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ABSTRACT 

A COMPRHENSIVE FRAMEWORK TO MITIGATE SURFICIAL SLOPE 

FAILURES 

Burak Boluk 

The University of Texas at Arlington, 2021 

Supervising Professor: Dr. Anand J. Puppala 

Each year, numerous highway and dam slopes that are built with high 

plasticity clays experience shallow slope failures. Besides the high maintenance 

and repair costs, these failures negatively impact public life by interrupting the 

traffic flow and causing serious safety hazards. The development of desiccation 

cracks due to weathering cycles deteriorates hydro-mechanical properties of soil, 

increases water infiltration, and ultimately results in surficial slope failure.  

Several slope rehabilitation methods have been developed to stabilize 

clayey soil slope sections affected by surficial failures. Lime stabilization is an 

effective treatment method that generally reduces the swell-shrink potential of 

expansive soil and enhances its engineering properties. However, exposure to wet-

dry cycles negates some of the benefits of lime treatment and affects the extent of 

rainfall infiltration through the treated layer. Most lime treatment projects were 

primarily conducted without thoroughly estimating the impact of wet-dry cycles 

on the performance of the treated slopes. Proper consideration of long-term 

impacts of harsh environmental conditions on properties of treated soil in slope 
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stability analysis is needed to produce more resilient and promising slope 

rehabilitation projects. 

In this research, the effectiveness of the lime treatment on both highway 

and dam slopes is assessed by incorporating the effect of detrimental changes in 

the hydro-mechanical properties of the treated soil due to wet-dry cycles. An 

experimental program is designed to estimate and compare the long-term strength 

parameters and durability of control and treated soils. The long-term stability of 

three lime-treated slopes is assessed numerically for various expected rainfall 

intensities and durations by conducting rainfall-induced unsaturated slope stability 

analyses. In order to assess the performance of lime-treated slope, field moisture 

probes and elevation survey techniques are used to monitor moisture fluctuation 

and deformation in slope with time, respectively. Also, the life cycle cost and 

benefit analysis for the current project is carried out to investigate the economic 

feasibility of the slope rehabilitation method using the lime treatment. The 

framework developed in this research study can be readily used by the 

geotechnical engineering fraternity to assess the long-term to address surficial 

slope stability issues. 
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Chapter 1 

INTRODUCTION 

1.1 Background 

Numerous geotechnical engineering infrastructures, including highway 

and dam embankment slopes are built using expansive clayey soils (Kodikara et 

al. 2004, Al-Rawas and Goosen 2006, Jones and Jefferson 2012, Congress and 

Puppala 2020). Even though the initial factor of safety (FOS) of these slopes 

satisfy the design criteria, many of them experience stability issues in long-term 

due to detrimental impact of seasonal weathering cycles on hydro-mechanical 

properties of soil (Kayyal and Wright 1991, Jafari et al. 2019). Expansive soils 

typically undergo considerable amount of volume change and are often susceptible 

to desiccation cracks due to cycling drying and wetting (Zhao et al. 2020). The 

desiccation cracks damage integrity of soil and deteriorate its hydro-mechanical 

properties (Kodikara and Costa 2013, Jafari et al. 2019a). The desiccation cracks 

reach at greater depths after each wet-dry cycle, and the effects of desiccation 

cracks on hydro-mechanical properties of soil can extend up to 2.1m (7 ft) depth 

from the surface of slope (Anderson et al. 1985, Konrad and Ayad 2011). 

The detrimental impacts of the desiccation cracking on the hydraulic 

properties of soil has been observed by many researchers (Lau 1987, Kodikara and 

Choi 2006, Peron et al. 2013, Louati et al. 2018). The rate of water flow is 
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significantly larger in a desiccated soil than that of the intact soil matrix (Köhne et 

al. 2002, Li et al. 2017). Albrecht and Benson (2001) reported that the increase in 

permeability value for clays due to development of desiccation cracks could be 

three orders of magnitude. The strength reduction of soil due to desiccation cracks 

has gathered great concern over several decades (Kayyal and Wright 1991, Wright 

et al. 2007, Stirling et al. 2017).  

During the wetting period, the water easily seeps down to deeper soil layers 

through cracks and accumulates in the surficial layer due to underlying non-

desiccated soils. The excessive wetting of soil  leads to swelling and softening of 

clayey soil which ultimately decrease its shear strength to fully soften strength 

(FSS) (Skempton 1970; Skempton 1977; Jafari et al. 2019b). The degradation of 

shear strength of soil and increase in pore water pressure due to high infiltration 

rate causes surficial slope failure (Qi et al. 2020; Boluk et al. 2021). These failures 

are generally surficial in nature and are usually 1.2 to 2.4 m deep (Anderson et al. 

1985, Konrad and Ayad 2011). 

Lime stabilization is one of the most commonly used and effective methods 

to reduce swelling and shrinkage potential of expansive soils (Chakraborty and 

Nair 2018, Puppala et al. 2019a). The cementitious products, formed during soil-

lime reactions, bind the soil particles and enhance its strength, stiffness, and 

durability significantly (Puppala et al. 1996; Hoyos et al. 2004). Althoguh the lime 

treatment significantly improve the soil properties, a very few studies have been 
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reported on the long-term performance of lime-treated soil. Rao et al. (2001) 

investigated the impact of wet-dry cycles on lime-treated soils and observed that 

liquid limit and clay fraction increases considerably due to breaking of 

cementitious bonding after each weathering cycle. Khattab et al. (2007) also 

pointed out that weathering cycles can cause a significant increase in swell 

potential and eventually decrease the effectiveness of lime treatment. 

Though the lime stabilization method gives promising results in most of 

the cases, some attempts were resulted in with unsatisfied results in the past. 

Several recurring failures in lime-treated slopes in Texas were reported by Abrams 

and Wright (1972). Also, many of state departments were reported lime stabilized 

subgrade failures due to loss of benefits of treatment, or the treatment being 

ineffective over the time (Little et al. 2000). The exact reasons of the inadequate 

performance of lime stabilized projects are still debatable. Probable reasons of 

these failures include: 

1. Inadequate comprehensive laboratory test program followed in the design 

phase, 

2. Insufficient applied treatment dosages and depth of treatment,  

3. Improper field conditions during the design phase,  

4. Underestimation of the effects of the moisture changes due to the climatic 

fluctuations on the treated soils’ hydro-mechanical properties, and 

5. Inadequacy of the providing a proper drainage system.  
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An attempt has been made in the present research work is to investigate the 

long-term effectiveness of the lime treatment on the slopes by incorporating the 

effect of detrimental changes in the hydro-mechanical properties of soil and 

rainfall events. In this research study, a comprehensive framework is developed 

by addressing the abovementioned issues, and the long-term performance of lime-

treated slope is evaluated. 

1.2 Research Objectives  

The main objective of this research study is to assess the effectiveness and 

permanency of lime treatment as a viable option to arrest and rehabilitate the skin 

slide type failures on highway and dam embankment slopes. This study is 

conducted by evaluating the long-term stability of lime stabilized slopes by 

considering climatic factors and the effect of cyclic wetting and drying cycles on 

hydro-mechanical properties of the treated soil. The performance of lime treatment 

method is assessed by using post-construction monitoring techniques. Moreover, 

the long-term economic aspect of the lime stabilization method for slope is 

investigated. In order to accomplish the main objective, several specific objectives 

have been formulated, and are listed following: 

1. To investigate the effectiveness of treatment in term of long-term strength 

properties of selected soil with different dosages of lime and curing 

periods.  
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2. To examine the thickness of the surficial treated layer on the stability of 

slopes. 

3. To study the effects of rainfall intensity and duration on the stability of 

untreated and lime-treated soil slopes and assess the need for drainage 

system. 

4. To monitor the seasonal moisture changes of the treated and control soils 

in the stabilized slopes and measure the vertical changes occurred in the 

treated slope surface and pavement due to moisture fluctuations.  

5. To study the expected expenditures and benefits of the lime-treated slope 

stabilization method by conducting a life cycle cost and benefit analysis.  

These research tasks are conducted as per the developed flowchart as 

shown in Figure 1.1.  
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Figure 1.1 A comprehensive flowchart followed to in this research study 
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1.3 Organization of Dissertation 

This dissertation was prepared as a final product of a comprehensive 

research study and consists of a total of seven chapters. The brief outline of 

dissertation and contents of each chapters are presented following. 

Chapter 1 introduces the topic of research and provides some background   

information of the topic. The main research objective and specific tasks used to 

accomplish the goals are also presented. A description of each chapters is detailed, 

and the organization of the dissertation is also presented in this chapter. 

Chapter 2 presents a compiled literature review on expansive soils, causes 

of surficial slope failures, several slope stabilization methods, as well as some of 

their limitations. The clay mineralogy, soil-water interactions, development 

desiccation cracks, and impacts of desiccation cracks on slopes are discussed in 

detail in this chapter. Also, the fundamental concepts of the unsaturated state soil, 

water flow in this soil, and slope stability analysis are presented. The lime 

stabilization method, the impact of lime stabilization on hydra-mechanical 

properties of soil, and the effects of weathering cycle on lime-treated soils’ 

properties are also discussed.  

Chapter 3 describes the observed failures on embankment slopes of U.S. 

75 Frontage Road, Grapevine dam, and Joe Pool lake dam. In addition to this, the 

basic laboratory soil tests performed on the U.S. 75 Frontage Road slope to 

determine the main causes of this slope failure are presented, as well as their results 
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are included. Also, the previous research study conducted using these dam 

embankment slopes to assess and compare the performance of several different 

slope stabilization methods are presented in detail. 

Chapter 4 details the experimental methodology and test procedures of 

soil-lime mix design studies performed for U.S. 75 Frontage Road slope 

rehabilitation work. Basic characterization tests, engineering tests, durability, and 

strength retention tests after subjecting wet-dry cycles. Additionally, a comparison 

of results of soils treated with different treatment dosages and cured for different 

periods, are provided in this chapter.  

Chapter 5 provides the details of numerical analysis studies conducted to 

evaluate the long-term stability of unsaturated treated slopes under various 

expected climatic conditions. The effect of a drainage system on the stability of 

rehabilitated slope section is also studied. In addition to this, the inverse numerical 

analysis of the failed U.S. 75 Frontage Road embankment slope is also presented. 

 Chapter 6 presents the construction plans prepared and executed for 

stabilization of the failed section of U.S. 75 Frontage Road slope along with the 

details of field operations phases. Moreover, the post-treatment performance of 

rehabilitated slope section is assessed by using field instrumentation and 

conducting field total station and light detection and ranging (LIDAR) surveys. In 

addition to this, the economic aspect of the lime stabilization work is studied by 
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conducting life cycle cost and benefits analysis on the U.S. 75 Frontage Road slope 

rehabilitation work. 

Chapter 7 summarizes the major findings and conclusions obtained from 

this research work. It also addresses the future scope of works and 

recommendations. 
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2. Chapter 2 

LITERATURE REVIEW 

2.1 Introduction 

Expansive clayey soils are prevalent in many arid and semi-arid regions of 

the world (Al-Rawas and Goosen 2006, Jones and Jefferson 2012, Congress and 

Puppala 2020). These soils are often used to build man-made slopes including 

highway and railway embankments, levees, and dams (Jafari et al. 2019). Seasonal 

climatic fluctuations (wet-dry cycles) cause significant volumetric changes in 

clayey soil slopes (Banerjee 2017, Khan et al. 2017, Julina and Thyagaraj 2019). 

The swelling and shrinkage in the soil are caused by the events of precipitation, 

evaporation, and thawing. During the wet period, the expansive soil swell and in 

dry period, it tends to shrink (Zhao et al. 2020).  

Restrained shrinkage causes the development of tensile stresses and when 

the tensile stress exceeds the soil tensile strength, soil experiences desiccation 

cracks (Acharya 2015, Al-Dakheeli and Bulut 2019). These desiccation cracks 

usually develop in the surficial layer of slope (active zone) (Wright et al. 2007, 

Wang et al. 2012, Caballero et al. 2016). In the rainy period, these cracks act as 

conduits and promote moisture intrusion into soil mass, subsequently resulting in 

a significant decrease in its effective strength (Prozzi and Luo 2007, Chen and 

Won 2007, Yang et al. 2019a, Zhang et al. 2020). This aforementioned 
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phenomenon results in numerous surficial slope failures (Qi et al. 2020, Boluk et 

al. 2021). 

 Many soil stabilization methods have been used in the past to prevent 

surficial slope failures. Lime stabilization is one of the most preferred and effective 

methods in minimizing the volumetric changes in expansive soils (Chakraborty 

and Nair 2018, Puppala et al. 2019a). Lime treatment generally reduces the swell-

shrink potential of expansive soils, enhances the soil hydro-mechanical properties 

and affects the moisture infiltration characteristics (Locat 1996).  

Most lime treatment slope stability projects are primarily conducted 

without thoroughly estimating the impact of rainfall on the slope degree of 

saturation by assuming the treated layer completely saturated or dry (Dronamraju 

2008; Le 2013). Also, exposure to wet-dry cycles changes the engineering 

properties of treated soils and complicates the rainfall infiltration process 

(Akcanca and Aytekin 2014).  These assumptions do not capture the actual field 

conditions and underestimate the effects of the seasonal variation of the rainfall on 

slope stability. There is a need to investigate the long-term effectiveness of the 

lime treatment on the slopes by incorporating the effect of detrimental changes in 

the hydro-mechanical properties of the treated soil due to wet-dry cycles and 

rainfall events.  

This chapter reviews the available literature on desiccation cracking and 

its impacts on hydro-mechanical properties of expansive soil. It presents the 
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fundamental concepts of unsaturated soil mechanics with primary focus on hydro-

mechanical properties and its estimation methods. The development mechanism 

of surficial slope failure is also discussed in conjunction with different rainfall 

characteristics. The salient information about soil lime admixtures: reactions and 

design considerations, the effect on soil properties, and performance under cyclic 

wet-dry cycles are thoroughly assessed in this chapter. All the compiled 

aforementioned literature is given in the following sections. 

2.2 Expansive Soils 

2.2.1    General 

Expansive soils are prone to volume change when subjected to variation in 

moisture content. Because of this characteristic, these soils are also known as 

shrink-swell soils, expandable soils, cracking soils, or active soils. Expansive soils 

prevail across many regions of the world; countries including Australia, India, 

South Africa, Saudi Arabia, Turkey, and the US. It is commonly found in the areas 

with arid and semi-arid climates, where the annual precipitation is lower than the 

potential evapotranspiration (Kodikara et al. 2004, Sabtan 2005, Jones and 

Jefferson 2012). Approximately 1/4th of the total land area in the US has expansive 

soil (Hedayati 2016). Figure 2.1 illustrates the distribution of expansive clays 

across the United States.  Expansive soils are found throughout the areas from the 

Gulf of Mexico to Canada and Iowa to Pacific costs (Witczak 1972). Although the 

nature of expansive clays is unfavorable to build structures on them, the increase 
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in population and urbanization into reclaimed farmlands has made it difficult to 

avoid expansive clayey soil zones and many infrastructures are built by using on-

site expansive soils as a borrow material (Williams 2003).  

 

Figure 2.1 Expansive soil map of the USA (Witczak 1972) 

The volumetric changes in expansive soil cause a significant amount of 

damage in embankment slopes, road pavements, pipelines, foundations, and 

irrigation channels (Tripathy and Rao 2009, Puppala et al. 2014a, Sharma and 

Sivapullaiah 2016). In a typical year in the USA, 13 billion dollars of worth of 

structural damages are caused by expansive clayey soils (Table 2.1) (Adem and 

Vanapalli 2013). In the state of Texas alone, the annual expenditure on repairs 

related to expansive soil touches one billion dollars (Punthutaecha et al. 2006, He 

et al. 2018). The annual overall financial loss due to expansive soils is more than 
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loss due to natural calamities such as earthquakes and tornados (Jones Jr and Holtz 

1973, Puppala et al. 2011).  

Table 2.1 Annual cost of damages caused by expansive clay (Adem and 

Vanapalli 2013) 

Region Damage per year Reference 
USA $ 13 billion Puppala and Cerato (2009) 
UK £ 400 million Driscoll and Crilly (200) 

France € 3.3 billion Johnson (1973) 
Saudi Arabia $ 300 million Ruwaih (1987) 

China ¥ 100 million Ng et al (2003) 
Australia $150 million Osman et al (2005) 

The swelling phenomenon in expansive soil is primarily attributed to the 

hydration of clay minerals. These volumetric changes generally occur in the 

surficial layer of soils within 3 meters from the ground surface (active zone). The 

degree of swell and shrinkage strain in soil depends on its density, void ratio, and 

initial water content, overburden stresses, and type and amount of clay minerals 

(Bell and Culshaw 2001, Patel 2019). Different types of clayey soils exhibit 

different degrees of swelling potential when hydrated. The soil containing mostly 

kaolinite or illite mineral undergoes little or no volumetric increase upon 

hydration. On the other hand, soil that contains smectite, montmorillonite or 

bentonite minerals could expand up to several times of its dry state volume 

(Norrish 1954). The physical and chemical characteristics of some of the common 

clay minerals are discussed in the following section.  
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2.2.2    Clay Mineralogy and Chemical Structure 

The term ‘clay’ is referred to as particulate material that has a particle size 

smaller than 2 micrometers and has a group of minerals that have a common crystal 

structural characteristic and chemical composition (Velde 1995). These minerals 

belong to the family of phyllosilicates, silicate layers, and preliminary product of 

weathering of rock or soils (Deer 2011). Phyllosilicates have a layered structure 

that consists of layered atoms planes. Based on the coordination of these atom 

planes, there are 2 types of phyllosilicate clay minerals: tetrahedral and octahedral 

sheets (Figure 2.2). Clay minerals are formed in various sizes and can be identified 

with different techniques such as Infrared analysis, differential thermal analysis, 

microscopic examination, or X-ray diffraction. 

A tetrahedron is formed by a cation (silicon or aluminum) that is 

surrounded by four oxygen atoms. Adjacent tetrahedrons share oxygen anions and 

form a hexagonal network of the tetrahedral sheet. Similarly, an octahedron is 

formed by a cation (generally aluminum, magnesium, iron) surrounded by six 

oxygen or hydroxyl anions. These octahedral units form the eight-sided block of 

octahedral sheets (Barton and Karathanasis 2002). The interlocking of these 

tetrahedral and octahedral sheets forms the clay mineral units of 1:1 layer (one 

tetrahedral and one octahedral sheet) and 2:1 layer (two tetrahedral and one 

octahedral sheet). Different configuration and composition within these sheet 

layers result in different groups of clay minerals with different physical and 
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chemical properties. The most commonly found and known clay minerals are 

kaolinite, illite, and montmorillonite.  

 

Figure 2.2  Structure of tetrahedral and octahedral sheets (Al-Ani and Sarapää 

2008) 

The kaolinite clay mineral (Al2Si2O5(OH)4), as shown in Figure 2.3a, has 

a 1:1 layered structure. It has a triclinic crystal structure with a diameter of 0.2 μm 

to 12 μm (Al-Ani and Sarapää 2008). Because of its small specific surface area 

(around 10-20 m2/g) and strong hydrogen bonds between clay mineral sheets, 

kaolinite does not undergo high swelling (Deng et al. 2017). Illite (Figure 2.3b) 

clay mineral has a 2:1 layered structure and generally occurs after decomposition 

of feldspars, micas, and muscovite. The general formulization for illite is 

KyAl4(Si8-y,Aly)O20(OH)4 (Mukherjee 2012). It is the primary component of 
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marine clay and shales and has a flaky shape with a particle size ranging from 0.1 

μm to 2 μm  (Al-Ani and Sarapää 2008). The specific surface area of illite clay 

mineral lies between 65 m2/g and 100 m2/g. Like kaolinite, illite also does not 

undergo an excessive swell strain due to interlayer cation of potassium, calcium 

or magnesium (K,Ca, or Mg) between phyllosilicates. 

Montmorillonite (Figure 2.3c) has a general chemical formula of 

(1∕2Ca,Na)(Al,Mg,Fe)4(Si,Al)8O20(OH)4.nH2O with a 2:1 layered structure. 

Montmorillonite is formed by weathering of igneous rocks which are high in 

magnesium, iron, and calcium (Rapp 2002). These are platy irregular or 

hexagonal-shaped particles with an average thickness of 1 nm. Montmorillonite 

has specific surface area between 600 to 800 m2/g and undergoes significant 

swelling strains due to weak van der Waals forces between silicate layers. The 

montmorillonite clay particles can expand up to 12–15 times upon hydration (Al-

Ani and Sarapää 2008). Therefore, it is frequently used as mud in drilling operation 

and fill material to prevent leakage in dam slopes.  
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(a) 

 

(b) 
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(c) 

Figure 2.3 (a) SEM pictures of kaolinite, (b) illite, and (c) montmorillonite clay 

minerals (source: http://webmineral.com) 

The soil that contains a larger amount of expansive clay minerals of 

montmorillonite, vermiculite, nontronite, saponite, hectorite, or beidellite, 

generally undergoes greater swell and shrinking strains. The volumetric increase 

of 10% is a typical value for expansive soils (Nelson and Miller 1992). Volumetric 

changes up to 30% can occur for soils containing a high amount of smectites (Al-

Ani and Sarapää 2008). 

2.2.3    Soil – Water Interaction 

The swelling behavior of phyllosilicates in clay minerals is a function of 

broken bonds and the net negative charges in layers because of isomorphous 

substitution in either tetrahedral or octahedral sheets (He 2019). The structural 

alignment of the clay minerals changes due to the substitution of a cation with a 
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comparable size of another cation. Table 2.2 shows the ionic radius of the most 

common elements and their radii (Klein and Hurlbut 1993). In most of the clays, 

substitution of cation results in net negative charges on the surface of clay minerals 

(Xian et al. 2017). For example, when Si+4 cation is replaced with Al+3 in a 

tetrahedron, a negative charge is generated on the mineral surface. 

Table 2.2 Physical properties of common elements (Klein and Hurlbut 1993) 

Element Crustal Average 
(gkg ~) 

Ionic radius 
(nm) 

Volume 
(%) 

O-2 466.0 0.140 89.54 
Si+4 277.2 0.039 2.37 
Al+3 81.3 0.051 1.24 
Fe+2 50.0 0.074 0.79 
Mg+2 20.9 0.066 0.60 
Na+2 28.3 0.097 1.84 
K+1 25.9 0.133 1.84 

The swelling and shrinkage phenomena in clayey soil are governed by the 

degree of soil-water interactions. The interaction of water with clay minerals 

occurs because of the following mechanisms (Mitchell 1976, Holtz and Kovacs 

1981, Ural 2018):  

1) Cation hydration: the net negative charges of clay surface attract the 

cations and water.  

2) Hydrogen bonding: hydrogen bonds could be formed between the 

hydrogen present on clay surface and oxygen in the water and/or the 

hydrogen in water with oxygen on the clay surface.  
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3) Water dipole attraction: The positive side of water molecules get attached 

to the negatively charged clay surface. The negative side of water 

molecules attract the cations and hold the clay and water system together.  

4) Attraction by osmosis: High concentration of negative charge on clay 

surface induces water molecules into clay by the process of osmosis. 

Contrary to this, dehydration of clay minerals leads to a reduction in the 

space between silicate sheets and this is commonly known as shrinkage of clays. 

2.2.4    Desiccation Cracks in Expansive Soil 

2.2.4.1 General 

The expansive clayey soils, particularly rich in smectite clay minerals, are 

prone to high shrinkage strains and desiccation cracking during the dry period 

(Omidi et al. 1996). The shrinkage and development of desiccation cracks in the 

soil are strongly related to the swelling potential of soil, amount of clay content, 

climatic factors, soil suction level, and presence of vegetation. (Morris et al. 1992, 

Day 1999). Lau (1987) showed that the desiccation cracks initiate at the suction 

level, less than 10 kPa for silty and clayey soils. The total cracked surface area is 

controlled by ambient temperature and an increase in temperature generally results 

in a higher evaporation rate and crack area (Tang et al. 2010). Soil with low 

swelling potential experiences fewer shrinkage cracks while the soil with high 

swelling characteristic undergoes a high shrinkage with wider cracks during dry 

periods (Zumrawi 2015).  
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The orientation and arrangement of desiccation cracks are highly random 

and unpredictable (Acharya 2015). Also, the exact estimation of the depth and 

width of the desiccation cracks is quite challenging. They may extend up to the 

depth of the active zone, where the seasonal moisture variation occurs in the 

ground (Morris et al. 1992). Desiccation cracks with up to 57 mm (2.2 in) width 

and 10 m (33 ft) deep from the ground surface have been reported in the literature 

(Nahlawi and Kodikara 2006; Chen and Won 2007). The dense network of 

desiccation crack serves as conduits and promotes moisture intrusion into soil 

mass, subsequently resulting in a significant decrease in its effective strength  

(Prozzi and Luo 2007, Chen and Won 2007).  

Swelling and shrinking behavior of expansive soils cause irreversible 

results on soil properties (Jafari et al. 2019b). In the shrinking process, the silica 

sheets pull each other and create desiccation cracks. These desiccation cracks 

cannot be fully sealed during rewetting periods resulting in degraded soil 

properties (Fickies et al. 1979, Jones and Jefferson 2012). Therefore, the 

development of desiccation cracks damages the integrity of soil and causes 

detrimental changes in its hydro-mechanical, thermal, and physico-chemical 

properties (Kodikara and Costa 2013, Jafari et al. 2019a). Eventually, this leads to 

numerous problems in structures that are built with or on the soils prone to 

shrinkage. 

2.2.4.2 Development Mechanism of Desiccation Cracks 
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Initiation and propagation of desiccation cracks are primarily associated 

with the shrinkage behavior of soil. When the soil starts to dry, there is an increase 

in soil suction and the volume of the soil starts shrinking (Jafari et al. 2019b). If 

soil is allowed to shrink freely without any internal constraint (moisture gradient, 

and non-uniformity in drying) or external constraint (interface friction and 

adhesion), there will not be any development of desiccation cracks (Nahlawi and 

Kodikara 2006, Kodikara and Costa 2013). As the tensile strength of the soil is 

generally very low, even a small value of tensile stress during drying can easily 

exceed the tensile strength resulting in the formation of desiccation cracks. 

The effects of suction on the development of desiccation cracks in the soil 

mass have been studied by numerous researchers (Morris et al. 1992, Puppala et 

al. 2011, Tang et al. 2011, Wei et al. 2020). Tang et al. (2011) conducted a study 

on initially saturated samples to examine shrinkage and development of 

desiccation cracking by image processing technique. Figure 2.4 shows the 

schematic of crack initiation in a fully saturated soil (Tang et al. 2011). Due to loss 

in moisture content in the soil during drying, the water-air meniscus is formed in 

pores resulting in the development of capillary suction. With further drying, the 

curvature of water - air meniscus increases and the suction or tensile force that pull 

the clay particles towards each other, increases. If soil is constrained and there is 

no free shrinkage, the developed tensile stress exceeds the soil tensile strength and 

surface crack is formed. 
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Figure 2.4 Initiation of desiccation crack in soil mass (Tang et al. 2011) 

2.2.4.3 Effect of Desiccation Cracks on Engineering Properties of Soil 

2.2.4.3.1   Effect on Hydraulic Conductivity  

The effects of desiccation cracks on engineering properties of soil have 

been studied by numerous researchers (Elsbury et al. 1990, Daniel and Wu 1993, 

Albrecht and Benson 2001, Qiang et al. 2014, Louati et al. 2018). In regard to 

hydraulic properties of soil, desiccation cracks act like flow channels for water and 

hence increases the permeability of the soil. The majority of desiccation cracks 

that are developed in the dry season tend to reseal in the following wetting period. 

However, some cracks remain present because of the irreversible nature of 

swelling (He 2019). During the rewetting period, these cracks might get filled up 



25 
 

with some foreign material such as vegetation or granular material. This 

phenomenon leads to the formation of macro pores in soil mass resulting in a 

change in the permeability value of soil (Fickies et al. 1979).  

Daniel (1984) conducted a study to investigate the permeability of the clay 

liners that are exposed to climatic variation in the field and found that there is a 

significant increase in permeability value (up to four orders in magnitude) with 

respect to permeability value measured in the laboratory. Boynton and Daniel 

(1985) investigated the permeability increase due to wet-dry cycles with respect 

to the increasing level of effective stresses. The author observed that the magnitude 

of the increase in permeability value due to desiccation decreased with an increase 

in effective stress. At an effective stress value higher than 8 psi (56 kPa), the 

coefficient of permeability of desiccated soil was found similar to the same before 

desiccation cracks development. The findings suggested that at the deeper soil 

layers, the presence of high overburden pressure might prevent the crack 

development and therefore mitigate the increase in soil permeability induced by 

desiccation cracks (Kleppe and Olson 1985). 

Omidi et al. (1996) attempted to study the variation in permeability of 

desiccated soil with respect to volumetric shrinkage strain. The authors found that 

there was no significant increase in permeability up to 11 percent of shrinkage 

strain. The soils that exhibited high volumetric shrinkage strain underwent a 

significant increase in permeability due to high desiccation cracking (Figure 2.5). 
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Figure 2.5  Rate of an increase in soil permeability with respect to soil shrinkage 

strain (Omidi et al. 1996) 

Benson (2001) investigated the changes in the permeability of soils with 

various clay amount and plasticity index and compaction conditions under wet-

dry cycles. The results showed that the soil specimens compacted at wet of 

optimum moisture content (OMC) experienced a higher increase in permeability 

than specimens compacted at OMC after a wet-dry cycle. Also, the authors 

observed that the soil with a high amount of clay content experiences more 

cracking and undergoes a higher increase in soil permeability value. The observed 
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increase in permeability water was almost 3 orders in magnitude after three drying 

and wetting cycles (Figure 2.6). 

