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Abstract 

Belchior, Ingrid Milena Reyes Martinez; Casagrande, Michéle Dal Toé 

(Advisor); Zornberg, Jorge Gabriel (Co-advisor). Behavior of a Lime-

Treated Expansive Soil. Rio de Janeiro, 2016. 191p. DSc Thesis, – 

Departamento de Engenharia Civil, Pontifícia Universidade Católica do Rio 

de Janeiro. 

The main objectives of this research are to investigate the effect of hydrated 

lime (HL) treatment on the swelling behavior of a natural expansive soil, Eagle 

Ford clay from Texas (USA), and to measure the efficiency of lime treatment on 

swelling reduction due to variations in the condition of specimen preparation. This 

study involved conventional free swell tests and centrifuge tests, which are a new 

technique developed by the University of Texas at Austin (USA). So far, no 

studies have been performed using this centrifuge to analyze the swelling 

reduction in expansive soils by stabilization treatments. Also, no studies have 

measured the improving of lime treatment efficiency due to variables controlled 

during preparation of lime-soil mixtures (i.e. compaction moisture content, 

compaction dry density, mellowing and curing time), as well as the applied 

effective stress. This work also involved investigations about modifications of 

geotechnical properties, mineralogical composition and microstructural 

constitution due to the addition of lime. From the analysis of the swelling vs. time 

curves, three values were defined to examine the swelling behavior: the swelling 

potential (Sp), the primary swelling slope (PSS) and the secondary swelling slope 

(SSS). Assessment of the lime treatment efficiency, as quantified by the Swelling 

Potential Reduction Ratio (SPR) indicates: (i) the elimination of 97% of Sp with 

4% HL; (ii) SPR enhancement with increasing curing time; (iii) adverse effect of 

mellowing periods on the SPR; (iv) the possibility to decrease the necessary lime 

dosage by increasing the compaction moisture and/or reducing the compaction dry 

density; and (v) dependency of the hydrated lime dosage to prevent swelling on 

the applied g-level (i.e. applied stress). 

 

Keywords 

Expansive soil; swelling potential; lime treatment; centrifuge test. 
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Resumo 

Belchior, Ingrid Milena Reyes Martinez; Casagrande, Michéle Dal Toé 

(Advisor); Zornberg, Jorge Gabriel (Co-advisor). Comportamento de um 

Solo Expansivo Melhorado com Cal. Rio de Janeiro, 2016. 191p. Tese de 

Doutorado – Departamento de Engenharia Civil, Pontifícia Universidade 

Católica do Rio de Janeiro. 

Os principais objetivos desta pesquisa são investigar o efeito da cal 

hidratada (HL) no comportamento de um solo expansivo, Eagle Ford do Texas 

(USA), e medir a eficiência do tratamento com cal sobre a redução da expansão 

através de variações das condições de preparação das amostras. Este estudo 

envolveu ensaios edométricos e ensaios de centrífuga, que é uma nova técnica 

desenvolvida pela Universidade do Texas em Austin (EUA). Até o presente 

trabalho, nenhum estudo tem sido desenvolvido usando esta centrífuga para 

analisar a redução da expansão em solos expansivos estabilizados. Além disso, 

nenhum estudo tem medido o melhoramento da eficiência do tratamento com cal 

devido às variáveis controladas durante a preparação das misturas solo-cal (ou 

seja, umidade, densidade, período entre a mistura e a compactação e tempo de 

cura), como também da tensão aplicada. Este trabalho também incluiu 

investigações sobre modificações das propriedades geotécnicas, composição 

mineralógica e constituição microestrutural, devido à adição de cal. A partir da 

análise das curvas de expansão vs. tempo, três valores foram definidos para 

examinar o comportamento expansivo: o potencial expansivo (Sp) e as inclinações 

de expansão primária (PSS) e secundária (SSS). A avaliação da eficiência do 

tratamento com cal, quantificada através do parâmetro “Razão da Redução do 

Potencial Expansivo” (SPR), indica: (i) eliminação de 97% de Sp com 4% de HL; 

(ii) melhoramento do SPR pelo aumento do tempo de cura; (iii) efeito adverso na 

SPR de períodos longos entre mistura e a compactação; (iv) possibilidade de 

diminuir a dosagem de cal necessária para reduzir a expansão através do aumento 

da umidade de compactação e/ou redução da densidade seca de compactação; e 

(v) dependência  da dosagem da cal para prevenir a expansão no nível-g. 

 

Palavras-chave 

Solo expansivo; potencial de expansão; tratamento com cal; ensaio de 

centrífuga. 
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1  
Introduction 

Expansive soils typically involve high plastic clays found around the world, 

which undergo considerable volumetric changes, in terms of swelling or shrinkage, 

due to changes in moisture content. The swelling of these soils is led by changes in 

environmental conditions either due to natural causes, such as drought and heavy 

rains, or from construction issues, such as inadequate drainage of surface water 

from the structure, leaks in water pipes or sanitary sewer lines. 

The volumetric changes undergone by expansive soils have been responsible 

for significant damages on transportation infrastructure, shallow foundations and 

lightweight constructions, such as pavements, canals and reservoir linings, retaining 

walls and single-story buildings. According to Wise & Hudson (1971), the principal 

forms of swelling soil damages in pavements are unevenness along a stretch of 

pavement, longitudinal cracks which run parallel to the center line of the pavement, 

transverse cracking and localized failure of the pavement caused by decrease in 

strength and bearing capacity. 

The annual damage caused by expansive soils costs about $1 billion in the 

USA, ₤150 million in the United Kingdom and billions of dollars all over the world 

(Das & Sobhan, 2013). In Brazil, there is no clear estimate of the damage caused 

by expansive soils, but it is known that they are present in many regions, including 

the South region (states of Paraná, São Paulo and Santa Catarina) and the North 

East region (states of Bahia, Pernambuco and Ceará) (Ferreira, 2008; Simões et 

al., 2006). Thus, the development of these regions might be compromised by the 

potential damages caused by expansive soils.  

Extensive studies have attempted to determine the factors that influence the 

swelling behavior of expansive soils, such as, type and amount of clay minerals, 

properties of pore fluid, soil density, moisture content, surcharge pressure and 

temperature (Holtz & Gibbs, 1956; Satyanarayana & Ranganatham, 1969;Gens et 

al., 1992; Basma et al., 1996; Delage et al.,1998; Du et al., 1999; Shi et al., 2002; 
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Sivapullaiah, 2005; Arasan et al., 2007; Lin, 2012; Azam et al., 2013; Armstrong, 

2014).  

Moreover, other studies have focused on the prediction of the swelling 

behavior in expansive soils (Frydman & Weisberg, 1991; Gadre & Chandrasekaran, 

1994; Chiappone, 2004; Zornberg et al., 2009; Kuhn, 2010; Forouzan, 2016). The 

swelling behavior prediction has been conducted using both direct and indirect 

methods. The indirect methods include the use of approximate correlations of 

swelling with index properties. The direct methods are the conventional free swell 

test and the centrifuge test. The free swell test is a widely applied technique for 

measuring the swelling potential and it is based on the use of one dimensional 

consolidometer. Since the free swell test is typically time consuming, the centrifuge 

technology was developed with the aim to overcome this problem. The centrifuge 

test for evaluating swelling behavior of expansive soils is a new technique 

developed at the University of Texas at Austin. This technique allows the testing of 

multiple specimens simultaneously and the testing time is usually significant less 

than that required from conventional free swell test. The rotation within the 

centrifuge imposes a gravitational field across the specimen, accelerating the water 

flow through the specimen and facilitating full water permeation and, consequently, 

entering into the microporous structure of the soil. Because of this, the centrifuge 

also allows measurement in an expedited way by an in-flight data acquisition 

system (Zornberg et al., 2009). So far, a number of studies have confirmed the 

capability of this centrifuge test to measure accurately and quickly the expansion of 

natural soils (Plaisted, 2009; Kuhn, 2010; Walker, 2012; Armstrong, 2014; Das, 

2014; Snyder, 2015).  However, no studies have been performed using this 

centrifuge technology to analyze the swelling reduction in expansive soils by 

stabilization treatments.  

Several studies have been conducted to explore techniques and methods to 

overcome or prevent the damages generated by expansive soils in earthworks 

(Basma & Tuncer, 1991; Puppala & Musenda, 2000; Petry & Little, 2002; Baser, 

2009; Al-Rawas et al., 2012). These methods comprise soil stabilization, soil 

replacement, compaction control, pre-wetting, moisture control, surcharge loading, 

mixing with non-swelling soil, and the use of geosynthetics. 

Soil stabilization is the most used technique to overcome issues related with 

problematic soils, such as expansive clays, around the world. In locations without 
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availability of good aggregates or appropriate soils, the stabilization of available 

soils, in order to improve the geotechnical properties, is an effective solution. In 

roads, for instance, the stabilization technique avoids the necessity to borrow 

granular bases from faraway places from the construction site. Also, in another 

cases, stabilization can avoid the requirement of deep foundations in soils with poor 

bearing capacity that usually results in unaffordable cost for low-budget building 

project.  

Among the techniques used to stabilize expansive soils in order to mitigate 

its swelling behavior, lime addition has been the most common technique due to 

the low cost of lime and its availability. In fact, some researchers have shown that 

lime treatment may reduce the swelling potential of expansive soils (Holt et al., 

2000; Al-Rawas et al., 2005; Panjaitan, 2014, Schanz & Elsawy, 2015, Nalbantoglu 

& Tuncer, 2001). For instance, Schanz & Elsawy (2015) concluded that the 

swelling potential, i.e. ratio between height increase due to wetting to initial height, 

of an expansive soil reduced from 34.5% to about 26.5% in specimens mixed with 

10% of limestone, and from 34.5% to about 1% in specimens with 10% of hydrated 

lime. Also, Nalbantoglu & Tuncer (2001) found that the swelling potential was 

drastically reduced from 20% for the untreated specimen to 1.5% when treated with 

2% of lime with no curing time.  

Even though the lime addition effect on the swelling potential of expansive 

soils has been well characterized, no studies have been identified that thoroughly 

address the effect of lime on the mechanism of swelling. Only few studies have 

been found about the mechanism of swelling in natural expansive soils, such as the 

research carried out by Sivapullaiah et al. (1996), which concluded that the size, 

shape, type, and amount of the non-clay fraction play significant role in governing 

the swelling behavior. Das (2014), by using the centrifuge testing on natural 

expansive soils, found that the secondary swelling increased with the increase in 

compaction moisture content and compaction dry density, and reduced with 

increasing gravitational gradient. Also, this study concluded that clays with 

flocculated structure (compacted dry of optimum) develop rapid primary swelling 

but less secondary swelling, as compared to clays with a disperse structure 

(compacted wet of optimum).  

Several studies have only reported the swelling potential reduction obtained 

with certain amount of lime, leaving aside the analysis of the effect of lime 
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treatment on the expansion process. Furthermore, no studies have measured the 

improving of lime treatment efficiency due to variables controlled during 

preparation of lime-soil mixtures (i.e. moisture condition, density condition, 

mellowing, curing time, etc.). 

Thus, the main purposes of this research are to investigate the modification 

of swelling behavior due to lime treatment, and to measure the efficiency of lime 

treatment on swelling reduction due to variations of specimen preparation 

conditions. The modification of swelling behavior due to variations in lime-soil 

mixtures preparation is studied by analyzing the swelling vs. time curves obtained 

from both conventional free swell tests and centrifuge tests carried out in the 

expansive soil Eagle Ford clay. The analysis of these curves was made considering 

three important values: the primary swelling slope (PSS), the secondary swelling 

slope (SSS) and the swelling potential (Sp). The PSS provides an idea of the water 

flow rate into the specimen that generates the most representative percentage of the 

total swelling. The primary swelling occurs at a faster rate and it develops when the 

voids are not able to accommodate further swelling clay particle. In this study, the 

development of primary swelling was attributed to capillarity process. The Sp is the 

inflection point of the curve and usually represents around 80% to 90% of total 

swelling potential. The secondary swelling occurs slowly at lower rate, after the 

swelling potential is reached. The SSS allows predicting long-term swelling and is 

attributed to a final hydration process at particle scale.   

Based on the swelling potential (Sp) values obtained for untreated and lime-

treated Eagle Ford clay specimens prepared at different conditions, the parameter 

designated as Swelling Potential Reduction Ratio (SPR) was introduced to estimate 

the efficiency of lime treatment on swelling mitigation. The SPR compares the 

swelling potential of untreated Eagle Ford clay and the swelling potential of lime-

treated Eagle Ford clay subjected at different parametric variations.  

This study also includes investigations about modifications of geotechnical 

properties undergone by the expansive soil Eagle Ford clay due to lime addition, 

based on basic test such as, Atterberg limits, pH and Cation Exchange Capacity 

(CEC) test, specific gravity, particle size by hydrometer test, standard Proctor 

compaction and Unconfined Compressive Strength (UCS). Finally, mineralogical 

test (X-Ray Diffraction - XRD) and micro-structural observations (via 

Environmental Scanning Electron Microscopy – ESEM and X-Ray Computer 
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Micro-Tomography – Micro-CT) were carried out in order to support and complete 

this study. 

 

1.1. 
Objectives of the Research 

The main objectives of this research are (i) to investigate the combined effect 

of hydrated lime addition with different specimen preparation conditions, such as 

curing time, mellowing periods, compaction moisture content, compaction dry 

density and effective stress on the swelling behavior in the natural expansive soil 

Eagle Ford clay and (ii) to estimate the swelling potential reduction due to these 

conditions in order to formulate recommendations to achieve greater lime treatment 

efficiency in reduction of swelling behavior. 

From these overall objectives, the following specific objectives were 

established:  

1. To evaluate the common geotechnical and physicochemical 

characteristics of the untreated and lime-treated Eagle Ford clay, 

including soil classification, basic tests, such as, Atterberg limits, 

specific gravity, particle size distribution, Unconfined Compressive 

Strength (UCS), moisture-density relationship by standard Proctor 

effort, pH and Cation Exchange Capacity (CEC); 

2. To investigate the effect of lime percentage, mellowing period and 

curing time on the swelling behavior through conventional free swell 

tests; 

3. To investigate the effect of compaction moisture, compaction dry 

density and effective stress on the swelling behavior through 

centrifuge tests; 

4. To analyze the time vs. swelling curves obtained from both 

conventional free swell test and centrifuge test in order to identify the 

effect of lime addition on swelling potential and slopes of primary and 

secondary swelling; 

5. To estimate the efficiency of lime treatment on swelling mitigation by 

comparing the swelling potential of the untreated Eagle Ford clay with 
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the swelling potential obtained from lime-tread Eagle Ford clay 

specimens prepared at different conditions.  

6. To conduct X-Ray Diffraction (XRD), Environmental Scanning 

Electron Microscopy (ESEM) and X-Ray Computer Micro-

Tomography (Micro-CT) tests to observe the mineralogical and 

micro-structural changes of the expansive soil subjected to lime 

addition.  

 

1.2. 
Research Organization 

A comprehensive literature review was carried out and summarized in 

Chapter 2, which aims to obtain a state of art about the geotechnical problems 

generated by expansive soils, the origin and composition of this type of soils and 

the current methods for evaluating and predicting the swelling potential. After the 

description of expansive soils, the literature review comprises the description of 

lime treatment, the main reactions that take place between soil minerals and lime, 

and principal modifications of soil properties due to lime addition. 

Chapter 3 describes the materials, methods and equipments used in this study. 

The materials include Eagle Ford clay and hydrated lime. This chapter also contains 

the description of basic tests (Atterberg limits, specific gravity, particle size 

distribution, Unconfined Compressive Strength, moisture-density relationship by 

standard Proctor effort, pH and Cation Exchange Capacity), swelling potential tests 

(conventional free swell and centrifuge test), mineralogical test using X-Ray 

Diffraction, and micro-structural observations employing ESEM and Micro-CT 

carried out on untreated and lime-treated soils.  

Chapter 4 includes the results obtained from the performed experimental tests 

and the interpretation and analysis of these data. The main properties modifications 

undergone by Eagle Ford clay due to lime addition are explained. The changes in 

swelling behavior are analyzed detailing the swelling vs. log-time curves 

considering the effect of lime on swelling potential and on the slopes of primary 

and secondary swelling. Also, a parameter called Swelling Potential Reduction 

Ratio (SPR) was introduced to estimate the efficiency of lime treatment on swelling 

mitigation. This chapter finalizes with the study of lime treatment influence on soil 
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mineralogy and micro-structural composition in order to support and complete this 

analysis. 

Chapter 5 provides the main conclusions and contributions derived from this 

study, the recommendations to improve the lime addition efficiency on mitigation 

of expansive behavior and the future research works needed to complement this 

study.  
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2 
Literature Review 

Accomplishing the objectives of this research requires a good understanding 

of the general characteristics of expansive soils and important aspects about lime 

treatment for swelling reduction. This chapter begins with a brief description about 

the origin of expansive soils and factors that influence the expansive behavior of 

this type of soils. Afterwards, the mechanisms of swelling and methods for 

classification and evaluation of swelling potential of expansive clays are reported. 

This literature review finalizes with a brief state of art about lime treatment for 

expansive soils, including description of the lime effect on the principal properties 

of this type of soils.  

 

2.1. 
Origin and Distribution of Expansive Soils 

Expansive soils are originated from a complex combination of geological 

processes and diagenetic conditions that conduct the formation of clay minerals 

susceptible to volumetric changes with moisture variations. According to Chen 

(1975), these processes and conditions depend on the composition of the parent 

material and the degree of chemical and physical weathering that the parent material 

has been exposed into its environment. Donaldson (1969) cited by Chen (1975) 

classified the parent materials associated with expansive soils in two groups: the 

first group includes basic igneous rocks with comparatively low silica portions 

(45% to 52%), such us pyroxenes, amphiboles, olivine and biotite. The second 

group is composed of sedimentary rocks that contain montmorillonites as a 

constituent of shale and claystone, along with magnesium rich limestone and marl.  

The diagenesis of expansive soils is strong influenced by the weathering 

process of the parent material. The physical weathering processes include the 

degradation of the parent material, expansion due to unloading, crystal growth, 

thermal expansion and contraction, organic activity, and colloidal plucking. The 

chemical weathering processes include hydration, hydrolysis, oxidation and 
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carbonation. Favorable environments for expansive soil formation should be 

alkaline, with absence of leaching, and with presence of ferromagnesium minerals 

in the parent material.  

The expansive soils are particularly located in arid and semi-arid regions with 

tropical and temperate climate zones. In these regions, evapotranspiration exceeds 

the precipitation. Potentially expansive soils can be found anywhere in the world. 

Chen (1975) summarized the countries in which expansive soils have been reported 

as follows: Argentina, Australia, Brazil, Canada, Cuba, Ethiopia, Ghana, India, 

Israel, Iran, Mexico, Morocco, South Africa, Spain, Turkey, U.S.A and Venezuela. 

In Brazil, expansive soils have been reported in South, Center South, and North 

East regions; especially in the states of Pernambuco, Bahia, Ceará, São Paulo, 

Santa Catarina e Paraná (Simões et al., 2006; Ferreira, 2008).  

 

2.2. 
Factors of Swelling Behavior 

Changes in the soil water system disturb the internal stress equilibrium and 

cause expansion. According to Nelson & Miller (1992), clay particles generally are 

platelets with negative electrical charges on their surface and positively charged 

edges. The negative charges are balanced by cations in the soil water that become 

attached to the surfaces of the platelets by electrical forces. The electrical inter-

particle force field is a function of both the negative surface charges and the 

electrochemistry of the soil water. The internal electrochemical force system must 

be in equilibrium with the externally applied stresses and capillary tension in the 

soil water. If the resulting change in internal forces is not balanced by a 

corresponding change in the externally applied state of stress, then expansion takes 

place and the particle spacing will change so as to adjust the inter-particle forces 

until equilibrium is reached.  

Multiple factors influence the mechanism of swelling of expansive clays. 

These factors can be intrinsic such as, clay mineralogy, soil water chemistry, soil 

suction, plasticity, soil structure and fabric and dry density; and extrinsic factors 

such as, moisture variations and stress conditions. Each of these factors is briefly 

described below. 
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2.2.1. 
Clay Mineralogy 

Different kinds of clay minerals exhibit different variations in the electrical 

field and thus, different swelling potentials. The swelling potential of an entire soil 

mass depends on the portion and type of clay minerals existent in the soil.  In order 

to facilitate the structural analysis and only for engineering purposes, the clay 

minerals have been classified in three important structural groups: kaolinite, 

smectite and illite. Kaolinite is generally non-expansive, whether illite 

(vermiculites) and smectite (includes montmorillonite) are expansive (Mitchell & 

Soga, 2005). 

The main structural units of clay minerals are two fundamental crystal sheets, 

the silica and alumina sheets. Variety of combinations and arrangements of these 

blocks constitute various clay minerals. The silica sheet is a combination of 

tetrahedral units that consists of a single silicon atom and four oxygen atoms 

enclosing it (Figure 2.1). On the other hand, the alumina sheet results from 

combination of octahedral units that possess six oxygen or hydroxyls surrounding 

aluminum, magnesium, iron, or other atom (Figure 2.2). 

 

 

Figure 2.1. Basic structural unit in the silica sheet (Forouzan, 2016) 
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Figure 2.2. Basic structural units in the octahedral sheet (Forouzan, 2016) 

 

According to Mitchell & Soga (2005), atoms are assembled into tetrahedral 

and octahedral units, followed by the formation of sheets and their stacking to form 

layers that combine to produce the different clay mineral groups. These minerals 

are identified using the nomenclature 1:1 and 2:1, that represents the number of 

tetrahedral layers of SiO4 and octahedral layers of Al2(OH)6, respectively. 

Kaolinite is a soft, earthy and usually white mineral, with the chemical 

composition 2SiO2Al2O32H2O is generated from the chemical weathering of 

aluminum silicate minerals like feldspar. As described by Holtz & Kovacs (1981) 

and shown in Figure 2.3, kaolinite consists basically of repeating layers of one 

tetrahedral (silica) sheet and one octahedral (alumina or gibbsite) sheet. Because of 

the staking of one layer of each basic sheet, kaolinite is called a 1:1 clay mineral. 

According to Mitchell & Soga (2005), in kaolinite there is no swelling in the 

presence of water because of sufficient bonding between layers that avoids 

interlayer swelling.  
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Figure 2.3. Structure of kaolinite (Forouzan, 2016) 

 

The smectite group is composed of two silica sheets and one alumina 

(gibbsite) sheet, thus, smectite is called 2:1 mineral (Figure 2.4). The main mineral 

of this group is montmorillonite, which the chemical composition is 

Si8Al4O20(OH)4nH2O. The smectites can expand when they come into contact with 

water because of the weak bonds, which are prone to break when any polar cationic 

fluid, such as water, penetrates between structural sheets. 

 

 

Figure 2.4. Structure of smectite / montmorillonite (Forouzan, 2016) 

 

The illite group also has a 2:1 structure similar to montmorillonite, but the 

inter-layers are bonded together with non-exchangeable potassium cations (Figure 

2.5). In comparison with hydrogen bonds, these bonds are weaker. It results in less 

swelling potential than smectite minerals.  

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



36 
 

 

 

 

Figure 2.5. Structure of illite (Forouzan, 2016) 

 

The 2:1 clay minerals bond their structure by Van der Waals’ forces, which 

are weak fluctuating dipole bonds. Due to the weak Van der Walls’ bonding the 

layers of silica and alumina are very susceptible to water infiltration (Soga & 

Mitchell, 2005). The 1:1 clay minerals bond their structure by a hydrogen bond. 

This hydrogen bond is much stronger than the Van der Waals’ forces thus, kaolinite 

is less susceptible to water infiltration. 

 

2.2.2. 
Soil Water Chemistry 

Salt cations, such as sodium, calcium, magnesium and potassium, are 

dissolved in the soil water and are adsorbed on the clay surfaces as exchangeable 

cations to balance the negative electrical surface charges. Hydrations of these 

cations and adsorptive forces exerted by the clay crystal themselves can cause the 

accumulation of a large amount of water between the clay particles (Nelson & 

Miller, 1992).  

Montes-H (2005), through the study of swelling behavior of a bentonite 

(MX80) saturated with Na-solution and Ca-solution, reported that the swelling 

potential is governed by the nature of the interlayers cations. The results showed an 

excellent capacity of swelling in the bentonite saturated with Na-solution, while the 

Ca-saturated bentonite swelled significantly less. Di Maio (1996) investigated 

volume changes of bentonite exposed to NaCl, KCl or CaCl2 solutions, and 

observed decreasing of large swelling potential. Similarly, Arasan et al. (2007) 

reported that the swelling pressure decreased when the concentration of salt 
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solutions increased for high plasticity clays. Moreover, Sivapullaiah (2005) 

indicated that NaOH solution caused to formation of new swelling type of 

compounds (i.e., sodium aluminum silicate hydroxide hydrates – NASH) and these 

new compounds increased the swelling of clay.  

 

2.2.3. 
Soil Suction 

Soil suction is an influent parameter which is an independent effective stress 

variable. In unsaturated soils, soil suction is represented by the negative pore 

pressure. Soil suction is related to gravity, surface tension, pore size and shape, 

saturation, electrical and chemical characteristics of the soil particles and moisture. 

The water retention properties of compacted unsaturated clay (FoCa7 clay) 

were determined by Delage et al. (1998). Results plotted in a void ratio vs. 

logarithm suction diagram showed fairly linear and reversible behavior at all 

suctions smaller than the initial one (113 kPa). A constant volume of air equal to 

the initial value was observed, showing that total volume changes were equal to the 

volume of exchanged water 

It has been observed that soil-water retention curves present hysteretic 

behavior, which means that different moisture changes under varying suctions must 

be expected when samples are subjected to drying or wetting paths. Gens & Alonso 

(1992) showed that expansive soils submitted to suction changes had an 

approximately elasto-plastic response: whereas the first application of a low suction 

never previously supported by the sample induced large irrecoverable swelling 

strains, subsequent suction cycles in the same range induced approximately 

reversible cyclic strains. 

 

2.2.4. 
Plasticity 

There is a general agreement about that greater swelling potential is related 

with high plastic index and higher liquid limit. It has been reported a linear 

relationship between the liquid limit and free swell (Al-Zoubi, 2008; Mishra et al., 

2011) (Figure 2.6). Since both liquid limit and swelling depend on the net particle 

repulsive force between clay particles, thereby this linear relationship was expected. 
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Puppala et al. (2014) studied the volume change behaviors of five different types 

of expansive soils from Texas (U.S) and found  clear relationship between vertical 

swell strain (i.e. swelling potential) and plastic index (Figure 2.7). 

 

 

Figure 2.6. Liquid limit of bentonite (WLB) and soil-bentonite mixture (WLM) as 

function of free swell of bentonite (Mishra et al., 2011) 

 

 

Figure 2.7. Vertical swell strain with PI for different initial moisture conditions 

(Puppala et al., 2014) 
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There are many correlations between plasticity properties and swelling 

potential described in the literature and based on experimental observations. Some 

of these correlations will be summarized later in section 2.4. Furthermore, methods 

to estimate the swelling potential of expansive soils based on plasticity properties 

have been proposed, such as the Potential Vertical Rise (PVR) method. This method 

was developed by the Texas Department of Transportation (TxDOT) and will be 

detailed in section 2.4.1.  

 

2.2.5. 
Soil Structure and Fabric 

Fabric and structure of clay change because of compaction at high water 

content or remolding. Lambe (1958) considered the microstructure of soil 

specimens compacted on the dry side of the compaction curve as flocculated: soil 

particles are typically configured in face to face and edge to face contacts which 

allow the development of soil swelling. The rearrangement of particles on the wet 

side of the compaction curve, instead, comes out in a more regular configuration, 

with only face to face contacts, but in a disperse manner, as reported in Figure 2.8. 

Furthermore, kneading compaction can cause dispersed structures with lower 

swelling potential than soils which are compacted statically with lower water 

contents. 

