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Abstract 

This investigation delves into the potential of two solid wastes viz. Phosphogypsum (PG) and 

Ceramic Dust (CD) in enhancing the development of the early strength of an expansive soil. 

The minimum lime content required for modification of the soil called as Lime Modification 

Optimum (LMO) was determined using pH test. The expansive soil was then stabilized using 

one lime content chosen below LMO and another lime content chosen above LMO. These 

two lime contents were amended with varying doses of the two solid wastes. The unconfined 

compressive strength of the stabilized soil combinations with and without additives was 

determined after curing for three different periods of 2 hours, 3 days and 7 days. The results 

of the strength tests were analyzed and compared for the two solid wastes adopted as 

additives. The results showed that PG enabled a quicker development of strength of the lime 

stabilized soil whereas CD did not have much of an influence on the early strength of the 

stabilized soil.  

Keywords: Expansive soil, lime stabilization, phosphogypsum, ceramic dust, early strength, unconfined 

compression. 

1.0 Introduction 

Poor and problematic soils are found all over the world posing different levels of challenge 

to a geotechnical engineer. One such problematic soil type is expansive soil. Expansive soils are 

soils that have the tendency to undergo volume change behavior with variation in moisture 

content [1]. The tendency for such soils to swell and shrink is due to the predominance of 

montmorillonite group of minerals in the soil mineralogy. Such soils need to be stabilized to 

ensure a favorable engineering performance. Soil stabilization is a widely-adopted group of 

methodologies or techniques for favorably modifying the physico-mechanical properties of any 

soil, making them suitable for engineering applications. The technique has been widely adopted 

for improving the performance of poor soils. Expansive soils result in severe damage to 

constructed facilities in or on them, posing a major challenge to Civil Engineers dealing with such 

soils [2]. Several reports from countries like Australia, China, India, Israel, South Africa, the 

United Kingdom and the United States of America document the damages caused by expansive 

soils to lightly loaded structures [3]. Lime and cement stabilization have been effectively used for 

improving the properties of problematic soils. However, among the various chemical stabilization 

techniques adopted for expansive soils, lime stabilization is most widely adopted for controlling 

the swell shrink properties of expansive soils [4]. Lime stabilization has been extensively 

practiced as a standalone stabilizer or with additives called as pozzolans. A pozzolan is defined as 

a finely divided siliceous or aluminous material which in the presence of water and calcium in the 

form of oxide or hydroxide will form a cemented product [5]. Recently, generation of industrial 

solid wastes from various streams of manufacturing and production in immense quantities has 

resulted in the reuse of solid wastes in soil stabilization as standalone stabilizers [6] or additives to 

lime and cement as pozzolans for improved performance [7]. A lot of solid wastes have been 
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studied along with lime and cement as additives including fly ash, rice husk ash, ceramic wastes, 

phosphogypsum, red mud, steel slag, blast furnace slag, copper slag, paper sludge, lime sludge, 

carbide residue, bagasse ash, bottom ash, incineration. A lot of these researches have concentrated 

on the various index and engineering properties of the soil like Atterberg limits, compressive 

strength, compaction characteristics, swell characteristics, compressibility, permeability, 

California Bearing Ratio (CBR) to name a few. The researchers who have worked on the strength 

of stabilized soils have concentrated on the development of strength with curing period with 

periods of curing reaching 360 days and beyond. But the work on the development of early 

strength of the stabilized soil has been sparse [8], [9] and needs to be focused upon especially 

when stabilization works are adopted for road projects where long periods of curing will delay 

opening up of roads for traffic. Hence, in this work, an attempt has been made to compare the 

early strength performance of lime stabilized expansive soil admixed with two industrial solid 

waste materials viz. Phosphogypsum (PG) and Ceramic Dust (CD).  

2.0 Materials 

The materials adopted in this study include the natural soil whose properties need to be 

improved, lime adopted for stabilization and PG and CD, the solid wastes used as additives to 

lime in stabilizing the soil. 