 

Figure 2.6 Variation in permeability soil under wet-dry cycles (Benson 2001) 

2.2.4.3.2   Effect on Soil Strength 

The development of desiccation cracks has an adverse effect on structures 

that are built with or built on expansive clays. This is mainly because of the 

reduction in the shear strength of soil due to desiccation cracks (Al-Zubaydi, 

2011). During the wetting period, the water easily seeps down to deeper soil layers 

through cracks and accumulates in the surficial layer due to underlying non-

desiccated soils. The presence of cracks leads to the development of positive pore 

water pressure during the wetting period and consequently causes a considerable 

decrease in effective stress in soil (Day 1994). Along with a reduction in effective 
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stress, desiccation cracks also damage soil integrity and reduces soil strength 

parameters (Boluk et al. 2021). The strength reduction due to desiccation cracks 

has gathered great concern over several decades. One of the earliest studies about 

soil strength reduction was conducted by Terzaghi (1936). Terzaghi (1936) 

attributed the cause of strength reduction in the clayey soils to the development of 

fissures. The author explained that during the wetting period, the fissured clayey 

soil swells freely due to the absence of confining pressure (Figure 2.7). 

 

Figure 2.7 Crack propagation and weakening the soil (Terzaghi 1936, 

Castellanos 2014) 

The similar phenomena of soil strength reduction occur for the soil that 

experiences desiccation cracks (Jafari et al. 2019a). Even though the desiccation 

cracks are resealed due to swelling during wetting period, there is a high 

probability that the desiccation cracks might occur at the same place where the 

initial cracks developed (Yong and Warkentin 1975). This leads to propagation of 

cracks to deeper layers and reduction in strength of soil (Yesiller et al. 2000, 
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Bordoloi et al. 2020). Rogers and Wright (1986) examined the reduction in soil 

strength properties after 30 shrink-swell cycles. The authors concluded that the 

cohesion intercept of the soil decreases drastically due to weathering cycles. It 

becomes negligible just after the 1st cycle of wetting-drying. Results also showed 

a significant decrease in friction angle of soil post wetting-drying cycles.  

Kayyal and Wright (1991a) and Wright et al (2007) conducted studies on 

Paris, Beaumont, and Eagle ford clayey soils (Figures 2.8a, b, and c). A series of 

Triaxial consolidated undrained (CU) tests were conducted on specimens with 

three different initial conditions: 1) newly compacted specimens, 2) specimens 

subjected to wet-dry cycles, 3) specimens normally consolidated from the slurry 

condition. The first 2 sets of tests were conducted to study the effects of the wet-

dry cycle on soil shear strength whereas, the third series of tests were performed 

to compare the shear test results with FSS results. The test results showed that the 

cohesion of soil decreases drastically (almost zero) at lower effective stresses for 

all the 3 soils after wet-dry cycles. The shear strength of Paris and Beaumont clay 

soil samples subjected to wet-dry cycles was found almost equal to the strength of 

the sample normally consolidated soil sample (Kayyal and Wright 1991). These 

results suggested that exposure to wet-dry cycles can cause a reduction of shear 

strength to FSS (Wright et al. 2007). 
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(a) 

 

(b) 
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(c) 

Figure 2.8 Shear strength of different soils: (a) compacted condition, (b) after 

wet-dry cycles, and (c) normally consolidated from slurry (Kayyal and Wright 

1991, Wright et al. 2007) 

2.2.4.4 Fully Softened Strength 

2.2.4.4.1 General 

In early studies on the shear strength of clayey soil, it was found that the 

peak shear strength of undisturbed clayey soil decreases significantly over the 

period of time (Taylor 1937, Skempton 1948, 1964, 1970). In a study conducted 

by Skempton (1964) on the failure of a natural slope of Jackfield, it was observed 

that the shear strength of London clay had experienced about 80% strength loss 

from its peak value to its residual strength value due to weathering cycles. The 

author also stated that the strength reduction of soil is generally caused by a drastic 
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loss of effective cohesion and a slight drop (1 to 2 degree) in the effective friction 

angle of soil. The FSS value of soil lies between peak and residual strength of the 

over-consolidated clayey soils (Figure 2.9) (Skemptom 1970). The author 

conducted back analyses for the first-time failures in stiff London clays and the 

analysis results showed the average mobilized shear strength of clayey soil at 

failure time of slope showed a prominent match with the FSS. 

 

Figure 2.9 Comparison of the soil peak, FSS, and residual strength envelops 

(Skempton 1970) 

From Skempton (1970) study, it can be concluded that the first failure of 

cut slopes is eventuated due to strength reduction of soil from peak strength to 

FSS. Furthermore, the study formulized FSS value as the peak strength value of 

normally consolidated clay. Though the conclusions made by Skempton (1970) 

were based on cut slopes, the concept of FSS can also be applied to fill 

embankments undergoing cyclic wetting and drying cycles (Kayyal and Wright 

1991a). The fissures developed in cut slopes due to the release of overburden stress 
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can be considered equivalent to desiccation cracks in fill embankments due to 

weathering cycles (Kayyal and Wright 1991a). Also, the surficial soil zone, which 

experiences strength softening due to wet-dry cycles, is anticipated to coincide 

with the depth of the active zone, wherein moisture fluctuations are observed 

(Wright et al. 2007). 

Castellanos et al. (2016) compiled a total of 142 slopes that experienced 

the first-time failure due to strength reduction in the long term. The authors 

attempted to study the effects of the consistency limits and type of soil on strength 

reduction. As shown in Figure 2.10, results indicated that the slopes in which 

failure is related to FSS have a liquid limit (LL) and plasticity index (PI) above 40 

and 20 respectively. In a different study, the effect of soil mineralogy, 

composition, and consistency limits on FSS was evaluated by Tiwari and Ajmera 

(2011). The FSS value of soils was determined by using direct shear (DS) 

apparatus under different normal stress values.  



34 
 

 

Figure 2.10 Compiled slope failures related to FSS (Castellanos et al. 2016) 

The obtained correlation between FSS friction angle and clay content, LL, 

PI, and soil composition is presented in Figures 2.11a, b, c, and d, respectively. 

With an increase in the amount of montmorillonite and kaolinite in the soil, there 

was a decrease in soil FSS friction angle. Similarly, with an increase in the 

consistency limits of soil, a decrease in FSS friction angle value was observed. 

Also, variation in the amount of montmorillonite in soil was found to be a critical 

factor for FSS friction angle value. 
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(b) 

 

(c) 
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Figure 2.11 (a) Effects of soil composition, (b) clay content, (c) LL, and (d) PI 

on FSS friction angle value (Tiwari and Ajmera, 2011) 

In the backdrop of desiccation cracks, the change in matric suction during 

drying period strongly effects the hydro-mechanical properties of soil (Morris et 

al. 1992, Omidi et al. 1996, Jafari et al. 2019a, Bhaskar et al. 2019a, Boluk 2021). 

There is a significant increase in soil strength and a decrease in its soil permeability 

with an increase in suction (Fredlund et al. 1978, Fredlund et al, 1994). Accurate 

assessment of rainfall-induced slope stability analysis requires the incorporation 

of soil suction in analysis (Bhaskar 2020). Therefore, it is important to study the 

effect of unsaturated soil properties and its impact on soil hydro-mechanical 

properties. The following section discusses the fundamental concepts of 

unsaturated soil mechanics relevant to the current research study.  
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2.3 Unsaturated State of Soil 

2.3.1    Soil Suction 

Soil is a particulate and porous material and consists of three phases: solid, 

water, and gas (air). However, Fredlund and Morgenstern (1977) suggested using 

the fourth phase of the water-air meniscus, the interface between water and air 

phase, which is formed in pores (Figure 2.12). At the molecular level, each water 

molecule experiences intermolecular cohesive forces from other water molecules. 

In the case of fully saturated soil, these forces get balanced out because of equal 

and opposite forces in all directions.    

 

Figure 2.12 Schematic of unsaturated soil (Fredlund 1977) 

However, in unsaturated soil, there are imbalanced forces due to the 

absence of cohesive forces at the air-water interface. This phenomenon creates a 

resultant inward force at the air-water interfaces as shown in Figure 2.13. This 

resultant unbalanced inward force causes surface tension which makes the 

interface look like a warped membrane (Figure 2.14). 
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Figure 2.13 Development of the surface tension caused by imbalanced inter-

molecular forces (Bhaskar 2020) 

This pressure difference (Δu) of the three-dimensional surface can be 

calculated by using the following equation (2.1): 











21

11

RR
Tu s                                     (2.1) 

Where, 

Δu = pressure difference between two fluids in kPa, 

 = Surface tension in kPa, and 

R1 and R2 = radius of curvature of principal planes in m, 

In unsaturated soils, the pressure difference between atmospheric air and 

water pressure is called matric suction (ua – uw) resulting in meniscus on the air-

water interface which can be calculated by the following relationship (2.2): 



40 
 

                                                   
s

s
wa R

T
uu

2
)(                             (2.2) 

Where, 

(  − ) = soil matric suction in kPa, and 

Rs = radius of curvature of contractile surface in m. 

 

Figure 2.14 Surface tension on the air-water system (Fredlund and Rahardjo, 

1993) 

When the soil matric suction increases, the contractile skin becomes more 

curved and its radius of curvature decreases. On the other hand, the decrease in 

soil suction (in wetting period) leads to an increase in the radius of curvature to 
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infinity. In the saturated conditions, this curvature shape is eradicated due to 

balance in intermolecular forces. 

The soil matric suction that is linked with moisture content generally 

experiences a seasonal fluctuation closer to the surface of the slope (Fredlund and 

Rahardjo 1993). During a dry period, soil matric suction level increases while in 

rainy periods the suction level decreases. The changes in soil unsaturated condition 

directly influence the soil properties including soil strength and hydraulic 

conductivity and consequently the safety of slope. During a dry period, the 

existence of high suction levels in soil reduces its hydraulic conductivity and 

increases its strength considerably. Whereas, in rainy seasons, the decrease in soil 

matric suction increases its permeability, reduces its effective strength and, thus 

increasing the probability of slope instability. 

2.3.2    Suction – Water Content Relationships 

2.3.2.1 General 

Soil Water Retention Curve (SWRC) defines the relationship between the 

soil matric suction (ψ) and soil water content or degree of saturation. SWRC 

contains the fundamental idea of unsaturated soil and can be used to identify the 

basic soil properties of unsaturated soil (Fredlund and Rahardjo 1993). It is 

strongly related to soil properties including grain size distribution, soil type, 

density, and void ratio (Burger and Shackelford 2001, Zhou et al. 2012). Some of 

the correlations are developed for unsaturated soil parameters such as soil strength 
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parameters, stiffness, and hydraulic conductivity by incorporating the SWRC 

(Banerjee, 2018). SWRC curves can be determined by using soil gravimetric water 

content, soil volumetric water content, and degree of saturation. Soil gravimetric 

water content can be calculated using the following equation (2.3): 

                                 
s

w

M

M
w                                                    (2.3) 

Where, 

w = gravimetric water content, 

Mw = weight of water, and 

Ms = dry weight of soil. 

Soil volumetric water content, θ, and degree of saturation, S, can be 

determined using the following equations of (2.4) and (2.5), respectively. 
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Where, 

θ = volumetric water content, 

S = degree of saturation, 

Vw = volume of water, 

Vv = volume of voids, and 
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Vs = volume of solids. 

Gravimetric water content is a commonly used variable in geotechnical 

engineering. The main advantage of this variable is that it does not require any 

volume change measurement. It can be used with full confidence for soils that do 

not undergo volume change with the application of suction. Although the 

measurement of the accurate volumetric changes is complex in volumetric water 

content, it is preferred to be used in geotechnical soil science to estimate the 

unsaturated permeability values and in transient seepage analyses (Leong and 

Rahardjo 1997b). 

2.3.2.2 Properties of Soil Water Retention Curve (SWRC)  

A typical SWRC, as shown in Figure 2.15, is defined in 3 zones: boundary 

effect zone, transition zone, and residual zone (Fredlund 2006). In SWRC, air 

entry value (AEV) and residual soil suction value (ψr) demarcate these three zones.  

AEV of soil is defined as the minimum suction value at which air starts to draw 

into saturated pores of soils (Lu and Likos, 2004). In the boundary effect zone, up 

to AEV, the soil remains almost saturated under applied matric suction (Fredlund 

and Rahardjo 1993). After AEV, the air starts to draw into the soil and air pushes 

the water from larger pores. A small amount of increase in suction leads to a larger 

decrease in water content. In the transition zone, which lies between AEV and 

residual soil suction value (ψr), there is barely any reduction in the water content 

of the soil. In this zone, the SWRC becomes almost a straight line.  The unsaturated 



44 
 

characteristics of soil are more prominent in the transition zone of SWRC as all 

three phases; solid, water and air phases are continuously present in it (Bao et al, 

1998). Graphically, the intersection of slope line in the transition zone and 

horizontal line in the boundary effect zone provides the AEV of soil. 

After residual matric suction, it becomes very difficult to remove 

additional water from the soil.  In the residual zone, water is present in the pores 

in the form of thin film through adsorption (Vanapalli et al. 1998). Graphically, 

the intersection of the extended line from the slope portion of the SWRC and the 

tangent from the suction value of 1 GPa gives ψr value of soil. The parameters and 

shape of SWRC are directly controlled by soil type and properties. With an 

increase in soil PI and the amount of fine material in the soils, the AEV and 

saturated water content of soil increase, and the slope of SWRC in the transition 

zone decreases. Also, there is a significant effect of soil initial water content, soil 

stress history, and structure on the SWRC of soil (Fredlund and Xing 1994).  
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Figure 2.15 A typical SWRC of soil (Banerjee, 2018) 

2.3.2.3 Determination Methods of SWRC 

Various test methods have been developed for the determination of the 

SWRC of soil. Each method has its advantages and limitations and can be used to 

determine either the total and/or matric suction value. Table 2.3 represents several 

determination methods and suction measurement techniques and measurement 

ranges. Both Fredlund Tempe cell (Figure 2.16a) and pressure plate devices 

(Figure 2.16b) work using the same Axis-translation techniques and tests are 
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conducted with a high air entry value (HAEV) ceramic disk (Hilf 1956). The main 

advantage of the Fredlund Tempe cell is that it allows inducing normal stress on 

specimens during the testing process, on the other hand, the pressure plate device 

allows to conduct the test on several specimens at the same time. In these devices, 

the soil matric suction value (ua- uw) can be directly applied to the specimens that 

sit on the saturated HAEV disc while changing only the air pressure and 

maintaining the pore water pressure of the sample. The HAEV disc with very small 

pores prevents the air to pass through it and maintains air pressure in the apparatus. 

Therefore, at the corresponding suction level, the water present in the sample can 

only drain out. After the equilibrium stage is achieved, the water content of the 

sample is determined at the corresponding suction level. This technique can build 

up matric suction in the apparatus up to AEV of the HAEV disk.  

Table 2.3 Overview of several SWRC measurement methods 

Test method Technique Soil 
Suction 

Suction 
Range 

(103 
kPa) 

Tempe cell Axis-translation Matric 0 - 1.5 
Pressure plate Axis-translation Matric 0 - 1.5 

Thermal conductivity sensor - Matric 0.01 - 1 
Thermocouple psychrometer Humidity measurement Total 0.01 - 8 
Chilled-mirror hygrometer Humidity measurement Total 1 – 450 

Filter paper Humidity measurement Total 0 - 1000 
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(a) 



48 
 

 

(b) 

Figure 2.16 a) Cross section view of Fredlund’s Tempe cell (Padilla et al. 2005) 

and b) typical pressure plate device (Azmi et al. 2019) 

The principle of the Dew point potentiometer apparatus shown in Figure 

2.17 is based on the chilled-mirror technique. In this technique, the relative 

humidity of the air that is inside the closed container is determined by using the 

optical and temperature sensors, and a mirror. Consequently, the total suction 

value is estimated based on the measured water vapor pressure above the soil 

sample (Leong et al. 2003).  
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Figure 2.17 Dew point potentiometer apparatus used in the research 

2.3.2.4 Mathematical Equations for SWRC 

The determination of the SWRC for a wide range of soil suction levels 

requires extensive laboratory work. Therefore, several empirical models are used 

to define SWRC over a wide range of suction levels. These empirical equations 

are formulated to best fit the available laboratory determined data.  The adjustment 

and generating the best fitted SWRC are done, generally, using 2 or 3 fitting 

parameters. In Table 2.4, some of the most known mathematical equations are 

presented. Among all the available equations, van Genuchten (1980) and Fredlund 

and Xing (1994) equations best fit the measurement data with higher coefficient 

of correlation (Leong and Rahardjo 1997a). 
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Table 2.4 Mathematical equation to fit SWRC (Fredlund et al., 2012) 

Reference Equation Description 

Gardner 
(1958b) 

Θ
1

1
 

Where, 

Θ  

fitting parameter which 

is related to AEV of the soil 
 fitting parameter that is 

a function of the rate of water 
extraction from soil after 
AEV. 
 

Brooks and 
Corey (1964) 

 or Θ 1
 

 

 Θ   

Where, 

Θ  

 

 air entry value of 
soil 

 pore size distribution 
index 

 residual water content 
located through trial-and-
error process that yields 
straight line on semi log plot 
of degree of saturation 
versus suction. 

van 
Genuchten 

(1980) 

Θ
1

1
 

Where, 

Θ  

 

 fitting parameter 

primarily related to inverse 
of air-entry value (units 
equal to 1/kPa) 

	 fitting parameter 

primarily related to rate of 
water extraction from soil 
once air-entry value has been 
exceeded. 

 fitting parameter 

primarily related to residual 
water content conditions. 
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Fredlund and 

Xing (1994) 

ln	
 

Where, 

1
ln	 1 /

ln	1 10 /
 

 

Θ  

 

fitting parameter which 

is primarily a function of air-
entry value of soil. 

	fitting parameter which 

is primarily a function of rate 
of water extraction from soil 
once air-entry value has been 
exceeded. 

 fitting parameter 

which is primarily a function 
of residual water content. 

 correction factor 
which is primarily a function 
of suction corresponding to 
residual water content. 

2.3.3   Unsaturated Hydraulic Conductivity 

2.3.3.1 General 

In the soil matrix, the water flow can only occur in the connected and 

saturated pores (Figure 2.18a). By inducing the soil matric suction, the water 

stored in big pores is replaced with air. Therefore, water flow is enforced to occur 

in a smaller size of pores (Figure 2.18b). This phenomenon increases the tortuosity 

of the flow path resulting in a significant decrease in soil permeability value (Ng 

and Menzies 2014). Further increase of soil matric suction can reach the soil to the 

residual zone and water flow start to occur only in vapor form (Figure 2.18c).  
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(a)                                   (b)                               (c) 

Figure 2.18 Water flow phenomena in saturate and unsaturated soil ("water flow 

UNSW", 2007) 

The aforementioned characteristics of water flow show the influence of the 

water content and suction level of soil on the permeability. As SWRC defines the 

relationships between soil water content and suction, the hydraulic conductivity of 

unsaturated soil can be estimated by using its SWRC (Fredlund et al. 1994).  

2.3.3.2 Estimation of Unsaturated Permeability 

The unsaturated hydraulic conductivity function of soil can either be 

measured in the laboratory or estimated by using the mathematical models based 

on SRWC. The direct measurement methods are expensive and require an 

excessive amount of time and work, whereas permeability estimation models 

provide faster and economical solutions (Zhai and Rahardjo 2015). Although the 

permeability estimating models provide approximate results, they are generally 

adequate for unsaturated state soil problems (Fredlund et al. 2012). There are a 
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variety of existing models available to estimate the unsaturated hydraulic 

conductivity of soil (Rahimi et al. 2015). These models are broadly categorized as 

1) empirical models and 2) statistical models. Tables 2.5 and 2.6 present some of 

the commonly used models for estimating permeability of soil. 

Table 2.5 Empirical permeability functions to predict the permeability of 

unsaturated soil (Leong and Rahardjo, 1997) 

Type Permeability Functions Reference 

 

 Gardner (1958) 

 and 
∆

∆
 Campbell (1973) 

exp  Dane and Klute (1973) 

 

 Richards (1931) 

 Wind (1955) 

1
 

Gardner (1958) 

exp  Christensen (1943) 

 
	  

 

		
	

 

	  
 

Brooks and Corey 
(1964) 
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Note: In the table, a and b are constants; k is coefficient of permeability where 

subscripts w and s denote unsaturated and saturated conditions, respectively;  

is the matric suction;  is the volumetric water content. 

 

Table 2.6 Statistical models to estimate permeability of unsaturated soil 

Burdine 
(1953) (θ) =	 	

= Θq  
	

 

where, 
 

Θ = 	 	
 

 
q=2 
 

 (θ) =calculated permeability 
for a specified water content, 
ks = saturated permeability, 
Ψ = suction level, 
θs = saturated volumetric water 
co   content, 
θr = saturated residual water 
content, and 
q = specific soil-fluid 
parameter 

Kunze et al, 
(1968) 

(
	 	 ∑ 2 1

2  

 
where, 
 = 1,2,…m 

 

Ts = Surface tension, 
kr(θi) = calculated permeability 
for a specified water content, 
ksc = saturated permeability 
ρw = density of water, 
uw = viscosity of water, 
g = gravimetric acceleration, 
i,n,m= initial,total number and 
last interval number, 
respectively. 
p = constant parameter related 
with variation in pore size 
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Mualem 
(1976) 

(θ) =	 	
= Θq 	  

Θ = 	 	
 

 
where, 
q=0.5 

K(θ) = calculated permeability 
for a specified water content 
ks = saturated permeability, 
θs = saturated volumetric water 
content, 
θr= saturated residual water 
content, and 
Ψ = suction level. 

Empirical models use the similarity between SWRC and hydraulic 

conductivity function of soil to develop equations. Most of the empirical equations 

are in exponential form and use information from the SWRC of soil through a 

curve fitting procedure. These equations can be used in engineering applications 

if measured data of coefficient of permeability against suction or water content is 

available (Fredlund and Rahardjo, 1993). In statistical models, the permeability 

function is calculated by the integration of suction values along the SWRC. The 

matric suction is always expressed as a function of volumetric water content in 

statistical models (Fredlund et al., 1994). In these models, permeability function 

of soil uses a few discrete points instead of a continuous mathematical model. The 

accuracy of these models highly depends on the number and locations of these 

discrete points (Zhai and Rahardjo, 2015). 

The direct measurement methods are quite time consuming whereas, 

SWRC based statistical models provide fast and reliable results (Fredlund et al. 

2012; Zhai and Rahardjo 2015). In this study, the unsaturated permeability 
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function of all the soil and mix design soils is predicted with Fredlund et al, 

(1994a) equation as shown in Equation 2.6. 

																																			 	
						

∑ 	
							

∑ 	
	

																				 2.6  

Where, 

ks = saturated permeability value of soil in m/s, 

kψ = unsaturated state permeability value of soil in m/s, 

Θs = saturated volumetric water content, 

e = 2.71828, 

y = a dummy variable, 

i = the internal between j to N, 

j = the minimum suction value described by the final function, 

N = the maximum suction value described by the final function, 

Ψ = suction, and 

Θ’ = 1st derivative of the equation. 

2.3.4    Unsaturated Shear Strength 

In unsaturated conditions, the developed matric suction in soil contributes 

to its shear strength. This contribution is introduced to soil strength with two stress 

state variables of extended Mohr-coulomb equation as seen in Equation 2.7 

(Fredlund et al. 1978).      
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                                      (2.7) 

Where, 

 is effective cohesion in kPa, 

 is the effective internal friction angle in degrees, 

( ) is net normal stress in kPa, 

 is pore-air pressure in kPa, 

 is the pore-water pressure in kPa,  

( ) is matric suction in kPa, and 

 is an internal friction angle with respect to matric suction. 

The development of the matric suction is contributed to the equation with 

	 value represented in the failure envelope with the 3rd stress space (Figure 

2.19). The rate of increase in soil shear strength due to soil suction is not linear 

which suggest that the  value is not constant (Escario and Saez 1986). And, 

determination of it requires significant laboratory work over a wide range of 

suction. Therefore, it is correlated with SWRC parameters and several 

recommendations are made by Zhang et al. (2014):  

1)  If soil AEV is smaller than 1 kPa, the contribution of suction value can be 

ignored by assuming 	is 0. 

2) If the soil AEV is in between from 1 to 20 kPa, the unsaturated shear 

strength of soil should be determined by nonlinear equations.  
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3) If the soil AEV is in between from 20 to 200 kPa, the contribution of 

suction value can be made by assuming 	is 15°.  

4) If the soil AEV is greater than 200 kPa the  value can mostly be assumed 

as same as soil effective friction angle. 

 

Figure 2.19 Extended Mohr-Coulomb failure envelope of unsaturated soil 

(Fredlund and Rahardjo, 1993) 

2.4 Engineered Slopes 

2.4.1    General 

Modern infrastructures including highways, railways, and dams are 

essential for urban development. Building these structures usually requires 

construction of engineered earth slopes. Engineered slopes, also known as 

manmade slopes, can be categorized into two different groups: earth fill 
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embankments slopes, excavated or cut slopes (Figure 2.20). In a fill embankment, 

a volume of fill material is compacted and raised to the surface elevation. The fill 

embankments are generally built by using economic earthen materials available 

from nearby borrow sources or any adjacent excavated cuts. They are generally 

granular material (sand, rock, and gravel), cohesive fine material (silt, clay, and 

shale), a mixture of soils, and sometimes random material. Because of high 

compressibility, soft clays and organic materials are usually avoided as fill 

material. The poorly graded coarse material is usually placed at deeper layers near 

the base of the embankment and the well-graded soils are used in upper layers to 

support the overlying structures.  

 

Figure 2.20. A typical fill and cut slopes (source: 

https://www.sddc.army.mil/sites/TEA/Functions/SpecialAssistant/TrafficEngine

eringBranch/BMTE/calcRoadside/roadsideSafetyTutorials/typesOfSlopes/Pages/

default.aspx) 



60 
 

Cut slope, also known as back slope, involves cutting and excavating the 

natural slope or original ground surface to a lower elevation. This type of slope is 

generally built to shorten the length of the route by constructing straight roadways 

in the same grade. It also creates extra spaces for city urbanization and industrial 

site developments. The uncertainties in the soil properties of natural ground cause 

difficulties in the design of cut slopes. 

2.4.2    Design of Engineered Slopes 

Design criteria and factor of safety of the engineered slopes are determined 

based on the loads, usage, and the conditions that are possibly expected throughout 

its service life span. Some of the conditions that are considered in the design 

process of engineered slopes are: 

 Stability during the construction and at the completion of construction.  

 The long-term conditions after completion of construction including strain-

softening in the soil due to rapid excavation and desiccation cracks and 

fissures. 

 Steady-state seepage phenomena and rapid (or sudden) drawdown. 

 The natural event including hurricane, storms, flash floods, snows, and 

rainfall. 

 The tolerable settlement, and differential displacements. 

The precise slope design heavily depends on the accuracy of measured or 

estimated soil properties used in the analysis. Therefore, a significant amount of 
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laboratory and field investigation is involved in the design process to assess the 

quality and the safety factor of the slopes (Table 2.7). 

Table 2.7 Standard test methods for fill embankment and cut slopes 

Soil Property Standard Test Method Reference

Unit weight 
Standard test method for bulk density 

(“unit weight”) and voids in aggregate 
ASTM 

C29 

Specific 
gravity 

Standard test methods for maximum index 
density and unit weight of soils using a 

vibratory table 

ASTM 
D4253 

Relative 
density 

Relative density of cohesion less soils 
ASTM 
D2049 

Gradation 

Standard test method for particle-size 
distribution (gradation) of fine-grained soils 

using the sedimentation (hydrometer) analysis 

ASTM 
D7928 

Standard test methods for particle-size 
distribution (gradation) of soils using sieve 

analysis 

ASTM 
D6913 

Standard test methods for determining the 
amount of material finer than 75-μm (no. 200) 

sieve in soils by washing 

ASTM 
D1140 

Soil dry unit 
weight-
moisture 

characteristic 

Standard test methods for laboratory 
compaction characteristics of soil using 

standard effort (12,400 ft-lbf/ft3 (600 kn-
m/m3)) 

ASTM 
D698 

Standard test methods for laboratory 
compaction characteristics of soil using 

modified effort (56000 ft-lbf/ft3 (2700 kn-
m/m3)) 

ASTM 
D1557 



62 
 

Compacted 
in-situ unit 

weight 

Standard test method for density and unit 
weight of soil in place by sand-cone method 

ASTM 
D1556 

Standard test methods for in-place density and 
water content of soil and soil-aggregate by 

nuclear methods (shallow depth) 

ASTM 
D6938 

Standard test method for density and unit 
weight of soil in place by the rubber balloon 

method 

ASTM 
D2167 

Shear strength 

Standard test method for unconsolidated-
undrained triaxial compression test on cohesive 

soils 

ASTM 
D2850 

Standard test method for direct shear test of 
soils under consolidated drained conditions 

ASTM 
D3080 

Standard test method for consolidated 
undrained triaxial compression test for 

cohesive soils 

ASTM 
D4767 

Standard test method for torsional ring shear 
test to measure drained fully softened shear 

strength and stress dependent strength envelope 
of fine-grained soils 

ASTM 
D7608 

Standard test method for torsional ring shear 
test to determine drained residual shear 

strength of cohesive soils 

ASTM 
D6467 

Bearing 
capacity 

Standard test method for California bearing 
ratio (cbr) of laboratory-compacted soils 

ASTM 
D1883 

Permeability 

Standard test method for permeability of 
granular soils (constant head) 

ASTM 
D2434 

Standard test methods for measurement of 
hydraulic conductivity of saturated porous 

materials using a flexible wall permeameter 

ASTM 
D5084 
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SWRC 

Standard test methods for determination of the 
soil water characteristic curve for desorption 

using hanging column, pressure extractor, 
chilled mirror hygrometer, or centrifuge 

ASTM 
D6836 

Consolidation 

Standard test methods for one-dimensional 
consolidation properties of soils using 

incremental loading 

ASTM 
D2435 

Standard test method for one-dimensional 
consolidation properties of saturated cohesive 

soils using controlled-strain loading 

ASTM 
D4186 

2.4.3    Safety Factors of Engineered Slopes 

The most common definition of the factor of safety (FOS) is the ratio of 

shear strength of soil to the shear stress in the soil at the potential failure plane. 

Also, there are alternative definitions of FOS detailed below (Gedney and Weber 

Jr 1978). 

1) The ratio between the resisting moments to driving moments at a particular 

point. 

2) The ratio between the available resisting forces to driving forces in the 

potential failure plane. 

