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ABSTRACT 

RESPONSE OF UNSATURATED SOILS UNDER MONOTONIC AND 

DYNAMIC LOADING OVER MODERATE SUCTION STATES 

Aritra Banerjee 

 The University of Texas at Arlington, 2017  

Supervising Professor: Anand J. Puppala 

The understanding of the mechanical behavior of the unsaturated soils has 

been significantly enhanced due to the recent advancement of technology and 

modifications to the conventional testing devices. However, the implementation of 

the concepts of unsaturated soil has lagged, mainly due to the risks associated with 

the development of civil infrastructure based on practically untested theories and 

the limited reliable prediction methods for compacted, expansive, residual, and 

collapsible soils, which requires reliable and comprehensive experimental data. 

Moreover, the tests on unsaturated soils are enormously time consuming and often 

exorbitantly expensive, which further hinders the use of unsaturated soil mechanics 

in practical applications. 

Additionally, the liquefaction of cohesionless soils has predominantly been 

considered only for saturated soils. However, the soils with high degree of 

saturation, yet partially saturated, which are mostly near the ground surface and 

have low overburden pressure, may liquefy during earthquakes. Since plenty of 

unsaturated cohesionless soils are present near high seismic activity zones, the 

susceptibility of these soils to liquefy needs to be studied. Addressing these 

problems has been the main objective of the present dissertation research. 
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The characteristics of compacted soils were studied by performing an 

elaborate series of suction-controlled monotonic triaxial tests on compacted silty 

soil specimens following the hydrostatic compression (HC) and the conventional 

triaxial compression (CTC) stress paths at varying net mean stresses and matric 

suction levels. The multistage triaxial tests were performed on the silty soil 

specimens at varying suction levels using a new approach to address the issues 

related to soil variability and to significantly reduce the testing time while 

maintaining the reliability of the test results. The Barcelona Basic Model (BBM) 

framework was used to reproduce experimental test results both from suction-

controlled single-stage and multistage triaxial tests. Hence the BBM was indirectly 

used to demonstrate the utility of multistage triaxial tests in replicating test results 

or predictions similar to single-stage triaxial testing. 

The influence of suction, unit weight, and wetting and drying of the 

compacted specimens of silty soil on the resilient modulus was also studied by 

performing a comprehensive series of suction-controlled repeated load triaxial 

(RLT) tests over a wide range of suction to address the issue of repeatability of RLT 

tests. 

In this dissertation research, the tendency of the soil in unsaturated 

condition to liquefy was studied by performing cyclic triaxial tests on suction-

equilibrated silty sand specimens. A series of cyclic triaxial tests were performed 

in undrained conditions at varying suction states and cyclic stress ratios to assess 

the liquefaction potential of the soil at varying relative densities and matric suction 

levels. 

The findings from this dissertation research would assist in the development 

of future constitutive models for predicting the response of dilatant soils in 

unsaturated conditions subjected to monotonic and dynamic loading. 
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Chapter 1   

INTRODUCTION 

1.1 General 

Unsaturated soils, which are neither completely dry nor fully saturated, are 

prevalent at shallow depth in regions having arid and semi-arid climatic conditions. 

Around one-third of the earth’s surface is situated in these regions, where the 

potential evaporation exceeds the precipitation (Barbour, 1998). However, as per 

theories of classical soil mechanics and geotechnical engineering, the basic 

assumption for most of the analysis for any geotechnical problem is that the soil is 

either completely dry or fully saturated and these are only the extreme conditions 

of the soils (Fredlund and Rahardjo, 1993). Contrary to this assumption, the 

unsaturated soils are a general case, which can characterize the special cases that 

lie in between dry soil (0 percent saturation), and fully saturated soil (100 percent 

saturation). Despite the abundance of unsaturated soils around the world, limited 

research has been conducted in this field.  

Generally, the soil beneath the ground water table is considered to be 

saturated, while the soil above the water table (also known as the vadose zone) is 

considered to exist in unsaturated condition. The soil below the water table consists 

of soil solids and pore water, which is commonly referred to as the two-phase 

system. In the vadose zone, the soil exists in a four-phase system (Fredlund and 

Morgenstern, 1977). The four-phase system comprises of soil solids, pore water, 
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pore air and the air-water interface, known as contractile skin (Paddy, 1969). The 

interactions of the contractile skin with the various phases result in the generation 

of surface tension. The study of unsaturated soil involves the principles of 

mechanics, hydraulics, and interfacial physics. The fundamentals of interfacial 

physics control the behavior of the air-water interface or the contractile skin 

(Fredlund et al., 2012). The behavior of contractile skin and multiphase interactions 

have significant influence on the overall response of the unsaturated soil, which 

primarily results in the difference in the behaviors of unsaturated and saturated soils 

(Lu and Likos, 2004). Because of the complexity of the material properties and the 

requirement of sophisticated equipment to characterize the behavior of unsaturated 

soils, limited research has been conducted, resulting in a lack of knowledge. 

The seasonal variations of temperature and moisture regime cause 

fluctuations in the depth of the water table (Fredlund et al., 2012). These seasonal 

variations and precipitation result in stresses being induced to the soil, which also 

alters its properties and behavior. The variation in the properties of the soil may 

result in changes in its shear strength, stiffness, bearing capacity, and others. The 

negligence or oversimplification of the relations, required to accurately study the 

behavior of unsaturated soils, has resulted in incorrect predictions of strength and 

volume changes of soil when it is subjected to various kinds of loads, such as 

structural and climatic loads. Since the volume changes of expansive soils create 

severe distress to civil infrastructure, the study of the behavior of expansive soils 
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motivated the unsaturated soil research (Jones and Holtz, 1973; Lu and Likos, 

2004). Similarly, the collapsible soils undergo enormous settlement on wetting, due 

to the weakening of cementation bonds and the collapse of the initially loose fabric, 

which also emphasized the need to study the behavior of unsaturated soils. 

Initially, the soil system is at equilibrium state. However, as the external 

forces are applied, in the form of structural loads, surcharge, and rapid drawdown, 

the soil attempts to regain its equilibrium by balancing the components of the 

stresses applied and the stresses arising from the interaction of the phases. These 

stresses and interactions include the pore water pressure, pore air pressure, changes 

in osmotic suction due to chemical imbalance, water vapor pressure in the air, 

dissolved air in the water, contractile skin, an adsorbed double layer of water on the 

surface of soil particle and absorbed water into the soil solids, and the interactions 

among the soil solids (Murray and Sivakumar, 2010). Some of these interactions 

may be insignificant and, therefore, may be ignored, but the contribution of each 

phase and interaction to the general behavior of the soil in unsaturated condition is 

pivotal. 

The determination of the stress variables responsible for influencing the 

behavior of unsaturated soil has been debated over years. The pioneering studies, 

like those of Bishop (1959), Coleman (1962), and Bishop and Blight (1963) aimed 

at the development of a single relationship which could define the effective stress 

in unsaturated soils as a modified version of the classical effective stress equation 
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for saturated soils established by Terzaghi (1936, 1943). Fredlund and Morgenstern 

(1977) introduced the concept of two-independent stress state variables (i.e., net 

mean stress and matric suction) to define the effective stress of unsaturated soils. 

This approach has been widely adopted and validated by many researchers (Ho and 

Fredlund, 1982; Escario and Saez, 1986; Fredlund and Rahardjo, 1993; Houston et 

al., 2008;  Nyunt et al. 2011, Leong et al., 2013; Rosone et al., 2016). Recently, an 

attempt has been made to comprehend the fundamentals of unsaturated soil 

mechanics, and constitutive models have been developed to predict the strength and 

volume change responses of soils subjected to monotonic loading. Researchers 

such as Alonso et al. (1990) have developed pioneering constitutive drivers for 

unsaturated soils demonstrating compressible behavior, which has been widely 

used by other researchers. 

In the field, the subgrade soils, on which pavements are constructed, are 

mostly unsaturated and are subject to seasonal variations of moisture content and 

hence induced suction. The resilient modulus is primarily used in the mechanistic 

pavement design methods to characterize the resilience of pavement materials (Han 

and Vanapalli, 2015). The resilient modulus of subgrade soil is highly dependent 

on the applied stresses, moisture regime, soil type, soil fabric/particle arrangement 

and testing protocols (Puppala, 2008). Although matric suction is an important 

parameter for determination of resilient modulus of the subgrade soil, little attention 
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has been given to either controlling or measuring suction during resilient modulus 

testing. 

Furthermore, the liquefaction of a soil is basically assumed to be in saturated 

cohesionless soils. Many studies have been conducted after the pioneering work of 

Seed and Idriss (1971) on saturated soils. However, rarely has the assessment of 

liquefaction potential been conducted on soils which are almost saturated. These 

soils, which have a high degree of saturation (but are not completely saturated) may 

undergo significant loss of strength, thereby resulting in excessive subsidence, 

which is also known as cyclic mobility. The aspects of unsaturated soils, which 

affects the mechanical and hydrological responses of soils under static and dynamic 

loading conditions, have been the primary focus of this dissertation. 

1.2 Problem Statement and Research Objectives 

A comprehensive study, using an innovative triaxial setup, was conducted 

to characterize the mechanical response of unsaturated soils when subjected to 

monotonic and dynamic stresses under varying levels of suction. Emphasis was 

placed on the effects of matric suction on the response of unsaturated soil under 

monotonic and dynamic loads. It is anticipated that the experimental evidence 

observed from these studies, pertaining to the behavior of dilatant geomaterials 

under monotonic loads, will enable the future enhancement of advanced 

constitutive models. The liquefaction tests conducted under the unsaturated 

condition may be helpful in broadening the scope of our understanding regarding 
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the conditions which are susceptible to cause liquefaction. Finally, the effect of 

matric suction and the density of the soil on the resilient modulus of the silty soil is 

investigated using suction controlled, repeated load triaxial tests (RLTTs), to 

explore the capability of this technique to address the issues regarding the 

repeatability of these tests. Thereby, minimizing the uncertainty in the values of 

resilient modulus, which are used to design the pavement thickness. 

The main objective of this dissertation work was therefore to modify an 

advanced triaxial setup, so that it could perform suction-controlled monotonic and 

dynamic triaxial tests on unsaturated soil specimens at varying suction states, using 

the axis translation technique. The experimental setup was also used to induce high 

suction (above 10 MPa) using a relative humidity apparatus that works on the 

principle of the vapor pressure technique. The resilient modulus tests were 

performed on these specimens having high induced suction, to study the effect of a 

wide range of suction on resilient modulus of silty soil.  

