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Abstract

:

This paper assesses the significance of stabilizing clay soil with calcium lignosulphonate (CLS) and granite sand (GS). Unconfined compressive strength (   q c   ) and hydraulic conductivity (K) are taken as performance indicators and the effect of varying dosages of GS (30%, 40%, and 50%) and CLS (0.5%, 1%, 1.5%, and 2%) at different curing periods on    q c    and K are examined. The best fit regression equations have been proposed to relate    q c    and K of untreated clay soil and stabilized clay using GS and CLS. The proposed nonlinear regression equations provide details of experimental data and aid in estimating    q c    and K very efficiently and reliably for targeted geotechnical applications from a sustainable perspective.
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1. Introduction and Background


The presence of poor soils leads to damage to the structures. Soil cannot be replaced in large volumes for construction purposes. Replacing these materials with high-performance materials requires earthwork and may affect stability, leveling, and excavation. To overcome this problem, treating the soils at the field level results in less manpower, less treatment area, and better results in the line of performance. Soil stabilization technology is a cost-effective way to improve poor soils [1]. It is categorized into two major techniques, mechanical stabilization, and chemical stabilization. Chemical stabilization works on variant chemical reactions where the chemical additive reacts with soil composition and minerals, enhancing engineering properties [2]. Conventional chemical additives, such as cement and lime, are the most used materials to enhance weak soils to improve their engineering properties, such as strength and compressibility, by changing the mineralogical structure. Taha et al. [3] used type 1 Portland cement along with reclaimed asphalt pavement (RAP) to improve the base layer of pavement. The thickness of the base layer is reduced by 50 mm when the cement is mixed with RAP. However, the presence of cement on the ground surface contributes to 0.2–0.3% of global CO2 emissions [2]. Sarkar et al. [4] worked on pond ash by adding lime to improve the California bearing ratio (CBR). The results were promising, leading to a decrease in the angle of internal friction. Though the mixing enhanced the engineering properties, the pH of the soil increased due to the solubility of soil minerals after lime stabilization [5]. The compounds formed from cement and lime stabilization create a threat to soil beds in terms of pH, brittleness, and occupational issues [6].



The above limitations encouraged the research and development leading to bio-inspired materials, fibers, pozzolanic materials, and industrial byproducts such as microbially induced calcite precipitation (MICP), biopolymer, geopolymer, calcium carbide residue (CCR), fly ash, coal gangue, and granite dust [7,8,9,10,11,12,13,14,15,16]. Silty clay is stabilized using CCR and fly ash to examine the soil’s durability [10]. Moghal et al. [14,15,16,17,18] worked on semiarid soil treated with lime in the presence of polypropylene fibers. The soil was tested for UCS, hydraulic conductivity, and resilient modulus to determine the influence of the tensile elements that are in the form of fiber cast and fiber mesh. The rate of gain in strength is remarkable with an increase in curing periods. Arulrajah [9] improved construction and demolition wastes by taking ground granulated blast furnace slag (GGBS) and fly ash (FA) as geopolymer materials, and recycled crushed aggregate and reclaimed asphalt as pavement materials. The geopolymer, stabilized recycled aggregate, and reclaimed asphalt pavement were examined for their efficacy as base/subbase material in terms of strength, ductility, and resilient modulus. This work is limited to a decrease in ductility due to the presence of slag. Rong et al. [7] worked on loose fine-grained particles to induce cementation with the help of bacteria under controlled conditions. Despite the successful work, this MICP technique is not very effective in the case of stiff clays. Biopolymer-treated soils show high strength with good particle–particle bonds and variant effects on the angle of internal friction depending on the type and dosage of biopolymer. Though it is a zero-carbon-emitting material, it is hydrophilic in nature, capable of swelling but also improving shrinkage [2,8]. Simatupang et al. [11] stabilized sand with fly ash to improve its strength and stiffness. The stabilization was achieved on coarse and fine sand. The dosage ranged from 5–30% and curing periods of 0, 7, 14, 28, and 56 days. This work concluded that the fine fraction of sand had a negative effect on fly ash stabilization. Ashfaq and Moghal [12] examined the behavior of expansive soil by adding lime and coal gangue. It was observed that the presence of coal gangue alone increased the CBR of the soil from 4–23% but in the presence of lime, the binary blended soil improved to 100%. The soil underwent mechanical stabilization with coal gangue, and the addition of chemicals imparts bonding [19,20]. Nwaiwu et al. [13] studied the effect of change in compaction effort on the CBR of quarry dust-stabilized black cotton soil. The quarry dust was added in dosages of 20–60% to examine the response of the soil. The CBR yielded a high value for BS heavyweight compaction that had the highest compaction effort. Kufre Etim et al. [21] examined the variation in strength and CBR characteristics of cement-modified lateritic soil in the presence of quarry dust with dosages of 0–8% and 0–10%, respectively. Their study reported that modified lateritic soil satisfied the strength requirements for 6% cement and 8% quarry dust. Emeka et al. [22] stabilized erodible soil with cement and quarry dust where quarry dust was added to reduce the brittleness. The deformation behavior of the stabilized soil is determined by finite element analysis upon the application of load.