 

Figure 2.8. Effect of compaction on soil structure (Lambe, 1958) 
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Armstrong (2014) carried out centrifuge tests in order to study the effect of 

fabric on the swelling of highly plastic clay, and concluded that samples with a 

flocculated structure swell more rapidly and have less secondary swelling than 

those samples with a disperse structure for tests at the same initial moisture content.  

Attom et al. (2001) observed the effect of soil sample preparation on swelling 

behavior. It was compared the swelling potential obtained in undisturbed samples 

against the swelling potential of samples compacted by applying a vertical static 

load, compacted by kneading with a pneumatic compactor, and compacted 

dynamically via the standard Proctor test. The results identified that undisturbed 

sample showed the highest amount of swelling for all three soils as the same 

prepared moisture content and density for the compacted tests based upon the 

undisturbed samples (Figure 2.9). Moreover, the type of compaction had a 

significant influence on the swelling; since the densities were the same, the 

difference in the swell can be explained by the difference in the fabric of the clays 

based on their microstructures. As the undisturbed sample had a significant amount 

of time to sediment and form, thixotropy could have caused the micro-pores to 

begin at a much smaller value, leading to an increased amount of swell. Thus, re-

compacted specimens may not accurately depict the conditions in the field to 

determine the vertical strain of a soil.  

 

Figure 2.9. Swelling potential vs. compaction method (Attom et al., 2001) 
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2.2.6. 
Moisture Variations and Initial Moisture Conditions 

The moisture variations are due to climatic cycles and alterations of drainage 

conditions. The initial moisture content of expansive soils controls the amount of 

swelling of both undisturbed and remolded samples. According to Chen (1975), 

very dry clays with natural moisture content below 15 percent usually indicate 

danger. Such clays can easily absorb moisture to as high as 35 percent with resultant 

damaging expansion to structures. Conversely, clays with moisture contents above 

30 percent indicate that most of the expansion has already taken place and further 

expansion will be small.  

A desiccated expansive soil has higher affinity for water, or higher suction, 

than the same soil at higher water content, lower suction. Conversely, a wet soil 

profile will lose water more readily on exposure to drying influences, and shrink 

more than a relatively dry initial profile (Nelson & Miller, 1992). 

Furthermore, several researchers have also studied the influence of cycling 

wetting and drying on the swelling behavior of natural expansive soils (Osipov & 

Rumjantseva, 1987; Alonso et al., 2005). Some studies have reported that swelling 

potential decreases when expansive soil is repeatedly subject to swell then allowed 

to dry their initial water content (i.e. partial shrinkage) (Al-Homoud et al., 1995; 

Basma et al., 1996) whereas, other studies have found out that swelling potential 

increase after first cycle when the expansive soil is allowed to fully desiccate to the 

shrinkage limit (i.e. full shrinkage) (Osipov & Rumjantseva, 1987) (Figure 2.10).   

 

Figure 2.10. Effect of cycling wetting and drying on the swelling behavior of 

natural expansive soils (Basma et al., 1996) 
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2.2.7. 
Dry Density  

The initial void ratio of expansive soils influences the volume changes 

associated with the adsorption and desorption of water. It has been reported that 

specimens compacted at a lower density undergo less total axial strain when 

following a wetting path. This behavior was attributed to inefficient translation of 

interlayer swelling to bulk swelling for loosely compacted specimens. The 

interlayer volume changes that take place on the particle scale are internally 

adsorbed by the larger scale pores. Conversely, denser specimens have more 

efficient translation from particle-scale swelling to bulk-scale swelling because the 

interlayer volume changes cannot accommodate into the internal pores.  

Villar & Lloret (2008) carried out swelling test with compacted bentonite and 

the results suggested an exponential relationship between swelling pressure and 

final dry density. In this case, final dry density was reported slightly different from 

the dry density to which samples were initially compacted, due to the small 

deformations allowed by the used equipment. The same trend was reported by 

Komine (2004) in the study about swelling characteristics of four kinds of 

bentonites, as shown in Figure 2.11.  

 

Figure 2.11. Relationship between maximum swelling pressure and initial dry 

density (Komine, 2004) 
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2.2.8. 
Stress Conditions 

Volume change is directly related to change in the state of stress in the soil. 

A reduction in total stress due to excavation of overlying material will result in 

rebounding and heaving of the surface. Heaving in unsaturated soils is accompanied 

by imbibitions of water and is time dependent (Nelson & Miller, 1992). 

The magnitude of surcharge load specifies the quantity of volume change that 

will occur for special moisture content and density. Exerted external load acts to 

reduce expansion and balance inter-particle repulsive forces. 

An over-consolidated soil might expand more than the same soil which is 

consolidated normally at the same void ratio. The pressure caused through soil 

swelling increases in aging of compacted clays, but swelling degree is not affected 

under light loading by aging. 

  

2.3. 
Water Adsorption Mechanism and Swelling 

Three micro-scale mechanisms for water adsorption are important in 

expansive soil behavior: hydration, capillarity, and osmosis. Of these, hydration and 

osmosis play an important role in the two main clay swelling processes: inner-

crystalline and osmotic swelling (Wayllace, 2008).  

Hydration of clay mineral surface results of attractive forces developed on the 

negatively charged clay particle and interlayer surfaces due to hydrogen bonding, 

charged surface-dipole attraction, or a combination of both (Mitchell, 1976). Water 

molecules may form hydrogen bonds with exposed oxygens or hydroxyls on 

tetrahedral layer surfaces. Cation hydration, results in an increase of the ionic radii 

of the cation, an increase of the interlayer pore space, and an overall volume change 

of the soil mass. The hydration mechanisms in soils is associated with the particle 

surfaces rather than the particle fabric, thus water adsorption is relative unaffected 

by disturbance as compaction.  

Capillarity results from the curvature of air-water interfaces within the porous 

soil fabric. Water adsorption driven by capillarity depends largely on the geometric 

features of the larger scale inter-particle pore space and thus is sensitive to 

disturbance associated with compaction. Capillarity may be defined in terms of 
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matric suction, and depends on the surface tension of the pore fluid, the degree of 

saturation, and capillary radius. As saturation increases, the pore-water menisci are 

enlarged and matric suction decreases (Wayllace, 2008). 

Osmotic water adsorption is due to concentration differences of dissolved 

ions between the interlayer pore water and the free water. Depending on the ionic 

concentration, the type of exchangeable ion (e.g., Ca vs. Na), pH of the pore water, 

and clay mineralogy, the osmotic water adsorption will take place. Corresponding 

osmotic swelling results from the balance of attractive and repulsive forces that 

develop between overlapping electrical double layers. 

 

2.3.1. 
Diffuse Double Layer  

The diffuse double layer (DDL) is formed by the negatively charged clay 

particle surface and the concentration of positive ions in solution adjacent to the 

clay particle. Overlapping DDLs between clay particles generates inter-particle 

repulsive forces or micro-scale “swelling pressures”. Therefore, interaction of the 

DDL and, hence swelling potential, is related to the increasing in thick of DDL 

(Baser, 2009).  

 

 

Figure 2.12. Diffuse Double Layer (DDL) of clay minerals (Baser, 2009) 

 

The lower valences of cations results in increase in DDL thickness. Thus, for 

the same soil mineralogy, more swelling would occur in a sample having  

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



45 
 

 

 

exchangeable sodium cations  (Na+)  than  in  a  sample  with  calcium (Ca+2) or  

magnesium (Mg+2) cations  (Nelson  &  Miller, 1992).  

The high concentration of cations near the surface of clay particle creates a 

repulsive force between the diffuse double layer system (Chen, 1975).  In general, 

a thicker DDL and greater swelling are associated with lower cation concentrations 

(Mitchell & Soga, 2005).   

 

2.3.2. 
Cation Exchange Capacity (CEC) 

Cations  that  neutralize  the negative  charge net around  the  surface  of  soil 

particles  in  water  are  readily  exchangeable  with  other  cations.  The exchange 

reaction  depends  mainly  on  the  relative  concentrations  of  cations  in  the  water  

and  also  on  the  electrovalence  of  cations.  The Cation Exchange Capacity (CEC) 

is the quantity of exchangeable cations required to balance  the  negative  charge  

on  the  surface  of  the  clay  particles.  CEC is expressed  in  milliequivalents  per  

100  grams  of  dry  clay  (Nelson  &  Miller, 1992).  Typical values of the CEC for 

different clay minerals are given in Table 2.1. 

 

Table 2.1.Typical values of CEC for clay minerals (Mitchell & Soga, 1976) 

Mineral Cation Exchange Capacity (CEC) (meq/100g) 

Kaolinite 3-15 

Illite 10-40 

Montmorillonite 80-150 

 

2.3.3. 
Inner-Crystalline and Osmotic Swelling 

The swelling of clays is result of the layer structure of the clay minerals and 

of the cations adsorbed for the charge equilibrium. Thus, two categories of swelling 

were described by Madsen & Müller-Vonmoos (1989): inner-crystalline swelling 

and osmotic swelling. The inner-crystalline swelling is caused by the hydration of 

the exchangeable cations of the dry clay, whereas the osmotic swelling results from 

the large difference in the ion concentrations close to the clay surfaces and in the 

pore water.  

In the fully dry montmorillonite, the exchangeable interlayer cations are 

located on the surface of the layers or in the hexagonal holes of the tetrahedral 
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sheets. Thus, the montmorillonite layers lie so close together that they are almost in 

contact. The negatively charged layers are held together very strongly by the 

interlayer cations and the Van der Waals attraction at this small distance. The 

cations hydrate upon contact with water and order themselves on a plane halfway 

between the clay layers. This leads to widening of the spacing between the layers. 

The volume of montmorillonite can double in the process of inner-crystalline 

swelling (Figure 2.13). Inner-crystalline swelling can be reduced through the 

intercalation of organic compounds. The organic cation replaces another ion in the 

interlayer space and the carbohydrate chain makes the surface hydrophobic 

(Madsen & Müller-Vonmoos, 1989).  

Unlike inner-crystalline swelling, which acts over small distances (up to 

1nm), osmotic swelling, which is based on the repulsion between electric double 

layers, can act over much larger distances. The driving force for the osmotic 

swelling is the large difference in concentration between the ions electrostatically 

held close to the clay surface and the ions in the pore water of the soil (Figure 2.14 

(a)).  

Irregularities in the crystal lattice are manifested by and excess negative 

charge, which must be compensated by positive ions close to the surface of the clay. 

The concentration of positive ions close to the surface is thus extremely high, while 

that of negative ions is very small. The positive ion concentration decreases with 

increasing distance from the surface, whereas the concentration of negative ions 

increases. The negatively charged clay surface and the cloud of ions form the 

diffuse electric double layer. 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



47 
 

 

 

 

Figure 2.13. Inner-crystalline swelling of sodium montmorillonite: layer distances 

and maximum number of water molecules per sodium ion are showed (Madsen & 

Müller-Vonmoos, 1989) 

 

High negative potential exists directly at the surface of the clay layer. The 

value of this potential is reduced with increasing distance from the surface and 

reaches zero in the pore water. When two such negative potential fields overlap, 

they repel each other, and cause the swelling in clay. The profile of the potential 

curves, and therefore the repulsion at a given distance, vary with the valence and 

the radius of the ions contained in the double layer and with the concentration of 

electrolytes in the pore water.  

The osmotic swelling can be prevented, in laboratory as well as in field scale, 

by the application of a counter-pressure. Usually, the maximum pressure necessary 

to prevent any volume increase is referred to as swelling pressure (Figure 2.14 (b) 

and (c)).  
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Figure 2.14. Osmotic swelling representation: C1 is the ion concentration between 

clay layers and C2 is the ion concentration in the pore water. 

 

2.4. 
Methods for Classification and Evaluation of Swelling Potential of 
Expansive Clays  

Early recognition of soil of expansive soils, during exploration and 

preliminary stages of a project, is essential for designing appropriate foundation. 

This section discusses test and classification procedures that have been used to 

identify expansion or swelling potential.  

The identification and evaluation of expansive clays can be made by indirect 

and direct methods. Indirect methods include the mineralogical identification, index 

properties, consistence limits or parameters related with texture and soil 

composition. On the other hand, direct methods are based on measurements of 

induced expansion and pressure needed to avoid expansion. Table 2.2 summarizes 

some of these methods.  

Numerous empirical correlations for indirect swelling potential estimation 

have been reported in the literature. These correlations are based on index properties 

(liquid limit, plastic index, shrinkage index, clay content, etc.) and placement 

conditions (initial dry unit weight, initial water content and sub-charge pressure). 

Some empirical correlations for determining swelling potential are summarized in 

Table 2.3. 
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Table 2.2. Methods for evaluating swelling potential of expansive clays 

Method Sub-

classification 

Standard References 

Indirect 

Identification  

X-Ray Diffraction (XRD), 

Scanning electron 

microscope (SEM), 

Thermo-gravimetric 

Analysis (TGA) 

 Al-Rawas et al. (2005), 

Katti & 

Shanmugasundaram 

(2001), Liu et al., 

(2005),  Du et al., 

(1999). Azam et al., 

(2013). 

Qualitative 

Particle size distribution, 

consistency limits, 

geotechnical 

classification. 

 McDowell (1959) ,Seed 

et al. (1962), 

Satyanarayana & 

Ranganatham (1969), 

Nayak & Christensen 

(1971), Vijayvergiya & 

Ghazzaly (1973), Chen 

(1975) 

Descriptive  

Geology, pedology, 

geomorphology and visual 

identification. 

 Snethen et al. (1975), 

Shi et al. (2002); Simões 

et al.( 2006) 

Direct Quantitative 

Conventional free swell 

test,  potential volume 

change meter, centrifuge 

test 

 Nelson & Miller (1992), 

Holtz & Gibbs (1956),  

Zornberg et al. (2009). 

 

Table 2.3. Empirical correlations for determining swelling potential  

Reference Empirical correlations 

Vijayvergiya & Ghazzaly 

(1973) 
𝑙𝑜𝑔𝑆𝑝 =

1

12
(0.4𝐿𝐿 − 𝑤𝑛 + 5.5) 

𝑙𝑜𝑔𝑆𝑝 =
1

19.5
(6.242𝛾𝑑 + 0.65𝐿𝐿 − 130.5) 

Nayak & Christensen (1971) 
𝑆𝑝 = (2.29𝑥10−2)(𝑃𝐼)1,45

𝐶

𝑤𝑖
+ 6.38 

O'Neil and Ghazzally (1977) in 

Yilmaz (2006) 
𝑆𝑝 = 2.77 + 0.131𝐿𝐿 − 0.27𝑤𝑛 

Johnson and Snethen (1978) in 

Yilmaz (2006) 
𝑙𝑜𝑔𝑆𝑝 = 0.036𝐿𝐿 − 0.0833𝑤𝑛 + 0.458 

Sp: swelling potential (%); LL: liquid limit (expressed in decimal); wn: natural 

water content (expressed in decimal); d: dry unit weight in kN/m3; PI: plastic 

index; wi: initial moisture content of the sample; C: clay content, by weight, of 

soil as a percentage. 
 

Although there is no a general agreement about the swelling potential 

classification, the literature contains a considerable number of classification 

schemas. Some swelling potential classification criteria are shown in Table 2.4 and 
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Figure 2.15. The classification of the swelling potential showed in Figure 2.15 (a) 

is based on the test using compacted specimen, percentage of clay and activity. 

Liquid limit and plasticity index are used for classification in Figure 2.15 (b), which 

is based on the plasticity chart. Classification depicted in Figure 2.15 (c) takes into 

consideration the plasticity index and percent of clay in whole sample. The 

classification in Figure 2.15 (d) is based on measurements of soil water content, 

suction and volume change in drying.  

 

Table 2.4. Swelling potential criteria classification  

Reference Criteria Remarks 

Holtz & Gibbs 

(1956) 

C > 28, PI > 35, SL < 11 (Very high) 

Based on 

C, P, SL 

20  C  31, 25  PI  41, 7   SL  12 (High) 

13  C  23, 15  PI  28,10   SL  16 

(Medium) 

Raman (1967) 

in Yilmaz 

(2006) 

PI > 32 and SI > 40 (Very high) 

Based on 

PI and SI 

23  PI 32, 30  SI  40 (High) 

12  PI  23, 15  SI  30 (Medium) 

PI < 12 and SI < 15 (low) 

Chen. (1975) 

PI  35 (Very high) 

Based on 

PI 

20  PI  55 (High) 

10  PI  35 (Medium) 

PI  15 (low) 

C: clay content, % (< 0.002mm); PI: plastic index, %; SL: shrinkage limit, % 

(lower limit of volume change) 

 

In the next sections only three methods for evaluation of swelling will be 

described: the indirect method proposed by McDowell (1959), herein called 

potential vertical rise (PVR) method; and two direct methods, the conventional free 

swell test and the centrifuge test. These methods were chosen because, the indirect 

method PVR has been a widely used in transportation projects developed by the 

Texas Department of Transportation (TxDOT), and the direct methods, 

conventional free swell test and centrifuge test were used in the present research. 
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Figure 2.15. Commonly used criteria for swelling potential classification (Yilmaz, 

2006) 

2.4.1. 
Potential Vertical Rise Method 

The potential vertical rise method (PVR) was developed the Texas Highway 

Department in 1956 in order to understand the vertical movement of the surface 

caused by the shrinking and swelling of soils. In this method, the plasticity index of 

the soil and the field loading are used to predict the vertical rise. 

The uncertainty of the PVR method has led many districts of Texas 

Department of Transportation (TxDOT) avoid the use this method. The lack of a 

reliable method to assess the potential impact of swelling clays has resulted in 

considerable improper pavement designs, numerous cases of roads underlain by 

expansive soils that without stabilization might result in significant amount of 

resources spent on maintenance cracking repairs in these areas (Snyder, 2015). 
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The PVR estimation has been used as an index property for projects in areas 

with known expansive soils, because this method only requires the plasticity index 

(PI) to predict the volumetric change. As summarized by Armstrong (2014), the 

method divides the sub-grade into two feet strata (0.6 m), taking into account the 

depth of sub-grade, with a known or assumed moisture content (ω), unit weight (γ) 

in pcf, liquid limit (LL), plasticity index (PI), and percent soil binder (i.e. the 

percent of the stratum that passes through the No. 40 sieve). The moisture condition 

of each layer is divided into three conditions, dry (ωd), wet (ωw), and average (ωa), 

as determined by which condition the moisture content of the soil strata is closest 

to. The dry condition is representative of a condition in which little shrinkage but 

maximum swell occurs, and the wet condition is considered to be where the 

maximum capillary absorption occurs. Equations (2.1) to (2.3) show how each 

moisture condition is calculated: 

𝜔𝑑 = 0.2 ∗ 𝐿𝐿 + 9% (2.1) 

𝜔𝑤 = 0.47 ∗ 𝐿𝐿 + 2% (2.2) 

𝜔𝑎 =
𝜔𝑑 + 𝜔𝑤

2
 

(2.3) 

Once the moisture condition is known or assumed, the percent volumetric 

change (PVC) of a soil under a one psi (6.9 kPa) surcharge is determined from 

Figure 2.16 via the PI and moisture condition of the strata. 

The percent volumetric change (PVC) must be converted to the percent of 

free swell (PFS) as indicated in equation (2.4). After PFS is obtained, the load at 

the top and bottom of each stratum should be assessed from the projects plans and/or 

boring logs. Then, the PVR of the top and bottom of the strata is calculated by using 

Figure 2.17, considering the load at each location and the PFS of the strata. The 

difference between the PVR at the top and bottom of the strata is considered the 

PVR of the entire strata. However, some corrections are needed for the PVR as the 

method assumes that the unit weight of the soil is 125 pcf (19.7kN/m3) and that the 

entire soil strata passes the No. 40 sieve. These corrections are taken as the ratio of 

the actual unit weight and the percentage of the soil that passes the No. 40 sieve. 

After these corrections are added, the final PVR is then obtained. 

𝑃𝐹𝑆 = (𝑃𝑉𝐶) ∗ 1.07 + 2.6% (2.4) 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



53 
 

 

 

 

Figure 2.16. Percent volumetric change vs. plasticity index (Armstrong, 2014) 

 

 

Figure 2.17. Load vs. potential vertical rise (PVR) relationship (Armstrong, 2014) 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



54 
 

 

 

The first limitation of this method is based on the fact that, even though the 

plasticity index is a good indicator of swelling potential, does not consider how a 

soil may behave in-situ due to its mineralogy. Furthermore, this limitation is 

magnified by the fact that McDowell used only a limited amount of soil samples 

from Guadalupe County, Texas to create the poorly fit relationship for the moisture 

condition curves, as seen in Figure 2.16. In addition, the moisture condition curves 

were extrapolated to a plasticity index (PI) of 140 without further testing near those 

plasticity index values.  

Another limitation exists due to the fact that these soils were not tested at a 

moisture condition any lower than that calculated from equation (2.1), or at any 

point in between the dry, wet, and average curves for that matter. From previous 

research, it is known that the initial moisture condition change of +/- 3% can play 

a major role in the swelling behavior of a soil (Walker, 2012).  

 

2.4.2. 
Conventional Free Swell Test and Swell Pressure  

The conventional free swell test is described in ASTM D 4546-08 testing 

procedure. The swelling potential is measured using a consolidation frame 

(oedomenter). The specimen is compacted or trimmed into a consolidation ring, 

placed between two filter papers and porous stones. The standard method ASTM 

D4546-08 (2008) includes three types of tests identified as A, B and C. Method A 

is known as the “wetting-after-loading tests on multiple specimens”, where soil 

specimens having the same compaction conditions are subjected to a vertical stress 

and then, water is added to the consolidation ring. Method “A” requires at least four 

soil specimens to be tested under different overburden pressures, in order to 

establish a relationship between swell and vertical effective stress. Method “B” is 

referred to the “single point wetting-after-loading test on a single specimen”, in 

which the single specimen is tested under representative in-situ conditions of 

interest. Method “C” allows the soil to swell first before application of desired 

overburden pressure. 

The conventional free swell test results are affected by number of factors 

which include the effect of oversized particles, sampling disturbance, and the 

differences in the percentage of wetting between the lab tests and the field. The 
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main limitation of this test is that the measuring is only one dimensional because 

lateral strain is restricted. In addition, the conventional free swell test fully 

inundates the specimen resulting in the most extreme case of a 100% saturated 

sample. In comparison, values of saturation rarely exceed 95% in the field, which 

leads to possibility of smaller strains occurring in the field than the values measured 

in the lab. Also, the reconstituted samples used in these tests may not have the same 

structure as the in-situ soil in the field, since they should be prepared with soil 

sieved through the No.10 sieve. These alterations could create differences between 

the lab tested specimens and the soil in the field.  

The swell pressure is the vertical pressure applied to the soil specimen in order 

to inhibit the swelling of the soil. The swell pressure can be determined from the 

swell vs. vertical stress curve obtained from test Method “A” of ASTM D4546-08 

(2008). The swell pressure can also be obtained by continuously varying the 

overburden pressure of a specimen until the initial sample height remains 

unchanged.  

 

2.4.3. 
Centrifuge Testing For Evaluation of Swelling Behavior 

The centrifuge testing for characterization of volumetric changes in expansive 

clays has been early documented in the literature (Frydman & Weisberg, 1991; 

Gadre & Chandrasekaran, 1994)), but in the last years it has become an important 

testing method for measurement of swelling characteristics of expansive soils 

(Snyder, 2015; Armstrong, 2014; Das, 2014; Walker, 2012; Kuhn, 2010). 

The specimen is subjected to an increased gravitational field induced by the 

rotation within the centrifuge. This imposes a gravitational gradient across the 

sample, accelerating the flow of the water through the sample. Depending on the 

test setup, water infiltrates the soil either from the top (Frydman & Weisberg, 1991; 

Plaisted, 2009; Kuhn, 2010) or the bottom (Gadre & Chandrasekaran, 1994) of the 

specimen.  

The development of centrifuge technology at the University of Texas at 

Austin began with the research conducted by Plaisted (2009).  Plaisted’s research 

involved testing reconstituted specimens of the Eagle Ford clay using a set of plastic 

permeameter cups referred to as the single infiltration set-up. The single infiltration 
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setup was composed of two parts, the top cup and the base cup. The top cup was 

designed to hold the soil specimen and contain the ponded water. The bottom cup 

was designed to collect the outflow of water that has passed through the soil 

specimen, and was used to back calculate the total height of water ponded on top of 

the sample at the end of testing. Two identical porous disks were designed out of 

the same material as the permeameter cup to allow the flow of water through the 

soil specimen. One of the disks was used to support the specimen in the bottom of 

the top cup, while the other was placed on top of the specimen to provide a boundary 

between the overburden pressure and water ponded on top. A diagram of the single 

infiltration set-up can be seen in Figure 2.18. 

 

 

Figure 2.18. Schematic of centrifuge swelling test (Plaisted, 2009) 

 

The results reported that the strain induced during the centrifuge test had more 

scatter behavior and it was higher than that from the conventional free swell test 

(Figure 2.19). This discrepancy was attributed to the fact of the specimens had to 

be removed from the increased gravitational field, and reintroduced to the 1-g 

environment (specimen was removed from the centrifuge) in order to take height 

measurements periodically.  

Kuhn (2010) developed parallel research about the swelling behavior of the 

Eagle Ford clay in a larger scale centrifuge. This centrifuge has the capability to 

measure the swelling during the testing process without having to remove the 

sample from its loading condition. This was possible due to the installation of a data 

acquisition system combined with a linear positioning system inside the centrifuge. 

These advancements avoided the need for stopping the centrifuge to measure the 
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changes in height due to swelling, and make possible a fair comparison between 

centrifuge and conventional free swell test results. A schematic view of the 

permeameter cup inside the large centrifuge is depicted in Figure 2.20.  

 

Figure 2.19. Comparison between single infiltration centrifuge test and 

conventional free swell test results (Plaisted, 2009) 

 

Figure 2.20. Schematic view of permeameter cup of large centrifuge (Kuhn, 2010) 
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Kuhn (2010) carried out two testing series. The first series (i) involved testing 

specimens with a constant height of water and surcharge mass, which results in the 

only factor changing is the total stress applied at different g-levels. The second 

series (ii) involved testing under a constant water pressure and total stress during 

the test. In the second scenario, various water and surcharge pressures were applied 

at the same g-level. The results indicating the relationship between the total stress 

applied and the swelling measured in the centrifuge are shown in Figure 2.21 for 

both series. This research pointed out that the total swelling of the specimens 

decreased with increased g-level for the first series, and the total swelling of the 

specimens decreased with increased height of water, or water pressure, as well as, 

increases in the surcharge pressure. 

Despite the large centrifuge test produced is comparable to results with 

conventional free swell test, this equipment is somewhat impractical for conducting 

a large scale testing program on soils. Consequently, it was necessary to design a 

similar data acquisition system for the smaller centrifuge which can run multiple 

samples at the same time. 

 

 

Figure 2.21. Swell vs. Total stress for 10 mm thick specimens with water pressure 

of 400 psf (19 kPa) (Kuhn, 2010) 

 

Afterwards, Walker (2012) conducted research which focused on the 

implementation of a data acquisition system with linear position sensors in the 

smaller centrifuge. The data acquisition system consisted of a custom built Arduino 

board designed with an analog to digital converter, an accelerometer to measure g-
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levels and a power supply of 4 AA batteries. Along with the internal Arduino board, 

an Arduino receiver plugged into a computer via USB outside the centrifuge was 

used to wirelessly collect the data. The centrifuge contained six cups for testing; 

two of the cups were used to store the Arduino board and power supply, leaving 

space for 4 specimens to be analyzed for each test. A modified top cap was designed 

to install the linear position sensor.  

After installing the new setup, Walker (2012) carried out tests to estimate the 

swelling potential of Eagle Ford clay, Houston Black clay, and Tan Taylor clay. 

The testing program included examination of the effect of initial compaction 

conditions (i.e. the initial moisture content and dry density) of these soils on their 

swelling behavior. This research demonstrated that increasing dry unit weigh 

resulted in increasing swelling potential, as well as the increase in water content  

decreased the swelling potential (Figure 2.22). Furthermore, it was verified that the 

linear position sensors could be used to measure the swelling behavior of expansive 

soils in the small centrifuge. 