3) The factor by that shear strength parameters might be decreased to result 

in limit equilibrium along to potential slip surface. 

The unity (1.0) in FOS calculations is refer to the condition in which slope 

failure is imminent. In the design phases, the required minimum FOS is chosen by 

considering the degree of uncertainties and the consequence of the possible failure 
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of the slope being analyzed. The safety factors of the slope are determined for all 

possible cases are expected during the entire life span of the slope as the soil 

parameters and groundwater conditions are not stable (Gedney and Weber Jr 

1978). 

Numerous federal regulatory agencies have recommended value of FOS 

for different anticipated scenarios. This minimum FOS threshold is based on the 

experiences from the past projects that were built with similar exploration 

techniques and design processes (Duncan and Wright 2005). For instance, the 

recommended minimum FOS of an embankment slope is 1.5 for long-term and 

steady-state seepage conditions (EM-1110-2-1902). Likewise, for the design of 

highway slopes, the Texas Department of Transportation (TxDOT) “Geotechnical 

Manual 2020” requires a minimum of 1.3 FOS for the slope. Furthermore, if a 

slope supports any structure and critical utilities, the minimum FOS value of 1.5 

is required. Also, based on the past shallow slope failures experiences, Table 2.8 

tabulates the upper limit of PI of soil for different slope ration required to maintain 

the FOS of 1.3. However, there is no specific FOS recommendation has been made 

for the slopes with soil having a higher value of PI than given in Table 2.8. 

Table 2.8 Range of Soil Plasticity Index for different slope angles (TxDOT 

Geotechnical Manual 2020) 

Slope Ratio Plasticity Index, PI (%) 
2.5H:1V <5 
3H:1V <20 
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3.5H:1V <35 
4H:1V <55 

4.5H:1V <85 

2.4.4    Slope Stability Analysis 

2.4.4.1 General 

Slope safety is one of the most critical issues in the field of geotechnical 

engineering. Many methods have been developed in the last several decades to 

assess the stability of slopes. The slope stability analysis methods incorporate soil 

mechanics and characteristics of soil or rock (Duncan and Wright, 2005). The 

earlier hand-performed analysis methods were based on simplified calculations 

and highly conservative assumptions. Due to advancements in computers and 

calculations methods, more sophisticated and accurate methods have been 

developed. Despite the availability of a variety of methods, it is very important to 

use the suitable analysis method based on the field conditions and expected failure 

mechanism. It is important to know the theoretical fundamentals of the methods 

to determine the most appropriate slope stability analysis method to be used for a 

given problem. These methods can be broadly classified as (1) limit equilibrium 

methods (LEM) and (2) numerical methods. 

2.4.4.2 Limit Equilibrium Methods 

The limit equilibrium method is considered as a fundamental approach to 

slope stability analysis. Most of the early slope stability analysis methods are based 
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on the limit equilibrium approach. The main features of LEM in slope stability 

analysis are given below (Van Impe and Verastegui, 2007): 

 Selection of a trial slip surface. 

 Calculation of the applied shear stresses. 

 Calculation of mobilized shear strength along the postulated slip surface.  

 Determination of the FOS of slope (ratio of the calculated shear strength 

and shear stress). 

 Determining the lowest FOS (the most critical slip surface) and failure 

mechanism by numerous iterations. 

The method of slices in LEM is the most commonly used approach in slope 

stability analysis. In this method, the trial slip surface is divided into slices and the 

internal equilibrium of each slice is individually assessed. Several shapes of slip 

surfaces including plane, circular, and logarithmic can be assumed depending 

upon slope geometry. In the various alternative method of slices methods, the 

static equilibrium is computed by taking into account the interslice forces and 

satisfying force equilibrium and/or the moment equilibrium. (Fredlund and Krahn 

1977). 

The most appropriate method to be used is needed to be selected based on 

the field conditions and expected failure mechanism. Table 2.9 gives an overview 

of the more commonly used methods in slope stability studies by detailing the 

equilibrium equations, the shape of slip surface, and fundamental assumptions. 
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Table 2.10 points out the applicability of some of the commonly used slope 

stability analysis methods. 

Table 2.9 Overview of various LE based method (Duncan and Wright 2005) 

Procedure 
 

Equilibrium 
Condition 
Satisfied 

Shape 
 of slip 
surface 

Assumptions 

Swedish Circle 
 

Moment equilibrium 
about center of circle, 
Force equilibrium is 
implicitly satisfied 

Circular Friction angle 
is zero 

Logarithmic 
Spiral  

Moment equilibrium 
about center of circle, 
Force equilibrium is 
implicitly satisfied 

Logspiral
 

- 

Ordinary 
Method of 
slices 
 

Moment equilibrium 
about center of circle, 
Force equilibrium is 
implicitly satisfied 

Circular The forces on the 
sides of the slices 
are 
neglected 
 

Simplified 
Bishop 
 

Vertical force 
equilibrium, 
Moment equilibrium 
about center of circle 

Circular All interslice shear 
forces are zero 

Spencer’s 
Method 

Vertical force 
equilibrium, 
Horizontal force 
equilibrium, 
Moments equilibrium 
on any point 

Any 
shape 
 

Interslice forces 
are parallel, 
The normal force 
acts at the center of 
the base of the slice 

Morgenstern 
and Price’s 
 

Vertical force 
equilibrium, 
Horizontal force 
equilibrium, 

Any 
shape 
 

Interslice shear 
force is related to 
interslice normal 
force by: X =ƒ(x)E, 
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Moments equilibrium 
on any point 

The normal force 
acts at the center of 
the base of the slice 

Table 2.10 Overview of the applicability of various Limit Equilibrium Methods 

on slope (Duncan and Wright 2005) 

LE Based Method Applicability 

Swedish Circle  
 

Applicable to slopes where ø = 0 (i.e., undrained 
analyses of slopes in saturated clays). 

Logarithmic Spiral  
 

Applicable for homogeneous slopes. Useful for 
developing slope stability charts and used some in 
software for design of reinforced slopes. 

Ordinary Method of 
slices  
 

Applicable to non-homogeneous slopes and c-ø soils 
where slip surface can be approximated by a circle. 
Very convenient for hand calculations. Wrong 
results for effective stress analyses with high pore-
water pressures. 

Simplified Bishop   
 

Applicable to non-homogeneous slopes and c-ø soils 
where slip surface can be approximated by a circle. 
Calculations feasible by hand or spreadsheet. More 
accurate than Ordinary Method of slices, especially 
for analyses with high pore-water pressures. 
Improper and inaccurate for noncircular slip surfaces

Spencer’s Method  
 

Accurately applicable to any slope geometries and 
profiles. The simplest complete equilibrium 
procedure for computing factor of safety. 

Morgenstern’s and 
price 

Accurately applicable to any slope geometries and 
profiles, well-established equilibrium procedure. 

2.4.4.3 Numerical Method 

The improvement in computer and technology-aided the development of 

many sophisticated numerical methods to calculate the FOS value of the slope. 
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Numerical methods do consider both mobilized soil deformations and stresses. 

The strength reduction method and the gravity increase method are most known 

and used numerical methods to compute slope FOS (Le 2013). 

In the gravity increase method, material properties are considered to be 

constant and, the mobilized external forces (i.e., weight) are assumed to increase 

due to an increase in gravity. Therefore, the gravity increase method is more useful 

to assess the stability of the fill embankment slope during the construction stages 

(Le 2013). In this method, the FOS is defined as the ratio between the gravitational 

acceleration at the time of the failure and the actual gravitational acceleration. In 

the strength reduction method, the gravity loads of the soil mass are kept 

unchanged and the soil strength parameters are reduced systematically until the 

slope experiences instability problem. The FOS is defined as the ratio between the 

actual soil strength parameters and the reduced soil strength parameters at the 

failure.  

The main benefits of the numerical methods over LEM on slope stability 

analysis are: 1) there is no restriction on the shape and location of the failure 

surface, and 2) numerical methods take into consideration changes in the 

deformations and generates more precise results. However, conventional LEMs 

are also able to produce reliable and accurate results (Matthews et al. 2014). The 

comparison between the FOS values of slopes computed with LEM and numerical 
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methods of strength reduction method showed good agreement (Van Impe and 

Flores 2007, Moni and Sazzad 2015). 

2.5 Surficial Slope Failures 

2.5.1    Introduction 

The issue of slope instability in highway embankments, dams, and other 

engineered and natural slopes has always been an area of concern for geotechnical 

engineers. The slope failures are generally associated with property damages, loss 

of life, and interruption in the routine services. The design studies of the slopes are 

generally based on laboratory test results on compacted soil samples. However, 

variation in soil properties and slope conditions, and environmental activities over 

a period of time result in loss of stability. A large number of the reported slope 

failures attribute to rainfall events (Rogers and Wright 1986, McCleskey 2005, Le 

2013, Castellenos 2016). In the case of rainfall-induced failure in expansive soil 

slope, the depth of failed section is usually low, and failure is termed as a surficial 

slope failure (Fleming et al. 1992, Days 1996, Duncan et al. 2011). The surficial 

slope failures are generally observed between the crown and mid-slope.  

The depth and nature of slope failure are governed by soil type, soil profile, 

and geometry of slope (Titi and Helwany 2007, Mizal-Azzmi et al. 2011, Jafari et 

al. 2019c). As shown in Figure 2.21, slope failure can be rotational, translational, 

and a combination of both rotational and translational (Craig 2004). In the case of 

rainfall-induced surficial slope failure, the slip surface is usually translational in 
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nature. The translational type of slip can be seen as a slide that is parallel to the 

slope surface and at shallow depths (Abramson et al. 2001). The nature of slip 

surface depends on the degree of homogeneity in soil profile of slope (Abramson 

et al. 2001). With decrease in homogeneity in soil profile, the radius of curvature 

of failure surface tends to increase.  

In the case of slopes with high plastic clayey soil, there is a gradual loss of 

shear strength in the surficial layer due to the development of desiccation cracks 

(Jafari et al. 2019). The mechanism of desiccation crack is discussed in soil slopes 

detail in the following section. Because of the decrease of homogeneity in soil 

profile due to the presence of weaker surficial soil layer over relatively stronger 

soil layer, translational type of failure usually occurs in slope with high plastic 

clayey soil during rainfall. These failures are generally shallow in nature with 

depth of slip surface, D, less than 10 ft and depth to length ratio, D/L, of failed 

section less than 0.15 (Figure 2.22) (Abramson et al. 2001). 
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Figure 2.21 Slope failure types observed (Craig, 2004) 

 

Figure 2.22 Slope failure type based on the aspect ratio of the failed zone 

(Abramson et al., 2002) 

2.5.2    Mechanisms of the Surficial Slope Failures During Rainfall 

Surficial failure in a clayey soil slope is primarily caused by the presence 

of desiccation cracks developed due to the weathering cycle (Jafari et al. 2019c). 

The hot and dry period leads to high shrinkage strain and results in the formation 
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of desiccation cracks in the soil. During a rainfall event, these desiccation cracks 

serve as conduits and allow the water to infiltrate abruptly into the inner layer of 

the slope. When the infiltrate water encounters a low permeable underlying layer, 

it starts to accumulate in the surficial layer. This phenomenon of infiltration causes 

swelling and softening of the expansive soil. If the rainfall intensity is higher than 

the soil permeability and rainfall lasts for long period, there is generation of pore 

water pressure in the surficial layer resulting in the formation of a perched water 

table (Abramson et al. 2001).  

This process results in a decrease in effective stress in the soil at shallow 

depths and ultimately causes slope failure. As the shallow slope failure plane is 

generally parallel to the slope surface, it is commonly analyzed as an infinite slope 

failure (Day and Axten 1989). Based on the field investigations, it has been found 

that the rainfall-induced pore water pressure is a critical factor in surficial slope 

failures (Johnson and Sitar 1990). Therefore, many researches have focused on the 

impact of rainfall characteristics and its pattern on surficial slope stability. 

2.5.3    Effects of Rainfall Characteristic on Surficial Slope Failures 

The effects of rainfall intensity and duration on the failure of surficial 

slopes have been studied by numerous researchers (Rahardjo et al. 2001, Lee et al. 

2009, Li et al. 2013, Garg and Maji 2014, Ran et al. 2018, George et al. 2018, 

Jafari et al. 2019c). These studies indicated that the effect of rainfall characteristics 

on slope failure is closely related to hydraulic properties of the soil (Cai and Ugai 
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2004, Gofar et al. 2007, Rahardjo et al. 2007a). Cai and Ugai (2004) evaluated the 

effect of rainfall intensity and its duration on the safety factor of a slope for soils 

with different permeability values. In their study, the Glendale clayey loam (GCL), 

Uplands silty sand (USS), and Bet Degan loamy sand (BLS) have a permeability 

value of 1.52x10-6 m/s, 1.83x10-5 m/s, and 6.38x10-5 m/s respectively. 

 The results of the study conducted by Cai and Ugai (2004) showed that for 

the slopes built with low permeable soil, the rainfall duration is more critical than 

the rainfall intensity (Figure 2.23). The slopes with low permeable soil might fail 

only when the rainfall lasts for a long period of time with considerable intensity. 

However, for the slopes with relatively higher permeable soil, a higher intensity 

rainfall event for a short duration induces failure. The authors also pointed out that 

the slope with higher initial volumetric water content or water retention capacity 

experiences a faster rise in pore water pressure during a rainfall event. 
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Figure 2.23 Effects of rainfall duration and intensities of slope safety (Cai and 

Ugai 2004) 
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Rahardjo et al. (2007) conducted a research study to examine the effect of 

slope geometry, location of the water table, and soil properties on slope stability 

for different rainfall intensities. The study suggested that soil permeability and 

rainfall intensity played a major role in the variation of the FOS value of slope 

with homogenous soil. The slope geometry and location of the water table are 

secondary factors and control the FOS value only just before the rainfall event 

(Figure 2.24).  Also, the authors concluded that the soils having low permeability 

value (less than 10−6 m/s) does not experience instability problem up to 24 hours 

rainfall regardless of the rainfall intensity. In a different study, Gofar and Rahardjo 

(2017) observed that for the slopes with low permeability, the pore water pressure 

changes continue after the rainfall event and the critical conditions can occur up 

to 72 hours after rainfall. However, for slopes with soil having higher permeability 

value, the decrease in FOS could continue up to 12 hours and the FOS of the slope 

can be recovered back fast.  
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Figure 2.24 Relative effect of slope angle, soil permeability, and rainfall intensity 

on the variation of FOS under 24h rainfall (Rahardjo et al. 2007) 
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2.5.4    Effects of Antecedent Rainfall on Surficial Slope Failures 

The surficial slope failure generally takes place during or just after a long 

rainy period. Antecedent rainfall is referred to as the total amount of rain that 

occurred just before the single significant storm that caused slope failure (Au 

1998). Rahardjo et al. (2001) conducted a study to investigate the impact of 

antecedent rainfall on slope instability problem by inducing 5 days of continuous 

antecedent rainfall preceding the major storm rainfall. The research result suggests 

that the stability of slope depends on both daily rainfall event and the antecedent 

rainfall. The initial degree of saturation and coefficient of permeability before the 

major rainfall event is controlled by antecedent rainfall. Results showed that a 

combination of 5 days of antecedent rainfall that is exceeding 60 mm and a major 

storm that is exceeding 90 mm (i.e., a continuous rainfall greater than 150 mm 

over 6 days) result in a slope failure. 

Tsaparas et al. (2002) investigated the influence of rainfall patterns on 

rainfall-induced slope failures. Figure 2.25 shows the different scenarios of rainfall 

patterns opted for the study. Results demonstrated that different rainfall patterns 

with the same amount of rainfall create different pore water pressure distribution 

in slope. It was found that the worst pore water pressure profile was observed in 

the case of evenly distributed rainfall (Scenario 3 and 4). For scenario 3, where 25 

mm of antecedent rain was evenly distributed in 5 days before the major rainfall 

event, around 1.20 m deep wetting front (saturated zone) was observed in the 
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slope. In a scenario where the total rainfall amount (265 mm) was evenly 

distributed over 5-days and 4h without any major rainfall event, the pore water 

pressure distribution changed drastically. The depth of the wetting front was 

observed to be 4 m depth from the surface with a small value of negative pore 

water pressure of 4.5 kPa. 

 

 

Figure 2.25 Pore-water pressure variation under the different pattern of rainfall 

event (Tsaparas et al. 2002) 

Rahardjo et al. (2008) investigated the slope response to antecedent rainfall 

events with the help of comprehensive site instrumentation. Their study concluded 

Scenario 1: 1mm/h rain for 5 h daily for 5-days and 240mm rain in 4 h on 6th day 
Scenario 2: 5mm/h rain for 1 h daily for 5-days and 240mm rain in 4 h on 6th day 
Scenario 3: even distribution of 25 mm rain in 5-days and 240mm rain in 4 h on 6th day 
Scenario 4: even distribution of 265 mm rain in 5-days and 4 h
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that the slope with soil rich in fines and a low permeability value requires a higher 

amount of antecedent rainfall than a slope with higher permeability value to build 

critical pore water pressure in the slope. Rahimi et al. (2011) from their studies 

concluded that the antecedent rainfalls influence the stability of soil slope 

regardless of the permeability value. However, the impact of antecedent rainfall 

on FOS of the slope with high permeable soil is comparatively smaller than slope 

with low permeable soil. The reduction in FOS of the slope was found to be 45% 

and 13% for the low and high permeability soil, respectively.  

2.6 Slope Stabilization Methods 

The safe design of the engineered slope requires proper consideration of 

soil properties, slope geometry, expected loads, and changes in soil properties due 

to environmental factors during the life span of a slope (Gedney and Weber Jr 

1978, Abramson et al. 2001, Castellanos 2014). Sometimes, due to change in soil 

properties with time, constraints in slope geometry, and unforeseen long-term 

environmental conditions the expected slope performance cannot be achieved. To 

enhance the stability of slopes, various methods have been developed in the past 

decades (Day 1996b, Holtz and Schuster 1996, McCleskey 2005, Le et al. 2015). 

The slope stabilization techniques can be categorized under three main approaches 

as follow (Holtz and Schuster 1996): 

 Avoiding the possible problem. 

 Reduce the driving forces that trigger soil movement. 
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 Increase the resisting forces against the potential movement. 

Avoiding problems can be achieved by removing and replacing the 

partially or completely unstable material or changing the location of the project. 

However, this approach may not economical or feasible for many slopes and 

changing project location generally is not practical for rehabilitation projects 

(Holtz and Schuster 1996). In the second approach, reduction in driving forces can 

be achieved by providing surface and underlying drainage system in a slope, 

reducing the weight of slope by using lightweight fill material or with some 

earthworks including changing the line and grade or slope by flattening and 

benching the slope (Nelson and Allen 1974, Abramson et al. 2001, Saftner et al. 

2017a).  

An increase in resisting forces against the potential movements is generally 

made by providing a resisting external force or boosting the strength of the soil. 

This is usually done by using buttress, counterweight fills at the toe, installation 

of structural systems (i.e., precast concrete walls, timbers, sheet and soldier piles), 

and building gravity walls (Highland and Bobrowsky 2008). Boosting the internal 

soil strength can be achieved by using various procedures including, reinforcing 

the backfill material, installing in situ reinforcement (i.e., nails, anchors, micro 

piles), or mixing the soil with additives such as calcium-based stabilizers, fibers, 

or compost materials (Day 1996b, Dronamraju 2008, He 2019). This research 

study is conducted to mitigate surficial slope failures problems that occurred due 
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to highly plastic clayey soil. Therefore, the following section focuses on the 

miscellaneous stabilization methods for surficial slope stability problems. 

2.6.1    Excavating and Recompacting the Failed Slopes  

In the case of surficial slope stabilization, excavation, and recompaction of 

the soil of the failed slope is the most common method (Sutterer 2000). This 

method is applied by the following steps listed following: 

 Excavation of the failed mass of slope. 

 Removal of the organic materials from the slope.  

 Stocking the soil excavated in a designated area and leaving it to dry.  

 Transferring back the soil to the same failed zone and compacting in layers 

after reaching the optimum moisture content value. 

The repair costs of skin failures are a few hundred thousand dollars (Le 

2015). Although this method requires the least design work and is one the most 

economical solution, this method does not promise success for all the repair works. 

As this method does not increase the soil strength, recurring failures were reported 

in most of the stabilized slopes (Day 1996, Le 2015). Apart from it, this method 

also requires high maintenance and operation costs in the long-term (Stauffer and 

Wright 1984, McCleskey 2005). 
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2.6.2    Steel Pipe Piles and Wood Lagging Repair Method  

The use of piles with wood lagging technique is a combination of hollow 

galvanized steel pipe piles and timber lagging (i.e., wood beams). The repair 

procedure is listed following (Day 1997). 

 Removal of failed soil mass and stock it off-site. 

 Cutting the slope and creating benches in slope (Figure 2.26). 

 Driving steel pipe pile into firm natural fill or filling the boreholes with 

concrete. 

 Installation of the wooden plate across the placed piles. 

 Re-construction of the slope with fill material.  

The shallow slope failures could be rebuilt using this technique without 

advanced construction equipment. However, in this stabilization method, frequent 

bending failures in the pile system have been reported because of the mobilized 

force in the surficial layer. These bending failures are due to the low flexural 

capacity of the steel piles used. (Day 1997, Titi and Helwany 2007). In this 

stabilization method, attention is given to the timber lagging system as it transfers 

to loads to steel piles. The piles need to be designed against shear force and 

bending failure.   
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Figure 2.26 Steel pipe pile and wood lagging rehabilitation method (Day, 1997; 

Sapkota 2019) 

2.6.3    Geo-grid Using for Repair Surficial Slope Failures  

Geo-grids are fabricated from polyethylene terephthalate (PET), high-

density polyethylene (HDPE), polypropylene (PP), and polyvinyl alcohol (PVA) 

polymers (Yeo and Hsuan 2010). Because of its material properties and design, 

geogrids can be used in slope as a reinforcing element (Onur et al. 2016). Repairing 

the slopes with geo-grid is considered to be a cost-effective and innovative method 

(Titi and Helwany 2007, Ooi and Tee 2011). Figure 2.27 shows a schematic of a 

typical slope stabilization using geo-grids. The repair procedure is listed the 

following: 

 Disposal of the surficial failure mass off site. 

 Removal of the failed soil mass and stock it off site.  

 Cutting the slope and creating benches on the slope. 

 Installation of horizontal drains along the length of the slope.  
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 Re-construction of the slope with layers of geogrid and fill material.  

 

Figure 2.27 Typical slope stabilization project designed with geo-grid (Day, 

1997; Sapkota 2019) 

There are a lot of considerations involved in the design of a geo-grid 

stabilized slope. It requires detailed knowledge of properties and design of geo-

grid, properties of the fill soil, slope ratio, benching in existing slope, and the 

geometry of the potential failure mass. Any discrepancy or wrong judgment in any 

of the considerations could lead to the failure of geo-grid reinforced soil slopes 

(Day 1996a, Berg et al. 2020). 

2.6.4    Launched Soil Nails to Repair Surficial Slope Failures  

In this method galvanized or non-galvanized solid or hollow steel bars are 

placed into slope using special equipment of soil nail launcher. These nails are 

required to install beyond to critical slip surface to a resistant zone at least depth 

of 1 m (3.3 ft) (USDA Forest Servi 1994). Launched nails act as reinforcement on 

the soil mass and increase the shear resistance and tensile strength against 
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mobilized driving forces as seen in Figure 2.28 (Titi and Helwany 2007). In this 

method, the nails can be installed till 8 to 11 m (26 to 36 ft) below the ground 

without any excavations (Steward and Ribera 1995).  

 

Figure 2.28 Slope repair using soil nails (FHWA, 2003; Titi and Helwany 2007) 

The design studies of this method re quire consideration of various soil 

nail type, spacing, length, and the number of nails used, and environmental impact 

on nails. The analytical methods need to be carried out similar to laterally loaded 

piles as well as considering local shear bearing capacity and soil flowing problem 

along with the rigid material. It has been reported that the failure is more critical 

at shallow depths and with narrow nails as the nails are not wide enough to prevent 

it (Fabius et al. 2008). 

2.6.5    Earth Anchors to Repair Surficial Slope Failures  

Earth anchors have been widely used in earth retaining structures and 

slopes to resist the loads that cause instability (Das and Shukla 2013). This method 
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strengthens the slope and constrains the possible soil movement using tension-

resisting elements. These earth anchors are sometimes called as Tie-backs (Deaton 

1984). Earth Anchors system includes a wire rope, mechanical earth anchor, 

bearing plate, and the end anchorage plate. The shallow slope repair procedure 

with earth anchors is listed following (Titi and Helwany 2007): 

 Excavation of the failed soil and rebuilding slope with the same soil or new 

granular material. 

 Seeding the slope surface and installation of earth erosion systems 

 Inserting the mechanical anchors into the slope beyond the failure slip 

surface. 

 Pulling the wire rope and tightening the anchors. 

 Locking the tight wire rope to endplates (Figure 2.29).  

 

Figure 2.29 Earth anchors for slope stabilization (Titi and Helwany 2007) 
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2.6.6    Plate Piles 

Plate pile is a relatively new technology to mitigate the surficial slope 

failures. In this method, various dimensions of  (36-66 inch in height x 12 inches 

in width x ¼”  in) plates are welded to a steel pile (Taliaferro 2016) and the 

combination of works in the same manner of pile slope system (Figure 2.30) 

(Collins and Short 2006). Plate piles are driven beyond the potentially unstable 

slope layer with the help of a vibratory hammer. The system transmits the shear 

stress from the slip surface to the underlying stiffer deep layer (Taliaferro 2016).     

Although the field test results for the plate piles have proven the 

effectiveness of this method, it is still limited to stabilize the soil layers up to 3 ft 

of depth (Fay et al. 2012). Another drawback of this method is that the process of 

driving the plate piles becomes very challenging if the slope material is hard silt 

or clay. Also, as this is a new technology, there is a very limited number of 

technical persons available for field implementation (Taliaferro 2016). 
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Figure 2.30 Plate pile slope stabilization concept (Short and Collins, 2006) 

2.6.7    Using Compost, Fiber, and Calcium-based Additives  

The stability of the slope and its durability against challenging 

environmental factors can be enhanced by using additives. Compost, fiber, and 

calcium-based additives are mixed with soil in a certain amount to improve the 

soil properties. These additives boost the strength of soil, reduce compressibility, 

and volumetric shrinkage and ultimately mitigate the detrimental effect of 

desiccation cracks in clayey soil slopes. For example, compost enhances the soil 

moisture retention capacity (hydrophilic characteristics) and therefore limits the 

shrinkage strains of expansive soil (Dronamraju 2008). Fibers blending in the soil 

act as reinforcement material by increasing the interlocking of soil particles and 

decreasing the soil tensile strains (Maher and Gray 1990, Kumar and Singh 2008). 

Mixing of calcium-based stabilizers in the soil creates cementitious products and 
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prevents volumetric changes, increase soil durability, stiffness, and strength 

(Hoyos et al. 2004, Collin et al. 2008). One of the major concerns in this 

stabilization method is the non-uniform blending of additive in soil throughout the 

slope (Day 1996b). However, as these methods have been extensively used, a 

variety of high-quality construction equipment and procedures have been 

developed in the recent past. 

2.7 Soil Lime Admixtures 

Lime stabilization is one of the oldest and reliable methods of soil 

stabilization to improve soil properties economically (Pedarla et al. 2011, Puppala 

2016, Puppala et al. 2019b). The use of lime stabilization of clay in construction 

is 5000 years old (Khattab et al. 2006). The application of lime in road construction 

started in Roman roads which date back more than 2,000 years (McDowell 1959). 

The abundant studies conducted over the several decades have concluded that lime 

treatment is an effective soil treatment method in mitigating volumetric changes 

in embankment slopes, road subgrades, and lightweight structures (Puppala et al. 

1996, Elkady 2016, Wang et al. 2016, Chakraborty and Nair 2018a, 2018b, Elkady 

and Shaker 2018). Also, lime stabilization offers an economical solution by cutting 

down the transportation cost of the of borrow fill material due to the use of locally 

available soils (Reddy 2002). According to Corathers and Apodaca (2017), the 

USA used 1.35 million metric tons of lime for soil stabilization in 2017.  
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Lime treatment technique can be applied to a wide range of soils including 

dirty sands, silts, and plastic clays which contains at least 7% clay and has the 

minimum PI value of 10 (Bell 1996, Association 2004, Collin et al. 2008). 

However, it is not an effective method in the case of coarse material and soil with 

high soluble sulfate content. In the case of sulfate-rich soil, lime treatment results 

in significant heaving (Puppala et al. 2005, 2019c).  

Adding lime additives to soil results in two main phenomena: short-term 

reactions that cause modification of soil physico-chemical characteristics and 

long-term reactions that enhance soil engineering properties. Short term reactions 

immediately improve the workability of the soil by blending a small amount (1 to 

4 %) of lime into it (Lime Association 2004). On the other hand, long term 

reactions improve the strength and compressibility characteristics of the soil. 

These reactions generally happen over a long period of time (several years) and 

require a larger amount (more than 4 %) of lime. Different reactions that occur 

between soil and lime are briefly described in the following section. 

2.7.1    Soil Lime Reactions 

The lime used in soil stabilization can either be quicklime (CaO) or 

hydrated lime (Ca(OH)2). When lime is mixed with active clayey soil (with 

negative charges), the primary short-term reactions including hydration, 

flocculation-agglomeration, and cation exchange take place (Basma and Tuncer 

1991, Nelson and Miller 1997, Rajasekaran et al. 1997, Puppala and Musenda 
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2000, Khattab et al. 2007, Wang et al. 2017b, Hotineanu et al. 2015, Wang et al. 

2015, 2016, Elkady 2016, Elkady and Shaker 2018, Bhuvaneshwari et al. 2019). 

The negative charges in soil attract the calcium ions (Ca+2) from hydrated lime and 

Ca+2 ions displace water and other ions such as K, Na or Mg ions. In this process, 

electrically charged particles form a floc or larger agglomeration resulting in more 

friable and granular soil texture. This initial process generally requires a small 

amount of lime and occurs in few hours to days based on the type of clay minerals 

in the soil (Bell 1996, Al-Rawas et al. 2005, Puppala et al. 2013). For this reason, 

1 to 4 days of mellowing time are recommended. It improves soil workability and 

constructability significantly and makes it workable even in wet conditions.  