The research for this dissertation was divided into six major tasks, which 

are discussed briefly in the following section. 

The first task comprised of literature review, soil selection, and preliminary 

tests on selected soils. Simultaneously, the triaxial setup was modified to 

successfully perform a wide range of tests. Initially, the system was calibrated and 

tests were performed on replicated specimens to verify the repeatability of the tests. 

Thereby, the proper functioning, operation, control, and data acquisition system of 
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the modified triaxial setup were ascertained. After performing the literature review 

to define the problem statement, the appropriate soils were selected. The 

preliminary tests on the selected soils were conducted, such as the sieve analysis, 

including hydrometer analysis for fines present in the soil; specific gravity; 

Atterberg’s limit; Proctor compaction; and Soil Water Characteristic Curve 

(SWCC). 

The second task included a series of triaxial tests, following the 

Conventional Triaxial Compression (CTC) stress path, on saturated and unsaturated 

specimens of silty soil under drained conditions. The net confining pressures of 

100, 200 and 400 kPa were used, and the matric suction was varied from 0 to 750 

kPa using the axis translation technique. 

The third task was to determine the applicability of multistage triaxial tests 

at the same matric suction, with varying net mean stresses. These tests were 

performed under the same conditions as those of the conventional (or single-stage) 

triaxial tests. The results from the multistage tests were compared to those of the 

single-staged tests, to confirm their applicability to low suction states (matric 

suction between 0 and 250 kPa). 

The fourth task included the calibration and validation of the fundamental 

version of the Barcelona Basic Model (BBM) framework using the experimental 

data obtained from the series of triaxial tests performed. The deviator stress 
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responses obtained from triaxial tests were compared with the predictions made 

from the calibrated BBM framework. 

The fifth task was the development of a new test sequence to determine the 

resilient modulus of subgrade soil, which had been equilibrated to a constant 

suction level, by using the axis translation technique (matric suction less than 500 

kPa) and the vapor pressure technique (suction more than 10 MPa). This task also 

included the development of a prediction model, capable of predicting the resilient 

modulus of soil based on its SWCC parameters and the value of induced-suction. 

The sixth and final task was comprised of a series of suction-controlled 

triaxial tests, under cyclic loading sequence in undrained conditions to determine 

the liquefaction potential of the silty sandy soil. These tests were performed to 

ascertain the resistance to liquefaction due to induced matric suction and to 

determine the upper limit for induced matric suction at which cyclic stresses do not 

cause liquefaction. 

Figure 1.1 represents a flow chart of the major research tasks performed. 
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Figure 1.1 Flowchart for the tasks involved in the research 
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soil specimens. The research objective and the tasks involved in the research are 

also discussed in this chapter. 

Chapter 2 includes a synopsis of the fundamental concepts involved in 

unsaturated soils. The overview primarily emphasizes the matric suction in soils, 

modifications to the conventional triaxial testing setup, the shear strength of 

unsaturated soils, triaxial tests of saturated and unsaturated soil specimens, the 

resilient modulus of soils and the liquefaction potential of cohesionless soils. It also 

includes prior developments in the triaxial testing of unsaturated soils for 

determination of shear strength and soil volume change response under monotonic 

loading. A review of the literature was performed on the application of triaxial test 

apparatus to determine the resilient modulus of subgrade soils and the liquefaction 

potential of saturated and unsaturated soils.  

Chapter 3 discusses the primary features of the modified suction-controlled 

triaxial testing device used in this research. This chapter includes an elaborate 

explanation of the basic laboratory experiments performed on the test soils, such as 

the sieve analysis (including hydrometer test), specific gravity, Atterberg’s limit, 

Proctor compaction, maximum and minimum void ratio, and Soil Water 

Characteristic Curve (SWCC). The technique employed to prepare compacted soil 

specimens is also discussed, as is the procedure followed to perform the 

conventional (or single-staged) triaxial test on unsaturated specimens under 

monotonic loading. The results from the series of single-staged triaxial tests under 
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monotonic loading following the conventional triaxial compression (CTC) stress 

path under drained conditions are also presented in this chapter. These tests include 

the determination of strain rate for shearing of saturated and unsaturated specimens, 

repeatability tests, and the influence of matric suction and net confining pressure 

(or net mean stress) on the response of saturated and unsaturated specimens of 

compacted silty soil. 

Chapter 4 describes the procedure used to perform a multistage triaxial test 

of unsaturated specimens of compacted silty soil at constant suction and varying 

confining pressures. The results of these tests were analyzed and compared with 

those of single-stage tests, thereby recommending a convenient, yet effective 

methodology to perform the multistage triaxial test. This chapter also presents a 

succinct discussion regarding the basic elasto-plastic framework of the Barcelona 

Basic Model (BBM), as postulated by Alonso et al. (1990). Initially, the model 

parameters were calibrated using the experimental data obtained from the triaxial 

tests on compacted silty soil specimens. The calibrated model was then used to 

predict the stress-strain response at varying suction levels, and was compared with 

those obtained from the experimental single stage and multistage triaxial tests. 

Chapter 5 discusses the determination of the resilient modulus of suction 

equilibrated specimens of silty soil using a modified triaxial setup. Low-to-medium 

suction levels (0 ̶ 300 kPa) were applied, using the axis-translation technique, while 

high suction levels (suction greater than 10 MPa) were applied using the vapor 
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pressure technique. The vapor pressure technique was applied using an automated 

relative humidity apparatus. The working principle of the automated relative 

humidity apparatus is discussed in this chapter. The overall modifications to the 

triaxial setup and the procedure for conducting a resilient modulus test on 

specimens equilibrated at constant suction are also described. The experimental 

results of the resilient modulus of specimens of silty soil under varying suctions 

and dry densities are discussed. The effect of suction on resilient modulus of soils 

was investigated by modifying the prediction model presented by Han and 

Vanapalli (2015). The model was calibrated and then the predictions were 

compared against experimental results from this study and studies available from 

the literature. 

Chapter 6 focuses on the liquefaction assessment of unsaturated soil, using 

the modified triaxial testing device. In the past, the presence of highly compressible 

air in unsaturated soils has been assumed to implicitly safe against cyclic shear. 

This is the primary reason for the lack of research on liquefaction analysis and the 

shear strength reduction of unsaturated soils subjected to dynamic stresses. After 

the pioneering work of Seed and Idriss (1971), the liquefaction potential of 

saturated cohesionless soils was investigated by many researchers. In this chapter, 

an attempt to develop a correlation by considering the liquefaction resistance 

developed in silty sandy soil due to induced matric suction, is described. To achieve 

this, a comprehensive series of cyclic triaxial tests was performed on saturated and 
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unsaturated specimens of loose silty sand for varying cyclic stress ratio and varying 

degrees of saturation under undrained conditions. The term “liquefaction resistance 

factor” is used to quantify the resistance to liquefaction caused by the induced 

matric suction. 

Chapter 7 summarizes the major conclusions obtained from this research 

and suggests the future scope of research in the field of experimental geomechanics 

and constitutive modeling of unsaturated soils. Finally, the novelty of this research 

work is briefly discussed. 
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Chapter 2   

UNSATURATED SOIL MECHANICS FUNDAMENTALS 

2.1 Introduction 

The fundamental concepts involved in unsaturated soils are complex 

involving solid mechanics, hydraulics, and interfacial physics (meniscus). 

Therefore, this chapter is devoted to the explanation of the theories of unsaturated 

soil mechanics. 

The concept of thermodynamics plays an important role in the behavior of 

unsaturated soils, as it controls the meniscus formed at air and water interface (Lu 

and Likos, 2004). It involves the knowledge of vapor pressure, evaporation, 

precipitation, suction, and cavitation. The thermal agitation causes the water 

molecules, present within the soil, to escape from the air-water interface. Higher 

temperature results in higher kinetic energy, which causes a larger number of water 

molecules to escape from the liquid phase to vapor phase. The vapor pressure 

increases till the number of molecules of water leaving and entering the water phase 

attains equilibrium, which is known as the saturated vapor pressure (Giancoli, 

1985). The evaporation of water from the soils causes the air-water interface to 

initially develop and gradually curve due to the pressure difference between the air 

and water phases in the soil (Fredlund et al., 2012). 

The rate of evaporation primarily depends on the temperature, vapor 

pressure, water content and concentration of salts. The suction developed due to the 
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presence of dissolved solutes in pore water is known as osmotic suction. The 

concentration of salts decreases the vapor pressure and results in an increase of 

osmotic suction, which results in a slower rate of evaporation at a given temperature 

(Fredlund and Rahardjo, 1993). Conversely, precipitation results in an increase in 

water content and decrease in vapor pressure, resulting in decrease in the soil 

suction.  

The behavior of the soil depends on the equilibrium of the inter-molecular 

and intra-molecular forces/stresses existing among the soil solids, pore water 

pressure, pore air pressure, and the air-water interface (Laloui, 2010). Since the 

principles of thermodynamics affect these forces/stresses, the behavior of soil 

varies significantly due to drying or wetting of soil (Fredlund et al., 2012). In other 

words, the behavior of saturated and unsaturated soils is significantly different due 

to thermodynamics. Henceforth, the constitutive relations or parameters required to 

predict the behavior of unsaturated soils are different from that required for 

saturated soils. 

2.2 Saturated and Unsaturated Soils 

A brief overview of the saturated and unsaturated soils is provided in this 

section, in order to clarify their differences. Figure 2.1a shows a schematic diagram 

of the location of saturated and unsaturated soils and their phase diagrams. The 

variation of pore water pressure with depth, with reference to ground water table 

and capillary fringe, is shown in Figure 2.1b. Generally, it is assumed that the 
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ground water table defines the separation of the unsaturated and saturated soil 

mediums. There is an additional layer above the water table which is almost 

saturated, known as the capillary fringe. This layer has minuscule and 

discontinuous pore air voids and the pore water pressure is negative (shown in Fig. 

2.1b). The soil above the water table, consisting of the capillary fringe and the 

unsaturated soil, is commonly referred to as the vadose zone. The vadose zone 

media has a negative pore water pressure.  

The saturated soil, which lies beneath the water table, has no air voids and 

forms a two-phase system consisting of soil solids and pore water. In this layer, the 

pore water pressure is positive and increases linearly with depth from the ground 

water table level. 

