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A b s t r a c t  

The treatment of expansive soil is generally the most effective process for the stabilization 
of swelling clay. In this work, we will investigate the influence of the treatment of an 
expansive soil using granulated blast furnace slag (GGBS) alone and granulated blast 
furnace slag activated by cement (GGBS/C) by mechanical, physical and chemical tests. 
The results obtained show an increased pH, an improved plasticity as well as a significant 
reduction in swelling potential and swelling pressure following a percentage increase in 
additives. In addition, a change in the adsorption of methylene blue molecules (VBs) and 
in the microstructure of the expansive soil is observed after treatment. Utilization of both 
GGBS alone and GGBS activated by cement has a significant effect on the behavior of 
the swelling clay but the GGBS activated by cement exhibits superior results. The use of 
GGBS in the stabilization of soil will have both economic and environmental benefits. 
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1. INTRODUCTION 

Soil swelling is a disruptive phenomenon that may translate into damage to 
surface-built, structures or buried works [1, 2]. Geotechnical engineers observed 
in the arid region of Souk Ahras (Algeria) degradation of structures, provoked by 
soil swelling. The latter is a phenomenon provoked by a change in the volume of 
expansive soils resulting from variations in soil water content in arid and semi-
arid areas [3]. Researchers have used several soil treatment methods [4,5]. 
Including additives such as lime, cement, fly ash or other hydraulic binders, and 
found that the geotechnical characteristics of the swelling soil were significantly 
improved. Stabilization of soils is generally achieved by improving their 
geotechnical properties through the reuse of swelling soils or soils with poor 
geotechnical characteristics to ensure the safety and stability of structures built on 
such soils [6, 7, 8, 9].Several authors have shown that the treatment involves a 
cation exchange process whereby calcium ions contained in an additive such as 
cement or other materials are replaced by sodium ions present in the clay. The 
incorporation of additives fills the pores of the soil matrix, and small particles bind 
together [10, 1]. These reactions lead to increased rigidity of the soil structure, 
which in the short term by flocculation and agglomeration of particles and the 
formation of a large number of rigid bonds. These bonds in the clay particles form 
new cementitious compounds such as calcium silicate hydrates (CSH), and 
calcium aluminates hydrates(CAH) which leads to increased soil density and 
causes a change in its cation exchange capacity (CEC). Chemical stabilization 
results in high pH values causing dissolution of silica and alumina in the clay 
particles. The dissolved particles react with the calcium provided by the hydraulic 
binder generating over the long-term pozzolanic reactions [11, 12, 13]. The latter 
cause reduction in water sensitivity, playing thereby an important role in the 
stabilization of soils. GGBS is a by-product of blast furnace iron production. This 
slag is widely used as a primary constituent in the manufacture of hydraulic road 
binders. The latterare obtained by rapid cooling in water, yielding a glassy 
structure, which confers to them hydraulic properties [14, 15]. Utilization of slag 
products in Algeria is limited to some rare applications despite the substantial 
annual production (500.000 tons). For instance, cement plants use a small 
percentage of that production as a secondary additive (<20%) and the rest is stored 
in the open air with all the potential environmental issues that may arise. 
Therefore, the use of this industrial waste as a hydraulic binder in improving the 
geotechnical properties of fine soils constitutes a promising solution since it helps 
to reduce both the considerable industrial waste and the cost of soil stabilization 
materials [16]. Numerous studies have confirmed that slag can induce pozzolanic 
reactions if activated by alkali, i.e. used in combination with another binder such 
as cement or lime. 
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 [17] demonstrated that the addition of GGBS improved both the maximum dry 
density (MDD) and the unconfined compressive strength of the soil. Also, the 
results obtained from triaxial tests show a decrease in the cohesion of the soil with 
increase in the internal friction angle, which makes the soil more frictional and 
resistant. The California Bearing Ratio (CBR) was found to increase with 
increasing GGBS proportion, which increases the density of the soil and improves 
thereby the load-bearing capacity and stability of the constructed geotechnical 
structure.  
[18] investigated a soil layer stabilized by lime-activated GGBS and reported a 
significant improvement in CBR, unconfined compressive strength and in the 
compactness of the soil, improving as a result the mechanical resistance of the 
mixture. This effect can be explained by the pozzolanic reactions of the silica 
present in the GGBS/ lime as well as by the formation of C-S-H compounds 
exhibiting cementing properties in the presence of reactive siliceous and 
aluminous materials and water.  
 [19] employed GGBS with fly ash and lime. The test results showed that these 
additives effectively improved both the texture and plasticity of the treated soils 
and can consequently be utilized for soil stabilization.  
In the present research, we investigate the stabilization of an expansive soil 
extracted from the region of Souk Ahras with granulated blast furnace slag alone 
(100% GGBS) and with cement-activated granulated blast furnace slag (85% 
GGBS+15% Cement)at different proportions(4%, 8%, 12%, 16% and 20%). 
Properties such as plasticity, swelling pressure and swelling potential are studied. 
In addition, the influence of these additions on the clay microstructure is 
investigated by means of a scanning electron microscope (SEM).  