When lime is blended with the soil, the pH value of the soil-lime mixture 

increases which leads to the release of silica and alumina. The released free silica 

and alumina from clayey soil reacts with Ca+ from lime to form calcium-silicate-

hydrate (C-S-H) and calcium-aluminate-hydrate (C-A-H) (Chittoori 2008, Elkady 

and Shaker 2018). The developed CSH and CAH bind the soil particles and 

improve the strength properties, volumetric changes characteristic, and durability 

of soil significantly (Puppala et al. 1996). These pozzolanic reactions in lime 

stabilized soil occur for several days to years.  

2.7.2    Estimation of Optimum Percentage of Lime 

In lime stabilization projects, the optimum lime content is determined 

based on pH test methods. This test is developed to determine the required amount 
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of lime and pH value to satisfy the initial cation exchange reactions and sustain a 

high pH environment for pozzolanic reactions (Eades and Grim 1966). Different 

agencies follow Eades & Grim test method to determine the optimum lime content 

for their mix design projects including the US Army and Air Force Department, 

Indiana Department of Transportation, and TxDOT. Also, some agencies suggest 

conducting durability tests and unconfined compressive strength tests to check that 

the determined percentage satisfies the strength criterion and ensures the 

stabilization effects are lasting (TxDOT 121, U.S. Army TM 5-882-14/AFM 32-

1019). If the results of these studies are not satisfying the requirements, a greater 

percentage of lime content is selected.  

2.7.3    Effect of Lime Treatment on Soil Hydraulic Properties 

Numerous studies have been conducted to study the effects of lime 

treatment on the permeability of soil (McCallister and Petry 1992, Nalbantoglu 

and Tuncer 2001, Rajasekaran and Narasimha Rao 2002, Le Runigo et al. 2011, 

Al-Mukhtar et al. 2012a, Bhaskar et al. 2019b). As the lime treatment includes 

short term modification reactions and long term pozzolanic reactions and these 

reactions highly depends on soil mineralogy, the research findings are quite 

variable. Broms and Boman (1977) conducted in situ testing on the permeability 

of lime columns and compared these results with untreated soil. After the lime 

treatment, the permeability increased 100 to 1000 times and the authors suggest 

that these cylindrical columns act as vertical drains. Evans and Bell (1981) 
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explained the soil modification in texture and increase in particle size resulting in 

soil permeability.  

El-Rawi and Awad (1981) observed that the permeability increase rate in 

cohesive clayey soil depends on clay fraction size. Soil with higher clay fraction 

exhibits higher permeability value after lime treatment. Khattab et al. (2007) 

observed an increase in soil permeability value by more than two orders in 

magnitude after treating the soil with 4% lime. The authors attributed this increase 

to an increase in the total pore volume of soil due to the flocculation of clay 

particles after lime clay reactions. Nerincx et al. (2016) observed that if the lime-

treated soil is prepared on the wet side of OMC and compacted with kneading 

(using sheep foot roller), the permeability value remains unchanged. 

Al-Kiki et al. (2008) investigated the effects of lime content and curing 

time on the coefficient of permeability of the soil. In their study, all the treated soil 

samples exhibited higher permeability value than the untreated soil and the rate of 

increase in the permeability coefficient dropped down with an increase in lime 

content. Also, in the early curing periods (less than 4.2 days), the permeability 

value was found to increase for all lime percentages. The longer curing period 

leads to a decrease in the permeability value of soil. 

The permeability of soil is also influenced by the dosage of lime. Some 

researchers observed that the permeability value of lime stabilized soil increases 

only at a low dosage of lime. At higher dosages, treated soil exhibits lower 
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permeability value than untreated soil (Galvão et al. 2004; Kassim and Uuey 2000; 

Locat et al. 1996; Quang and Chai 2015).  The treated soil has high permeability 

than untreated soil because of the flocculation of clay particles (Locat et al., 1996). 

The further addition of lime in the soil causes filling of pores with cementitious 

products (i.e., CSH) resulting in a decrease in average pore radius. This reduction 

in pore size eventually starts to decrease the permeability value of soil.  

2.7.4    Effect of Lime Treatment on Soil Strength 

The strength properties of soil change significantly after lime treatment. 

When soil is mixed with lime, there is an immediate increase in its strength due to 

initial soil modification reactions (Thompson 1965, Neubauer Jr and Thompson 

1972). If there is an adequate high pH environment (more than 10.5), pozzolanic 

reactions and formation of CSH and CAH cementitious gels contribute to strength 

development. This pozzolanic reaction occurs over a long curing period and the 

strength increases are mostly controlled by the curing period rather than dosages 

(Bhattacharja and Bhatty 2003, Al-Mukhtar et al. 2010). The strength increase in 

the soil is generally influenced by soil clay mineralogy, silica-alumina percentage, 

soil pH, compacted moisture content, type of lime, and environmental conditions 

(Mallela et al. 2004).  Ghobadi et al. (2014) found that the unconfined compressive 

strength value of soil can be increased by up to five times of untreated soil UCS 

value after curing 30 days curing period. Extended curing periods might lead to 
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continuing to increase the UCS value (Al-Mukhtar et al. 2012b, Hotineanu et al. 

2015). 

Similarly, many researchers observed that lime treatment leads to a 

significant increase in soil cohesion and the internal friction angle. The increase in 

soil friction angle is attributed to the coagulation in soil particles (Szendefy 2013). 

The cohesion value increase is considered due to the presence of coarse-grained 

and strongly bonded particles in soil mass, cementation, and pozzolanic reactions 

developed between soil and lime (Ola 1978, Lees et al. 1982, Bell 1996). Gay and 

Schad (2000) conducted a study by using 2-8% lime content with 3,7,14, and 28 

days of curing period.  The authors found that after mixing lime, the soil strength 

parameters experienced a significant increase within short term curing days (3 

days) for all the lime percentage. Also, the authors observed that the cohesion 

value of treated soil with low lime content did not increased significantly over 

further curing conditions. A prominent cohesion value improvement based on 

curing time started to be observed for higher lime content (6 percent). Also, 

authors observed that the friction increase only up to 4% of lime and beyond this 

dosage the friction angle increase start to decrease for the same curing period.  

A similar kind of trend observed for the soil cohesion increase, the 

cohesion value of 6% lime-treated soil obtained higher than 8 percent lime-treated 

soil. Qiang and Chen (2015) observed the same effects of high lime dosage. The 

authors concluded that for the low dosage of treatment, the limes only present in 
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pores created by soil skeleton, however higher lime dosages, result in separation 

of the soil particles. The excess lime can fill into these pores between soil particles. 

And, due to insufficient friction properties of the lime, it acts as lubricating 

material that causes a reduction in cohesion and internal friction angle.   

2.7.5    Effect of Weathering Cycle on Lime-Treated Soil 

Although lime treatment successfully enhances soil properties, exposure to 

wet-dry cycles can affect its engineering properties. Rao et al. (2001) examined 

the beneficial effects of lime-treated soils under four continuous wet-dry cycles. 

The results showed that wet-dry cycles result in some partial breakdown of 

cementitious bonding that leads to an increase in clay content of the soil. And, this 

phenomenon is attributed to a slight to moderate increase in LL and a considerable 

increase in soil PI and swelling capacity.  

Khattab et al. (2007) conducted a similar kind of study by comparing two 

different orders of wet-dry cycles (i.e., starting the cycles first from wet or dry 

conditions). The authors found that the starting of the wet-dry cycles from the 

drying period causing a constant increase in swelling strains and almost complete 

loss in benefits of lime treatment. The authors suggest that to take measures against 

sunlight and heat for lime stabilization projects conducted during the hot season.  

Akcanca and Aytekin (2014) and Song et al. (2020) investigated the 

changes in the permeability of lime stabilized soil during wet-dry cycles. Both 

researchers concluded that the permeability of lime-treated soils decreased 
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considerably and, therefore, the negative impacts of lime additives on the 

permeability value of treated samples partially lost. This permeability recovery is 

attributed to a reduction in voids size due to the development of cementation 

products that is occurred during wet-dry periods. 

2.8 Summary 

This chapter reviews the available literature on expansive soils and 

identifies stability issues in high plastic clayey slope due to the presence of 

desiccation cracks induced by wet-dry cycles. The clay mineralogy, swelling and 

shrinkage phenomena, and the development of desiccation cracks and its 

consequences on the clayey soil slopes were discussed. The slope failures are 

generally observed in unsaturated soil therefore, the fundamental concepts of 

unsaturated soil mechanics, effects of suction on hydro-mechanical properties of 

soil, rainfall-induced slope stability analysis methods were reviewed. 

Several slope stabilization methods have been developed to prevent and 

repair the surficial slope failures. Different stabilization methods with their 

applicability and advantages and disadvantages were briefly described. The lime 

stabilization method is one of the most preferred and quite effective in mitigating 

the swelling and shrinkage strains in expansive soils. The soil lime reactions, the 

applicability of lime, soil mix design, the effect of lime on soil hydro-mechanical 

properties were studied in detail. Exposure to wet-dry weathering cycles degrades 

the engineering properties of lime-treated soils. Most lime treatment projects are 
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primarily designed without enough consideration of the impact of wet-dry cycles 

on the soil properties. The design assumptions do not portray the actual field 

conditions and underestimate the effect of the seasonal variation of the rainfall. 

Hence, it becomes important to investigate the long-term effectiveness of the lime 

treatment on the slopes by incorporating the effect of detrimental changes in the 

hydro-mechanical properties of the treated soil due to wet-dry cycles and rainfall 

events.
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3. Chapter 3 

SALIENT FINDINGS OF FAILED SLOPES AND CAUSES OF 

FAILURE 

3.1 Introduction 

The main purpose of this research work is to evaluate the long-term 

effectiveness of lime treatment in preventing surficial slope failures. To achieve 

this objective, a repaired slope of the U.S. 75 Frontage Road in North Texas, which 

was stabilized using the lime treatment, is considered in this research study. The 

slope experienced a surficial failure in December 2015 after heavy rainfall (21.87 

cm) that month. In May 2020, the failed section of this slope was stabilized with 

lime and reconstructed. It is believed that the development of desiccation cracks 

in the soil after numerous seasonal wet-dry cycles resulted in shallow slope failure. 

In the present study, a comprehensive laboratory test program is designed and 

executed to investigate the causes that led to this slope failure. In the preliminary 

studies, physical and engineering tests were conducted on the soil collected from 

the scarp of the failed slope. The detailed procedure along with test results for all 

physical and engineering tests are illustrated in this chapter. Results of these 

preliminary studies were later used in numerical analyses to investigate the 

conditions that resulted in the failure. 
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This chapter also highlights salient findings of the case studies of 

Grapevine and Joe Pool dams where similar kinds of surficial slope failures were 

reported. Both Grapevine and Joe Pool dams are located in North Texas and have 

a close proximity to U.S. 75 Frontage Road. These earthen dams also experienced 

surficial slope failures during or after an intense rainfall event (McCleskey 2005). 

In the studies conducted by McCleskey (2005) and Dronamraju (2008), the 

efficacy of several stabilizers including lime, fibers, and compost additives in 

slope stabilization was evaluated through laboratory tests and numerical studies. 

In their analyses, the fluctuation in the moisture content of soil due to rainfall was 

not considered and the top 0.51 m (20 in.) surficial soil layer of the slope was 

assumed to be fully saturated. Also, the stability of the slope was analyzed using 

residual shear strength parameters in the surficial layer instead of fully softened 

strength parameters. The pertaining slope information and soil properties of 

Grapevine and Joe Pool dam provided in this chapter are later used in numerical 

studies of slope stability with proper consideration of moisture fluctuation and soil 

strength reduction due to rainfall. 

3.2 Surficial Slope Failure on U.S. Highway 75 Frontage Road 

3.2.1    General 

The U.S. Highway 75 (US 75) is a part of the U.S. Highway System that 

runs from Interstate-345 in Dallas, Texas to the Oklahoma state border. In the 

present study, the surficial slope failure that occurred in Denison, Texas along the 
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southbound U.S. 75 Frontage Road, was investigated. The failed section of the 

U.S. 75 Frontage Road is located between State Highway 91 and Randell Lake 

Road. The location of the failed slope section is shown in Figure 3.1. Before the 

occurrence of failure, the section of the slope was 11.58 m (38 ft) in height with 

three horizontals to one vertical (3H: 1V) slope ratio.  

 
 

Figure 3.1 Location of the failed U.S. 75 Frontage Road slope (source: TxDOT) 

According to the TxDOT officials, a number of surficial failures were 

observed nearby the site location. These failures mostly occurred near the crown 

of the slope and shoulder of the highway. The noticeable desiccation cracks were 

observed in the slope for the first time in November 2014, but no major failure 

was observed at that time. In December 2015, a total of 21.87 cm (8.61 in.) rainfall 



104 
 

was recorded by the nearest rainfall station (NOAA). The significant amount of 

rainfall that occurred in that month is believed to have caused this failure. This 

major surficial failure in the embankment slope extensively damaged the overlying 

pavement structure and resulted in the closure of the frontage road.  

The University of Texas at Arlington (UTA) research team conducted the 

first site investigation in December 2017. In that site visit, the dimensions of the 

failed section of the slope, as shown in Figure 3.2a, were measured. The 

longitudinal extent of the failed section was about 18.3 m (60 ft) long along the 

pavement section with a vertical scarp height of approximately 1.8 m (6 ft). With 

time, the failure propagated and extended in both lateral and longitudinal 

directions due to the impact of wet-dry cycles. By June 2019, the length of the 

failed slope section had increased by more than 8 times to approximately 134.7 m 

(442 ft) and slope failure propagated to both lanes of the pavement as shown in 

Figure 3.2b.  
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(a) 

 

(b) 

Figure 3.2 Failed slope condition in (a) December 2017 and (b) June 2019 



106 
 

The investigation of this failure was carried out by conducting 

comprehensive laboratory studies on the soil samples collected from the failed 

slope section. The samples were collected from the failure scarp after removing 

30 cm (1 foot) of topsoil from the surface as it was contaminated with vegetation 

remains, chemical fertilizers, and coarse material from pavement structure. The 

collected soil samples were transferred to the laboratory in sealed buckets. To 

identify possible causes of the failure, several classification and engineering tests 

were conducted prior to stabilization mix design studies. 

3.2.2    Laboratory Studies on U.S. 75 Frontage Road Slope Soil 

3.2.2.1 General 

In order to determine the basic properties of soil collected from failed 

embankment slope U.S. 75 Frontage Road, several physical and engineering 

laboratory tests were carried out. The physical tests, including Atterberg limits, 

grain size distribution, and standard Proctor compaction test, were conducted for 

classification of soil and determination of its index properties. The laboratory 

engineering tests were performed to determine the strength and swell-shrinkage 

characteristics of the soil. The engineering tests conducted in this study include 

one dimensional (1D) swell test, shrinkage strain test, direct shear test, and 

torsional ring shear test. All the laboratory tests were conducted according to 

ASTM and TxDOT standards. The test procedure and results for each test are 

provided in detail in the following sections. 
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3.2.2.2 Physical Properties Tests 

3.2.2.2.1    Atterberg Limits Tests 

The Atterberg limits of a soil, Liquid Limit (LL) and Plastic Limit (PL), 

provide an idea about plasticity characteristics and swelling potential of fine-

grained soil. The LL value of the soil is the water content which marks its transition 

from a plastic state to a liquid state. Similarly, PL defines the consistency at which 

soil passes from semisolid state to plastic state. Both LL and PL tests were 

performed on soil passing through number No. 40 sieve (425-μm). The LL of soil 

was determined using the Casagrande apparatus (Figure 3.3a) as per ASTM 

D4318-17. The soil used for the liquid limit test was air dried and reused to 

perform the PL test. An E-180 PL rolling device developed by TxDOT was used 

to determine the PL of the soil following the procedure of ASTM D4318 (Figure 

3.3b).  
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(a) (b) 

Figure 3.3 Atterberg limits test: (a) Casagrande LL apparatus (b) E-180 PL 

rolling device  

3.2.2.2.2    Soil Grain Size Distribution 

The grain size distribution data of soil along with its consistency limits can 

be used to classify it based on the Unified Soil Classification System (USCS). 

Determination of the soil gradation curve was achieved by performing wet sieve 

analyses and hydrometer tests according to techniques outlined in ASTM D1140 

- 17 and D7928 – 17, respectively. The grain size distribution curve of untreated 

soil is shown in Figure 3.4. 
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Figure 3.4 Grain size distribution of untreated U.S. 75 Frontage Road slope soil 

3.2.2.2.3    Standard Proctor Compaction Test 

The relationship between soil moisture content and dry unit weight was 

determined by conducting the standard Proctor compaction test. The dry soil 

samples were mixed with different percentages of water and compacted in the 

standard mold in three layers as per the procedure mentioned in ASTM D698-12. 

After oven drying process, the moisture content and dry unit weight of trial 

samples were calculated and plotted as shown in Figure 3.5. The peak point of the 

plotted curve is defined as the OMC and the corresponding dry density is called as 

the maximum dry density (MDD) or maximum unit weight.  
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Figure 3.5 Relationship between dry unit weight and moisture content for 

untreated U.S. 75 Frontage Road slope soil 

3.2.2.3 Engineering Tests 

3.2.2.3.1     One Dimensional (1D) Swell Strain Test 

The 1D swell test provides the degree of affinity of soil to water. It 

measures the amount of wetting-induced swelling in soil specimen. In this test, a 

cylindrical specimen of 63.5 mm (2.5 in.) diameter and 25.4 mm (1 in.) height was 

used. The specimen was statically compacted in the laboratory at its OMC and 

95% of its MDD and the test was conducted using a conventional odometer 

apparatus (Figure 3.6) as per ASTM D 4546 standards. The specimen was 

inundated with water and the change in height was recorded using two manual dial 



111 
 

gauges. The test was continued until there was no observed change in the dial 

gauge reading. 1D swell strain was determined as the percentage increase in height 

of the specimen with respect to the initial height of the specimen. The test result of 

the 1D swell test is presented in Figure 3.7.  

 

Figure 3.6 1D swell strain test setup 
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Figure 3.7 1D swell test result of untreated U.S. 75 Frontage Road slope soil 

3.2.2.3.2    One Dimensional (1D) Shrinkage Strain Test 

The linear shrinkage potential of soil was determined by measuring the 

decrease in linear length of soil specimens due to drying. This test was conducted 

in accordance with the Tex-107-E procedure with soil passing number 40 sieve. 

The soil was thoroughly mixed with a certain amount of water to obtain the target 

soil consistency specified in Tex-107-E. The soil specimens were placed in 

standard linear bar molds that were greased with petroleum jelly (Figure 3.8a). 

Before placing the molds in oven for drying, they were kept at room temperature 

until there was a slight change in the color of soil specimens. Once the specimens 

were dry, the length of dried specimens was measured using Vernier caliper and 

linear shrinkage strain was calculated with respect to the initial length of soil 

specimen (Figure 3.8b).  
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(a) (b) 

Figure 3.8 1D linear shrinkage test specimens (a) before oven drying and (b) 

after oven drying 

3.2.2.3.3    Direct Shear Test 

The shear strength parameters of soil are the key parameters in design and 

analysis of slopes. In this study, DS tests were conducted to determine the peak 

shear strength parameters of the soil. These tests were conducted based on the 

procedure given in ASTM D3080 standards using a computerized DS testing 

equipment as shown in Figure 3.9a. The cylindrical soil specimen with 63.5 mm 

(2.5 in.) diameter and 25.4 mm (1 in.) (Figure 3.9b) were statically compacted at 

its OMC to 95% of its MDD. The DS tests were conducted at three different 

normal stress of 50 kPa, 100 kPa, and 150 kPa (1044, 2089, and 3133 psf). Before 

the shearing, the test specimens were fully saturated and consolidated under the 

designated normal loads. The test specimens were sheared at a slow shearing rate 
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of 4.4x10-3 mm/min (1.73x10-4 in./min) to allow the excess water to dissipate 

easily and therefore, to ensure drained conditions. The measured peak strength of 

the results of 3 different DS tests was combined together and soil cohesion and 

friction angle value were calculated.  

    

(a) (b) 

Figure 3.9 (a) Computerized DS test apparatus and (b) DS test specimen 

3.2.2.3.4    Torsional Ring Shear (TRS) Test 

The long-term environmental factors, particularly wet-dry cycles, cause 

the development of desiccation cracks and a significant loss in shear strength of 

the soil. From the back analysis of failed slopes, it has been observed that the 

strength of soil may reduce from peak strength to fully softened strength. The 

reduction in soil strength parameters from peak to FSS needs to be quantified to 

better demonstrate the causes of failure. The FSS parameters of soil can be better 

measured by using the TRS test instead of DS or Triaxial tests (Skempton 1964, 

1970, Kayyal and Wright 1991, Castellanos 2014, Jafari et al. 2019).  
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In the present study, TRS tests were conducted as per ASTM D7608-10 

standards. A Bromhead ring shear testing equipment, as shown in Figure 3.10a, 

was used to perform the TRS test. In this test, the soil specimen was prepared in 

slurry condition by mixing the dry soil with distilled water corresponding to 1.5 

times of its LL. The slurry specimen was then placed into an annular mold, as 

shown in Figure 3.10b, with an inside diameter of 70 mm (2.75 in.) and an outside 

diameter of 100 mm (4 in.). After placing the specimen in mold, a preconsolidation 

pressure of 6.25 kPa (130.5 psf) was applied with a load increment ratio of one. 

Each load increment was kept until the completion of the primary consolidation of 

soil or achieving the target normal stresses. In this study, TRS tests were conducted 

at a normal stress of 50 kPa, 100 kPa, and 150 kPa (1044, 2089, and 3133 psf). 

Once the consolidation was over, the specimens were sheared at a rate of 

0.018mm/min (7.09x10-4 in./min) (Figure 3.10c). This small shear rate was chosen 

to ensure complete dissipation of excess water pressure in specimen.  
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(a) 

   

                              (b)                                                          (c) 
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Figure 3.10 (a) Bromhead torsional ring shear apparatus, (b) annular mold used, 

and (c) specimen before shearing 

3.2.3    Results of Laboratory Studies  

This section presents and discusses the results of physical and engineering 

tests conducted on soil specimens from the U.S. 75 Frontage Road slope. The soil 

was found to have a high LL value of 58 and a plasticity index value (PI) of 37. A 

significant percent of clay fraction (CF) in the grain size distribution curve 

corroborates this finding. Based on the USCS classification, soil can be classified 

as a high plasticity clay (CH). The results of 1D free swell and shrinkage tests 

highlight the expansive nature of this clayey soil. Test results showed that the soil 

experienced a significant percentage of 1D swell strain (7.2%) and shrinkage strain 

(17.7%). Again, this trend in the swell-shrinkage characteristic can be explained 

by high CF and high PI value of soil. The test results of soil are summarized and 

presented in Table 3.1. The high value of the Atterberg limit, severe swell-shrink 

potential, and the presence of a high amount of clay content show the soil's 

susceptibility to degradation of hydro-mechanical properties due to wet-dry 

cycles.   

Table 3.1 Summary of the test results of untreated U.S. 75 Frontage Road slope 

soil 

Property Value 
Specific Gravity, Gs 2.69 
Sand Content (%) 5 
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Silt Content (%) 40 
Clay Fraction, CF (%) 55 
Liquid Limit, LL (%) 58 
Plastic Limit, PL (%) 21 
Plasticity Index, PI (%) 37 
USCS Classification CH 
Optimum Moisture Content, OMC (%) 19.5 
Maximum Dry Density (kN/m3/pcf) 16.8 /107 
1D Free Swell Strain (%)  7.2  
1D Linear Shrinkage Strain (%) 17.7 

The Figures 3.11a and 3.11b presents the results of the DS and TRS tests 

conducted on the untreated U.S. 75 Frontage Road slope soils at different normal 

stresses, respectively. The values of cohesion and friction angle of soil, obtained 

from the DS and TRS tests, are tabulated in Table 3.2. A 23.7 degree of soil 

effective friction angle were obtained from the DS test results, which were 

performed to determine the peak strength of soil in the newly compacted condition. 

The TRS tests results showed that the expected friction angle of soil will drop 

down slightly to 23.4 degree when it subject to numerous weathering cycles. 

Unlike the angle of friction, there was a drastic change observed in the cohesion 

value. The expected soil cohesion value decreased from 13.2 kPa to 1.28 kPa due 

to softening behavior of soil after exposing the weathering cycles.  
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(a) 
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(b) 

Figure 3.11 (a) DS test results and (b) TRS test results for untreated soil used in 

U.S. 75 Frontage Road slope 

Table 3.2 Measured peak shear strength and FSS parameters for untreated U.S. 

75 Frontage Road slope soil 

Strength 
Type 

Test 
Type 

c' 
(kPa / psf) 

' 
(degree) 

Peak shear Direct shear 13.20 / 275.3 23.7 
Fully softened Torsional ring shear 1.28 / 26.8 23.4 
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This observed softening behavior of soil highlights the fact that the long-

term shear strength of soil after numerous weathering cycles is governed by its 

friction angle. In a surficial layer of the slope, the soil shear strength is mainly 

contributed by cohesion and very little contribution is made by its friction angle 

due to low effective overburden pressure. The decrease in cohesion value of soil 

after weathering cycles could lower down its shear strength to a value smaller than 

shear stress and could ultimately result in a surficial slope failure. This observed 

reduction in strength of soil from laboratory test results are supporting evidence 

for the surficial slope failure problem occurred in the embankment slope of the 

U.S. 75 Frontage Road. The measured strength parameters are also used as an input 

parameter in rainfall-induced slope stability studies in this research work. 

3.3 Surficial Slope Failure on Grapevine and Joe Pool Dams  

3.3.1    General 

Both Grapevine and Joe Pool dams are located close to Dallas, Texas and 

are operated by the United States Army Corps of Engineers (USACE) Fort Worth 

district. The salient features of these dams are presented in Table 3.3. Slope 

instability problem has been historically an issue for these dams and each of the 

dams has experienced a significant number of surficial slope failures (Figures 

3.12a and 3.12b) (McCleskey 2005). Though these slope failures were not a 

critical threat to the integrity of the dam, it caused high maintenance costs for 

repairs. 
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Table 3.3 Details of Grapevine and Joe Pool dams (Source: USACE) 

Item Grapevine Dam Joe Pool Dam 

Location Grapevine, Texas Grand Prairie, Texas 
Year of Construction 

Completion 
June 1952 April 1986 

Age of the Dam (years) 68 34 
Length of Dam 3764.0 m (12349.0 ft) 6760.0 m (22178.5 ft) 

Max. Height of Dam 39.0 m (127.9 ft) 33.1 m (108.5 ft) 
Width of Crest 8.5 m (27.9 ft) 9.1 m (29.9 ft) 
Crest Elevation 179.2 m (588.0 ft) 172.1 m (564.5 ft) 
Slope of Dam 2.5H:1V 2.8H:1V 

 

(a) 
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Figure 3.12 Typical slope failures occurred (a) Grapevine and (b) Joe Pool dam 

(Courtesy: USACE, Fort Worth District; Dronamraju 2008) 

The construction of the Grapevine dam embankment was completed in 

1952. The dam started to experience slope failures after 13 years in 1965 and the 

dam embankment has experienced more than 20 surficial failures. Some of the 

failures are tabulated in Table 3.4 (McCleskey 2005). Although detailed 

information about the failure depth for all the slope failures is not available, these 

failures generally occurred at a depth of between 0.6-1.8 m (2-6 ft). 

Table 3.4 Observed surficial slope failures on the Grapevine dam slope  

(McCleskey 2005, Dronamraju 2008) 

Date of Slide 
Slide Width × Length 

(m) 
Height of Failure Scarp 

26 Feb 1965 30 x 12 N/A 
05 Jun 1970 38 x 14 1.2 m (4 ft)  
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09 Feb 1973 24 x 5 0.9 m (3 ft) 
23 Apr 1973 23 x 11 0.6 m (2 ft) 
03 Apr 1974 60 x 21 N/A 
10 Apr 1974 15 x 11 0.3 m (1 ft) 

Jun 1976 18 x 21 1.8 m (6 ft) 
Jun 1976 27 x 21 1.8 m (6 ft) 

17 Jan 1977 45 x 20 N/A 
07 Feb 1977 42 x 15 N/A 
27 Oct 1981 16 x 21 N/A 
10 Jan 1982 46 x 21 N/A 
13 Mar 1989 30 x -- N/A 
04 Nov 2004 45 x 23 0.6-1.2 m (2-4 ft) 

N/A: Not available 

The construction of Joe Pool Dam was completed in 1986 and the slope of 

the dam experienced failure after 2 years of its completion in 1988. In the past 

several decades, the dam slope has experienced numerous numbers of shallow 

failures. The repair cost of these failures was ranging, generally, between $10,000 

for temporary repairs to over $100,000 for more thorough repairs (McCleskey 

2005). In 2009 during a period of severe storms, a total of 10 slides were observed 

at the slope of the Joe Pool dam. The repair cost of the failures occurred in Joe 

Pool dam in 2009 was around $2 million 2009 (USACE). However, the dams 

experienced repeated slides in the same areas, which shows the ineffectiveness of 

the adopted rehabilitation method.  

Previously, researchers at UTA have conducted comprehensive research to 

study more efficient and economical rehabilitation techniques to repair future 
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slides with the financial support from USACE, Fort Worth District (McCleskey 

2005, Dronamraju 2008). Details of these studies are given in the next section. 

3.3.2    Earlier Studies on Grapevine and Joe Pool Dams 

3.3.2.1 Introduction 

The literature review conducted by researchers indicated that the surficial 

failures were mainly attributed to desiccation cracks developed in the active zone 

of slopes due to weathering cycles. These cracks allow penetration of rainwater 

deeper into the slope and cause saturation of its surficial layer. These 

aforementioned phenomena emphasize the need for mitigation of desiccation 

cracks that will eventually reduce the soil suction decreases of the surficial layer. 

Hence, promises higher shear strength that is contributed by soil suction.  