2.1 Natural Soil 

The natural soil used in the study was collected from a village in Ponneri Taluk, Thiruvallur 

district of Tamil Nadu, India. The soil was extracted using an excavator from shallow depth of 

around 1m below the ground. The soil was tested for its properties in the laboratory in accordance 

with Bureau of Indian Standards (BIS) and was found to be clay of high plasticity (CH) [10]. The 

properties of the soil have been tabulated in Table 1. The chemical composition of the soil 

adopted in the study is given in Table 2. 

 

Table 1: Properties of Soil 

Property Value 

Liquid Limit [11] 68% 

Plastic Limit [11] 27% 

Plasticity Index 41% 

Shrinkage Limit [12] 10% 

Specific Gravity [13] 2.76 

%Gravel [14] 0 

%Sand [14] 2.5 

%Silt [14] 60.5 

%Clay [14] 37 

Maximum Dry Density [15] 15.3 kN/m3 

Optimum Moisture Content [15] 25% 

UCC Strength [16] 115.8 kPa 

pH [17] 6.53 

2.2 Lime 

The lime adopted for the stabilization was laboratory grade hydrated lime of 95% purity 

manufactured by Nice Chemical India Pvt. Ltd., Cochin, India. Quicklime and hydrated lime are 

widely used forms of lime in stabilization of soils [1]. Carbonate lime, another form of lime is 
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rarely used as it is stable and remains inert in the presence of water. However, there have been 

attempts to use carbonate lime from natural sources in soil stabilization [18], [19]. The chemical 

composition of lime adopted in the study is given in Table 2. 

2.3 Phosphogypsum 

Phosphogypsum (PG) is the industrial by-product of phosphoric acid production, needed 

for manufacture of fertilizer, from phosphate ore [20], [21]. The worldwide production of PG is 

estimated to be in the order of 100-280 million tonnes per year [22], [23]. The production of this 

waste material in India is 11 million tonnes per annum [24]. Set controller in the manufacture of 

Portland cement, raw material for clinker, secondary binder with lime and cement, production of 

artificial aggregates and in road stabilization are some the applications of PG [21] in the field of 

construction and materials. However, recently, the effectiveness of PG in soil stabilization has 

been recognized as well with lot of work involving PG in soil modification [20], [21], [25]–[29] 

The PG adopted in the study was sourced from the fertilizer plant of Coromandel International 

Limited, Ennore, Chennai. The PG was sieved through 75-micron BIS sieve and the particle size 

distribution was studied using hydrometer analysis in accordance with BIS [14]. It was found that 

the PG adopted in the study had 88% silt and 12% clay size fractions. The specific gravity of PG 

done in accordance with BIS [13] was found to be 2.48 and the pH determined in accordance with 

BIS [17] was found to be 3.08. The chemical composition of PG determined by x-ray 

fluorescence (XRF) technique is given in Table 2. 

2.4 Ceramic Dust 

Ceramic Dust (CD) is a construction and demolition waste particularly classified as a 

demolition waste by Centre for Science and Environment [30]. The amount of construction and 

demolition waste generated in India is estimated to be 530 million tonnes in 2013 [30]. Ceramic 

materials represent around 45 % of construction and demolition waste, and originate not 

only from the building process, but also as rejected bricks and tiles from industry [31]. 

The global production of ceramic tiles is around 8500 million square meters [32]. The 

annual ceramics production in India is around 100 million tons worth ₹ 18,000 crores 

with an approximate production of 600 million square metres [33], [34]. Ceramic wastes 

are known pozzolans. White paste ceramics and red paste ceramics are two major categories of 

ceramic wastes [35]. The CD used in the study is not a readily available form of the waste. White 

paste ceramic tiles were collected from a demolition site and carefully segregated to choose the 

tiles alone and pulverized using abrasion testing machine and sieved through 75-micron BIS sieve 

for use in stabilization. Grain size distribution was performed on the fine fractions and was found 

to have 97% silt and 3% clay size fractions. The specific gravity of CD was found to be 2.55 

which was lower than the value reported by Sabat [36] but higher than the value reported by 

Veera Reddy [37]. The chemical composition of CD obtained from XRF is tabulated in Table 2. 