Though the above materials have good efficiency in improving soil properties, they have their own set of drawbacks, which leave ample scope for research in the area. Lignin-based compounds are one of the non-cementitious materials that improve strength, ductility, and cohesion along with zero CO2 emission and low pH value. Lignosulphonates are lignin-based compounds derived as an industrial byproduct from the wood and paper processing industry. Around 15 to 40% of the dry weight of wood is occupied by lignin. It is the third most abundant fraction of plants apart from cellulose and hemicellulose. CLS is obtained from the sulfite pulping process in the wood industry. This product has molecular weight ranges from 40,000 to 65,000. The sulphonate groups are attached to the alkane units to confer water solubility. The calcium content is set to a maximum of 5% [23]. CLS is used to stabilize soils ranging from cohesive to non-cohesive [24].



Chavali and Reshmarani [25] studied the characterization of two expansive soils collected from Amaravathi and Vijayawada regions of Andhra Pradesh, India. Their study revealed that at higher percentages of CLS, the clay particles were aggregated along with the polymer chain. The optimum amount of CLS required to treat and to observe the improvement after the treatment is based on the fine fractions present in the base soil. Li et al. [26] evaluated the effect of lignosulphonate on silty soil and concluded that the strength improvement and durability criteria were satisfied at a lower dosage of calcium lignosulphonate. Dajiang et al. [27] worked on expansive sensitive soil mixed with calcium lignosulphonate. They stated that the cation ion exchange between the calcium ions and the monovalent ions in the soil minerals decreased the diffused double layer. Zhang et al. [28] conducted a comparative study on lignin-stabilized silty sand, and quick lime-stabilized silty sand with a dosage range of 2–12%. This study stated that the engineering performance of the lignin-based silty sand at 12% dosage is higher than that of quicklime-based silty sand at 8%. Alazigha et al. [29] conducted a comparative study on expansive soil treated with CLS and cement. They observed that there was no significant difference in the unconfined compressive strength of the soil at 2% CLS and 2% cement. However, the addition of CLS increased the ductile behavior and decreased the pH of the soil, unlike its effect on cement.



This paper aims to assess the strength and permeability performance of GS mixed clay in the presence of CLS at varying dosages of each. The clay–GS and clay–GS–CLS mixes were evaluated for    q c    and k in the current study.




2. Materials and Methodology


2.1. Clay


Soil was obtained from Bhattupally lake at Darga Road, Hanumkonda region of Telangana in India. The soil was collected at a depth of 3 ft from the ground level. The geographical coordinates are 17.9737° N 79.5352° E. The soil chosen was tested for its physical, chemical, and index properties. The chemical composition was explored using the EDS technique and the results are shown in Table 1. The soil is classified as an intermediate plastic clay as per the Unified Soil Classification System according to ASTM D2487 [30]. Figure 1 displays the fabric texture of clay obtained from a scanning electron microscope. The surface of untreated clay is flaky with many voids.




2.2. Mechanical Stabilizer (GS)


GS is a byproduct obtained from the primary crushing stage of aggregates. It is a non-plastic material that is deposited in large quantities near quarry sites. In the present study, GS was sourced from a quarry industry in the Gudipadu region of Telangana State, India (18.83793° N and 79.424954° E). The characterization and chemical composition of GS are provided in Table 2. GS is classified as poorly graded sand (SP) as per the Unified Soil system according to ASTM D2487 [30]. The texture of GS is granular, irregular, and angular as seen from the scanning electron micrograph in Figure 2.




2.3. Chemical Stabilizer (CLS)


CLS was purchased from the local dealer Aditya Chemicals, Hanamkonda region of Warangal, Telangana. The chemical formula of CLS is C20H24CaO10S2 and it comprises both hydrophilic and hydrophobic groups. CLS is a non-toxic, non-corrosive, non-alkaline material and does not produce harmful compounds following chemical reactions [31]. The physicochemical properties of the CLS used in the study are provided in Table 3.




2.4. Atterberg Limits and Differential Free Swell (DFS)


GS is mixed with clay in replacements of 30%, 40%, and 50% dosages of the total mass of the soil measured according to ASTM D4318-17el [32] and IS 2720 part 40 [33] standards, respectively. The addition of GS beyond 50% suppresses the effect of virgin soil and required plasticity [13].




2.5. UCS


2.5.1. Sampling with GS


Samples for the UCS test (38 mm diameter and 76 mm length) were prepared by mixing clay with varying dosages of GS at maximum dry density (MDD) and the optimum moisture content (OMC) of clay was obtained from the standard Proctor test according to ASTM D698-12e2 [34]. Each sample was prepared by replacing the clay with 30%, 40%, and 50% dosage of GS to obtain the total measured mass of the soil calculated from the MDD. The mix was compacted in layers, and each layer was scarified to a depth of 3 mm for proper interaction between the layers. The extracted specimens were tested on the compression device and sheared at a strain rate of 0.06 mm/min as per ASTM D2166M-13 [35] using AIMIL, New Delhi, India, AIM 074-1. A minimum of three specimens were tested for repeatability and reproducibility.