The comprehensive research studies conducted by McCleskey (2005) and 

Dronamraju (2008) investigated the efficacy of different stabilizers in several 

combinations and proportions in rehabilitation and prevention of surficial slope 

failures at Grapevine and Joe Pool dam. These techniques are aimed at the 

utilization of locally available soil and promise economic and safe solutions in 

long-term conditions. The details of the stabilizers used in these studies are given 

in the following section. 

3.3.2.2 Stabilizers Used in the Studies 

 In their research study, McCleskey (2005) and Dronamraju (2007) used 

lime, polypropylene fiber, and bio solid compost in different combinations and 
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proportions to stabilize the failed slope. The chemical treatment of lime has been 

considered as one of the most effective and economic stabilization methods. 

Unlike lime, polypropylene fiber is used in soil stabilization as a reinforcement 

material as the randomly oriented fibers could increase the strength of the soil and 

boost its resistance towards swelling strains. Apart from lime and fibers, 

researchers also evaluated the efficacy of bio solid compost in stabilizing 

expansive soil. The additive of the bio solid compost has been chosen as it can 

absorb water from the surrounding environment and retain a significant amount of 

moisture content in soil and ultimately can reduce the development of desiccation 

cracking. The impacts of these stabilizers were thoroughly investigated with 

comprehensive laboratory and field studies and the obtained results are presented 

in the following section.  

3.3.2.3 Results of Studies 

3.2.2.3.1    Results of Laboratory Tests 

A summary of the laboratory test results obtained by McCleskey (2005) is 

presented below. The stabilization studies were conducted using the control soil 

samples and index properties are tabulated in Table 3.5. 
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Table 3.5 Basic soil properties of Grapevine and Joe Pool dam soils  

(McCleskey 2005) 

Property Grapevine Dam Joe Pool Dam 

% Passing No. 200 sieve 57.5 69.4 
% Clay fraction 15.5 10.5 

Liquid limit 30 58 
Plastic limit 17 24 

Plasticity index 12 34 
USCS classification CL CH 

In the studies several combinations and proportions of stabilizers used and 

their notations are tabulated in Table 3.6.  

Table 3.6 Notation of various treated soils (McCleskey 2005) 

Treatment Type Notation 
Grapevine Dam Joe Pool Dam

Control soil GV-CTRL JP-CTRL 
Soil with 0.15% polypropylene fibers GV-F0.15 JP -F0.15 
Soil with 0.30% polypropylene fibers GV-F0.30 JP -F0.30 
Soil with 0.40% polypropylene fibers GV-F0.40 JP -F0.40 

Soil with 4% hydrated lime GV-L4 JP -L4 
Soil with 8% hydrated lime GV-L8 JP -L8 

Soil with 0.15% polypropylene fibers 
and 4% lime 

GV-F0.15-L4 JP -F0.15-L4 

Soil with 0.15% polypropylene fibers 
and 8% lime 

GV-F0.15-L8 JP -F0.15-L8 

Soil with 0.30% polypropylene fibers 
and 4% lime 

GV-F0.30-L4 JP -F0.30-L4 

Soil with 0.30% polypropylene fibers 
and 8% lime 

GV-F0.30-L8 JP -F0.30-L8 

Soil with 20% bio solid compost GV-020 JP -020 
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(a) 

 

(b) 

Figure 3.13 Swell strain test results: (a) Grapevine and (b) Joe Pool dam soils 

(McCleskey 2005) 
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(a) 

 

(b) 

Figure 3.14 Volumetric shrinkage strain test results of (a) Grapevine and (b) Joe 

Pool dam soils (McCleskey 2005) 
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The short-term and long-term strength improvements due to soil 

stabilization were investigated by conducting the DS and TRS tests. Undrained 

DS tests were conducted to determine the peak strength parameters of soil which 

were not experienced any desiccation cracks whereas TRS tests were conducted 

to estimate soil residual shear strength parameter values (Dronamraju 2008). 

These obtained test results are tabulated in Table 3.7. 

Table 3.7 Strength parameters of Grapevine and Joe Pool dam soils  

(Dronamraju 2008) 

Treatment 

TRS Test DS Test 

Grapevine Dam Joe Pool Dam Joe Pool Dam 

Cohesion 
kPa (ksf) 

Friction 
Angle 

(degrees)

Cohesion
kPa (ksf)

Friction 
Angle 

(degrees)

Cohesion 
kPa (ksf) 

Friction 
Angle 

(degrees)

Control 
0 

(0) 
18 0 (0) 20 

80 
(1.67) 

36 

20% Compost 
3.4 

(0.07) 
20 

2.9 
(0.06) 

19 
86 

(1.80) 
40 

4% Lime with 
0.30% Fibers 

10.5 
(0.22) 

35 
10.5 

(0.22) 
33 

57 
(1.20) 

38 

8% Lime with 
0.15% Fibers 

16.3 
(0.34) 

40 
16.8 

(0.35) 
39 

62 
(1.30) 

42 

8% Lime 
12.9 

(0.27) 
38 

12.5 
(0.26) 

36 
105 

(2.20) 
43 

Based on the performance of the tested treatment types given above, the 

Grapevine and Joe Pool dam slopes were stabilized using the stabilization methods 

of soil+20% compost, soil + 4% lime + 0.3% fiber, soil + 8% lime + 0.15% fiber, 
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and soil + 8% lime. The field implementation studies were conducted by treating 

the top 46 cm (18 in) of dams’ core soil after removing the top soil for vegetation 

cover with the-above mentioned additives. A total of 5 sections, four treated 

sections and one control section, were constructed on Grapevine and Joe Pool 

dams. Each of the sections was in dimensions of 18.3 m x 7.6 m (60 ft x 25 ft) as 

layout shown in Figure 3.15.  The moisture content variation, lateral movements 

of newly built sections had been monitored with embedded sensors and 

inclinometers. The vertical movements were investigated with several total station 

surveys. 

 

Figure 3.15 Layout of the treated test sections for Grapevine and Joe Pool dams 

 



132 
 

3.3.2.3.2    Results of Field Studies 

The field performance investigation studies were conducted on Joe Pool 

dam slope by Dronamraju (2008) for over a period of one year. In each of 

stabilized and control test section, the moisture probes were installed at a depth of 

25 cm (10 in.) (top probe) and 50 cm (20 in.) (bottom probe) from the top surface. 

The lateral displacements were monitored with a total of 10 vertical inclinometers 

installed (i.e., 2 inclinometers per section). Swelling and shrinkage strains of each 

section were monitored by conducting monthly elevation surveys with the help of 

total station. A summary of the field investigation results obtained by Dronamraju 

(2008) is presented below. Figures 3.16a and 3.16b represent the average annual 

moisture content measured by both top and bottom probes, respectively. Figure 

3.17 shows the elevation survey results for each test section. Also, the summary 

of annual vertical inclinometer measurements is tabulated in Table 3.8.  
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(a) 

 

(b) 

Figure 3.16 Average annual volumetric moisture content variation of (a) top 

probe and (b) bottom probe (Dronamraju 2008) 
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Figure 3.17 In-situ vertical displacement measurements (Dronamraju 2008) 

Table 3.8 Summary of lateral displacement measurements (Dronamraju 2008) 

Test Section 
Inclinometer 

Name 
Maximum Movement,

mm (in.) 

Movement After 1 
Year, 

mm (in.) 

Control 
1 61 (0.24) 8 (0.03) 
2 147 (0.58) 97 (0.38) 

20% Compost 
3 53 (0.21) 3 (0.01) 
4 147 (0.58) 147 (0.58) 

4% Lime with 
0.30% Fibers 

5 89 (0.35) 51 (0.20) 
6 132 (0.52) 135 (0.53) 

8% Lime with 
0.15% Fibers 

7 51 (0.20) 36 (0.14) 
8 86 (0.34) 76 (0.30) 

8% Lime 
9 56 (0.22) -15 (-0.06) 
10 66 (0.26) 51 (0.20) 

*Negative value implies the inward movement 
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Analysis of results of these studies was made by researchers McCleskey 

(2005) and Dronamraju (2008) also several conclusions and recommendations 

were made based on the above given results. The following section is included 

these conclusions and recommendations.  

3.3.2.4 The Conclusion Made by McCleskey (2005) and Dronamraju (2008)  

The interpretations of results of the laboratory studies were made by 

McCleskey (2005) and Dronamraju (2008) whereas, the field implementation 

results were analyzed by Dronamraju (2008). McCleskey (2005) concluded that 

the swelling strains of clayey soils were reduced significantly by lime and lime 

with fiber treatment. The addition of fiber did not further reduce the swelling 

potential of soil significantly. Also, the compost bio solid treatment could not 

improve the swelling properties of soil impressively. The shrinkage strain test 

results showed that lime and lime with fiber treatment were quite effective to 

reduce shrinkage cracks. The presence of fiber additives generally improved soil 

shrinkage properties. The addition of lime to soil resulted in a significant 

improvement in soil strength. Reduction in the development of desiccation cracks 

in the soil can be achieved by reducing volumetric changes tendencies besides 

enhancing the soil shear resistance. Hence, lime (L8) and lime with fiber 

treatments (F0.15-L8 and F0.30-L4) were found the most effective treatment types 

to restrain swelling and shrinkage strains besides increasing soil strength. 
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The field investigations conducted by Dronamraju (2008) showed that 

lime, lime with fiber, and compost treatment methods cause the soil to hold higher 

moisture content than other methods. The total displacement caused by swelling 

and shrinkage strains was quite high (6.20 cm or 2.44 in.) in the section treated 

with compost bio solids as compared to the same in sections with lime and fiber 

treatment. Based on the site investigation studies, the section treated with 8% lime 

with 0.15% showed the best results (Dronamraju 2008). As the fiber construction 

method is relatively new and cumbersome, therefore, 8% lime treatment was 

considered as the best stabilization based on overall improvement in soil 

characteristics and easy constructability (USACE Forth Worth district). The 

recommended treatment method can be used at dam sections where desiccation 

cracks are formed. Using this method, the owners of this infrastructure could save 

millions of dollars in operation and maintenance costs by minimizing reoccurring 

stability issues (USACE). 

3.4 Summary 

This chapter provides the details of a failed slope selected for the purpose 

of the current research study. All basic laboratory tests were performed to 

characterize the soil collected from the site. Along with that, a series of 1D swell-

shrinkage strain tests, direct shear, and torsional ring shear tests were performed 

to evaluate swell-shrinkage and softening behavior of this soil and to investigate 

the cause of surficial slope failure. The test results showed that high plastic clay 
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from the failed slope experienced severe volumetric changes and is highly 

susceptible to the development of desiccation cracks due to wet-dry cycles. The 

development of desiccation cracks led to a drastic decrease in the shear strength 

of soil particularly, the cohesion value. This significant decrease in soil strength 

parameters probably led to this surficial slope failure during an intense rainfall.  

Additionally, the details of Grapevine and Joe Pool dam slope, which are 

built with clayey soil and have similar soil properties, are presented in this chapter. 

Likewise, the slope of US 75 Frontage Road, these dams also experienced surficial 

slope failure during heavy rainfall periods. Some of the earlier research work 

conducted by McCleskey (2005) and Dronamraju (2008), including laboratory and 

field investigation studies, is also included. 
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4. Chapter 4 

SOIL MIX DESIGN STUDIES 

4.1 Introduction 

One of the main objectives of the present research study is to rehabilitate 

the failed section of the U.S. 75 Frontage Road with a lime stabilizer to mitigate 

volumetric swell and shrink related changes and thereby prevent the development 

of desiccation cracking in the surficial layer of the slope. As a part of this research 

work, a comprehensive laboratory testing program was designed and executed to 

assess the mechanical and hydraulic properties of the lime-stabilized soil. Also, 

the long-term performance of the lime-stabilized soil under wetting and drying 

cycles was evaluated to assess the permanency of the treatment. Based on the 

results of laboratory tests, an appropriate lime stabilization design was made for 

field implementation.  

A series of chemical, engineering, and durability tests were conducted as 

per ASTM and TxDOT test standards. For lime stabilization related studies, the 

determination of the amount of the soluble sulfate ions in the soil is very important. 

The sulfate ions react with the calcium ions in the lime and form the ettringite 

mineral that ultimately results in significant heaving in soils (Kota et al. 1996, 

Puppala et al. 2014, 2018). Hence, prior to the determination of the properties of 
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lime-stabilized soil, the amount of soluble sulfate in the soil was measured using 

laboratory testing.  

In a conventional lime treatment project, the dosage of lime is determined 

by conducting soil pH tests. The required dosage should be enough to induce a 

high pH environment (i.e., pH ≥ 12.4) for sustaining long-term pozzolanic 

reactions. However, the determined lime content based on the pH test does not 

provide any insights into the permanency of the lime stabilization. Therefore, in 

most cases, a higher lime dosage is required to satisfy the strength and durability 

criteria. In the present research work, although, the minimum required dosage of 

lime for the U.S. 75 Frontage Road slope soil was measured to be 5%, the soil mix 

design studies were conducted for both lime dosages of 5% and 8%. Several 

similar laboratory tests were performed on the untreated and lime treated soils to 

assess the benefits of lime stabilization in enhancing their properties. This chapter 

provides the details and results of the tests conducted in the testing program.  

4.2 Chemical and Basic Soil Tests 

4.2.1    Determination of Soluble Sulfate in Soil 

The amount of soluble sulfate in the untreated soil was obtained by using 

the procedure outlined in the Tex-145-E test standard. This method indirectly 

measures the amount of soluble sulfate ions in the soil samples by determining the 

proportion of the light absorbance of cloudiness triggered by soluble sulfates in 

solutions. The collected soil samples were dried in an oven at 60 ± 5°C (140 ± 
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9°F) and pulverized. For this test, 20 g of dry soil passing US sieve number 40 was 

added to 400 mL of distilled water. The soil-water solution was shaken vigorously 

for at least a minute to solubilize the sulfate salts. After keeping the solution at 

room temperature for 12 hours, it was thoroughly mixed and passed through a fine 

porosity filter paper. In a glass vial, a barium chloride tablet was added and 

dissolved in 10 ml of the filtrate solution. The amount of sulfate ion in the solution 

was then measured with a colorimeter (Figure 4.1).  

 

Figure 4.1 Colorimeter used in this study 

The obtained value of sulfate was adjusted based upon the dilution ratio of 

the solution used in the test. The soluble sulfate determination test was conducted 

three times and the average soluble sulfate content in the control soil was found to 

be 480 parts per million (ppm). As per the guidelines of the National Lime 
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Association (2000), the obtained sulfate amount in the soil has a negligible risk of 

ettringite-induced heaving after lime stabilization (Table 4.1).  

Table 4.1 Guidelines for use of lime in sulfate-bearing soils (National Lime 

Association 2000) 

Risk Level Soluble Sulfate Level 
Low risk Below 3000 ppm 

Moderate risk Between 3000-5000 ppm 
Moderate to high risk Between 5000-8000 ppm 

High to unacceptable risk Above 8000 ppm 

4.2.2    Soil pH Test 

The initial required lime content was obtained as per the procedure 

described in Tex-121-E. The soil, passing through sieve No. 40, was mixed with 

distilled water and the mixture was heated up to 45 - 60° C (112 - 140° F). A total 

of 210 g of dry soil was placed equally in 7 high-density polyethylene bottles and 

mixed with different dosages of lime (0%, 2%, 4%, 5%, 6%, 8%, and 10%). 150 

ml of hot distilled water was added to each of the soil-lime mixtures and stirred 

vigorously (Figure 4.2a). To disperse the soil well, the samples were stirred every 

15 minutes for a total of an hour test. The pH values of supernatants were 

determined by a pH meter apparatus. Figure 4.2b shows the plotted graph of pH 

versus the percentage of lime of mixtures with respect to the dry weight of soil.  

The pH of 12.4 was achieved at 5% or more percentage of lime additives. 

Therefore 5% lime is considered as the minimum required amount of lime needed 
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for the soil mix design studies. However, Tex-121-E method is based on Eades 

and Grims’ test method which relies on the pH of the soil-lime mixture, and this 

method does not provide any insights into the quantitative enhancement in soil 

properties or durability. 

The laboratory mixture design studies need to provide a significant 

improvement in engineering and materials properties of soil to mitigate cracking 

and other distresses associated with soil behavior. In some projects, depending 

upon the soil mineralogy, soil composition, and organic material content, an extra 

amount of lime beyond this minimum dosage of lime is required. Hence, the 

laboratory soil design studies were conducted using the minimum lime content of 

5% and 8% (3% extra lime beyond the minimum required dosage of 5%).  

 

(a) 
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(b) 

Figure 4.2 (a) pH test setup and (b) results 

4.2.3    Compaction Test Studies 

The moisture-density relationships for lime-treated soils were determined 

by following the Tex-113-E test standard. The main difference between the 

standard compaction Proctor test and the Tex-113-E compaction test method is the 

compaction energy. In the standard Proctor test, the compaction effort is soil 600 

kN-m/m3 (12,400 ft-lbf/ft,3) whereas, in Tex-113-E method, the compaction effort 

is 1,100 kN-m/m3 (22,913 ft-lbf/ft3). All compaction tests on treated soils were 

conducted after one day of mellowing period. Upon mixing lime with soil, the 

sulfate ions in soil react with calcium ions in the lime stabilizer and reactive 

alumina available from clay minerals in the elevated pH environment to form 
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ettringite minerals, which are known to cause soil heaving (Kota et al. 1996, 

Puppala et al. 2014, 2018). One day mellowing period is allocated before 

compaction of the soil to allow the formation of ettringite minerals. After the 

mellowing period, the ettringite minerals are broken during the remixing process 

of the soil, and the further formation of ettringite minerals after compaction is 

prevented (Harris et al. 2004, Puppala et al. 2019). The compaction test results of 

treated soils along with the result of the untreated soil, which was previously 

presented in Chapter 3, are shown in Figure 4.3.  

 

  

Figure 4.3 Moisture-dry density compaction curves for untreated, 5% and 8% 

lime-treated soils 

Results show that the addition of lime decreased the density of soil and 

increased its water content. The MDD of soil dropped down from 16.8 kN/m3 
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(107.0 pcf) to 16.4 kN/m3 (104.4 pcf) and 15.9 kN/m3 (101.3 pcf) after adding 5% 

and 8% lime respectively. Also, the OMC of soil increased from 19.0% to 19.5% 

and 21.0% for 5% and 8% lime-treated soils, respectively. A similar trend in the 

moisture – density relationship of lime-treated soil has been observed by numerous 

researchers (Remus and Davidson 1961, Bell 1996, McCleskey 2005, Bhaskar 

2020). This phenomenon can be attributed to the formation of the flocculated soil 

structure due to initial soil-lime reactions. The addition of lime in the soil causes 

a reduction in the thickness of the water layer around the clay particles and 

increases sliding resistance between them. This additional water acts as a lubricant 

between particles and facilitates to overcome this resistance. 

Engineering tests including soil strength, permeability, SWRC, durability, 

and strength retention after exposure to wet-dry cycles were conducted on both 

untreated and treated compacted specimens. In all the studies, untreated specimens 

were statically compacted at their OMC and 95% of respective MDD. The lime-

treated soil specimens were prepared after one day of mellowing period on the wet 

side of the OMC (OMC+2%) and the respective MDD. The details of the 

procedures of the engineering tests are given in the following section. 

4.3 Engineering Tests 

4.3.1    Shear Strength Tests 

The shear strength parameters of soil are the key parameters in analyzing 

the safety of slopes against shear stresses. In Chapter 3, the peak strength and FSS 
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parameters of the untreated soil determined by DS and TRS tests were presented. 

A significant decrease in strength properties, particularly in cohesion, was 

observed in post-wetting-drying cycles. Similar sets of DS and TRS were 

conducted on lime-treated soil specimens to investigate the effect of lime on the 

strength properties of soil (Figure 4.4). These tests were conducted on both the 5% 

and 8% lime-treated soil samples by following the procedure discussed in Section 

3.2.2.3.3 and Section 3.2.2.3.4.  

As the ‘increase in strength’ due to the formation of CSH and CAH 

cementitious products is typically achieved after longer curing periods, it is 

important to assess the short curing periods for lime-treated soil. Therefore, in this 

research study, short curing periods were focused. The DS and TRS tests were 

conducted after three and seven days of curing periods. The treated soil specimens 

were cured at room temperature for three and seven days in air-tight bags (no 

moisture loss) at almost 100% relative humidity. These test results were used as 

input parameters in numerical analyses studies that details of them are provided in 

Chapter 5. 
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(a)     (b) 

Figure 4.4 Sheared soil specimens of (a) DS test and (b) TRS test 

4.3.2    Soil Permeability Test 

The saturated hydraulic conductivity values of newly compacted untreated 

and treated soils were measured with the modified triaxial equipment by following 

the procedure provided by Bhaskar et al. (2019). The permeability tests were 

conducted on compacted soil specimens of 38.1mm (1.5 in.) height and 71.1mm 

(2.8 in.) diameter. Before the test, the soil specimens were subjected to capillary 

soaking in a split mold. The main purpose of capillary soaking is to remove air 

bubbles from the specimen and expedite the backpressure saturation process. The 

specimens were then weighed and carefully mounted on the base pedestal of the 

equipment along with porous stones at the top and bottom. To prevent clogging of 
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porous stones by fine soil, filter papers were placed between porous stone and soil 

specimens. After covering the specimens with a latex membrane, the equipment 

was assembled, and the cell was filled with de-aired water (Figure 4.5). A seating 

load of 10 kPa (0.15 psi) was applied at the top to ensure proper contact between 

the soil specimens and top cap. 

The specimens were saturated using back-water pressure and the degree of 

saturation was continuously monitored using Skempton’s ‘B’ parameter. In this 

research, the specimens were considered as saturated at B value of 0.95. Once the 

specimens were saturated, the permeability tests were commenced by applying a 

hydraulic gradient across the specimens. A head difference resulting in a hydraulic 

gradient of 35 was applied and sustained across the specimens throughout the test. 

Both inflow and outflow rates of water were continuously measured using volume 

change measurement devices. The tests were performed until the flow became 

steady and the rate of inflow and outflow became almost the same. After achieving 

a steady-state flow condition, the coefficients of permeability were calculated 

using Darcy’s law. 
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Figure 4.5 The modified triaxial apparatus used for permeability test 

The permeability test results showed that the untreated clayey soil has a 

low permeability value of 3.02x10-10 m/s (9.90x10-10 ft/s). After lime treatment, 

the permeability of soil was found to increase significantly. The saturated 

permeability of 5% and 8% lime-treated specimens were 3.94x10-9 m/s (1.29x10-

8 ft/s) and 1.50×10-8 m/s (5.00 ×10-8 ft/s) respectively. The increase in permeability 

of lime-treated soil is mainly because of changes in the void pattern due to 

flocculation and agglomeration after chemical reactions. However, over time, the 

interconnected pores are partially filled with pozzolanic products and the 

permeability of soil might drop down gradually. As the specimens were tested after 
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seven days of the curing period, this phenomenon was not observed in the present 

case.  

As discussed earlier in Chapter 2, several studies have reported a 

significant increase in untreated clayey soil permeability value of newly 

compacted samples (up to 104 times) after the weathering cycles (Daniel 1984, 

Albrecht and Benson 2001, Hughes et al. 2009). In the present research work, the 

long-term permeability value of untreated soil subjected to the weathering cycles 

was approximated as per the existing literature. Therefore, the permeability value 

of untreated soil of U.S. 75 frontage road slope that subjected to the weathering 

cycle was assumed 104 times higher than the permeability value of soil in a newly 

compacted condition. Also, the permeability value of lime-treated soil exposed to 

wet-dry cycles was assumed 15 times higher than the permeability value of soil in 

a newly compacted condition. These coefficients of permeability of untreated and 

treated soils were later used as input parameters in numerical analysis studies in 

Chapter 5. 

4.3.3    Soil Water Retention Curve test 

4.3.3.1 General 

During a rainfall event, the change in soil suction primarily depends on the 

unsaturated hydraulic conductivity of the soil. In this study, the saturated 

permeability value and SWRC of soil were together used to estimate unsaturated 

soil hydraulic conductivity rate. The drying path of SWRC of untreated, seven 
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days cured 5% lime-treated, and 8% lime-treated soils were determined using both 

the Tempe cell and Dew point potentiometer apparatus. The details of the testing 

procedure are given following. 

4.3.3.2 Tempe Cell Apparatus 

Fredlund’s Tempe cell apparatus uses the axis translation technique 

proposed by Hilf (1956). The soil specimen, 25.4 mm (1.0 in.) in height and 63.5 

mm (2.5 in.) in diameter, was statically compacted at its OMC and 95% of the 

respective MDD. To ensure uniform moisture distributions in the specimen, it was 

kept in a humidity-controlled room with 100% relative humidity for two days. For 

saturation, the specimen was confined in a stainless-steel split mold and was 

submerged in  led water. Simultaneously, a 500 kPa high air entry value (HAE) 

ceramic disk was saturated inside the Tempe cell at a pressure of 150 kPa. After 

ensuring there is no weight increase in the soil specimen due to saturation, the 

specimen was placed on the saturated HAE ceramic disk (Figure 4.6a).  

The water content and suction relationship of the specimen was determined 

by applying air pressure on the specimen in the Tempe cell apparatus (Figure 

4.6b). For each suction level, the constant air pressure was applied and sustained 

until no additional water was expelled from the specimen. At the equilibrium 

condition, the total amount of water drained out from the specimen was measured 

and the water content of the specimen was calculated. The Tempe cell was flushed 

every 12 hours to remove accumulated air beneath the ceramic disk during the test. 
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The SWRC test was conducted in the Tempe cell at different values of matric 

suction up to 500 kPa. For higher suction levels (>500 kPa), the SWRC of soil was 

determined using a Dew point potentiometer apparatus.  

  

(a)                            (b)  

Figure 4.6 (a) Tempe cell apparatus and (b) specimen placed top of HAE value 

ceramic disc 

4.3.3.3 Dew Point Potentiometer Apparatus 

After conducting tests in the Tempe cell apparatus, the soil from the same 

specimen was used in Dew Point Potentiometer WP4 apparatus to obtain SWRC 

at high suction values (Figure 4.7). The principle of the Dew point potentiometer 

apparatus is based on the chilled-mirror technique and its details are given in 
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ASTM D6836. In this test program, the specimen that is 25.4 mm (1.0 in.) in height 

and 63.5 mm (2.5 in.) in diameter, was cut into a smaller size and placed in the 

closed container of Dew Point Potentiometer. After placing approximately 7 cm3 

of specimens in the container, the relative humidity of inside air was determined 

by using the optical and temperature sensors, and a mirror. The value of total 

suction value was determined from the measured water vapor pressure above the 

soil sample in the apparatus. When the equilibrium stage was obtained, the 

displayed suction level was recorded. The specimen was then transferred to the 

oven and the water content of the specimens was determined.  

 

Figure 4.7 WP4 apparatus used in this study 

The experimentally obtained SWRC data from both Tempe cell and WP4 

apparatus were plotted together and best fitted with Fredlund and Xing (1994) 

function. The fitting parameters of Fredlund and Xing (1994) equation were then 
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used with the saturated permeability value of soils and unsaturated hydraulic 

conductivity functions were determined as per Krahn (2004). 

4.4 Durability and Strength Retention Studies 

Each year, in semi-arid regions such as Texas, the soil in the slopes is 

subjected to a significant number of weathering variables particularly, wetting and 

drying cycles. Exposure to harsh environmental conditions could lead to 

irreversible changes in soil volume and can cause desiccation cracks in the soil. 

Therefore, it is important to incorporate the effects of wet-dry cycles in soil mix 

design studies to assess the permanency of treatment. The effect of recurring 

wetting and drying cycles on soil properties can be investigated with the laboratory 

durability test. This test provides insights into the impact of climatic variation on 

the long-term performance of soil. In the current study, the durability studies were 

conducted on untreated, 5%, and 8% lime-treated soil specimens as per ASTM D-

559. The improvement in soil permanency against wet-dry cycles was assessed 

and the results were compared with the same of untreated soil. 

In order to investigate the effects of curing time, durability tests were 

conducted on lime-treated specimens after 3, 7, and 28 days of curing periods.  The 

soil specimens that were 116.3 mm (4.6 in.) in height and 101.6 mm (4.0 in.) in 

diameter were statically compacted in 3 layers. Just after the compaction, the lime-

treated specimens were placed in air-tight bags and allowed to cure at room 

temperature and 100% relative humidity. 
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In the laboratory durability test, each weathering cycle consists of 5 hours 

of wetting followed by 42 hours of drying. Wetting is performed by fully 

submerging the soil specimen in the water at room temperature (Figure 4.8a) and 

drying is done by placing specimens in an oven at 71 ± 3°C (Figure 4.8b). The 

diameter and height of the specimen were measured, and volumetric strains were 

calculated after each wet and dry cycle. The test was performed for 14 cycles or 

until the specimen experienced failure.  

Also, the strength retention characteristic of samples after 5% and 8% lime 

treatments were determined by performing the UCS tests after pre-decided cycles 

(0, 3, 7, and 14 cycles). The UCS tests were conducted following the procedure 

outlined in ASTM D2166 at the constant strain rate of 1mm/min (3.9x10-2 in/min). 

Both durability and strength retention test results were studied and an optimum 

dosage of lime in mix design studies was determined based on both improvements 

in soil properties and the permanency of the treatment. 
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(a) 

 

(b) 

Figure 4.8 (a) Wetting and (b) drying process of durability and strength retention 

studies 
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4.5 Soil Mix Design Studies Results 

4.5.1    Introduction 

The effectiveness of lime treatment on the U.S. 75 Frontage Road slope 

was investigated by conducting an array of engineering characterization tests by 

following the different test methodologies detailed in the above sections. Several 

sets of DS, FSS, permeability, SWRC, durability, and strength retention tests after 

exposing wet-dry cycles were performed considering the combined effect of 

altering wet-dry cycles and climatic factors in hydro-mechanical properties and 

permanency of the treated soil. These studies were performed on untreated, 5%, 

and 8% lime-treated soils. In this section, the results of the stabilization studies are 

presented for assessing the effectiveness of lime treatment as a viable option to 

rehabilitate the shallow slope failures that occurred on highway embankment 

slopes. 

