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Abstract 
 

 A large amount wastes from industry like bagasse ash, steel slag, and furnace 

slag are increased and disposal of it becomes a very serious problem. It is 

necessary to utilize industrial wastes effectively for sustainable development. 

This study shows the effect of  slag from steel industry (SS), ground 

granulated blast furnace slag (GGBS), and cement slag (CS) individually on 

bagasse ash (BA) stabilize high plastic expansive clay. It is very essential to 

choose material based on various properties and the chemical constitutions. 

Atterberg limits, strength characteristics, swell properties and X-ray 

fluorescence analysis have been examined for different percent mix of (BA-

CS, BA-GGBS, and BA-SS) to find optimum proportion for the stabilization 

of high plastic clay. Wetting- drying cycle on the untreated and optimum 

proportion of all mixes has been carried out to check the durability of the mix 

under seasonal variation. Performance evaluation study shows that steel slag 

in powder form is less effective in combination with bagasse ash to improve 

the clay, whereas 15% and 10% BA with 7.5 % GGBS and CS respectively 

can be considered as the most effective stabilizer to treat high plastic 

expansive clay of study area, which reduces the swelling characteristics and 

improve the strength. 
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1 Introduction 
 

An Arid and semi-arid region across the world where the weather is 

described by alternate periods of precipitation and drought surrounded with 

soil rich in expansive clay minerals. Hence it is subjected to the wet-dry 

cycles due to seasonal variation which creates distress in a lightweight 

structure like pavement, pipelines, shallow footings, etc. Cementitious 

material like lime, ordinary Portland cement, bitumen has been used for the 

stabilization from the last many decades. Even so, demand for such 

construction material increases with time and there are shortages of raw 

material that encourage the researchers to invent the use of environmentally 

friendly and economically sustainable waste material [1]. Waste material like 

bagasse ash (BA), furnace slag (GGBS), and steel slag (SS) are pozzolanic. 

Pozzolanic material binds the particles and reduces the water absorption 

capacity [2]. Mineralogical characterization of BA shows, it is reached in 

silica mineral such as quartz with a concentration of other minerals in varying 

proportions[3]. Ground granulated blast furnace slag (GGBS) which is a 

mixture of calcium, silica, and alumina oxides is a waste generated from the   

steel industry. Many researchers studied the effect of GGBS with or without 

some other additive for stabilization of soil[4]–[12].  No study has been 

reported on joint activation of GGBS in combination with bagasse ash. 

Cement Slag (CS) is made by blending and crushing of granulated furnace 

slag, clinker of Portland cement, and gypsum in the right proportion. Steel 

slag (SS), a waste generated during the splitting up of steel from other 

contamination in furnaces of steel-production. The annual steel slag produces 

around twelve million tons in India [13]. However, there is limited work on 

mixing powder form of slag with expansive soils for improvement of its 

geotechnical properties to use as a foundation material. They can be used as 

stabilizing material to improve problematic soil. Bagasse ash is rich in silica 

and alumina oxides but oxides of calcium concentration are very less. But slag 

has a high amount of CaO. The mixture of combined materials as the additive 

may prove to be a more effective than individual use. Researchers 

investigated the influence of slag and ash individually or with other 

admixtures[14]–[16].  In any case, no investigations on the joint enactment of 

BA-SS, BA-CS, or BA-GGBS as an additive to enhance the properties of 

expansive clay have been reported to date. The aim of this research is to 

discover the effect of these mixes on strength and swell-shrink properties of 

high plastic clay for sustainable development of the lightweight structure. For 

expansive soil the durability against phenomena of drying – wetting cycles 

which can cause deformation need to be checked. Numerous researchers  
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Investigated the effect of wet-dry cycles on the swelling behavior of natural 

expansive clay and also lime and cement stabilized clay are well documented.  

However studies related to the effect of the wetting-drying cycle on the 

strength behavior of waste material stabilized clay and after curing period is 

very limited. Hence the effect of mixes with expansive soil after each wetting-

drying cycle needs to be checked. The investigation have been done to 

discover the optimum mix and investigate the durability of mix considering 

the wetting drying cycle and curing effect to stabilized expansive clay. 