Scanning Electron Microscopy was used to study the structure of particles of the materials 

adopted. Figure 1 shows the Scanning electron micrographs of all materials adopted in the study. 

Figure 2 shows the X-ray diffractograms of the materials adopted in the study. 

Table 2: Chemical Composition of Materials  

(%) of Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 SO3 

Soil 18.82 2.297 7.484 2.288 1.737 0.035 1.415 0.043 63.62 0.876 0.207 

Lime 0.053 72.77 0.037 0.003 14.60 0.004 0.047 0.005 0.245 0.003 0.048 

PG 0.649 35.73 4.88 0.042 0.661 0.001 0.106 10.70 16.96 0.015 4.598 

CD 25.24 1.879 6.527 3.888 1.114 0.021 1.808 0.111 57.14 0.679 0.006 
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Figure 1: Scanning Electron micrographs of (Clockwise) Soil, Lime, CD and PG 

 

Figure 2: X-ray Diffractograms of (Clockwise) Soil, Lime, CD and PG 
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 The analysis of the x-ray diffractograms of the various materials was carried out to 

determine the mineralogy of the materials. The virgin expansive soil revealed the 

presence of montmorillonite and quartz. Calcium hydroxide was detected in the scatter 

pattern of lime. PG revealed the presence of gypsum whereas CD revealed the presence 

of quartz and calcite. 

3.0 Methodology 

The soil collected from the site was cleaned, crushed and pulverized in order to prepare it 

for various tests in accordance with BIS [38]. The various materials adopted in the investigation 

were subjected to chemical, mineral and microstructural characterization. The soil sample was 

also characterized for its geotechnical properties in the laboratory. It is well documented in 

literature that the minimum amount of lime required for modification of soil properties is called as 

the Initial Consumption of Lime or Lime Modification Optimum (LMO). The LMO was 

determined using Eades and Grim pH test [39] in accordance with ASTM [40]. After the 

determination of LMO, two lime contents one below LMO and the other above LMO was chosen 

for the study as according to Nazrizar et al. [41] LMO and Lime Stabilization Optimum (LSO), 

also called as Optimum Lime Content, divide the relationship between strength and lime content 

of a stabilized soil into three phases. The lime content below LMO was randomly selected. The 

LSO was determined by performing unconfined compression strength (UCS) test on stabilized 

soil specimens at varying lime contents for determining the lime content which produced the 

maximum strength of the stabilized soil in accordance with the procedure adopted by earlier 

researchers [28], [42]–[44]. The UCS was determined in a split mould of dimensions 38mm 

diameter and 76mm height and cured for period of 2 days. After fixing the two lime contents for 

stabilization, the soil sample was stabilized with the lime contents amended with four randomly 

fixed additive contents of 0.25%, 0.5%, 1% and 2% and UCS samples were prepared at a density 

of 14.72 kN/m
3
 and 25% moisture content. The prepared samples were cured for periods of 2 

hours, 3 and 7 days in sealed polythene covers for studying the development of early strength. 

The results of the UCS tests of lime stabilized soil admixed with PG and CD were compared to 

determine the performance of the additives. Table 3 shows the stabilizer-additive combinations 

adopted in the study. 