 
Figure 2.1 Schematic diagram of the variation of pore water pressure with 

depth (modified from MSU, n.d.) 
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The unsaturated soil layer, which lies above the capillary fringe, has a four-

phase system comprising of soil solids, pore water, pore air, and the air-water 

interface, commonly known as the meniscus. The degree of saturation and the soil 

suction determines the continuity of the pore water and pore air. At a very low 

degree of saturation (less than 20% or 30%), the pore air phase is generally 

continuous and is referred to as “Pendular saturation” (Bear, 1979; Lu et al., 2009).  

For a higher degree of saturation (greater than 85% or 90%) the air voids 

are occluded within continuous water phase (Schuurman, 1966; Fredlund and 

Morgenstern, 1977). This state is referred to as “insular air saturation” or “capillary 

regime” (Bear, 1979; Lu et al., 2009). Whereas, the transition state, where both air 

and water phases are continuous, is known as “Funicular saturation” (Lu et al., 

2009). The variation of pore water pressure in the unsaturated zone is 

predominantly dependent on the climatic conditions.  

Near the ground surface (in the vadose zone), the increase in temperature 

causes excessive evaporation which results in an increase in the magnitude of the 

negative pore water pressure. Conversely, precipitation or very high humidity 

condition has an opposite effect. The variation of pore water pressure in this zone 

is thus non-linear (Fredlund et al., 2012). This non-linearity, coupled with negative 

values and the time varying nature of pore water pressure result in difficulties in 

measurement of these pressures in the field (Fredlund and Rahardjo, 1993).  
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High temperature conditions over a prolonged period of time increases the 

pore water pressure, causing desaturation induced volume shrinkage cracks. This is 

referred to as desiccation cracking (Omidi et al., 1996; Kodikara et al., 2000). On 

the other hand, when there is precipitation under these circumstances, the sudden 

decrease in the magnitude of pore water pressure might cause surficial failure, 

especially on steep slopes. 

The behavior of soil also depends on its brittleness. Brittleness is the 

tendency of a material (i.e., soil in this case) to fail upon application of small 

amount of load without significant deformation. Brittleness affects the post-peak 

softening, which is the decrease in strength of soil from the peak strength to residual 

or critical state strength upon shearing. The influence of suction on brittleness and 

post-peak softening have been investigated in Chapter 3. 

2.3 Soil Suction in Unsaturated Soils 

Soil suction is defined as the free energy state of the soil-water (Edlefsen 

and Anderson, 1943), which can be computed in terms of the partial vapor pressure 

of the pore water. The total suction (ψ) of a soil has mainly two components: matric 

suction (ua – uw) and osmotic suction (π). The suction developed due to the 

combined effects of capillarity and short-range adsorption is collectively known as 

matric suction (Krahn and Fredlund, 1972; Lu and Likos, 2004). The word matric 

reflects the prior usage of the term matrix, which symbolizes the suction due to 

interactions between pore water and soil solids (Lu and Likos, 2004).  
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The suction developed due to the presence of dissolved solutes is known as 

osmotic suction. Generally, in non-plastic soils, the matric suction is a major 

component of total suction. Expansive soils demonstrate high activity due to 

mineral composition and dissolved solutes. Hence, osmotic suction component 

constitutes a considerable portion of total suction (Blatz et al., 2008). 

2.4 Surface Tension 

Air-water interface exhibits a phenomenon called surface tension. Surface 

tension arises from unbalanced intermolecular forces acting on molecules of the 

liquid phase, which is water in this case (Lu and Likos, 2004). Figure 2.2 shows a 

schematic diagram of the generation of surface tension from unbalanced forces at 

the air-water interface. Any water molecule present in the liquid phase (away from 

the air-water interface) experiences equal tensile forces from all directions due to 

hydrogen bonds between adjacent water molecules. Therefore, no unbalanced 

forces are present and the water molecule is in static equilibrium.  

Conversely, any water molecule at or very near to the air-water interface 

experiences tensile forces from adjacent water molecules, but as these forces are 

not equally distributed, they result in unbalanced forces and the resultant tension 

acts towards the interior of water body (as shown in Fig. 2.2). This resultant 

unbalanced force leads to the phenomenon of surface tension. The same property 

causes a water droplet to appear as a spherical mass (due to gravity it gets distorted). 
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Surface tension acts as an elastic membrane at the air-water interface and it acts 

tangentially to the air-water interface (Figure 2.3). 

The pressure difference (Δu) across a warped three-dimensional surface 

with radii of curvature of two orthogonal principal planes, R
1
 and R

2
 and surface 

tension, T
s
 (Figure 2.3) is given by the following relation: 

∆𝑢 =  𝑇𝑠 (
1

𝑅1
+

1

𝑅2
)        (2.1) 

 

Figure 2.2 A schematic of the surface tension at air-water interface 
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Figure 2.3 Surface tension on a warped membrane (Fredlund and Rahardjo, 1993) 

When the radius of curvature is the same in all directions (R
1
 = R

2
 = R

s
), the 

equation 2.1 reduces to: 

∆𝑢 =  
2𝑇𝑠

𝑅𝑠
            (2.2) 

In unsaturated soils, this pressure difference is the matric suction (ua – uw) which 

causes the contractile skin of the air-water interface to curve, in accordance with 

the following relationship: 

(𝑢𝑎 − 𝑢𝑤) =  
2𝑇𝑠

𝑅𝑠
      ( 2.3) 
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2.5 Capillary Phenomenon 

Capillarity occurs when liquid rises in narrow tubes or is drawn into small 

openings such as those between grains of a soil (Allaby, 2004). Generally, the 

capillary force comprises of two components: (i) the surface tension acting along 

the water-soil particle contact line, and (ii) the pressure difference across the bridge 

acting on the cross-sectional area (Pietsch and Rumpf, 1967; Schubert, 1984; Kim 

and Sture, 2008). Capillary action causes the water to move (against gravity) from 

water table into the soil pores. The height up to which the waterfront rises above 

the water table is known as the height of capillary rise, which depends on the 

dimension of the pore spaces. Generally, the fine-grained soils with small pore size, 

have a higher capillary rise as compared to that for coarse-grained soils. Physically, 

the maximum capillary height represents the decrease in pressure head across the 

air-water interfaces in the soil pores.  

The rate of capillary rise depends on the hydraulic conductivity of the soil 

medium. When the capillary rise is greater than the air-entry head (explained in 

section 2.6.2) for that soil, the unsaturated hydraulic conductivity determines the 

rate of capillary rise. The unsaturated hydraulic conductivity depends on the degree 

of saturation and it maybe 5 to 7 orders of magnitude lower than that of saturated 

hydraulic conductivity (Lu and Likos, 2004). 

The capillarity can be demonstrated by the capillary tube model, where the 

water rises in the tube of small diameter when the tube is immersed in water. The 
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capillary tube model can be used to predict the air-entry suction in the soil 

(Fredlund and Rahardjo, 1993; Lu and Likos, 2004). Since the in-situ soil is 

comprised of particles of different sizes and has complex geometries, analytical 

solutions for the height of capillary rise is too complicated. Hence, direct 

measurement of the height of capillary rise is the most reliable method, though 

often empirical relations, based on soil types, are used in real practice. 

2.6 Soil Water Characteristic Curve (SWCC) 

2.6.1 General 

The soil-water characteristic curve (SWCC) provides a relationship 

between the water content (w) and the suction (ψ) for a specific soil. It portrays the 

thermo-dynamic capability of pore water in the soil with respect to that of the free 

water as a function of the measure of water adsorbed by the soil system (Lu and 

Likos, 2004). The SWCC mainly depends on the soil type, gradation, void ratio, 

presence of salt concentration, temperature, and drying or wetting cycle of testing. 

The SWCC is used to develop correlation with various parameters, like shear 

strength, stiffness, and permeability.  

The fundamentals and behavioral understanding of the SWCC have been 

developed by the agriculture-related research communities, like soil science and 

agronomy. Due to the varied disciplines using the water content – soil suction 

relationship, various other terminologies have been used to define the relationship, 

like Soil Water Retention Curve (SWRC), and moisture retention curve. Also, the 
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amount of water in a soil can be defined using various terms, such as gravimetric 

water content (w), volumetric water content (θ), degree of saturation (S), ratio of 

the volume of water to the original volume of the specimen (V
w
/V

o
). 

Gravimetric water content, w is mostly used in geotechnical engineering 

and is defined as: 

Gravimetric water content, 𝑤 =
𝑀𝑤

𝑀𝑠
      (2.4) 

where, 

M
w
 = mass of water, and  

M
s
 = mass of soil solids. 

Volumetric water content, θ is usually used in the field of agricultural 

engineering and deals with the volumes of water, voids, and solids. It is defined as: 

  Volumetric water content, θ =
𝑉𝑤

𝑉𝑣 + 𝑉𝑠
     (2.5) 

where, 

V
w
 = volume of water  

V
v
 = volume of voids, and 

V
s
 = volume of soil solids. 

The degree of saturation, S is the ratio of the volume of water, V
w
 to the 

volume of voids, V
v
. 

Degree of Saturation, 𝑆 =
𝑉𝑤

𝑉𝑣 
     (2.6) 



25 

 

Other terms to represent the amount of water present in soil include the 

dimensionless gravimetric water content, Θ, which is defined as the ratio of 

gravimetric water content at any degree of saturation, w to the initial saturated 

gravimetric water content, w
sat

: 

Dimensionless gravimetric water content, Θ =
𝑤

𝑤𝑠𝑎𝑡
   (2.7) 

Each of the above terms has their own advantages and disadvantages for 

determination of the amount of water in the soil. The gravimetric water content is 

most commonly used measure of water content of a soil sample in which the 

reference is made with respect to the mass of soil solids (which remains constant). 

However, it does not account for the changes in volume of soil and the degree of 

saturation. The volumetric water content is often used in transient seepage in 

unsaturated soils, but volume measurements are complicated and its usage is quite 

unfamiliar to geotechnical engineers. The degree of saturation properly designates 

the air-entry value and controls the behavior of unsaturated soils. Though it 

involves the measurement of volume of soil solid, it does not incorporate the overall 

change in volume of the soil sample (Fredlund and Rahardjo, 1993). 