2. MATERIALS AND METHODS 

Soil  
The soil object of this study is located at Ain Dalia in the western side of Souk 
Ahras city (Algeria), from a depth of 4 to 6m, it is covered by the formation of 
clayey marl, with sandstone and conglomerates, and it has a brown or black 
colour. The physical and chemical properties are shown in Tables 1 and 2. The X-
ray diffraction analysis performed on the natural soil is given in figure (1) it 
showed that the main components in the soil are: Montmorillonite, Illite-
montmorillonite, Quartz, Kaolinite, and Calcium Carbonate, and Anatase, syn. 
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Fig. 1. X ray diffraction for the natural soil 

Cement 
The cement used is Portland cement CEM II / CPJ 42.5, manufactured by the hadjr 
essoud cement company in Annaba (Algeria); the chemical characteristics are 
given in table 3. 
 
Granulated Blast Furnace Slag (GGBS) 
It was collected from El-Hadjar factory (Annaba), which is obtained by a rapid 
cooling of the slag using water. This leads to the formation of gray sand; the 
chemical characteristics are summarized in table 4. 

2.4. Sample preparation  

The soil studied was dried in an oven for 24 h at 105 °C and then finely ground. 
The GGBS was dried then subjected to grinding in a Micro Deval machine for 
12h. Several combinations were used to improve the characteristics of the soil 
studied. Beside the 0% for the control sample, GGBS contents considered were 
of 4%, 8%, 12%, 16%, and 20% (in dry mass) whereas the activated GGBS was 
prepared using 85% of GGBS with 15% of cement then used in proportions of 
4%, 8%, 12%, 16%, and 20%(in dry mass). 
The mixture was dry-mixed and then moistened to the optimum water content 
(wopt) determined from the standard Proctor test of an untreated sample. All tests 
were conducted at room temperature. Our experimental study involved Atterberg 
limit test, methylene blue test (VBs), pH test, free swelling test as well as 
scanning electron microscope (SEM) observations of the treated and untreated 
soil. 
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Table 1. Physical parameters of the natural soil 

Physical parameters Standard Value 
Natural water content, wnat (%) NF P94-050(1995) 19.10 

Natural wet unit weight, γh 
(kN/m3) 

γh= γd (1+w) 20.06 

Liquid limit, LL (%) NF P94-051(1993) 64.56 
Plastic limit, PL (%) 30.52 

Plasticity index, PI (%) 34.04 
≤2 mm fraction (%) NF P94-056(1996) 97 
≤80 μm fraction (%) 91 
≤2 μm fraction (%) NF P94-057(1992) 54 

Activity, Ac Ac= (PI/F2) 0 .63 
Value of methylene blue, VBs (%) 

(g/100g) 
NF P94-068(1998) 6.33 

Total specific surface area (m2/g) SSA=21*Vbs 132.93 
Calcium carbonate content (%) NF P94-48(1996) 15.08 
Maximum dry density, γdmax, 

(kN/m3) 
NF P94-093(2014) 14,7 

Optimum water content, Wopt (%) 26,6 
 

Table 2. Chemical composition of the natural soil 

Minerals Quantity (%) 
SiO2 25,0 
TiO2 2,3 

CaCO3 12,6 
Al2Si2O5(OH)4 7,5 

KAl4(Si,Al)8O10(OH)4·4H2O 48,9 
NaMgAlSiO2(OH)H2O 3,8 

 

Table 3. Chemical composition of cement 

Minerals Quantity (%) Minerals Quantity (%) 
SiO2 23,8 Na2O 0,6 
CaO 61,5 K2O 0,57 

AL2O3 5,2 Cl- 0,1 
Fe2O3 3,2 SO3 2,5 
MgO 1,5 CaO libre 0,1 
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Table 4. Chemical composition of granulated blast furnace slag 