 

 

Figure 2.22. Swell vs. compaction dry unit weight for Eagle Ford clay specimens 

(Walker, 2012) 

 

The final improvement made in the centrifuge of the University of Texas at 

Austin was developed by Armstrong (2014), who designed a new permeameter cup 

that matched the boundary conditions from the ASTM D4546-08 (2008) tests and 

allows infiltration at both the top and base of a specimen. This new permeameter 

cup, identified as the double infiltration set-up, also represented a progress as the 
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cutting ring could not only be used to compact reconstituted specimens in but also 

use trimmed specimens of “undisturbed” samples. The final version of the 

centrifuge set-up is widely described in section 3.3.2, since it was used in the 

present research.  

During his research, Armstrong (2014) identified the effects of the clay fabric 

on the swelling behavior of highly expansive soil called Cook Mountain clay. The 

specimens were test in the single and double infiltration set-up, as well as, 

conventional free swell tests to confirm the results. Observations from the testing 

suggested that the fabric of the soil had an impact on the swelling behavior. 

Specimens with a flocculated structured reached the end of primary swelling faster, 

and had less secondary swelling than specimens with a dispersed structure. In 

addition, it was proven that the double infiltration set-up matched results from the 

conventional free swell test, as seen in Figure 2.23. Therefore, the double 

infiltration set-up provided more precise results than the single infiltration set-up 

due to less variability in the confining stress as well as less dependence on the height 

of water to apply an effective stress during test and produces results more rapidly 

than conventional free swell test. 

 

 

Figure 2.23. Comparison between double infiltration centrifuge and ASTM 

D4546-08 (2008) (free swell) curves (Armstrong, 2014) 

 

2.5. 
Treatments to control swelling of expansive clays 

According to Nelson & Miller (1992), the available treatment procedures to 

control swelling of expansive soils before and after construction of structures and 
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highways include: prewetting, removal and replacement, remolding and 

compacting, surcharge loading, moisture barriers and chemical modification. These 

alternatives may be employed either singly or in combination, to control swelling. 

However, depending on the specific conditions, such as economic factors, site 

characteristics and time available for the treatment, one or more methods can be 

ineffective.  

Prewetting or ponding procedure is addressed to increase the moisture content 

in the expansive soil in order to cause heave prior to construction and thereby 

eliminate problems afterwards. This procedure may present problems that limit its 

application. For instance, expansive soils typically exhibit low hydraulic 

conductivity and the time required for adequate wetting can be several years 

(Nelson & Miller, 1992). Furthermore, the long periods of contact between water 

and the expansive soil can produce loss of soil strength, reducing the bearing 

capacity and slope stability.   

The procedure of removal of expansive soils and replacement with non-

expansive soils might be unfeasible in cases when the expansive layer extends to a 

very high depth making uneconomically its complete removal. However, non-

expansive soils compacted at high density usually exhibit higher bearing capacity 

than expansive clays. This method might be preferred when construction delays are 

not allowed.  

The procedure of remolding and compacting an expansive soil is indicated 

when the soil has low swelling potential. The bearing capacity of the remolded soil 

is usually lower since the soil is generally compacted at wet of optimum moisture 

content and moderate density (Nelson & Miller, 1992). 

Surcharge loading is the procedure where the expansive soil is loaded with a 

surcharge large enough to counteract the probable swell pressures. This alternative 

becomes less efficient in soils with high swell pressures, because of the nonlinear 

nature of the pressure-swell relationship (Nelson & Miller, 1992). Thus, this 

procedure is generally applicable only for soils with low to moderate swelling 

pressures. 

Since soil expansion problems are resulted from fluctuations in water content, 

uneven heave can be resulted from uneven water content changes. So that, the 

problems generated by expansive soils also can be mitigated by using horizontal 

and vertical moisture barriers that promote the uniform water content distribution 
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into the soil. According to Nelson & Miller (1992), the basic principle on which 

moisture barriers act is to move edge effects away from the foundation or pavement 

and minimize seasonal fluctuations of water content directly below the structure. 

Also, the time during which moisture changes occur is long because the barrier 

increases the path length for water migration under the structure. This allows for 

water content to be more uniformly distributed due to capillary action in the subsoil. 

Thus, the heave will occur more slowly and in a more uniform manner. 

Among the chemical modifications to control swelling of expansive soils are 

the use of Portland cement, lime-fly ash combinations and hydrated lime. Nelson & 

Miller (1992) stated that even the Portland cement produces similar lime-effects in 

clay soils, it is not as effective as lime stabilization of highly plastic clays. Some 

clay soils have such a high affinity for water that the cement may not hydrate 

sufficiently to produce the complete pozzolanic reaction. So that, Portland cement 

is usually advantageous when soils are not lime reactive. 

There is a wide variety of fly ash that can be mixed with lime in order to 

produce different mechanical and chemical properties into the soil, so that, for 

specific application of this type of modification, it is necessary a comprehensive 

testing program to determine the design criteria for its use. In this study, the use of 

hydrated lime for modifying expansive soil is studied, so that, more detailed 

description about it is presented in the following sections.  

 

2.6. 
Lime Treatment in Expansive Soils 

Among the techniques for improvement the behavior of expansive soils, lime 

treatment may be the most practical and worthwhile in preventing the potential 

damages associated with large volume changes.  

When lime is added to a clay-water-system, the divalent calcium cations 

virtually always replace the cations normally adsorbed at the clay surface. This 

cation exchange occurs because divalent calcium cations can normally replace 

cations of single valance, and ions in a high concentration will replace those in a 

lower concentration (Little, 1994).  

The fact that calcium will replace most cations available in the water system 

is documented by the Lyotropic series which generally states that higher valence 
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cations replace those of a lower valance, and larger cations replace smaller cations 

of the same valance. The Lyotropic series is writing as: Li+ < Na+ < K+ < NH4
+ << 

Mg+2 < Ca+2 << Al+3, where the cation to the right replaces the one to the left. 

Therefore, in equal concentration, Ca+2 can easily replace the cation commonly 

present in most clays.  

 

2.6.1. 
Lime Soil Reactions  

The chemical reactions that take place when lime is mixed with soil in 

presence of water can be classified as immediate and long-term reactions. 

Immediate reactions are commonly referred as “lime treatment” and long-term 

reactions as “lime-stabilization”. 

When lime is added to a clay soil, it has an immediate effect on the properties 

of the soil as cation exchange begins to take place between the metallic ions 

associate with the surface of the clay particles and the calcium ions of the lime (Bell, 

1996). The free calcium of the lime exchanges with the adsorbed cations of the clay 

mineral, resulting in reduction in size of the diffused water layer surrounding the 

clay particles (Figure 2.24 (a) and (b)). This reduction in the diffused water layer 

allows the clay particles to come into closer contact with one another, causing 

flocculation/agglomeration of the clay particles, which transforms the clay into a 

more silt-like or sand-like material. Dash & Hussain (2011) suggested that the 

decreasing of the thickness of the diffuse double layer may increase the charge 

concentration and thereby the viscosity of the pore fluid, leading to an increase in 

the plastic limit of lime-treated samples. 

As described by Beetham et al. (2014), opposing negative charges of parallel 

aligned (face to face) clay particles are repelled and reconfigure to promote a 

flocculated, positive/negative charge (e.g. edge to face) arrangement (Figure 2.24 

(c)). This causes silt-sized aggregations of clay particles to group together and two 

influences on the clay soil structure are suggested: an increase in microporosity or 

intra-aggregate porosity of flocculated particles (Figure 2.24 (c)); and a change to 

the meso-porosity or inter-aggregate porosity (Figure 2.24 (d)). This reduces the 

effective surface area of clay minerals in contact with the inter-aggregate pore water 

accounting for much of the immediate change in physical properties of the clay soil 
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associated with lime improvement (reduced plasticity, promotion of brittle/friable 

behavior, increased permeability).  

 

 

Figure 2.24. Sequence illustrating influence of early lime-clay reactions upon clay 

particle arrangements and soil structure (Beetham et al. 2014) 

 

Long-term reactions are more complex and are strongly influenced by soil 

conditions and mineralogical properties. However, many clay soils are 

pozzolanically reactive when stabilized with lime and respond with an appreciable 

strength gain due to the development of a cemented matrix among the soil particles. 

Little (1994) defined a pozzolan as a finely divided siliceous or aluminous 

material which in the presence of water and calcium hydroxide will form a 

cemented product. The cemented products are calcium-silicate-hydrates (CSH) and 

calcium-aluminate-hydrates (CAH). Clay is a pozzolan because it is a source of 

silica and alumina for the pozzolanic reaction. Clay-silica and clay-alumina become 

soluble or available in a high pH environment.  The pH of water saturated with lime 

is 12.4 at 25°C. Thus a lime-soil-water system has a pH high enough to solubilize 

silica and alumina for pozzolanic reaction. As long as enough residual calcium 

remains in the system to combine with the clay-silica and clay-alumina and as long 

as the pH remains high enough to maintain solubility, the pozzolanic reaction will 

continue. The reaction is illustrated as follows: 

Ca+2 + 2(OH)- + SiO2 (clay silica) → (CSH) (2.5) 
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Ca+2 + 2(OH)- + Al2O3 (clay alumina) → (CAH) (2.6) 

With base on this fact, Eades & Grim (1966) adopted the pH variation due to 

lime addition in order to design a procedure for determining the amount of lime 

required for satisfying all immediately occurring reactions, and yet provide enough 

residual lime to maintain a pH of 12.4 for sustaining the strength-producing 

reaction.  

 

2.6.1.1. 
Deleterious Chemical Reactions 

Lime-treated soils can undergo two undesirable chemical reactions. The first 

is lime carbonation and the second is the reaction with the sulfate existing in the 

soil. Carbonation is the reaction that occurs between free lime and atmospheric 

carbon dioxide and results in formation of calcium carbonate, as shown in the 

equation below: 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 (2.7) 

The carbonation reaction is recommended to be controlled because it causes 

weak bounding and consumes calcium ions affecting negatively pozzolanic 

reactions.  

On the other hand, several studies have found that calcium-based stabilizers 

treatments of natural expansive soil rich with sulfates may lead to a new heave 

distress problem instead of mitigating it. Heave and loss strength of lime stabilized 

soils have been associated with high sulfur contents in the treated soil, leading to 

the formation of the expansive and strength reducer minerals ettringite 

(Ca6[Al(OH)6]2·(SO4)3) and thaumasite (Ca3[Si(OH)6](CO3)(SO4) ·12H2O).  

Puppala et al. (2005) stated that sulfate content as a percent of dry weight of 

soil needed to induce heaving varied from 320 mg/kg (or ppm) to as high as 43.500 

mg/kg. The time of sulfate heave appearance after chemical stabilization ranged 

from a few days to 18 months. Hunter (1988) reported a chemical relationship 

model of time-treated montmorillonite sulfate-rich clays to explain the formation 

of ettringite. The chemical reactions are the dissolution of clay minerals at pH>5 

and the formation of ettringite, as shown in equations (2.8) and (2.9), respectively.  

Al2Si4O10(OH)2·nH2O + 2(OH)- + 10H2O → 2Al(OH)-4+ 4H4SiO4 + nH2O (2.8) 

6Ca+2 + 2Al(OH)-4+4OH−+3(SO4)-2 + 26H2O → Ca6[Al(OH)6]2·(SO4)3·26H2O (2.9) 
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The chemical reaction model points out that dissolution of any clay minerals 

(alumina and amorphous silica) will occur due to the high pH conditions caused by 

the addition of lime stabilizer. Ettringite formation affects clay properties such as 

consistency, compaction characteristics and the cation exchange process 

(Rajasekaran & Rao, 2005). Ettringite can be extremely detrimental because it has 

the potential to swell up to 250 percent of its original volume (Puppala & Cerato, 

2009). 

Little & Nair (2009) suggested two possible theories to explain the expansion 

of ettringite. First, the expansion in the matrix might result from crystallization 

pressure, crystal interlocking, and oriented crystal growth. Second, water 

absorption by ettringite molecules are the reason of expansion. It is probable that 

the expansion is a combination of the two theories, but either way, water is crucial 

to ettringite expansion. If the initial water used in mixing and compaction of 

stabilized soils is too low to dissolve all sulfates available into solution for ettringite 

formation, water from an external source, such as heavy rainfall, will be able to 

dissolve more of the soluble sulfate than the mix water, making the ions more 

available for ettringite formation and expansion later on.  

 

2.6.2. 
Effect of Mellowing Period on the Lime Treatment 

The effectiveness of lime treatment in expansive soils depend on the 

appropriate preliminary laboratory testing that considerers the influence of diverse 

environmental factors during construction. One of them is a possible compaction 

delay after lime adding and mixing due to hitches or technical breaks for logistic 

reasons.  

The time elapse between lime-soil mixing and compaction is known as 

“mellowing”.  There are conflicting recommendations in the literature about the 

influence of mellowing periods during lime treatments: researches developed by the 

Louisiana Department of Transport in the early sixties indicated that a delay longer 

than 48 hours involves a lower strength of the lime-soil mixtures (Taylor & Arman, 

1960); Mitchell & Hooper (1961) found that a 24 hour delayed compaction reduced 

the dry unit weight and the long-term strength, whereas the swelling was found to 

increase. Holt & Freer-Hewish (1998) examined the long-term effect of mellowing 
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by using UCS (Unconfined Compressive Strength) testing on specimens that had 

been cured for various periods up to a maximum of 195 days. The results obtained 

are shown in Figure 2.25. The specimens treated with 2% lime decreased in strength 

with prolonged curing while those treated with 4% lime maintained a similar 

strength or demonstrated increases in strength. They suggested that 2% of lime was 

not enough to achieve full stabilization. In addition, at the end of 195 days of curing, 

the specimens mellowed for 24 hours in both cases were always significantly 

weaker than specimens mellowed for 1 hour before compaction. The strength of the 

specimen with 4% lime and mellowed for 1 hour before curing was approximately 

double that of the specimen mellowed for 24 hours. Similar trends in strength loss 

were observed in studies conducted by Talluri et al. (2013). 

 

 

Figure 2.25. Effect of mellowing duration on strength at different lime additions 

(Holt & Freer-Hewish, 1998)  

 

Some authors recommend compaction to be executed immediately after lime 

addition (Osinubi & Nwaiwu, 2006) while others advise a wait of few days 

(typically 3 to 7 days) in order to obtain a higher quality material or to mitigate 

swelling in sulfate-bearing soil (Harris et al., 2004; Talluri, 2013). Harris et al. 

(2004) reported that using 3 days mellowing period resulted in acceptable swell in 

soils with sulfate contents around 7,000ppm, whereas mellowing of 3 days and 6% 

lime did not result in acceptable swell with 10,000-ppm sulfates. 
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Holt et al. (2000) studied the effect of mellowing periods on the modification 

process of four British soils treated with quicklime and found that a half day 

mellowing period decreased the volume change (volume calculated by measuring 

of height and diameter of specimens subjected to soaking), but mellowing periods 

above half a day produced progressive increase in volume change, so that generally 

after a one day mellowing period the volume change was greater than that without 

mellowing (Figure 2.26).  

 

 

Figure 2.26. Effect of mellowing duration and temperature on the volume change 

of lime-treated British soils (Holt et al., 2000) 

 

2.6.3. 
Modification of Soil Properties by Lime Addition 

Many of engineering properties of clay soils improve with lime addition. The 

effect of lime on the plasticity has been reported as instantaneous and resulting from 

the flocculation process. Very small quantities of lime are required to bring about 

different plastic behavior, around 1 to 3% of lime, depending on the type of clay 

minerals present in soil. Whereas the liquid limit of clays soils is found to decrease 

with increased lime content (Wang et al., 1963; Bell, 1996), the plastic limit 

generally shows and increasing trend (Dash & Hussain, 2011) (Figure 2.27). 

Correspondingly, the plastic index, the arithmetic difference between the liquid 

limit and the plastic limit, is generally found to decrease with lime content, making 

the soil more friable and therefore more workable.  
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Figure 2.27. Variation in liquid limit and plastic limit with lime content for an 

expansive soil (Dash & Hussain, 2011) 

 

Bell (1996) observed that the addition of lime to clay materials increases their 

optimum moisture content and reduces their maximum dry density for the same 

compactive effort. The reduction in dry density was attributed to an immediate 

formation of cemented products which reduce compactibility and hence the density 

of the treated soil. The flocculation and agglomeration processes enlarge particle 

size causing increasing in void ratio, and consequently the hydraulic conductivity 

increases as well (Cuisinier et al., 2011; Tran et al., 2014). 

Tran et al. (2014) demonstrated that the lime treatment only increased the 

modal size of inter-aggregates (from 1.5 m to 3 m) and there was no effect on 

the intra-aggregate pore sizes (around 0.015m) and thus, the increasing in 

hydraulic conductivity was attributed only to the change in the inter-aggregate pores 

size (Figure 2.28).  

 

 

Figure 2.28. Effect of lime treatment on pore size distribution. Results of mercury 

intrusion porosimetry (MIP) (Tran et al., 2014) 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



70 
 

 

 

 

Swelling potential is normally significantly reduced by lime treatment, as 

demonstrated from results obtained by Nalbantoglu & Tuncer (2001), using an 

expansive soil from Cyprus treated with hydrated lime and subjected to 

conventional free swell test (Figure 2.29). In fact, the reduction in PI associated 

with virtually all fine-grained soils upon the addition of lime is a significant 

indication of the reduction of swelling potential (Little, 1994). At the same time that 

lime reduces the swelling potential, lime has been reported to increase the 

compression resistance. The compression and rebounded indices (Cc and Cr, 

respectively) obtained from one-dimensional consolidation test, developed by 

Nalbantoglu & Tuncer 2001), indicated a dramatic decrease with an increase in the 

percent lime (Figure 2.30). 

 

 

Figure 2.29. Variation of swell potential with percent lime and curing time.  

(Nalbantoglu & Tuncer, 2001) 
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Figure 2.30. Effect of lime and curing time on the compression and rebound 

indices Cc and Cr.(Nalbantoglu & Tuncer, 2001) 

 

Furthermore, studies have also examined the effect of cyclic wetting and 

drying on the swelling potential in expansive soil treated with lime (Stoltz et al., 

2012; Guney et al., 2007). These studies have reported negative effect of wetting 

and drying cycle on lime treatment through observations of increasing of swelling 

potential after various cycles (4 to 6). The beneficial effect of lime treatment in 

controlling swelling potential is partially lost when lime-treated soil is subject to 

cycles of wetting and drying (Guney et al., 2007).   

On the other hand, lime can stabilize the soils though cementation, producing 

increases in strength and stiffness (Bell, 1996; Consoli et al., 2011)). Consoli et al. 

(2009), reported that Unconfined Compressive Strength increased linearly with the 

increase in the lime content, however, Bell (1996) stated that an excessive addition 

of lime might reduce the strength because lime has no good frictional properties. 

Furthermore, Consoli et al. (2009) found that the unconfined compression strength 

increased approximately linearly with a reduction in the porosity of the compacted 

mixture and that there is no relationship between the unconfined compression 

strength and the water/lime ratio. 

Among the different variable affecting the strength of lime stabilized clay 

soil, curing is of major importance. Its effect on strength is a function of time, 

temperature and relative humidity (Mitchel & Soga, 2005). The strength increases 

rapidly at first, generally during the first 7 days of curing, then increases more 

slowly at a more or less constant rate.  
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3 
Materials, Methods and Equipment 

The present chapter contains four main sections that describe the materials, 

experimental methods and equipment employed in this research. The first section 

(section 3.1) describes the principal characteristics of the expansive soil and lime 

used in this study, and the sample preparation methods. Section 3.2 briefly describes 

the basic tests for soil characterization carried out to examine the effect of lime 

treatment on different geotechnical properties. The basic tests include: Atterberg 

limits, pH and Cation Exchange Capacity (CEC) determination, specific gravity, 

particle size by hydrometer test, standard Proctor compaction and Unconfined 

Compressive Strength (UCS). 

The methods executed for measuring the swelling potential are described in 

section 3.3. Two methods were applied at this point: the conventional free swell test 

and the centrifuge test. The conventional free swell test is the most traditional heave 

prediction test that involves the use of the one-dimensional consolidation apparatus, 

whereas the centrifuge test is a new technology developed by the University of 

Texas at Austin. Since there is no standard specification about the centrifuge test 

procedure, special attention is given to the description of this new technology. 

Finally, section 3.4 describes the techniques used to obtain mineralogical 

analysis and micro-structural observations in order to understand the changes due 

to lime treatment of the expansive soil Eagle Ford clay. The mineralogical test was 

executed by X-Ray Diffraction (XRD) technique and the micro-structural 

observations were performed by using Environmental Scanning Electron 

Microscopy (ESEM) and X-Ray Computer Micro-Tomography (Micro-CT). 
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3.1. 
Materials 

3.1.1. 
Expansive Soil 

The natural expansive soil selected for this study was a highly clayey soil 

named Eagle Ford predominant in Texas, United States. Since this soil has been 

widely studied in previous researches, the Eagle Ford clay used in this study was 

obtained from the available stockpiles of the geotechnical laboratories of the 

University of Texas at Austin. 

According to previous researches (Walker, 2012 and Das, 2014), the stored 

Eagle Ford clay was excavated from the Eagle Ford formation located at the 

intersection of Hester’s Crossing and Interstate 35 on the outskirts of South Round 

Rock, at Austin city area, approximately 25 km north from the University of Texas 

campus (Figure 3.1). The soil was excavated using a backhoe from a depth of 3 

meters, and transported using 50 gallon plastic drums. According to Lin (2012), the 

untreated Eagle Ford clay has as principal compounds: montmorillonite (28%); 

illite (27%) and kaolinte (11%). 

 

 

Figure 3.1. Localization of Eagle Ford Clay excavation 
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3.1.2. 
Hydrated Lime 

Lime can be produced in various forms, however for stabilization applications 

the most typically used are: hydrated high-calcium lime (Ca(OH)2), and quicklime 

(CaO). In this study, hydrated high-calcium lime, henceforward called “hydrated 

lime” was used in this research because this type of lime enables to control the 

moisture content of the lime-soil mixtures easier than quicklime. Quicklime needs 

to consume a considerable amount of water when it hydrates in an exothermic 

reaction before reacting with the soil particles, but hydrated lime does not need 

additional water during the mixing with soil.  

The chemical composition of the hydrated lime was provided by Austin 

White Lime Company1 and is listed in Table 3.1. This material is odorless white of 

grayish-white granular powder, with molecular weight of 74.08 and specific gravity 

of 2.24. 

Table 3.1. Chemical analysis of hydrated lime (Austin White Lime Company) 

Chemical analysis (%) 
Ca(OH)2 94 
Free CaO 0.1 
Free H2O 0.4 

Inerts 3.5 
LOI (loss of ignition) 24.16 

CaCO3 2.0 
3.1.3. 
Soil Preparation 

Testing for this study was only performed on remolded samples proceed as 

follows. Prior to testing, the soil was air-dried in room temperature until the soil 

was dried enough to be crushed. Then, the air-dried soil was processed using a 

mechanical soil crusher to break the large clods of the collected soil. During 

crushing operation, fossil or rock fragments that could potentially alter the soil 

characteristics were removed. After crushing, the soil was passed through the No. 

10 sieve and stored in sealed 5 gallon buckets until further use. 

Lime-soil mixtures were prepared with dosage rates based on the dry weight 

of soil to be treated. Lime was added to the air-dried soil and mixed for 

approximately 5 minutes, before water addition, enabling the lime to be evenly 

                                                 
1 http://www.austinwhitelime.com/ 
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distributed throughout the mix. Distilled water was added to the lime-soil mixture 

to achieve the desired moisture content. Taking into account the evaporation water 

due to the slaking reaction, additional 1% of moisture content was added. Thus, 

lime-soil mixtures and water were hand mixed with the spatula for approximately 

5 minutes more and finally stored in Ziploc bags. 

The mellowing period was established between the end time of lime-soil-

water mixing and the specimen compaction time. After the mixing process, the 

lime-soil mixtures were transferred to Ziploc bags that were stored at room 

temperature (23C ± 2C) and relative humidity about 95%. At the end of the 

mellowing period, the material was remixed and compacted for different tests.  

 

3.2. 
Basic Tests 

A complete series of basic tests was performed on untreated and lime-treated 

soils. In particular, the tests consisted in determining Atterberg limits, chemical 

tests (pH and Cation Exchange Capacity – CEC), specific gravity, particle size 

distribution (by hydrometer test), compaction properties and Unconfined 

Compressive Strength (UCS). Table 3.2 summarizes the experimental plan of basic 

tests. 

Table 3.2. Experimental plan of basic tests 

Test Lime percentages 

(%) 

Curing 

days 

Mellowing 

days 

Total test  

Atterberg limits 0, 1, 2, 3, 4  0, 7, 28 - 12 

pH 0, 1, 2, 3, 4 0, 7, 28 - 12 

CEC 0, 1, 2, 3, 4 - - 12 

Specific gravity 0, 1, 2, 3, 4 - - 12 

Hydrometer 0, 2, 4 - - 3 

Compaction 0, 4 1 1 2 

UCS 0, 1, 2, 3 0, 7 3, 7 13 

 

3.2.1. 
Atterberg Limits 

The Atterberg limits identify moisture content boundaries between states of 

consistency of fine-grained soils. The moisture contents at the boundaries between 

the different states are defined as the shrinkage, plastic and liquid limits.  
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The liquid limit (LL), plastic limit (PL), and plasticity index (PI) of soils are 

also used extensively, either individually or together, with other soil properties to 

correlate with engineering behavior such as compressibility, hydraulic conductivity 

(permeability), compactibility, shrink-swell, and shear strength (ASTM D4318-10, 

2010). 

Atterberg limits tests were conducted in accordance to the testing procedure 

detailed by standard ASTM D4318-10 (2010. These tests were conducted in order 

to determine the plasticity properties of the untreated Eagle Ford clay and lime-

treated of clay with different percentages of lime.  

The plastic limit (PL) was determined by rolling out a thread of the fine 

portion of a soil (passing through a No. 40 sieve) on a flat, non-porous surface. If 

the soil was at moisture content where its behavior was plastic, this thread retained 

its shape down to a very narrow diameter. The thread soil was remolded making the 

moisture content fell down due to evaporation. The test was repeated until the thread 

begins to break apart at larger diameters. The plastic limit was defined as the 

moisture content where the thread broke apart at a diameter of 3.2 mm 

approximately. 

The liquid limit (LL) was defined as the moisture content at which the 

behavior of a clayey soil changes from plastic to liquid. The LL was determined 

using the Casagrande’s apparatus and material passing through a 475m (No. 40) 

sieve. Untreated and lime-treated soils were mixed at various water contents, placed 

and spread in a uniform manner in the brass cup, and then a groove of determined 

size was carved down the sample vertically. Once the sample was prepared in the 

cup, the apparatus arm was cranked at a rate of 2 cycles per second to induce drop 

blows to the sample. The number of blows was counted until the groove was closed. 

The number of blows for each water content value was collected and plotted on a 

log plane. The moisture content pertaining to 25 blows on the plot was considered 

the liquid limit of the material.  

The plastic index (PI) was defined as the moisture content where the soil 

exhibits plastic properties. Its value was computed as the difference between the 

liquid limit and the plastic limit (PI = LL – PL).  
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3.2.2. 
Chemical Tests 

In order to understand the chemical and mineralogical changes associated 

with lime treatment in expansive soils, simple tests to analyze the Cation Exchange 

Capacity (CEC) by blue methylene test and pH were performed, as described in the 

following sections. 

 

3.2.2.1. 
pH Test  

The pH test was conducted in accordance with the TxDOT Designation: Tex-

121-E (TxDOT, 2002). This test allows determining the minimum of lime 

percentage needed for a lime-soil mixture to attain a pH of 12.4. This percentage of 

lime represents a rough approximation of the optimum lime content need to 

pozzolanic reactions with clay soil.  

The pH of untreated and lime-treated soils was tested using a Thermo 

Scientific Orion ROSS ultra pH electrode with a pH range of 0-14, temperature 

range of 0˚ to 100˚C, and precision of 0.01. The pH meter was calibrated with 

manufactured buffer solutions of known pH (4.01, 7.00 and 10.01). The pH meter 

probe, stir plate and solutions can be seen in Figure 3.2.  