The SWCC can be portrayed in terms of matric suction, osmotic suction 

and/or total suction. For practical considerations, the soil suction is considered to 

vary from zero to 10
6
 kPa or 1 GPa. The Gibbs free-energy state equations for water 

vapor forms the basis for the upper limit of the soil suction (Gibbs, 1873; Edlefsen 
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and Anderson, 1943). The Gibbs free-energy state equation is a thermodynamic 

relationship between partial water vapor pressure (i.e., relative humidity) and the 

soil suction. The relative humidity (RH) is defined as the ratio of the partial pressure 

of water vapor to the saturation pressure of pure water vapor at a given temperature 

condition. Hence, the Gibbs free-energy state equation is presented in the following 

(Sposito, 1981): 

ψ = −
𝑅𝑇

ν𝑤𝑜 𝜔𝑣
 ln (

𝑢𝑣

𝑢𝑣𝑜
) = −

𝑅𝑇 

ν𝑤𝑜 𝜔𝑣
ln(𝑅𝐻)    (2.8) 

where,  

ψ = total suction, kPa, 

T = Absolute temperature, K, 

R = Universal gas constant (8.31432 J mol-1 K-1), 

νwo = Specific volume of water (i.e. reciprocal of density, m3/kg), 

ωv = molecular mass of water vapor (18.016 kg/kmol), 

uv = partial pressure of water (or pore-water) vapor (kPa), and 

uvo = saturation pressure of pure water vapor (kPa). 

The lowest and highest suction states provide important information about 

the soil and hence the suction values need to be plotted on a single graph on a 

logarithmic scale. Generally, the matric suction denotes the lower suction range (till 

1500 kPa), while the total suction represents the higher suction range. 
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A typical SWCC is shown in Figure 2.4, where the various states of 

saturation are delineated by the air-entry value of the soil and the residual soil 

suction. Also, the effect of initial density of the SWCC is shown in Figure 2.5. 

 

 

Figure 2.4 A typical Soil Water Characteristic Curve 
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Figure 2.5 Effect of initial density on SWCCs (Croney and Coleman, 1954) 

2.6.2 Air-Entry Value 

Air entry value (AEV) of a soil is defined as the value of matric suction at 

which upon drying, the pore water is replaced by the air entering the soil (Lu and 

Likos, 2004). The AEV demarcates the boundary effect zone, which has insular air 

saturation, from the transition zone, which comprises of fernicular saturation. The 

permeability of the soil until the AEV is almost same as the saturated hydraulic 

conductivity, but upon further desaturation, the permeability decreases 

exponentially (Fredlund and Rahardjo, 1993). The AEV is determined by the 

intersection of the extrapolated portion of the linear part of the SWCC and the 

saturated portion of the SWCC as shown in Figure 2.4.  
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2.6.3 Residual Soil Suction 

The suction at and beyond which the drying of soil barely decreases its 

water content is termed as residual soil suction. As per Vanapalli et al. (1998), 

beyond the value of the residual suction, the water is present in the soil system by 

means of adsorption and not by capillarity. The pore water phase becomes 

intermittent and isolated with thin films of water, which is difficult to remove with 

an increase in suction. The permanent wilting point is generally assumed to be the 

water content of the soil at residual suction state(van Genuchten, 1980). 

The residual soil suction is obtained by the intersection of the extrapolated 

section of the linear portion of the SWCC and the tangent extended from the SWCC 

at the maximum suction, which is practically considered as 1 GPa (as shown in Fig. 

2.4). 

2.6.4 Hysteresis Effect 

The drying and wetting cycles of the SWCCs are significantly different (as 

shown in Figure 2.6). In many scenarios, it becomes essential to evaluate the 

properties of soil separately for drying and wetting cycles. The Geotechnical 

engineers need to consider the conditions which the soil will experience in real 

conditions and accordingly use the properties of either of the two cycles (Tami et 

al., 2004). The drying cycle is easier to perform and hence most commonly 

conducted in the laboratory. The hysteresis behavior of the drying and wetting 

cycles has been studied in detail by (Pham et al., 2002, 2003a; b).  



30 

 

 

Figure 2.6 Schematic of SWCCs depicting hysteresis due to drying and wetting 

cycle (Fredlund and Rahardjo, 1993) 

2.6.5 Techniques for SWCC Measurement 

There are many techniques to determine the SWCC of a soil. Some of the 

techniques and equipment are suitable for laboratory testing, while the others are 

appropriate for use in the field. Some suction measurement devices measure total 

suction, while other record the matric or osmotic suction. The suction measurement 

techniques are broadly classified into two categories: (i) direct measurement 

techniques, where the suction is directly measured from the equilibrium of the soil-

water system; (ii) indirect measurement techniques, where another parameter is 
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measured which has been equilibrated within the soil-water system. Correlations 

and/or calibration charts are then used to determine the suction from that measured 

parameter. Table 2.1 lists some of the most commonly used suction measurement 

devices and their limitations. 

Table 2.1 Techniques to determine the various types of suction (modified from Lu 

and Likos, 2004; Murray and Sivakumar, 2010) 

Suction 

Component 

Measured 

Device / 

Technique 

Typical range 

(kPa)  

(Area of Usage) 

Limitations 

Matric 

Suction 

Pressure plate and 

Tempe cell 

0 – 1,500  

(Lab) 

Long equilibration time and 

induced suction limited by 

AEV of ceramic disc 

Contact filter 

paper method 

3000 – 100,000 

(Lab) 

Very sensitive to 

measurements 

Tensiometer 0 –100  

(Lab and Field) 

Cavitation at absolute zero 

pressure limits the range 

Electrical/thermal 

conductivity 

sensors 

0 – 400 

(Lab and Field) 

High failure rate; fragile and 

needs regular calibration 

Osmotic 

Suction 

Electrical 

conductivity of 

pore water 

extracted using 

pore fluid squeezer 

Entire range 

(Lab) 

Sensitive to extraction 

pressure; otherwise other 

equipment is required to 

determine the total and 

matric suction 

Total 

Suction 

Thermocouple 

psychrometer 

100 – 8,000  

(Lab and Field) 

Sensitive to temperature 

fluctuations 

Chilled mirror 

hygrometers 

1,000 – 450,000 

(Lab) 

Sensitive to dust and 

temperature 

Non-contact filter 

paper method 

3,000 – 100,000 

(Lab and Field) 

Calibration is sensitive to 

time for equilibration 

Relative humidity 

apparatus 

5000 – 500,000 

(Lab) 

High suction range 
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2.6.5.1 Fredlund’s SWCC Device 

The Fredlund’s SWCC device (Figure 2.7) is similar to the pressure plate 

device, with the added advantage that the overburden pressure can be applied and 

the entire SWCC can be obtained without disassembling the device. It works based 

on the principle of axis-translation technique. It can induce matric suction up to the 

air-entry value of the ceramic disk (generally, 500 kPa or 1500 kPa). 

 

Figure 2.7 Fredlund’s soil water characteristic curve device (Padilla et al., 

2005) 
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2.6.5.2 Filter paper technique 

The filter paper technique is an indirect method of measuring suction. The 

suction measurement is based on the moisture equilibration between the filter paper 

and the adjacent soil. Contact and non-contact filter paper techniques can be used 

to measure the matric and total suction, respectively. The ‘contact’ here refers to 

the direct interaction of the filter paper with the soil-water system within an 

enclosed space. 

The filter paper absorbs moisture until the equilibrium has been achieved 

with the water content of soil for contact technique, and the relative humidity inside 

the container for non-contact technique. After equilibrium has been achieved 

between the filter paper and the relative humidity in the enclosed space, the 

adsorbed water content provides the correlation with the suction in the filter paper, 

based on the calibration charts. This technique is used to measure both total and 

matric suction for a soil specimen. The calibration chart has been shown in Figure 

2.8 for the most commonly used filter paper, i.e., Whatman 42. 
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Figure 2.8 Calibration curves for Whatman No. 42 filter paper (Marinho and 

Oliveira, 2006) 

2.6.5.3 Dew point potentiometer 

The WP4C dew point potentiometer measures water potential by 

determining the relative humidity of the air above a sample in a closed chamber, 

using the principle of the chilled-mirror technique (ASTM D 6836; Leong et al., 

2003; Thakur et al., 2005). The sealed block chamber comprises of the following: 

(i) a mirror; (ii) an optical sensor which is used to detect the dew formation on the 

mirror; (iii) a temperature sensor which measures the dew point temperature of the 

air; (iv) a thermopile to measure the temperature of the sample; and (v) a fan, which 
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enhances the equilibration of the sample with the chamber environment (Thakur et 

al., 2005). 

 

Figure 2.9 WP4 chilled water Potentiameter 

2.6.6 Mathematical Models for SWCC 

The measurement of SWCC over the entire suction range and at close 

intervals is not practical, due to the high expenditure, lack of replicates of soil 

specimens, and time constraints. Henceforth, closed-form empirical relationships 

are mostly used to obtain best-fit curves using the discrete data points obtained from 

the laboratory tests. Some of the empirical relationships commonly used have been 

tabulated in Table 2.2.  

A dimensionless parameter, Θ, is often used and is obtained by normalizing 

the volumetric water content with respect to saturated and residual condition, and 

is expressed as below: 
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Θ =
θ−θr

θs−θr
          (2.9) 

where, 

θ = volumetric water content at any degree of saturation 

θs = saturated volumetric water content 

θr = residual volumetric water content 

The normalized water content, Θ, varies from zero, for the residual 

condition, to 1, in case of the saturated condition. Also, if the residual water content 

is zero, the dimensionless parameter for water content Θ converges to the value of 

the degree of saturation, S. 

Many other empirical relationships have also been developed in order to 

facilitate the SWCC modeling, including Leong and Rahardjo (1997), Sillers and 

Fredlund (2001), Houston et al. (2006), Pham and Fredlund (2008), and Gould et 

al. (2012). Recently other tools have being used in the form of data mining, neural 

networks and genetic programming based tools for determining soil suction-water 

content relationships (Johari and Javadi, 2011; Ahangar-Asr et al. 2012). 
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Table 2.2 Empirical models used to best fit SWCC data 

Reference Equation for Model Parameters Involved 

Brooks and 

Corey (1964) 
Θ = {

1, ψ < ψb

(
ψb

ψ
)

λ

, ψ ≥ ψb

 

ψ = soil suction; 

ψb = air-entry suction value of 

soil; 

λ = Pore size distribution index 

that varies with type of soil and 

its texture 

Van 

Genuchten 

(1980) 

Θ = [
1

1 + (
ψ
𝛼)

𝑛]

𝑚

 

α, n and m are fitting 

parameters based on AEV of 

soil, the rate of water extraction 

from the soil for suction greater 

than AEV and residual water 

content, respectively. 