Table 3: Stabilizer-Additive Combinations 

Designation Lime (%) PG (%) Designation Lime (%) CD (%) 

3L 3 0 3L0.25CD 3 0.25 

3L0.25PG 3 0.25 3L0.5CD 3 0.5 

3L0.5PG 3 0.5 3L1CD 3 1 

3L1PG 3 1 3L2CD 3 2 

3L2PG 3 2 7L0.25CD 7 0.25 

7L0.25PG 7 0.25 7L0.5CD 7 0.5 

7L0.5PG 7 0.5 7L1CD 7 1 

7L1PG 7 1 7L2CD 7 2 

7L2PG 7 2 7L 7 0 

4.0 Results and Discussions 

The Eades and Grim pH tests revealed that the LMO of the soil used in the study was 5.5%. 

The LSO determined from UCS tests was 7%. Three percent lime content was randomly selected 

as the lime content below LMO for the study. Three percent lime and seven percent lime 

stabilized soil were admixed with small quantities of PG and CD for stabilizing the soil. The 

results of the UCS tests are discussed in the subsequent sections.  
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4.1 Effect of PG on the Early Strength of Lime Stabilized Soil 

The effect of PG on the development of early strength of lime stabilized soil is shown in 

Figure 3. It can be seen that the addition of PG to lime stabilized soil increases the strength of the 

soil. For 3% lime stabilized soil, 0.25% PG was found to produce enhanced strength of the 

stabilized soil. However, at a higher lime content of 7%, a higher PG content of 1% was found to 

develop enhanced strength of the stabilized soil. Comparing the periods of strength development, 

at lower lime content of 3%, a significant gain in strength was visible only at seven days of curing 

whereas at 7% lime content, a clear demarcation can be seen at two hours of curing and a 

significant change at 3 days of curing. 

 

 

Figure 3: Strength of Lime Stabilized Soil with PG 
 

In order to better understand the development of strength of the stabilized soil, the effect of 

curing period was analyzed in detail. Figure 4 shows the development of strength of PG-lime 

stabilized soil with curing period. From the figure, it can be seen that the development of strength 

is better in 7% lime stabilization when compared to 3% lime because it is less than the minimum 

required lime of 5.5% for soil modification as determined from the Eades and Grim pH test. On 

observing the strength curves of 3% lime stabilization in Figure 4, it can be seen that the curve 

corresponding to 3% lime with 0.25% PG lies on top of all the curves with the exception of 3% 

lime at 3 days of curing. A detailed analysis of percentage strength gain of all combinations for    

3% lime stabilized soil indicated that only 0.25% and 0.5% PG addition resulted in a positive gain 

at the end of 7 days. 0.25% PG gained 9% additional strength whereas 0.5% could manage only 

2%. All higher PG dosages resulted in strength loss. For 7% lime stabilization, with the exception 

of 0.25%, all other PG doses resulted in positive strength gain. 1% PG addition resulted in the 

highest gain of 14%. It was 1.6% and 9% gain respectively for 0.5% and 2% PG addition. The 

early strength gain in PG admixed lime stabilized soil in this work is similar to the results 

obtained by earlier works done by Ghosh [45] who investigated PG admixed lime stabilization of 

pond ash and Krishnan et al. [46] who studied PG admixed fly ash stabilization of an expansive 

soil. 
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Figure 4: Strength Development of Lime Stabilized Soil with PG 

4.2 Effect of CD on the Early Strength of Lime Stabilized Soil 

The effect of CD on the early strength of lime stabilized soil is shown in Figure 5. From the 

figure, it can be seen that the strength of lime stabilized soil admixed with CD gave contrasting 

results for the two lime contents studied.  

 

 

Figure 5: Strength of Lime Stabilized Soil with CD 
 

At 3% lime stabilization, the addition of CD did not result in any significant development 

of strength at early ages. At 7% lime stabilization, addition of CD to lime resulted positive 

strength gain only for 0.5% addition of CD. A clear trend could not be seen across curing periods 

for all combinations. However, on isolation, a general trend of reduced strength on increasing 
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addition of CD could be seen for both 3% and 7% lime stabilization for curing periods of 3 and 7 

days with the exception of 0.5% CD dosage wherein there was a slight increase in strength 

compared to other combinations.  

