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ABSTRACT: The quantification of the kinetics of short-term clay-lime interactions is a key step for optimizing the 

parameters during lime stabilization of fine-grained soils, and also for predicting the long-term performance of lime treated 

soil matrix. The existing scientific literatures often believed that monitoring of consistency limits as well as compaction 

characteristics of lime treated soils yield significant amount of information regarding their physico-mechanical behaviour. 

However, apparently limited extent of works have been carried out to assess the role of clay mineralogy and pore fluid 

chemistry on inherent variations in plasticity and compaction characteristics. Further, no definite single conclusion could 

be drawn from the previous studies conducted to comprehend the plausible mechanisms of stabilization occurring in the 

lime treated soils during short-term and long-term interaction periods. 

In order to enhance the current understanding, this study primarily focused on the critical evaluation of plasticity properties 

and compaction characteristics variations of lime treated soils with respect to change in pore fluid chemistry (such as pH 

and concentration of lime). The study employed soils with quite diverse physico-chemical and mineralogical compositions 

so as to highlight the role played by the clay mineralogy in governing the extent of short-term improvement that can be 

mobilized by lime treatment. Based on the significant observations gathered from experimental works, attempts have been 

made to elucidate the possible short-term mechanisms of lime stabilization which also contribute to long-term strength and 

durability of lime treated soil.  
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1 INTRODUCTION 

In the present era of continuous and steadfast 

developments in industrial sector and expansion of 

urban areas, lime stabilization is an attractive 

proposition for upgrading workability and engineering 

performance of in-situ problematic fine-grained clayey 

soils. In the course of lime stabilization, calcium (Ca2+) 

and hydroxyl (OH-) ions from lime, upon interaction 

with water, dissolves into the soil pore solution. The free 

Ca2+ ions are momentarily adsorbed on to negatively 

charged sites of clay minerals by cation exchange, and 

concurrently OH- ions raises pH of pore solution. As a 

consequence, concentration of counter ions on charged 

clay surface increases, thereby resulting in contraction 

of diffused double layer (DDL) and subsequently 

prompts flocculation-aggregation phenomena.  

The fundamental literatures state that instantaneous ion 

exchange reactions on charged surfaces of clay mineral 

platelets result in the drastic decline of soil plasticity and 

improves its workability (Marshall, 1967). Further, 

pozzolanic reactions continue to occur between reactive 

clay minerals and free lime under appropriate conditions 

(viz., adequate moisture and high pH), leading to 

irreversible transformations of clay mineral phases and 

crystallization of new cementitious gels such as 

calcium-silicate and aluminate hydrates (Arabi and 

Wild, 1986). Though, considerable amount of research 

has been devoted to evaluate the kinetics of soil-lime 

interactions. Yet, no definite conclusion could be arrived 

in order to comprehend the plausible effects of inherent 

clay mineralogy and pore fluid chemistry (pH and ionic 

strength) upon the consequent amendments occurring in 

lime treated soil matrix. In view of this, the primary 

objective of the present study is to critically evaluate the 

physico-mechanical modifications of lime treated soils 

in terms of plasticity and compaction properties 
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variations with respect to change in pH and calcium ion 

concentration. 

2 MATERIAL CHARACTERIZATION  

The soils selected for the present study include 

commercially available kaolinite (designated as KT) and 

sodium bentonite (designated as NB). A commercial 

hydrated lime (calcium hydroxide, Ca[OH]2), 

designated as HL, is used for the treatment of chosen 

soils. The selected soils are characterized by fairly 

different physical and geotechnical properties, as shown 

in Table 1.  

Table 1 Physical and geotechnical properties 

Properties 
Soil type 

KT NB 

Physical Properties 

Specific gravity, G 2.64 2.73 

Hygroscopic moisture content (%) 1.3 11.9 

Consistency Limits (%) 

Liquid limit 57 258 

Plasticity index  38 226 

Grain Size Distribution (% by weight) 

Gravel size  0 0 

Sand size 32 0 

Silt size 40 37 

Clay size 28 63 

In addition, the chemico-mineralogical properties are 

determined and presented in Table 2. The pH of virgin 

soils is determined as per BIS and ASTM standards; 

further, total SSA is measured by employing EGME 

adsorption technique (Arnepalli et al., 2008. The CEC 

of virgin soils is determined in accordance with standard 

guidelines, and buffer capacity is determined using 

nitric acid titration method (Yong et al., 1990).  