 
2 Materials and Methods    
 
2.1 Materials Used 
 

Clay Soil:  Disturbed clay samples were extracted at about 1 m depth from 

Surat, Gujarat, India. Tables 2 summarized the geotechnical properties of the 

clay sample. Grain size analysis of the soil sample shows 46% clay, 33% silt, 

and 21 % sand. The sample has been classified as high plastic clay (CH) as 

per the A-line chart.  The specific gravity of the clay sample is measured to be 

2.71.  

 
Bagasse ash: The sugarcane bagasse ash has been taken from the boiler of the 

largest sugar factory of Asia located at Gujarat. Oven-dried ash was passed 

through 425 µm sieves for further testing as shown in figure 1. The specific 

gravity of BA was estimated to be 2.32. 

 

 

 

 

 

 

 

Ground granulated blast furnace slag: The blast furnace slag (figure 2) was 

collected from the Astrox private limited, Surat, Gujarat, India. The specific 

gravity was estimated to be 2.83 for GGBS. 

 

 

 

 

 

 

 

 

Figure 1 Bagasse Ash 

Figure 2 GGBS 
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Cement slag: Cement slag is intermixing of granulated blast furnace slag,  

gypsum and clinker in proper proportions. The Cement slag was collected in 

powder form as shown in figure 3 from the Astrox private limited, Gujarat, 

India. It is cementitious binder comprise of a high amount of lime with other 

constitutes such as aluminum & silica oxides and magnesium oxides in 

varying percentages.  

 

 

 

 

 

 

 

 
Steel slag: It is a waste collected from steel industry, Essar company, Surat in 

aggregate form and converted into powder form using Abrasion testing 

machine (Figure 4). 

  

 

 

 

 

 

 

 

 
 
2.2 Methodology and Sample Preparation 

 
Different laboratory tests have been performed to examine the effect of 

GGBS, CS, and SS in combination with BA to stabilize expansive clay in 

varying percent by its dry weight. The soil mixed prepared for GGBS, CS, 

and SS separately for CH soil mixed with BA.  

Tests such as consistency properties, compaction, California bearing ratio, 

unconfined compressive strength, and free swell index and swelling pressure, 

were performed for all mix proportion. In each combined mix, the proportion 

which shows with very good improvement in swelling characteristics and 

strength were further studied to check durability. Behavior after curing period 

of 7, 14 and 28 days and wetting drying cyclic effects have been checked to 

find optimum mix proportion from all combinations. The proportion used in 

the study has been shown in table 1. The soil sample and bagasse ash was 

oven dried for 24 hours at 70°C temperature before grinding. Additives of  
 

Figure 3  Cement Slag 

Figure 4 Steel Slag 

Khushbu Gandhi et al 8988



 

                                                                                                                  
 

 

 

 

 

 
each combination were mixed with samples of clay manually in a dry state in 

a given proportion then water was mix and a uniform mixture prepared. 

Consistency limits (IS 2720: PART 5: 1985, IS 2720: PART 6: 1972), 

Swelling characteristics like free swell index (IS 2720: Part 40) and swelling 

pressure test (IS 2720: Part 41) have been carried out on untreated and treated 

samples as per Indian standard[17]–[19]. OMC and MDD have been carried 

out as per IS 2720: PART 7: 1980 to make remolded samples for different 

tests [20]. For durability study, remolded untreated clay and 28 days cured 

optimum mix sample of each mix were taken. UCS was found after each 

wetting drying cycle. IS: 4332 (Part-5) has been followed to perform a cyclic 

wetting-drying test [21]. The sample sustained for more number of cycles was 

considered as the optimum mix to treat expansive clay of the study area.  
 

Table 1 Proportion Used 

 

I.  

3 Results and Discussion 
 

Analysis has been carried out for selecting optimum percent from all 

three-combination mix considering swell and strength criteria. From the 

experimental results, GGBS7 (82.5% CH + 10% BA + 7.5% GGBS), CS8 

(82.5% CH+15% BA+ 7.5% CS), SS7 (82.5% CH+10% BA+7.5% SS) have 

been selected as an optimum content. The geotechnical properties of all 

optimum content are shown in Table 2.   
 