Minerals Quantity (%) Minerals Quantity (%) 
SiO2 41 S 0,67 
CaO 40,7 MnO 4,18 

AL2O3 5,08 P2O5 0,01 
Fe2O3 0,97 ZnO 0,01 
MgO 6,81   

2.5. The Atterberg limits 
The Atterberg limits were determined according to the French standard [20]. 
They were carried out on the treated and untreated soils in order to assess the 
effect of different additives. Crushed soil was sieved through 400μm sieve then 
mixed in dry state with various percentages of GGBS and GGBS/cement (4%, 
8%, 12%, 16%, and 20%) by mass, then, water was added to the mixture and 
mixed again to obtain a homogeneous soil. 

2.6. Methylene blue value 
To investigate the influence of stabilization on the methylene blue values of the 
soil of Ain Dalia, measurements of the amount of methylene blue adsorbed were 
conducted according to the French standard [26] on the soil with the different 
percentages of GGBS and cement-activated GGBS.  
The methylene blue test is the quantity expressed of methylene blue adsorbed per 
100 g of soil. It is carried out by successively adding quantities of blue solution 
to a suspension of material kept under agitation and monitoring the adsorption as 
it occurs. A drop of suspension is taken and placed on a filter. As soon as a blue 
halo appears around the spot, the absorption of methylene blue on the clay 
particles is considered complete. It allows the characterization of active clay 
minerals in the soil. 
 

 

Fig. 2. Methylene blue test 
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2.7. PH measurement test 
The pH is a coefficient that characterizes the acidity or alkalinity of a soil, 
generally due to the abundance of calcium ions. Measurement of the pH allows 
determining the solubility of minerals and the movement of ions in the soil. The 
measurements were taken according to the standard test [27] using a pH meter. 
For this purpose, 20g of dry soil were dissolved in 100 ml of distilled water, and 
the resulting mixture was stirred for 2 hours to obtain a homogeneous solution. 
The pH tests were carried out on the soils studied at different percentages of 
GGBS and GGBS/Cement in order to assess the influence of additives on pH. 

2.8. Free swelling test 
Free swelling tests were performed following standard [28] on the untreated soil 
and the treated soil compacted at the optimum water content obtained according 
to Standard Proctor conditions. The specimens were prepared in cylinders with a 
diameter of 50 mm and a height of 20 mm. Next, they were filled with water and 
loaded with a low pressure. The sample swelled until stabilization, which allowed 
calculating the swelling potential. The latter is defined as the percentage ratio 
between the increases in specimen height (ΔH) under a standard stress to the 
initial height of specimens (H0). The swelling pressure was determined by loading 
the sample until stabilization, and the load was gradually increased until the 
specimen returned to its initial volume. 

3. RESULT AND DISCUSSION 

3.1. Effect of additives on the atterberg limits 
The liquid limit decreased slightly by 13.7% for an addition of 8% of GGBS and 
continues to decrease gradually to a percentage of 28% with a 20% of GGBS. 
Consistent with the findings in the literature [29]. Similar behaviour was observed 
with the addition of different percentages of activated GGBS; addition of 8% is 
accompanied by 17.54% decrease in the liquid limit and then continues to 
decrease to 25.12% with 20% of activated GGBS. The same behaviour was 
observed by [30, 17]. This may be due to the decrease in the specific surface area 
resulting from the cations exchange between Na+ present in the soil and Ca2+ 
ions of the additive (Figure.3.a). 
The plastic limit starts to increase from a value of 5% following an addition of 8% 
of activated GGBS until it reaches 18% with a 20% addition of activated GGBS 
compared to the non-treated soil. According to [31], the increase in the plastic 
limit of clays with an additive is considered significant in the sense that the plastic 
limit is the best indicator of the initial percentage of GGBS needed to achieve the 
desired changes. 
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By contrast, the plastic limit of the soil treated with GGBS alone decreases 
progressively to a value of 11.43% with a 20% addition of GGBS. This has been 
reported by [32, 33]. The decrease in plasticity is attributed to the different cation 
exchange between soil and GGBS, which decreases the thickness of the double 
layer (Figure.3.b). 
 

