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ABSTRACT: During the process of lime stabilization of fine-grained cohesive soils, the sorption and diffusion 

characteristics of soil play vital role in determining the immediate as well as long-term soil-lime interactions, which in 

turn decide the degree of improvement that can be achieved. In view of this, the present manuscript aims to investigate the 

sorption and diffusion properties of a natural fine-grained soil, in assessing their role in determining the degree of lime 

stabilization. The conventional batch sorption experiments are conducted to determine the sorption properties of selected 

soil for free calcium ions supplied by lime. The rate of calcium ion diffusion through the compacted soil system is 

determined based on the conventional diffusion studies. Further, the inherent effect of placement moisture content is 

assessed by conducting the diffusion experiments using samples compacted at three different compaction states. It is 

anticipated that the inherent mineralogy of virgin soil dictates the kinetics of short-term soil-lime interaction in terms of its 

adsorption by cation exchange phenomenon. During long-term interactions, it is observed that an optimum placement 

moisture content contributes to better diffusion of calcium ions through the soil system, and thereby, enhancing the degree 

of improvement.  
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1. INTRODUCTION 

Ground improvement is a state-of-the-art engineering 

technique which is widely employed for improving the 

geotechnical properties of unfavourable foundation 

soils. Lime stabilization is very common and popular 

ground improvement technique being simple and cost-

effective; at same time it can considerably improve the 

immediate and long-term engineering behaviour of 

treated soils. The critical literature review reveals that 

short-term soil-lime interactions reduce plasticity and 

improves workability, owing to momentous cation 

exchange reactions and flocculation of soil particles 

into bigger clusters (Cherian and Arnepalli, 2015). 

Further, permanent improvement in soil strength, 

stiffness and durability is mobilized by long-term 

pozzolanic reactions between reactive clay minerals 

and free lime (Little and Nair, 2009). 

Pertinent literatures stated that extent of free calcium 

(Ca
2+

) and hydroxyl (OH
-
) ion transport play pivotal 

role in governing the degree of improvement, 

particularly in deep lime pile/column techniques. 

Nonetheless, the ion transport in a cohesive soil 

medium is primarily driven by diffusion phenomena 

along the electro-chemical gradients (Beetham et al., 

2014). The subsequent development of pozzolanic 

reactions following ion diffusion phenomena 

throughout the in-situ compacted soil clods is 

distinctively termed as ‘diffuse cementation’ (Stocker, 

1975). In this context, it is important to note that the 

rate kinetics of sorption and diffusion of Ca
2+ 

ions play 

pivotal role in determining the amount of free calcium 

offered for mobilizing long-term pozzolanic reactions 

(Cherian and Arnepalli, 2013). Moreover, the enhanced 

diffusion of OH
- 

ions is indispensable for providing 

desired alkaline environment (above pH 12.4) required 
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for silica and alumina dissolution, which is in turn 

crucial to sustain long-term pozzolanic reactions 

(Bandipally et al., 2014). However, not many studies 

have considered the significant role of inherent ion 

diffusion mechanism in governing the degree of 

pozzolanic reactions in lime-treated soil (Petry and 

Wohlgemuth, 1988). Moreover, the major effect of 

characteristic sorption of virgin soil upon effective 

diffusion of free lime is not taken into account by 

previous researchers (Rogers and Glendinning, 1996).  

In view of this, the primary objective of present study 

is to critically evaluate the characteristic sorption as 

well as diffusion properties of a natural fine-grained 

soil, in view of assessing their role in determining the 

degree of long-term lime stabilization. The sorption 

characteristics of are evaluated by conducting batch 

sorption experiments, and the sorption parameter is 

determined for calcium ions. Further, the co-efficient 

of diffusion for calcium ion is determined based on two 

chamber diffusion tests. Moreover, attempts are made 

to assess the inherent effect of placement moisture 

content by conducting diffusion experiments using 

three different compaction states of the soil.  

2. SOIL SELECTION AND 

CHARACTERIZATION  

The fine-grained lake bed soil (designated as LC) is 

selected for the present study and has been 

characterized for the major index and engineering 

properties by following standard guidelines. Further, 

the specific surface area (SSA) is measured by 

employing EGME adsorption technique (Arnepalli et 

al., 2008), and cation exchange capacity (CEC) is 

determined in accordance with ASTM guidelines. 

From powder X-ray diffraction (XRD) analysis the 

dominance of quartz along with plagioclase feldspar 

minerals such as albite and anorthite is identified. The 

obtained results are presented in the Table 1. 

