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Abstract-  
The principle objective of this paper is to improve 

the soil conditions by using stabilization of soil 

using different materials. The soils are stabilized to 

make a workable platform and to reduce the 

distresses caused in weak soils and also used to 

reduce the shrinkage and swelling properties of 

soil. The main problem with soils is the presence of 
sulfates in the soils. These sulfates present in the 

soil react with calcium based stabilizers and leads 

to the formation of Ettringite and Thaumasite 

minerals which are responsible for the expansion of 

soil. These are formed when soil is stabilized using 

calcium based stabilizers like lime and cement. So 

to reduce these effects ground granulated blast 

furnace slag is used to reduce the swelling of soils. 

This GGBS also increases the strength properties of 

soil and make it workable for construction rather 

than removing and replacing other soil in the field. 
This paper discusses the mechanism of stabilization 

and also formation and structure of ettringite and 

volume expansion of ettringite. A case history is 

also considered to show the failure of lime 

stabilized soils due to formation of heaves because 

of formation of ettringite. And also discusses about 

the advantages and disadvantages and also prices of 

GGBS, lime, cement and Fly Ash materials.  
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I. INTRODUCTION 

  

 Problems with soils and importance of 

Stabilization: 

Pavements long term performance 

depends on the soils that exist under pavements. 
Pavement design is based on that each and every 

layer under the pavement supports the weights and 

super imposed loads. These layers of pavements 

should have good resistance against the 

shear/deformation and deflections which give in 

fatigue cracking. To make soil a good useable 

construction material from inexpensive material 

stabilization of soil is done. 

            The major problem that the engineer’s faces 

is an unsuitable subgrade soil for the design of 

roads and construction works and some soils which 

have more silt and clay have changing their 
properties: they expand or swell when they take in 

water and becomes plastic, they shrink when dried. 

Long time performance of pavement structures is 

also affected by soil stability. There is a difficulty 

in the performance of soil investigations at the site 

which contains sulfates. So the soil should be 

stabilized to get the entire design life. 

There are many failures of the pavement 

due to weakness of the subgrades and subbases. 

Pavement failures like longitudinal cracking, 

transverse cracking, alligator cracking, rutting, 
raveling etc., are caused due weak bases. Due to 

heavy rain there will be expansion of soil and 

which causes the heaves.  

 

Methods of Stabilizations:  

There are different types of stabilizations. 

They are  

1. Cement Stabilization  

2. Fly Ash Stabilization  

3. Lime Stabilization  

4. GGBS Stabilization  

Objective:  

            The objective of this paper is to describe 

mechanisms of stabilization of soil with different 

materials and also the problems with sulfates to the 

soils and formation of ettringite mineral when soil 

reacts with lime or other cementitious materials 

when soil is stabilized and to fix the problems with 

sulfates in soils by using GGBS. 

II. MECHANISM 

Cement Stabilization: 

The performance of cement treated soils that is the 

engineering properties of soil is improved mainly 
by the hydration of cement and also by hardening 

of cement. Clay mineral is not considered as the 

inert element. They will react with calcium 

hydroxide that comes from the hydration of 

cement, which gives cementitious material and 

strengthen the bonds between soil grains. 

Hydration of Cement: 

Cement was produced from gypsum and 

intergrinding of clinker. The clinker is made up of 

four major oxide phases which are: C3S represents 

tricalcium silicate, C2S represents dicalcium 
silicate, C3A represents tricalcium aluminate and 

C4AF represents tetra calcium alumino ferrite and 

which forms a heterogeneous material. (By the 

nomenclature in the cement chemistry C stands for 

CaO, S means SiO2, A means Al2O3, F means 

Fe2O3, H means H2O, Ŝ means SO3). 
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Lime Stabilization:  

Lime is mainly in two forms. They are quick lime 

(Calcium oxide, CaO) and lime slurry or hydrated 

lime, Ca(OH)2). Hydrated lime is reacted with the 

clay transforms to strong cementitious material. 
The lime improves the workability and short term 

strength of the soil.  Three processes are done in 

this and they are drying, modification and 

stabilization. When quick lime immediately 

hydrates, heat is released. Due to the participation 

of water in this reaction, the soil dries up as the 

heat is generated and extra moisture is evaporated. 

