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Abstract: Sugarcane Press Mud (SPM) is a waste generated from the sugar industry. India 

generates about 12 million tonnes of SPM annually and hence, needs effective management. The 

present study delves into the use of SPM as a ternary blend in cement-lime stabilization of an 

expansive soil. An expansive soil was stabilized using a combination of 4.5% lime (determined 

from the Eades and Grim pH test) and a fixed cement content of 1%. The effect of the stabilization 

was studied by casting cylindrical specimens of dimensions 38 mm x 76 mm and curing them for 

periods of 7, 14 and 28 days. This process was modified by blending it with SPM as a ternary 

additive up to 5% in increments of 1%. The optimal dosage of SPM was evaluated for enhanced 

strength gain which was then subjected to a wet-dry cycle to understand the effect of variation 

in moisture content. The results of the investigation revealed that cement-lime stabilization of 

the soil was significantly better than lime stabilization alone. 1% SPM was found to be the optimal 

dosage required for maximum strength gain. Based on the results, it was concluded that ternary 

blending of SPM can potentially be beneficial in soil stabilization. 

1. Introduction 

Expansive soils are conventionally stabilized using suitable stabilizers for improving 

their volume stability and reducing their detrimental behaviour which cause distress to 

lightly loaded structures built on them. Lime is the most common stabilizer used for 

improving expansive soils. But cement has also been used by several researchers for 

stabilizing such soils. However, the effectiveness of cement stabilization becomes 

marginal in these soils due to their high plastic nature (Transport Research Laboratory, 

2003). Thus, cement stabilization of expansive soils become either marginal or 

uneconomical for achieving minimum requirements of strength and bearing. Some 

researchers have attempted to combine the benefits of lime and cement stabilization by 

adopting them together for stabilization of swelling soils. Lime is very effective in 

modifying such soils to make them more workable while cement enables significant 

strength gain. Jauberthie et al., (2010) attempted the stabilization of an estuarine silt 

with a combination of lime and cement and found that the strength of cement-lime 

stabilized silt developed strength greater than those stabilized by lime or cement alone. 

Nagaraj et al., (2014) investigated the role of lime in cement stabilized soil blocks and 

found that partial replacement of cement with lime resulted in a greater long-term 

strength of the blocks when compared to pure cement stabilized soil blocks. Oluwatuyi 

et al., (2020) investigated the combination of cement and lime in the stabilization of a 

crude oil contaminated kaolin clay and found that the combination was effective in 
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improving the strength of the contaminated soil over 28 days of curing. Wang and 

Korkiala-Tanttu, (2020) studied the compressibility behaviour of cement-lime stabilized 

soft sensitive clay and found that the addition of the binder combinations increased the 

effective stress levels and reduced compression index of the soil. However, Mansour et 

al., (2015) reported a contrasting trend of reduced strength when cement is partially 

replaced with lime in treating Egyptian soft clay. Over the years, solid wastes have 

become preferred supplementary additives to cement and lime in soil stabilization, owing 

to their effectiveness in enhancing the potential of the conventional stabilizers in 

combination with them. Some researchers have, however, adopted solid wastes like 

flyash, rice husk ash etc. as ternary additives along with the combination of cement and 

lime (Wang et al., 2013, 2018; Bagheri et al., 2014; Furlan et al., 2018). The quantum 

of solid wastes generated all over the world is rapidly rising with each passing year. A 

world bank report (Hoornweg and Bhada-Tata, 2012) estimates that the annual 

generation of solid wastes could be around 2.2 billion tonnes by the year 2025. Even in 

developing countries like India, huge quantities of wastes are generated including Coal 

combustion products, Slags including Steel slag, Phosphorus furnace slag and Lead-zinc 

slag, Red mud, Lime sludges, Phosphogypsum, Jarosite and Mine rejects to name a few. 