  
(a) (b) 

 
(c) 

Fig. 3. Effect of the treatment on the atterberg limits: a) liquid limit, b) plastic limit, c) 
Plastic index 

Addition of GGBS decreases the plasticity index of the treated soil by 43% 
(Figure .3. c), which reflects an improvement in the consistence of the soil. 
However, for soil treated with cement-activated GGBS, this index decreases by 
more than 63%. This means that the soil is less plastic and as a result the bonding 
of adjacent particles of the soil is significantly improved [29]. 

3.2. Effect of additives on the methylene blue values (VBs) 
To characterize the reactivity of the clay fraction in the soil, changes in methylene 
blue values [34] in soil treated with different percentages of GGBS and activated 
GGBS are shown in figure 4. VBs values vary inversely with the percentage of 
additives [35]. Addition of 20% of GGBS reduces VBs by around 63% and 84% 
after treatment with 20% of cement-activated GGBS. This can be explained by 
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decrease in adsorption of positively charged methylene blue molecules by the 
surface of negatively charged clay and this through the decrease of active clay 
minerals responsible for developing specific internal and external surfaces in the 
soil. 
 

(a) (b) 
Fig. 4. Effect of the treatment on the methylene blue values: a) with GGBS/Cement, b) 

with GGBS 

 

3.3. Effect of additives on the pH value 
Different GGBS and cement-activated GGBS contents were blended with the soil 
to study their effects on pH value. From figure .5, one can see that the non-treated 
soil shows a pH of 7.83. This value reaches 11.25 for 8% of GGBS alone and 
12.38 for 8% of cement-activated GGBS. Beyond this value, the increase in the 
percentage of additive leads to a slight increase; for a percentage of 20%, pH 
values are 11.34 and 12.53 for GGBS alone and cement-activated GGBS, 
respectively. 
Similar observations were reported by [36, 37] suggested that the value of additive 
corresponding to a gradual increase in pH, and which affect the shape of the curve, 
is the initial percentage to stabilize the fine-grained soil. This initial percentage is 
necessary for the occurrence of the pozzolanic reaction, which is responsible for 
enhancing several geotechnical parameters of the treated soil. 
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Fig. 5. Effect of the treatment on the pH values 

3.4. Effect of additives on the free swelling, swelling potential and swelling 
pressure  

As can be seen from figure 6, the untreated Ain Dalia soil present an intense 
swelling due to strong hydration and saturation of micropores of sodium 
cations (Na+) concentration. 
A treatment with 4% of cement-activated GGBS and GGBS alone decrease the 
percentage of swelling by 36% and 22%, respectively. A treatment with 12% of 
activated GGBS or GGBS alone provokes a decrease in swelling by 60% and 45% 
respectively. The reason for this is that the quantities of the additives are 
insufficient for a complete saturation by calcium. 
A 20% addition of cement-activated GGBS induces a significant decrease in 
swelling (80%) whereas for the same percentage of GGBS alone, the swelling 
decreases only by 68%. This significant reduction in swelling with the increase of 
additives percentage is attributable to the complete saturation of the soils by the 
calcium provided by the additive. The soil treatment involves the replacement of 
sodium cations Na+ present, which have a high hydration energy, by the calcium 
cations (Ca2+) provided by the GGBS and the activated GGBS. This leads to 
decreased pores and deformation of the aggregates.  
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(a) (b) 
Fig. 6. Effect of the treatment on the evolution of swelling versus time: a) with 

GGBS/Cement, b) with GGBS 

 
Swelling potential, which is defined as the maximum deformation value obtained 
from the free swelling test together with swelling pressure are shown in figures 7 
and 8. The swelling potential decreases proportionally with different percentages 
of activated GGBS from 36% to 80% and from 22% to 68% for the GGBS alone. 
Our results represent a significant decrease in the swelling of an expansive soil. 
Addition of 4% and 20% of activated GGBS decreases significantly the swelling 
pressure from 42% to 82%. However, additions in the range 4 - 20% of GGBS 
alone show a reduction from 24% to 57% (Figure. 8).Thus; the greater the amount 
of addition, the lower is the swelling pressure. Indeed, GGBS induces a decrease 
in fine particles and an increase in coarse particles due to the primary pozzolanic 
reaction and flocculation of the fine soil particles. Addition of activated GGBS 
allows the creation of a more granular material and improvement of the plasticity 
of the treated soil because of the cationic exchange reactions and the formation of 
new hydrates (C-S-H and C-A-H) that take place. 