The hydrated lime which was produced by the 

initial reactions will react with clay particles. These 

reactions will give more drying slowly as they 

decrease the soil moisture holding capacity and 

increases stability. Instead of quick lime if hydrated 
lime slurry is used, drying happens due to chemical 

reactions in soils. 

 
Figure: Lime flocculating clay (National Lime 

Association, 2004). 

Fly Ash Stabilization: 

           The pozzolanic material which is a Fly ash 

is defined as the materials which has more alumina 

and silica and has no cementing properties by itself, 

but when it is finely divided and comes into contact 

with the moisture content, at normal temperatures it 

reacts with calcium hydroxide and form 
cementitious compounds. The calcium present in 

the self-cementing fly ash is mainly because of 

silicates and aluminates which are crystalline in 

nature and it is responsible for the hydration like 

Portland cement rather than lime. The hydration of 

tricalcium aluminate causes the occurrence of 

cementitious reactions first, which was the cause of 

problems in long compaction delay hours. 

 
Figure: SEM of Ettringite, where CH stands for 

Calcium Hydroxide, AFt for Ettringite, AFm for 

Monosulfate, CSH for Calcium silicate hydrate 

and FA for Fly Ash 

GGBS Stabilization: 

          At the point when water is added to the 

mixture of GGBS and cement, the hydration 
procedure can be abridged as below 

            Water starts to consolidate with Portland 

cement and calcium silicate hydrate starts to form. 

The other response results of Portland cement are 

calcium hydroxide and later sodium and potassium 

hydroxides. The GGBS is activated by these 

alkalis, which responds with water to create 

hydrates like those delivered by the hydration of 

cement. The overabundant silicates and aluminates 

that are obtained from GGBS hydration join with 

the calcium hydroxide in the pozzolanic reaction. 

In the OPC and GGBS mixtures the C-S-H is 
available inside of the voids or space that is 

possessed by slag called as “inner product”, Ip 

which has a thick homogeneous morphology as 

shown in Figure 2.4 or Portland concrete grains or 

in the initially water filled spaces called as “outer 

product” Op which has fibrillary morphology at 

greater Ca/Si proportion and coverts to foil like. 

Foil like Op which is in blended and hydrated 

materials of 10% C3A and 90% slag for one and 

half year 20 degrees C with less Ca/Si ratio as 

shown in the right side of Figure 2.4 foil – like Op 
in 10% C3A and 90% slag is blend and hydrated for 

18 months at 20 degrees C. Table 2.1 explains 

about different types of admixtures used in 

different types of stabilizations

 
Figure: Transmission electron micrograph 

 

Table : Stabilization types and Admixtures 

STABILIZATION 

TYPES 
ADMIXTURES 

Mechanical None 

Cementing Agents 

Cement 

Lime-Fly Ash 

Sodium Silicate 

Lime 

Modifiers 

Lime 

Bitumen 

Cement 

Membranes 

Sodium Chloride 
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Sulfate attack on Stabilized soil: 

            Sulfate attack happens when alumina, 

calcium and sulfate all together form ettringite. The 

formula of ettringite chemically is 

(Ca6(Al(OH)6)2(SO4)3*26H2O). It forms when 
calcium based stabilizer is used to stabilize soil 

having sulfates. It results in maximum cracking and 

swelling if required ettringite is formed. 

Formation of Ettringite: 
           The hydration of two phases that are 

aluminoferrite and aluminate is quite better 

intricate and moves by the way of several viable 

phases depending on the solubility and quantity of 

two calcium sulfate and calcium aluminate phases. 

The reaction with gypsum, which is in the presence 

of sulfates, is the dominant one in each of C3A 

hydration and gives ettringite. As a little amount of 
gypsum is transformed to cement in the 

manufacturing course to control cement 

surroundings, and a small amount of aluminate will 

react and gives ettringite. This ettringite mineral 

fashioned for the duration of the preliminary 

hydration does now not rationale growth as the 

plastic stage of cement paste. Because of less 

availability of sulfate, the remaining aluminate will 

react to aluminate hydrates and monosulfate and 

also on the other hand, they reacts with sulfates 

from soil or water for the formation of ettringite 
when the matrix is hardened. This is known as 

sulfate which causes expansive damage. 