Fredlund and 

Xing (1994) 
θ = 𝐶(𝜓)θs [

1

𝑙𝑛 {𝑒 +  (
ψ
𝑎)

𝑛

}

]

𝑚

 

where 

𝐶(ψ) = [1 −
𝑙𝑛 (1 +  

ψ
ψ𝑟

)

𝑙𝑛 (1 +  
106

ψ𝑟
)

]  

 

ψ = suction 

θs = saturated volumetric water 

content 

a, n, m are the fitting 

parameters based on AEV of 

soil, the rate of water extraction 

from the soil for suction greater 

than AEV and residual water 

content, respectively 

e = the natural logarithmic 

constant 

C(ψ) = correction factor based 

on the suction corresponding to 

residual water content 
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2.7 Shear Strength 

The shear strength of soil describes the magnitude of maximum shear stress 

it can sustain, and hence is an essential parameter for geomechanics and 

geotechnical engineers (Holtz and Kovacs, 1981). The safety of many engineering 

structures depends on the strength of underlying soil. Applications of shear strength 

of soil include problems like bearing capacity, slope stability, lateral earth pressure, 

pavement design and foundation design (Holtz and Kovacs, 1981; Lu and Likos, 

2004). The general concepts associated with the shear strength of soil remain 

similar for saturated and unsaturated conditions. For instance, the increase in 

cohesion, internal friction angle of the soil and application of confining pressure 

increases the strength in both cases. Similarly, the concepts of dilation and changes 

in the shear strength of soil with strain are similar for both saturated and unsaturated 

conditions (Fredlund and Rahardjo, 1993). 

2.7.1 Shear Strength of Saturated Soil 

Most of the theories of shear strength were postulated after considering the 

limitations of the equation of shear strength of saturated soils to predict the strength 

of unsaturated soil. Henceforth, a brief review of the shear strength relations for 

saturated soils is presented. 

The Mohr-Coulomb theory of shear strength of saturated soil, initially 

advocated by Coulomb (1776) and later generalized by Mohr (1914), is the most 

widely used relationship. Coulomb assumed that the normal stress acting on any 
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plane had a linear relationship with the shear strength available on that plane, which 

is known as Coulomb’s law and is expressed as follows: 

𝜏 = 𝑐 +  σ tan φ     (2.10) 

where, c and φ are cohesion and angle of internal friction of the soil, respectively. 

The relation for total strength parameter (Eqn. 2.10) was modified, as it was 

postulated by Terzaghi that shear strength is a function of effective stresses. The 

modified relation is as follows: 

𝜏 = 𝑐′ +  σ′ tan φ     (2.11) 

where, c’ and φ’ are effective cohesion and effective angle of internal friction of 

the soil, respectively. The parameters, c’ and φ’ are known as the effective shear 

strength parameters. A typical Mohr-Coulomb Failure Envelope for a saturated 

over consolidated clay is shown in Fig. 2.10. Three hypothetical triaxial tests, i.e. 

A, B, and C, were performed on replicates of the same specimen at varying effective 

confining pressures, which failed at an effective axial stress of σ
1
′
A
, σ

1
′
B
, and σ

1
′
C
, 

respectively. Therefore, at failure, a shear stress of τ
f
 and a normal stress of σ′

f
 were 

acting along the failure plane. 
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Figure 2.10 A typical Mohr-Coulomb Failure Envelope for saturated OC clayey 

soils 

Other relations are available for shear strength of saturated soils, but those 

are beyond the scope of this discussion. 

2.7.2 Shear Strength of Unsaturated Soil 

The strength and deformation attributes of unsaturated soil are complex and 

unpredictable. Material behavior is affected by alteration in wetting, drying, 

loading and unloading, and furthermore by time. The debate over the most suitable 

stress state variables applicable for unsaturated soil has impeded the development 

of the subject.  

The success of the concept of classical effective stress introduced by 

Terzaghi (1936), given mathematically by equation 2.11, drove researchers to 

endeavor an extension of the equation to unsaturated soils. Attempts have been 
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made to use a single-value stress state variable, to predict the behavior of 

unsaturated soils. Due to the limitations of the single-valued stress state variable 

approach, the independent stress variable approach was proposed. Meanwhile, 

researchers have worked on the development of modified stress-variable 

approaches. 

2.7.2.1 Bishop’s effective stress 

Bishop (1959) proposed such an equation for effective stress, σ′: 

𝜎′ = (𝜎 − 𝑢𝑎) + 𝜒(𝑢𝑎 − 𝑢𝑤)     (2.12) 

where,  

σ is the total stress, 

ua is the pore air pressure,  

uw is the pore water pressure, and  

χ is a soil parameter related to the degree of saturation of the soil and the wetting 

or drying cycle.  

The parameter (σ – ua) is referred to as the net normal stress, while (ua – uw) 

is known as matric suction. The parameter, χ is a material variable and is generally 

considered to vary between zero, in the case of dry soil and unity, in the case of 

saturated soil.  

When the expression for effective stress for unsaturated soil is integrated 

with the classical Mohr-Coulomb failure criterion, the shear strength, τ
f
 of 

unsaturated soil is expressed as below: 
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𝜏𝑓 = 𝑐′ + [(𝜎 − 𝑢𝑎)𝑓 + 𝜒 𝑓(𝑢𝑎 − 𝑢𝑤)𝑓] 𝑡𝑎𝑛 𝜑′         (2.13) 

where, c′ and φ′ are effective cohesion and effective angle of internal friction of the 

saturated soil, respectively. 

However, it was observed that the relationship between χ and degree of 

saturation, S is not unique; and the soil type and stress path had a noteworthy effect 

on the relationship. Thus, the use of Equation 2.12, and Equation 2.13 were debated 

by many researchers including Jennings and Burland (1962), Bishop and Blight 

(1963), Burland (1964), Blight (1967), and Fang (1977). Jennings and Burland 

(1962) argued that Equation 2.13 could not comprehensively clarify the volumetric 

behavior of most unsaturated soils below a certain degree of saturation and collapse 

upon wetting. While, Coleman (1962), Bishop and Blight (1963), Burland (1964), 

and Blight (1967) postulated a theory that the mechanical behavior of unsaturated 

soil is independently correlated to the net normal stress and the matric suction. 

Similar observations were made by Matyas and Radhakrishna (1968), Aitchison 

and Woodburn (1969), Barden et al. (1969), Brackely (1971), and Escario and Juca 

(1989). Thus, the limitations of the parameter χ to capture the behavior of 

unsaturated soil, its lack of one to one correspondence with the degree of saturation 

and the difficulties associated with the determination of χ in the laboratory, 

demonstrates the shortcomings of the Bishop’s approach. 
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2.7.2.2 Independent two-stress state variable approach 

The limitations of the single-value stress state variable approach resulted in 

the consideration for an independent two-state stress variable approach. Fredlund 

and Morgenstern (1977) postulated the use of net normal stress and matric suction 

as independent stress state variables, for capturing the response of unsaturated soil. 

A series of “null” triaxial tests showed that when the net normal stress and the 

matric suction are kept constant while varying other parameters, the volume of the 

soil specimen practically remained the same (Fredlund, 1973). These “null” triaxial 

tests supported the proposed approach. The shear strength at failure, τ
f
, provided by 

the modified Mohr-Coulomb failure criterion (Fredlund and Morgenstern, 1977) is 

as follows: 

 𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎)𝑓 𝑡𝑎𝑛 𝜑′ + (𝑢𝑎 − 𝑢𝑤)𝑓 𝑡𝑎𝑛 𝜑𝑏        (2.14) 

where, c′ and φ′ are effective cohesion and effective angle of internal friction of the 

saturated soil, respectively, and φ
b
 is the friction angle, which is due to the 

contribution of the matric suction on the shear strength of the soil. Due to lack of 

experimental evidence, initially, the value of φ
b
 was considered as a constant for a 

specific soil by Fredlund et al. (1987). This assumption led to the conclusion that 

the soil strength increases consistently with the increase in suction. However, the 

increase in shear strength due to matric suction decreases with increase in suction, 

which became evident with additional experimental results over a wide range of 

suction and on different types of soils (Escario and Saez, 1986; Gan et al., 1988). 
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Equation 2.14 can be simplified to: 

𝜏𝑓 = 𝑐′ + 𝑐"(𝜎 − 𝑢𝑎)𝑓 tan 𝜑′                   (2.15) 

where c′′ is the capillary cohesion, which arises due to capillary effect, and is as 

follows: 

𝑐" = (𝑢𝑎 − 𝑢𝑤)𝑓 tan 𝜑𝑏                 (2.16) 

Also, total apparent cohesion is the sum of c′ and c′′. 

The extended Mohr-Coulomb failure envelope, based on independent two-

state stress variable approach, is shown in Figure 2.11. Instead of a two-dimensional 

plot between effective stress and shear stress, as in the case of saturated soil; the 

extended MC failure envelope requires a three-dimensional plot, among the net 

normal stress, matric suction, and shear stress. Additionally, MC failure envelope 

transforms from a line (for saturated soils) to a surface (for unsaturated soils). 
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Figure 2.11 Extended Mohr-Coulomb Failure Envelope (Fredlund and 

Morgenstern, 1977; Fredlund and Rahardjo, 1993; Lu and Likos, 2004) 

2.7.2.3 Alternative approaches 

The concept of suction stress was introduced by Lu and Likos (2006) to 

facilitate the use of the suction stress characteristic curve. Suction stress is 

composed of  four components, which originate from different water retention 

mechanisms: (i) van der Waals attraction, (ii) electric double layer forces, (iii) 

tensile pore water pressure, and (iv) surface tension  (Lu and Likos, 2006; Lu et al., 

2009). 

Van der Waals forces occur due to attractive or repulsive forces between 

molecules or atomic groups that do not have covalent or ionic bonds (Lu and Likos, 

2006; Lu et al., 2009). The correlations in the fluctuating polarizations of adjacent 
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molecules are the main cause for generation of these forces. The Van der Waals 

forces decrease exponentially when the distance between the molecules increases 

or when the degree of saturation increases. 

Electric double layer forces arise between charged objects across liquids, 

like water. The first layer refers to the charged surface, and the charges originate 

from the adsorbed ions. The second layer corresponds to the diffused layer, which 

consists of neutralizing charge comprising of depleted co-ions or counter-ions. The 

potential difference between these two layers generates the difference in ionic 

concentration. This difference results in osmotic pressure (Lu and Likos, 2006; Lu 

et al., 2009). 

The van der Waals forces and the electric double layer forces can be safely 

neglected in sands and non-plastic silts. Capillarity, which includes the latter two 

mechanisms, is the major reason for sand and non-plastic silt to exhibit 

cohesiveness or attractive forces (Lu and Likos, 2006; Lu et al., 2009). 

However, very limited studies have been conducted independently to 

validate this hypothesis of suction stress concept. The concept of independent two-

stress state variable approach by Fredlund and Morgenstern (1977) is still most 

widely used relationship for shear strength of unsaturated soils. 