Table 2 Chemico-mineralogical properties 

Properties 

 

Soil type 

KT NB 

pH 

Buffer capacity (cmols H+/kg) 

5.4 

5.9 

10.2 

13.4 

Specific surface area (m2/g) 87.3 757.7 

CEC[Ca]  (meq./100g) 42.3 88.6 

3 SOIL-LIME COMPATIBILITY TEST 

USING BATCH EXPERIMENTS 

The compatibility of  HL for successful stabilization of 

soils used in this study is evaluated in terms of optimal 

HL concentration required to achieve a highly alkaline 

pH equivalent to saturated lime pH of 12.4 (Eades and 

Grim, 1966). For this purpose, batch tests are conducted 

by preparing samples of soil-lime suspensions (liquid-

to-solid ratio of 10), blank lime suspensions (without 

soil) and control solutions (without lime) corresponding 

to different HL concentrations (i.e., 0-8% by dry weight 

of soil). These samples are homogeneously mixed using 

magnetic stirrer and conditioned using wrist-action 

shaker. Later, pH and electrical conductivity (EC) 

values are recorded at the end of one hour equilibration 

period using portable water quality analyser. The 

obtained results are presented in Figure 1. Further, the 

test is continued up to maximum interaction time of 264 

hours in order to assess the time-dependency of soil-

lime reaction kinetics. It is noticed that both KT and NB 

show similar trends of pH and EC variation with time 

lapse; for the sake of brevity the results obtained for KT 

are presented in Figure 2.  
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Fig. 1 pH versus HL concentration in batch experiment 

In Figure 1, all samples show consistent increase in pH 

with HL addition, attributed to supply of free OH- ions 

from lime dissolution. For blank lime solutions, 

maximum pH of 12.4 is obtained corresponding to 1.6 

% HL at 25°C; this point is known as lime saturation 

point marked by precipitation of excess lime. By 

comparing relative change in pH with lime 

concentration it is observed that KT exhibits rise in pH 

by almost 7 units corresponding to 1% HL, whereas for 

NB pH raised by 2.5 units only, which is due to the 

higher pH buffering capacity of latter. Further, the 

optimum lime content (OLC) corresponding to 12.4 pH 

is observed to be 1% for KT and 1.2% for NB (Eades 

and Grim, 1966). It is worth to mention that soils with 

higher SSA and CEC values usually exhibit relatively 

higher OLC values as they demand more amount of lime 

to satisfy the affinity for nullifying their net charged 

efficiency. However, in this study both KT and NB 
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exhibit apparently similar OLC values although they 

have quite diverse chemico-mineralogical properties. 

This is hypothesized to have been caused by the 

combined masking effects of initial pH and buffer 

capacity values (Cherian and Arnepalli, 2015). 
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Fig. 2 Time-dependent variations of pH and EC for KT 

Figure 2 presents time-dependent variations of pH and 

EC for KT; in general, both pH and EC attain maximum 

values at the end of 1 hour for both soils. With time 

elapse, pH exhibits a gradual decrement which might be 

owing to electrostatic attraction of OH- ions by 

positively charged cations fixed on to clay platelet 

surface. Similarly, EC value decreases with elapsed time 

for both soils which can be attributed to continuous 

lowering of electrolyte concentrations as a result of ion 

exchange reactions (Bandipally et al., 2014). It is also 

worth to note that there is a shift in the rate of pH and 

EC variations when lime content reaches approximately 

1% HL; this region marks lime fixation point with 

highest rates of cation exchange reactions. At this point, 

highly alkaline pH12.4 of the medium induces 

maximum dissolution of reactive silica and alumina 

from clay minerals and initiates active pozzolanic 

reactions with excess free lime. As a result, new 

cementitious products are formed thereby reducing free 

ion concentration; thus, the rate of change of pH and EC 

declines in the region beyond lime fixation point. 