 

 
Figure: a. The structure of ettringite, b. SEM 

Micrograph of ettringite crystals in SM mortar 

after 14 day aging period,     c. SEM of 

Unstabilized sulfate rich soil, e. SEM of 

stabilized sulfate rich soil 

 

III. CASE STUDY 

Problem:  

In Las Vegas Nevada, there was a major arterial 

street in which lime treatment for the expansive 

silty clay soil was used in the construction of the 

sub base about approximately three miles (5km) of 

a section. This is so far used for a parking lot in 
school and street section till then and in a year or 

two years their performance has been good 

followed by their construction (Mitchell, 1984). 

            Compaction test and ‘R-value’ test had 

demonstrated that there was a good improvement 

of strength and quality of soil by using a 4% 
granular quick lime by weight in the treatment of 

the soil which is expansive. The compacted soils 

are resistance towards the distortions after a time of 

dousing in water is assessed using stabilometer test. 

            The consequences of these tests and activity 

data were utilized to set up the asphalt/pavement 

thickness design outlined in the Figure 3.1. The 

road width between the curb to curb was 90ft, and 

comprised 12ft travel paths which are 4 in number 

and for parking there are two lanes and also an 

inside divider. In the spring of 1975, construction 

happened. The main critical trouble in the 
construction period was that the sub grade was wet. 

By quality control tests and the field assessment, it 

was concluded that in general the lime treated 

material was put and compacted as per engineer’s 

proposal.  

 

 
Figure: Lime treated subbase pavement section 

            The finished development showed up of 
good quality and starting execution was great. In 

the fall of 1977 indications of distress started as 

little cracks and heaves. The failure had gotten 

more with heaves and spots by the spring of 1978. 

The pavement surface failures in Stewart pavement 

is shown in Figure 3.2. These types of distress were 

seen in western parts and some are in good 

condition. 

 
Figure: Pavement Surface failures in Stewart 

Avenue 
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Table 3.1: Characteristics of Lime-treated and 

untreated samples of soils taken in 1982 

 
1The samples that are taken next to the pavement 
2The samples that are taken underneath surface of 

pavement. 

            In southwest of the United States, fine 

grained soils are present. These soils are different 

from soils in different territories, in that they have 

critical quantities of carbonates and sulfates. 

Sulfate structures are Gypsum (CaSO4.2H2O) and 
sodium sulfate (Na2SO4) whereas carbonate shapes 

are the dolomite (MgCO3) and calcium carbonate 

(CaCO3). The overwhelming minerals of clay that 

are present in these soils are far reaching smectites. 

Tests were done to explore the soil science and the 

composition and the response item.  

 

State Highway 183 in Texas: 

            The soil at this place has nearly 20000 to 

30000 ppm sulfates. Samples were taken for testing 

and they shrink with the time. The shrinkage is due 
to drying of the soil sample for 3 days after sample 

expansion is done, and cracks are reduced when 

again sample is in water or the shrinkage is due to 

some soil which was untreated moving into the 

water when the test is in progress and so there may 

be in decrease in the volume. 

 
Figure: Percentage Swelling of SH 183 soil 

 

Table.: pH and PI of samples treated with 

GGBS and Lime 

SH 

183 
Control 

+5% 

GGBS, 

1% Lime 

+5% 

GGBS, 

2% 

Lime 

+5% 

GGBS, 

3% 

Lime 

PI 29 19 18 15 

pH 7.7 11.6 12.3 12.4 

 

 
Figure 3.5: UCS of soil by using various Lime and 

GGBS combinations (GGBS and lime contents of 

5:1, 5:2 and 5:3 combinations) 

 

 
Figure 3.6: Percentage swelling with the increase in 

lime content on SH 183 soil 

 

IV. DISCUSSIONS 

According to the advantages and disadvantages 

discussed in Table. the GGBS stabilization has 

more advantages including resistance towards 

sulfate attack properties and has only disadvantage 

is that it needs an alkali to activate. 