2.5.2. Sampling with GS and CLS


Samples were prepared by mixing clay with varying dosages of GS, and to each clay–GS mix was added a 0.5%, 1%, 1.5%, and 2% dosage of CLS based on previous works [24,25,26,27,28,29]. The quantity of CLS is the weighted percentage of clay–GS mix, which is added to the measured water content. The aliquot is mixed thoroughly with the dry soil and the mixture is allowed to mellow for a period of 24 h [29]. However, the mellowing period differs with the dosage of clay content. These samples were prepared using a similar procedure and allowed to cure for 0, 7, 14, 28, and 90 days in double-sealed plastic bags. Three specimens are molded for each curing period to ensure the repeatability and reproducibility of test results. The samples are tested for their weight before testing for any loss in moisture content. The samples were rejected if the change in weight following a specific curing period was found to be greater than 5%.




2.5.3. Pre-Compaction Mellowing Technique


The mixed soil was allowed to mellow (at constant water content) for a period of 24 h or more before the mix was compacted. Dry soil was mixed with an aliquot and placed in a sealed bag to maintain humidity (relative humidity > 90%). This pre-compaction mellowing time allows the soil additive interaction, which creates additional voids that contribute to efficient compaction and increase the strength [36].





2.6. Hydraulic Conductivity (K)


2.6.1. Sampling with GS


The samples were prepared along similar lines to UCS, but with a constant volume (10 cm diameter and 12.5 cm height) of falling head permeameter supplied by AIMIL, New Delhi, India, AIM 131, in accordance with ASTM D5856-15 [37]. Each sample was adequately compacted to acquire a constant density (contribution of total measured mass) and was placed between two filter papers. These two individual filter papers were overtopped with porous stones on either side of the sample. The sample was fully saturated prior to the commencement of the test.




2.6.2. Sampling with GS and CLS


Samples were mixed for all dosages of GS and CLS as explained in the case of UCS. Each sample was mellowed for a period of 24 h in an airtight bag. The mellowed sample was subjected to the saturated condition and tested for conductivity. The binary blended clay samples were compacted in layers to attain the specified density (acquired 36 mm diameter and 76 mm length) and cured for 7 days and 28 days. Curing was achieved by placing the rubber cork into the standard tubes and leaving it undisturbed throughout the period.






3. Results and Discussions


3.1. Variation in Atterberg Limits and DFS


The effect of clay–GS mixes on consistency limits and DFS was explored. Table 4 shows the response to the tests. The liquid limit, plastic limit, plasticity index, and DFS of the mix is decreased with an increase in dosage of GS, which was due to a decrease in shearing resistance with an increase in coarse fraction [38]. Soosan et al. [39] stabilized red earth and kaolinite clay with quarry dust and observed a minimum rate of improvement in the Atterberg limits. This was due to the modified particle size distribution. Besides this, the shrinkage limit of the clay–GS mix is increased with the addition of GS, which is due to the decrease in clay fraction [40]. In contrast to the existing result, Nayak and Sarvade [41] worked on lithomargic clay where the shrinkage limit is reduced when it is stabilized with quarry dust.




3.2. Response of UCS


3.2.1. In the Presence of GS


The response of the UCS test performed on clay–GS mixes is depicted in Table 5. The    q c    of the mechanically stabilized samples is decreased with an increase in the dosage of GS. But there was a slight increase i.e., 27% at the initial dosage of GS which may be due to the addition of inert material at a lower dosage. Since there is a cumulative increment of GS beyond 30%, a notable decrease in strength is also observed. The presence of GS improves the matrix’s coarser fraction, which is less susceptible to the UCS and may also lead to bond breakage [42]. Despite the significant decrease in liquid limit and plasticity index as shown in Table 4, the strength of the GS-stabilized soil failed to resist the uniaxial compressive load due to the low level of densification. Priyankara et al. [43] stabilized the high plastic silt using quarry dust and observed a significant improvement in the shear strength of the stabilized soil. On the other hand, Oyediran and Idowu [42] treated a set of residual soils with quarry dust and observed an uncommon response in UCS in all the cases. However, there was a significant increase in strength at 10% and 20% quarry dust addition for all treated residual soils.




3.2.2. In the Presence of GS and CLS


UCS tests were performed on clay–GS–CLS mixes at different curing periods of 0, 7, 14, 28, and 90 days. Figure 3 shows the behavior of    q c    for all combinations of clay–GS–CLS mix. For all GS dosages, 0.5% CLS yields a higher    q c      than other CLS dosages. But, at 2% CLS there is a slight increase in the strength prominently for 28 days and 90 days of curing for all dosages of GS. Besides this, M1 (Figure 3a) gains relatively higher strength when compared to M2 (Figure 3b) and M3 (Figure 3c) at all dosages of CLS.