Various researchers have attempted to develop alternative approaches, 

which enables the development of constitutive models for predicting the behavior 

of unsaturated soils, including Alonso et al. (1990), Wheeler and Sivakumar (1995), 
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Houlsby (1997), Chiu and Ng (2003), Gallipoli et al. (2003), Datcheva and Schanz 

(2003); Khalili et al. (2005), Russell and Khalili (2006), Yang et al. (2008), Morvan 

(2010), and Manzanal et al. (2011).  

2.8 Types of Triaxial Tests 

The most common triaxial test performed in the laboratory follows the 

Conventional Triaxial Compression (CTC) stress path, where a constant effective 

confining pressure is maintained, while the soil specimen is loaded axially. The 

axial loading may be stress controlled or strain controlled. Strain-controlled tests 

can be continued even after the specimen has failed; thereby the post-peak or the 

residual behavior can be determined. However, strain controlled test setups are 

more expensive than stress controlled test setups. Based on the drainage conditions 

allowed during application of confining pressure and shearing, the triaxial tests are 

classified into three categories: 

1. Unconsolidated Undrained (UU) Tests:  

No drainage is allowed during the entire testing process. So, the soil is not 

allowed to consolidate and no volume changes are allowed during shearing. The 

testing procedure for cohesive soils has been explained through ASTM D2850-15 

standards. The total stress path is obtained during this test. This a quick test, 

generally completed within 30 - 45 minutes. Field applications of UU tests include 

the scenarios where the rate of loading (during consolidation and shearing) is much 

faster than the rate of dissipation of excess pore water pressure. The rapid 
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construction of an embankment of soft clay; construction of footing and super-

structure on a clay deposit; bearing capacity of deep foundations, like piles, on soft 

clay may be considered (Holtz and Kovacs, 1981).  

For unsaturated specimens, the procedure for conducting the 

unconsolidated undrained test is similar to that for saturated specimens. The sample 

is not consolidated and it is sheared at its original suction state. The pore air and 

pore water valves are closed throughout the test. Since air pressure is not applied, 

conventional triaxial setup may be used to conduct UU test of unsaturated 

specimens (Fredlund et al., 2012). 

2. Consolidated Undrained (CU) Tests:  

Drainage is permitted during the application of confining pressure, thereby 

allowing the consolidation of the soil specimen. However, the drainage is not 

allowed during the loading stage. The generation of excess pore water pressure is 

measured during the loading phase. The testing procedure for cohesive soils has 

been explained through ASTM D4767-11 standards. The total stress path is directly 

obtained from this test; while the effective stress path may be calculated by 

deducting the excess pore pressure measured during shearing. This is a slower test 

when compared to UU test (Holtz and Kovacs, 1981).  

Field application includes situations where the soil is allowed to 

consolidate, and then the additional form of loading is applied. Examples include 

the rapid drawdown of an embankment dam and slopes of reservoirs; rapid 
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construction of a structure on top of an embankment or raising the height of an 

existing embankment (Holtz and Kovacs, 1981).  

For unsaturated specimens, the pore-air and pore-water lines are open 

during consolidation and target values of cell pressure, pore air pressure, and pore 

water pressures are gradually applied. While during shearing, the pore air and pore 

water valves are closed and their values are measured (Fredlund et al., 2012). 

Consolidated Undrained tests on unsaturated specimens were conducted by 

Soranzo (1988), Saeedy and Mollah (1988), Schoenemann and Pyles (1988) and 

Khosravi et al. (2011). 

3. Consolidated Drained (CD) Tests:  

Drainage is allowed throughout the consolidated drained (CD) test. In other 

words, the drainage valves are open during application of confining pressure (i.e., 

consolidation) and loading. Thus, the soil specimen is allowed to consolidate for 

the confining pressure applied, and then the soil is loaded gradually, to allow proper 

dissipation of excess pore water pressure. Henceforth, the volume change of 

specimen is permitted during the test and it is recorded via proper volume 

measurement devices. It is of primary importance to determine the proper rate of 

loading so that the excess pore water pressure can properly dissipate, during the 

loading sequence. The testing procedure has been explained through ASTM 

D7181-11 standards.  
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The effective stress path and the drained shear strength parameters can be 

computed from this test. As there is no generation of excess pore water pressure 

during the loading sequence, the total stress path is same as the effective stress path. 

This is the slowest among the UU, CU and CD tests and usually takes days to 

complete a test, and the duration is highly dependent on the permeability of the soil 

(Holtz and Kovacs, 1981).  

Practical applications of CD tests comprise of the cases where the loading 

rate is smaller than the rate of dissipation of excess pore water pressure generated 

during shearing. The CD tests are mostly applicable for long term stability analyses. 

Examples of CD tests include slow construction of embankment over soft clay; 

stability analysis of embankment having steady seepage condition; long-term 

stability of a natural slope or an excavation (Holtz and Kovacs, 1981).  

For unsaturated specimens, the pore air and pore water lines are open 

throughout the stages of consolidation and shearing (Fredlund et al., 2012). The 

respective targets of cell pressure, pore air pressure, and pore water pressures are 

gradually applied throughout the test. CD tests on unsaturated specimens were 

performed by Blight (1967), Satija and Gulhati (1979), Escario (1980), Ho and 

Fredlund (1982), Saeedy and Mollah (1988), Rahardjo et al. (1995), Rampino et al. 

(1999, 2000), Rahardjo et al. (2004), Kayadelen et al. (2007), Houston et al. (2008), 

Khalili and Zargarbashi (2010), Rahardjo et al. (2013, 2014), Ishikawa et al. (2014), 

Patil (2014), Ma et al. (2016) and Rosone et al. (2016). 
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There are additional two categories of triaxial testing, which are as follows: 

1. Constant Water (CW) Tests: 

The Constant water (CW) test is same as the consolidated undrained test for 

saturated specimens. However, for unsaturated specimens, the CW test is 

categorized as a separate test. The consolidation of the unsaturated specimen is 

carried out in a similar way as the consolidated drained or consolidated undrained 

test. In other words, the pore air and pore water drainage valves are kept open 

during consolidation to permit the change in volume of the specimen and to prevent 

generation of excess pore water pressure (Fredlund et al., 2012). Henceforth, the 

induced matric suction prior to the commencement of consolidation is maintained 

after the specimen has been consolidated. 

During shearing, the pore water drainage valves are closed, but the pore air 

pressure value is kept open (Fredlund et al., 2012). Therefore, the pore air pressure 

is maintained at the same level as after consolidation. However, the pore water 

pressure is not controlled during shearing, which results in varying matric suction. 

The behavior of matric suction is dependent on previous stress history of the soil, 

its preconsolidation pressure and the effective confining pressure. CW tests were 

performed on unsaturated soils by Satija and Gulhati (1979), Rahardjo et al. (2004), 

and Li and Zhang (2015). 
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2. Unconfined Compression (UC) Tests: 

The unconfined compression (UC) test procedure is comparable to that of 

the UU test, with the exception that the confining pressure is not applied in UC test. 

It is one of the most basic tests to estimate the strength of a soil specimen. 

Generally, an axial load is applied monotonically from a simple loading frame to 

shear the specimen (Fredlund et al., 2012). 

Table 2.3 summarizes the drainage conditions and pressures which are 

controlled or measured during the various types of the triaxial tests. 

Table 2.3 Types of triaxial tests for soils (modified from Fredlund et al., 2012) 

Test 

Method 

Consolidation 

Stage 

Shearing Stage 

Drainage 
Pore Air 

Pressure 

Pore 

Water 

Pressure 

Soil 

Volume 

Change 

Pore 

Air 

Pore 

Water 

CD Yes Yes Yes Controlled Controlled Measured 

CW Yes Yes No Controlled Measured Measured 

CU Yes No No Measured Measured No change 

UU No No No N/A N/A No change 

UC No No No N/A N/A N/A 

2.9 Methods to Control Suction 

2.9.1 Axis Translation Technique 

The application and control of matric suction are pivotal for any suction-

controlled triaxial test. As already mentioned in Section 2.2, the measurement and 

the control of high magnitudes of negative pore water pressure are limited due to 

cavitation (Fredlund and Rahardjo, 1993). 
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Cavitation is the process of vapor nucleation in water when the absolute 

pore-water pressure is less than the vapor pressure of water (Lu and Likos, 2004). 

Due to entrapment of air within the liquid (water) phase, the continuity of the liquid 

phase is lost. This causes erroneous pore water pressure readings. Since the matric 

suction is the difference between pore-air and pore water pressures, inaccurate pore 

water pressure would make it difficult/problematic to control matric suction.  

Hilf (1956) introduced the concept of using the axis-translation technique 

to measure and control matric soil suction. The term “axis translation” refers to the 

procedure of increasing the pore air pressure above the atmospheric pressure, while 

maintaining a constant pore water pressure at or near the atmospheric pressure (Lu 

and Likos, 2004). This concept alleviated the problem caused due to cavitation at a 

pore-water pressure below absolute zero pressure, i.e. –1 atm with reference to the 

atmospheric pressure. Henceforth, the datum of determining air pressure is shifted 

from atmospheric pressure to a higher value. Using axis-translation technique, the 

matric suction higher than 1 atm ≈ 101.3 kPa can be applied or controlled, which is 

required for many soil types and applications. 

2.9.1.1 High-air entry ceramic disk 

In conventional saturated tests, the porous stone and the filter paper prevent 

the soil from entering the water line, but the flow of water is allowed either from or 

to the specimen, due to the high permeability of the porous stone and filter paper. 

However, due to the presence of pressurized air in unsaturated testing using axis 
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translation technique, the use of low air entry porous stone to separate the saturated 

pore water pressure line from the unsaturated soil is not feasible. Henceforth, a very 

low permeable and hydrophilic material, known as High Air-Entry (HAE) ceramic 

disk is essential to isolate the saturated pore water pressure line from the pressurized 

air present in the unsaturated soil.  

The HAE ceramic material generally has uniform pore sizes. After 

saturation of the ceramic disk, due to the hydrophilic nature of the ceramic material, 

the water can flow through it, but the passage for air flowing through it is prevented 

till the air pressure exceeds the air-entry value of the material. The HAE disks are 

made of materials like sintered ceramics and have an air-entry value up to 1500 kPa 

(Lu and Likos, 2004). 