4.5.2    Shear Strength Parameters 

The peak and FSS shear strength parameters obtained from DS and TRS 

tests are presented and compared in this section. Test results showed that there 

were significant losses in the soil strength parameters for the untreated and lime-

treated soils due to the effect of weathering cycles. These strength reductions were 

observed more drastically in the cohesion values. Also, the maximum strength 

degradation was observed in the case of untreated soil. While the lime-treated soils 
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maintained a considerable amount of cohesion value (5.2 to 6.6 kPa) after the wet-

dry cycles, the cohesion value of untreated soil decreased to almost zero value. 

The cohesion loss in the soil is very critical at the shallow depths of slopes for 

surficial slope failures where there is a low amount of effective normal overburden 

pressure. During a rainfall event, the mobilized shear strength, mainly contributed 

by the soil friction angle, might not be sufficient to resist the shear stresses, which 

are increased due to saturation of soil mass and this ultimately causes a surficial 

slope failure. 

Figures 4.9a and 4.9b show the peak strength parameters of untreated, 5% 

lime-treated, and 8% lime-treated soils obtained from DS tests. The consolidated 

drained DS test results revealed that the soil peak shear strength parameters 

experienced an enormous increase after both 5% and 8% lime treatment. After 

three days of the curing period, the friction angle of soil increased significantly 

from 23.7ο (untreated soil) to 40.7ο and 39.1ο for 5% and 8% of lime treatment, 

respectively. As these tests were conducted after a short period of curing time 

(three and seven days), these soil strength properties’ improvements, particularly 

in soil friction angle, are mainly contributed by short-term soil reactions and 

flocculation of clay particles. Also, for the same curing period, the cohesion value 

increased from 13.2 to 37.4 and 29.0 kPa for 5% and 8% of lime-treated soils, 

respectively. In the case of specimens with seven days of the curing period, similar 

values of friction angle values were obtained while the soil cohesion values 
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underwent a significant increase. The different amount of pozzolanic reactions that 

occurred in three and seven days curing periods are attributed to these differences 

in the cohesion value. 

 

(a) 
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(b) 

Figure 4.9 Mohr-Coulomb failure envelopes determined from DS tests for (a) 5% 

lime-treated soil and (b) 8% lime-treated soil along with the untreated soil 

The FSS test results obtained from the TRS test are presented in Figures 

4.10a and 4.10b. The results suggest that the weathering cycles degrade the 

untreated soil strength parameters. Although some of the benefits of lime treatment 

were negated, there were still considerable high amounts of soil friction angle and 
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cohesion. In the case of specimens cured for three days, the friction angle of 

untreated soil obtained from the TRS test was found to increase from 23.4ο to 31.0ο 

and 30.5ο for 5% and 8% of lime-treated soils respectively. Also, for the same 

curing period, cohesion intercepts of 1.3 kPa, 5.2 kPa, and 6.6 kPa were obtained 

for untreated, 5% lime-treated, and 8% lime-treated soils, respectively. For the 

seven days cured specimens, the measured FSS parameters were found almost 

equal to the same of three days cured specimens. In FSS conditions, most of the 

inter-particle cementitious bonding developed during the curing period is damaged 

and the soil strength improvement is contributed by short-term soil modification 

and residual cementitious bonding between particles. The obtained results 

suggested that, even after exposure to weathering cycles, there is a considerable 

amount of soil friction angle and cohesion in lime-treated soil which can prevent 

the slope from surficial failures in long term. 
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(a) 
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(b) 

Figure 4.10 Mohr-Coulomb failure envelopes determined from TRS tests for (a) 

5% lime-treated soil and (b) 8% lime-treated soil along with the untreated soil 

For a better comparison between parameters of untreated and treated soils, 

the results of shear strength tests are graphically presented in Figure 4.11 a and 

Figure 4.11b. There was a significant improvement in peak shear strength value of 

newly compacted soil samples obtained by conducting DS test and FSS strength 
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parameters obtained by conducting TRS test on samples which were normally 

consolidated from slurry for both dosages. These observations showed that 5% 

lime-treated soil outperformed 8% lime-treated soil which is probably due to lower 

OMC and higher MDD used for 5% lime-treated soil specimens. Additionally, the 

higher amount of unreacted lime in 8% lime-treated soil specimens, might have 

resulted in lower shear strength parameters as the lime additive soil has lower 

cohesion and friction angle. 

 

   (a) 
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                (b) 

Figure 4.11 Summary of (a) effective friction angle and (b) effective cohesion 

values from DS and TRS tests 

4.5.3    Soil Water Retention Curve Test Results 

This section presents the results of SWRC studies and unsaturated soil 

properties determined from analysis of SWRC results. The experimental SWRC 

data, measured in the laboratory, was plotted and best fitted with Fredlund and 

Xing (1994) function. Figures 4.12a, b, and c present the SWRC test results of 

untreated, 5% lime-treated, and 8% lime-treated soils, respectively.  
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(a) 

 

(b) 
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(c) 

Figure 4.12 Measured SWRCs of (a) untreated, (b) 5% lime-treated, and (c) 8% 

lime-treated soils 

The summary of these test results and the Fredlung and Xing (1994) 

formulation constants are presented in Figure 4.13 and Table 4.2, respectively. 

Test results show that the untreated soil has an air entry value of 95 kPa, which is 

typically seen for the CH type soil. For the lime-treated soils, the air entry value 

increased to 230 kPa and 320 kPa for 5% and 8% lime dosages, respectively. This 

observed change in air entry value after lime treatment was possibly caused by the 

cementitious gel products during the seven days curing period. The cementitious 

gel products of CSH have a negative surface charge and high specific surface area 

due to their porous structures. These characteristics of CSH gels possibly caused 
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an increase in the AEV. The parameter ‘a’, which is closely related to the air entry 

value of soil, was also found to increase from 940 to 1640 and 1780 for 5% and 

8% lime-treated soil respectively. 

The SWRC test results indicated that the untreated soil has a ‘n’ value of 

0.73. This n value experienced a moderate increase to 0.90 and 1.02 for 5% and 

8% lime-treated soil specimens, respectively.  The constant ‘n’ is related to the 

pore size distribution of soil and these observed increases could be attributed to 

short-term soil lime reactions and flocculation-agglomeration, which leads to a 

more homogeneous pore size distribution in the lime-treated soil.  The untreated 

soil has ‘m’ value of 1.71 whereas, 5% and 8% lime-treated soils have ‘m’ values 

of 1.65 and 1.62, respectively. The constant ‘m’ is related to the adsorption 

characteristics of the soil and these slight decreases showed that the residual water-

holding capacity of the untreated soil was not changed significantly.   
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Figure 4.13 SWRCs of untreated, 5%, and (c) 8% lime-treated soils 

Table 4.2 Fredlund and Xing (1994) SWRC model parameters 

Fredlund and Xing 
(1994) SWRC 

Model Constants 

Untreated 
Soil 

5% Lime-treated 
Soil 

8% Lime-treated 
Soil 

 a 940 1640 1780 
n 0.73 0.90 1.02 
m  1.71 1.65 1.62 

The Fredlund and Xing (1994) parameters were of this study soils used in 

conjunction with the saturated permeability value of soil to obtain the unsaturated 

hydraulic conductivity function of untreated and treated soils. These estimated 

unsaturated soil functions are presented in Figure 4.14. The lime-treated soils 
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exhibited a higher permeability value than that of untreated soil for all suction 

values. Post-treatment, soil lime reactions and the flocculation-agglomeration tend 

to make the soil more friable and results in higher permeability.  

 

Figure 4.14 Summary of the hydraulic conductivity functions of untreated and 

5% and 8% lime-treated soils 

4.5.4    Soil Durability and Strength Retention Studies Results  

The impact of climatic variation on the durability and strength of the lime-

treated soils were determined and these results were compared with untreated soil. 

The untreated soil experienced 13% volumetric swelling strain and lost its integrity 

during the first wetting period and ultimately experienced failure. As expected, 

both 5% and 8% lime-treated soils outperformed the untreated soil in durability 
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studies. However, 5% lime-treated soil could not withstand the whole 14 cycles 

and failed during the 8th cycle. Only, 8% lime-treated soil was able to withstand 

the whole 14 durability cycles. Figures 4.15a, b, c, and d present 8% lime-treated 

soil after 1, 4, 7, and 14 cycles during durability studies, respectively. 

   

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

Figure 4.15 The condition of 8% lime-treated soil after (a) first, (b) third, (c) 

seventh, (d) fourteenth cycles 

The volumetric strain changes measured during wet-dry cycles are 

presented in Figure 4.16. Results of these studies suggested that the lime treatment 

was successfully able to mitigate volumetric strain changes in soil due to 

weathering cycles. While the untreated soil underwent 13% volumetric swelling 

strains during the first wetting period and experienced failure, both the 5% and 8% 

lime-treated soils experienced only marginal volumetric strains during the first 3 

wet-dry cycles. However, starting from the 4th cycle, the benefits of 5% lime 

treatment on volumetric strain changes started to reduce. In the 7th cycle, the 5% 

lime-treated soil exhibited approximately 5% swell and shrinkage strains and the 

soil experienced a failure during the 8th durability cycle. The disintegration of soil, 
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considerable swell-shrinkage strains, and the breakage of cementitious bonds 

could be attributed to this failure. The 8% lime-treated soil outperformed the 5% 

and untreated soil throughout the entire wet-dry durability cycles and experienced 

insignificant volumetric strain changes during the first 11 cycles. In the 14th 

durability cycle, the 8% lime-treated soil exhibited approximately 2.5% 

volumetric swell and shrinkage strains.  

 

Figure 4.16 Measured volumetric changes for untreated, 5% lime-treated, and 

8% lime-treated soils 

Similar improvements after lime treatment were observed in the weight 

loss characteristics of treated soils. Figure 4.17 presents the determined percentage 

of weight loss during the wet-dry durability cycles. As the untreated soil totally 

disintegrated during the first wetting cycle its weight loss characteristic could not 
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be determined. The 8% lime-treated soil outperformed the 5% lime-treated soil 

and experienced lower weight loss in all the weathering cycles. While the 5% lime-

treated soil started to lose a significant amount of weight just after the first cycle, 

the 8% lime-treated soil started to lose a noticeable amount of weight after the 8th 

cycle. The better response of 8% lime-treated soil against wetting and dry cycles 

is possibly due to the formation of more cementitious bonding in the 8% lime-

treated soil during the curing and testing period. 

 

Figure 4.17 Measured weight loss of 5% lime-treated and 8% lime-treated soils 

during the durability studies 

The measured strength retention characteristics of the untreated, 5% lime-

treated, and 8% lime-treated soils are shown in Figure 4.18. The results showed 

that there was a significant improvement in the soil UCS values starting from the 
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newly compacted condition. The untreated soil UCS value experienced an increase 

from 319.2 kPa (46.3 psi) to 797.0 kPa (115.6 psi) and 700.0 kPa (101.5 psi) for 

5% and 8% lime-treated soils, respectively. Durability studies required oven 

drying at 71±3°C temperature for 42 hours. Due to this high temperature and long 

testing periods, a significant UCS value improvement was observed for both 5% 

and 8% lime-treated soil samples during the first 3 durability cycles. However, 

after the 3rd cycle, the lime-treated soils started exhibiting a gradual decrease in 

UCS values which indicate the destructive impacts of the durability cycles.  

In the 7th cycle, the UCS value of the 5% lime-treated soil was only 476.5 

kPa (69.1 psi) and the soil specimen failed during the 8th cycle. Moreover, the 8% 

lime-treated soil underwent a lower strength loss rate after the 3rd cycle as 

compared to 5% lime-treated soil. At the end of the 14th cycle, the 8% lime-treated 

soil had a UCS value of 450 kPa, which is still higher than the UCS value of 

untreated soil in the newly compacted conditions. 
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Figure 4.18 Strength retention characteristics of the untreated, 5% lime-treated, 

and 8% lime-treated soils 

4.6 Summary  

In this chapter, the soil-mix design studies were presented, and their results 

were discussed. Several chemical and basic soil characterization tests along with 

engineering tests were conducted on the untreated and 5% and 8% of lime-treated 

soils sampled from the embankment of the U.S. 75 Frontage Road. The lime 

dosage used in the reconstruction work of this slope was chosen based on the 

analyses of test results of these studies presented in this Chapter. A minimum pH 

value of 12.4 was targeted as it is needed to sustain long-term pozzolanic reactions 

after lime treatment. In the present research study, the minimum required dosage 

of lime stabilizer for the test soil was found to be 5% and the soil mix design 

studies were conducted for 5% and 8% of the lime dosages. 
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After lime treatment, the hydraulic conductivity of soil increased 

approximately by 10 and 50 times for 5% and 8% of treatment dosage respectively. 

There were significant enhancements in soil peak and FSS strength parameters, 

particularly in the soil effective cohesion value. The soil cohesion value obtained 

from the DS test (peak shear strength) increased by 283% and 220% for the 5 and 

8% lime-treated soils, respectively, just after the three days curing period. For the 

FSS condition, this cohesion enhancement was more prominent, and the cohesion 

value increased by 362% and 508% for the three days cured 5% and 8% lime-

treated soils, respectively. Also, the value of the effective friction angle of soil was 

improved moderately. The friction angle value determined from soil peak strength 

improved by 171% and 165% in the case of 5% and 8% lime-treated soils.  

Moreover, the lime treatment significantly improved the durability and 

strength retention characteristic of the test soil. While the untreated soil was 

disintegrating during the 1st wetting period, the 5% and 8% lime-treated soils were 

able to complete 7 and 14 durability cycles. These results, also, exhibited the 

importance of incorporating durability studies along with the soil strength studies. 

Even though the 5% and 8% lime-treated soils had similar improvement in soil 

peak and FSS, the 5% lime-treated soil endured just for 7 durability cycles, while 

the 8% lime-treated soil withstood all the 14 durability cycles. These results 

showed that although the 5% lime satisfied the minimum required pH value and 

significantly increased the soil strength properties, using 3% extra lime was 
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required to increase the soil resistance against the inclement weather conditions. 

Based on the analyses of the results of these studies, the 8% lime treatment was 

chosen to rehabilitate the failed U.S. 75 Frontage Road slope section. 
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5. Chapter 5 

NUMERICAL MODELING STUDIES 

5.1 Introduction 

The assessment of long-term safety of partially saturated slopes under 

various possible climatic conditions requires knowledge of hydro-mechanical 

properties of soil and rainfall characteristics. Development of the fractures, 

fissures, and cracks in soil over a period of time changes its hydro-mechanical 

properties drastically and further complicates the rainfall infiltration process 

(Flury et al. 1994; Van Genuchten et al. 1999). Rainfall infiltration induces major 

slope failures and hence has been studied by many researchers across the world 

(Ng and Shi 1998, Gasmo et al. 2000, Rahardjo et al. 2007, Kristo et al. 2017, 

Chan et al. 2021). 

The numerical analysis is an economic and efficient method to simulate 

the behavior of a slope subjected to transient boundary conditions (Yang et al. 

2019). The rainfall-induced slope stability analysis can be performed by using 

either limit equilibrium or finite element/finite difference method (FEM/FDM) 

based numerical methods. There are many commercial software programs 

available, which provide rational solutions. Conventional limit equilibrium 

methods are proven to be reliable and are known to give accurate results (Tsaparas 

and Toll 2002, Lee et al. 2009, Wang et al. 2011, Le 2013, Matthews et al. 2014, 
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Ghani et al. 2020). The comparison between the FOS values of slopes computed 

using the limit equilibrium method and FEM showed a reasonable good agreement 

(Van Impe and Flores 2007, Khalkhali and Koochaksaraei 2019). 

Different chemical treatment methods are attempted to stabilize slope 

sections that are impacted by slope failures. An attempt has been made here to 

investigate the long-term performance of one such treated slope, a lime-treated 

slope rehabilitation work of highway slope section by conducting rainfall-induced 

slope stability analyses. In this specific research work, the slope stability of lime-

treated the U.S. 75 Frontage Road along with the Grapevine and Joe Pool lake 

dams were investigated. All these slopes, located in North Texas, experienced a 

similar kind of surficial failures and their surficial slopes were stabilized by using 

a quick lime treatment method of surficial soil layers.  

The long-term stability of these slopes was assessed by incorporating the 

effect of detrimental changes in the chemico-hydro-mechanical properties of the 

treated soil due to wet-dry cycles and rainfall events. Therefore, the permanency 

of the lime treatment method used to repair surficial slope failures were assessed 

with proper consideration of moisture fluctuations and soil strength reduction. The 

numerical simulations were carried out using commercially available software of 

SEEP/W and SLOPE/W that are based on FEM method and limit equilibrium 

method, respectively. 
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Numerous parametric studies of slope section with different rainfall 

intensities and treated soil layer thicknesses were conducted. The necessity of the 

provision of a proper drainage system was also investigated in the rehabilitated 

U.S. 75 Frontage Rood slope sections. The material properties of the numerical 

model were based on the findings of the site investigations and laboratory test 

results. The geometric configuration details of the slope were obtained from 

construction and design drawings from TxDOT office in Paris, Texas. The results 

of the soil mix design studies, presented and discussed in Chapter 4, were used as 

input parameters in the numerical study of the U.S. 75 Frontage Road slope.  

A similar assessment of treated slopes of the Grapevine and Joe Pool lake 

dams was carried out and the pertaining information of the soil properties and 

slope geometries were obtained from the works of Dronamraju (2008), Le (2013), 

and Acharya (2015). The variation in moisture contents in the soils for different 

rainfall intensities and durations were studied in this research. The compiled 

rainfall data for the nearest rainfall stations to the test section of the slopes were 

obtained from the National Oceanic and Atmospheric Administration (NOAA) 

web site. The following sections include the detailed methodology used in these 

numerical analysis studies, analysis of the results and findings from these studies.  

5.2 Numerical Analyses Studies for U.S. 75 Frontage Road Slope  

The numerical analyses primarily aim at the investigation of causes that 
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led to instability problem in the slope of U.S. 75 Frontage Road. Seepage and slope 

stability analyses were conducted using the finite element method and limit 

equilibrium method, respectively. These numerical analyses studies were 

conducted by using Seep/w and Slope/w software in five main stages:  

1. Generating the cross-section of the slope model. 

2. Input the material properties into the slope model. 

3. Assignment of the initial moisture distribution into slope model. 

4. Simulating rainfall studies. 

5. Performing unsaturated slope stability analyses.  

5.2.1   Development of Numerical Model 

In order to conduct numerical studies, a 2-D plane strain model of the slope 

was developed using the modules of GEOSTUDIO software package. The 

geometry of the slope section was obtained from TxDOT reports and geometrical 

information was collected during the site visits. In the present numerical analysis, 

the effects of changes in hydro-mechanical properties of untreated and lime-

treated clayey soils due to wet-dry cycles on slope stability was also evaluated. 

The soil within the surficial layer of the slope is subjected to harsh environmental 

conditions, particularly from wet and dry cycles. In the long-term period, wetting 

and drying of soil results in degradation of soil strength and its hydraulic 

properties. Therefore, the cross-section of the slope was modeled with two 

different soil layers, a surface soil layer and a deeper soil layer (Figure 5.1).  
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Figure 5.1 Numerical model of U.S. 75 Frontage Road slope section 
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The site investigations results presented in Chapter 3 showed that the failed 

slope section has a vertical scarp height of approximately 2.1 m (7 ft). Based on 

this finding, the surface layer was extended to a depth of 2.1 m from the surface 

of the slope. The analyses for post-treatment section were conducted using similar 

geometric configuration. In these analyses, one more additional layer, 8% lime-

treated layer, defined with different thickness at the top (30.4 cm, 61.0 cm, 91.4 

cm (1 ft, 2 ft, and 3 ft), respectively) was considered and then the long-term 

performance of the rehabilitated slope was evaluated. 

5.2.2   Material Properties  

In unsaturated soil condition, matric suction controls the soil strength and 

hydraulic characteristics of the soil. While defining the soil in a numerical model, 

it is important to choose a constitutive model which includes the effect of matric 

suction on its shear strength. In the present numerical study, the extended Mohr-

Coulomb model was used to define stress-strain relationship in soil. The 

formulation of this model, developed by Fredlund (1978), is given below:  

                                                   (5.1) 

Where, 

 is effective cohesion in kPa, 

 is the effective internal friction angle in degrees, 

( ) is net normal stress in kPa, 
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 is pore-air pressure in kPa, 

 is the pore-water pressure in kPa,  

( ) is matric suction in kPa, and 

 is an internal friction angle with respect to matric suction. 

The contribution of the soil matric suction toward soil strength value is 

provided by using φb value, the internal friction angle due to soil matric suction. It 

was estimated from the air entry value of soil, in accordance with Zhang et al. 

(2014) and this φb was assigned to the model. Also, the unsaturated hydraulic 

properties of soil were defined by using the best fitting parameters of Fredlund and 

Xing (1994) SWRC function and saturated permeability values. The soil properties 

used in the numerical analysis model along with the best fitting parameters of 

Fredlund and Xing (1994) are presented in Table 5.1 and Table 5.2, respectively.  

Table 5.1 Summary of the soil parameters used in slope stability analyses of U.S. 

75 Frontage Road  

Soil Type 

Unit 
Weight 
(kN/m3)

Peak Shear Strength 
Parameters 

FSS Parameters 

Test 
Type 

c’ 
(kPa) 

’ 
(ο)

Test 
Type 

c’ 
(kPa) 

’  
(ο) 

Untreated 20.3 DS 13.2 23.7 TRS 0 23.4 
8% lime-treated 19.7 DS 37 39.1 TRS 6.6 30.6 



186 
 

Table 5.2  Soil permeability, SWRC and Fredlund and Xing (1994) model 

parameters used in the numerical analysis model of U.S. 75 Frontage Road slope  

Soil Type 

Saturated 
Permeability 

Value 
(m/s) 

SWRC 
Parameters 

Fredlund and 
Xing (1994) Model 

Parameters 

θs 
ψa 

(kPa)
a n m 

Untreated 3.0x10-10 m/s 48.5 95 940 0.73 1.71 
8% lime-treated  1.5x10-8 m/s 45.0 150 1780 1.02 1.62 

For the short-term condition, the peak shear strength parameters and 

hydraulic conductivity value of the newly compacted condition of the soil were 

assigned to the highway slope. In the long-term condition, the FSS parameters and 

the permeability value of weathered soil were used as input parameters. As the 

impact of the weathering cycles is limited to the surficial layers of the slope, both 

peak strength value and permeability value of the newly compacted soil were 

assigned to underlying soil layers. 

5.2.3   Initial Conditions 

In the case of unsaturated soil conditions, the initial moisture content 

distribution in slope is a critical parameter in its stability analyses. Based on the 

findings of site investigation, the initial soil matric suction distribution in the 

model was generated in the model by defining the location of the groundwater 

table. The site investigation studies showed the absence of a groundwater table 

within the top 15.7 m (51.5 ft) of soil from the surface of the slope. Therefore, the 
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groundwater table was defined at an elevation of 180 m (590.6 ft) in the numerical 

analysis model. Additionally, both right and left sides of the model geometry were 

assigned with a no-flow boundary condition (Q=0). 

The software assumes a linear increase in the soil matric suction with the 

height of soil above the ground water table. This approach usually overestimates 

the value of matric suction in the surface layer and gives a highly conservative 

factor of safety for slope. To overcome this limitation of software, the average soil 

matric suction in the surface layer of the slope was investigated by collecting soil 

samples. After determining the water content of these soil specimens, the 

corresponding suction level was estimated using the SWRC of the soil. The results 

showed a very small matric suction value (20 kPa) within the surface layer of the 

slope. Therefore, the maximum suction level in the numerical model was limited 

at 20 kPa to prevent overestimation of unsaturated soil shear strength.  

5.2.4   Rainfall Studies 

In this study, rainfall-induced slope stability analyses were conducted. The 

rainfall studies are used to assess the impacts of seepage that occurred in treated 

slope under expected rainfall events. In these analyses, the effect of rainfall 

intensity and duration on the pore water pressure (PWP) distribution in the 

embankment slope was evaluated. After determining the changes in PWP 

distributions of the slope, the same model was transferred to Slope/W software, to 

perform slope stability analysis. The most probable rainfall data at the slope 
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location was collected from NOAA. The numerical analyses were performed for 

a short (one day), medium (four days), and long (ten days) duration of continuous 

rainfall. As the highways are planned for a long period of service lives, these 

estimates were selected for 100 years of average recurrence interval with 90% 

confidence intervals. The rainfall data collected from NOAA do not provide the 

hourly distribution of rainfall events, therefore, the corresponding total amount of 

rainfall is induced with constant rainfall intensities for durations of one, four, and 

ten days, respectively (Table 5.3).  

Table 5.3 Frequency estimates used in the rainfall-induced slope stability 

analyses for U.S. 75 Frontage Road slope (Perica et al. 2018) 

Rainfall 
Duration 

(days) 

100 Years Return Period 
Total Rainfall Amount 

(cm/in) 
Rainfall Intensities 

(cm/s/in/s) 
1 24.8/ 9.78 2.9x10-4/ 1.13x10-4 
4 32.3/ 12.7 9.3x10-5/ 3.67x10-5 
10 38.6/ 15.20 4.5x10-5/ 1.76x10-5 

5.2.5   Slope Stability Analysis 

After conducting transient seepage analyses, the FOS of the most critical 

slip surface of the slope was calculated using the Morgenstern-Price method in the 

limit equilibrium analysis. The computation of FOS of the slope model was started 

after specifying the location of probable slip surfaces. After conducting the 

numerical analyses for the failed untreated slope section, similar analysis 

processes were repeated on the lime-treated slope sections. These analyses were 
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conducted with various thicknesses of 30.4 cm, 61.0 cm, and 91.4 cm (1 ft, 2 ft, 

and 3 ft) of 8% lime-treated surficial layer. In these analyses, the expected long-

term performance of lime treatment was investigated, and the optimum thickness 

of the treated layer was then selected. The lime-treated slope stability analyses 

were conducted with and without a drainage system under the lime-treated soil 

section and therefore, the need for a drainage system was studied.  

5.3 Numerical Analyses Studies for Grapevine and Joe Pool Lake Dams Slope  

One of the main objectives of this research work is to evaluate the long-

term performance of lime treatment in slopes. Apart from the U.S. 75 Frontage 

Highway embankment slope, two dam embankment slopes - Grapevine and Joe 

Pool lake dams, were also included in the present research study for a 

comprehensive assessment of lime treatment in different slopes. Both of these 

dams experienced numerous surficial slope failures, similar to U.S. 75 Frontage 

Road slope, and were stabilized with lime treatment. The details of slopes and 

failures are provided in Chapter 3.  

The previous UTA researcher studied these slope failures and investigated 

the performance of several repair methods including the lime treatment method 

(Dronamraju 2008). The main scope of these studies was assessment and 

comparison of different slope repair methods. In the present research work, those 

studies were extended, and the long-term FOS of the dam slopes were calculated 
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by incorporating the effect of detrimental changes in the hydro-mechanical 

properties of the treated soil and rainfall events.  

The numerical analysis models for Grapevine and Joe Pool lake dams’ 

slopes presented in Figures 5.2a and 5.2b were generated based on the models that 

were presented by Le (2013). In these numerical analysis models, the topsoil 

within 1.22 m (4 ft) from the surface was modeled as a surface layer where the 

degraded soil properties are assigned. Also, the 0.45 m (18 in.) thick surface layer 

of the slope was generated as 8% lime-treated layer based on the determined 

treatment thickness. In these models, the soil material and hydro-mechanical 

properties were compiled from studies of McCleskey (2005), Dronamraju (2008), 

Le (2013), and Acharya (2015). The soil strength, hydraulic conductivity 

properties, and unsaturated soil properties used are presented in Tables 5.4 and 

5.5.  

Le (2013) investigate the moisture variation of the soils in these dams over 

a period of 4 years (between 2009 and 2012). In this study, the moisture variation 

of untreated soils at 0.25 m and 0.5 m depths from the surface was determined 

using two moisture probes and the results are presented in Figures 5.3a and 5.3b 

for Grapevine and Joe Pool lake dams, respectively. 
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(a) 
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(b) 

Figure 5.2 (a) Cross-section of (a) Grapevine dam and (b) Joe Pool lake dam numerical analysis model
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Table 5.4 Shear strength properties of slopes of Grapevine and Joe Pool lake 

dams used in the numerical analyses (Le 2013, Acharya 2015)  

Slope Soil Type 

Peak Shear Strength 
Parameters 

FSS Parameters 

Test 
type 

c’ 
(kPa) 

’ 
(degree)

Test 
type

c’ 
(kPa) 

’ 
(degree)

Grapevine 
dam 

Untreated DS 2.4 29.1 TRS 0 18 
8% lime-
treated 

DS 94.5 32.8 TRS 12.9 38 

Joe Pool 
lake dam 

Untreated DS 4.8 26.2 TRS 0 27 
8% lime-
treated 

DS 140.6 23.5 TRS 21.9 36.6 

Table 5.5  Soil permeability, SWRC and Fredlund and Xing (1994) model 

parameters used in the numerical analyses models of Grapevine and Joe Pool 

lake dam slopes (Dronamraju 2008, Acharya 2015) 

Slope 
Soil 

Type 

Saturated 
Permeability 

Value 
(m/s) 

SWRC 
Parameters 

Fredlund and Xing 
(1994) Model 
Parameters 

θs 
ψa 

(kPa)
a n m 

Grapevine 
dam 

Untreated 8.1x10-6 m/s 43.6 15 70 1.1 1 
8% lime-
treated 

2.3x10-5 m/s 37.2 17 70 1.1 0.85 

Joe Pool 
lake dam 

Untreated 2.7x10-6 m/s 56.8 38 170 1 1 
8% lime-
treated 

1.1x10-5 m/s 49.2 19 70 1 0.8 

 In the wet seasons, the 4 years average water contents of the Grapevine 

and Joe Pool lake dam soils were as high as 34.4% and 43.4%, respectively. The 
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matric suctions corresponding to these water contents of soil were estimated to be 

50 kPa and 138 kPa for Grapevine and Joe Pool lake dam embankment sections, 

respectively.  