 

 

Figure 3.2. Determination of pH   

The solutions for testing pH were prepared placing 30g samples of soil and 

the quantity of lime equivalent to 0, 1, 2, 3 and 4% of the total dry soil sample, and 

adding 150 ml of distilled water to each combination. The distilled water was 
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previously heated to 45-60C. Each solution was stirred using a stir plate for 1 hour 

to disperse the soil and make sure all soluble material was in solution. At the end 

of an hour, the temperature of the mixture was recorded and the pH meter was 

adjusted at that temperature. The electrode was cleaned with distilled water before 

each pH reading.  

 

3.2.2.2. 
Blue Methylene Test 

The Cation Exchange Capacity (CEC) is defined as the sum of the 

exchangeable cations and expressed as milliequivalents per 100g of soil. The excess 

in negative electric charges, attached to the clay particle, attracts cations (positive 

ions) towards the surface of the clay producing ionic exchange phenomena. This 

can take place between the easily exchangeable cations of the clay and the cations 

released by methylene blue upon being dissolved in water. 

Cation exchange is also an important reaction in lime treatments. Low valence 

cations are replaced by high valence and small cations are replaced by big cations 

having the same valence. When sufficient lime is added to the soil, the calcium 

cations from lime replace weak cations from the soil. This cation exchange reduces 

the thickness of diffuse water layer surrounding the clay particle, thus clay particles 

come closer to each other and flocculation-agglomeration occurs. 

The methylene blue stain test allows quantifying the ionic absorption capacity 

of a soil by measuring the quantity of methylene blue required to cover the total 

(external and internal) surface of the clay particles contained in the soil.  

In this study, the methylene blue stain test described by French Standard 

AFNOR NF P 94-068 (1998) was selected to measure the CEC, because this 

standard has been successfully applied in different studies about lime-treated soils 

(Chiappone, 2004; Cambi, 2012). 

AFNOR standard test is based on the same test procedure established in the 

standard test method for methylene blue index of clay described in ASTM C837-

09 (2014). The ASTM and AFNOR testing procedures differ in terms of the 

quantity of material to be analyzed and the concentration of the methylene blue 

solution. The ASTM testing procedure is recommended for high clay content 

samples and homogeneous materials where small samples are representatives. 
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Furthermore, the ASTM procedure has to be performed in controlled pH conditions 

(acid environment). These last two conditions about material homogeneity and acid 

environment make difficult the use of ASTM standard to measure the CEC of lime-

treated soils.  

Following the AFNOR standard, the blue methylene was conducted taking 

10g of soil dissolved in 500ml of distilled water. The methylene blue solution was 

prepared with 10g/L concentration and added to the soil sample solution 5 by 5ml. 

After 1 minute of blue methylene addition, one drop of the mixture solution was 

placed onto the filter paper. The test was ended when the dye forms a second light 

blue halo around the aggregate-dye spot and stayed stable for 2 minutes. This 

reflects the presence of an excess quantity of methylene blue that is no longer 

absorbed by the clay minerals and remains in suspension. Figure 3.3 shows an 

example of a methylene blue test and how to recognize the end of the test.  

The Cation Exchange Capacity (CEC) is calculated as the methylene blue 

index as follows: 

𝐶𝐸𝐶 (
𝑚𝑒𝑞

100 𝑔
) =

𝐸𝑉

𝑊
𝑥100 

(3.1) 

where: 

CEC: Cation Exchange Capacity in meq/100g clay 

E: milliequivalents of methylene blue per milliliter (0.0268 meq/ml) 

V: milliliters of methylene blue solution required for the titration, and 

W: grams of dry material (10 g) 

 
Figure 3.3. Example of a methylene blue test 
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3.2.3. 
Specific Gravity 

The specific gravity testing was conducted in accordance with standard 

Specific Gravity of soil Solids by Water Pycnometer described in ASTM D854-14 

(2014). This procedure determines the specific gravity of a soil that is the ratio of 

the weight in air of an aggregate unit volume to the weight in air of an equal volume 

of distilled water, both at a determined temperature.  

Air-dried expansive soil was weighed to a specific amount per the standards 

and placed in the pycnometer (50 grams). The pycnometer was then filled with 

distilled water until the specific mark. The sample in the pycnometer was placed 

under a vacuum for 15 minutes in order to remove the entrapped air bubbles. After 

that, the pycnometer was placed into water bath for at least 12 hours (overnight). 

Finally, the mass of the pycnometer plus soil and water was recorded in order to 

determine the specific gravity (Gs) as shown in the following equation. 

𝐺𝑠 = (𝑊2 − 𝑊1)/[(𝑊2 − 𝑊1) − (𝑊3 − 𝑊4)] (3.2) 

where: 

W1  = Empty weight of pycnometer 

W2 = Weight of pycnometer + oven dry soil 

W3 = Weight of pyctnometer + oven dry soil + filled water 

W4 = Weight of pycnometer + filled with water only 

 

3.2.4. 
Hydrometer Test 

Hydrometer test was carried out in accordance to the standard method for 

particle size analysis of soils described by ASTM D422-63 (2007). This test was 

conducted in order to determine the effect of lime treatment on particle size 

distribution. 

The method requires taking 50g of air dried soil passed through a No. 200 

sieve and mixing it with a solution containing 4% of dispersing agent (sodium 

hexametaphosphate solution) and soaking it for about 24 hours. At the end of the 

soaking period, the prepared soil was thoroughly mixed in a stirring apparatus 

(Figure 3.4 (b)), and all the soil solids inside the mixing cup were transferred to a 

graduate cylinder and filled with distilled water until the total volume was 100ml 
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(Figure 3.4 (a)). The slurry was agitated during one minute and after that the 

hydrometer readings were recorded at cumulative times of 2, 5, 15, 30, 60, 250 and 

1440 minutes. 

 

 

Figure 3.4. Hydrometer test 

 

3.2.5. 
Standard Proctor Compaction Tests 

The compaction test was conducted in accordance with ASTM D698-12 

(2012). This test method is used to determine the relationship between moisture 

content and dry density of soils. The two important values calculated by this test 

are: the Maximum Dry Density (MDD) and the Optimum Moisture Content (OPT). 

The MDD is the maximum value obtained by the compaction curve using the 

specified compactive effort and the OPT is the moisture content at which the soil 

can be compacted to the MDD. 

The standard Proctor test was conducted using a mechanical compactor model 

G-132-M100, manufactured by Ploog Engineering. This compactor automatically 

compacts and rotates the mold that contains the soil after each blow. It is able to 

track the number of hammer blows and to stop when the required number of blows 

is reached. The compactor was used to perform standard compaction tests using a 

5.5lb (2.5kg) hammer with 12 inches (305mm) height of drop.  

The lime-soil mixtures were prepared 24 hours before compaction test in 

order to allow the complete lime reactions and the moisture equilibration. The soil, 
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previously prepared at five different moisture contents, was compacted in three 

layers using a mold with volume of 944cm3, internal diameter of 10cm, and height 

of 11.68 cm. Once compaction was completed, the collar was removed and the soil 

excess was trimmed until the top of the sample is uniform and flat. The weight of 

the mold and sample was then recorded and the sample was extruded from the mold 

using a hydraulic jack. Once the sample was extruded, its actual moisture content 

was measured.  

 

3.2.6. 
Unconfined Compressive Strength (UCS) Test  

The Unconfined Compressive Strength (UCS) is the most widely used 

property in order to evaluate soil strength. The UCS test was conducted according 

the procedure described by ASTM D2166 (2013). This test allows to obtain quick 

measure of compressive strength for those soils that possess sufficient cohesion to 

permit tests in an unconfined state.  

The UCS tests were conducted on compacted soil specimens of 1.5 inches 

(3.8 cm) in diameter and 3 inches (7.6 cm) in height. The samples used in UCS tests 

were compacted using a divided mold and a special hammer that provides the same 

effort as the traditional standard Proctor hammer (Figure 3.5). This compaction was 

performed placing the soil into the mold in three layer of approximately equal 

thickness, and each layer received 25 blows of a 1.5kg hammer. At the end of 

compaction, the specimen was wrapped in a plastic inside of an aluminum foil and 

stored for curing in an environmental chamber at 23C and 70% of relative 

humidity. 

 

Figure 3.5. Divided molds and hammer for UCS specimen preparation 
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The UCS measurement was performed using an automated loading system by 

GeoJac, as shown in Figure 3.6. The strain rate for the tests was 1% per minute for 

all samples. Once broken, the samples were kept for X-Ray Diffraction (XRD) and 

Environmental Scanning Electron Microscopy (ESEM) tests described later in 

sections 3.4.1 and 3.4.2, respectively.  

 

 

Figure 3.6. Automated loading system by GeoJac 

 

3.3. 
Swelling Potential Tests 

The swelling potential tests were carried out using two different 

methodologies: the conventional free swell test and the centrifuge test. The effects 

of curing time and mellowing period were evaluated using the conventional free 

swell test, because de samples needed to be compacted directly into the ring and 

kept for long periods. It was not convenient to use the rings from centrifuge 

equipment for this purpose, because the centrifuge would be stopped for long time 

waiting the curing to be done.  

The centrifuge test was used to evaluate the effect of compaction moisture 

condition, compaction dry density (relative compaction – RC %) and effective 

stress (by g-level) on swelling behavior of the expansive soil treated with different 

percentages of lime. Table 3.3 and Table 3.4 report the total of tests done with each 

of these methodologies.  
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Table 3.3. Experimental plan of conventional free swell tests  

Set No.  Curing time 

(days) 

Mellowing 

period (days) 

Percentages of 

lime (%) 

Tests done 

1 0 0 0, 0.5, 1.0, 1.5, 

2.0, 2.5, 3.0, 3.5, 

4.0 

9 

2 1, 7, 28 0 1.0, 2.0, 3.0, 4.0 12 

3 7 3, 7 1.0, 3.0 4 

 Total Conventional free swell tests 25 

 

Table 3.4. Experimental plan of centrifuge tests  

Set No. g-level 

Compaction 

moisture 

condition 

Compaction 

dry density 

(RC %) 

Percentage of 

lime (%) 

Test 

done 

1 
5 

DOP; OPT; 

WOP 
100% 0, 0.5, 1, 2, 3, 4 18 

2 5 OPT 100%; 94% 0, 0.5, 1, 2, 3, 4 6 

3 5; 50; 

200 
OPT 100% 0, 1, 2 6 

 Total Centrifuge Tests 30 

 

3.3.1. 
Conventional Free Swell Test  

The conventional free swell test was conducted according to ASTM D4546-

08 (2008) using a standard consolidation frame from Wykeham Farrance 

Engineering, shown in Figure 3.7. A typical assembly of a consolidation cell used 

in conventional free swell test is depicted in Figure 3.8. The conventional free swell 

test is described as follows. The soil specimen was compacted in a metal ring, which 

was prepared with vacuum grease to eliminate the friction between soil and the ring 

wall (Figure 3.9). Filter paper was placed in the top and bottom of compacted soil 

specimen in order to avoid clogging. The metal ring was placed between two porous 

stones and held into a water reservoir by a clamping flange secured with a series of 

knurled clamping nuts (Figure 3.10). The specimen compaction procedure is 

described in Figure 3.9 and the consolidation cell assembly is displayed in Figure 

3.10. 
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Figure 3.7. Standard consolidation frame used for conventional free swell testing 

 

 

Figure 3.8. Consolidation cell diagram (Zornberg et al., 2009)  

 

 

 

 

 

 

 

 

 

 

1. Vacuum grease on the metal 

ring to eliminate friction 

 

 

 

 

 

 

 

 

 

2. Mallet rubber hammer 

compaction 

 
3. Filter paper placement. 

Figure 3.9. Compaction specimen procedure 
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1. Porous rock placement on 

the bottom of the specimen 

 

2. Restraining collar placement 

 

3. Screwing clamping nuts 

 
4. Placement loading cap 

with attached porous rock. 

 
5. Placement consolidation cell 

in the frame. 

 
6. Filling consolidation cell 

with water 

Figure 3.10. Consolidation cell assembly 

 

After the consolidation cell and the specimen were placed into the frame, the 

setting load was applied and the specimen height was monitored. Once the 

specimen height was equilibrated, the data logging was started and tap water was 

added to the reservoir in which the soil specimen was sitting. The height variation 

of the specimen was taken via dial gauge and a linear variable differential 

transformer (LVDT) in order to generate swelling vs. time curves. 

 

3.3.2. 
Centrifuge Test  

The centrifuge test for evaluating swelling behavior of expansive soils is a 

new technique developed at the University of Texas at Austin. Recent researches 

have demonstrated that the use of centrifuge can be useful in the characterization 

of expansive soils (Walker, 2012; Armstrong, 2014; Das, 2014; Snyder, 2015). The 

centrifuge allows testing up to six soil specimens simultaneously, which facilitates 

the repeatability of results among identical specimens in order to obtain more 

reliable results. The rotation of the specimen within the centrifuge imposes a 

gravitational gradient across it by accelerating the water flow. Thus, the centrifuge 

testing can take short time to permeate the water into the specimen and to enter into 

the microporous structure of the soil. 
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3.3.2.1. 
Centrifuge Set-Up 

The centrifuge set-up is composed by a Damon IEC CRU-5000 centrifuge 

with a Model 259 rotor, a Data Acquisition System (DAS), six centrifuge cups and 

a control board. Figure 3.11 shows an external and internal view of the centrifuge. 

The control board has knobs for controlling the speed and temperature, and buttons 

to start and stop the rotation. The centrifuge’s rotor allows hanging the metal 

centrifuge cups that contain the specimens and let them spin perpendicular to axis 

of rotation of the centrifuge. The specimens are subjected to an increased 

gravitational field induced by the rotation within the centrifuge that is able to reach 

g-levels up to 200g’s. 

 

 

 
 

 

Figure 3.11. Damon IEC CRU-5000 centrifuge: external view (left) and internal 

view (right) 

 

Figure 3.12 shows the Data Acquisition System (DAS) components. The 

DAS includes a battery supply, an accelerometer, an analog to digital converter and 

a Linear Position Sensors (LPS). The LPS is attached at the lid of the centrifuge cup 

and is used for monitoring the vertical deformations of the soil specimens. The DAS 

is able to transmit wirelessly the sensors data to a computer, which records voltage 

values over time from LPS and accelerometer.  
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Figure 3.12. Data Acquisition System (DAS) components 

 

3.3.2.2. 
Specimen Preparation 

In order to conduct the centrifuge test, the specimen preparation was carried 

out using the tools set showed in Figure 3.13. The compaction specimen procedure 

shown in Figure 3.14 is described as follows. The metal ring was prepared applying 

vacuum grease to reduce the friction between the specimen and ring walls during 

testing. Afterwards, the ring was assembled with a brass porous disk and a filter 

paper, and the soil was poured into the ring using a funnel. The soil mass required 

to achieve the desired dry density was controlled with a scale.   

The specimen was compacted to 1cm height and 5cm diameter into the metal 

ring using a rubber mallet and a cylindrical compactor. The specimen height was 

constantly monitored across the specimen surface using a caliper. The specimen 

height established was 1cm based on previous works (Plaisted, 2009; Kuhn, 2010), 

because that height has shown to reduce the testing durations and keeps the accurate 

and consistent swelling test results.  
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Figure 3.13. Tools set for specimen preparation 

 

Once the specimen height was reached, the remained soil on the ring wall was 

removed using a scratcher. Finally, the specimen preparation was completed 

placing a second filter paper and brass porous disk on the top of the specimen. These 

brass porous disks were used to increase the applied effective stress and the filter 

papers to avoid the soil migration. 
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1. Vacuum grease on the ring 

 

2. Weighing ring set 

 

3. Mass soil controlling and 

placement into the ring 

 

4. Mallet rubber hammer 

compaction 

 

5. Height specimen control 

 

6. Scratching for cleaning 

remained soil on the ring 

wall. 

 

7. Filter paper placement 

 

8. Brass porous disk 

placement 

 

9. Weighing final ring 

assembly. 

Figure 3.14. Compaction specimen procedure 

 

3.3.2.3. 
Testing Procedure 

After specimen compaction, each ring was placed into a permeameter cup, 

which allows water infiltration from both sides, i.e., the top and base side of the 

specimen. Thus, the permeameter cup was inserted into the centrifuge cup in order 

to be hung on the centrifuge arms rotor. The lid of the centrifuge cup was placed to 

close the permeameter cup in order to finalize the testing assembly (Figure 3.15). 

Afterwards, the centrifuge was turned on and a LabView2 program was started to 

                                                 
2 http://www.ni.com/labview/ 
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acquire the LPS and accelerometer data. A screenshot of the LabView program is 

shown in Figure 3.16 and details about it can be found in Walker (2012).  

 

 

1. Ring placement into 

the permeameter cup. 

 

2. Top and bottom part of 

centrifuge cup being 

assembled. 

 

3. Permeameter cup 

insertion into the 

centrifuge cup. 

 

4. Hanging permeameter 

cup on the centrifuge 

arms rotor. 

 

5. Placement of lid of 

centrifuge cup. 

 

6. Water addition by a 

syringe. 

Figure 3.15. Centrifuge cup preparation and testing assembly.  

 

The specimens were spun into the centrifuge applying g-level between 2 and 

3g’s in order to apply a seating load during 5 minutes. This time have been 

demonstrated to be enough to guarantee the full contact between all the assemblage 

components, porous disks, filter papers and soil specimen (Walker, 2012; 

Amstrong, 2014). After the seating load cycle was completed, the g-level was 

adjusted for the desired testing g-level. At the desired g-level, the specimen 

underwent a compression for approximately an hour, or until the compression 

reached the original height specimen. After the compression cycle was completed, 

the centrifuge was stopped and around 80 grams of distilled water were added to 

the specimen, using a syringe, through a little hole on the lid of the cups (Figure 

3.15). After that, the centrifuge was restarted and allowed to spin for approximately 

24 hours. During this time, the water was infiltrated into the specimen generating 

the soil expansion. 
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Figure 3.16. Screenshot of LabView program monitoring a centrifuge test 

(Walker, 2012) 

 

When the centrifuge test was finalized, the centrifuge cups were removed to 

record the final weights of the total assembly and permeameter cups. The water in 

the cup was poured out and the met0al ring with the specimen was taken out. The 

porous disks were removed and the solids dry mass was determined placing the 

metal ring, wet specimen and filter papers into the oven at 110C.  

 

3.3.2.4. 
Typical Results  

The Data Acquisition System (DAS) records voltage data from the LPS and 

the accelerometer through the LabView program. These data were converted in 

specimen height and g-level using a Phyton script, developed by Plaisted (2009) 

and modified by Armstrong (2014). Thus, the converted data were exported in a 

text file that can be analyzed using an Excel spreadsheet. The g-level average can 

be determined by the recorded data, and the swelling percent can be calculated 
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based on the deflections registered by the LPS. A typical result from centrifuge test 

is shown in Figure 3.17. 

As described by Armstrong (2014), there are four general regions in the 

centrifuge test as labeled in Figure 3.17. The first region is the application of the 

seating load at which there is very little change in strain observed due to the small 

amount of stresses applied (g-level between 2 and 3g’s). The second region 

corresponds to the compression load application in order to attain the initial 

specimen height. There is a gap between the second and third region that represents 

the time when the centrifuge is stopped in order to add water into the specimen. The 

third region represents the primary swelling undergone by the specimen and the 

forth region corresponds to the secondary swelling.  

 

 

Figure 3.17. Typical result from centrifuge test  

 

Even though the typical results were obtained in this way, only the third and 

forth regions were considered interesting to analyze the behavior of expansion 

during the centrifuge test. Furthermore, in the next chapter, the analysis of 

expansive behavior over time is facilitated by plotting the swelling vs. time data 

with logarithmic scale to represent the time. 
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3.3.2.5. 
Measured Variables and Calculated Properties 

The input variables during the centrifuge test were centrifuge cup mass, the 

soil mass before and after testing, the specimen height after compaction, the change 

in specimen height during testing, and the g-level from the accelerometer in the 

centrifuge. From these input variables, the calculated properties were the swelling 

during the testing, the initial and final moisture content, the initial and final void 

ratio, the initial and final saturation, the initial dry density, the initial and final 

volume, primary and secondary swelling slopes, and the equivalent stress felt in the 

specimen. Table 3.5 contains the equations used for processing the testing data.  

 

Table 3.5. Equations for properties calculation in centrifuge test (Armstrong, 

2014) 
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The equivalent effective stress (𝜎𝑒𝑞
′ ) represents an average of the effective 

stress undergone through the specimen from the top to the bottom. As reported by 

Plaisted (2009), the equivalent effective stress can be calculated by equation (3.3), 

which assumes a log-linear variation between the effective stress on the top (𝜎𝑡
′) to 

the effective stress on the bottom (𝜎𝑏
′ ) of the specimen: 

𝜎𝑒𝑞
′ = (𝜎𝑏

′ − 𝜎𝑡
′) ∗ [

1
𝑒 𝑆𝑅(

1
𝑆𝑅−1

+1) − 1

𝑆𝑅 − 1
] + 𝜎𝑡

′ 

(3.3) 

where SR is the stress ratio (𝑆𝑅 =
𝜎𝑏

′

𝜎𝑡
′⁄ ). 

In order to calculate the equivalent effective stresses, by application of the 

principle of effective stress introduced by Terzaghi, the total stresses (𝜎𝑡 and 𝜎𝑏) 

and pore pressures (𝑢(𝑡) and 𝑢(𝑏)) at top and bottom of the specimen need to be 

calculated as function of the centripetal acceleration () undergone by the specimen 

into the centrifuge.  

The total stresses (t and b) were calculated as follows. First, it should be 

considered that the centripetal acceleration experimented in the specimen is 

calculated as shown in equation (3.4):  

𝑎𝑐 = 𝜔2 ∗ 𝑟 = 𝑁 ∗ 𝑔 (3.4) 

where 𝑎𝑐 is the centripetal acceleration,  is the angular velocity, r is the radial 

distance from the central axis in the centrifuge, N is the artificial g-level that 

represents the scalar factor between the centripetal acceleration and the standard 

acceleration of gravity, and g symbolizes the standard gravitational acceleration. 

Since the gravitational acceleration (𝑎𝑐) varies with the radius (r), the unit weight 

() varies along the specimen’s height as follows: 

𝛾 = 𝜌𝑠 ∗ 𝑎𝑐 = 𝜌𝑠(𝜔2 ∗ 𝑟) (3.5) 

The density (s) was assumed to be constant throughout the specimen and is 

calculated by equation (3.6):  

𝜌𝑠 =
[(𝑉𝑓 − 𝑉𝑑) ∗ 𝜌𝑤] + (𝑆𝐺 ∗ 𝜌𝑤 ∗ 𝑉𝑑)

𝑉𝑓
 

(3.6) 

with 𝑉𝑓 being the final volume of the soil specimen, 𝑉𝑑 being the dry volume of the 

soil specimen, 𝑆𝐺 being the soil specific gravity, and 𝜌𝑤 being the density of water 

(1 g/cm3). Considering this assumption, the total stress (𝜎(𝑟)) caused by the soil at 
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any point through the soil mass can be calculated by integrating the unit weight 

(equation (3.5)) and adding the pressure exerted at the top of the soil (𝜎𝑜𝑏
′ ) as shown 

in equation (3.7).  

𝜎(𝑟) = 𝜎𝑜𝑏
′ + ∫ (𝜌𝑠 ∗ 𝜔2 ∗ 𝑟)

𝑟

𝑟𝑡

𝑑𝑟 = 𝜎𝑜𝑏
′ +

1

2
(𝜌𝑠 ∗ 𝜔2)(𝑟2 − 𝑟𝑡

2) 
(3.7) 

 

Consequently, the total stress at the top 𝜎𝑡 and bottom 𝜎𝑏 of the specimens are 

defined by equations (3.8) and (3.9), respectively, with 𝑟𝑏 being distance from the 

central axis in the centrifuge to the bottom of the specimen and  𝑟𝑡  to the top of the 

specimen (Figure 3.18). 

 

Figure 3.18. Schematic view of soil specimen into the centrifuge  

𝜎𝑡 = 𝜎𝑜𝑏
′ +

1

2
(𝜌

𝑠
∗ 𝜔2)(𝑟𝑡

2 − 𝑟𝑡
2) = 𝜎𝑜𝑏

′  
(3.8) 

𝜎𝑏 = 𝜎𝑜𝑏
′ +

1

2
(𝜌

𝑠
∗ 𝜔2)(𝑟𝑏

2 − 𝑟𝑡
2) 

(3.9) 

The 𝜎𝑜𝑏
′  value represents the effective overburden stress and takes into 

account the overburden from the linear position sensor (LPS), porous disk and the 

water column above of the specimen. The calculation of this value is made as 

described below. 

Since the cutting ring is submerged, it must be taking into account the 

buoyant, and not the total weight of the overburden. For the LPS rod, the 

overburden mass (𝑚𝑟𝑜𝑑,𝑏) is taken as follows: 

𝑚𝑟𝑜𝑑,𝑏 =
𝜋𝑑𝑟𝑜𝑑

2

4

∗ [(ℎ𝑟𝑜𝑑 − ℎ𝑤) ∗ 𝑆𝐺𝐴𝑙 ∗ 𝜌𝑤 − (𝑆𝐺𝐴𝑙 − 1) ∗ ℎ𝑟𝑜𝑑 ∗ 𝜌𝑤] 

(3.10) 

where 𝑑𝑟𝑜𝑑 is the rod diameter (0.495cm), ℎ𝑟𝑜𝑑 is the rod height (13.1 cm), ℎ𝑤 is 

the water height above of the specimen, and 𝑆𝐺𝐴𝑙  is the specific gravity of the 

aluminum (2.70), which is the rod material. 
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The overburden mass of the brass porous disk is calculated based on the 

porous disk volume (𝑉𝑏𝑟𝑎𝑠𝑠). The 𝑉𝑏𝑟𝑎𝑠𝑠 is calculated by taking the mass of the dry 

porous disk and dividing it by the specific gravity of the brass (8.42). So, the 

submerged mass of the porous disk (𝑚𝑝𝑑,𝑏) is determined as follows: 

𝑚𝑝𝑑,𝑏 = (𝑆𝐺𝑏𝑟𝑎𝑠𝑠 − 1) ∗ 𝑉𝑏𝑟𝑎𝑠𝑠 (3.11) 

Thus, the effective overburden stress (𝜎𝑜𝑏
′ ) at the top of the specimen can be 

calculated as indicated in (3.12): 

𝜎𝑜𝑏
′ =

𝑚𝑜𝑏 ∗ 𝑎𝑐

𝐴𝑠
=

(𝑚𝑟𝑜𝑑,𝑏 + 𝑚𝑝𝑑,𝑏)𝜔2𝑟𝑡

𝐴𝑠
 

(3.12) 

where, 𝐴𝑠 is the soil specimen area.  

The pore pressures at top and bottom of the specimen (𝑢(𝑡) and 𝑢(𝑏), 

respectively) are calculated as described below. According to Dell’Avanzi et al. 