One such waste generated as a by-product from the sugar mills in India is sugarcane 

press mud (SPM). SPM is the mud like residue that gets collected at the bottom of the 

clarification tank when the cane juice is clarified and filtered. India generates about 12 

million tonnes of SPM (Balakrishnan and Batra, 2011). This waste is reused in a variety 

of applications like soil conditioners and manure, sorbents, feed for animals and 

extraction of chemicals. However, the use of SPM in soil improvement was rare but has 

started to gain traction in recent years with a number of investigations involving the use 

of SPM in poor soil treatment. SPM being a material of organic origin, it has been 

predominantly adopted as a binary additive to conventional stabilizers like lime and 

cement. Looking at earlier investigations, some (Moghadam et al., 2015; Biffi and Janani, 

2018; Sabzi et al., 2018; Kumar and Garg, 2019; Saini et al., 2022) have adopted SPM 

as a standalone stabilizer without the use of lime or cement. However, a few (Moghadam 

et al., 2015; Sabzi et al., 2018) had adopted a mulch made from SPM for stabilization 

of dune sand. There have also been few investigations using SPM as a binary additive in 

recent years (James and Pandian, 2014, 2016; Parthiban et al., 2019; James, 2020; 

James et al., 2022). However, the use of SPM as a ternary or quaternary additive is quite 

rare in literature with few investigations in the manufacture of bricks being available 

(Mansoor et al., 2017; Bharathi et al., 2018; Navaneetha et al., 2019). There are 

virtually no investigations reported on the use of SPM as a ternary additive in soil 

treatment, especially in combination with cement-lime stabilization. Thus, the primary 

objective of this investigation was to combine SPM as a ternary additive to cement-lime 

stabilization of an expansive soil to understand potential beneficial improvements that 

can be achieved in the stabilized soil and achieve sustainable waste management of SPM 

in soil improvement projects. 

2. Materials and Methods 

The virgin expansive soil, industrial grade hydrated lime, commercially available 

ordinary Portland cement (OPC) and SPM were used in this investigation. 

2.1. Virgin Soil 

The virgin soil used in this investigation was collected from the vicinity of the 

Kalavakkam lake near Chennai in Tamil Nadu, India and was subjected to geotechnical 

characterization in the laboratory. The properties obtained during this process is listed 

in Table 1. The geotechnical properties of the virgin soil were determined based on the 

procedures stipulated in the Bureau of Indian Standards (BIS) Code IS2720 under 

various parts. After the determination of the properties, the soil was classified based on 

the BIS Code IS1498 (BIS, 1970). The soil was classified as clay of high plasticity. The 
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characteristics of this soil can be associated with the soils belonging to the Vertisol 

reference group according to the World Reference Base for Soil Resources 2014 (FAO, 

2015). 

Table 1. Properties of the Soil 

Property Value 

Liquid Limit (BIS, 1985b) 75.8 % 

Plastic Limit (BIS, 1985b) 23.5 % 

Plasticity Index 52.3 % 

Shrinkage Limit (BIS, 1972) 11.2 % 

Specific Gravity (BIS, 1980b) 2.76 

Clay Content (BIS, 1985a) 68.7 % 

Silt Content (BIS, 1985a) 28.4 % 

Sand Content (BIS, 1985a) 2.9 % 

Optimum Moisture Content (BIS, 1980a) 28.2 % 

Maximum Dry Density (BIS, 1980a) 13.1 kN/m3 

Unconfined Compressive Strength (UCS) (BIS, 1991) 102.2 kPa 

Classification (BIS, 1970) CH 

2.2. Lime and Ordinary Portland Cement 

High quality industrial grade hydrated lime supplied by M/s. Shiyal Chemicals, 

Chennai was used as one of the binders for stabilization. Commercially available OPC 

was used as the other binder for stabilization. No special preparation or pre-treatment 

was performed on the lime and OPC and were used as available from the manufacturers. 

2.3. Sugarcane Press Mud 

The SPM used was procured from The Vellore Sugar Mills, Ammundi, Thiruvalam, 

Tamil Nadu, India. It is a coarse, fibrous, spongy, mud like material (James, 2022) 

obtained from the clarifying tank used for filtration of the cane juice in the sugar mill. 

The procured samples were visibly moist and hence, were allowed to air dry under room 

temperature conditions in the laboratory and then were sun dried to completely dry the 

sample. After thorough drying of the specimens, they were sieved through BIS 300-

micron sieve and the fines passing through the sieve were used in the investigation. The 

typical chemical composition of Cement and Lime and SPM obtained from earlier 

investigations is given in Table 2. 