 

 

Mix Proportion 1 Mix Proportion 2 Mix Proportion 3 

 

Notation 

CH BA GGBS  

Notation 

CH BA CS  

Notation 

CH BA SS 

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

Only Soil 100 0 0 
Only 

Soil 
100 0 0 

Only 

Soil 
100 0 0 

GGBS1 90 5 5 CS1 90 5 5 SS1 90 5 5 

GGBS2 85 10 5 CS2 85 10 5 SS2 85 10 5 

GGBS3 80 15 5 CS3 80 15 5 SS3 80 15 5 

GGBS4 75 20 5 CS4 75 20 5 SS4 75 20 5 

GGBS5 92.5 0 7.5 CS5 92.5 0 7.5 SS5 92.5 0 7.5 

GGBS6 87.5 5 7.5 CS6 87.5 5 7.5 SS6 87.5 5 7.5 

GGBS7 82.5 10 7.5 CS7 82.5 10 7.5 SS7 82.5 10 7.5 

GGBS8 77.5 15 7.5 CS8 77.5 15 7.5 SS8 77.5 15 7.5 

GGBS9 72.5 20 7.5 CS9 72.5 20 7.5 SS9 72.5 20 7.5 

GGBS10 70 20 10 CS10 70 20 10 SS10 70 20 10 
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   CH    GGBS7    CS8    SS7 

 

 

 

 

 

 
Table 2 Results of the optimum mix of each combination 

*GGBS7 (82.5% CH+10% BA+7.5% GGBS), CS8 (82.5% CH+15% BA+ 7.5% CS), SS7 (82.5% CH+10% 

BA+7.5% SS) 

 

3.1 Consistency Characteristics  

 
For Untreated clay, liquid limit results indicated a very high degree of 

expansiveness as per Chen and a high degree of expansion as per IS 1498 

[22], [23]. Plasticity index results indicate a very high degree of expansion as 

per IS 1498, Chen and Holtz & Gibbs [22]–[24]. Shrinkage limits and free 

swell index value shows the medium degree of expansion as per Holtz and 

Gibbs [24]. Table 2 shows the consistency limits of untreated and treated soil.  

CH SS7 CS8 GGBS7

20

25

30

35

40

45

 PI

P
I 
(%

)

Sample Mix

CH SS7 CS8 GGBS7

18

24

30

36  SL

S
L

 (
%

)

Sample Mix

 
 

 
 

Figure 5 Plasticity index and Shrinkage limit of different mix 

 

 

Soil property 
Soil  Optimum mix* 

CH GGBS7 CS8 SS7 

Liquid limit (%) 62 47 49 42 

Plastic limit (%) 20 30 28 26 

Plasticity Index (%) 42 19 21 23 

Shrinkage limit (%) 19 33 32 24 

USCS Classification CH CL CL CL 

Optimum moisture content (%) 20.8 29.23 21.5 17.81 

Maximum dry density (kN/m
2
) 1.49 1.40 1.62 1.87 

Unconfined compressive strength (kN/m
2
) 271 827 780 572 

CBR (%) 3.86 13.55 13.21 6.75 

Swelling Pressure (kN/m
2
) 32.36 19.74 18.16 17.15 

Free Swell Index (%) 52 12 11 17 
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Liquid limit and plasticity of all three combinations were decreased 

(Figure 5) when compared with the untreated sample caused by the reduction 

in the diffused double layer thickness and cation exchange between soil, BA, 

and Slag. Clay fraction decreases and coarser particle increasing resulting in 

decreases of specific surface area, which reduces the water adsorption 

capacity.  Untreated soil which was classified as high plastic clay was 

converted into low to medium plastic clay after treatment. The shrinkage limit 

increased as shown in figure 5. It has been shown plasticity reduces in all 

three combined mixes resulted in a reduction in the degree of expansion 

because plasticity indicates its swell potential [25]. 

 

3.2 Effect on Compaction Characteristics  
 

The influence of additive on the optimum moisture content and the dry 

density for optimum mixes are shown in Figure 6.  