In addition, the    q c    of the clay–GS–CLS mixes is decreased with an increase in the dosage of GS which is ascribed to the decrease in basal bonding and increase in the peripheral bonding, as depicted in Figure 4 and Figure 5. An increase in the dosage of GS decreases the clay fraction, which in turn reduces the fraction of expansive minerals, and hence the basal bonding is decreased [44]. Peripheral bonding is accompanied by expansive minerals, predominant in the higher dosages of GS, which is weaker than the basal bond as seen in Figure 5. The strength of the binary blended soil is greater at the initial dosages of CLS i.e., M1, M2, and M3 mixed with 0.5% CLS. With an increase in the dosage of CLS, the strength of the mix decreased. At constant water content, an increase in the dosage of CLS replaces the soil with finer lignosulphonate in spite of the electrostatic interaction [40]. At 2% CLS, for all clay–GS mixes, a slight development in strength is observed due to the floc formation [29]. The strength of the stabilized soil is increased with an increase in the curing period, which is attributed to the adsorption of CLS on clay particles. Adsorption of CLS neutralizes the negative charges on the surface of clay particles and forms a polymer chain by hydrogen bond and covalent bond, which further agglomerates the particles, as described in Figure 4 and Figure 5 [31,45]. Relevant to the current work, an improvement in UCS is observed in the work of Mudgal et al. [46], where black cotton soil was treated with lime and stone dust. The ettringite formed out of lime assists in reaching higher strengths according to the field requirement.



The treated soils were subjected to a gradual compressive load that fails by producing a distant failure pattern [47]. Figure 6 describes the different failure patterns of the binary blended clay at varying dosages of GS. Samples mixed with 30% GS failed under lateral bulging. For 40% GS, the sample failed by producing a small network-type pattern along the vertical axis. For 50% GS, the samples make visible network type patterns due to comparatively higher coarser fractions’ presence.





3.3. Response of Hydraulic Conductivity (K)


3.3.1. In the Presence of GS


Series of hydraulic conductivity tests were performed on clay–GS mixes to know the rate of flow of water through the stabilized matrix. With an increase in dosage of GS, K values were found to increase due to the changes in the soil–GS microstructure and the gradation [41,48,49]. Table 5 shows the response of mechanically stabilized clay on K.




3.3.2. In the Presence of GS and CLS


The hydraulic conductivity differs from the chemistry of infusing fluid [29]. The effect of CLS on varying clay–GS–CLS mixes is presented in Figure 7. The permeability of clay–GS–CLS mixes decreases with an increase in the dosage of CLS and the curing period. Simultaneously, an increase in the dosage of GS increases the conductivity. GS changes the particle distribution of the matrix, whereas CLS changes the soil structure [29,49,50]. With an increase in the curing period, the conductivity of binary blended clay is decreased as the CLS makes the matrix less compressible upon curing by binding the soil particles with a polymer chain, as depicted in Figure 4 and Figure 5. The aliquot fills the voids in the clay–GS matrix with the elapse of time by holding the clay–GS particles together with the polymer chain [27]. Similar work was performed by Nayak and Sarvade [41] where the permeability behavior of cement and quarry dust added to lithomargic clay was examined. The permeability of the treated soil was improved by 81% due to the 10% cement and 50% quarry dust. This work revealed that 30% GS and 0.5% CLS improve the permeability by 15 times, which is comparable to the calcium-based stabilizers wherein calcium salts of chloride, hydroxide, and carbonate are employed [51,52,53]; and non-calcium-based stabilizers involving biopolymers etc. [54,55].






4. Critical Inference behind the Existing Mechanism


The hydrophilic compound CLS adsorbs the lattice elements of the clay mineral surface by electrostatic interaction (hydrogen bond, covalent bond, and cation exchange). CLS adsorbs on the mineral lattice elements and forms a polymer chain that binds the clay particles together and further agglomerates, as shown in Figure 4 and Figure 5 [29,31,36]. This phenomenon makes the virgin soil enhance less when added to the CLS compared to the working mechanism of the traditional stabilizers (lime, cement, and pozzolanic). These undergo a strong exothermic chemical reaction by forming calcium–silica compounds, which in turn increase the engineering properties of virgin soil. However, in both cases the microstructure of the treated soil changes to resist compressive loads [3,5].




5. Regression Analysis of the Experimental Data


Besides practical study, the statistical approach discloses the relationship between independent variables and dependent variables, and the influence of independent variables over dependent variables. From the practical data, empirical equations are established for dependent variables using simple regression methods, and the accuracy is tested by the R2 method [56]. In the present study, the dosage of GS, CLS, and curing time contribute to the independent variables, while the UCS and hydraulic conductivity are considered as dependent variables. The effects of dosages of GS and CLS on unconfined compressive strength (   q c   ) and hydraulic conductivity (K) values of treated clay soil were expressed using nonlinear regression equations. Regression analysis was performed based on the experimental data measured after 7-, 14-, 28-, and 90-day curing periods (CP). The unconfined compressive strength (   q c   ) and hydraulic conductivity (K) values obtained from laboratory tests are better represented by nonlinear equations than the linear models [8,14,15,16,19]. These nonlinear regression equations produce relatively good estimates of    q c    and K with 24 data points. The following forms of nonlinear equations were adopted for regression analysis of stabilized clay:


   q  c _ f i t   = exp   a ×  D  G S   + b ×  D  C L S   + c × C P + d    



(1)