Table 2. Chemical Composition of Lime (James et al., 2017), Cement (Thomas and 

Jennings, 2000) and SPM (James and Pandian, 2018) 

Oxide SiO2 Al2O3 Fe2O3 CaO K2O Na2O MgO P2O5 SO3 

Lime 4.73 0.38 0.08 81.05 0.00 7.99 3.22 0.18 2.33 

Cement 21.45 4.45 3.07 63.81 0.83 0.20 2.42 0.11 2.46 

SPM 25.54 2.39 5.81 18.45 1.30 0.13 3.11 7.22 0.40 

2.4. Methodology 

The experimental methodology followed in this investigation has been described in 

the following sub-sections. 

2.4.1. Preparation and characterization of materials 

Soil from a local neighbourhood was collected and brought to the geotechnical 

laboratory, where it was prepared based on the procedure laid down in BIS code IS2720 

(BIS, 1983). The soil after preparation was sieved through the recommended sieves for 
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various geotechnical tests and characterized for its properties. The lime and OPC were 

used as supplied by the manufacturers without any preparation process. The SPM was 

collected from the sugar mill and prepared in the laboratory as described in section 2.3. 

Figure 1 shows the materials used in the investigation. 

    
(a) (b) (c) (d) 

Figure 1. Materials used (a) Soil (b) Lime (c) OPC (d) SPM 

2.4.2. Selection of cement and lime content 

The soil was stabilized using a combination of cement and lime. The initial 

consumption of lime (ICL) was chosen for stabilizing the soil. The ICL was determined 

using the Eades and Grim pH test (Eades and Grim, 1966) done as per the procedure 

laid out in ASTM code D6276 (ASTM, 2019). A small fixed cement content was then used 

along with this lime content to form the stabilizer combination for the expansive soil. 

2.4.3. Determination of compaction characteristics 

The cylindrical specimens for determination of strength of the stabilized soil were 

cast to a fixed dry density and moisture content. These are usually determined from the 

compaction test. In the present investigation, the mini compaction test (Sridharan and 

Sivapullaiah, 2005) was performed in the laboratory based on the procedure laid down 

in BIS code IS4332 (BIS, 1967) for determining the altered compaction characteristics 

of the cement-lime stabilized soil. This was done to fix the optimum moisture content 

and maximum dry density at which the cylindrical stabilized soil samples were to be cast 

for the strength tests. 

2.4.4. Preparation, curing and testing of specimens 

The strength of the control and SPM modified test specimens were determined by 

casting cylindrical test samples of diameter 38 mm and height 76 mm. The optimum 

SPM content was determined by varying the SPM content in stabilized soil samples and 

evaluating the strength of the specimens after 7 days of curing. The SPM content in the 

cement-lime stabilized soil was varied from 1% to 5% in increments of 1%. The optimal 

SPM content was determined after 7 days of curing because earlier investigations have 

reported that SPM plays a role of a good strength accelerator and can result in significant 

early strength (James and Pandian, 2016; James, 2020; James et al., 2022). All the 

samples were cast to a set density and moisture content determined from the 

compaction test of the cement-lime stabilized soil. Similar procedures have been adopted 

by earlier researchers as well (Wild et al., 1999; Bagheri et al., 2014). Three cylindrical 

samples were cast for the determination of the strength of each combination. The 

cylindrical samples were air cured in sealed polyethene covers to prevent loss of moisture 

for set periods of time including 7 days, 14 days and 28 days. After the set curing 

periods, the cylindrical samples were removed from the sealed covers and strained 

axially at a rate of 1.25 mm per minute until they failed. 
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2.4.5. Wet-dry performance of stabilized soil 

A preliminary wet-dry study was also carried out by subjecting the control specimens 

as well as the specimens modified with the optimal dosage of SPM to wetting and drying. 

To study the wet-dry cycling response of the samples, 28 days cured specimens were 

placed in a soaking wet bed of cotton for a period of 24 hours followed by exposure to 

open air at room temperature conditions for another 24 hours, totalling to 48 hours. This 

test was basically performed to understand the response of the modified soil when 

subjected to extreme conditions like repeated and periodic changes in moisture content 

of the soil. After the cycling of wetting and drying periods, the samples were strained 

axially to determine the loss in strength of the samples due to the effect of the alternate 

cycle of wetting and drying. Table 3 shows the experimental programme followed in this 

investigation. 