CH SS7 CS8 GGBS - 7

10

15

20

 MDD

M
D

D
 (

k
N

/m
3
)

Sample Mix

CH SS7 CS8 GGBS - 7

12

18

24

30
 OMC

O
M

C
 (

%
)

Sample Mix

 
Figure 6 OMC and MDD of a different combined mix 

 

It has been observed that OMC decreases and MDD increased in the SS7 

mix, but a reverse trend has been observed in GGBS7 samples. A similar 

trend was observed by many researchers with other additives. Also in the 

GGBS7 mix proportion, BA content is 15% - which is higher than SS7 and 

CS8. Bagasse ash altered the size of the particle and surface area of the 

improved clay samples. The increase in OMC is due to the reduced clay 

content and increased frictional resistance. Decrease in MDD could be a 

consequence of the flocculated and agglomerated fine particles (by cation 

exchange) consuming larger spaces cause corresponding reduction in dry 

density.  Also it is because of the low density of bagasse ash [26]. The lower 

specific gravity of the bagasse ash reduces the maximum dry density. BA 

combined chemically with slag and form cemented material which reduces the 

density of the clay [27].  
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3.3 Effect on Swell Characteristics 

 
Swelling pressure and the free swell index decreases as shown in figure 7. 

Bagasse ash combined with slag proved to be very fruitful to control the swell 

of expansive clay. It has been shown that all three mixes are very effective on 

swell characteristics.  
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Figure 7 Free swell index and Swelling Pressure of different combined mix 

 
The swelling pressure of GGBS7, CS8, and SS7 was reduced almost by 

50% as compared to untreated samples. It is due to the addition of coarser 

particle in the clay can reduce the swelling of clay to some extent. The cation 

exchange occurs due to multivalent cations (Ca2+, Al3+, Fe3+) of bagasse 

ash flocculate the clay particles [25]. It reduces the surface area of particles 

and water. Also in combine mix, silica and alumina oxides available in ash 

and clay react chemically with calcium oxide rich slag and pozzolanic 

reactions occur which binds the particles resulted in a decrease of swelling 

behavior. It converted the expansive clay into non expansive with time.  

 

3.4 Effect on California Bearing Ratio 
 

Soil available in the study area shows the low California bearing ratio. As 

shown in figure 8, the soaked California bearing ratio increased almost four 

times for CS8 and GGBS7 mix as compared to untreated clay. SS7 also 

improve CBR value twice the untreated sample but less effective compared to 

CS8 and GGBS7. The enhanced CBR is resulted due to the pozzolanic 

property of bagasse ash and cementing property of slag. The improved CBR 

shows that the stabilized material is good enough for sub grade material. 
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Figure 8 Soaked CBR of a different combined mix 

 

3.5 Effect on Unconfined Compressive Strength 
 

The unconfined compression test (0 days cured) shows a slow increase of 

strength with slag and BA content. It has been observed that GGBS and CS 

react chemically with bagasse ash and enhanced the UCS with time but 7.5% 

of steel slag treated clay shows less improvement in strength as compared to 

others. It shows bagasse ash might not react with steel slag effectively due to 

the larger particle size of steel slag. Figure 9 shows UCS for a different curing 

period of combined mixes. 
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Figure 9 UCS for a different curing period of combined mixes 

 

Figure 10 shows the improved strength of GGBS7 and CS8 with the 

curing period. UCS of GGBS7, CS8, and SS7 increased by 150%, 110%, and 

50% respectively as compared to untreated samples. The presence of calcium 

oxides confirms a pozzolanic reaction leads to the form a cemented structure, 

which gives extra strength to the mixture. 
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4 Durability Study: Wetting-Drying Cyclic Tests 
 

The fundamental objectives of this study are to investigate the alteration 

of expansive clay using waste material and to assess the durability. 