The contractile skin which forms at the interface of air and water present in 

pores of the HAE disk, resists the flow of air through the disk. This resistance is 

dependent on the surface tension, T
s
, of the contractile skin (Fredlund and Rahardjo, 

1993). The contractile skin acts as a thin membrane connecting the minute pores of 

radius, R
s
, on the ceramic disc surface (as shown in Figure 2.12). The matric suction 

is induced due to the difference between air pressure, u
a
, above the contractile skin 

and water pressure, u
w
, below the contractile skin.  

The maximum matric pressure, which can be controlled across the 

contractile skin of the HAE disc is known as its air-entry value, (ua – uw) (Lu and 
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Likos, 2004). The air-entry value can be represented by the Young-Laplace 

equation, which is applicable for the capillary tube model (Lu and Likos, 2004): 

(𝑢𝑎 − 𝑢𝑤)𝑑 =  
2𝑇𝑠

𝑅𝑠
      ( 2.17) 

It is evident from Equation 2.17, that as the size of the largest pore of the 

HAE disc decreases the air-entry value increases. The pore sizes of the ceramic 

material are dependent upon the casting process and sintering technique of the 

ceramic material (Fredlund et al., 2012). 

 

Figure 2.12 Schematic representation of the air-water interface in HAE disc 

(Fredlund and Rahardjo, 1993) 

The HAE ceramic disc can be attached to conventional triaxial equipment 

to perform unsaturated soil testing. The HAE disc is generally mounted on the base 

pedestal and it is glued to the stainless-steel ring, which fits in the base pedestal. 
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Figure 2.13 shows the schematic section and plan of two types of shapes for HAE 

ceramic discs and the glue which attaches the steel ring to the HAE disc. The proper 

bond between the glue and the ring is pivotal for maintaining a suitable seal, thereby 

assuring that water passes only through the ceramic disc and there is no leakage.  

 
    (a)                                                                  (b) 

Figure 2.13 High air-entry disk ring arrangement 

2.9.1.2 Saturation of HAE ceramic disc 

The saturation of the ceramic disc is essential, before any test. The 

permeability of each ceramic disc is dependent on its air-entry value. So, different 

water pressure for varying duration of time should be applied to different types of 

HAE ceramic discs in order to saturate the disc.  

Sivakumar (1993) suggested a technique to saturate the ceramic disc having 

AEV of 500 kPa. The saturation process was started by placing the disc in a 

chamber as shown in Fig. 2.14. The ceramic disc was fitted to the base pedestal 

Parallel-sided HAE 

Ceramic Disc

Glue

Stainless 

Steel Ring

Tapered HAE 

Ceramic Disc
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which had the facility to flush water from beneath the ceramic disc. The drainage 

lines were saturated and the chamber was sealed. The chamber was filled with de-

aired water and pressurized beyond the air-entry value of the ceramic disk. After 

maintaining the pressure for a couple of days, one of the drainage lines was opened, 

and the water was allowed to flow for a day. Subsequently, the applied pressure in 

the chamber was gradually reduced to atmospheric pressure, i.e., zero pressure, and 

the water was removed. This process was repeated by introducing fresh de-aired 

water and re-pressuring the water to 600 kPa and maintaining it for a day. Then, 

one of drainage lines was again opened for another day; and finally, the pressure 

was gradually reduced. Thereafter, the HAE disc was removed. 

 

Figure 2.14 Chamber to saturate a ceramic filter disc (Brown, 2009; 

Sivakumar and Murray, 2010) 
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Another approach for saturating the HAEV ceramic disc was presented by 

Bishop and Henkel (1962), Fredlund (1973), Hoyos (1998), and Laikram (2007). 

The ceramic disc, having AEV of 500 kPa was installed in the test cell (Hoyos, 

1998; as shown in Fig. 2.15a) or cavity of the custom-made saturation chamber 

(Laikram, 2007; as shown in Fig. 2.15b). The drainage lines were saturated and the 

connection below the ceramic disc was flushed to eliminate any air bubbles trapped 

beneath the HAE disc. Next, the triaxial assembly was set up and de-aired water 

was filled till 25 mm (approximately 1 inch) above the top surface of the ceramic 

disc. Air pressurized to 600 kPa was applied from the top onto the surface of the 

water, which indirectly pressurizes the water. One of the drainage valves, connected 

to the base of the ceramic disc was opened and the rise of water level in the attached 

burette was recorded. The high pressure dissolved the air into the water and the 

HAE disc became saturated. Subsequently, the air pressure was gradually released 

to prevent any dissolved air to diffuse into the ceramic disk. 
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(a)                                             (b) 

Figure 2.15 Saturation of HAEV ceramic disc in (a) test cell (Hoyos, 1998); (b) 

custom-built saturation chamber (Laikram, 2007) 

2.9.1.3 Limitations of axis-translation technique 

Olson and Langfelder (1965) had reasoned that by increasing the air 

pressure acting on the soil specimen, the soil solids and the pore water become 

compressed isotropically. However, as these are practically incompressible, the air 

pressure increase resulted in an insignificant alteration in the curvature of the 

contractile skin. Thereby, the value of matric suction (ua  ̶  uw) would have remained 

almost constant. Henceforth, they concluded that the axis-translation technique 

would be suitable for soils having only continuous air-water interface. Later, 

Bocking and Fredlund (1980) had similar observations and it was concluded that 
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based on the rate of increase of air pressure, the actual value of matric suction might 

momentarily increase beyond its applied value.  

Also, it was concluded that if the specimen contains occluded pore-air, 

which make it highly compressible, then, the actual matric suction might be over-

estimated. In addition, the diffusion of air through the ceramic disc is a major 

limitation for the duration of each test. The dissolved air above the ceramic disc 

might diffuse through the HAE ceramic disk into the base chamber, where it 

enlarges and accumulates due to relatively lower pressure. This might obstruct the 

flow of water through the ceramic disc. 

2.9.2 Osmotic Suction Technique 

The osmotic suction method achieves control of matric suction by allowing 

the pore water to equilibrate with a salt solution of known osmotic potential, and 

the soil specimen is separated from the salt solution by a semi-permeable membrane 

(Zur, 1966). The semi-permeable membrane is permeable to water molecules but 

impermeable to salt molecules. The experimental setup by Cui and Delage (1996), 

demonstrating the procedure of inducing suction using osmosis is shown in Fig. 

2.16. 

The osmotic suction technique was initially adopted by researchers from 

biological sciences for controlling the osmotic pressure of plant nutrient solutions 

by using Polyethylene Glycol, commonly referred by its acronym, PEG 

(Legerwerff et al., 1961). Later, the suction control by means of the osmotic suction 
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technique was adopted in the field of soil sciences (Painter, 1966; Zur, 1966). In 

geotechnical engineering, this technique was also adopted to control suction in 

triaxial setups (Delage et al., 1987; Cui and Delage, 1996; Ng et al., 2007) and 

suction controlled tests in oedometer (Delage et al., 1992; Dineen and Burland, 

1995; Tarantino and Mongiovi, 2000).  

The main benefit of this technique is that the cavitation is prevented while 

maintaining a negative pore water pressure within the soil. The disadvantages 

include the long duration of each test may not be feasible, as the semi-permeable 

membrane is delicate. Also, the migration of soil salts, which are dissolved in pore-

water in the soil, into the salt solution may affect the soil water chemistry and soil 

properties (Murray and Sivakumar, 2010).  

 

Figure 2.16 Osmotic suction technique to impose suction in soil specimen 

(Cui and Delage 1996) 
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2.9.3 Vapor Equilibrium Technique 

The vapor equilibrium technique was introduced by researchers for 

application in soil sciences. This technique controls the soil suction by controlling 

the relative humidity, which could be achieved by two methods: (i) isopiestic 

method, and (ii) two-pressure method. The isopiestic or “same pressure” method 

depends on achieving the vapor pressure equilibrium for salt or acid solutions in a 

closed thermodynamic environment (Lu and Likos, 2004). The “two-pressure” 

method relies on the control of relative humidity by changing the pressure or 

temperature; or by mixing vapor-saturated gas with a dry gas (Lu and Likos, 2004). 

The control of soil suction in unsaturated soil testing using the vapor pressure 

technique was conducted by Esterban and Saez (1988); Oteo-Mazo et al. (1995), 

Delage et al. (1998), Al-Mukhtar et al. (1999), Blatz and Graham (2000); 

Cunningham et al. (2003), Blatz and Graham (2003), Likos and Lu (2003), 

Nishimura and Vanapalli (2005), Nishimura et al. (2008), Nishimura et al. (2010) 

and Patil (2014). In this approach, the soil specimen is placed in a 

thermodynamically sealed system controlled by the air flowing through a desiccator 

where an aqueous solution results in a controlled partial vapor pressure generated 

by the salt solution of known concentration. The transfer of water from the soil 

specimen with the vapor from the relative humidity apparatus, until the soil suction 

is in equilibrium with the partial vapor pressure. The “two-pressure” humidity 

control method was used by Likos and Lu (2003) to develop a system which could 
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be modified to be used along with a triaxial device to test specimen under high 

suction states (Figure 2.17). 

The vapor equilibrium technique has similar advantages like the osmotic 

suction technique, with an added advantage that this technique could be used for 

very high suction states like 4 to 600 MPa (Murray and Sivakumar, 2010). 

However, the lower suction levels (less than 4 MPa) cannot be applied using this 

technique. Also, the suction equilibration time is very high, and it takes up to 1 – 2 

months to attain equilibrium for standard triaxial specimens. 

 

 

Figure 2.17 General Layout of automatic humidity control system (Likos and Lu, 

2003) 
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2.10 Modified Unsaturated Soil Triaxial Testing System 

The conventional triaxial testing device has been altered to incorporate 

unsaturated soil testing by many researchers. The modifications introduced include 

the precise measurement of the volume changes in soil, the volume of water flowing 

into or out of the soil specimen and the volume of air inflow or outflow to control 

the required suction. The modifications also comprise of the independent control 

and measurement of pore air and pore water pressures over a wider range, 

minimizing the errors due to the expansion of triaxial cell with an increase in 

pressure, and flushing devices to remove air from the base of the high air-entry 

ceramic disk during a test.  

The advent of computer technology, sensors, and mechanical devices has 

enabled these modifications to be incorporated into soil testing. Some of these 

modified triaxial devices and the tests conducted have been discussed in the next 

section. 

2.10.1 Independent Pore Water and Pore Air Pressures Control and Measurement 

The triaxial tests on unsaturated soils were performed by Bishop and Donald 

(1961) using a modified version of the conventional triaxial setup, where the pore 

air and pore water pressures were individually controlled or measured. The tests 

confirmed that the pore water pressure could be measured through a saturated 

ceramic disk, which was attached and sealed to the base pedestal. However, the 

pore water pressure measurement was restricted to less than 90 kPa below 
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atmospheric pressure, to prevent cavitation. The pore air pressure was applied 

through a porous stone at the top of the soil specimen. 