(2004), the discharge velocity (𝑣𝑐) of water through the soil specimen can be 

calculated as follows: 

𝑣𝑐 = −
𝑘𝑠

𝑔
∗

𝛿Φ𝑐

𝛿𝑟
 

(3.13) 

where 𝑘𝑠  is the saturated hydraulic conductivity, g is the gravitational constant and 

𝛿Φ𝑐

𝛿𝑟
 is the gradient in fluid potential at radius (r). Taking the specimen base (𝑟𝑏) as 

the elevation datum, the fluid potential (Φ𝑐) can be calculated as shown in equation 

(3.14): 

Φ𝑐 =
1

2
∗ 𝜔2 ∗ (𝑟𝑏

2 − 𝑟2) +
𝑢(𝑟)

𝜌𝑤
 

(3.14) 

with 𝑢(𝑟) being the pore water pressure in the specimen at a radius (r). Thus, the 

gradient of the soil can be calculated by derivation of the equation (3.14) with 

respect to the radius 𝑟, as shown in equation (3.15). Substituting this result in 

equation (3.13), the discharge velocity equation (𝑣𝑐) is calculated in (3.16): 

𝛿Φc

𝛿𝑟
= −𝜌𝑤 ∗ 𝜔2 ∗ 𝑟 +

𝛿𝑢(𝑟)

𝛿𝑟
 

(3.15) 

𝑣𝑐 = −
𝑘𝑠

𝑔
∗ (−𝜌𝑤 ∗ 𝜔2 ∗ 𝑟 +

𝛿𝑢(𝑟)

𝛿𝑟
) 

(3.16) 

Assuming that the discharge velocity remains constant over the radius as the 

volumetric moisture content stays the same with time, due to saturation, the 

derivative of equation (3.16) with respect to the radius becomes as follows: 
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𝛿𝑣𝑐

𝛿𝑟
= 0 =

𝑘𝑠 ∗ 𝜌𝑤 ∗ 𝜔2

𝑔
−

𝑘𝑠

𝑔
∗

𝛿2𝑢(𝑟)

𝛿𝑟2
 

(3.17) 

The saturated hydraulic conductivity (𝑘𝑠) and the gravity acceleration (𝑔) 

both were cancelled out, so equation (3.17) is left with: 

𝜌𝑤 ∗ 𝜔2 =
𝛿2𝑢(𝑟)

𝛿𝑟2
 

(3.18) 

which, when integrated, becomes: 

𝑢(𝑟) =
1

2
𝜌𝑤𝜔2𝑟2 + 𝐶1𝑟 + 𝐶2 

(3.19) 

Since the top and bottom of the specimen are connected in the permeameter 

cup and the pore water pressure is known, the boundary conditions can be imposed 

for 𝐶1 and 𝐶2 using the equations (3.20) and (3.21) in order to calculate the water 

pressure at any given point: 

𝑃1 =
1

2
𝜌𝑤𝜔2(𝑟𝑡

2 − 𝑟2) = 𝑢(𝑡) 
(3.20) 

𝑃2 =
1

2
𝜌𝑤𝜔2(𝑟𝑏

2 − 𝑟2) = 𝑢(𝑏) 
(3.21) 

It should be considered that 𝑟0 is taken as the radius from the central axis to 

the top of the water above of the specimen. Thus, the resulting constants 𝐶1 and 𝐶2 

can be determined as follows: 

𝐶1 =
𝑃2 − 𝑃1 +

1
2 𝑃𝑤𝜔2(𝑟𝑡

2 − 𝑟𝑏
2)

𝑟𝑏 − 𝑟𝑡
 

(3.22) 

𝐶2 = 𝑃1 −
1

2
𝜌𝑤𝜔2𝑟𝑡

2 − 𝐶1𝑟𝑡 
(3.23) 

 

Finally, the equation (3.24) allows to calculate the pore water pressure through the 

specimen:  

𝑢(𝑟) =
1

2
𝜌

𝑤
𝜔2(𝑟2 − 𝑟𝑡

2) +
𝑃2 − 𝑃1 +

1
2

𝜌
𝑤

𝜔2(𝑟𝑡
2 − 𝑟𝑏

2)

𝑟𝑏 − 𝑟𝑡

(𝑟 − 𝑟𝑡) + 𝑃1 

(3.24) 

 

The pore pressures at top 𝑢(𝑡) and bottom 𝑢(𝑏) of the specimen were obtained 

by replacing, 𝑟 with 𝑟𝑡 or 𝑟 with 𝑟𝑏, respectively, in equation (3.24), as follows: 

𝑢(𝑡) = 𝑃1 =  
1

2
𝜌𝑤𝜔2(𝑟𝑡

2 − 𝑟𝑡
2) = 0 

(3.25) 

 

𝑢(𝑏) =
1

2
𝜌

𝑤
𝜔2(𝑟𝑏

2 − 𝑟𝑡
2) +

1

2
𝜌

𝑤
𝜔2(𝑟𝑡

2 − 𝑟𝑏
2) 

(3.26) 
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The total pressures (equations (3.8) and (3.9)) and the pore pressures 

(equations (3.25) and (3.26)) at the top and bottom of the specimen are already 

known. Consequently, the effective stresses at the top (𝜎𝑡
′) and bottom (𝜎𝑏

′ ) of the 

specimen can be calculated as indicated in equations (3.27) and (3.28), respectively. 

So that, the equivalent effective stress defined in equation (3.3) can be calculated.  

𝜎𝑡
′ = 𝜎𝑜𝑏

′  (3.27) 

𝜎𝑏
′ = 𝜎𝑜𝑏

′ +
1

2
𝜌𝑠𝜔2(𝑟𝑏

2 − 𝑟𝑡
2) −

1

2
𝜌𝑤𝜔2(𝑟𝑏

2 − 𝑟𝑡
2) 

(3.28) 

 

3.4. 
Mineralogical Test and Microscopic Observations  

The mineralogical test was executed by X-Ray Diffraction (XRD) technique, 

whereas the micro-structural observations were performed by using Environmental 

Scanning Electron Microscopy (ESEM) and X-Ray Computer Micro-Tomography 

(Micro-CT). Table 3.6 summarizes the variable examined in the experimental plan 

of mineralogical test and microscopic observations. 

 

Table 3.6. Experimental plan of mineralogical test and microscopic observations 

Test  Curing time 

(days) 

Mellowing 

period (days) 

Percentages of 

lime (%) 

Tests done 

XRD 1, 7 0, 7 0, 3 4 

ESEM 1, 7 0, 7 0, 3 4 

Micro- CT - 0 0, 4 2 

 Total mineralogical test and microscopic observations 10 

 

3.4.1. 
Mineralogical Test Using X-Ray Diffraction (XRD)  

In order to understand the mineralogical composition of the untreated Eagle 

Ford expansive soil and the changes associated with the lime treatment, X-Ray 

Diffraction (XRD) tests were performed. X-Ray Diffraction is a technique used to 

determine the crystallographic structure and chemical composition of diverse 

materials. In this test, X-Rays are emitted from an X-Ray source to the analyzed 

specimen. Due to the interaction with the specimen, the X-Rays undergo elastic 

scattering with a certain incident angle, which is unique for a particular 

crystallographic structure. Figure 3.19 shows the schematic representation of the 

components of an X-Ray Diffractometer. In XRD tests, a spectrum of the scattering 
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intensity, as a function of the incident angle, is obtained. The diffracted X-Rays are 

then detected, processed and counted.   

In this study, the XRD tests were conducted using the Bruker D8 Advance X-

Ray Diffractometer shown in Figure 3.20. Resulting data were analyzed with EVA 

program that contains a large database of XRD spectra for various materials. The 

EVA program allows matching the peaks of the unknown spectrum with the 

spectrums from its database. Operating and safety procedures were provided by the 

stuffs from the Electron Microbeam Laboratory at the University of Texas at 

Austin.  

 

Figure 3.19. Schematic representation of the components of an X-ray 

diffractometer (Ulery, 2008) 

 

 

Figure 3.20. Bruker D8 Advance X-Ray diffractometer  
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The XRD tests were performed in specimens previously used in Unconfined 

Compressive Strength tests (UCS). After UCS estimation, the specimens were 

reduced to powder using a mortar and pestle, and the obtained powder was placed 

into the XRD holders (Figure 3.21). XRD tests were conducted at voltage of 40kV 

and amperage of 40mA, and the X-Ray source was a 2.2kW Cu X-Ray tube. The 

scan of 2 angle was carried out through 5 to 70 at the speed of 19.2 second/deg 

and increments of 0.01836.  

 

 

Figure 3.21.XRD sample preparation. 

 

3.4.2. 
Microscopic Observations through Environmental Scanning Electron 
Microscopy (ESEM)  

The Environmental Scanning Electron Microscopy (ESEM) has become one 

of the newer and most promising qualitative method for studying the arrangements 

of aggregations, particles and voids of soils. According Romero and Simms (2008), 

ESEM is a special type of scanning electron microscope that works under controlled 

environmental conditions and requires no conductive coating on the specimen, thus, 

the micrographs are more representative of how the structure exists in nature. This 

makes the examination of wet specimens possible, without specimens disturbance 

concerns, which is an obvious advantage of ESEM compared to conventional SEM 

(Scanning Electron Microscopy). According to Lin & Cerato (2014), among the 

specimen disturbances produced by SEM specimen preparation are: (1) air drying 

induces volumetric shrinkage in wet clayey soils; (2) freeze drying introduces 

overall swelling owing to inevitable partial re-crystallization of water to ice; (3) 

critical drying can cause particle breakup.  
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A schematic cross section of ESEM equipment is shown in Figure 3.22. The 

sample chamber works at higher pressure (absolute pressure up to 3kPa) and 

separated from the increasing vacuum regions by the pressure-limiting apertures. In 

order to maintain high vacuum (10-5Pa) in the electron gun, and poor vacuum in 

the specimen chamber, the vacuum should not diffuse from one level to another 

through the small holes bored in the aperture discs.  

 

 

Figure 3.22. Schematic cross section of an ESEM (Romero and Simms, 2008) 

 

Romero and Simms (2008) summarized the operation of ESEM as follows:  

ESEM is equipped with a gaseous secondary electron detector (GSED), as shown 

in Figure 3.22, to produce surface images, which is based on the principle of gas 

ionisation and allows imaging of non-conductive samples. The energetic primary 

electron beam, emitted from the electron gun, penetrates the gas chamber with little 

apparent scatter and hits the specimen, scanning across the surface of the specimen. 

This causes the specimen to emit secondary electrons, which are accelerated 

towards the positively charged GSED. As they travel through the gaseous 

environment, collisions occur between the secondary electrons and the gas 

particles. This results in emission of additional secondary electrons that provide 

more signal and ionization of the gas molecules (positive gaseous ions). The 
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positively charged gas ions are attracted to the negatively charged specimem and it 

has a negative charge from the primary electrons that have been bombarding it, 

suppressing the charging effects. This charge suppression allows imaging non-

conductive specimens without the need of conductive coating. The difference in 

signal intensity of secondary electrons emitted from different locations on the 

specimen and collected at the positively charged GSED allows an image to be 

formed during a scan. 

The ESEM equipment used in this study was a Philips /FEI XL30, owned by 

Department of Geological Sciences of the University of Texas at Austin (Figure 

3.23). The maximum permissible vapor pressure of this equipment is 1.333kPa 

(10torr). For the ESEM tests concerned here, the temperature was set constant at 

15⁰C and the vapor pressure was 0.2Torr. 

 

 

Figure 3.23. Environmental Scanning Electron Microscope Philips/FEI XL30 

(ESEM). Department of Geological Sciences of the University of Texas at Austin 

 

The microscopic observations were done using specimens of natural soil 

(Eagle Ford clay) and mixtures of natural soil with 1% and 3% of hydrated lime. 

These percentages of hydrated lime were chosen because the most substantial 
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reduction of swelling and plastic index was observed with 1% of hydrated lime and 

the high reduction of swelling was obtained with 3% of hydrated lime.  

The observations were done in specimens previously used in UCS tests.  After 

the UCS measurement, a little chunk of soil was trimmed from each compacted 

specimen using a scalpel, trying to generate a flat bottom on the specimen for 

making easy to fix it on the ESEM specimen holder.  Carefully, each chunk of soil 

was stuck on the ESEM specimen holder with a special adhesive carbon tape and 

was placed into the chamber using a tweezers (Figure 3.24). Detached particles on 

the ESEM specimen holder were cleaned off using an air blaster that provided 

gentle puffs of air. 

 

 

Figure 3.24. ESEM specimen holders (left) and specimen placement into the 

ESEM (right) 

3.4.3. 
X-Ray Computer Micro-Tomography (Micro-CT) 

The X-Ray Computer Micro-Tomography (Micro-CT) is a non-destructive 

and non-invasive technique used to investigate the attributes of the ‘inside’ of 

objects of interest, and is based on the principle of the attenuation of an 

electromagnetic wave beam that is focused on the object (Pires et al., 2010). Its 

implementation is based on the computer processing of numerous snapshots of the 

sample taken at different angles by an X-Ray source. The development of Micro-

CT has allowed to carry out studies in three dimensions (3D) in micrometric scale 

in order to investigate several phenomena in soil physics (Baveye et al., 2002; 

Monga et al., 2007; Tippkötter et al., 2009). 

The Micro-CT is a method used for image reconstruction that makes a 

‘crossing’ of different radiation beams that interact with the specimen. The 
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attenuated intensity of the radiation passing through a specimen can be compared 

to the original intensity of the radiation with its origins on the radiation source, 

which makes it possible to measure the attenuation of the radiation passing through 

the specimen. The computer-processed combinations of X-Ray images taken from 

different angles allow to produce cross-sectional (tomographic) images (virtual 

slices) of specific areas of a scanned specimen.  

Quantitative characterization of aggregate pore structure can be provided by 

Micro-CT. The lime addition is responsible for modifications in the aggregate pore 

structure, so that the Micro-CT technique might be used to examine the pore 

structure modifications undergone by the expansive soil Eagle Ford after lime 

addition.  The Zeiss XRadia Versa 510 micro-tomograph, shown in Figure 3.25, 

was used in this study. This micro-tomograph is owned by the Department of 

Chemistry and Materials Engineering of the Pontifical Catholic University of Rio 

de Janeiro (PUC-Rio). The Micro-CT tests were done using natural Eagle Ford clay 

specimen and lime-treated specimen with 4% of hydrated lime. These specimens 

were previously used in swelling tests and dried using an oven.  

 

 

Figure 3.25. Zeiss XRadia Versa 510 micro-tomograph 

(http://lpdipuc.jimdo.com/english/microtomography/zeiss-xradia-versa-510/) 

 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



 

 

4 
Experimental Results and Analysis 

The literature review presented in Chapter 2, reveled a number of distinctive 

features in expansive soil behavior, such as, dependent swelling behavior of clay 

mineralogy, plasticity, and soil structure and soil fabric. Also, it was established 

that the lime treatment in expansive soils is beneficial for swelling reduction and 

strength improvement. However there are no studies about combined effect of 

different percentages of lime and variations of soil preparation parameters, such as, 

compaction moisture condition, compaction dry density, mellowing period, curing 

time, effective stress. Thus, these results and analysis aim to identify the most 

efficient variations of these parameters for swelling reduction of expansive soils by 

lime treatment. 

Results from the experimental plans proposed in Table 3.2, Table 3.3, Table 

3.4 and Table 3.6 are presented and analyzed in this chapter. The basic tests were 

carried out as a general vision of the modifications undergone by the expansive soil 

Eagle Ford clay due to lime addition. The basic tests include: Atterberg limits, pH 

and Cation Exchange Capacity (CEC) determination, specific gravity, particle size 

by hydrometer test, standard Proctor compaction and Unconfined Compressive 

Strength (UCS). 

Afterwards, the modification of swelling behavior due to lime treatment is 

examined in detail. The swelling vs. time curves were detailed analyzed considering 

the effect of lime on swelling potential and on the slopes of primary and secondary 

swelling. Also, a parameter called Swelling Potential Reduction Ratio (SPR) is 

introduced to estimate the efficiency of lime treatment on swelling mitigation. The 

SPR compares the swelling potential of untreated Eagle Ford clay and the swelling 

potential of lime-treated Eagle Ford clay subjected at different parametric 

variations. This chapter finalizes with the study of lime treatment influence on soil 

mineralogy and micro-structural composition in order to support and complete this 

analysis.  
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4.1. 
Basic Tests 

4.1.1. 
Atterberg Limits 

The addition of hydrated lime brought about a notable reduction in Eagle Ford 

clay plasticity. Figure 4.1 shows the Atterberg limits variation with hydrated lime 

percentage. It can be seen that liquid limit (LL) decreases with the increase in 

hydrated lime percentage, while plastic limit (PL) increases slightly (initially) and 

remains relatively constant while the hydrated lime percentage increases. 

Consequently, the reduction in plasticity index (PI) was generated from the addition 

of hydrated lime. Also, it can be observed that the largest change in PI took place 

with only 1% of hydrated lime (HL) that reduced the PI from 59.3% (for untreated 

Eagle Ford clay) to 17.9% (for Eagle Ford clay treated with 1% HL), as shown in 

Table 4.1, in column “0 curing days”. 

 

 

Figure 4.1. Atterberg limits variation of Eagle Ford clay with different 

percentages of hydrated lime  

 

From the natural soil Eagle Ford clay PI obtained, and according to the 

classification of expansive soils based on Plastic Index (PI) proposed by Chen 

(1975), this clay with PI = 59.3%  can be classified as soil with very high swelling 

potential (PI > 35%), whereas the lime-treated Eagle Ford clay reported PI can be 
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classified as soils with low or medium swelling potential (PI < 35%), as shown in 

Table 4.1, in column “0 curing days”. 

Three series of tests with different curing times were conducted (0, 7 and 28 

days). The results are summarized in Table 4.1 and plotted in Figure 4.2 to Figure 

4.4. The first line of Table 4.1 contains untreated Eagle Ford clay data (0% HL) and 

the remainder lines contain lime-treated Eagle Ford clay. Even though it can be 

observed small variations in LL and PL by using curing time, it should be noted 

that the PI values in specimens with 28 days of curing were slightly higher than 

those obtained from shorter curing time, except when HL was 1%.  

Similarly to the results shown in Figure 4.2, Dash & Hussain (2011) detected 

that the increased curing time leads to increasing the liquid limit. They stated that 

the prolonged curing time stimulates the pozzolanic reactions, thus, the products 

derived from these reactions are able to hold more water, resulting in a further 

increase in the liquid limit. Furthermore, this increase in liquid limit was attributed 

to a possible change in soil fabric. The flocculated structure produced by lime 

treatment is more remarkable with the time. Therefore, the soil structure becomes 

relatively more open and allows holding more water. It also can be observed that PI 

appears to remain relatively constant, regardless the curing time, when the lime 

percentage is greater or equal than 2%.  

 

Table 4.1. Atterberg limits results of Eagle Ford clay with different percentages of 

hydrated lime at different curing times 

Hydrated lime (%) 

0 curing days 7 curing days 28 curing days 

LL 

(%) 

PL 

(%) 

PI 

(%) 

LL 

(%) 

PL 

(%) 

PI 

(%) 

LL 

(%) 

PL 

(%) 

PI 

(%) 

0 91.8 32.5 59.3 91.8 32.5 59.3 91.8 32.5 59.3 

1 66.5 48.6 17.9 76.4 37.0 39.4 70.4 39.4 31.0 

2 56.7 44.6 12.1 65.4 49.2 16.2 65.4 48.2 17.1 

3 58.1 45.6 12.5 63.6 47.3 16.3 69.6 48.2 21.4 

4 57.8 43.5 14.3 63.4 46.4 17.0 71.0 53.0 18.0 
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Figure 4.2. Liquid limit variation of Eagle Ford clay with different percentages of 

hydrated lime at different curing time 

 

Figure 4.3. Plastic limit variation of Eagle Ford clay with different percentages of 

hydrated lime at different curing time 

 

Figure 4.4. Plastic index of Eagle Ford clay with different percentages of hydrated 

lime at different curing time 
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The plasticity index reduction of the expansive soil Eagle Ford clay due to 

the lime addition may suggested changes in the soil texture. The data presented in 

Table 4.1 were plotted on a Casagrande’s plasticity chart, as depicted in Figure 4.5. 

The natural soil Eagle Ford clay is classified as clay with high plasticity (CH) 

because its PI is placed above the A-line in Casagrande’s plasticity chart. After lime 

addition, regardless the curing time, all lime-treated Eagle Ford data are plotted 

below the A-line, showing the substantial reduction in plasticity and a new silty 

texture.  

 

Figure 4.5. Casagrande’s plasticity chart for natural and lime-treated Eagle Ford 

clay. 

4.1.2. 
Chemical Evaluation 

4.1.2.1. 
pH  

Figure 4.6 shows the results of pH tests for lime-treated Eagle Ford clay with 

different curing times. As expected, the pH of all lime-treated Eagle Ford clay 

specimens increased because of the hydrated lime. The hydrated lime, or calcium 

hydroxide, is relatively stable in water, although it can partially dissociate to 

provide calcium ions and hydroxyl groups, which may react with the clay minerals. 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



111 
 

 

 

The hydroxyl groups are able to elevate the pore water pH to the maximum value 

of approximately 12.4 (Beetham et al., 2014). 

The natural pH of the untreated Eagle Ford clay (0% HL) was found 8.4. The 

measurements done at the same day that the lime-soil mixtures were prepared (0 

days of curing) showed a stable value of 12.4 with hydrate lime additions between 

3% and 4%. It also can be noticed that there is a decrease of pH values between the 

different curing times for hydrated lime percentages of 1, 2 and 3%. However, for 

hydrated lime percentage of 4%, there was not a reduction of pH between the 

different curing times, i.e. its pH value was kept around 12.4. 

 

 

Figure 4.6. Results of pH tests for lime-treated Eagle Ford clay with different 

curing times 

 

The above reductions in pH between the different curing times infer that the 

lime was consumed during the curing time as result of modification process. The 

reductions in pH were insignificant between 0 days and 7 days of curing time, but 

the reduction between 0 days and 28 days of curing time showed that 3% of 

hydrated lime was not enough to reach pH of 12.4, which is the appropriated pH 

for pozzolanic reactions, according Eades & Grim (1966). 

Therefore, 4% of hydrated lime might be the percentage of lime needed to 

induce the highly alkaline environment to promote the dissolution of alumino-

silicate constituents of Eagle Ford clay. These constituents are able to react with 

cations (Ca+2) of lime to induce the cemented products formation. 
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4.1.2.2. 
Cation Exchange Capacity (CEC) Evaluation by Blue Methylene Test 

The Cation Exchange Capacity (CEC) was determined by blue methylene 

tests, since the methylene blue dye is capable of replacing the exchangeable cations 

available in the clay particles. The lime treatment in expansive soils mainly involves 

a rapid cation exchange process on the clay particle surface. Thus the alteration of 

CEC due to lime treatment might be detected by blue methylene test.  

The Cation Exchange Capacity values are usually related with the specific 

surface area of clay particles. Clays with large specific surface area usually have 

high CEC, high surface activity and, consequently, high water absorption potential. 

Clay particles typically exhibit surface charge imbalance and the negative charges 

can be balanced by hydrated cations. Accordingly, individual clay particles are 

surrounded by absorbed water in the diffuse double layer arrangement. The 

thickness of the diffuse double layer is controlled by several factors, although the 

charge valence has primary influence (Reeves et al., 2006). The charge balances in 

the clay surface can be altered by few cations coming from the lime and the diffuse 

double layer shrinks as consequence of the charge balances (Beetham et al., 2014).  

The results obtained from blue methylene tests are shown in Table 4.2. It can 

be observed that the CEC decreased while the hydrated lime percentage was 

increased. This is in accordance with other studies, which reported the CEC 

reduction is due to lime addition (Cambi et al., 2011).  

 

Table 4.2. Blue methylene test results of Eagle Ford clay with different 

percentages of hydrated lime 

Hydrated lime (%) Blue methylene (ml) CEC (meq/100g) 

0 130 34.8 

1 75 20.1 

2 60 16.1 

3 55 14.7 

4 50 13.4 

 

The decrease in CEC values verifies the formation of new pozzolanic reaction 

minerals, which results in big size particle, and consequently small specific surface 

responsible for less water absorption potential and high hydraulic conductivity. 

Also, since some clay cations were already exchanged due to lime addition, it was 
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expected that less cations around the clay particles were available in lime-treated 

clay specimens, and consequently less CEC might be identified after lime addition. 

According to the values of CEC reported by Mitchell & Soga (1976) and presented 

in Table 2.1, the natural soil Eagle Ford clay exhibited a typical CEC value of the 

expansive mineral illite (10 - 40 meq/100g). After lime additon, the CEC decreased 

and reached CEC values similar to non expansive minerals, such as, kaolinite (3 – 

15 meq/100g).   

 

4.1.3. 
Specific Gravity 

The specific gravity value of hydrated lime was reported by the Austin Lime 

Company and is 2.24. Figure 4.7 shows the specific gravity obtained from mixtures 

of Eagle Ford clay and hydrated lime ranging from 0% to 4% and the specific 

gravity of pure hydrated lime (100% HL). The specific gravity decreases as the 

hydrated lime percentage increases in the mixture due to the low specific gravity of 

the hydrated lime.  

 

Figure 4.7. Specific gravity variation of Eagle Ford clay with different 

percentages of hydrated lime  

4.1.4. 
Grain Size Distribution Analysis by Hydrometer Test  

The grain size distribution was evaluated by hydrometer test and was 

conducted using a sample of untreated Eagle Ford clay (0% HL) and two lime-

treated samples (2% HL and 4% HL) in order to determine the effect of lime 

treatment on the grain size distribution. Figure 4.8 shows the grain size distribution 
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measured by hydrometer tests. It can be observed that when the hydrated lime is 

added, the percent of smaller particles reduces. For instance, the percentage of 

particles finer than 0.001mm is around 60% for untreated Eagle Ford clay, whereas 

for lime-treated Eagle Ford clay with 4% of hydrated lime, this percentage drops to 

30%. The flocculation process occurs immediately after lime addition and particle 

aggregates are formed. The grain size distribution curve of fine-grains moved 

toward down because the grain size was increased.  

 

Figure 4.8. Grain size distribution measured by hydrometer tests using untreated 

Eagle Ford clay and lime-treated Eagle Ford clay with 2% and 4% of hydrated 

lime  

4.1.5. 
Compaction Analysis 

Standard Proctor compaction tests were conducted to determine the 

compaction moisture content and dry density relationship for Eagle Ford clay 

(untreated soil or 0% HL) and lime-treated Eagle Ford clay with 4% hydrated lime 

(4% HL). The results are showed in Figure 4.9. The standard Proctor curves present 

an optimum moisture content of 22% with a corresponding maximum dry density 

of 14.8 kN/m3 (1.51g/cm3) for untreated Eagle Ford clay (0% HL). The lime-treated 

Eagle Force clay with 4% hydrated lime had optimum moisture around 26% with a 

corresponding maximum dry density of 14 kN/m3 (1.43g/cm3). 

These results show how the immediate reactions took place after lime 

addition, producing changes in the physical properties of the soil. The flocculation 

process increases the air void content, and reduces the compactibility and the dry 

density of the lime-treated soil. Some studies have suggested that the decrease in 

dry density due to lime addition is associated with a strong modification of the soil 

microstructure with the formation of a small class of pores between 0.01 and 0.2 

m (Le Runigo, 2009). According to Beetham et al. (2014), the pore space size 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



115 
 

 

 

resultant from the flocculation process is smaller than 0.3 m, thus the alteration of 

intra-aggregate porosity due to lime addition is improbable. Therefore, the dry 

density reduction might be due only to the increase of void space between clay clods 

or inter-aggregate porosity (pore size bigger than 100 m). 

Likewise, the optimum moisture content was varied due to lime addition. The 

resultant curve of lime-treated Eagle Ford clay with 4% of hydrated lime was 

shifted toward the wet side compared with the untreated Eagle Ford clay curve. 

Enough water is required for the lime-soil reactions, thus the optimum moisture 

content is increased. This type of results has been reported by many researchers, 

such as Little et al. (1995), Bell (1996), Holt & Freer-Hewish (1998) and Beetham 

et al. (2014).  

 

Figure 4.9. Standard Proctor compaction curves for untreated Eagle Ford clay (0% 

HL) and expansive soil treated with 4% hydrated lime (4% HL). 

 

4.1.6. 
Unconfined Compressive Strength (UCS) Analysis 

The Unconfined Compressive Strength (UCS) was measured in untreated and 

lime-treated Eagle Ford clay with the purpose of determining the effect of the 

amount of lime, curing time and mellowing period on the compressive strength. 

The specimens for curing time analysis were compacted at the same day that the 

lime-soil mixtures were prepared. After compaction, the specimens were enveloped 

in plastic wrap and aluminum foil, and placed in the environmental chamber for the 

specific curing time. The stress-strain curves obtained from UCS tests for different 
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curing times and hydrated lime percentage are given in Figure 4.10. The peak stress 

(UCS), axial strain at the failure and Young's modulus deduced from these curves 

are summarized in Table 4.3.  