Table 1 Major properties of LC soil 

Physical  

Properties 

G NMC (%) SSA (m2/g) 

2.62 9.5 179 

Chemical 

properties 

CEC(meq/100g) OM (%) SSC (%) 

84 2.5 0.25 

Soil 

gradation  

Sand (%) Silt (%) Clay (%) 

44 12 44 

Major 

minerals 

Quartz (SiO2), Albite (NaAlSi3O8), 

Anorthite (Al2Ca1O8Si2) 

3. SORPTION PROPERTIES  

The batch sorption experiments are performed to 

determine the sorption characteristics of soil in terms 

of calcium ions. For this purpose, different initial 

concentrations of Ca
2+ 

solutions (denoted as Ci) varying 

from 10 to 1000 ppm are prepared by using calcium 

chloride (CaCl2) salt. Later, pulverized and air-dried 

soil is mixed with these electrolyte solutions at various 

liquid-to-solid (L/S) ratios from 10 to 200. After 

homogenous mixing, all samples are conditioned using 

mechanical shaker for 96 hours at 25±1°C to reach 

equilibrium concentration. Later, the supernatant is 

extracted by centrifuging and analysed for equilibrium 

Ca
2+

 concentration, denoted as Ce, using atomic 

absorption spectroscopy, AAS (Thermo Scientific iCE 

3500). Further, the normalized mass of Ca
2+ 

ions 

adsorbed on soil, denoted as Cs, is determined using 

equation 1. Figure 1 depicts the variation of Ce and Cs 

for various L/S ratios. 

Cs = (Ci-Ce)×(L/S)  (1) 
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Fig. 1 Sorption isotherms of LC for calcium ions 

From the analysis of obtained results, it is observed 

that adsorbed concentration of Ca
2+

 decreases with 

increasing L/S ratio. It is probably due to relative 

decrease in the amount of soil solids per unit volume of 

solution with increase in L/S ratio, which in turn 

decreases total surface area of clay minerals available 

for sorption. The governing mechanism of Ca
2+ 

ion 

sorption is primarily assumed to be chemical sorption 

driven by cation exchange phenomena. In general, it 

can be stated that the rate of sorption of dissolved 

solute ions will depend on the properties of ion (viz., 

valence and concentration) as well as soil properties 

such as total clay content and its characteristic 

mineralogy. 
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Further, the batch sorption results are modelled using 

different theoretical adsorption isotherms such as linear 

(LR), Freundlich (FH) and Langmuir (LM) isotherms, 

by using Cs and Ce as model parameters. However, 

from the regression analysis LM adsorption isotherm is 

observed to be not suitable to model this dataset. 

Hence, for sake of brevity, Table 2 reports the sorption 

characteristics of LC soil for Ca
2+

 ion obtained based 

on LR and FH adsorption isotherms. The mathematical 

equations used for obtaining sorption parameter 

(termed as Kd or K) using the LR and FH adsorption 

isotherms are given in equations 2 and 3, respectively.  

Cs = Kd*Ce (2) 

log (Cs) = log (K) + (1/n) *log (Ce) (3) 

Table 2 Sorption characteristics of LC for calcium 

L/S Kd 

(l/kg) 

K 

(l/kg) 

n R2 

LR FH 

10 7.1 13.8 1.06 0.901 0.964 

20 8.4 21.8 1.16 0.974 0.979 

50 13.3 39.8 1.23 0.975 0.962 

100 9.5 27.5 1.14 0.982 0.834 

200 7.4 478.6 2.44 0.905 0.939 

It is observed that LR and FH yield high regression co-

efficient (R
2
); however, calculated values of sorption 

parameter (K) obtained from FH isotherm show drastic 

variations with L/S ratio. Hence, LR is assumed to be 

more appropriate to represent the physico-chemical 

interaction between LC soil and calcium ions. The 

average value of sorption co-efficient ‘Kd’ for LC in 

terms of Ca
2+

 ions is determined to be 9.2 l/kg. 

Moreover, the ‘n’ value above ‘1’ indicates favourable 

conditions for sorption phenomena to take place, 

particularly by cation exchange reactions on to the 

active clay mineral sites of soil.  