Figure 6 shows the development of strength of CD admixed lime stabilized soil. At 3% 

lime stabilization, it can be seen that the strength curve for 3% lime stabilization lies on top of all 

the curves clearly indicating that the addition of CD has resulted in a reduction in strength of the 

lime stabilized soil. In 7% lime stabilization, only 0.5% CD addition resulted in strength gain 

which is evident from the position of the curve. Percentage strength gain analysis yielded 

completely negative trends for 3% lime stabilization at 7 days of curing whereas 7% lime 

stabilized soil gained a meagre 6% strength on addition of 0.5% CD at the same age of curing. 

Reduced early strength with lime and CD in the present study is in agreement with the work done 

by Moropoulou et al. [47] who studied CD admixed lime mortars. Bakolas et al. [48] also 

reported that calcium hydroxide in lime-CD mortars was not fully consumed even after 270 days 

of curing. 

 

 

Figure 6: Strength Development of Lime Stabilized Soil with CD 

4.3 Comparison of Strength Development of PG and CD admixed Lime 

 Stabilized Soil 

Figure 7 shows the comparison of the strength development curves of pure lime stabilized 

soil, lime stabilized soil admixed with CD and PG at optimal dosages of the additives. From the 

curves, it can be seen that PG admixed lime stabilized soil develops significant early strength 

across the three curing periods studied whereas CD admixed lime stabilized soil performed 

marginally with strength gain only at higher lime content but still lesser than PG admixed lime 

stabilized soil. The possible mechanism behind enhanced development of strength due to 

addition of PG may be augmentation in the supply of calcium ions since PG is 

predominantly composed of calcium sulphate. Moreover some researchers have attributed 

the formation of a mineral called ettringite as one reason for the increased gain in early 

strength [49]–[52]. Moreover, PG has been reported to accelerate pozzolanic reactions 

[49]–[51]. In the case of CD, the delayed in the development of early strength may be due 

to the reduced reactivity of the CD particles. It may be noted that 97% of the CD particles 
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used in the study were silt size fractions. Hence, due to larger particles sizes, the 

dissolution of silica and alumina in CD particles would have taken a longer duration in 

the highly alkaline environment, thereby resulting in a delay in development of strength. 

 

 

Figure 7: Comparison of Strength Development of Lime stabilized Soil with and without 

Additives 

5.0 Conclusions 

This work aimed at studying the early strength development of lime stabilized soil admixed 

with two different industrial wastes and compare their performances. From the results of the study, 

the following may be concluded: 

i. Addition of PG to lime stabilized soil increased its early strength despite the lime 

content used for stabilizing the soil whereas addition of CD to lime stabilized soil 

produced only marginal results with positive strength gain only at one particular 

dosage of CD at higher lime content. 

ii. At higher lime content, better strength gain was achieved at higher PG content 

whereas in the case of CD, performance was consistent at one particular dosage of  

0.5% CD for both lime contents. 

iii. PG admixed lime stabilized soil developed higher early strength when compared to 

CD admixed lime stabilized soil. 

iv. Development of early strength in PG can be attributed to augmented supply of 

calcium ions by PG, thereby accelerating pozzolanic reactions whereas the delayed 

strength development due to CD addition can be attributed to the difficulty in 

dissolution of larger CD particles to release silica and alumina for pozzolanic 

reactions. 

v. PG can be recommended as an additive for achieving higher early strength of lime 

stabilized soil, however after due testing, depending upon the soil under consideration 

for stabilization. 

vi. Thus, it can be concluded that both PG and CD do play a role in amending the 

development of early strength of lime stabilized soil but with contrasting results; the 

former enhancing it, while the latter, marginally reducing it. 
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The late strength development of CD admixed lime stabilized soil can be further studied 

and successful results can lead to CD being used as an additive for lime soil stabilization were 

early strength development is not a significant requirement. 
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