 

 

Figure 4.10. Unconfined Compressive Strength (UCS) of untreated and lime-

treated expansive soils at different curing time.  

 

It can be noticed an enhancement of the peak strength while the hydrated lime 

content and curing time were increased. In comparison to untreated Eagle Ford clay 

(0% HL), the improvement of peak strength was 32% for the specimen with 1% of 

hydrated lime (1% HL) and 100% for the specimen with 3% of hydrated lime (3% 

HL) at 0 days of curing. In addition, the specimen with 1% HL and 7 days of curing 

obtained an improvement of 120% of strength, whereas the specimen with 3% HL 

and 7 days of curing almost trebled the strength of the untreated Eagle Ford clay. 

 

Table 4.3. Unconfined Compressive Strength (UCS) and Young's modulus of 

untreated and lime-treated expansive soils at different curing time. 

Hydrated lime 

(%) 

Curing time 

(days) 

UCS 

(MPa) 

Failure strain 

af (%) 

Young's modulus 

(MPa) 

0 0 0.44 7.6 0.08 

1 0 0.58 4.0 0.24 

2 0 0.70 3.5 0.25 

3 0 0.88 4.0 0.30 

1 7 0.97 1.0 1.05 

2 7 1.30 0.9 2.55 

3 7 1.64 0.9 2.58 
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The stiffness and brittleness of the lime-soil mixtures also increased with the 

increase of curing time. The Young’s modulus, reported in Table 4.3, demonstrated 

that the stiffness of lime-treated Eagle Ford clay is between 3 and 21 times greater 

than the stiffness of the natural Eagle Ford clay. This agrees with the earlier findings 

of Bell (1996). However, it is important to clarify that the Young`s moduli reported 

here were calculated with base on the strength-stress curves and not based on direct 

measurements on the specimens.  

Another feature that is depicted in Figure 4.10 is the decreasing of failure 

strain with the lime addition. In this study, the failure strain seems to depend only 

on the curing time and not the percentages of lime, at least not with the percentages 

of lime used here. 

The mellowing period effect was also examined by using Unconfined 

Compressive Strength test. Before compaction, the lime-soil mixtures were kept in 

Ziploc bags into the environmental chamber. The specimens with no mellowing 

(NM) were the same used above for evaluating the 7 days curing effect, since those 

specimens were compacted immediately after the lime-soil mixtures were prepared, 

and stored in compacted state into the environmental chamber. The specimens that 

were allowed to mellow were only compacted after 3 and 7 days of mixtures 

preparation, and were designated as specimens M3 and M7, respectively. All 

specimens (NM, M3 and M7) were subjected to UCS test at the same day, 

corresponding to 7 days after mixing. 

 Figure 4.11 presents the results obtained for this evaluation. Table 4.4 

contains the strength properties of all these specimens. The specimens that were 

allowed to mellow (M3 and M7) were slightly weaker than specimens with no 

mellowing (NM), i.e. the UCS reduced with long mellowing periods, such as 3 and 

days. This reduction in UCS might be due to different factors, such as, loss of water, 

lime consumption and high air void generation during mellowing period. Also, the 

late compaction after lime-soil mixture preparation might be responsible for 

breaking the bonds produced during flocculation process, resulting in weaker 

behavior.  
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Table 4.4. Unconfined Compressive Strength (UCS) data for evaluation of 

mellowing period effect  

Hydrated 

lime 

(%) 

Mellowing 

period 

(days) 

Specimen 

label 

UCS 

(MPa) 

Failure 

strain 

af (%) 

Young's 

modulus 

(MPa) 

1 

0 NM 0.97 1.0 1.45 

3 M3 0.95 1.5 1.03 

7 M7 0.95 2.8 0.45 

3 

0 NM 1.64 1.0 1.72 

3 M3 1.45 1.2 0.86 

7 M7 1.45 5.6 0.39 

 

 

Figure 4.11. Unconfined Compressive Strength (UCS) of lime-treated Eagle Ford 

clay allowed to mellow for 3 and 7 days (M3 and M7, respectively) and without 

mellowing period (NM) 

 

Bell (1996) indicated that the amount of water, available for hydration and 

reaction to form cemented bonds, influences the strength that can be attained. Thus, 

if some moisture content is supposed to be lost during mellowing period, then less 

strength would be obtained in the samples allowed to mellow. Additionally, the 

consumption of lime seems to be increased in the lime-soil mixtures when they are 

not compacted due to higher contact between air and lime-treated soil particles. It 

can be seen, from Figure 4.11, that mellowing period inclusion on lime treatment 

can change the brittle behavior to a more ductile one.  

Also this change was observed in different failure mode by the specimens, as 

shown in Figure 4.12. Specimens compacted immediately after lime-soil mixing 
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(no mellowing) presented a 45failure plan, whereas specimens compacted seven 

days after lime-soil mixing (mellowing of seven days) exposed vertical failure 

plans. The prolonged mellowing period seems to produce micro-cracks inside of 

the specimens, and when the specimens is subjected to compression, these micro-

cracks extend to the principal compression direction, like it happens in rocks.  

 

  

Figure 4.12. Different failure mode in specimens with no mellowing (NM) and 

with 7 days of mellowing (M7)  

 

Holt & Freer-Hewish (1998) also examined the long-term effect of mellowing 

by using UCS (Unconfined Compressive Strength) testing on specimens that had 

been cured for various periods up to 195 days. They observed that, at the end of 195 

days of curing, the specimens mellowed for 24 hours were always significantly 

weaker than specimens mellowed for 1 hour before compaction. The strength of the 

specimen with 4% of lime and mellowed for 1 hour before compaction was 

approximately the double of the strength of specimen mellowed for 24 hours. West 

(1959) also studied two granular soils and a cohesive soil in order to analyze the 

effect of elapsed time between the mixing and the compaction on the strength of 
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soil-cement mixtures. His results showed that a lapse of time between mixing and 

compaction (i.e. mellowing) resulted in a significant reduction of the state of 

compaction and the strength of the stabilized clay and sandy gravel. Thus, the 

results obtained in the present study with lime-treated Eagle Ford clay agreed with 

this early finding. West (1959) also recommended using a construction procedure, 

which involves a short time between mixing and compaction or an increase of 

compactive effort to minimize the effect of the mellowing period on the strength.  

 

4.2. 
Swelling Potential Reduction Analysis 

The swelling potential test was estimated by two direct methods: the 

conventional free swell test and the centrifuge test. Regardless the testing method, 

the swelling was defined as the ratio of the increase in height to the original 

specimen height, expressed as a percentage, and as shown in equation (4.1). 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) =
ℎ𝑡 − ℎ0

ℎ0
∗ 100 

(4.1) 

where ℎ𝑡 is the specimen height at time 𝑡 and ℎ0 is the specimen height at the 

beginning of the swelling potential test. 

Figure 4.13 shows a typical swelling percent vs. log time curve. It can be seen 

that the increase of swelling percent is fast at the initial phase and then it gets slow 

in order to reach gradually an asymptotic level. If tangent lines are constructed 

about the point of inflection, it is possible to extract three important values from 

this curve: the primary swelling slope (PSS), the secondary swelling slope (SSS) 

and the swelling potential (Sp). The swelling potential is considered to be the point 

of the curve in which the slope inflects (Figure 4.13).  

These three values are important to describe the swelling behavior of natural 

or lime-treated soils. The primary swelling slope provides an idea of the rate of flow 

into the specimen that generates the most representative percentage of the total 

swelling. The primary swelling occurs at a faster rate and it develops when the voids 

are not able to accommodate further swelling clay particle. The swelling potential 

represents around 80% to 90% of total swelling potential. The secondary swelling 

occurs slowly at lower rate, after the swelling potential is reached. The secondary 

swelling slope allows predicting long-term swelling, that usually is ignored, but it 

can result in significant structural damages. 
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Figure 4.13. Typical swelling percent vs. log time curve 

 

In order to analyze the efficiency of lime percentage on the reduction of 

swelling potential, a new parameter, called Swelling Potential Reduction Ratio 

(SPR), was introduced. SPR measures the reduction on swelling potential produced 

by hydrated lime additions, at different specimen preparation conditions, regarding 

to swelling potential in natural soil. SPR is defined by equation (4.2). 

𝑆𝑃𝑅 = 1 −
𝑆𝑝(𝑛%𝐻𝐿)

𝑆𝑝(0%𝐻𝐿)
 

(4.2) 

where 𝑆𝑝(0%𝐻𝐿) is the swelling potential in untreated Eagle Ford clay and 𝑆𝑝(𝑛%𝐻𝐿) 

is the swelling potential at particular hydrate lime percentage (𝑛% 𝐻𝐿). SPR value 

ranges from zero to one. SPR will be zero for untreated Eagle Ford clay because 

there is no reduction of swelling potential, since there is no lime addition. And SPR 

will be one when the addition of lime produces 100% of reduction of swelling 

potential compared with swelling potential in untreated Eagle Ford clay. Therefore, 

the higher SPR is, the more efficient is the lime addition. 
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4.2.1. 
Conventional Free Test Results and Analysis 

Three series of conventional free swell tests were conducted. The first set of 

tests was performed with the purpose to evaluate the effect of lime percentage on 

swelling reduction. The second one was conducted with specimens cured at 

different times varying also the lime percentage. And the third group of experiments 

was carried out to observe the effect of mellowing period on swelling behavior. The 

experimental plan of conventional free swell tests was presented in Table 3.3. 

 

4.2.1.1. 
Evaluation of Lime Percentage Effect on Swelling Behavior 

The conventional free swell tests conducted for evaluating the hydrated lime 

percentage effect was carried out using specimens of untreated Eagle Ford clay and 

lime-treated Eagle Ford clay compacted at the same moisture content (in average 

23%), and at the same dry density equivalent to 1.51 g/cm3. All these conventional 

free swell tests were conducted applying setting load of 6 kPa. Table 4.5 

summarizes the initial and final characteristics (moisture content, void ratio and 

saturation) of the specimens used in this set of experiments. Figure 4.14 and Figure 

4.15 depict the swelling percent vs. log time curves obtained with variations of lime 

percentage between 0% and 4%.  

 

Table 4.5. Variations of moisture content, void ratio and saturation during 

conventional free swell tests for evaluating the hydrated lime effect 

Hydrated lime  

(%) 

Moisture content  Void ratio Saturation 

Initial Final Initial Final Initial Final 

0.0 23.2% 43.7% 0.79 1.10 84.9% 100% 

0.5 23.0% 40.7% 0.75 0.94 84.0% 100% 

1.0 23.4% 36.4% 0.74 0.85 85.7% 100% 

1.5 23.4% 33.5% 0.73 0.80 84.5% 100% 

2.0 22.9% 47.9% 0.72 0.79 85.0% 100% 

2.5 23.0% 32.9% 0.72 0.78 85.3% 100% 

3.0 22.9% 32.4% 0.73 0.72 84.7% 100% 

3.5 22.9% 32.2% 0.72 0.73 84.7% 100% 

4.0 23.0% 27.1% 0.71 0.71 86.5% 100% 
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Figure 4.14. Semi-log plot of conventional free swell tests results for lime-treated 

Eagle Ford clay with lime variation between 0% and 2%. 

 

Figure 4.15. Semi-log plot of conventional free swell tests results for lime-treated 

Eagle Ford clay with lime variation between 2.5% and 4.0%. 

 

By observation Figure 4.14 and Figure 4.15, it can be noticed that the shape 

of the curves changed after hydrated lime addition. The curve obtained for untreated 

Eagle Ford clay presented a well defined initial part, but after lime addition, these 

curves only present two parts corresponding to primary swelling and secondary 
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swelling. Also, the lime-treated Eagle Ford clay exhibit earlier beginning of the 

secondary swelling than untreated Eagle Ford clay.  

As stated above, the Swelling Potential Reduction Ratio (SPR) allows to 

estimate the efficiency of lime percentage on the reduction of swelling potential. 

For this set of experiments, the SPR was calculated and collected in Table 4.6 along 

with the values of swelling potential and slopes of primary and secondary swelling.  

 

Table 4.6. Swelling potential, SPR, and slopes of primary and secondary swelling 

of unthread and lime-treated Eagle Ford clay with different hydrated lime 

percentage.  

Hydrated lime 

(%) 

Swelling 

Potential 
SPR 

Primary 

Swelling Slope 

Secondary 

Swelling Slope 

0.0 22.1% 0.00 11.54% 2.95% 

0.5 12.9% 0.41 9.70% 1.74% 

1.0 7.2% 0.67 7.19% 0.99% 

1.5 5.0% 0.77 4.41% 0.37% 

2.0 4.7% 0.79 4.16% 0.24% 

2.5 4.3% 0.81 4.32% 0.24% 

3.0 1.7% 0.92 1.62% 0.13% 

3.5 1.1% 0.95 1.07% 0.11% 

4.0 0.6% 0.97 0.35% 0.08% 

 

The SPR values of Table 4.6 show that 1% of hydrated lime was able to 

reduce 67% the swelling potential of Eagle Ford clay, whereas 4% of hydrated lime 

was able to eliminate 97% of swelling potential. Figure 4.16 depicts the Swelling 

potential (Sp) and swelling potential reduction ratio (SPR) vs. different hydrated 

lime percentage. It can be seen that swelling potential decreased in exponential way 

with the hydrated lime increase. Consequently, the increase of SPR fits a natural 

logarithmic function with excellent correlation (R2=0.96). 
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Figure 4.16. Swelling potential (Sp) and swelling potential reduction ratio (SPR) 

vs. hydrated lime percentage 

 

The primary swelling slope (PSS) and the secondary swelling slope (SSS) 

variations with hydrated lime percentage were depicted in Figure 4.17 and Figure 

4.18, respectively. It can be seen a decrease in PSS and SSS values with an increase 

in hydrated lime percentage. Specimens treated with hydrated lime higher than 1% 

presented very small values of SSS, suggesting that the swelling was developed 

basically during the primary phase due to capillary process.  

Sridharan & Gurtug (2004) compared the swelling behavior of kaolinite with 

montmorillonte clay and stated that the higher plasticity index (PI) of the soil, the 

larger is the time taken to reach near equilibrium. Based on this, it can be inferred 

that the slope of primary and secondary swelling decreases due to the lime effect 

on the plasticity reduction (Figure 4.1). The authors also reported that for kaolinite, 

the secondary swelling was very small and the swelling percent vs. log-time 

relationship was almost horizontal in the secondary swelling phase. This also came 

up in lime-treated Eagle Ford clay analyzed in the present study: the secondary 

swelling slope became lower than 1% when hydrated lime addition exceeds 1%, 

indicating that the secondary swelling does not represent a significant amount in 

the overall swelling.  
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Figure 4.17. Primary swelling slope (PSS) variation with hydrated lime 

percentage 

 

Figure 4.18. Secondary swelling slope (SSS) variation with hydrated lime 

percentage 

In order to determine if a relationship exists between the PSS and SSS in 

untreated and lime-treated Eagle Ford clay, these two values were plotted against 

one another in Figure 4.19 for each of the hydrated lime percentage used in this set 

of experiments. An exponential decreasing relationship between primary and 

secondary swelling slopes was observed. With low percentages of hydrated lime, 

there is a clear difference between the secondary and primary swelling slopes. 
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When a quantity of hydrated lime increases in the lime-soil mixture, the variation 

between the primary and secondary slopes was small.  

 

 

Figure 4.19. Relationship between primary and secondary swelling slope at 

different lime contents 

 

Considering that the primary swelling is driven by capillarity and secondary 

swelling might is driven by a long-term process of hydrating clay particles, as 

proposed by Kuhn (2010), the relationship depicted in Figure 4.19 might indicate 

that the capillarity and hydration process contributed almost in the same percentage 

for the total swelling of lime-treated Eagle Ford specimens, since both PSS and SSS 

had similar values with high hydrated lime percentage, such as 3% or 4%. On the 

other hand, in untreated Eagle Ford clay, the entrance of water was mainly due to 

capillarity process, since PSS was high. 

Detailed comparison of time-swelling relationship for lime-soil mixtures with 

hydrated lime percentage variation could not be easily carried out, since the 

development of swelling varies considerably from one amount of lime to another. 

Hence, the semi-log plots of this set of conventional free swell tests were re-plotted 

as time vs. percentage of total swelling for hydrated lime percentage varying from 

0% to 4% (Figure 4.20 and Figure 4.21). Here, it was calculated the ratio of the 

swelling reached at a certain time to the total swelling of the lime-soil mixture. It 

can be observed that lime-treated Eagle Ford clay developed faster swelling than 

the natural Eagle Ford clay. In Figure 4.20, it is clear that the mixture with 2% of 
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hydrated lime reached almost 80% of the total swelling in the first 10 minutes of 

test, whereas the natural Eagle Ford clay needed almost 1000 minutes to reach the 

same percentage of the total swelling. The lime-soil mixtures with more than 2% of 

hydrated lime showed similar velocity to reach the total swelling. 

 

Figure 4.20. Semi-log plot of percentage of total swelling potential vs. time for 

untreated and lime-treated Eagle Ford clay with lime additions between 0% and 

2%.  

 

Figure 4.21. Semi-log plot of percentage of total swelling potential vs. time for 

lime-treated soils with lime additions between 2.5% and 4.0%. 

 

Bin et al. (2007), working on clayey soil microstructure with nitrogen 

adsorption and desorption test, found that the addition of lime leads to an increase 
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in the amount of pores related to the flocculation process. This may explain why 

lime-treated Eagle Ford clay reached faster their total swelling than the untreated 

Eagle Ford clay. The entrance of water into the lime-treated specimen may be 

facilitated by the presence of big pores of the flocculated structure. On the other 

hand, the entrance of water into natural Eagle Ford clay may be difficult, because 

of its small pores, making the development of the total swelling slower. 

 

4.2.1.2. 
Evaluation of Curing Time Effect on Swelling Behavior 

The second set of conventional free swell tests was conducted varying the 

curing time in 0, 1, 7 and 28 days in specimens treated with 1%, 2%, 3% and 4% of 

hydrated lime. The compaction moisture content was kept constant around 23%. 

All these conventional free swell tests were conducted applying setting load of 6 

kPa. Table 4.7 summarizes the initial and final characteristics (moisture content, 

void ratio and saturation) of the specimens used in this set of experiments.  

 

Table 4.7. Variation of Moisture content, Void ratio and saturation during 

conventional free swell tests for evaluating the curing time effect  

Hydrated lime 

(%) 

Curing time 

(days) 

Moisture content Void ratio Saturation 

Initial Final Initial Final Initial Final 

1 

0 23.2% 43.7% 0.78 1.16 82.5% 100% 

1 24.0% 39.6% 0.90 0.96 72.3% 100% 

7 23.6% 38.6% 0.90 0.96 71.1% 100% 

28 22.2% 38.8% 0.89 0.95 67.5% 100% 

2 

0 22.9% 47.9% 0.88 0.79 85.0% 100% 

1 22.9% 35.0% 0.87 0.92 70.7% 100% 

7 22.6% 33.1% 0.87 0.89 69.7% 100% 

28 21.0% 34.5% 0.87 0.90 64.7% 100% 

3 

0 22.9% 38.4% 0.85 0.92 84.7% 100% 

1 23.0% 36.6% 0.86 0.91 70.1% 100% 

7 22.8% 37.0% 0.86 0.93 69.9% 100% 

28 22.9% 37.2% 0.86 0.93 70.0% 100% 

4 

0 23.0% 37.1% 0.71 0.71 86.5% 100% 

1 22.6% 35.0% 0.86 0.88 69.0% 100% 

7 22.4% 35.1% 0.86 0.87 69.2% 100% 

28 22.6% 34.9% 0.87 0.88 70.0% 100% 
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The resulting curves of the evaluation of curing time effect on swelling for 

specimens treated with 1% and 2% of hydrated lime are depicted in Figure 4.22 and 

Figure 4.23, respectively. Additionally, Figure 4.24 summarizes the swelling 

potential obtained at different curing times and different hydrated lime percentages. 

From these results, it is evident that there is a reduction of swelling behavior 

produced by the combined effect of lime addition and curing time. It can be noticed 

that there are significant reductions of swelling potential after one day of curing for 

all hydrated lime percentages. As can be seen in Figure 4.24, the swelling potentials 

in specimens with 1 day of curing were 36% to 50% smaller than those obtained at 

0 days of curing. However, longer curing times, such as 7 and 28 days, produced 

reductions of swelling potential around 40 to 100% with respect to the value 

obtained at 0 days of curing.  

 

 

Figure 4.22. Semi-log plot of conventional free swell test results for lime-treated 

soil with 1% of hydrated lime at different curing times   
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Figure 4.23. Semi-log plot of conventional free swell test results for lime-treated 

soil with 2% of hydrated lime at different curing times   

 

 

Figure 4.24. Curing time (days) effect on swelling potential  

 

Similar swelling potentials were found in specimens cured for 7 and 28 days. 

This may be explained considering that short curing times lead to pore-volume 
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increase, and long curing times allow cemented compounds formation. The 

presence of these cemented compounds can stop the increase of pore volume 

making the swelling potential constant in longer curing times. 

The SPR (Swelling Potential Reduction Ratio) value was calculated by 

equation (4.2), taking as reference the value of swelling potential of untreated Eagle 

Ford clay obtained in the previous set of experiments, i.e., 𝑆𝑝(0%𝐻𝐿)= 22.1%. The 

SPR values obtained for different curing times were plotted in Figure 4.25. The 

results showed that the SPR values obtained at 1, 7 and 28 days of curing were fairly 

similar. Thus, the effect of curing time, more than 1 day, on swelling potential 

reduction does not have significant impact. One day of curing was enough to reach 

remarkable enhancement in swelling potential reduction, since curing times longer 

than 1 day produce SPR reduction with few variations.  

 

 

Figure 4.25. Swelling potential reduction ratio (SPR) for different curing times  

 

In order to estimate the effect of curing time on the swelling mechanism, the 

primary swelling slope and secondary swelling slope variations with curing time 
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were plotted in Figure 4.26 and Figure 4.27, respectively. The primary swelling 

slope variations, depicted in Figure 4.26, show a clear trend of reduction of this 

slope due to curing time. The reduction of primary swelling slopes indicates that 

the capillary forces diminish with the increase of curing time, thus, the water 

infiltration becomes more difficult and occurs in a slower manner for specimens 

cured for long time.   

 

 

Figure 4.26. Curing time effect on primary swelling slope  

 

The behavior of secondary swelling slope due to curing time effect, depicted 

in Figure 4.27, shows barely variations between specimens cured at different times. 

Also, the values of secondary swelling slopes were smaller than 1% making 

difficult the comparisons related to curing time. Even though, it can be seen a 

reductions in these slopes when the specimens were cured compared with 

specimens without curing. 
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Figure 4.27. Curing time effect on secondary swelling slope 

 

In the same way that it was explained why the curing time reduced the 

primary swelling slopes, the reduction in the secondary swelling slopes also can be 

attributed to the fact of the formation of cemented compounds during the curing 

time. These cemented compounds may difficult the water entrance responsible for 

hydration process that cause secondary swelling. High lime percentages, such as 

3% and 4%, might generate higher amount of cemented compounds during the 

curing time, and consequently these percentages presented very small, or almost 

null, secondary swelling slope for 7 or 28 days of curing, as shown in Figure 4.27. 

 

4.2.1.3. 
Evaluation of Mellowing Period Effect on Swelling Behavior 

The third set of conventional free swell tests was performed to analyze the 

influence of mellowing period on the swelling behavior of lime-treated Eagle Ford 

clay. Mellowing is the period time elapsed between the time when the lime-soil 

mixture was prepared and when final specimen compaction happened. Three types 

of specimens were prepared in order to analyze the effect of mellowing period. All 
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of these three types of specimens used the lime-soil mixtures (with 1% and 3% of 

hydrated lime) prepared at same day. The difference of these types is the day when 

the compaction was made.  

 The first type of specimen was prepared with no mellowing period (NM), or 

zero days mellowing, i.e., the specimens were compacted into the metal ring at the 

same day that the lime-soil mixtures were prepared. After compaction, these 

specimens were enveloped in plastic wrap and aluminum foil, and kept into the 

environmental chamber for curing during 7 days. After this time of curing, the 

compacted specimens were taken out from the environmental chamber and were 

subjected to the conventional free swell test. These specimens, with zero days of 

mellowing, were the same previously used for evaluating the effect of 7 days of 

curing.  

The second type of specimen (designated as M3) was prepared compacting 

the specimens with 3 days of mellowing. After compaction, these specimens were 

kept into the environmental chamber, along with the first type of specimens (NM), 

for more 4 days in order to complete 7 days of curing. 

 The third type of specimens (designated as M7) was compacted with 7 days 

of mellowing. Thus, this third type of specimens also completed 7 days of curing, 

but in loose state. Immediately after finalizing the compaction of specimens type 

M7, the three types of specimens (NM, M3 and M7) were subjected to the 

conventional free swell. 

 Table 4.8 summarizes the initial and final characteristics (moisture content, 

void ratio and saturation) of the specimens used in this set of experiments and 

Figure 4.28 depicts the swelling vs. time curves in order to evaluate the effect of 

mellowing periods. It can be observed in Figure 4.28 an unfavorable effect of 

mellowing, due to the fact that the swelling occurred in specimens allowed to 

mellow (M3 and M7) was higher than the swelling reached in specimens with no 

mellowing period (NM).  
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Table 4.8. Variations of moisture content, void ratio and saturation during 

conventional free swell tests for evaluating the mellowing period effect 

Hydrated 

lime  

(%) 

Mellowing 

period 

(days) 

Specimen 

label 

Moisture content 

(%) 
Void ratio Saturation 

Initial Final Initial Final Initial Final 

1 

0 NM 23.6% 38.6% 0.95 1.01 69.2% 100% 

3 M3 23.1% 35.6% 0.95 1.00 72.1% 100% 

7 M7 23.0% 39.0% 0.96 1.07 75.4% 100% 

3 

0 NM 23.8% 34.0% 0.94 0.95 70.2% 100% 

3 M3 23.0% 35.3% 0.90 0.93 69.3% 100% 

7 M7 22.1% 39.7% 0.99 1.02 74.4% 100% 

 

 

Figure 4.28. Semi-log plot of conventional free swell test results evaluating the 

effect of mellowing periods  

 

Table 4.9 summarizes the swelling potential and the slopes of primary and 

secondary swelling obtained for this set of experiments. It seems that the higher 

lime percentage used, the higher will be the adverse effect of mellowing period on 

swelling behavior. So that the specimen treated with 1% of hydrated lime registered 

an increase of 74% of swelling potential, comparing M7 with NM. On the other 

hand, the specimen treated with 3% of hydrated lime and mellowed for 7 days 
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increased its swelling potential in more than 200% compared with no mellowed 

(NM) specimen.  

These mellowing results are consistent with those obtained by Holt et al. 

(2000). Their research was about the effect of mellowing on the modification 

process of four British soils treated with quicklime. They reported that a half day 

mellowing period produced a decrease in volume change (volume calculated by 

measuring the height and diameter of specimens subjected to soaking), but 

mellowing periods above half a day produced gradually an increase in volume 

change, so that generally after one day mellowing period, the volume change was 

greater than the volume change without mellowing. This behavior was attributed to 

the presence of excessive air voids, generated during mellowing, that made the 

specimen more susceptible to water ingress, resulting in strength loss and 

volumetric expansion.  

 

Table 4.9. Swelling potential and slopes of primary and secondary swelling of 

specimens with and without mellowing 

Hydrated 

lime (%) 

Mellowing 

period (days) 

Specimen 

label 

Swelling 

Potential 

Primary 

Swelling 

Slope 

Secondary 

Swelling 

Slope 

1 

0 NM 3.8% 1.77% 0.58% 

3 M3 5.0% 3.65% 0.45% 

7 M7 6.6% 3.75% 0.60% 

3 
0 NM 0.9% 0.85% 0.06% 

3 M3 2.2% 1.88% 0.25% 

7 M7 3.3% 2.93% 0.59% 

 

The results obtained in the present study can support the generation of 

excessive air voids during mellowing periods. By observing the results obtained for 

the primary swelling slopes (PSS), it can be noticed that the increase in mellowing 

duration leaded to higher PSS.  So that, the entrance of water due to the capillary 

process took place faster in the specimens with prolonged mellowing (3 or 7 days), 

indicating that these specimens may have had excessive air voids.  

