimen has been loaded and allowed to 

compress under load. The loading pressure under which the 

soil sample compressed to its original volume is the 

swelling pressure.  

XRD, SEM and EDX analysis were done on untreated 

and treated (optimum dosages of OPC, AGGBS and 

enzyme) samples after a curing period of 28 days. Samples 

were sieved through 75 µ IS sieve. Samples were coated 

with a thin layer of gold for performing SEM and EDX 

analyses. 
 

 

3. Results and discussion 
 

3.1 Atterberg limits 
 

Based on the compaction and unconfined compression 

test (UCS) results as shown in Figs. 2 and 3, the dosage of 

OPC has been selected as 12% of dry weight of the soil. 

Figure 4 shows the liquid limit, plastic limit and plasticity 

index of AGGBS and enzyme treated sulfate bearing soil. It 

is seen that the Plasticity Index (PI) of OPC stabilized 

sulfate soil is increased by 70% of that OPC stabilized non-

sulfate soil. The higher the PI favours expansiveness of the 

soil. It indicates that the cementation property of cement is 

overruled by ettrignite formation. Thereby, the results agree  
 
 

 

Fig. 2 MDD and OMC with dosage of OPC 

 

 

Fig. 3 UCS values with dosage of OPC 
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Fig. 4 Atterberg limits 

 

 

Fig. 5 Differential swell index 

 

 

Fig. 6 MDD and OMC with dosage of AGGBS 

 

 

Fig. 7 MDD and OMC with dosage of enzyme 

 

 

with the formation of expansive minerals such as 

ettringite/thaumasite in presence of sulfate. 

Addition of enzyme of 70 ml/m3 and 645 ml/m3  

 

Fig. 8 Swell pressure 
 

 

decreases PI values of the control soil by 4.5% and 22% 

respectively. Increased dosage of enzyme increases the 

liquid and plastic limit of the soil. Addition of enzyme to 

soil decreases plasticity index of soil can be due to the 

electrical neutrality maintained on the clay surface which is 

inturn obtained from the bonding of organic molecules 

attracted to the clay mineral surface (Scholen 1992 & 

Tingle et al. 2007). Enzyme weakens the diffused double 

layer which leads to improved plasticity characteristics of 

soil (Velasquez et al. 2005 & Ganapathy et al. 2016).  

It can be seen that addition of 6% GGBS reduces the PI 

of the control soil by 34%. Further, increase in dosages of 

GGBS increases the PI values, but it is less than the control 

soil. GGBS dosages of 9%, 12%, 15% and 20% decreases 

the PI value by 31%, 27%, 13% and 4.5% respectively. The 

more availability of calcium ions might be the reason of 

increase in PI values.  

 

3.2 Differential free swell 
 

Fig. 5 presents the results of differential free swell index 

of alkali activated GGBS and enzyme treated sulfate 

bearing soils. DSI of the OPC stabilized sulfate soil 

increases by 68% that of OPC stabilised non-sulfate soil. 

This increase is due to the formation of expansive minerals. 

DSI values deceases by 48.4% and 32.3% with the addition 

of GGBS (6%) and enzyme (645 ml/m3). The decrease in 

the DSI may be due to the decreased water affinity of the 

soil.  

 

3.3 Swelling pressure 
 

The swell pressure of the soil is studied for AGGBS and 

enzyme for sulfate bearing soil and results are shown in Fig. 

8. The specimens were compacted at optimum water 

content by using modified Proctor compaction effort as 

shown in the compaction test results (Fig. 6 and 7). The 

sulfate content causes an additional increase in swell 

pressure of OPC stabilized sulfate soil by 150% than non-

sulfate OPC stabilized soil. The swell pressure of the 

control soil is obtained as 55.2 kPa. The maximum 

allowable swell pressure for non-problematic soil is 20 kPa 

(Ranjan and Rao 2000). The swell pressure of the control 

soil is reduced by 50% and 41.9% for alkali activated 

GGBS (6%) and enzyme (645 ml/m3) which is near to the 

acceptable range. But as the dosage of GGBS increases it  
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Fig. 9 SEM of untreated soil 