Table 3. Experimental Programme 

Lime 

(%) 

OPC 

(%) 

SPM 

(%) 
Notation 

Curing Period (Days) Durability 

7 14 28 48 Hours 

4.5 0 0 L4 X X X - 

4.5 1 0 LC41 X X X X 

4.5 1 1 LCS411 X X X X 

4.5 1 2 LCS412 X - - - 

4.5 1 3 LCS413 X - - - 

4.5 1 4 LCS414 X - - - 

4.5 1 5 LCS415 X - - - 

3. Results and Discussion 

The development of strength of the cement-lime stabilized soil and the influence of 

SPM on the strength development and durability of the control and modified specimens 

have been discussed in the following sub-sections. 

3.1. Determination of ICL 

The ICL of a soil is defined as the minimum lime content required to be added to it 

to raise the pH of the soil to 12.4. It was determined using the Eades and Grim pH test 

based on ASTM code D6276 (ASTM, 2019). Figure 2 shows the results of the pH test.  

 

Figure 2. Determination of lime content from Eades and Grim pH test 
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From the results of the pH test, the ICL required for stabilization of the soil was 

found to be 4.5%. With increased awareness of the detrimental effects of cement 

manufacture on the environment, there have been significant attempts by researchers 

to reduce the use of cement and find a suitable alternative. To reduce the carbon 

footprint of the stabilization process, the cement content chosen in this investigation was 

deliberately kept low. The cement content was randomly fixed as 1%. 

3.2. Determination of Optimum SPM Content 

The optimum SPM content was determined from the UCS test specimens cured for 

a period of 7 days. Figure 3 shows the identification of optimum SPM content from the 

strength tests. The strength of the combination LC41 increases from 378.77 kPa to 

598.63 kPa for 1% addition of SPM. On increase in SPM content to 2%, the strength 

drops to 280.98 kPa. Any further increase does not result in a significant change in the 

strength of the stabilized soil as seen from the flattening of the strength curve from 2% 

SPM and above. The strength of the SPM modified stabilized soil stays in between 280.98 

kPa and 244.32 kPa until the SPM content increases to 5%. Thus, based on the strength 

results of the ternary blending of SPM to cement-lime stabilized soil, it is obvious that 

1% SPM is the optimal dosage as a ternary additive. 1% SPM addition results in a 

58.04% increase in the early strength of the stabilized soil. James and Pandian, (2014) 

reported a strength gain of just 2.31% when ICL lime content was modified with 2% PM 

as binary additive. In another investigation by James and Pandian, (2016), they reported 

27.05% increase in strength when ICL stabilized soil was modified with 0.25% SPM. In 

both these cases, SPM was used as a binary additive to lime, whereas in the present 

study, SPM was used as a ternary additive to cement-lime stabilization. The strength 

gain in the present study is significantly higher than the earlier studies wherein SPM was 

used as a binary additive. Thus, the results of the present investigation give an indication 

towards SPM being better as a ternary additive than a binary additive for augmented 

performance of the stabilized soil. However, more investigations on SPM as a ternary 

additive with different combinations of primary and secondary stabilizers need to be 

conducted to reveal the veracity of the indications obtained in the present study. 

 

Figure 3. Determination of optimum SPM content 

3.3. Strength of Lime, Cement-Lime and SPM-Cement-Lime Stabilized Soil 

The influence of addition of cement to lime stabilization was studied by comparing 

the strength development of the cement-lime stabilized soil (LC41) with that of the lime 

stabilized soil (L4) over different curing periods. This is represented in Figure 4. 

Primarily, the strength of both L4 and LC41 increases with increase in curing periods. 

The trends of the strength gain also have a good correlation with the actual data as seen 
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from the R2 values of both the trends. The strength of L4 increases from 176.77 kPa to 

256.46 kPa when curing period is increased from 7 days to 28 days. On the other hand, 

the addition of 1% OPC to the lime stabilized soil results in a significant shift in the 

strength curve. LC41 develops a strength of 378.77 kPa at 7 days of curing. At 14 days 

of curing, it gains a strength of 553.83 kPa against 224.90 kPa developed by L4. After 

28 days of curing, LC41 develops a strength of 684.14 kPa. Comparing the strengths of 

L4 and LC41, at corresponding curing periods it can be seen that cement-lime 

stabilization results in 114.27%, 146.26% and 166.76% higher strength when compared 

to lime stabilized soil at 7, 14 and 28 days or curing, respectively.  