Considering the strength and swell criteria of all three mixes, GGBS7 (77.5, 

15, 7.5), CS8 (82.5, 10, 7.5), and SS7 (82.5, 10, 7.5) were studied to assess the 

durability of the mix under seasonal variation. The UCS samples (38 mm 

diameter X 76 mm height) were prepared and kept cured for 28 days for all 

three mixes and untreated clay. After the curing period all samples have been 

submerged in potable water for allowing wetting for 5 hours at room 

temperature; wetted specimens were dried at 70°C in the thermostatically 

controlled oven for 42 hours. In between wetting and drying periods, the 

sample is allowed to dry at room temperature for 12 to 18 hr.  This constitutes 

one cycle of wetting and drying as per IS 4332: Part IV [21]. In this work, 

UCS samples were prepared from each mix (CS8, SS7, and GGBS7) for the 

wet-dry test. After each cycle, the two samples were tested for UCS.  

 

4.1 Effect of w-d Cycle on Unconfined Compression Strength  
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Figure 11 UCS after each w-d cycle for all three mixes 

 

A result shows the reduction in strength of all samples after each cycle for 

optimum mix (figure 11). Untreated clay samples were also made for wetting-

drying study, but they could not sustain even one wetting cycle. All untreated 

samples were demolished within 2 - 3 hours after submerging in water to give 

the wetting cycle. CS8 and GGBS7 samples show good durability against 

compressive load after each cycle compared to SS7.  SS7 samples were 

sustained up to three W-D cycles, whereas CS8 and GGBS7 samples were 

sustained up to five W-D cycles and proved to be excellent stabilizers for low 

strength expansive clay. GGBS7 samples show deterioration after each cycle 

but cracks were not observed. CS8 samples show the propagation of minor 

cracks after each cycle.  

Khushbu Gandhi et al 8994



 

                                                                                                                  
 

 

 

 

 

 

5 Conclusions 
 

For sustainable development in ground improvement, utilization of 

industrial waste considering durability is a must. The study tried to utilize 

different industrial slag with bagasse ash to stabilize high plastic clay. The 

goal of this research is to choose the optimum mix considering swell - 

strength properties and durability of the mix. In view of the performance of 

the different waste material the following conclusions are drawn. 

1. The combined BA and GGBS/CS binder to the soil reduces the liquid 

limit and plasticity index whereas increasing the shrinkage limit. However 

steel slag with a combination of bagasse ash is found to be more effective 

to reduce swell characteristics. It has been shown that due to additive, 

flocculation take place in clay particles resulted in increases the number of 

coarser particles which decreases the plasticity.  BA content decreases the 

swelling characteristics due to the replacement of expansive clay with 

non-expansive material.  

2. Soaked CBR value increases as GGBS/CS/SS - BA content increases due 

to the progressive cementation process. The improved UCS can be related 

to the hydration and pozzolanic reaction between soil, BA, and slag binds 

together and fills the voids, which improved the strength. The UCS of soil 

was increses with a longer curing period. For the effective stabilization, 

optimum content of the additive was found to be 10 to 20% BA and 7.5% 

slag. Steel slag with a combination of BA observed to be less effective in 

strength enhancement.  

3. The Wetting-Drying cycle result shows CS8 and GGBS7 mix can be 

considered as more durable as compared to the SS7 mix. SS7 failed 

within three cycles whereas CS8 and GGBS7 sustained more than five 

cycles. Natural clay samples were not sustained for a single w-d cycle.  

4. Test results indicated that bagasse ash can protect low to expansive clay 

from the adverse effect of swell-shrink. It has been observed that Bagasse 

ash content directly affects the swelling behavior of the sample although 

GGBS/CS/SS plays an important role to enhance the strength 

characteristics of clay.  A comparative study shows GGBS7 (77.5, 15, 

7.5) and CS8 (82.5, 10, 7.5) are most effective to stabilize expansive soil 

of the study area. GGBS 7 and CS8 increase the strength by 150 % and 

105% respectively. The reduction in swelling pressure is observed to be 

46 % and 37% for GGBS7 and CS8 respectively. Steel slag is effective to 

reduce swelling characteristics of clay with a combination of bagasse ash, 

but not effective to enhance the strength.  

A performance evaluation study shows that 15% and 10% BA with 7.5 % 

GGBS and CS respectively can be considered as the most effective stabilizer 

to treat high plastic expansive clay of the study area. Engineering behavior of 

soil enhanced with serving benefits of safe disposal of the industrial wastes 

using as a stabilizer and profit of pay for it. 
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