 

 

Fig. 10 SEM of OPC (12%) stabilised soil 

 

 

Fig. 11 SEM of GGBS (6%) stabilised soil with 1M NaOH 

 

 

Fig. 12 SEM of enzyme (645 ml/m3) stabilised soil 
 

 

shows an increase in swell pressure. GGBS activated by 

alkali is more effective in reducing the swell pressure of the  

Table 4 EDX microanalysis of the samples 

Element 

Untreated soil 
OPC stabilised 

soil 

AGGBS 

stabilised soil 

Enzyme 

stabilised soil 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

Weight 

(%) 

Atomic 

(%) 

Na - - - - 0.80 1.07 - - 

Mg 1.60 2.05 2.67 3.44 3.26 4.14 2.12 2.70 

Al 13.84 15.97 14.18 16.47 14.30 16.36 14.67 16.83 

Si 59.36 65.80 54.32 60.59 53.86 59.21 58.94 64.95 

S 1.53 1.48 0.92 0.90 0.87 0.84 1.11 1.07 

K 2.99 2.38 2.69 2.15 2.83 2.24 3.31 2.62 

Ca 2.94 2.28 11.26 8.8 13.02 10.03 3.23 2.49 

Ti 1.45 0.94 1.51 1.01 1.45 0.94 1.46 0.94 

Fe 16.29 9.08 11.11 6.23 11.06 6.12 15.16 8.40 

 
 

control soil compared to enzyme. The soil improvement is 

contributed from the formation of hydration bonds and 

cation exchange process which leads to decrease in soil 

porosity (Latifi et al. 2015). 

 

3.4 Scanning electron microscope and energy 
dispersive X-ray 
 

SEM images of the untreated and treated soil at 

optimum dosage of stabilisers are shown in Figs. 9 to 12. 

The untreated soil shows discrete particles as shown in Fig. 

9. Addition of stabilisers increases bonding of different 

particles to form aggregates or reaction products. The EDX 

analyses of the selected area of the untreated and treated 

samples are shown in Table 4. EDX identifies the elemental 

composition of the untreated soil which contains Mg, Al, Si, 

K, Ca, Ti and Fe. For OPC and AGGBS stabilised soil, 

EDX shows an increase in percentage of calcium. Calcium 

is found in small amount for the enzyme stabilised soil.  

 

3.5 X-ray diffraction 
 

The minerals or the reaction products of the soft and 

stabilised soil can be identified from the diffraction lines 

(Ouf 2001). The XRD patterns for the soft and stabilised 

soils at optimum dosage of stabiliser are shown in Figs. 13 

to 16. XRD of untreated soil shows montmorillonite 

mineral presence in the soil. Montmorillinte peaks have 

been disappeared for AGGBS and OPC stabilised soil. 

AGGBS stabilised soil shows zeolite, hydradrated 

aluminosilicates of sodium such as hydroxysodalite 

(Na4Al3Si3O12)OH or herschelite (NaAlSi2O6. 3H2O),  

which is the reason behind improvement of mechanical 

properties of the AGGBS  stabilised soil. Whereas, in OPC 

stabilised soil, XRD shows calcium silicate hydroxide 

(CSH) and calcium aluminate hydroxide (CAH) and 

hydrocalcite peaks which leads to the improvement in the 

stabilised soil (Ouf 2001). The swelling behavior in OPC 

stabilized soil can be due to the traces of ettringite. XRD of 

enzyme stabilised soil does not show any cemented 

products whereas it detects montmorillonite peaks. 