 

Figure 4. Strength development of lime, cement-lime and SPM-cement-lime stabilized 

soil 

The influence of strength development of SPM modification of LC41 was determined 

by evaluating the strength of the optimal SPM modified stabilized specimens for different 

curing periods. Figure 4 also shows the strength development of LCS411 in relation with 

L4 and LC41. At the outset, a good correlation between strength development trends 
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LC41. Moreover, the inclusion of optimal dose of SPM in the mix, shores up the early 

strength of the stabilized soil sample were LC41 was relatively lacking. Comparing L4 

and LC41, LC41 developed a significant increase in strength at delayed curing of 28 days.  

Also, at early curing of 7 days, inclusion of 1% cement was able to generate a significant 

improvement in strength compared to L4. But this increase in strength at early curing 

(7 days) was lesser than that of delayed curing (28 days). The addition of 1% SPM works 

to the advantage of the mix where LC41 was relatively lacking, wherein it was capable 

of significantly raising the early strength of LC41. LCS411 was capable of generating 

58.04% more strength than LC41 and 238.65% more strength than L4. However, with 

increase in curing periods the strength gain obtained by LCS411 over LC41 reduced. At 

14 days and 28 days of curing, the strength gain achieved by LCS411 reduced to 24.26% 

and 7.22%, respectively, over LC41. Similar results were also reported by earlier 

investigators. James, (2020) reported a strength gain of just 5% when 0.25% SPM was 

used as a binary additive to lime after 28 days of curing. James et al., (2022) reported 

a loss in strength after 21 days of curing when 8% cement stabilized soil was modified 

with SPM, despite positive strength gain at 7 days of curing. Thus, it can be concluded 

that ternary addition of SPM in cement-lime stabilization of soil can prove to be 

significantly beneficial in augmenting early strength and noticeably augment the delayed 

strength, despite a significant jump in delayed strength due to cement addition. 
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3.4. Binary Versus Ternary Blending of SPM 

The addition of SPM as a ternary additive seems to be significantly beneficial. A 

deeper analysis of the performance of SPM was carried out by comparing the 

performance of SPM as a ternary additive in the present study with SPM as a 

binary/ternary additive in earlier studies. Table 4 shows the details of the studies where 

SPM was either used as a binary or ternary additive. 

Table 4. Details of Earlier Studies using SPM as Auxiliary Additive 

Author Optimum Dosage Additive Type Notation 

Present Study 4.5% L + 1% OPC + 1% SPM Ternary 
LCS411 (A) 

LCS411 (B) 

James, (2020) 7% L + 0.25% SPM Binary 7L0.25PM 

James and Pandian, 

(2016) 
5.5% L + 0.25% SPM Binary 5.5L0.25PM 

James et al., (2022) 
3% C + 1% SPM Binary 3C1PM 

8% C + 1% SPM Binary 8C1PM 

Navaneetha et al., 

(2019) 
10% L + 5% HS + 5% SPM Ternary L2 

L – Lime; C – Cement; HS – Hypo sludge; SPM – Sugarcane Press Mud 

The studies were chosen based on the use of SPM as an auxiliary additive i.e., used 

in combination with one or more primary stabilizers. From the selected investigations, it 

can be seen that most of them have adopted SPM as a binary additive with the exception 

of the work done by Navaneetha et al., (2019) who used SPM as a ternary additive. 

However, it should be noted that they had used the combination in the development of 

stabilized flyash blocks rather than soil stabilization. The analysis was performed by 

converting the strengths developed by the optimal combinations in the various studies 

into strength gain ratio (SGR) with respect to curing. SGR is the ratio of the strength of 

the optimal combination with that of the control specimen at any particular curing period. 

For all the investigations using binary additive, the control specimens were the soil 

specimens stabilized using the primary binder (lime/cement). For the present study, 

since SPM was used a ternary binder, two SGR curves viz. LCS411(A) and LCS411(B) 

were generated. For the former, the SGR was computed with LC41 as the control 

specimen whereas for the latter the SGR was computed with L4 as the control specimen. 