Another possible explanation for the increase of swelling potential due to 

mellowing period might be the undesirable development of a carbonation process 

in specimens that were not compacted immediately after lime-soil mixing (in this 

study, M3 and M7 type specimens). In the carbonation reaction, lime reacts with 
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atmospheric carbon dioxide to form a relatively insoluble carbonate. Thus, 

mellowing period might generate mixtures with less active lime.  

Table 4.10 contains the values of swelling potential reduction ratio (SPR) for 

different mellowing periods. It can be noted that the specimen with 3% of hydrated 

lime and mellowed for 7 days reached almost the same SPR of the specimen with 

1% of hydrated lime and no mellowing period. Since it should be expected higher 

SPR in specimens with higher hydrated lime, the assumption that less active lime 

might be found in specimen allowed to mellow (M3 and M7) than in the specimens 

without mellowing period (NM) can be corroborated. 

 

Table 4.10. Swelling potential reduction ratio (SPR) for different mellowing 

periods 

Hydrated lime 

(%) 

Mellowing period 

(days) 

Specimen 

label 

Swelling potential 

(%) SPR 

1 

0 NM 3.8 0.83 

3 M3 5.0 0.77 

7 M7 6.6 0.70 

3 

0 NM 0.9 0.96 

3 M3 2.2 0.90 

7 M7 3.3 0.85 

 

Accordingly, considering the hypotheses of carbonation development during 

long mellowing periods, the best practical solution appears to be to compact the 

lime-treated soils immediately after mixing, in order to minimize the entrance of 

carbon dioxide and avoid the undesirable carbonation reaction. Otherwise, when 

longer delays to compaction cannot be avoided, it might be necessary to incorporate 

a small additional amount of lime into the mixer to compensate the lime lost due to 

carbonation.  

 

4.2.2. 
Centrifuge Test Results and Analysis 

The centrifuge testing plan was designed to evaluate the combined effect of 

lime addition with alteration of compaction moisture condition, compaction dry 

density (relative compaction percentage) and applied stress (by g-level) on swelling 

behavior of the expansive soil Eagle Ford clay. The experimental plan of centrifuge 

test was reported in Table 3.4 and the results are presented and analyzed below. 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



139 
 

 

 

 

4.2.2.1. 
Evaluation of Compaction Moisture Condition Effect on Swelling 
Behavior 

Although several researchers have been demonstrated that the swelling 

potential in expansive soils can be reduced with compaction at high moisture 

contents (Walker, 2012; Armstrong, 2014; Snyder, 2015), there are no studies about 

the effect of moisture condition on the swelling potential of lime-treated soils. In 

order to examine the combined effect of lime addition with compaction moisture 

condition variations on swelling behavior, the specimens with different percentages 

of hydrated lime were compacted at three different moisture conditions, designated 

as dry of optimum (DOP), optimum (OPT) and wet of optimum (WOP). 

Based on the optimum moisture content values obtained for untreated Eagle 

Ford clay (22%) and for lime-treated mixtures with 4% of hydrated lime (26%), as 

shown in Figure 4.9, the OPT value was fixed as the average of those percentages 

(24%) in order to establish a baseline for comparison. So, the DOP condition was 

established equivalent to 21% of moisture content, the OPT condition was 

equivalent to 24% of moisture content and the WOP condition was equivalent to 

27% of moisture content. An acceptable variation of +/-1% in the moisture content 

was established. The dry density was kept constant at 1.51 g/cm3 with acceptable 

variation of +/- 0.1 g/cm3. This set of experiments was carried out keeping constant 

the applied g-level at 5g’s. Table 4.11 summarizes the initial and final 

characteristics (moisture content, void ratio and saturation) of the specimens used 

in this set of experiments. 
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Table 4.11. Variation of moisture content, void ratio and saturation during 

centrifuge tests for evaluating the compaction moisture effect  

Hydrated lime 

(%) 
Compacted 

moisture 

condition 

Moisture 

content  
Void ratio Saturation 

Initial Final Initial Final Initial Final 

0.0 
DOP 21.8% 49.6% 0.91 1.25 65.6% 100% 

OPT 22.9% 48.6% 0.93 1.18 67.9% 100% 

WOP 28.1% 43.1% 0.92 1.03 84.1% 100% 

0.5 
DOP 20.9% 44.0% 0.85 1.01 66.1% 100% 

OPT 24.1% 43.6% 0.87 0.98 75.2% 100% 

WOP 27.0% 42.2% 0.86 0.91 85.0% 100% 

 

1.0 

DOP 20.3% 41.3% 0.87 1.00 62.9% 100% 

OPT 23.2% 42.0% 0.85 0.95 74.0% 100% 

WOP 27.7% 42.7% 0.89 0.94 84.2% 100% 

2.0 
DOP 20.8% 36.5% 0.85 0.93 68.9% 100% 

OPT 22.3% 37.4% 0.85 0.90 70.7% 100% 

WOP 27.3% 37.2% 0.87 0.89 84.0% 100% 

3.0 

DOP 20.7% 38.0% 0.85 0.90 65.2% 100% 

OPT 23.9% 36.6% 0.86 0.90 76.1% 100% 

WOP 26.9% 34.2% 0.90 0.90 87.4% 100% 

4.0 

DOP 20.6% 39.6% 0.94 0.95 58.0% 100% 

OPT 24.5% 39.7% 0.93 0.96 66.7% 100% 

WOP 27.3% 39.2% 0.91 0.91 89.9% 100% 

 

The swelling vs. log-time curves obtained by centrifuge test of untreated and 

lime-treated Eagle Ford clay, with percentages of lime ranging between 0.5% and 

4%, and prepared at different compaction moisture condition are depicted in Figure 

4.29 to Figure 4.31. Likewise the observations made in the conventional free swell 

test, it can be noticed that the centrifuge test also exhibited changes in the swelling 

vs. time curves when hydrated lime was added to the expansive soil Eagle Ford 

clay. The lime-treated specimens reached the final of primary swelling faster than 

the untreated Eagle Ford clay (0% HL), regardless the compaction moisture 

condition (DOP, OPT or WOP). Also, it can be seen that the secondary swelling 

increased less after lime addition, because after the swelling potential was reached, 

i.e., when the curve pass the inflexion point, the second part of the curve becomes 

almost horizontal. 
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Figure 4.29. Semi-log plot of centrifuge test results from specimens with 0% and 

0.5% of hydrated lime compacted at different moisture conditions  

 

 

Figure 4.30. Semi-log plot of centrifuge test results from specimens with 1% and 

2% of hydrated lime compacted at different moisture conditions  
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In Figure 4.31, it can be noticed that the swelling potential obtained for 

specimens treated with 4% of hydrated lime and compacted at moistures conditions 

OPT and WOP resulted in small negative values. From the physical point of view, 

these values might be interpreted as small compressions undergone by the 

specimens, however, since the aim of this research is the expansion evaluation, they 

will be taken as zero swelling. 

 

 

Figure 4.31. Semi-log plot of centrifuge test results from specimens with 3% and 

4% of hydrated lime compacted at different moisture conditions  

 

The compaction moisture condition effect on swelling potential for different 

hydrated lime percentages is depicted in Figure 4.32. It can be observed that when 

the compaction moisture condition changed from OPT to WOP in the untreated 

specimens (0% HL), the swelling potential was similar to those reached from 

specimens with 0.5% and 1.0% of hydrated lime and compacted at OPT moisture 

condition. This suggests that the increase in moisture content is able to substitute 

somehow the lime addition in order to reduce the swelling potential. However, in 

field applications, if the moisture content is too high, the clayey soil might become 

so sticky and plastic that the equipment cannot handle the soil properly, and besides 

that, the soil can lose significant bearing capacity. Thus, the use of high moisture 
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contents to reduce the swelling potential could not be applicable or recommendable 

in a lot of cases.  

 

 

Figure 4.32. Compaction moisture condition effect on swelling potential for 

different hydrated lime percentages 

 

Comparing the swelling potential obtained at DOP and WOP compaction 

conditions, it can be observed a reduction of 66% of swelling potential in untreated 

Eagle Ford clay, from DOP to WOP. Making the same comparison for lime-treated 

specimens, it can be seen that the increase of compaction moisture content, from 

DOP to WOP condition, can reduce up to 100% of swelling potential, as shown in 

Figure 4.32 for specimens with 3% and 4% of hydrated lime. 

In order to estimate the swelling potential reduction ratio (SPR), defined by 

equation (4.2), the baseline swelling potential was established as the swelling 

potential obtained from untreated Eagle Ford clay at OPT moisture condition, i.e., 

𝑆𝑝(0%𝐻𝐿) = 13.1%, as shown in Figure 4.32, using the centrifuge test. Figure 4.33 

illustrate the SPR at different compaction moisture conditions and hydrated lime 

percentages.  
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Figure 4.33. Swelling potential reduction ratio (SPR) at different compaction 

moisture conditions 

 

Based on the patterns exposed in Figure 4.33, the WOP condition produced 

the highest SPR values for all percentages of hydrated lime applied. Furthermore, 

it can be noticed that while the hydrated lime percentage is increased, the difference 

between the SPR at the three compaction moisture conditions DOP, OPT and WOP 

seems to be reduced.  

Also, the increment of compaction moisture content, e.g. from OPT to WOP 

condition, might reduce the amount of hydrated lime needed to avoid swelling 

behavior. For instance, in Figure 4.33, it was observed a slightly higher SPR value 

for the specimen treated with 1% HL and compacted at WOP than the SPR value 

obtained from the specimen treated with 2% HL and compacted at OPT condition. 

Therefore, an increase of 3% in compaction moisture content (i.e. from OPT = 24% 

to WOP = 27%) might result in almost the same swelling reduction produced by an 

additional of 1% of hydrated lime into the mixture. Since the lime addition also 

reduces the clay plasticity, problems related with workability are not be expected 

with increasing compaction moisture content, as could be expected in the case of 

natural expansive soils compacted at high moisture contents. 
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Conversely, the DOP condition exhibited an adverse effect on swelling 

reduction. As can be observed in Figure 4.33, the SPR value obtained in the 

specimen treated with 3% HL and compacted at DOP condition was similar to the 

one obtained with 2% HL and compacted at OPT condition. Since the DOP 

moisture condition may result in higher swelling potential, regardless the hydrated 

lime percentage, as can be seen in Figure 4.32, the lime-treated soil moisture should 

be checked before compaction in construction processes in order to ensure that this 

soil had not lost too much water. In the cases of the lime-treated expansive soils 

that are found very dry, additional hydration must be necessary in order to reach the 

intended swelling potential reduction. 

In order to examine the combined effect of lime addition with compaction 

moisture condition variation on the swelling mechanism, the primary swelling slope 

(PSS) and secondary swelling slope (SSS) were analyzed as follows.  

The compaction moisture condition effect on primary swelling slope was 

depicted in Figure 4.34. The untreated Eagle Ford specimens (0% HL) showed an 

abrupt decrease in the primary swelling slope when the compaction moisture 

content was increased. The capillary absorption occurred very fast in the DOP 

condition, where the primary swelling slope was very high, due to the fact that in 

the DOP there were many available air voids for being filled by water. When the 

compaction moisture condition changes from DOP to OPT or DOP to WOP, the 

void volume filled with water increases while the void volume filled with air 

decreases, thus it is expected in this case a slower infiltration process during the 

primary phase of swelling.  
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Figure 4.34. Compaction moisture condition effect on primary swelling slope 

 

 There is no clear pattern for slopes of primary swelling due to the combined 

effect of compaction moisture condition with lime addition, as shown in Figure 

4.34. However, it can be seen just a few decrease of primary swelling slope when 

the compaction moisture condition changes from OPT to WOP in lime-treated 

Eagle Ford specimens. This behavior was also observed for the untreated Eagle 

Ford clay specimens.  

On the other hand, no clear trend can be seen with respect to the DOP 

moisture condition in lime-treated specimens, because for 0.5% and 3% of hydrated 

lime, the primary swelling slope of DOP was higher than OPT and WOP, whereas 

for 1% and 2% of hydrated lime, the primary swelling slope of DOP was lower than 

OPT condition. The scattered behavior of primary swelling slope in DOP specimens 

may be attributed to a possible uneven water distribution into these specimens 

causing an uneven lime reaction through them. 

In addition, it can be identified that the primary swelling slope observed in 

treated Eagle Ford  specimens with 3% and 4% of hydrated lime was almost null 
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for the three compaction moisture condition (DOP, OPT and WOP). This is because 

of the insignificant swelling potential reached for these hydrated lime percentages. 

 The compaction moisture condition effect on secondary swelling slope was 

depicted in Figure 4.35. It can be seen that the untreated Eagle Ford specimens (0% 

HL) exhibited also a decrease in the secondary swelling slope when the compaction 

moisture condition was increased from DOP to OPT and DOP to WOP conditions. 

This is understandable because specimens with higher compaction moisture content 

contain particles nearer to the total hydration. Thus, the secondary swelling, which 

is supposed to be driven by hydration process, is expected to decrease with an 

increase of compaction moisture content.  

 

 

Figure 4.35. Compaction moisture condition effect on secondary swelling slope 

 

When hydrated lime was added, it can be observed a high scatter pattern on 

the secondary swelling slope along with compaction moisture condition. Despite 

the scattering behavior on the secondary swelling data, it can be noticed that the 

lime addition produced very small secondary swelling slopes (< 0.6%), so that, the 

secondary swelling do not represent a significant portion over the total swelling in 

lime-treated Eagle Ford clay specimens.  

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



148 
 

 

 

4.2.2.2. 
Evaluation of Compaction Dry Density Effect on Swelling Behavior 

In order to quantify the combined effect of lime addition with compaction dry 

density variations on swelling behavior, the specimens were compacted at 94% and 

100% of relative compaction (RC). According to the results of standard Proctor 

compaction test carried out in untreated Eagle Ford clay, presented in section 4.1.5, 

the maximum dry density was 1.51g/cm3. Thus, the specimens with RC = 100% 

were compacted as close as possible to this dry density, whereas specimens with 

RC = 94% were compacted with dry density equivalent to 1.42g/cm3. In this set of 

experiments, the specimens were spun at 5g’s into the centrifuge. The moisture 

content was kept constant and close to the OPT condition of 24%. Table 4.12 

summarizes the initial and final characteristics (moisture content, void ratio and 

saturation) of the specimens used in this set of experiments. 

 

Table 4.12. Variation of moisture content, void ratio and saturation during 

centrifuge tests for evaluating the compaction dry density effect 

Hydrated lime 

(%) 

RC  

(%) 

Moisture content Void ratio Saturation 

Initial Final Initial Final Initial Final 

0 

100 22.9% 48.6% 0.93 1.18 67.9% 100% 

94 22.9% 50.6% 1.03 1.26 60.9% 100% 

0.5 

100 23.1% 43.6% 0.87 0.98 75.2% 100% 

94 23.1% 46.4% 1.00 1.09 65.4% 100% 

1.0 

100 23.2% 42.0% 0.85 0.95 74.0% 100% 

94 23.2% 44.3% 0.99 1.08 63.8% 100% 

2.0 

100 22.9% 37.4% 0.85 0.90 70.7% 100% 

94 22.9% 40.8% 0.90 0.95 68.0% 100% 

3.0 

100 23.9% 36.6% 0.86 0.90 76.1% 100% 

94 23.9% 40.6% 0.97 0.99 64.8% 100% 

4.0 

100 24.5% 39.7% 0.93 0.96 66.7% 100% 

94 23.8% 39.6% 0.99 1.00 63.4% 100% 

 

Figure 4.36 and Figure 4.37 depict the swelling vs. log-time curves obtained 

by centrifuge testing of untreated and lime-treated Eagle Ford clay specimens that 

were compacted at RC = 100% and RC = 94%. By observing these figures, the 

general trend noticed is a higher swelling in specimens compacted at RC = 100% 

than specimens compacted at RC = 94%, except for the specimens with 4% of 

hydrated lime. Moreover, it was observed that while the percentage of lime 
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increases, the difference between the swelling developed by specimens at RC = 

94% tends to become the same to swelling developed by specimens at RC = 100.  

 

Figure 4.36. Semi-log plot of centrifuge test results of specimens with 0% and 

0.5% of hydrated lime and compacted at 94% and 100% relative compaction (RC) 

 

Figure 4.37. Semi-log plot of centrifuge test results of specimens with 1%, 2%, 

3% and 4% of hydrated lime and compacted at 94% and 100% relative 

compaction (RC) 
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The swelling potential obtained in specimens compacted at RC = 100% and 

at RC = 94%, with different percentages of lime, are depicted in Figure 4.38. The 

untreated and lime-treated Eagle Ford specimens with lime addition of 0.5%, 1%, 

2% and 3%, reduced their swelling potential ranging from 13% to 25% for the same 

lime percentage, when RC was decreased from 100% to 94%. Contrariwise, the 

lime-soil mixture with 4% of hydrated lime showed a slightly increase in swelling 

potential when RC was decreased from 100% to 94%. As stated above, the negative 

value of swelling potential should be interpreted as null swelling potential in this 

study.  

 

Figure 4.38. Relative compaction effect on swelling potential for different 

hydrated lime percentages 

 

 Likos and Lu (2006) analyzed axial strain of Na and Ca smectite specimens 

compacted to different initial void ratios and hydrated within the crystalline 

swelling regimen. The results showed that denser specimens swelled more than 

initially loose specimens. They indicated that loosely compacted specimens exhibit 

more inefficient translation from particle-scale swelling to bulk-scale swelling 

because the interlayer volume changes occurring on the particle scale are internally 

adsorbed by the larger scale pores. Conversely, densely compacted specimens 

exhibit more efficient translation from particle-scale swelling to bulk-scale swelling 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



151 
 

 

 

because the interlayer volume changes are less well accommodated by the internal 

pores. Therefore, in the present study, it might be observed that the lime addition 

affects directly the mechanisms of swelling translation from particle-scale swelling 

to bulk-scale swelling. 

The combined effect of relative compaction reduction with lime addition on 

swelling potential was estimated by the swelling potential reduction ratio (SPR) 

value, as defined by equation (4.2). The baseline swelling potential was established 

as the swelling potential obtained from untreated Eagle Ford clay compacted at OPT 

moisture condition and RC = 100, i.e., 𝑆𝑝(0%𝐻𝐿) = 13.1%, as shown in Figure 4.38, 

using the centrifuge test. Therefore, the SPR values were calculated using the 

swelling potential obtained with different hydrated lime percentages and both 

relative compaction RC=100% and RC=94. The results are reported in Figure 4.39.  

 

 

Figure 4.39. Relative compaction effect on swelling potential reduction ratio 

(SPR) for different hydrated lime percentages 

 

The results suggest that when the hydrated lime percentage was increased, the 

SPR difference between specimens with RC = 94% and 100% was reduced. Also, 

it can be observed that SPR for all hydrated lime percentages was greater in 

specimens compacted at RC = 94% than those compacted at RC = 100%, except 
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for 4% of hydrated lime. Thus, the reduction in dry density (or RC) leads to increase 

of lime addition efficiency on swelling reduction. However, unlike to what was 

observed for variations of compaction moisture content (see explanation for Figure 

4.33), the dry density variation could not offset the effect of a greater percentage of 

lime. 

The primary swelling slopes (PSS) and secondary swelling slopes (SSS) 

obtained in specimens compacted at RC = 100% and at RC = 94%, with different 

percentages of lime, are depicted in Figure 4.40 and Figure 4.41. In Figure 4.40, it 

can be observed that primary swelling slope in untreated Eagle Ford specimen 

compacted at RC = 94% was higher than specimen compacted at RC = 100%. 

Conversely, the lime-treated Eagle Ford specimen presented smaller PSS 

compacted at RC = 94% than those compacted at RC = 100%.  

Therefore, for untreated Eagle Ford specimens, a faster primary swelling 

development was observed in loose specimen than in denser one, whereas in lime-

treated Eagle Ford clay, the primary swelling occurred faster in specimens 

compacted at higher dry density. The primary swelling slope changes its behavior 

from untreated to lime-treated Eagle Ford clay because the generation of cemented 

compounds, due to lime addition, may modify the process of water absorption by 

the capillarity process responsible for the primary swelling. 

 

Figure 4.40. Relative compaction effect on primary swelling slope 
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On the other hand, in Figure 4.41, it can be noticed that both untreated and 

lime-treated Eagle Ford specimens compacted at RC = 94% presented SSS smaller 

than those compacted at RC = 100%. Furthermore, it can be seen that lime-treated 

Eagle Ford clay for hydrated lime of 3% and 4% presented negligible PSS and SSS 

values due to null (or almost null) swelling. 

From these results, it is possible to conclude that the hydration process, 

responsible for development of secondary swelling, depends on the compaction dry 

density in both untreated and lime-treated Eagle Ford clay. The behavior of 

secondary swelling is in accordance with the observations reported by Walker 

(2012) and Das (2014), for untreated expansive soils. 

 

 

Figure 4.41. Relative compaction effect on secondary swelling slope 

 

4.2.2.3. 
Evaluation of G-Level Effect on Swelling Behavior 

The g-level within the soil specimens was controlled through regulating the 

rotational velocity of the centrifuge. In this set of experiments, the untreated and 

lime-treated Eagle Ford clay with 1% and 2% hydrated lime were subjected to g-

levels of 5, 50 and 200 g’s. Untreated and lime-treated Eagle Ford specimens, 

regardless the percentage of hydrated lime, were compacted at the same dry density 
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of 1.51 g/cm3 (with acceptable variation of +/- 0.1 g/cm3) and at the same initial 

moisture content of 24% (with acceptable variation of +/- 1%). Since a constant 

water height of 2 cm (corresponding to 80 grams of water) was added to atop of the 

soil specimen, the total stress applied over the specimen varied only with the g-

level. For these tests, the effective stress varied between approximately 5 and 61 

kPa. Table 4.13 summarizes the initial and final characteristics (moisture content, 

void ratio and saturation) of the specimens used in this set of experiments. 

  

Table 4.13. Variation of moisture content, void ratio and saturation during 

centrifuge tests for evaluating the g-level effect 

Hydrated lime 

(%) 
g -level 

Effective 

stress 

(kPa) 

Moisture content Void ratio Saturation 

Initial Final Initial Final Initial Final 

0 

5 5 22.9% 48.6% 0.93 1.18 67.9% 100% 

50 18 23.6% 43.5% 0.89 1.04 72.9% 100% 

200 61 23.5% 38.1% 0.77 0.87 83.9% 100% 

1 

5 5 22.8% 42.2% 0.91 1.05 74.2% 100% 

50 18 22.9% 40.8% 0.88 0.97 87.0% 100% 

200 61 23.4% 33.5% 0.79 0.84 81.8% 100% 

2 

5 5 22.3% 37.4% 0.85 0.90 70.7% 100% 

50 18 22.8% 37.1% 0.86 0.90 70.8% 100% 

200 61 23.0% 36.9% 0.82 0.83 75.5% 100% 

 

Figure 4.42 and Figure 4.43 show the swelling vs. log-time curves obtained 

by centrifuge testing for untreated and lime-treated Eagle Ford clay specimens 

subjected at different g-levels. It can be seen in these figures that less swelling was 

developed when the g-level was increased. This is because the increasing g-level 

results in an increase of effective stress applied on the specimens. 

The swelling potential, SPR values and the primary and secondary swelling 

slopes were collected in Table 4.14. Based on the swelling potential (Sp) and g-

level applied on the specimen, reported in Table 4.14, the graphic of Figure 4.44 

was constructed. It can be seen that the relationship between swelling potential and 

g-level, in centrifuge test, fits trend lines described by natural logarithmic functions 

for both untreated and lime-treated Eagle Ford clay. If the swelling potential is 

estimated by using these natural logarithmic functions for a g-level equal to 1, then 

the Sp results will be 16.33% for 0% HL, 6.87% for 1% HL and 3.99% for 2% HL. 
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These Sp values are relatively close to those obtained by using the conventional 

free swell test, as shown in Table 4.6. 

 

Figure 4.42. Semi-log plot of centrifuge test results of untreated Eagle Ford clay 

specimens subjected to different g-levels. 

 

Figure 4.43. Semi-log plot of centrifuge test results at different g-levels for lime-

treated soils with 1% and 2% of hydrated lime.   
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Significant drop in swelling potential occurred when the g-level was increases 

from 5 to 50 g’s. For instance, in untreated and lime-treated Eagle Ford clay 

specimens with 2% hydrated lime, there was approximately 40% reduction in 

swelling potential from 5 to 50 g’s. However, once the specimen was subjected to 

stresses related to 50 and 200 g’s, the swelling potential showed change less 

significant.  

Table 4.14. Swelling potential, SPR values and primary and secondary swelling 

slopes for untreated and lime-treated Eagle Ford clay subjected at different g-

levels in centrifuge test 

Hydrated 

lime (%) 
g-level 

Effective 

stress 

(kPa) 

Swelling 

potential 
SPR 

Primary 

swelling 

slope 

Secondary 

swelling 

slope 

0 

5 5 13.1% - 8.06% 1.12% 

50 18 8.0% 0.39 3.46% 0.97% 

200 61 5.6% 0.57 2.14% 0.67% 

1 

5 5 5.4% 0.59 2.57% 0.21% 

50 18 4.8% 0.63 1.04% 0.11% 

200 61 2.6% 0.80 1.38% 0.05% 

2 

5 5 3.0% 0.77 2.64% 0.16% 

50 18 1.7% 0.87 0.96% 0.03% 

200 61 0.7% 0.95 0.37% 0.09% 
 

 

Figure 4.44. Relationship between g-level and swelling potential in centrifuge 

tests of specimens with different percentage of hydrated lime 
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The combined effect of effective stress (produced by variations of g-level) 

with lime addition on swelling potential was estimated by the swelling potential 

reduction ratio (SPR) value, as defined by equation (4.2). The baseline swelling 

potential was established as the swelling potential obtained from untreated Eagle 

Ford clay compacted at OPT moisture condition, RC = 100% and subjected to 5g’s, 

i.e., 𝑆𝑝(0%𝐻𝐿) = 13.1%, as shown in Table 4.14, using the centrifuge test. 

Therefore, the SPR values were calculated using the swelling potential obtained 

with different hydrated lime percentages and g-levels variation. The results are 

reported also reported in Table 4.14 and plotted in Figure 4.45. 

 

 

Figure 4.45. g-level effect on swelling potential reduction ratio (SPR) for different 

hydrated lime percentages 

 

The SPR results suggest that when the g-level (i.e. applied effective stress) 

increases, the SPR values also increases. Thus, the increase of effective stress leads 

to increase of lime addition efficiency on swelling reduction. Also, the increment 

of g-level might reduce the amount of hydrated lime needed to avoid the swelling 

behavior. So that, the percentage of lime needed to prevent the swelling behavior 

depends on the applied vertical stress generated by the structure projected on the 

expansive soil. 
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 For instance, in Figure 4.45, it was observed a similar SPR value (0.57) for 

the untreated specimen and subjected to 200g’s to the SPR value (0.59) obtained 

from the specimen treated with 1% HL and subjected to 5g’s. Likewise, similar 

SPR value (0.80) for the specimen treated with 1% HL and subjected to 200g’s to 

the SPR value (0.77) obtained from the specimen treated with 2% HL and subjected 

to 5g’s was indentified. Since the artificial g-levels are correlated with effective 

stress applied on the specimen, the amount of lime needed to prevent the swelling 

behavior also depends on the vertical stress that will be applied by the weight of the 

structure projected on the expansive soil.  

The effect of g-level on the primary and secondary swelling slopes for 0%, 

1% and 2% of hydrated lime is depicted in Figure 4.46 and Figure 4.47. There is an 

evident decreasing in primary and secondary swelling between results obtained at 

5g’s and those results at 200g’s, independently on the hydrated lime percentage. 

Das (2014) reported a decrease in the secondary swelling slope upon increasing the 

g-level for four types of untreated expansive soils (Eagle Ford, Tan Taylor, Houston 

Black and Black Taylor), which in accordance with the secondary swelling slope 

results found here. 