   K  f i t   = exp    a 1  ×  D  G S   +  b 1  ×  D  C L S   +  c 1  × C P +  d 1     



(2)




where, a, b, c, d, a1, b1, c1, and d1 are regression coefficients and    D  G S     and    D  C L S     are dosages of granite sand (GS) and calcium lignosulphonate (CLS), respectively. The following equations are proposed for unconfined compressive strength (   q c   ) and hydraulic conductivity (K) of treated clayey soil:


    q  c _ f i t     kPa   = exp     − 0  . 00648  ×  D  G S   − 0  . 12232  ×  D  C L S        + 0   . 02740  × C P + 5  . 35614          with    R 2  = 0.96     



(3)






    K  f i t      cm / s    =   exp     0  . 08311  ×  D  G S   − 0  . 34480  ×  D  C L S       − 0  . 011863  × C P − 1  . 08333        ×   10   − 7       with    R 2  = 0.95   



(4)







Similarly, the following equations are proposed for unconfined compressive strength (   q c   ) and hydraulic conductivity (K) of untreated clay:


    q  c _ f i t     kPa   =     4  . 07401  ×  10   - 5    × C  P 3   - 6   . 79667  ×  10   - 3    × C  P 2       + 0   . 421004  × C P  + 105   . 062          with    R 2  = 0.99   



(5)






    K  f i t      cm / s    =       0.1602 ×   ( 1 + C P )   - 0.34     ×   10   − 7       with    R 2  = 0.99   



(6)







Table 6, Table 7, Table 8, Table 9 and Table 10 provide details of the regression analysis. Table 6 shows the regression analysis for the UCS (   q  c _ f i t    ) of untreated clay measured after 0, 7, 14, 28, and 90 days of curing. Table 9 depicts the regression analysis for the hydraulic conductivity (   K  f i t    ) of untreated clay measured after 0, 7, and 28 days of curing. Additionally, Table 7 and Table 8 show the details of the regression analysis for the UCS (   q  c _ f i t    ) of treated soil with granite sand (GS) and calcium lignosulphonate (CLS) measured after 7 and 14 days of curing. Further, Table 10 shows the details of the regression analysis for the hydraulic conductivity (   K  f i t    ) of treated soil with GS and CLS measured after 7 and 28 days of curing.



The coefficient of determination (R2) value of each equation is shown in Equations (3)–(6). The regression Equations (3)–(6) presented for    q  c _ f i t     and    K  f i t     have relatively good fit to the experimental data measured for correlating the unconfined compressive strength (   q c   ) and hydraulic conductivity (K). This important observation can also be made from Table 6, Table 7, Table 8, Table 9 and Table 10. Therefore, the unconfined compressive strength (   q c   ) and hydraulic conductivity (K) can be predicted with an acceptable accuracy with the proposed nonlinear equations as the R2 value is greater than 0.95 when expansive clays are treated with GS and CLS.




6. Summary and Conclusions


In the present study, the effect of varying the dosages of CLS on GS-stabilized clay at different replacements is examined. A good performing mix was determined from the UCS of clay–GS mix and clay–GS–CLS mix at different curing periods of 7, 14, 28, and 90 days. The hydraulic conductivity of the clay-GS mix and clay–GS–CLS mixes were computed after a 7- and 28-day curing period. The following are the important observations emerging from the study:




	
The UCS of the clay–GS matrix is dependent on the dosage of GS. The presence of GS changes the particle size distribution of the matrix, which improves density by filling the voids, decreases cohesion due to increased silt fraction, and increases the shearing resistance.



	
At constant water content and uniform density, an increase in dosage of GS from 30–50% reduces the UCS by 36% for 40%, 56% for 50% replacement, and a slight increase of 27% is found after the initial dosage i.e., at 30%.



	
The combined effect of GS and CLS on clay improved the UCS performance. As the curing period increases, the strength of the clay–GS–CLS mix increases at a slow rate. The maximum strength achieved after 28 days of curing is 423.8 kPa for M1L0.5 and after 90 days of curing, it is 2.3 MPa for M2 with 0.5% CLS. Moreover, the response of UCS is more significant for the initial dosage of CLS, i.e., 0.5% for all the GS replacements. The UCS yielded lower values for 1–1.5% even with the elapse of time, and increased slightly for 2%.



	
A total of 50% GS in clay–GS mixes enhances the permeability by 30 times. For clay–GS–CLS mixes, the permeability decreases with an increased dosage of CLS and curing period. An average decrement of 30% is observed for the clay–GS–CLS mix when cured for 28 days.



	
The proposed nonlinear regression equations correlating dosages of granite sand (GS) and calcium lignosulphonate (CLS) and curing period (CP) to unconfined compressive strength (   q c   ) and hydraulic conductivity (K) may be used to obtain the amounts of GS and CLS for the satisfactory performance of subgrade, subbase, and base layers of low volume roads in terms of compressive strength and permeability.