Figure 5 shows the SGR curves of the various studies which used SPM as an auxiliary 

additive.  

 
Figure 5. Binary versus ternary blending of SPM 
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From the figure, it is clear that ternary blending of SPM in combination with cement 

and lime results in a significant strength gain as seen from the SGR curve LCS411(B) 

with the SGR at 3.39 at 7 days of curing. Increase in curing period results in a reduction 

in the SGR, with it reducing to 3.06 and 2.86 for 14 and 28 days of curing. However, the 

SGR is still significantly higher than the other studies. One important point to be noted 

is that this significantly high SGR is due to the combined effect of OPC and SPM blending 

to lime stabilization of the soil. When LC41 was considered as the control, the SGR values 

were comparable to those of SPM binary blends of the other studies and also the lone 

ternary blend study as seen from the curve LCS411 (A). The SGR values range from 

1.58 to 1.07 for curing periods between 7 and 28 days. In the other studies wherein, 

SPM was used as a binary additive, the SGR values ranged between 1.29 to 0.88 for 

curing ranging from 7 to 28 days. For the lone study where SPM was used as a ternary 

additive, the SGR value has a high of 1.34 at 14 days of curing and low of 1.03 at 21 

days of curing. Thus, it can be inferred that ternary blending of SPM can result in a 

significant improvement in the strength development of the stabilized soil specimens. 

However, the role of SPM in specific need to be investigated in future investigations with 

better control specimens to isolate the contribution of SPM in the ternary blending. 

3.5. Wet-dry Performance of SPM Modified Cement-Lime Stabilized Soil 

The study attempted to investigate the preliminary response of the SPM modified 

soil towards variations in moisture content through its strength. Figure 6 shows the 

strength of the 28-day cured samples with and without wet-dry cycle. From the figure, 

it is evident that there has been an increase in the strength of the specimens after the 

wet-dry cycle. Similar responses have been reported by earlier researchers as well 

(Muntohar et al., 2013; Anggraini et al., 2016; Muntohar and Khasanah, 2019).  

 
Figure 6. Wet-dry strength of control and optimal SPM modified cement-lime stabilized 

soil 
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conditions when compared to SPM amended specimens. However, it must be noted that 

the SPM amended specimens performed well, though comparatively lesser than the 

control specimens. Moreover, a full detailed durability test programme can truly reveal 

the performance of the stabilized soil with respect to such extreme conditions. Thus, it 

can be concluded that SPM modification of cement-lime stabilization of soil performs 

satisfactorily well in relation to pure cement-lime stabilization. 

3.6. Sustainable Management of SPM 

In the recent years, reuse of solid wastes in construction activities has become a 

viable option for sustainable management of solid wastes. The Government of India has 

taken conscious efforts for reutilization of flyash (FA) waste generated from thermal 

power plants in different avenues of construction. According to India’s Central Electricity 

Authority, (2020), 78.19% of the 129.09 million tonnes of FA generated in India from 

thermal power plants in the first half of 2019-20 was reused, with 27.18% being in 

geotechnical and transportation applications. Reuse of solid wastes in soil improvement 

and treatment has started to become a viable avenue for management of solid wastes 

generated from various sources (James and Pandian, 2015). In the present study, an 

effort was made to evaluate the consumption of SPM in subgrade stabilization of road 

pavements for sustainable management of this solid waste. A hypothetical road stretch 

to be constructed in an expansive soil subgrade was considered and the quantity of SPM 

consumed was computed. 

Indian Roads Congress, (1980) guidelines (IRC 73) recommend that the formation 

width for a state/national highway in plain and rolling terrain should be 12m. For roads 

constructed on expansive subgrade, Indian Roads Congress, (2012) (IRC 37) 

recommends that a non-expansive soil cushion of 0.6 to 1m thickness needs to be 

provided. The locally available expansive subgrade soil can be stabilized and used as a 

non-expansive cushion layer. To compute the consumption of SPM, a road stretch of 1 

km length and 12m width with a cushion thickness of 0.75 m was considered. This 

cushion requires a total soil volume of 9000 m3. Based on the compaction characteristics 

of the stabilized soil and field target density equal to 95% of the laboratory maximum 

dry density, the dry weight of the stabilized soil required for preparing this stretch comes 

out to be 11055 tonnes. Considering the requirement of 1% SPM by weight of dry soil 

as a part of the optimal stabilization mix, the quantity of SPM that can be consumed in 

preparing the subgrade for this road project works out to be 103.8 tonnes per km. Thus, 

it can be seen that stabilization of the locally available expansive soil can not only provide 

savings in cost (in terms of transportation of borrow material for preparation of the 

cushion), but it can also provide an avenue for sustainable management of SPM waste 

generated. 