It was expected that for specimens subjected to 5g’s, the water infiltration 

happen in slower manner than in the specimens subjected to 200g’s. So, it was 

expected that primary and secondary swelling slopes for low g-level should have 

lower values than specimens subjected to high g-level. However, reverse behavior 

in primary and secondary swelling was observed here. Probably the applied g-level 

changed the capillarity and hydration processes into the swelled particles. Even 

though these processes are still dependent on the effective stress applied on the soil 

specimen. 
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Figure 4.46. g-level effect on primary swelling slope 

 

 

Figure 4.47. g-level effect on secondary swelling slope 
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4.3. 
Mineralogical and Micro-structural Observations 

The mineralogical test was carried out by using X-Ray Diffraction (XRD) 

technique, whereas the micro-structural observations were performed by using 

Environmental Scanning Electron Microscopy (ESEM) and X-Ray Computer 

Micro-Tomography (Micro-CT) tests. In this section, the results obtained from the 

experimental plan summarized in Table 3.6 are presented and analyzed.  

 

4.3.1. 
X-Ray Diffraction (XRD) Analysis  

Clay mineralogy is a fundamental factor for controlling expansive soil 

behavior. The X-Ray Diffraction (XRD) analysis was used to find evidences of 

mineralogical changes due to lime addition. Figure 4.48 depicts the X-ray 

diffractogram that shows the intensity as function of incident angle (Two-Theta) for 

the different minerals in untreated and lime-treated Eagle Ford clay with 3% of 

hydrated lime. The mineral symbols in this figure are represented as follows: M = 

montmorillonite, K = kaolinite, I = illite and Q = quartz. It can be noticed that the 

highest relative intensity represents the quartz peak, indicating the strong X-Ray 

absorption characteristic of this mineral. 

The X-Ray diffractogram of untreated Eagle Ford clay is in agreement with 

the mineralogical analysis presented by Lin (2012). According to Lin (2012), the 

untreated Eagle Ford clay has as principal compounds montmorillonite (28%), illite 

(27%) and kaolinte (11%). These percentages represent the clay minerals 

proportions in the entire Eagle Ford soil sample, not only in the clay size portion. 

The XRD results showed that the lime-treated Eagle Ford clay with 3% HL 

caused significant increase in minerals’ peaks intensities. This could be attributed 

to reactions between lime and clay minerals that promote the formation of new 

crystalline phase identified as Calcium Silicate Hydrates (CSH). The X-Ray 

diffractogram contain additional peaks of CHS in the lime-treated specimen, around 

the diffraction degree 2 = 30°, 25° and 55°. Additional pozzonalic compounds 

could not be detected in the X-Ray diffractogram, because they may be present in 

small quantities or they may not be formed at 3% of hydrated lime. 
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Figure 4.48. X-ray diffractogram of untreated and treated Eagle Ford clay with 

3% of hydrated lime  

 

Figure 4.49 depicts the X-ray diffractogram for untreated and lime-treated 

Eagle Ford clay with 3% of hydrated lime at 0 and 7 days of curing. It can be seen 

a slight reduction in all clay minerals’ peak intensity when curing time was 

increased (from 0 days to 7 days) in the lime-treated specimen. Also, no new 

pozzonalic compounds were detected for 7 days of curing.  

 

 

Figure 4.49. X-ray diffractogram of lime-treated Eagle Ford clay with 3% of 

hydrated lime at 0 and 7 days of curing 
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Figure 4.50 depicts the X-ray diffractogram for untreated and lime-treated 

Eagle Ford clay with 3% of hydrated lime with no mellowing and 7 days of 

mellowing period. It seems that mellowing period does not compromise the 

development of pozzolanic reactions. The X-Ray diafractogram of the specimen 

compacted at the same day of mixing, i.e., no mellowing allowed (NM) overlapped 

the X-Ray diafractogram of the specimen compacted after 7 days of mixing, i.e., 7 

days of mellowing period (M7), indicating that there was no change in 

mineralogical composition due to mellowing application. 

 

 

Figure 4.50 X-ray diffractogram of lime-treated Eagle Ford clay with 3% of 

hydrated lime with no mellowing and 7 days of mellowing period 

 

The adverse effect of mellowing period on lime-treated Eagle Ford clay was 

previously attributed to the possible undesirable carbonation process. The detection 

of carbonation products was not possible by the present XRD test, because in low 

lime percentage (3% HL used here), the amount of carbonation products may be 

small enough to be detected. Therefore, the carbonation process should not be 

discarded as the explanation of the adverse effects of mellowing.  

 

4.3.2. 
Environmental Scanning Electron Microscopy (ESEM) Analysis 

The Environmental Scanning Electron Microscopy (ESEM) was used to 

obtain ESEM micrographs at two different magnifications, low magnification 
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(200x) and high magnification (1000x), in order to observe the general arrangement 

of the soil matrix and the microstructure arrangement of untreated and lime-treated 

Eagle Ford clay. In addition, the ESEM equipment allowed to obtain EDX (energy 

dispersive x-ray) spectra to do a qualitative elemental analysis on certain selected 

areas in order to analyze the elemental distribution.  

Figure 4.51 and Figure 4.52 illustrate the ESEM micrograph amplification of 

200x and 1000x, respectively, of untreated Eagle Ford Clay. The results showed 

that the untreated Eagle Ford clay exhibits a dense clay matrix (Figure 4.51) with a 

laminar structure compound of dispersive and thin clay platelets, or aggregates 

mostly associated in the face to face style (Figure 4.52), as also reported by Lin & 

Cerato (2014). According to Nelson & Miller (1992), Clay particle contact, 

alignment and aggregation determine the swelling potential in expansive soils. 

Untreated Eagle Ford clay structure presents platelets aligned in parallel form. The 

more dispersive the structure, the more effective surface area is accessible for the 

contact between particles and water molecules resulting in greater swelling 

potential. Eagle Ford clay exhibit strong face to face contact that allows great 

volume increase during swelling process.  

 

Figure 4.51. ESEM micrograph amplification of 200x of untreated Eagle Ford 

Clay 
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Figure 4.52. ESEM micrograph amplification of 1000x of untreated Eagle Ford 

Clay 

The EDX spectrum of untreated Eagle Ford clay is depicted in Figure 4.53.  

This spectrum corresponds to point No.1 indicated in the ESEM micrograph of 

Figure 4.52. Consistently with the XRD results presented in section 4.3.1, the EDX 

spectrum depicted in Figure 4.53 shows peaks for oxygen (O), aluminum (Al) and 

silicon (Si), and smaller peaks for sodium (Na), iron (Fe), potassium (K) and 

magnesium (Mg), and traces of titanium (Ti) and sulfur (S) impurities. The height 

ratio between the peaks Si and Al is approximately 2:1, that suggests the presence 

of montmorillonite. 

The images shown in Figure 4.54 and Figure 4.55 illustrate the ESEM 

micrographs amplification of 200x and 1000x, respectively, of Eagle Ford clay 

treated with 3% of hydrated lime, in order to Figure 4.55 describe the effect of lime 

addition on the micro-structural features. In the low magnification (200x), it is 

possible to see that the dense matrix of untreated Eagle Ford clay was converted 

into a solid matrix with smoother surface. The pozzolanic reactions, responsible for 

forming Calcium Silicate Hydrate (CSH), generated soil structure flocculation and 

cementation in clay particles. The flocculation due to chemical bonds forms 

hydrophobic aggregates that cannot experience intra-aggregate expansion. 

Consequently, flocculation is a mechanism that increases soil strength and decrease 

swelling.  
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Figure 4.53. EDX spectra of untreated Eagle Ford clay 

 

 

Figure 4.54. ESEM micrograph amplification of 200x of Eagle Ford clay treated 

with 3% of hydrated lime  

 

The irregular large agglomerations of the clay particles are evident in Figure 

4.55. This likely reflects the effect of the strength developed in the clay-lime-water 
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system. Also, the increase in inter-assemblage pore-size and good pore connection 

dominate the fabric after lime addition.  

According to Stoltz et al. (2012), the fabric of the untreated and lime-treated 

soils may consist of two classes of pores usually called “double structure”. The 

smallest pores (micro-pores) correspond to the pores inside the aggregates, while 

the largest pores (macro-pores) are the spaces between these aggregates. The study 

carried out by them assessed the lime addition effect on the fabric of expansive soils 

using mercury intrusion porosimetry (MIP) and concluded that the lime addition 

increases the macro-pore sizes and consequently the void ratio.  

 

 

Figure 4.55. ESEM micrograph amplification of 1000x of Eagle Ford clay treated 

with 3% of hydrated lime  

 

As explained by Yazdandoust & Yasrobi (2010), during the saturation 

process, molecules of water tend to migrate from the larger pore spaces into the 

smaller pores by suction in order to establish equilibrium conditions. However, the 

formation of larger inter-assemblage pore spaces causes reduction in number and 

volume of intra-assemblage pore spaces, and this fact obstructs some water 

molecules to reach the overall clay matrix and, consequently swelling potential 

reduces. 
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The EDX spectrum of Eagle Ford clay treated with 3% of hydrated lime, 

corresponding to point No.1 indicated in the ESEM micrograph of Figure 4.55, is 

shown in Figure 4.56. This spectrum exhibits a strengthened Ca peak in response 

to lime addition and cemented products formation into the soil.  

 

 

Figure 4.56. EDX spectra of Eagle Ford Clay treated with 3% hydrated lime 

 

4.3.2.1. 
Curing and Mellowing Period Effect on Micro-Structural Features 

Previous data analysis in this study demonstrated that curing time enhances 

the strength (section 4.1.6) of lime-treated Eagle Ford clay and reduces its swelling 

potential (section 4.2.1.2). These effects of curing time on lime addition are strongly 

related with the micro-structural changes undergone by the specimens along the 

time.  

Figure 4.57 illustrates ESEM micrograph amplification of 1000x of untreated 

and lime-treated Eagle Ford clay with 3% of hydrated lime and with 1 and 7 days 

of curing. When the specimen was prepared without lime, the observed microfabric 

was still open, as shown in Figure 4.57 (a). When hydrated lime was added, the 

cation exchanges flocculated the soil into larger lumps (Figure 4.57 (b)). With 7 

days of curing, the large pores were filled with the cemented products, as shown in 
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Figure 4.57 (c). Thus, the total pore volume decreases resulting in the development 

of strength and reduction of swelling potential.  

The application of mellowing periods in the lime-treated Eagle Ford clay has 

shown adverse results in this study. Slight decreasing in compressive strength 

(section 4.1.6) and increasing in swelling potential (section 4.2.1.3) were observed 

in specimens that were mixed and left to mellow for 7 days.  

 

 
Figure 4.57. ESEM micrograph amplification of 1000x of untreated and lime-

treated Eagle Ford clay with 3% of hydrated lime and with 1 and 7 days of curing  

 

Figure 4.58 illustrates the ESEM micrograph amplification of 1000x of lime-

treated Eagle Ford clay with 3% of hydrated lime (HL) with no mellowing (NM) 

and 7 days of mellowing period (7M). It demonstrates that the particle aggregation 

occurred in both specimens, the one compacted immediately after mixing (NM) and 

the specimens compacted after 7 days of mixing (M7).The aggregation size in 
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specimen M7 seems to be bigger than specimen NM, thus the inter-aggregates pores 

in specimen M7 seem to be bigger, too.  

Based on the microstructural difference observed here and in the XRD 

observations, it is evident that the pozzolanic reactions took place, even if the lime-

soil mixture was in uncompacted state, and then greater porosity was observed in 

specimens compacted with mellowing periods. Some studies confirmed the 

reduction in dry density and increase in the percentages of air voids was due to 

mellowing periods (Bell, 1996; Holt & Freer-Hewish, 1998; Di Sante et al., 2015). 

The strength reduction because of mellowing might be due to the formation of big 

clods that difficult the interaction between lime and the clay material into the clods. 

Also, the increase of swelling potential due to mellowing can be explained by same 

reason.  

 

 

Figure 4.58. ESEM micrograph amplification of 1000x of lime-treated Eagle Ford 

clay with 3% of hydrated lime (HL) with no mellowing (NM) and 7 days of 

mellowing period (7M) 

4.3.3. 
Micro-CT Analysis 

The Micro-CT data results initially came as a set of 2D images which can be 

stacked together to form a 3D volume. The provided data contained approximately 

200 2D images for each specimen (untreated specimen and lime-treated specimen 

with 4% of hydrated lime). Entire specimen images, including solid particles and 

pores, for the untreated e lime-treated Eagle Ford clay are shown in Figure 4.59 and 
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Figure 4.60, respectively. It can be seen that the specimens contain some cracks due 

to their small thickness (1cm approximately) and shrinkage produced by the drying 

process executed after swelling tests. However, this fact did not affect the pore size 

analysis because the established pore size range disregarded these features.  

 

 

Figure 4.59. Micro-CT images taken from untreated Eagle Ford clay specimen 

 

 

Figure 4.60. Micro-CT images taken from lime-treated specimen with 4% HL 

 

The image processing program used for analyzing the micro-CT images was 

the ImageJ3, because it is a public domain software. The main steps for analyzing 

                                                 
3 https://imagej.nih.gov/ij/index.html 

DBD
PUC-Rio - Certificação Digital Nº 1212916/CA



171 
 

 

 

the porosity inside the specimens by using the ImageJ program are described as 

follows: 

The first step was the pre-processing. In this step, 100 images from each 

specimen were selected, avoiding images taken from the top and bottom specimen 

extremes, in order to be prepared for the analysis. The pre-processing step included 

the scale calibration (the specimen diameter was correlated with a number of pixels 

in the image) and the improvement of image quality by applying “mean” filter and 

adjusting the brightness and contrast. The mean filter smooths the current image by 

replacing each pixel with the neighborhood mean. Figure 4.61 shows an example 

of images before and after pre-processing. 

 

 

Figure 4.61. Micro-CT images before and after pre-processing  

 

The second step was the segmentation. This step allowed to separate the pores 

from the specimens by converting the pre-processing image (in gray scale) to a 

binary image, i.e., a black and white image. So that, it was necessary to set the 
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thresholds in the gray scale to establish what tones should become black and white.  

Also, in this step, the specimen holes (pores) were filled with white color in order 

to facilitate their visualization (Figure 4.62). 

 

 

Figure 4.62. Micro-CT images after segmentation depicting pore distribution  

 

The final step was the post-processing and result analysis. After segmentation 

step, the ImageJ program allowed to obtain the percentage of pores with different 

area in mm2. The pore size distribution carried out here only considered pores with 

areas between 0.001 to 0.01 mm2. The inferior limit was established because of the 

tomography resolution and the superior limit was fixed in order to omit the cracks 

in the specimen for the analysis. Based on this, the pore areas were classified in five 

groups (0.0010, 0.0028, 0.0046, 0.0064 and 0.0082 mm2) and the pores percentage 

for each area was calculated, as shown in Figure 4.63. 

The results showed that pores with the smallest area (0.001 mm2) were the 

most predominant in both untreated and lime-treated specimens, compared with the 

other established pore areas. However, the percentage of pores with areas smaller 

than 0.046mm2 was 74% for untreated specimen (0% HL) and 52% for the 

specimen with 4% HL. Additionally, the specimen with 4% HL presented higher 

percentage of pores with area equal or bigger than 0.046mm2 (around 48%) than 

the untreated specimen where these big pores were around 26%. As explained 

above in ESEM analysis, the lime addition increases the inter-assemblage pore-size. 

The Micro-CT results also confirmed that the formation of aggregates due to lime 

addition affected the soil macro-porosity, so that the specimen with 4% HL 

displayed higher percentage of big pores than the untreated specimen (0% HL).  
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Figure 4.63. Pore area distribution for untreated and lime-treated Eagle Ford clay 
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5 
Conclusions and Recommendations 

At the end of this experimental study, important findings about the main 

parameters that affect the efficiency of lime treatment on the swelling reduction in 

expansive soils can be drawn. This chapter summarizes these main findings and 

offers recommendations for further investigations.  

 

5.1. 
Conclusions  

Based on the results presented and analyzed in the previous chapters, and 

within the established general and specific objectives, it was possible to infer the 

conclusions presented below: 

 In this study, it was successfully verified the capability of the centrifuge 

technology to analyze the swelling reduction in expansive soils using lime 

treatment. So far, only expansion measurements of natural soils had been 

done with this technology. However, the present results demonstrated that 

this technology also can facilitate the evaluation of treatments to reduce the 

swelling behavior of expansive soils. 

 The index properties of the expansive Eagle Ford clay were modified 

immediately after lime addition. The lime addition was responsible for 

creating an alkaline environment into the pore water of the lime-treated soil 

that promotes pozzolanic reactions and flocculation process. The flocculation 

process that took place into the lime-soil mixtures was reflected in all the 

properties analyzed in this study. The flocculation process led to increase the 

particle size with consequent reduction of cation exchange capacity (CEC) 

and plastic index (PI) values. Additionally, after lime addition, it was 

observed a reduction of maximum dry density related to the increase in 

particle size and air voids; 

 Compressive strength and stiffness of the natural Eagle Ford clay were 

increased with hydrated lime addition. The lime addition produced changes 
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in the failure response from ductile to brittle behavior. The curing time 

increased the compressive strength. Furthermore, the strength was also 

influenced by the elapsed time between mixing and compaction (i.e. 

mellowing period). The specimens with 7 days of mellowing exhibited lower 

compressive strength peak than specimens with no mellowing. This reduction 

in strength was attributed to three factors during mellowing period: loss of 

water, lime consumption and high air void generation; 

 The evaluation of the effect of lime percentage in lime-soil mixtures 

confirmed that the swelling potential reduction due to lime addition fits a 

natural logarithmic function between lime percentage and the swelling 

potential reduction ratio (SPR) with an excellent correlation. It was observed 

that 1% of hydrated lime was able to reduce 67% of swelling potential of 

Eagle Ford clay, whereas 4% of hydrated lime was able to eliminate 97% of 

swelling potential of the natural Eagle Ford clay; 

 It was observed clear relationship between the primary swelling slope (PSS) 

and secondary swelling slope (SSS) in the untreated and lime-treated 

specimens. Considering that primary swelling is driven by capillarity and 

secondary swelling by hydration process and analyzing the PSS and SSS, it 

can be concluded that these processes contributed equally to the total swelling 

for lime-treated Eagle Ford specimens, since the PSS and SSS values were 

very close. On the other hand, in untreated Eagle Ford clay, the entrance of 

water was mainly due to capillarity process, since PSS was high and SSS was 

low; 

 An evident reduction of swelling behavior in expansive Eagle Ford clay was 

obtained by the combined effect of lime addition with curing time. The 

swelling potentials in specimens with 1 day of curing were 36% to 50% 

smaller than those obtained at 0 days of curing (i. e. no curing). Longer curing 

times, such as 7 and 28 days, produced reductions of swelling potential 

around 40 to 100% with respect to the value obtained at 0 days of curing. 

Similar swelling potentials were found in specimens cured during 7 and 28 

days. This was explained due to the fact that short curing times lead to the 

increase of pore-volume, and long curing times allow cemented compounds 

formation. The presence of these cemented compounds can stop the increase 

of pore volume making the swelling potential constant in longer curing times; 
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 Fairly similar reduction of swelling potential was obtained at 1, 7 and 28 days 

of curing. One day of curing was enough to reach remarkable enhancement 

in swelling potential reduction compared with specimens without curing (0 

days). Longer curing times produced similar potential reduction obtained at 1 

day of curing. Since reduction in PSS was detected, the capillary forces into 

the soil seem to diminish with the increase in curing time. Thus, the water 

infiltration becomes more difficult and occurs in a slower manner for 

specimens cured for long time. Furthermore, reduction in SSS was also 

noticed with the increase in curing time. This reflects that the formation of 

cemented compounds, during the curing time, makes difficult the entrance of 

water responsible for the final hydration process; 

 The mellowing period was defined as the elapsed time between lime-soil 

mixture preparation and the final specimen compaction. An adverse effect of 

prolonged mellowing period on swelling reduction was identified, and it was 

attributed to two possible causes: (i) the presence of excessive air voids 

generated during the mellowing period and (ii) the lost of lime due to 

carbonation process during the mellowing period; 

 The swelling behavior of untreated and lime-treated Eagle Ford clay was 

found to be highly sensitive to variations in compaction moisture condition. 

When the compaction moisture content was varied from DOP (dry of 

optimum) to WOP (wet of optimum) condition, it was detected a reduction of 

66% of swelling potential in untreated Eagle Ford clay. Likewise, in lime-

treated specimens, it was detected reductions up to 100% of swelling potential 

with the same variation in compaction moisture condition from DOP to WOP.  

Furthermore, it was found that the increment of compaction moisture content, 

e.g. from OPT to WOP condition, was able to substitute in some quantity the 

percentage of hydrated lime needed to reduce the swelling potential of Eagle 

Ford clay. Since the lime addition also reduces the clay plasticity, problems 

related with workability are not expected with increasing compaction 

moisture content, as it could be expected in the case of natural expansive soils 

compacted at high moisture contents; 

 The compaction moisture condition DOP was found to have an adverse effect 

on lime-treatment efficiency for swelling reduction. This moisture condition 
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resulted in higher swelling potentials than those found in OPT or WOP 

conditions. So that, in construction processes, it would be recommended to 

check the moisture of the lime-soil mixture in order to ensure that it is not in 

the DOP condition; 

 The compaction moisture content affects the mechanism of swelling in 

untreated and lime-treated Eagle Ford clay. A decrease in the primary 

swelling slope was detected when the compaction moisture content was 

increased. So that, the capillary absorption occurred very fast at DOP 

condition because of the many available air voids for being filled by water. 

Conversely, slower infiltration process was observed in compaction moisture 

condition OPT and WOP, where the void volume are filled with more water 

than in DOP condition; 

 The evaluation of compaction dry density on swelling behavior of untreated 

and lime-treated Eagle Ford clay showed that the swelling potential slightly 

decreases with a decrease in relative compaction. This behavior was 

attributed to the fact that loosely compacted specimens exhibit more 

inefficient translation from particle-scale swelling to bulk-scale swelling 

because the interlayer volume changes occurring on the particle scale are 

internally adsorbed by the larger scale pores. Conversely, densely compacted 

specimens exhibit more efficient translation from particle-scale swelling to 

bulk-scale swelling because the interlayer volume changes are less well 

accommodated by the internal pores; 

 The lime addition efficiency can be increased with the reduction of 

compaction dry density. However, unlike to what was observed for variations 

of compaction moisture content, a reduction in compaction dry density was 

not able to offset the effect of a greater percentage of hydrated lime for 

swelling mitigation; 

 The combined variation of compaction dry density and lime addition 

produced changes in the swelling mechanism of untreated and lime-treated 

Eagle Ford clay. While for untreated Eagle Ford specimens, a faster primary 

swelling development was observed in loose specimen than in denser one, in 

lime-treated Eagle Ford clay, the primary swelling occurred faster in 

specimens compacted at higher dry density. The change in the primary 
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swelling slope from untreated to lime-treated Eagle Ford clay was attributed 

to the generation of cemented compounds, due to lime addition, which are 

able to modify the water absorption by capillarity process generated during 

the primary swelling. Conversely, the hydration process, responsible for 

development of secondary swelling, depends only on the compaction dry 

density because its behavior was the same trend for untreated and lime-treated 

Eagle Ford clay. The final hydration process occurred in faster manner in 

specimens with high dry density; 

 The combined effect of lime addition with stress variation on the swelling 

behavior of untreated and lime-treated soils was evaluated by variations in g-

level during centrifuge tests. A decreasing natural logarithmic function was 

found to describe the relationship between swelling potential and g-level. 

Considering that the artificial g-level is correlated with the effective stress 

applied on the specimen, it was observed that the percentage of lime needed 

to prevent the swelling behavior also depends on the applied vertical stress 

that will be applied by the weight of the structure projected on the expansive 

soil; 

 Even the swelling mechanisms (i.e. absorption by capillarity and hydration 

process) in both untreated and lime-treated Eagle Ford clay presented 

dependency on the g-level applied into the centrifuge specimens, the results 

contradicted the expected behavior. Thus, it was observed that the water 

infiltration happened in faster manner in specimens subjected to 5g’s than 

those subjected to 200g’s, which was reflected in higher values of primary 

and secondary swelling in the specimens subjected to 5g’s; 

 The mineralogical analysis allowed to corroborate that lime addition alters 

the clay composition by formation of new crystalline compounds identified 

as Calcium Silicate Hydrate (CSH). Also slight reduction in all clay minerals’ 

peak intensity, due to curing time, were detected by XRD results. However, 

the detection of carbonation products was not possible by the present XRD 

results, because probably the percentage of hydrated lime used for this test 

should have been higher than 3% in order to facilitate the detection of 

carbonation products; 
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 By ESEM and Micro-CT observations, the disperse particle structure of the 

natural expansive Eagle Ford clay was found altered by the lime addition. 

Lime-treated soil exhibited irregular large agglomerations that obstruct the 

water molecules to reach the overall clay matrix, producing reduction of 

swelling potential. The Micro-CT analysis displayed reduction in the 

percentage of small area pores and increase in the percentage of big pores 

after lime addition.  It was further found that the curing time leads to large 

pores to be filled by cemented products generating additional reduction of 

swelling potential. Also, ESEM observations allowed to support the 

hypothesis that prolonged mellowing period results in increasing the pore size 

in the specimen.  

 

The main contribution of this study was to reveal the combined effect of lime 

addition with different specimen preparation conditions (such as, curing time, 

mellowing periods, compaction moisture content, compaction dry density and 

effective stress) in expansive soils, in order to formulate recommendations to 

achieve greater efficiency in reduction of swelling behavior. The practical 

engineering recommendations that can be drawn from this study are: 

1. The amount of lime required to prevent swelling will vary from one expansive 

soil to another, and also will depend on the loading conditions that the 

expansive soil would be submitted; 

2. An efficient lime addition for swelling reduction should avoid prolonged 

periods between lime-soil mixing and compactions (i.e. mellowing periods). 

Otherwise, when longer delays to compaction cannot be avoided, a small 

additional amount of lime should be added to compensate the adverse effect 

of mellowing; 

3. A short period of curing, around 7 days, might be recommended to increase 

the effect of lime on swelling reduction; 

4. If the objective of lime addition is only the swelling decreasing and not the 

strength gain, the amount of lime can be reduced by increasing the 

compaction moisture content and/or by decreasing the compaction dry 

density. 
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5.2. 
Future Works 

Additional investigations to be undertaken in order to further substantiate the 

results obtained in the present research work include:  

 Further centrifuge testing on different types of expansive soils subjected to 

different types of treatments for swelling reduction; 

 Investigations about the application of lime percentages higher than 4% for 

Eagle Ford clay, in order to corroborate if the trends observed in this study 

persists; 

 Some of the parameters studied here need to be analyzed in a more detailed 

manner. For example, the effect of compaction dry density on swelling 

reduction could be explored with more percentages of relative compaction, 

not only with 94% and 100%, as was done here. Also, different compaction 

energies can be applied during specimen preparation in order to analyze the 

effect of this energy on the swelling behavior.  

 The adverse effect of mellowing period on swelling reduction need to be 

corroborated by analyzing more percentages of hydrated lime and smaller 

mellowing periods. Also, studies including thixotropic effect on swelling 

behavior of natural and stabilized expansive soils should be developed.  

 Investigations on the empirical and numerical models for predicting the effect 

of lime addition on the expansive behavior. 

 Mercury intrusion porosimetry (MIP) studies to analyze the variations in pore 

size distribution resultant from alterations of the different parameters studied 

here (lime percentage, curing time, mellowing period, compaction moisture 

content, compaction dry density and effective stress). 

 X-Ray diffraction tests need to be carried out with percentages higher than 

3% of hydrate lime in Eagle Ford clay and longer periods of curing, in order 

to facilitate the detection of pozzolanic products and undesirable carbonation 

products.  

 Create correlations involving properties such as strength, porosity and 

swelling in order to predict the effect of lime on hydraulic and mechanical 

properties of expansive soils. 
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