The presence of inferior soil hinders rapid urbanization. When such soils are encountered, sustainable stabilization techniques must be relied upon to enhance their geotechnical properties. The present study has disclosed that the usage of sustainable binders, such as GS and CLS, stabilizes cohesive soil and has the potential to address distress-related issues of other problematic soils.
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Nomenclature


The following symbols are used in the study.



	GS
	Granite sand



	CLS
	Calcium lignosulphonate



	CP (days)
	Curing period



	M1
	70% clay and 30% GS



	M2
	60% clay and 40% GS



	M3
	50% clay and 50% GS



	   D  G S    (%)
	Dosage of GS



	   D  C L S    (%)
	Dosage of CLS



	   q c   (kPa)
	Unconfined compressive strength of soil



	   q  c _ e x p    (kPa)
	Unconfined compressive strength of soil obtained from experiment



	   q  c _ f i t    (kPa)
	Unconfined compressive strength of soil obtained from curve fitting



	K (×10−7 cm/s)
	Hydraulic conductivity of soil



	   K  e x p     (  ×   10   − 7    ) (cm/s)
	Hydraulic conductivity of soil obtained from experiment



	   K  f i t     (  ×   10   − 7    ) (cm/s)
	Hydraulic conductivity of soil obtained from curve fitting



	R2
	Coefficient of multiple determination
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Figure 1. SEM image of clay. 
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Figure 2. SEM image of GS. 
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Figure 3. Variation of    q c    with changes in dosage of CLS for (a) M1 (b) M2 (c) M3 mixes. 
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Figure 4. The mechanism behind the strength improvement of clay–GS–CLS mixtures. 






Figure 4. The mechanism behind the strength improvement of clay–GS–CLS mixtures.



[image: Buildings 12 01687 g004]







[image: Buildings 12 01687 g005 550] 





Figure 5. Detailed interaction mechanism involved with CLS. (a) CLS intact with clay particle (b) Adsorption of CLS over clay particle (c) Polymer chain formation (d) Basal bonding (e) Peripheral bonding. 
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Figure 6. Failure response of (a) M1 (b) M2 (c) M3 samples mixed with 1.5% CLS. 
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Figure 7. Variation in K with change in dosage of clay–GS–CLS mixes. 
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Table 1. Basic Characteristics and Chemical composition of clay.






Table 1. Basic Characteristics and Chemical composition of clay.





	
Characteristics

	
Value

	
Chemical Composition

	
Value (%)






	
Color

	
Greyish black

	
Silica (SiO2)

	
55.34




	
Specific Gravity

	
2.62

	
Alumina (Al2O3)

	
9.92




	
Liquid limit (%)

	
45.13

	
Ferric Oxide (Fe2O3)

	
8.15




	
Plastic limit (%)

	
22.34

	
Calcium Oxide (CaO)

	
1.06




	
Plasticity Index (%)

	
22.79

	
Magnesium Oxide (MgO)

	
1.97




	
Shrinkage limit (%)

	
13

	
Titanium Oxide (TiO2)

	
1.13




	
% Fines

	
63

	
Sodium Oxide (Na2O)

	
0.31




	
USCS classification

	
CI




	
Differential free swell (%)

	
33

	

	




	
Maximum Dry Density (kg/m3)

	
1750




	
Optimum Moisture content (%)

	
16.3




	
pH

	
7.7




	
Electrical conductivity (milli S/m)

	
1.05
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Table 2. Basic Characteristics and Chemical Composition of GS.






Table 2. Basic Characteristics and Chemical Composition of GS.





	
Characteristic

	
Value

	
Chemical Composition

	
Value (%)






	
Color

	
Grey

	
Silica (SiO2)

	
53.06




	
Specific Gravity

	
2.72

	
Alumina (Al2O3)

	
6.16




	
Sand fraction (%)

	
90

	
Ferric Oxide (Fe2O3)

	
9.06




	
Coarse sand (%)

	
19

	
Calcium Oxide (CaO)

	
1.64




	
Medium Sand (%)

	
32

	
Magnesium Oxide (MgO)

	
5.86




	
Fine Sand (%)

	
39

	
Titanium Oxide (TiO2)

	
0.32




	
Mean particle size (µ)

	
600

	
Sodium Oxide (Na2O)

	
1.37




	
Zone

	
3

	




	
USCS classification

	
SP




	
Maximum Dry Density (kg/m3)

	
2100




	
Optimum Moisture content (%)

	
8.3




	
pH

	
7.36
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Table 3. Properties of CLS.






Table 3. Properties of CLS.