 

 
Fig. 7. Effect of the treatment on the swelling potential 
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Fig. 8. Effect of the treatment on the swelling pressure 

 
3.5. Effect of additives on the microstructure of the soil 
To investigate the influence of the treatment on the microstructural changes of the 
natural soil treated with different amounts of GGBS and cement-activated GGBS, 
we used scanning electron microscopy (SEM). 
SEM images obtained from the untreated soil show a relatively compact texture, 
consisting of clay aggregates in small and individualized expansive clusters 
separated by pores. Soil swelling leads to a decrease in aggregates and an increase 
in pores thickness. Addition of GGBS alone or activated GGBS to the soil 
produces a change in the microstructure starting from a percentage of 12% where 
the number of macropores in the treated soil decrease compared to the natural soil. 
As one can see from figure 10, there are hydration products in the pores, which 
mean that the soil is integrated in the active zone due to the influence of the 
activated GGBS. With the increase of additives percentage to 20% of GGBS alone 
or activated GGBS, the proportion of micropores seems to be stable with a dense 
internal structure, which comprises agglomerations of soil aggregates filling the 
macropores. In addition, it can be seen that cementitious products (C-S-H or C-A-
S-H) formed at the surface of the soil grains, produced by pozzolanic reactions, 
which are conducive to increased soil rigidity [38, 39] 
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Fig. 9. SEM analysis for the natural soil 

 

  
Fig. 10. SEM analysis for the soil treated with12% GGBS 

 

  
Fig. 11. SEM analysis for the soil treated with12% GGBS/Cement 
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Fig. 12. SEM analysis for the soil treated with 20 % GGBS 

 

  
Fig. 13. SEM analysis for the soil treated with 20 % GGBS/Cement 

 
4. CONCLUSION 

This study aims to investigate through laboratory tests the iour of expansive soil 
stabilized with different percentages of GGBS and cement-activated GGBS. 
From the results obtained, the following conclusions can be drawn: 
The increase in GGBS alone causes a reduction in liquid limit and an increase in 
plastic limit; these changes result from the initial physico-chemical reaction, 
which releases heat and causes as a result evaporation of water from the soil. 
Increasing the activated GGBS leads to increased liquid and plastic limits. Thus, 
these results confirm the improved workability and better reinforcement of soil. 
For both types of additives, beyond a certain addition percentage, the treatment 
reduces the plasticity index, which makes the soil less plastic and reduces the 
methylene blue adsorption capacity. This stems from a reduction of the clay 
surface leading thereby to reduction of swelling. 
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Increasing the content of GGBS or GGBS/Cement leads to high pH values, which 
allows the formation of cementitious products responsible for binding soil 
particles. However, soil treated with activated GGBS shows a higher pH than the 
one treated with GGBS alone. 
For both additives, 8% is the initial percentage to be added, as obtained from a pH 
threshold equal to 12.4, to allow pozzolanic reactions to occur. The latter are 
conducive to better dissolution of silica (SiO2) and of alumina (Al2O3) contained 
in the soil particles and thereby to long-term improvement of the soil. 
Significant reductions in the percentage of swelling were obtained following the 
treatment with both activated and non-activated GGBS. Samples treated with 20% 
of activated GGBS show the most significant effect with 80% decrease in 
swelling, which corresponds to a decrease in swelling pressure by 82%.For 
samples treated with 20% of GGBS alone, the reductions are 68% and 57% for 
swelling and swelling pressure, respectively. This significant decrease is related 
to the effect of the new cementitious phases (C-S-H and C-A-H) following the 
pozzolanic reactions. This improvement in swelling properties is an encouraging 
indicator for the use of industrial wastes. 
Analysis of the soil microstructure by scanning electron microscope according to 
the different percentages of GGBS alone and activated GGBS shows important 
transformations in the microstructure of the treated soil. The inter-aggregate 
porosity of the untreated soil is at the origin of change in porous volume. Indeed, 
this volume is altered by flocculation during the incorporation of activated GGBS 
or GGBS alone in the soil due to the effect of calcium ions brought by the additive. 
This leads to pozzolanic reactions, which create new hydrates by binding 
aggregates and filling the inter-aggregate pores. This results in the reduction of 
water sensitivity of clay particles and leads to a rigid structure by reducing soil 
swelling. 
Samples stabilized with cement-activated GGBS show better results compared to 
those stabilized by GGBS alone. 
Finally, one can say that the use of industrial waste is very effective in the 
reinforcement and stabilization of soil and in the protection of the environment. 
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