GGBS activated by an alkali helps in further hydration 

by breaking the impermeable silicate/aluminate oxide layer  
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Fig. 13 XRD pattern of untreated soil 

 

 

Fig. 14 XRD pattern of OPC (12%) stabilised soil 

 

 

Fig. 15 XRD pattern of GGBS (20%) with 1M NaOH 

stabilised soil 

 

 

Fig. 16 XRD pattern of enzyme (645 ml/m3) stabilised soil 

 

 
on the surface of slag grains (Jin et al. 2015, Yi et al. 2014, 
Sargent 2015, Mozumder and Laskar 2015, Khale and 
Chaudhary 2007 & Song et al. 2000). GGBS posses high 
amount of alumina and silica which is quickly available to 
react with calcium forming cementitious gels preventing the 
formation of ettringite (Talluri 2013). It is expected that 
adding 6% GGBS to the control soil produces denser 
cementitious matrix, reduces the permeability and increases 
the durability against the internal and external sulfates 
attack (Wild et al. 1998 & Tasong et al. 1999). This 
reduction in swelling properties may be because of the 
decrease in permeability due to the addition of more fine 
material. However, further addition of GGBS increases the 
amount of calcium and soluble silica and alumina which 
leads to ettringite formation. Researchers reported that the 
formation of ettringite is favored in high alumina content 
whereas formation of monosulfate hydrate is favored in low 
alumina content (James 2013, Talluri 2013). Ettringite 
formation is controlled by the molar ratio of Al2O3 and SO4 

(Talluri 2013). 

Surface of clay particles surrounded by large organic 

cations from enzymes reduces its affinity of water by 

maintaining its electrical charges neutral (Scholen 1992 & 

Tingle et al. 2007). Enzymatic layer may develop an 

osmotic pressure gradient in the soil by working as a semi 

permeable membrane. Thus it helps to maintain the 

equilibrium of the cation concentration by controlling the 

movement of moisture. This loss of moisture results in a 

strengthening of the molecular structure of the clay 

(Velasquez et al. 2005, Scholen 1992 & Mitchell and Soga 

2005). The combined effect of encapusalation of clay 

minerals and osmostic pressure gradient reduces the 

adsorbed layer thickness which leads to improved plasticity 

characteristics. 

The enzymatic soil stabiliser acts as a biosurfactant 

which also prevents water (Terrazyme 2016). Surfactants 

are organic compound that reduces surface tension. It is a 

surface active agent and is made of hydrophilic head and 

hydrophobic tail. Hydrophillic head of surfactant envelopes 

the negatively charged clay surface whereas the 

hydrophobic end inhibits the entry of additional water. The 

alcohol content present in enzyme may also contribute 

towards restriction of water entry to reduce the thickness of 

adsorbed layer with the effect of its dielectric constant 

(Terrazyme 2016 & Mitchell and Soga 2005).  

 
 

4. Conclusions 
 

The effects of dosage of AGGBS and enzyme on the 

swelling properties of sulfate bearing soil have been studied 

through Atterberg limits, DSI, swell pressure, SEM, EDX 

and XRD. The following conclusions may be drawn from 

the test results. 

• There is considerable variation in the swelling 

characteristics of the OPC stabilized sulfate bearing soil 

when compared to the OPC stabilized non-sulfate soil.  

• Swell pressure of OPC stabilized sulfate soil increases 

by 150% than non-sulfate OPC stabilized soil due to 5000 

ppm sulfate content. The swell pressure of the control soil 

(55.2 kPa) is not desirable since it exceeds the maximum 

allowable swell pressure (20 kPa) as per Ranjan and Rao 

(2000). 

• The swell pressure of the control soil can be brought 

near to allowable pressure by adding 645 ml/m3 of enzyme 

or 6% of GGBS activated by 1 M NaOH.  

• Addition of stabilisers increases bonding of different 

particles to form aggregates or reaction products. For OPC 

and AGGBS stabilised soil, EDX shows an increase in 

percentage of calcium. Calcium is found in small amount 

for the enzyme stabilised soil. 

• Formation of zeolite, hydradrated aluminosilicates of 

sodium can be the reason for improvement in mechanical 

properties of the AGGBS stabilised soil. The swelling 

behavior in OPC stabilized soil can be due to the presence 

of ettringite. XRD of enzyme stabilised soil does not show 

any cemented products whereas it detects montmorillonite 

peaks. 

• Non-conventional stabilizer such as alkali activated 

GGBS and enzyme can be used as an environmental 
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friendly stabilizer for sulfate bearing soils to avoid 

excessive swelling as compared to OPC. 
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