	Property
	Values





	Color
	Yellow brown



	Molar mass
	528.61 g/mol



	pH
	4.3



	Solubility
	Soluble in water
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Table 4. Variation in Index properties of clay–GS mixes.
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	S. No
	Mixtures
	Liquid Limit (%)
	Plastic Limit (%)
	Plasticity Index (%)
	Shrinkage Limit (%)
	DFS (%)





	1.
	Clay
	45.13
	22.34
	22.79
	13
	33



	2.
	M1
	35.79
	13.14
	22.85
	13.2
	0



	3.
	M2
	29.56
	13.93
	15.63
	21.92
	0



	4.
	M3
	25.64
	13.14
	12.5
	24.5
	0







M1: 70% Clay and 30% GS; M2: 60% Clay and 40% GS; M3: 50% Clay and 50% GS.
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Table 5. Variation of UCS and Hydraulic Conductivity of clay–GS mixes.
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	Combinations
	   UCS   (  q c  )   

(kPa)
	Hydraulic Conductivity (K)

(×10−7 cm/s)





	Clay
	105.3
	0.16



	M1
	133.8
	2.93



	M2
	66.39
	3.64



	M3
	45.3
	5.06
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Table 6. The nonlinear equations for the UCS (   q  c _ f i t    ) of untreated clay measured after 0, 7, 14, 28, and 90 days of curing.
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	  C P  

(Days)
	    q  c _ e x p     

(kPa)
	    q  c _ f i t     

(kPa)
	Residual

(kPa)
	% Error





	0
	105.30
	105.06
	0.24
	0.23



	7
	107.00
	107.69
	−0.69
	−0.64



	14
	110.30
	109.74
	0.56
	0.51



	28
	112.30
	112.42
	−0.12
	−0.10



	90
	117.60
	117.60
	0.00
	0.00
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Table 7. The nonlinear equation for the UCS (   q  c _ f i t    ) of treated soil with granite sand (GS) and calcium lignosulphonate (CLS) measured after 7 and 14 days of curing.
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   C P   

(Days)

	
    D  G S     

(%)

	
    D  C L S     

(%)

	
    q  c _ e x p     

(kPa)

	
    q  c _ f i t     

(kPa)

	
Residual

(kPa)

	
% Error






	
7

	
30

	
0.5

	
271.48

	
198.84

	
72.64

	
26.76




	
30

	
1.0

	
178.40

	
187.05

	
−8.65

	
−4.85




	
30

	
1.5

	
158.50

	
175.95

	
−17.45

	
−11.01




	
30

	
2.0

	
208.13

	
165.51

	
42.62

	
20.48




	
40

	
0.5

	
135.70

	
186.37

	
−50.67

	
−37.34




	
40

	
1.0

	
123.10

	
175.32

	
−52.22

	
−42.42




	
40

	
1.5

	
111.00

	
164.92

	
−53.92

	
−48.57




	
40

	
2.0

	
100.60

	
155.13

	
−54.53

	
−54.21




	
50

	
0.5

	
86.80

	
174.69

	
−87.89

	
−101.25




	
50

	
1.0

	
94.63

	
164.32

	
−69.69

	
−73.65




	
50

	
1.5

	
96.35

	
154.57

	
−58.22

	
−60.43




	
50

	
2.0

	
90.50

	
145.40

	
−54.90

	
−60.67




	
14

	
30

	
0.5

	
396.80

	
240.89

	
155.91

	
39.29




	
30

	
1.0

	
307.77

	
226.60

	
81.17

	
26.37




	
30

	
1.5

	
220.23

	
213.16

	
7.07

	
3.21




	
30

	
2.0

	
357.90

	
200.51

	
157.39

	
43.98




	
40

	
0.5

	
206.47

	
225.78

	
−19.31

	
−9.35




	
40

	
1.0

	
173.14

	
212.39

	
−39.25

	
−22.67




	
40

	
1.5

	
169.48

	
199.79

	
−30.31

	
−17.88




	
40

	
2.0

	
223.40

	
187.93

	
35.47

	
15.88




	
50

	
0.5

	
198.30

	
211.63

	
−13.33

	
−6.72




	
50

	
1.0

	
262.35

	
199.07

	
63.28

	
24.12




	
50

	
1.5

	
191.37

	
187.26

	
4.11

	
2.15




	
50

	
2.0

	
200.50

	
176.15

	
24.35

	
12.14
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Table 8. The nonlinear equation for the UCS (   q  c _ f i t    ) of treated soil with granite sand (GS) and calcium lignosulphonate (CLS) measured after 28 and 90 days of curing.
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   C P   

(Days)

	
    D  G S     

(%)

	
    D  C L S     

(%)

	
    q  c _ e x p     

(kPa)

	
    q  c _ f i t     

(kPa)

	
Residual

(kPa)