4. Conclusions 

Based on the results of the investigation, the following conclusions can be drawn. 

• Addition of a small dose of 1% OPC to lime stabilization at ICL content, significantly 

improves the strength of the lime stabilized soil across curing periods. Thus, it can 

be concluded that cement-lime stabilization of expansive soils can perform 

significantly better in terms of strength gain when compared to only lime 

stabilization of expansive soils. 

• Introduction of SPM into the stabilization mix, significantly increases the strength of 

the cement-lime stabilized soil from 378.77 kPa to 598.63 kPa for 1% SPM at 7 days 

of curing. Addition of 1% SPM also resulted in enhanced strengths after 14 and 28 

days of curing when compared to the control specimen. But the enhancement in 

strength gradually reduces with the increase in curing time. Thus, it can be 

concluded that 1% SPM is the optimal dosage for maximum strength gain for the 

combination of primary stabilizers considered in the investigation. 
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• However, further increase in SPM content resulted in a significant loss in the strength 

of the soil, even lower than that of cement-lime stabilized soil but higher than pure 

lime stabilized soil at 7 days of curing. Thus, it can be concluded that significantly 

higher proportions of SPM cannot be valorized in cement-lime stabilization of soils, 

the organic origin of the waste being a possible reason. 

• The strength gain of cement-lime stabilized soil with SPM was 58% higher than the 

control (LC41) at 7 days of curing. However, the strength advantage reduces to just 

over 7% after 28 days of curing. Thus, it can be concluded that maximum benefit of 

SPM inclusion in cement-lime stabilization of soils can be reaped in early curing, 

wherein the early strength of the soil is augmented by the addition of SPM. Thus, 

SPM can be included in the soil stabilization mix as a strength accelerator. 

• The use of SPM as a ternary additive when compared to binary additive seems to 

provide better performance based on the comparison of SGR values from the present 

study and some earlier studies. However, the role of SPM in specific and the role of 

the binary additive when SPM is used as a ternary additive need to be investigated 

in future investigations to obtain clearer evidence of SPM’s effectiveness as a ternary 

additive. 

• Wet-dry cycle results in an increase in the strength of both the SPM modified as well 

as the control cement-lime stabilized soil. However, the strength gained by the 

control specimen was higher when compared to SPM modified specimen. Thus, it 

can be concluded that introduction of SPM in the mix, slightly retards the strength 

gain during the wet-dry cycle. However, the present study was limited to initial 

impressions on the effect of wet-dry cycle on ternary SPM blending of cement-lime 

stabilized soil and hence, cannot provide a concrete conclusion as to its wet-dry 

performance. Future investigations need to delve into higher number of wet-dry 

cycles for better illumination of the resistance offered by SPM blended cement-lime 

stabilized soils. 

• The utilization of the optimal dosage of SPM in cement-lime stabilization of road 

subgrades can prove to be a potential avenue for consumption of this solid waste, 

thereby leading to sustainable management of this waste while achieving significant 

benefits in infrastructure performance. 

The present study considered the use of SPM as a ternary blend in cement-lime 

stabilization of expansive soils. The potential of using SPM as a ternary blend for other 

types of soils with varying particle sizes needs to be researched. SPM being a waste of 

organic origin, its efficacy in improving the soil fertility may also be of interest to soil 

scientists. The performance of the combination in extreme conditions like wetting and 

drying, freezing and thawing can also be evaluated in future investigations. Moreover, 

the role of SPM as a ternary additive can be studied while using proper controls to either 

reinforce or refute the potential of SPM as a ternary additive. Performance of the 

combination under longer curing periods as well as microstructural studies for evaluating 

the mechanisms of strength gain and loss in different combinations can also be 

investigated in future studies.  
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