            

Table: Advantages and disadvantages of 

different materials used for soil stabilization 

(Civil Engineers Forum, 2015, American Road 

Builders Association Subcommittee on lime 

stabilization, 2004, Federal Highway 

Administration, 2015 
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Table: Cost of materials used in stabilization of 

soil. 

Materials Cost ($ per metric ton) 

Cement 98.5 

Lime 121.1 

Fly Ash 38.5 – 59.5 

GGBS 13.3-33.06 

 

Table: Level of risk Vs soluble sulfate 

concentrations with lime stabilization 

Risk Involved 

Soluble sulfates concentrations  

Percent dry 

weight 

Parts per million 

(ppm) 

Low Risk Below 0.3% Below 3000 ppm 

Moderate Risk 
Between 0.3% 

and 0.5% 

Between 3000 

ppm and 5000 
ppm 

Moderate to 

high Risk 

Between 0.5% 

and 0.8% 

Between 5000 

ppm and 8000 

ppm 

High to 

Unacceptable 

Risk 

Greater than 

0.8% 

Greater than 8000 

ppm 

Unacceptable 

Risk 

Greater than 

1.0% 

Greater than 

10000 ppm 

 

Table: Engineering Properties of GGBS 

Stabilized Soil 

GGBS (%) OMC (%) 
MDD 

(gm/cc) 
CBR (%) 

0 14.33 1.710 2.69 

5 14.13 1.726 2.94 

10 13.54 1.735 3.21 

15 13.15 1.750 3.50 

20 12.75 1.756 3.88 

25 12.46 1.765 4.28 

   

Table: Engineering Properties of Cement 

Stabilized Soil 

Cement 

(%) 

OMC 

(%) 

MDD 

(gm/cc) 
CBR (%) 

0 19.18 1.735 14.84 

2 18.40 1.780 15.64 

4 18.20 1.810 16.54 

8 17.62 1.835 22.44 

10 16.98 1.855 24.81 

20 20.03 1.810 7.91 

Table: Engineering Properties of Lime 

Stabilized Soil 

Lime (%) OMC (%) 
MDD 

(gm/cc) 
CBR (%) 

3 13.83 1.8 2.88 

6 15.797 1.799 3.25 

9 16.9 1.780 3.97 

12 18.27 1.758 5.6 

 

Table: Engineering Properties of Fly Ash 

Stabilized Soil 

Fly Ash 

(%) 
OMC (%) 

MDD 

(gm/cc) 
CBR (%) 

10 16 1.72 3.07 

20 18.5 1.7 5.05 

30 19.5 1.614 6.68 

40 20 1.6 7.95 

 

V. CONCLUSION 

 

The soils that are weak should be stabilized for the 

long term performances of the pavement and for 

the comfort of people. The soils that are having 

more sulfate content are not suitable for the 

stabilization by calcium based stabilizers as this 

may lead to the formation of ettringite. Stabilizer 

used should give strength to the soil and increase 
the engineering properties and also resistant to the 

sulfate attack. 

             From engineering properties, it shows that 

by using GGBS for soil stabilization, there will be 

good improvement in dry density and optimum 

moisture content was reduced which increases 

soil’s strength. The California bearing ratio of the 

soil also has significant improvement with more 

percent of GGBS content in the stabilization of soil 

whereas by using fly ash the maximum dry density 

of soil reduces and the optimum moisture content is 
more. There is improvement in CBR values but by 

using more amounts of Fly Ash content.  

            By using GGBS in stabilization the soil gets 

resistant to the sulfate attack when compared with 

other soil stabilizers like lime, cement and fly ash. 

The combination of GGBS and Lime will give 

good resistance towards the sulfate attack and also 

make the soil workable for the construction rather 

than using the lime alone.  

             The GGBS is having pore blocking effect 

due long hardening time of cement paste which 

makes the soil impermeable. The cost of the GGBS 
is less when compared with lime, cement and fly 

ash prices. 
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