	
% Error






	
28

	
30

	
0.5

	
423.80

	
353.54

	
70.26

	
16.58




	
30

	
1.0

	
350.80

	
332.57

	
18.23

	
5.20




	
30

	
1.5

	
251.60

	
312.83

	
−61.23

	
−24.34




	
30

	
2.0

	
363.60

	
294.27

	
69.33

	
19.07




	
40

	
0.5

	
400.60

	
331.37

	
69.23

	
17.28




	
40

	
1.0

	
298.40

	
311.71

	
−13.31

	
−4.46




	
40

	
1.5

	
231.96

	
293.22

	
−61.26

	
−26.41




	
40

	
2.0

	
368.40

	
275.82

	
92.58

	
25.13




	
50

	
0.5

	
213.50

	
310.59

	
−97.09

	
−45.48




	
50

	
1.0

	
290.20

	
292.16

	
−1.96

	
−0.68




	
50

	
1.5

	
140.30

	
274.83

	
−134.53

	
−95.89




	
50

	
2.0

	
184.80

	
258.52

	
−73.72

	
−39.89




	
90

	
30

	
0.5

	
1890.70

	
1933.41

	
−42.71

	
−2.26




	
30

	
1.0

	
1651.10

	
1818.70

	
−167.60

	
−10.15




	
30

	
1.5

	
1628.80

	
1710.80

	
−82.00

	
−5.03




	
30

	
2.0

	
1685.90

	
1609.30

	
76.60

	
4.54




	
40

	
0.5

	
2306.80

	
1812.16

	
494.64

	
21.44




	
40

	
1.0

	
1458.00

	
1704.65

	
−246.65

	
−16.92




	
40

	
1.5

	
1376.50

	
1603.51

	
−227.01

	
−16.49




	
40

	
2.0

	
1801.80

	
1508.38

	
293.42

	
16.29




	
50

	
0.5

	
1632.80

	
1698.52

	
−65.72

	
−4.03




	
50

	
1.0

	
1686.21

	
1597.75

	
88.46

	
5.25




	
50

	
1.5

	
1202.20

	
1502.95

	
−300.75

	
−25.02




	
50

	
2.0

	
1605.90

	
1413.79

	
192.11

	
11.96
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Table 9. The nonlinear equations for the hydraulic conductivity (   K  f i t    ) of untreated clay measured after 0, 7, and 28 days of curing.






Table 9. The nonlinear equations for the hydraulic conductivity (   K  f i t    ) of untreated clay measured after 0, 7, and 28 days of curing.





	   C P   

(Days)
	     K  e x p         ( ×   10   − 7   )    

(cm/s)
	     K  f i t         ( ×   10   − 7   )    

(cm/s)
	Residual

(cm/s)
	% Error





	0
	105.30
	105.06
	0.24
	0.23



	7
	107.00
	107.69
	−0.69
	−0.64



	28
	112.30
	112.42
	−0.12
	−0.10
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Table 10. The nonlinear equation for the hydraulic conductivity (   K  f i t    ) of treated soil with granite sand (GS) and calcium lignosulphonate (CLS) measured after 7 and 14 days of curing.






Table 10. The nonlinear equation for the hydraulic conductivity (   K  f i t    ) of treated soil with granite sand (GS) and calcium lignosulphonate (CLS) measured after 7 and 14 days of curing.





	
   C P   

(Days)

	
    D  G S     

(%)

	
    D  C L S     

(%)

	
     K  e x p         ( ×   10   − 7   )    

(cm/s)

	
    K  f i t       ( ×   10   − 7   )         ( ×   10   − 7   )   

(cm/s)

	
Residual

(kPa)

	
% Error






	
7

	
30

	
0.5

	
2.30

	
3.17

	
−0.87

	
−37.93




	
30

	
1.0

	
1.60

	
2.67

	
−1.07

	
−66.88




	
30

	
1.5

	
1.32

	
2.25

	
−0.93

	
−70.25




	
30

	
2.0

	
0.73

	
1.89

	
−1.16

	
−159.09




	
40

	
0.5

	
7.21

	
7.28

	
−0.07

	
−1.02




	
40

	
1.0

	
6.43

	
6.13

	
0.30

	
4.66




	
40

	
1.5

	
6.13

	
5.16

	
0.97

	
15.83




	
40

	
2.0

	
6.04

	
4.34

	
1.70

	
28.11




	
50

	
0.5

	
16.20

	
16.72

	
−0.52

	
−3.22




	
50

	
1.0

	
15.62

	
14.07

	
1.55

	
9.90




	
50

	
1.5

	
12.04

	
11.84

	
0.20

	
1.62




	
50

	
2.0

	
8.05

	
9.97

	
−1.92

	
−23.84




	
28

	
30

	
0.5

	
1.77

	
2.47

	
−0.70

	
−39.71




	
30

	
1.0

	
0.88

	
2.08

	
−1.20

	
−136.51




	
30

	
1.5

	
1.07

	
1.75

	
−0.68

	
−63.71




	
30

	
2.0

	
0.57

	
1.47

	
−0.90

	
−158.65




	
40

	
0.5

	
6.47

	
5.68

	
0.79

	
12.25




	
40

	
1.0

	
5.28

	
4.78

	
0.50

	
9.50




	
40

	
1.5

	
5.65

	
4.02

	
1.63

	
28.82




	
40

	
2.0

	
5.22

	
3.38

	
1.84

	
35.16




	
50

	
0.5

	
12.24

	
13.03

	
−0.79

	
−6.49




	
50

	
1.0

	
11.12

	
10.97

	
0.15

	
1.35




	
50

	
1.5

	
9.63

	
9.23

	
0.40

	
4.12




	
50

	
2.0

	
6.76

	
7.77

	
−1.01

	
−14.95
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