 

(a) 

 

   (b)  

Figure 5.3 Moisture variation of untreated soils measured in (a) Grapevine and 

(b) Joe Pool lake dams slope between 2009-2012 (Le 2013) 

Therefore, in the numerical analyses, these obtained suction levels were 

used as the initial matric suction values in the surface layer of slopes and the 
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maximum suction levels were limited accordingly. Similar numerical analysis 

processes mentioned in Section 5.2 were repeated for 8% lime-treated section of 

these dams’ slope with compiled rainfall data (Table 5.6). The next section 

presents the abovementioned rainfall-induced slope stability analysis results. 

Table 5.6 Frequency estimates used in the rainfall-induced slope stability 

analyses for Grapevine and Joe Pool lake dams slope (Perica et al. 2018) 

Rainfall 
Duration 

(days) 

Grapevine Dam Joe Pool lake Dam 
Total 

Rainfall 
Amount 
(cm/in) 

Rainfall 
Intensities 
(cm/s/in/s) 

Total 
Rainfall 
Amount 
(cm/in) 

Rainfall 
Intensities 
(cm/s/in/s) 

1 23.1/9.1 2.7x10-4/ 1.1x10-4 24.8/9.5 2.8x10-4/ 1.1x10-4 
4 31.0/12.2 9.0x10-5/ 3.5x10-5 32.0/12.6 9.3x10-5/ 3.6x10-5 
10 38.1/15.0 4.4x10-5/ 1.7x10-5 38.4/15.1 4.4x10-5/ 1.7x10-5 

5.4 Results of Numerical Analyses Conducted on U.S. 75 Frontage Road Slope 

Rainfall-induced slope stability analyses were performed to elucidate the 

impacts of rainfall events on the stability of the embankment slope before and after 

exposure to weathering cycles. These analyses were repeated for untreated and 

lime-treated slope sections of U.S. 75 Frontage Road and the results are tabulated 

in Table 5.7. 

The rainfall-induced slope stability analyses conducted on the untreated 

section of slope facilitated to illustrate the most probable reason for this slope 

failure. Results of numerical studies showed that for all the rainfall characteristics, 

the FOS of the critical slip surface of untreated slope before subjecting wet-dry 
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cycles was sufficient (greater than 1.5). The soils in the slope preserved a 

considerable amount of matric suction in the surficial layer of slope even after ten 

days of continuous rainfall and the fluctuation in soil moisture content was limited 

a shallow depth of 91 cm (3 ft) due to very low permeability value of soil (Figures 

5.4a and b). Hence, the significant amount of cohesion value of clayey soil in 

newly compacted conditions and partially saturated conditions resulted in a deep 

slip surface with a high FOS value of 2.38. 

 

(a) 
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(b) 

Figure 5.4 (a) PWP distribution and (b) FOS of untreated U.S. 75 Frontage Road 

slope after subjecting 91 cm (3 ft) rainfall event in ten days  

Table 5.7 Summary of the FOS values of untreated and lime-treated slope 

sections before and after exposing rainfall events 

Drainage 
System 

Thickness 
Of 

Lime- 
Treated 
Layer 
(cm/ft) 

 

The Rehabilitated 
Slope Before Exposing 

Weathering Cycles 

The Rehabilitated 
Slope After Exposing 
Weathering Cycles 

Total Rainfall Amount 
(cm/in.) 

Total Rainfall Amount 
(cm/in.) 

0 
24.8

/ 
9.78

32.3
/ 

12.7

38.6
/ 

15.2
0 

24.8
/ 

9.78 

32.3
/ 

12.7 

38.6
/ 

15.2

No 
0 

(untreated) 
2.40 2.39 2.39 2.38 1.97 1.14 0.71 0.67

No 
30.5/1.0 2.31 2.30 2.27 2.26 2.09 1.98 1.78 1.21
61.0/2.0 2.32 2.31 2.29 2.27 2.19 2.09 1.85 1.27
91.4/3.0 2.34 2.33 2.30 2.29 2.30 2.21 1.95 1.37

Yes 30.5/1.0 2.31 2.30 2.29 2.26 2.23 2.02 1.88 1.40
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61.0/2.0 2.32 2.32 2.31 2.27 2.19 2.14 1.98 1.54
91.4/3.0 2.34 2.33 2.30 2.29 2.30 2.26 1.98 1.60

It is evident from the analysis results that wet and-dry seasonal cycles had 

a detrimental effect on the stability of the slope during rainfall events. The FOS 

value for the most critical slip surfaces decreased to 1.14 from 1.97 after 9.78 in. 

rainfall in one day. The stability of the slope went further down with an increase 

in the duration of rainfall. In the case of prolonged rainfalls of four and ten days, 

the obtained FOS were 0.71 and 0.67, respectively and the slope experienced 

surficial slope failure (Figure 5.5b). This stability problem can be attributed to the 

development of positive pore water pressure developed in the surface layer of the 

slope (perched water table) which degraded the strength of the soil.  

Furthermore, the increase in permeability value of soil in the surficial layer 

allowed rapid water infiltration into the slope during the rainfall event. This rate 

of rainfall infiltration was slowed down at the underlying deep layer due to the low 

permeability value of soil which did not experience desiccation cracking and 

resulted in accumulation of water as shown in Figure 5.5a. The results of this 

numerical analysis simulation showed similarities with observations recorded 

from the site. The perched water table (Figure 5.6a) and wet patches (Figure 5.6b) 

observed during the field investigation visits proved that the formation of positive 

water pressures in the surface layer of the slope primarily caused this slope failure.  
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(a) 

 

(b) 

Figure 5.5 (a) PWP distribution and (b) FOS of untreated U.S. 75 Frontage Road 

slope after subjecting 32.3 cm (12.7 in.) rainfall event in four days 
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(a) 

 

(b) 

Figure 5.6 (a) Observed perched water table and (b) wet patches on the slope 

The surface layer of the slope was treated with 8% lime with different 

treatment depths of 30.5, 61.0, and 91.4 cm (1, 2, and 3 ft). In all the cases, lime 

Perched water table 

Wet patches  
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treatment resulted in a significant increase in FOS of the critical slip surface. The 

obtained FOS values for the slope subjected to weathering cycles with and without 

an underlying drainage system and for different rainfall events are presented in 

Table 5.7. Prior to a rainfall event, the rehabilitation of the surface layer of the 

slope increased the most critical FOS from 1.97 to 2.31, 2.32, and 2.34 for 30.5, 

61.0, and 91.4 cm thickness of lime, respectively.  These safety factors dropped 

down but remained greater than one even after a rainfall event for all lime 

treatment depths. The lowest FOS values were obtained after subjecting to 38.6 

cm (15.2 in.) rainfall in ten days for the slope that was exposed to the weathering 

cycles.  

Figures 5.7a, b, and c show the obtained PWP variation and FOS for three 

lime stabilized slopes with thicknesses of 30.5 cm, 61.0 cm, 91.4 cm (1 ft, 2 ft, and 

3 ft), respectively. These results showed that, although, exposing to heavy rainfall 

event leads to a partially saturated surface layer of the slope, the enhanced soil 

properties, particularly effective cohesion values, of the lime-treated layer prevent 

the slope from failure.  
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(a) 

 

(b) 
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(c) 

Figure 5.7 PWP variation and FOS calculated for lime stabilized slopes with 

thicknesses of (a) 30.5 cm, (b) 61.0 cm, and (c) 91.4 cm after subjecting 38.6 cm 

(15.2 in.) rainfall in ten days 

The increase in FOS values of the critical slip surface of lime-treated slopes 

obtained with appropriate underlying drainage system was considerable, 

irrespective of the rainfall intensity and depth of treatment. Figures 5.8a, 5.8b, 

5.9a, and 5.9b show the PWP distributions of 61 cm (2 ft) thickness of lime-treated 

slope section with and without underlying drainage system after subjecting to 38.6 

cm (15.2 in.) rainfall events in ten days. The drainage of the rainfall facilitates the 

preservation of the unsaturated soil zones in the surface layer. Therefore, the soil 

suction contributed toward the soil strength and enhanced the FOS of the critical 

slip surface from 1.27 to 1.54 (Figures 5.8a and 5.9a). 
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(a) 

 

(b) 

Figure 5.8 (a) PWP distribution and (b) FOS of 61.0 cm (2ft) lime-treated U.S. 

75 Frontage Road slope without underlying drainage system after subjecting 38.6 

cm (15.2 in.) rainfall in ten days 
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(a) 

 

(b) 

Figure 5.9 (a) PWP distribution and (b) FOS of 61.0 cm (2ft) lime-treated U.S. 

75 Frontage Road slope with underlying drainage system after subjecting 38.6 

cm (15.2 in.) rainfall in ten days 
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The numerical analysis results showed that the underlying drainage system 

was beneficial to boost the stability of the lime-treated slope. The minimum FOS 

of 1.5 was obtained with treatment of the top 61 cm (2 ft) of the slope surface with 

an underlying drainage system, irrespective of rainfall scenarios. Therefore, the 61 

cm (2 ft) lime-treated surficial layer with a drainage system below the treated layer 

was considered the optimum method to rehabilitate this slope. Based on these 

findings, the construction plan to rehabilitate the slope of the U.S. 75 Frontage 

Road was prepared and its details are given in Chapter 6. The next section provides 

the results of numerical analyses studies for lime-treated slope sections of 

Grapevine and Joe Pool lake dams. 

5.5 Results of Numerical Analyses Conducted on Slopes of Grapevine and Joe 

Pool Lake Dam 

Rainfall-induced slope stability analyses were also performed to study the 

long-term performance of the lime stabilized Grapevine and Joe Pool lake dams’ 

slope after subjected to weathering cycles. The FOS values of the critical slip 

surfaces and PWP distributions obtained for Grapevine and Joe Pool lake dams 

are given in Figures 5.10 to 5.13 and 5.13 to 5.17, respectively.  
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Figure 5.10 PWP variation and FOS of the lime-treated Grapevine dam slope before 

exposure to rainfall 

 

Figure 5.11 PWP variation and FOS of the lime-treated Grapevine dam slope 

after exposure to 23.1 cm (9.1 in.) rainfall in one day 
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Figure 5.12 PWP variation and FOS of the lime-treated Grapevine dam slope 

after exposure to 31.0 cm (12.2 in.) rainfall in four days 

 

Figure 5.13 PWP variation and FOS of the lime-treated Grapevine dam slope 

after exposure to 38.1 cm (15.0 in.) rainfall in ten days 
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Figure 5.14 PWP variation and FOS of the lime-treated Joe Pool lake dam slope 

before exposure to rainfall 

 

Figure 5.15 PWP variation and FOS of the lime-treated Joe Pool lake dam slope 

after exposure to 24.8 cm (9.5 in.) rainfall in one day 
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Figure 5.16 PWP variation and FOS of the lime-treated Joe Pool lake dam slope 

after exposure to 32.0 cm (12.6 in.) rainfall in four days 

 

Figure 5.17 PWP variation and FOS of the lime-treated Joe Pool lake dam slope 

after exposure to 38.4 cm (15.1 in.) rainfall in ten days 
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Results of numerical studies showed that, in an average wet season, the 

slopes of Grapevine and Joe Pool lake dam had FOS of 3.12 and 5.13, before the 

rainfall events, respectively. After applying rainfall boundary conditions, the FOS 

of the most critical slip surface of these slopes were reduced to 1.45 and 3.32, 

respectively. Unlike the slope of the U.S. 75 Frontage Road that experienced the 

most drop in the FOS values after ten days of rainfall, these dams experienced the 

considerable drop in FOS values due to one day rainfall event with high flux rates 

of 2.7x10-6 m/s (9.1x10-6 ft/s) and 2.8x10-6 m/s (9.2x10-6 ft/s). This difference in 

results can be attributed to the differences in permeability value of soils.  

The soil located in US 75 Frontage Road slope has a low permeability 

value of 3.02x10-10 m/s (9.90x10-10 ft/s) while soils in Grapevine and Joe Pool lake 

slopes have a medium-range permeability value of 8.1x10-6 m/s (2.65 x 10-5 ft/s) 

and 2.7x10-6 m/s (8.86 x 10-6 ft/s). In the case of high permeable soil, the soil 

allows the high intensity rainfall to seep into slope easily. Due to this, the soil 

experiences rapid saturation and a localized perched water table is formed in the 

desiccated surficial layer. Thus, the contribution of soil matric suction to strength 

decreases and results in a decrease in slope safety.  

For four days and ten days rainfall events, the FOS of the critical slip 

surface of Grapevine and Joe Pool lake dams experienced a lower decrease than 

the same for one day rainfall event. These can be attributed to the water dissipation 

during the four and ten days of rainfall events. The high permeability of soils from 
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these dams allowed the infiltrated water to dissipate faster and prevent the slope 

surface layer from developing perched water table. From the results of these 

numerical studies on lime-stabilized Grapevine and Joe Pool lake dams’ slopes, it 

can be concluded that the lime treatment work of surficial slope layers is an 

effective method of providing long-term stability to a slope with reduced surficial 

slope failures under harsh environmental conditions.  

5.6 Summary 

In this chapter, a series of rainfall-induced slope stability analyses were 

performed on the treated slope of the U.S. 75 Frontage Road, Grapevine, and Joe 

Pool lake dams using the limit equilibrium method. In these analyses, the short-

term and long-term performances of slopes were investigated by incorporating the 

hydro-mechanical properties of the soil before and after exposure to the wet-dry 

seasonal cycles. The analyses were performed on untreated slope of the U.S. 75 

Frontage Road using degraded hydro-mechanical properties to depict the potential 

reasons for slope failure.  

A similar set of analyses were conducted on lime-treated slope models to 

assess the long-term performance of slopes after treatment. The analyses were 

conducted for three treated-layer thicknesses of 30.5 cm, 61.0 cm, and 91.4 cm (1 

ft, 2 ft, and 3 ft), respectively, and based on these analyses of results, the optimum 

depth of lime treatment for the rehabilitation work of the U.S. 75 Frontage Road 

slope was determined.  
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Results of numerical studies showed that the U.S. 75 Frontage Road 

experienced shallow failure due to degraded soil hydro-mechanical properties after 

wetting and drying cycles. Under an intense and prolonged rainfall events (four 

days or ten days), there was a development of perched water table within the 

surface layer. This led to soil softening behavior followed by a decrease in 

mobilized shear strength which ultimately resulted in slope failures. After lime 

treatment, the slope showed much better performance as the computed FOS value 

was higher than unity. The minimum FOS values of the treated slope were 

obtained after ten days of rainfall event.  

Treatment of the top 30 cm (1 ft) provided FOS value of 1.2, which was 

lower than the minimum required FOS of 1.5. The 61cm (2ft) treatment of the 

surface layer with a proper drainage system provided a minimum FOS of 1.54 

under any rainfall events. In addition to the slope of US 75 Frontage Highway 

embankment, the long-term performance of lime stabilized slopes of Grapevine 

and Joe Pool lake dams’ embankments were also assessed, which showed similar 

enhanced FOS values. The rainfall-induced unsaturated slope stability analysis 

with consideration of the effect of wet-dry cycles on properties of soil, provided 

sufficient FOS values when surficial soils were treated with lime additive.   
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6. Chapter 6 

REHABILITATION, FIELD MONITORING AND LIFE CYCLE 

COST BENEFIT ANALYSIS 

6.1 Introduction 

The failed slope section of U.S. 75 Frontage Road was considered for a 

novel rehabilitation method using the lime treatment of surficial finite depth of 

soil, and the construction work for this repair was carried out at the site during the 

time period between July 2019 and May 2020. This chapter provides the details of 

field operations carried out for rehabilitation of the failed slope section. Based on 

the results from earlier laboratory and numerical studies, reported in Chapter 4 and 

Chapter 5, both design and construction plans were fully prepared and executed. 

These studies suggested that the use of 8% lime in soil was sufficient to enhance 

its strength, durability, and volumetric change characteristics, as well as improve 

the long-term stability of the slope. Moreover, provision of an underlying drainage 

system in the slope was recommended to further enhance the embankment section 

stability.  

The performance of lime treatment field design and construction works 

was evaluated by using field instrumentation studies, total station and light 

detection and ranging (LIDAR) surveys. The variation in moisture content of 

embankment subsoil under varying climatic conditions (wet-dry seasons) was 
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recorded by moisture probes installed in the slope during the construction. 

Additionally, the deformation of the lime-treated slope was obtained by 

conducting both total station and LIDAR surveys. Also, the economic feasibility 

of the U.S. 75 Frontage Road slope rehabilitation work using the lime additive was 

evaluated by conducting life cycle cost and benefit analysis (LCCBA). The overall 

required cost expenditure and benefits of this method over a life cycle period was 

calculated and compared.  

6.2 Rehabilitation of the Failed U.S. 75 Frontage Road  

6.2.1    Construction Plan 

The cross-section details of the lime-treated slope section of U.S. 75 

Frontage Road is presented in Figure 6.1. Lime treatment was carried out on the 

surficial slope layer with a thickness of 61 cm (2 ft). The treated soil layer was 

then covered with a 15 cm (6 in.) thick layer of topsoil to facilitate vegetation 

growth at the slope surface after the construction. To enhance frictional resistance 

between untreated and treated soil layers, the embankment benching as shown in 

Figure 6.1 was provided in untreated soil layer with 90ο angle cuts. This benching 

also eliminated existing slickened slide planes and facilitated the repair works by 

providing horizontal layers in the slope. Below the lime-treated layer, a total of 6 

longitudinal perforated drainpipes were installed along the slope at 5.5 m (18 ft) 

spacing to drain infiltrated water out of the slope. The next section presents the 

construction steps followed in the slope treatment and field construction work.  
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Figure 6.1 Plan details of lime-treated slope section of the U.S. 75 Frontage Road  

6.2.2    Construction Steps  

6.2.2.1 Excavation Phase 

Before the start of construction in July 2019, the major portion of the failed 

section of the slope was extended to approximately 45.7 m (150 ft) in longitudinal 

direction with 1.8 m (6 ft) failure depth (Figure 6.2). Along with that, a minor 

failure occurred on each side of the failed portion of the slope due to impact of 

weathering cycles. The total failed section of slope was extended to 134.7 m (442 

ft) in longitudinal direction and the failed debris reached to the toe of the slope 

(Figure 6.3). To optimize the excavation work and increase ease of 

constructability, an excavation plan was prepared and executed as shown in Figure 

6.4. The excavation was carried out by making cuts of small angles to facilitate 
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material transportation by dump trucks. As the debris was reused in the 

construction, it was stocked at designated stock area in an adjacent farmland. 

Along with the slope debris, the topsoil of the slope was also excavated and stored 

separately to prevent mixing of the vegetation and organic soil in the lime-treated 

soil zone. 

 

Figure 6.2 Failed portion of slope 
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Figure 6.3 Schematic of failed slope of U.S. 75 Frontage Road 

 

 

Figure 6.4 Excavation plan adopted for the failed slope 

6.2.2.2 Lime Treatment  

In this task, quicklime (Calcium Oxide (CaO)) was used to stabilize the 

soil from the failed slope zone. Quick lime was brought to the construction site in 

bulk amounts from the manufacturer with tanker tracks and was then hydrated in 
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portable lime slakers (Figure 6.5a). During the hydration of lime, an exothermic 

reaction takes place between water and quicklime, which converts CaO to 

Ca(OH)2. The hydration process was continued for approximately an hour, and 

once it was over, the hydrated lime was transferred to the construction site using 

trucks (Figure 6.5b).  

At the field site, lime treatment work was started from the toe area of the 

slope. In order to provide a better interlocking between the untreated soil and 

treated layer, the existing untreated soil layer was benched by providing a vertical 

cut of 0.61 m (2 ft) height with the help of a motor grader machine and crawler 

dozer (Figure 6.6a). The excavated soil was transferred back to the slope, dumped 

in lifts of 0.61 m (2 ft) in height and 3.65 m (12 ft) in width (Figure 6.6b), and was 

graded using a crawler dozer (Figure 6.6c). 

  

(a) (b) 
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Figure 6.5 (a) Portable lime slaker and (b) transportation of hydrated lime 

 

(a) 

  

                               (b)                                                           (c)        

Figure 6.6 (a) Benched slope section, (b) transportation of untreated soil, and (c) 

grading the untreated soil layer 

Before mixing the lime slurry with untreated soil, a windrow was built with 

a crawler dozer to prevent flow of lime slurry from the sides (Figure 6.7a). The 

lime slurry was then transferred and poured on the untreated soil layer by using a 
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distributor truck (Figure 6.7b). To maintain the homogeneity and uniform 

distribution of lime in soil, the slurry was simultaneously blended in soil using a 

rotary mixer (Figure 6.7c). After a thorough mixing of the lime slurry and soil 

blend, the lime-treated layer was compacted (0.3 m in height) using a sheepsfoot 

type roller (Figure 6.7d). The entire surface of the slope section was treated by 

following the aforementioned process.  

  

(a)                                                            (b)   

    

                               (c)                                                             (d) 

Figure 6.7 (a) Windrow to prevent lime slurry runoff from sides, (b) application 

of hydrated lime slurry, (c) mixing of lime slurry in soil with rotary mixer machine, 
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and (d) compaction of lime-treated layer with a sheepsfoot type roller 

6.2.2.3 Installation of Drainage System 

Horizontal drains are often used to lower down the water levels in the slope 

and to improve its stability. Because of the ease of installation and relatively high 

installation speed, horizontal drain is a preferred choice in any slope stabilization 

project. In the current slope rehabilitation project, 6 longitudinal PVC perforated 

pipes were placed beneath the lime-treated soil layer along the slope at 5.5 m (18 

ft) spacing. As shown in Figure 6.8a, the PVC drainpipe was placed in a trench of 

0.3m (1ft) width and 0.3 m (1ft) depth. The surface area of trench was covered 

with geotextile material, and the space between drainpipe and geotextile was filled 

with Type B filter material to prevent clogging of the drainage system.  

The schematic view of the treated slope section, with all components of the 

drainage system, is presented in Figure 6.8b. In order to ensure free flow of water 

under gravity, the drains were placed at a 0.2% fall to the north side. The ends of 

all longitudinal drains were connected to a lateral non-perforated underdrain pipe 

of 152.4 mm (6 in.) diameter. Therefore, rainfall water collected by longitudinal 

drains will migrate to lateral drainpipe and ultimately drain out to roadside drain. 

A concrete head wall with a galvanized wire mesh system was built at the outlet 

of lateral drainpipe to prevent wild creatures or trash into the drainage system.  
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(a) 

(b) 

Figure 6.8 (a) Cross section of underdrain in trench and (b) schematic view of 

drainage system in the slope 

Figure 6.9 shows the installation process of perforated pipes in the 

longitudinal direction. The underdrains were installed just before the placement of 
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the lime-treated soil layer. Figure 6.10 shows the connection between longitudinal 

and lateral drainpipes, and another PCV pipe was provided to flush out the drains 

in case of potential soil clogging. The exit points of these flushing pipes were kept 

on the surface of slope with moveable lids.  

 

Figure 6.9 Installation of longitudinal underdrains 

 

Figure 6.10 Connection of longitudinal and lateral drainpipes 
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6.3 Quality Control and Assurance Studies 

During the slope rehabilitation work, the quality control and assurance 

studies were conducted using site inspections and quick laboratory tests. Several 

1D swell-shrinkage strain tests, DS tests, pH control tests were conducted on the 

field treated soil samples, and the water content and dry density of samples were 

determined. All the laboratory tests conducted on field samples were performed as 

per the procedures mentioned in Chapter 4. These results were compared with 

results of soil-mix design studies to assess the quality of field construction. Table 

6.1 presents the targeted and achieved results of rehabilitation work of U.S. 75 

Frontage Road. The results of tests conducted in the laboratory and field showed 

a reasonably good agreement, confirming that the lime stabilization closely 

simulated the laboratory mixing process. 

Table 6.1 Results of field quality control and assurance studies 

Value 

Soil Unit Weight 
& Water Content 

Swell-Shrinkage 
Characteristic 

Soil Peak 
Strength 

Parameters 

MC 
(%) 

DUW 
kN/m3 

(pcf) 

1D 
Swell 
Strain 
(%) 

1D 
Shrinkage 

Strain 
(%)

c'  
kPa 
(psf) 

' 
(deg) 

Laboratory 
Samples 

23.0 
15.8 

(100.8) 
0.37 10.7 

37.0 
(772.8) 

39.1 

Field  
Samples 

23.7 
14.9 

(95.1) 
0.25 10.0 

30.9 
(645.4) 

42.9 
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6.4 Measurement of Field Moisture Fluctuation 

One of the main objectives of lime treatment work of soil is to prevent the 

development of desiccation cracks and intrusion of water into deeper layers of soil. 

The fluctuation in moisture content of lime-treated soil during or following a 

rainfall event was monitored by using moisture probes. During the construction, 

three probes were placed in the slope at depth of 0.45 (1.5 ft), 0.76 m (2.5 ft), and 

1.68 m (5.5 ft) from the ground surface (Figure 6.11).  To record the moisture data, 

a data logger was safely placed under the nearby bridge and was connected to all 

the probes with cables. These cables were encapsulated with PVC pipes to prevent 

them from getting damaged from the construction activities (excavation or mixing 

of soil) (Figure 6.12). The moisture data was recorded every 15 minutes 

automatically in a data logger and was transferred to a laptop during site visits. 

The moisture fluctuation in soil of rehabilitated slope was measured for a period 

of 17 months (from December 2019 to May 2021). 
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Figure 6.11 Schematic representation of location of moisture probes 

   

(a)                                                           (b) 
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Figure 6.12 Installation of moisture probes (a) at depth of 0.45 m (2.5ft) at 

middle of treated soil and (b) at depth of 1.68 m (5.5 ft) at untreated soil 

The rainfall data at the nearest rainfall station to slope section of U.S. 75 

Frontage Road for the period between December 2019 to May 2021 was obtained 

from NOAA for and is shown in Figure 6.13. In this period, a total of 133.6 cm 

(52.6 in.) rainfall was recorded, and the highest daily rainfall (10.8 cm (4.25 in.)) 

was observed on 9-1-2020. Also, the wettest month was May 2020 (25.96 cm 

(10.22 in.)) and the driest month was December 2019 (2.76 cm (1.08 in.)). In this 

investigation period, while the months of March, April, and May 2020 represent 

the wettest season (52.15 cm (20.53 in.)), July, October, November, and December 

2020 represent the dry seasonal condition (13.85 cm (5.45 in.)). 

 

Figure 6.13 Recorded monthly rainfall data for U.S. 75 Frontage Road 
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To compare the moisture variation at different depths of the slope, the 

results from all 3 moisture probes are plotted together in Figure 6.14. The plots 

show that the trend of moisture variation in lime-treated layer at 0.45 m (1.5ft) and 

0.76 m (2.5ft) depth was quite similar throughout the observation period. The 

bottom of lime-treated soil layer was found to have a lower moisture content than 

the same of the middle of treated layer. During a rainfall event, the increase in 

moisture content of soil was minimum in the untreated soil layer. These 

observations suggest that the moisture intrusion into slope in the lime-treated 

surficial layer was limited and took a longer time to infiltrate into deeper layers.  

Based on moisture probes data, the soil at the middle and bottom of the 

lime-treated layer was found to reach nearly 100% saturation once and twice, 

respectively, during the monitoring period. Unlike the treated layer, soil in 

untreated layer was never completely saturated during any rainfall event 

throughout the observing period. This phenomenon showed that the wetting front 

was not able to reach into the deeper layer (untreated soil) which implies the 

absence of desiccation cracks. Results also showed that the moisture content of 

untreated soil was decreased by 5.44% over a period of 17 months. This can be 

attributed to presence of drainage system under the lime-treated layer. Most of the 

moisture infiltrate during the rainfall was discharged by drainage system before it 

seeped down into untreated layer. Based on these findings, it can be concluded that 
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the overlying lime-treated layer successfully shields the untreated soil from wet-

dry seasonal cycles and prevents moisture intrusion into the slope subsoils. 

Figure 6.14 Obtained moisture content data from probes at 0.45 m (1.5 ft), 0.76 

m (2.5 ft), and 1.68 m (5.5 ft) 

6.5 Monitoring of the Vertical Ground Movements 

The vertical deformation of the slope due to swelling and shrinkage of soil 

was monitored by conducting routine field surveys. These post-construction 

elevation surveys were performed using a total station and LIDAR equipment on 

the treated slope section. The first elevation survey was carried out on 10th October 

2020, and the subsequent surveys were performed monthly. Using the filed 
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surveys, swell-shrinkage performance of the treated slope section was evaluated. 

The following section presents details of the survey methods followed. 

6.5.1    Total Station Surveys 

The total station survey is one of the preferred surveying methods that have 

been widely used by many agencies. This equipment contains a distance 

measuring device, theodolite, and a data collector. The elements of total station 

are presented in Figure 6.15. With the help of total station, the three-dimensional 

coordinates (X, Y, and Z coordinates) of a single survey point can be determined. 

The surveying is conducted with an operator who uses total station and takes 

readings and another person who hold the prism pole. The prism pole is placed on 

the designated survey points, and the three-dimensional coordinates of each survey 

point are calculated with respect to fixed reference point. After determining the 

coordinates, the elevation of the survey points can be calculated using the 

following equation (Wang 2017). 

	 	 	 			                        (6.1) 

Where, 

= Elevation of survey point, 

 = Elevation of reference point, 

 = Height of installed total station, 

 = Slope distance between total station and prism, 
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 = Height of placed prism, and 

 = Vertical angle between total station and prism (Figure 6.15). 

Figure 6.15 Total station surveying elements (Leica 2006) 

In this study, total station surveys were performed to obtain deformations 

in both the treated slope section and shoulder of the pavement. A grid of survey 

points with 5 columns and 6 rows was formed with longitudinal spacing of 100 ft 

and lateral spacing of 25. Figure 6.16a shows the schematic view of survey design 

with notation used in this study. The benchmark point was set at a nearby bridge 

abutment with fixed elevation, and the vertical movements (swell-shrink strains) 
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of the survey points were measured with periodic site visits (Figures 6.16b and 

6.16c).  

 

(a) 

           

(b)                                                             (c) 

Figure 6.16 (a) Schematic showing arrangement of survey points, (b) a survey 

point on slope, and (c) total station surveying 
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6.5.2    LIDAR Surveys 

3D terrestrial LIDAR surveying is one of the newest technological 

developments which can be used to measure the ground movement.  The active 

remote sensing technology of the LIDAR includes a group of sensors to locate the 

objects, global positioning system receivers, and altimeter (Lefsky et al. 2002).  