4 PHYSICO-MECHANICAL PROPERTIES 

OF LIMETREATED SOILS 

For assessing the short-term physico-mechanical 

stability of lime treated KT and NB soils, primarily the 

compaction characteristics of different soil-lime 

mixtures varying from 0 to 8% HL are determined by 

conducting standard proctor compaction tests as per 

ASTM guidelines (Figure 3). It is clearly observed that 

addition of slightest amount of 2% HL causes drastic 

change in compaction characteristic curve, probably 

owing to cation exchange reactions (Al-Ne’aimi and 

Hussain, 2010). Correspondingly, all soil-lime mixes 

show consistent relaxation of compaction curves 

characterized by relative decrement in maximum dry 

unit weight (MDW) and increment in optimum moisture 

content (OMC) with increasing lime content. This is 

more prominent in NB than KT indicating that the 

former becomes relatively less sensitive to moisture 

than the latter upon lime treatment.  
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Fig.3 Characteristic compaction curves of KT and NB 

The relative drop in MDW of soil-lime mixtures with 

increasing lime content is supposed to be partially 

attributed by the replacement of a specific proportion of 

soil by lime which has a rather low true density (2.2 

g/cc) compared to virgin soil (2.6-2.8g/cc). The other 

contributing factor might be the increase in total volume 

of voids in the compacted specimen owing to material 

bulking and textural changes as a result of flocculation-

agglomeration phenomena. Further, the so formed 

coarser lumps occupy larger spaces and binds to form 

strong matrix which resist compaction and results in 

drop of MDW (Singh and Goswami, 2012). Similarly, 

rise in OMC upon lime treatment can be partially 

explained by higher water affinity of added lime 

particles. Yet another plausible reason might be high 

osmotic suction caused by increased cation 

concentration in soil-lime mixes, as well as larger 

affinity for moisture to mobilize hydration of pozzolanic 

reaction products. Furthermore, the particle flocculation 

by cation exchange reduces total surface area of treated 

soil and raises water adsorption potential of clay 

particles, thereby enhancing the OMC value (Ramesh 

and Sivapullaiah, 2011).  
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Fig. 4 Plasticity properties of lime treated KT 

For further validation of short-term soil-lime reactions, 

variations of consistency limits with respect to lime 

content are evaluated, along with the effect of time 

elapse up to 8 days of curing. For the sake of brevity, 

Figure 4 presents the results obtained for KT; NB also 

exhibits quite comparable results. In the case of uncured 

KT sample liquid limit increases instantaneously by 

almost 10% with addition of 1% HL, whereas cured 

samples did not show significant variations even up to 8 

days. However, for NB liquid limit decreases with 

increasing HL content, which is attributed to DDL 

contraction and deposition of cementitious reaction 

compounds (Saeed et al., 2015). Further, plastic limit for 

both soils increase with lime content up to 8 days; 

consequently, minimum plasticity index is obtained 

after 8 days which might be due to prolonged soil-lime 

interaction. Moreover, in both soils variation in liquid 

limit and plastic limit beyond 2% HL is negligible, as a 

result of completion of cation exchange activity up on 

charge neutralisation with 1-2% HL (Marshall, 1967). 

5 CONCLUSIONS FROM THE STUDY 

The present study verifies that addition of lime causes 

momentous physico-chemical interactions and 

subsequent irreversible modifications in treated soils, 

primarily owing to short-term cation exchange 

phenomena. However, early pozzolanic reactions 

occurring between free lime and reactive clay minerals 

also play a less significant role. Therefore, it can be 

concluded that prior knowledge of intrinsic chemico-

mineralogical composition of virgin soils (viz., soil pH, 

SSA, CEC, buffer capacity, etc.) will aid to predict the 

long-term efficacy of lime treatment. 
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