4. DIFFUSION PROPERTIES  

In this study, diffusion characteristics of chosen soil is 

determined by conducting conventional two chamber 

diffusion apparatus using cylindrical soil specimens 

compacted to maximum dry density of 16.4 kN/m
3 

(Rao et al., 2007). The diffusion test setup consists of 

two reservoir chambers, a source reservoir, SR, and a 

receiving reservoir, RR (as shown in Figure 2). These 

chambers are connected by sample holding cylinder in 

which the compacted specimen is placed with porous 

stones and filter papers on both sides. The dimensions 

of soil specimen are 44 mm diameter and 30 mm 

thickness; constant dimensions are maintained for 

comparability of results. In view of assessing the 

influence of placement moisture content up on the 

characteristic diffusion properties, similar specimens 

are prepared at three different compaction states; i.e., at 

optimum moisture content, OMC (equal to 23.5%), dry 

of optimum, DMC (OMC-5%) and wet of optimum, 

WMC (OMC+5%). The test temperature is maintained 

at 25±1 °C during the entire study so as to eliminate 

the apparent effects of temperature fluctuations upon 

the diffusion kinetics. After placing specimen, both 

chambers are initially filled with distilled water to 

achieve 100% sample saturation. Later, chambers are 

emptied and diffusion experiments are initiated by 

filling SR with saturated lime solution (>800 ppm 

Ca
2+

concentration) and RR with fresh distilled water. 

 

Fig. 2 Schematic of conventional diffusion test setup 

From the beginning of the experiment, free Ca
2+ 

and 

OH
- 

ions present on source side will start to migrate 

towards reservoir side by the diffusion phenomena 

through soil specimen. The characteristic rate of Ca
2+ 

ion diffusion is monitored by collecting samples of 10 

ml from RR chamber at regular intervals of time, and 

measuring variation of Ca
2+ 

concentration using AAS. 

After obtaining variation of Ca
2+ 

concentration with 

respect to time elapse (denoted as Ct), the break 

through curve (BTC) is plotted between Ct versus 

elapsed time (as shown in Figure 3). As the soil 

specimens are subjected to 100% saturation before 

testing, effects of fabric arrangement rather than 

moisture content is supposed to play key role in 

governing diffusion mechanism in this particular study. 

From the results, it is noticed that maximum diffusion 

occur in OMC state, wherein a steady increment in 

Ca
2+ 

concentration is observed from 0 days to 126 days. 

This might be attributed to maximum compaction 

density attained at OMC and resulting better particle-

to-particle contact, which substantially enhances rate 
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and extent of ion diffusion. But, specimens at DMC 

and WMC states exhibit fairly similar Ca
2+ 

ion 

concentration gradients, and rate of diffusion is 

insignificant for up to 40-50 days. It is assumed that in 

the initial periods, poor particle-to-particle contact in 

the flocculated fabric of DMC state might have 

hindered diffusion phenomena to certain extent along 

with adsorption effect; whereas deposition of 

cementitious pozzolanic reaction products filled the 

pores and provided continuous path for diffusion of 

ions in later stages. On contrary, the initially negligible 

diffusion in WMC state might be owing to high rates of 

adsorption of Ca
2+ 

ions by cation exchange, as more 

active clay mineral sites are available in the dispersed 

fabric arrangement formed in WMC compaction state.  
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Fig. 3 Diffusion characteristics of LC soil for calcium ions 

In addition, pH and electrical conductivity (EC) of RR 

chamber is recorded at regular time intervals. The 

change in pH (denoted as ∆pH) at the end of 126 days 

for different compaction states is determined to be in 

the increasing order of OMC (∆pH~0.2) < WMC 

(∆pH~1.5) < DMC (∆pH~1.8). Similarly, change in EC 

(denoted as ∆EC) at the end of 126 days is determined 

to be in the increasing order of WMC (∆EC~64µS/cm) 

< DMC (∆EC~166µS/cm) < OMC (∆EC~179 µS/cm). 

These results also verify that maximum Ca
2+ 

diffusion 

occurs in OMC compaction state. 

5. SUMMARY AND CONCLUSION 

The present study primarily focuses on evaluating the 

inherent sorption and diffusion properties of fine-

grained soil for calcium ions, in view of assessing their 

chief role in governing the degree of lime stabilization. 

From batch sorption studies, it is verified that sorption 

of calcium ions on clay surface predominantly occurs 

by ion exchange phenomena; further, the rate of 

sorption increases with decreasing liquid-to-solid ratio 

and increasing ionic strength. The results of 

conventional diffusion experiments show maximum 

diffusion of calcium ions at the compaction state of 

optimum moisture content, due to combined effects of 

inherent sorption phenomena as well as the 

microstructural fabric arrangement.  
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