By conducting LIDAR scan, all the objects in 3D space can be covered, and the 

ground movements can be tracked efficiently and accurately (Shafikhani 2018). In 

3D LIDAR technology, a stream of focused laser beams is emitted using a rotating 

mirror towards the target object in scanned place. These reflected signals are 

received by the receiver units, and a dense point cloud of the scanned object is 

produced by calculating the elapsed time between the received and emitted pulses 

(Campbell and Wynne 2011). Based on the quality and resolution settings selected 

by operator, several hundred million of points can be stored in a single scan. The 

time required for each scan can vary from several minutes to couple of hours 

depends on the selected these settings, the geometry, and size of scanned area.  

Before performing a LIDAR scan, it is necessary to plan and prepare the 

survey such that the entire area needed to be covered can be scanned with a 

minimum number of LIDAR scanning sets with a specified quality setting. These 

setting can be obtained from equipment manuals or can be determined by 

following a trial and error approach (Shafikhani 2018). After conducting a set of 

LIDAR scans, all the scans are aligned and registered in a single project point 
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cloud using a computer program. The different project point clouds are rotated to 

the same coordinate system with a help of fixed reference points, and the 

displacements of the scanned objects with respect to other scans are determined. 

Unlike the total station survey, which is time intensive and requires to stop 

to traffic, LIDAR surveying can be performed in less time and without traffic 

interruption (Shafikhani 2018). Therefore, in this research work, an approximately 

10,452 ft2 of area including stabilized slope section and pavement was scanned by 

LIDAR surveys. Figure 6.17a shows the area of slope where vertical deformations 

were calculated using LIDAR scans. The optimum LIDAR surveying plan was 

prepared based on the scanned site area as per Shafikhani (2018). For each survey, 

a total of 6 LIDAR scans were performed with a ¼ resolution and 4x quality 

settings.  

LIDAR scans were conducted using the 6 spheres of radius 11.4 cm (4.5 

in.), and registration of each individual scans in a single point clouds were 

accomplished using these artificial reference points (Figure 6.17b). Rotation of 

project clouds are also used achieved using the same size 3 spheres with a fixed 

elevation placed on the nearby bridge abutment. The registration and rotation of 

scans was performed by using the Scene software, and determination of relative 

elevation displacement were computed using the Builder add-ons. The next section 

provides the results obtained from these surveying works. 
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(a)                                                       (b) 

Figure 6.17 (a) LIDAR surveying area and (b) LIDAR surveying on the treated 

slope section 

6.5.3    Vertical Deformation Results 

The elevation surveys were carried out periodically by using the same survey 

points each time, and an average change in elevation of slope surface was 

calculated. The results from the survey conducted using total station are presented 

in Figure 6.18. Along with it, the variation in moisture content of the untreated soil 

at 1.68 m (5.5 ft) depth is also presented. The results show that during the 

observation period of 7 months (between October 2020 to May 2021), the newly 

stabilized slope section performed exceptionally well. The vertical deformations 

were very small and never exceeded 25.4 mm (1 in.) during this period. Also, it 

was observed that change in elevation of ground was related to variation in 

moisture content of the untreated soil. It implies that there was negligible swelling-
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shrinkage observed in treated slope, and the deformation of slope can be attributed 

to the small fluctuations in moisture content of untreated soil.  

 

Figure 6.18 Elevation changes measured on shoulder of pavement and slope and 

variation of untreated soil moisture content at 5.5 ft 

Throughout the observation period, the crest of slope was found to 

experience the maximum swelling deformations than any other part of the slope. 

The magnitude of deformation was found to decrease down the slope with 

minimum deformations at the toe of slope. This phenomenon can be attributed to 

higher infiltration in the crest than toe of a slope. Similar observations are noted 

in the literature (Gasmo et al. 2000). The water in the crest of slope seeps 
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downwards towards the toe of the slope allow more water to infiltrate. Also, the 

results of total station surveys showed that the vertical deformation measured on 

the pavement structure (L1, shoulder of pavement) was generally lower than the 

deformations measured on the slope surface. This phenomenon can be attributed 

to higher overburden pressure due to presence of pavement structure and the lower 

permeability values of hot mixed concrete asphalt (HMCA) than the soil in the 

surficial layer of slope. This lower permeability value possibly caused lesser 

infiltration into the soil below the pavement structure than soil present in the 

surficial layer of slope. 

After processing the LIDAR scans using a computer software, the 

processed survey scans of the embankment slope and the pavement structure were 

prepared. The obtained heatmaps of elevation of treated slope section for different 

period of LIDAR surveys are shown in Figures 6.19a, b, c, and d. The heatmaps 

were used to calculate the changes in elevation of the entire scanned area. These 

results showed that surface of the newly stabilized slope did not experience any 

significant elevation changes due to environmental factors.  

These results also suggest that the newly stabilized slope preserved its 

global stability and did not experience erosion during the rainfall events. Due to 

fluctuation in thickness of vegetation cover with time, the precise calculation of 

deformation on the slope surface with the LIDAR surveys was difficult. Therefore, 
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the LIDAR surveys were used to determine the elevation changes on middle of 

each lane of the pavement section as shown in Figure 6.20.  

 

(a) 
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(b) 

 

(c) 

 

(d) 
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Figure 6.19 Heatmaps of the elevation of the slope section for (a) November 

2020 (b) December 2020, (c) January 2021, and (d) March 2021 

 

Figure 6.20 Elevation monitoring section of pavement of the U.S. 75 Frontage 

Road  

Figure 6.21 presents the results of vertical deformation determined on 

pavement section from LIDAR surveys. The results show that there was 

insignificant value of approximately 12.7 mm (0.5 in.) in vertical swell-shrinkage 

deformation observed on the pavement section over a period of 7 months. Also, 

the effects of wet-dry cycle on the lane of close the slope section was found higher   

than the other lane during most of the observation period. As the lane farther from 

the slope (Section AA) was having a wide shoulder area, the moisture infiltration 

was lower than the lane close to slope. Hence, Section AA was found to experience 

less swelling-shrinkage induced deformation due to rainfall events. 
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Figure 6.21 Measured elevation changes of the pavement of the U.S. 75 Frontage 

Road 

Measured swelling and shrinkage induced vertical ground movements 

showed that the lime-treated slope performed exceptionally well during the 7 

months of monitoring period. Throughout the monitoring period, the slope and 

pavement section of the U.S. 75 Frontage Road experienced vertical deformations 

less than 25.4 mm and 12.7 mm (1.0 and 0.5 in.), respectively. Also, the negligible 

fluctuation in the moisture content of underlying untreated layer confirms the 

absence of the desiccation cracks in surficial soil after the lime treatment. Hence, 

based on the results of overall field investigation studies, it was concluded that, 
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the lime treatment of the surficial soils of the slope of U.S. 75 Frontage Road 

enhanced the resiliency of the embankment slope and provided stability in the field 

conditions under seasonal wet-dry cycles. The next section details the overall 

expected cost related expenditures and benefits of this slope rehabilitation project 

for a 50-year life cycle period. 

6.6 Life Cycle Cost and Benefit Analysis 

6.6.1    Introduction 

Each year, numerous surficial slope failures occur on embankments built 

with a moderate-to-high swelling potential clayey soil. The state department of 

transportation (DOT) agencies spend millions of dollars annually to repair these 

failures. According to the TxDOT (2019), the annual cost of repair of failed slopes 

in 2018 was around 28.5 million dollars in the state of Texas. In most of the cases, 

failed slopes are repaired by reconstructing and compacting the slope with the 

same soil without any stabilization method. This method is generally preferred as 

it involves few resources, low construction cost, and time. The main drawback of 

this method is that it does not improve engineering properties of soils, hence 

recurring failures occur in the slope. (McCleskey Jr 2005, Saftner et al. 2017, 

Shahandashti et al. 2019).  

It has been reported that around 55% of total slope failures in the state of 

Texas are recurring failures, and approximately $15.6 million is spent annually to 

repair them (Shahandashti et al. 2019). Results of the laboratory tests, numerical 
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studies, and field monitoring studies conducted for U.S. 75 Frontage Highway 

slope showed that the lime treatment can be effectively used in rehabilitation of 

failed slopes to prevent recurring failures. The lime treatment increases the 

resilience of slope and provides a promising long-term stability.  

While selecting a slope rehabilitation method, the overall life cycle 

expected costs and benefits analysis is given a proper consideration. For the 

current research project, the economic viability of the proposed lime treatment 

method was evaluated by performing a comprehensive life cycle cost and benefit 

analysis (LCCBA) tool. In this analysis, the costs and benefits of initial 

construction, major maintenance works, user costs and traffic delay costs caused 

by the rebuilding and compaction method and lime treatment method are 

determined and compared for a selected analysis period. These analyses will 

eventually help decision makers in the selection of a feasible and economical 

rehabilitation method for embankment slopes.  

6.6.2    Methodology  

The costs and benefits of lime treatment in the current project were 

estimated based on available data and reasonable assumptions. As the 

embankment slopes are generally designed for a long period of service life, the 

LCCBA analyses were performed considering the 50 years of period starting from 

the year of 2020. The future capital cost was reported using the time value of 
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money, and all the future expenses were converted to today’s present value (PV) 

by using a discount rate. PV was calculated using the following equation: 

                                           PV = C x                                                            (6.2) 

Where, 

C = cost of the activity, 

i = discount rate, and 

n = years of expenditure. 

The acceptable value of discount rate in LCCBA usually lies between 3% 

and 5% (Walls III and Smith 1998). In this study, discount rate of 4% was selected 

based on recommendations of Little (1995). The summation of all expected costs 

and benefits of the lime treatment work were calculated as a present value by using 

following equation: 

                                           PV =  + ∑ 	
.	                                          (6.3) 

Where, 

 = Cost of the immediate activity which was invested in year of 0 (2020), 

N = the considered life cycle period, 

i = discount rate, and 

n = years of expenditure. 

The calculation of present value of total cost (PVc) and present value of 

total benefits (PVb) was primarily based on following categories:  
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1) Agency costs (AC) – includes the cost related to initial construction work, 

the future maintenance and rehabilitation works over the considered 

analysis period. 

2) User costs – that cover traffic delays and related vehicle operating costs 

due to the maintenance work. 

The PVc of the lime treatment method of rehabilitation basically consists 

of initial immediate construction cost of lime repair work, and the user costs during 

the repair work.  As lime treatment provides resilience to the slope, there was not 

any future maintenance and operation costs involved in calculation of present 

value of total costs. Recurring shallow slope failure are frequently observed in the 

slopes which are repaired using rebuilding and compacting method.  

Stauffer and Wright (1984) reported that slope having ratio of 3H:1V or 

steeper and with soil having LL over 50 is likely experience failure in future and 

on an average, a such slopes experience failure in 19.4 years. Therefore, in the 

case of U.S. 75 Frontage Road slope, it is reasonable to assume 2 failures within 

the next 50 years of service life. As the previous slope failure also damaged the 

overlying pavement structure, it was assumed that at least one of the failures in 

future will damage the overlying pavement structure. Therefore, in the calculation 

of PVb, the initial cost of repair in the rebuild and compaction method, the expected 

damage on the overlying pavement structure, pavement damage related traffic 

delays, and vehicle operating costs were included.  
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After calculating PVc and PVb for the project, the benefit to cost ratio 

(BCR), also known as profitability index, of the lime repair work of slope was 

calculated by using Equation 6.4. Based on the results the economical aspect of 

the lime treatment slope repair project was assessed. The BCR value represents 

that the economical and profitable aspects of the project in long-term basis. The 

following section presents the results of the LCCBA conducted for the lime 

treatment repair work of U.S. 75 Frontage Road.  

                                                   BCR =                                                           (6.4) 

6.6.3    Life Cycle Cost and Benefit Analysis of Lime-Treated Slope 

6.6.3.1 Costs Estimation 

The LCCBA of the current lime-treated project was conducted on a portion 

of failed section of U.S. 75 frontage road slope which had longitudinal extent of 

150 ft, width of 110 ft and an average failure depth of 3.5 ft. For this project, a 

total of 57,726 ft3 of untreated soil was excavated, and around 133 tons of hydrated 

lime slurry was mixed with untreated soil for lime treatment. Over the treated 

layer, a 6 in. thick layer of topsoil of was placed over an area of 16,500 ft2. Also, 

underdrain PVC pipes (900 ft in total) were installed in treated slope section to 

enhance its stability.  

The cost of expenses such as traffic safety and control (i.e., installation and 

removing the of object makers, traffic barriers etc.) were determined for the of 
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slope section based on the average unit price spend for the entire project. The cost 

of regular maintenance operation for the overlying vegetation cover (trimming) 

conducted by state DOT is not included in this analysis as it is the same for 

untreated and lime-treated slope sections.  

The maintenance cost for treated slope is considered negligible in this 

project as the numerical analysis showed that the treated slope section will not 

experience failure even under harsh environmental conditions. The quantities and 

cost information for repair works of slope, provided by the TxDOT Paris office 

and contractor of the project, are presented in Table 6.2. For the current lime 

treatment project, the calculated total cost for repair of 16,500 ft2 of slope area was 

$142,386. The life cycle cost of lime treatment repair method with the provision 

of underdrain systems was calculated as $8.63/ft2. 

Table 6.2 Summary of cost estimation of the lime treatment slope rehabilitation 

method 

Activity Cost ($) 
Total costs of excavation work $25,667 
Total cost of compaction $38,500 
Cost of lime slurry used $25,303 
Mixing and labor cost of lime treatment $9,167 
Material and labor cost of underdrain pipes $22,500 
Furnishing and placing of topsoil $5,500 
Seeding, watering, and labor cost of vegetation cover $9,286 
Traffic safety and control measurement cost $6,463 
Total cost $142,386 
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6.6.3.2 Benefits Estimation 

The main benefit of lime treatment method is the prevention of recurring 

failures in slope. The study conducted on slope failures observed in Texas by 

Stauffer and Wright (1984) showed that the untreated soil embankment slopes 

built with high plasticity clays typically experience failures between 11 to 31 years 

after construction with a mean value of 19.4 years. Therefore, for slope repaired 

using rebuilding and compaction method, it was assumed that at least 2 recurring 

failures will occur in 50 years of analysis period. These failures were assumed to 

occur 20 years and 40 years after the repair work. The repair cost of slides usually 

ranges from US$10,000 for temporary repairs to over US$100,000 for thorough 

repairs (Das et al 2018).  

In this study, the cost of repairing the slope of U.S. 75 Frontage Road 

without lime treatment was calculated as $85,416. The untreated slope failures 

after 20 and 40 years later are assumed to cause damage to overlying pavement 

structure, therefore, pavement reconstruction costs were also included as a benefits 

of lime treatment repair method. The pavement section considered in this section 

is having dimensions of 150x 24 ft. The pavement section has 76.2 mm (3 in.) of 

hot mixture asphalt concrete (HMAC), under laid by 256.5 mm (10 in.) flexible 

base, and then 203.2 mm (8 in.) of 8% lime-treated subgrade. The costs of 

pavement repair works were calculated and is tabulated in Table 6.3. This 

calculated value was added to PVb of lime treatment repair work. 
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Table 6.3 Repair cost of pavement damaged due to underlying slope failure 

Activity 
Total 
Cost ($) 

Total costs dispose of existing pavement structure $8,400 
Total cost of material and compaction cost of subbase $6,250 
Material cost of lime slurry $1,848 
Mixing and labor cost of lime treatment $1,350 
Backfilling pavement edges $27,750 
Total cost of HMCA material and labor $11,726 
Total cost $57,324 

Due to pavement damage, the U.S. 75 Frontage Road was closed to traffic 

which caused traffic delays and extra vehicle operation costs. Hence, the user cost 

related to pavement damage was considered for in this study. The estimation of 

total time of traffic interruption was calculated based on the timeline of current 

project. The entire slope and pavement repair work for 1,100 ft long slope section 

was completed in 172 days. Please note that 172 days includes the excavation, 

compaction, building of pavement structure, furnishing and placing of topsoil, 

seeding and watering of vegetation cover, traffic safety and handling 

measurements.  In the LCCBA of current project, the time of completion was 

approximated by considering the total project duration with the proportional length 

of the section considered in the analysis. Using this approach, time required for 

repairing 150 ft of slope was approximated to be 25 days.  

The U.S. 75 Frontage Road is a low volume road with a yearly passing 

traffic of 31,058 cars and projected yearly traffic growth of 2%. As the distribution 
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of different type of vehicle passing from this road was not available, this 

information was estimated based on the results from the Habibzadeh-Bigdarvish 

et al. (2019), which was performed on Texas DOT conditions. The estimated 

traffic and its distribution for U.S. 75 Frontage Road in 2060 is presented in Table 

6.4. Due to the 25 days of traffic interruption, the vehicle users would be required 

to use alternate roads which would increase the road trip by about 4.6 miles or 7 

minutes of vehicle drive. The value of hourly travel delay information of the trucks 

and vehicles was adopted from Habibzadeh-Bigdarvish et al. (2019) and presented 

in the Table 6.5. 

Table 6.4 Estimated traffic conditions of U.S. 75 Frontage Road in 2060 

Traffic Data  Value 
Average daily total number of vehicle and trucks pass 207 
Average daily number of truck pass 10 
Average number of daily non truck vehicle pass 197 
Average daily traffic of personal travel (93.7%)  185 
Average daily traffic of business travel (6.3 %)  12 

 
Table 6.5 Hourly value of travel time estimated per vehicle (Habibzadeh-

Bigdarvish et al. 2019) 

Item Value ($/veh-hr.) 
Vehicle drive for personal purpose $44.60 
Vehicle drive for business purpose $34.35 
Truck drive $19.84 

The expected total cost of travel delays occurred due to repair work 

activities was calculated by multiplying the number of vehicle pass, the extended 
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travel time, and the unit cost of hourly travel time ($/hr) value is tabulated in Table 

6.6. 

Table 6.6 Estimated user cost due to the future traffic delay in 2060 

Item Cost ($) 
Value of traffic delay for drive of personal purpose $24,065 
Value of traffic delay for drive of business purpose $1,202 
Value of traffic delay for truck drive $579 

Total costs $25,846 

As the route extension causes extra consumption of fuel, the additional 

vehicle operation costs were also included in the LCCBA as a user cost.  In this 

study the average fuel consumptions for a truck and car were used as 6.1 miles per 

gallons (MPG) and 22.3 MPG, respectively (U.S. Dept. of Transportation 2019). 

With an average of $2.69 gas price and $3.06 diesel price the vehicle operation 

costs were calculated and is presented in Table 6.7 (U.S Energy Information 

Administration 2019).  

Table 6.7 Estimated additional vehicle operation costs due to the 

pavement damage in 2060 

Type MPG
Unit Price 
($/miles) 

Total Cost of 
Additional Vehicle 
Operation Cost ($) 

Non-truck drive 22.3 0.12 $2,719 
Truck drive 6.1 0.50 $575 

Total cost $3,294 
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The PVb of the lime-treated slope rehabilitation work was calculated by 

including all the expected agency and user costs. The calculated PVb for this 

project are tabulated in Table 6.8. 

Table 6.8 Present value of benefits (PVb) of lime-treated slope rehabilitation 

method 

Year Activity 
Cost 
($) 

Present 
Value 

($) 

0 Initial repair cost $85,416 $85,416 
20 Recurring slope failure repair $85,416 $38,983 
20 Repair cost of pavement structure $57,324 $26,162 
20 Traffic delay cost on users $17,467 $7,972 
20 Additional vehicle operation cost on users $2,238 $1,021 
40 Recurring slope failure repair $85,416 $17,791 
40 Repair cost of pavement structure $57,324 $11,940 
40 Traffic delay cost on users $25,846 $5,383 
40 Additional vehicle operation cost on users $3,294 $686 

Total $195,354 

For total repaired area of 16,500 ft2, the life cycle benefits of lime treatment 

repair method was calculated as 11.83$/ft2 which resulted in BCR value of 1.37. 

In one life cycle period of 50 years, the overall benefits of lime treatment method 

in slope outweighed its cost by 37%. Considering millions of dollars has been 

spent annually by the government agencies to maintain and repair their 

embankment slopes, 37% savings with application of lime-treatment method 

yields a very significant amount of capital saving. This result shows that apart from 
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increasing resilience of slope, the lime treatment rehabilitation method provides 

an economical solution for repairing failed slopes.  

Once the construction workforce is highly familiar with the proposed 

rehabilitation procedures and equipment related to this method, this rehabilitation 

method can be conveniently and quickly applied with the help of advance 

construction machines in the field. Taking all these factors into account, lime 

treatment method was found as a cost effective, resilient, and viable rehabilitation 

method for failed slopes.  By using this method, the state agencies can save a 

significant amount of money and provide a resilient infrastructure. 

6.7 Summary 

This chapter presents the details of the rehabilitation work of the failed 

slope section U.S. 75 Frontage Road using the lime treatment. All the phases of 

construction including excavation, lime treatment, and installation of drainage 

system were discussed in detail. After the construction, the performance of lime 

treatment section was monitored by using field instrumentation and survey 

techniques. Moisture probes, installed during construction, were used to capture 

fluctuation in moisture content soil with time. The vertical deformation of slope 

was obtained by conducting total station and LIDAR surveys. Post treatment field 

investigations showed that the lime treatment effectively reduces the moisture 

intrusion in the soil and prevents excessive swelling or shrinkage of soil. Also, the 

treated slope section underwent less than an inch swelling within 7 months of 
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investigation period. Based on this field monitoring results, the application of lime 

treatment method on U.S. 75 Frontage Road was assessed as successful.  

Moreover, the economic feasibility of lime treatment work was evaluated 

by performing life cycle cost and benefit analysis. For the present study, the BCR 

for the lime treatment rehabilitation method was calculated as 1.37. This value 

indicates that rehabilitation of failed slope using lime treatment resulted in 37% 

saving for a life cycle period of 50 years. Although the initial cost of repair in lime 

treatment method is high, the maintenance cost and operational cost are almost 

negligible. The findings of this chapter have demonstrated that the proposed 

research solution using lime stabilized slope repair method is a resilient, 

economically viable and promising slope repair method. 

 

 

 

 



256 
 

7. Chapter 7 

SUMMARY, FINDINGS AND FUTURE RESEARCH 

DIRECTIONS 

7.1 Summary 

In this research, an attempt has been made to evaluate the long-term 

effectiveness of the lime treatment method in mitigation of surficial slope failures. 

Three different expansive clayey slopes sections (U.S. 75 Frontage Road slope, 

Joe Pool lake and Grapevine dam embankment slopes) were considered and of 

which two dam embankments had experienced surficial failures in the past and 

were stabilized with lime treatment method. All these sections are considered in 

the present study.  

A forensic analysis was first conducted to determine the causes of surficial 

failure of U.S. 75 Frontage Road slope by incorporating the effects of the 

weathering cycles and rainfall events on the soil properties and slope stability, 

respectively. The assessment of lime treatment method for stabilization of slope 

the U.S. 75 Frontage Highway was carried out as per a framework developed in 

this study. This framework includes determination of long-term engineering 

properties of the treated soil, analysis of stability of slope under different 

environmental conditions using a numerical method, and field monitoring post 

construction.  
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A comprehensive experimental program was planned to determine the 

long-term strength parameters and durability characteristics of both untreated and 

treated soils under different wet and dry cycles. The soil-mix design studies for 

the rehabilitation work of U.S. 75 Frontage Road slope were conducted with 

different stabilizer treatment dosages and curing periods. The peak and FSS shear 

strength properties of untreated and treated soils were determined by using direct 

shear and torsional ring shear tests. Laboratory durability tests were then 

performed on lime-treated soils under wet and dry cycles to investigate the long-

term performance of lime treatment method and also to determine the optimum 

dosage of lime, along with their strength properties, and hydraulic related 

properties of soils including permeability and SWRC data.  

The long-term performance of three lime stabilized slopes were then 

studied by conducting rainfall-induced transient seepage and unsaturated slope 

stability analyses using FEM and LEM methods, respectively. The effect of 

weathering cycles on the safety of slope was studied by using the FSS parameters 

in the numerical model. In this study, besides the U.S. 75 Frontage Highway slope 

embankment, the long-term performance of lime-stabilized embankment slopes of 

Grapevine and Joe Pool dams were also studied using similar numerical analysis 

method. The stabilities of these slopes were again evaluated by considering the 

expected rainfall characteristics for these slope locations and incorporating the 
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effects of the changes in hydro-mechanical properties of soils in the numerical 

modeling. 

The post-construction performance of the newly stabilized U.S. 75 

Frontage Road slope was evaluated by using field instrumentation and surveys.  

The moisture content variation in slopes under varying climatic conditions (wet-

dry seasons) was investigated by moisture probes installed during the construction 

process. Additionally, the swell-shrinkage induced deformations of the lime-

treated slopes were obtained by conducting both total station and LIDAR surveys. 

Moreover, the long-term economic feasibility of the lime stabilized slope method 

was also determined by performing life cycle cost analyses and benefits studies 

for the slope rehabilitation works of the Frontage Road. Based on these studies, 

the following salient findings are inferred. 

7.2 Summary of Findings 

1. The soil from the U.S. 75 Frontage Road slope was found to have a high 

plasticity index value of 37% and swelling and shrinkage strains of 7.2% 

and 17.7%, respectively. These results show the embankment soil’s 

susceptibility to development of desiccation cracks from weathering 

cycles. 

2. In the long-term FSS condition, there is a significant reduction in the shear 

strength properties of untreated soil due to the weathering cycles. This 

reduction in shear strength of soil is primarily because of loss of its 
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cohesion due to cyclic wet-dry cycles. In FSS condition, the friction angle 

of soil decreased slightly, while the cohesion intercept became was small 

and almost negligible (close to zero). The low shear strength of the 

embankment soil near surface results in surficial slope failures.  

3. Forensic analyses conducted on the failed slopes of the U.S. 75 Frontage 

Highway showed the presence of the desiccation cracks in the surficial 

layers of clayey soils leading to an increase in soil permeability, which 

eventually resulted in high rainfall water infiltration. The infiltrated water 

accumulated in the desiccated surficial layers resulting in a perched water 

table. The development of perched water table during the prolonged 

precipitation and along with a degradation in soil properties were the 

causes of the surficial slope failures along the U.S. 75 Frontage Road 

highway. 

4. The soil mix design studies show that the lime treatment significantly 

enhanced both the peak and FSS parameters of soil. After the lime 

treatment, the cohesion intercept parameters from DS tests results (peak 

strength) significantly increased by upto more than 3 times while the 

friction angle was increased by upto 1.7 times. Also, in FSS conditions, the 

lime treatment increased the cohesion value and friction angle of soil by 

upto 5.1 and 1.3 times those of untreated soil, respectively. This 

observation indicates that the lime-treated soil exhibits a significant shear 
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strength even after cyclic weathering cycles. The presence of the small 

amount of cohesion intercept in lime-treated soil can mitigate the 

development of surficial slope failures.  

5. The hydraulic conductivity of soil highly influences the slope stability 

under different rainfall characteristics. The high permeable soils of 

Grapevine and Joe Pool dam slopes allowed faster infiltration whereas, the 

low permeable soil of the U.S. 75 Frontage Road slope limited the water 

percolation. These results suggest that for a slope with low permeable soil, 

a long duration and less intense rainfall event is more critical than a short 

duration and intense rainfall event. 

6. The estimation of lime dosage from standard pH tests and Eades and Grim 

method do not consider the destructive impacts of wet-dry cycles on 

properties of soil. Durability and strength retention laboratory tests in the 

soil-mix design studies are found crucial in determination of the optimum 

dosage of lime stabilizer for any lime treatment project. 

7. The numerical analyses studies conducted on all rehabilitated slope 

sections yielded a minimum FOS value of 1.45 under any rainfall 

conditions and related characteristics. These results highlight the efficacy 

of the lime treatment in providing long-term stability to a slope subjected 

to harsh environmental conditions. 
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8. The rainfall induced slope stability analyses of the U.S. 75 Frontage Road 

highlighted the importance of providing an underlying drainage system in 

a slope. Results showed that the factor of safety of slope was increased by 

upto 21% after installation of drainage system which mitigates the 

development of perched water table in the surficial layer of the slope. 

9. Post treatment field investigations showed that the lime treatment 

effectively reduced the moisture intrusion into the underlying untreated 

soil layers. Results showed that the moisture content of untreated soil was 

decreased by 5.44% over a period of 17 months.  Lime treatment prevents 

the development of desiccation cracks in the surficial soil layer and this 

protects the untreated underlying soil layers from the effects of rainfall 

events. 

10. The results of field surveys showed that application of lime treatment on 

the surface layer of a slope efficiently reduces the swelling and shrinkage 

induced deformations in the slope and pavement structure. Results showed 

that the slope section underwent less than an inch of swelling within 7 

months of the current monitoring period. Because of the lime treatment and 

a subsurface drainage system at the embankment site, the underlying 

untreated soil layer exhibits low swelling from reduced moisture 

infiltration. 
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11. The life cycle cost and benefit analysis conducted for the slope 

rehabilitation works of the U.S. 75 Frontage Road showed that the 

expected overall benefits of the lime stabilized slope are 37% more than 

the expected expenditures for the 50 years of life cycle period. Though the 

initial application costs of lime stabilization was found to be high, the 

expected maintenance and operational costs are low and almost negligible. 

Apart from its advantages including easy constructability on wide range of 

clayey soils, and strong resiliency and promising slope stability 

performance so far, the lime stabilization of surficial slopes proven to be 

an economical method for repairing of slopes. 

7.3 Future Research Needs 

As a part of future research needs, the following recommendations are 

suggested:  

1) The field investigating studies shall be conducted for longer periods and 

robust numerical models of the rainfall infiltration and deformation 

characteristic of lime-treated slope are needed.  

2) The actual long-term strength and permeability of lime-treated soils shall 

be determined by conducting laboratory tests on the soil samples collected 

from the field and the obtained strength data can be correlated with FSS 

parameters. 
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3) The impacts of the lime treatment on the permeability value of soils can be 

better depicted by conducting pore size distribution and microstructural 

studies on the treated soils.  

4) The strength improvement characteristics of lime-treated soils observed in 

the FSS conditions can be studied using the microstructural studies. 
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