Bishop and Blight (1963) verified the application of axis translation 

technique to induce matric suction in the testing of unsaturated soil. The matric 

suction induced were in excess of 1 atm, which was till then the maximum induced 

matric suction. Blight (1967) performed consolidated drained (CD) tests on 

unsaturated soil specimens and concluded that the shear strength increases with 

increase in suction and net confining pressure. Satija and Gulhati (1979) had 

performed a series of consolidated drained (CD) and constant water (CW) triaxial 

tests, where the pore air and pore-water pressures were controlled or measured 

throughout the tests. A similar set of CD triaxial tests were performed by Escario 

(1980), which employed the axis translation technique.  

Later, many researchers had conducted triaxial tests with independent 

control of pore air and pore water pressures. The primary modifications required 

for unsaturated soil testing were presented by Fredlund and Rahardjo (1993), which 

included the HEA disk and independent control of pore air and pore water pressures 

(Fig. 2.18). A similar test setup was used by Rahardjo et al. (2004) to perform a 

series of CD and CW triaxial tests on compacted sandy clay specimens. They 

concluded that the specimens exhibited characteristics of an overconsolidated soil 

with post-peak softening and dilatancy at higher suction levels. Also, they observed 

that the matric suction reduces on shearing of specimens in CW tests.  
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Figure 2.18 Modified triaxial setup for unsaturated soil testing (Fredlund and 

Rahardjo, 1993) 

Meanwhile, Sharma et al. (1998) used a porous stone to apply air pressure 

at one end of the specimen but also used HAE disk at both ends of the specimen to 

apply pore water pressure. This technique aided in reducing equilibration time but 

exposed the tests to the possibility of air bubbles to be entrapped in the center of 

the soil specimen, owing to movement of waterfront from both ends of the 

specimen. A similar approach was adopted by researchers such as Barrera (2002), 

and Rojas et al. (2008), where the pore air and pore water pressures were applied 
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from both ends of the specimens by installing a HAE ceramic disc at the core of the 

base pedestal, with an annular ring of porous stone (as shown in Fig. 2.19). 

 

Figure 2.19 Modifications to (a) base platen, and (b) top cap assembly 

(Rojas et al., 2008) 

Rampino et al. (1999, 2000) developed a new setup to perform suction 

controlled triaxial tests by adopting the axis translation technique. Various 

compacted specimens of silty sands were tested at suction levels varying from 0 to 

400 kPa. The deviator stress and the volumetric strain response demonstrated post-

peak softening and dilation after initial compaction, which showed that the 

specimen behaved as dense sand. 

Ishikawa et al. (2014) performed tests on a medium-sized triaxial equipment 

(as shown Fig. 2.20) for studying the mechanical behavior of unsaturated subbase 

course materials using pressure membrane method with hydrophilic microporous 
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filters, instead of HAE ceramic discs. The main motive of using pressure 

membranes and installing water supply on both ends of the soil specimen was to 

reduce the testing time by developing double drainage, as was confirmed by 

Ishikawa et al. (2010) and Nishiumura et al. (2012). The pore air and pore water 

pressure applied to the specimen from the top cap and the bottom pedestal, 

respectively, were controlled independently. Additional tests were performed on 

the same setup by Zhang et al. (2014) to study the strength characteristics of 

subbase course material subjected to the variation in the degree of saturation and 

the loading strain rate. 

The soil selected was a subbase course material, comprising of natural 

crusher-run made from angular, crush, hard andesite stone. The consolidated 

drained triaxial tests on the compacted specimens showed initial compression (up 

to less than 1%) and subsequent, dilation for all specimens. Similarly, the deviator 

stress response showed post-peak softening behavior. Also, the strain rate for 

shearing demonstrated that the higher strain rates resulted in higher peak deviator 

stress and the dilation initiated at a lower axial strain, with higher dilation angle. 
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Figure 2.20 (a) General setup of medium-sized triaxial apparatus and (b) Structure 

of top cap and base pedestal (Ishikawa et al., 2014) 
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Rosone et al. (2016) conducted a series of suction controlled drained triaxial 

test on unsaturated specimens of scaly clay on a modified triaxial device using axis 

translation technique. The independent control of air pressure from the top cap and 

water pressure through the combination of two HAE ceramic discs (AEV of 500 

kPa and 1500 kPa) at the base pedestal enabled the control of matric suction.  

The experimental program was defined on the basis of two-independent 

stress state variable approach by Fredlund and Morgenstern (1977). The matric 

suction induced on the specimens varied from 50 to 500 kPa. All the specimens, 

except for the 500 kPa suction specimens, were dynamically compacted on the dry 

side of optimum (2% drier than optimum moisture content) and subjected to net 

mean stress of 50 kPa and matric suction of 50 kPa before the required suction was 

induced. Due to the excessive time required to equilibrate specimens from a matric 

suction of 50 kPa to 500 kPa, the specimens to be tested at a matric suction of 500 

kPa were directly subjected to a suction of 500 kPa and net mean stress of 50 kPa.  

The response of the compacted specimens to shearing showed an increase 

in deviator stress to its peak value with a corresponding increase in axial strain 

when suction was less than 500 kPa. However, for specimens subjected to 500 kPa, 

slight post-peak softening was observed. Some of these unsaturated tests were 

performed using multistage triaxial testing sequence, which is discussed in Section 

2.11.3.  
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Elaborate analyses of the test results were performed and yield curves were 

estimated using the isotropic consolidation data. The shear strength envelope at 

saturated and unsaturated condition was generated using the two-independent stress 

state variable approach by Fredlund and Morgenstern (1977). Additionally, the 

apparent cohesion was estimated for the soil over a wide range of suction states by 

using the macropore degree of saturation as Bishop’s effective stress parameter, χ.  

It was observed that at high suction (greater than 9 MPa), the use of 

macropore degree of saturation as χ, predicted that the apparent cohesion decreased 

to zero, due to excessive desaturation (Rosone et al., 2016). Moreover, the apparent 

cohesion was also predicted over the suction range considered in the study (0 - 500 

kPa) by using the hyperbolic envelope. Using this approach, it was detected that 

the rate of increase of apparent cohesion gradually decreased after matric suction 

of 100 kPa, which was near the AEV of the soil (Rosone et al., 2016). 

2.10.2 Volume Measurement 

The various volume measurements required to be measured accurately 

include (i) the volume of the soil specimen, (ii) the volume of water flowing into 

or out of the specimen through the HAE disc, and (iii) the volume of air flowing in 

or out of the specimen to maintain the required soil suction. Researchers have 

attempted to capture the volume changes in the soil and volume of air and water 

supply to maintain suction accurately, by various methods which have been 

discussed in this section. 
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Initial problems regarding the expansion of triaxial cell with an increase in 

cell pressure were addressed by Bishop and Donald (1961), where the use of 

double-walled triaxial cell was suggested. Mercury was used as an internal cell 

fluid, while water was utilized as the external cell fluid. The application of equal 

pressures to both the cells prevented any expansion of the inner cell. The schematic 

plot of the modified triaxial setup is shown in Fig. 2.21. 

 

Figure 2.21 Schematic plot of triaxial setup for unsaturated soils (modified from 

Bishop and Donald, 1961; adopted from Li and Zhang, 2015) 

Ng et al. (2002) developed a simple triaxial device by installing a highly 

accurate differential pressure transducer in a Bishop and Wesley (1975) type 
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triaxial cell. The differential pressure transducer measured the alterations in the 

volume of soil by measuring the pressures difference between the water inside in 

the inner cell and that in a reference tube. The schematic representation of the setup 

is shown Fig. 2.22. 

 

Figure 2.22 Schematic of new triaxial setup to measure the volume change of the 

specimen (Ng et al., 2002) 

Kayadelen et al. (2007) attempted to evaluate the critical state parameters 

with respect to matric suction for highly plastic clayey soils, for which a series of 
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triaxial tests were conducted on a modified triaxial equipment (Fig. 2.23). In Fig. 

2.23, the numerals refer to the various components of the triaxial setup. The axis-

translation technique was adopted to control suction and prevent cavitation.  

Furthermore, the pore air and pore water pressures were independently 

controlled and measured (Kayadelen et al., 2007). It was assumed by the authors 

that the difference between overall soil and pore water volume changes causes the 

air volume change. However, this assumption has major limitations as the 

expansion of triaxial cell and the pipes connecting the pressure lines were neglected 

and their effect was included in the air volume change.  

The volume change transducer connected to the pore water line measured 

the volume of water flowing in or out of the soil specimen. An additional volume 

change transducer was attached to the constant pressure device and inlet for the 

triaxial cell, which recorded the volume change of the soil specimen. To prevent 

the diffusion of air through the rubber (or latex) membrane into the cell water, the 

soil specimen was enclosed within two latex membranes with two slotted aluminum 

sheets separated by silicone grease. A similar approach was recommended by 

Alonso et al. (1990) to prevent air diffusion from the specimen to the confining 

liquid in the cell.  

The triaxial tests were conducted on specimens with induced matric suction 

up to 400 kPa, which was at a degree of saturation of approximately 75%. The 



75 

 

consolidated drained tests conducted on the residual clayey soil specimens showed 

a compressive behavior. 

 

Figure 2.23 Modified triaxial testing equipment (Kayadelen, 2007) 

Houston et al. (2008) performed a series of consolidated drained (CD) 

triaxial tests on four types of compacted soil specimens (sandy silty clay, lean clay, 

silty sand, and poorly graded sand) to study the unsaturated soil properties using a 

modified triaxial device, similar to the equipment used by Padilla et al. (2006). The 

errors in volume change measurement due to the expansion of triaxial cell with 

higher pressure was addressed by using a double-walled triaxial cell. The volume 

change of the soil specimen was measured by measuring the volume of water 

flowing into the inner cell which applied the confining pressure. Since the inner 
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cell experienced same pressure on the inside and outside, it did not deform, thereby 

the errors due to cell expansion were minimized.  

The authors also suggested the equilibration of the soil specimen outside the 

triaxial cell to minimize the time required to attain equilibrium in unsaturated soils. 

The tests conducted mostly showed initial compression and then dilation for sandy 

silty clay, silty sand, and poorly graded sand, while only compression was observed 

for lean clay. 

Many researchers have resorted to the alternative ways of determination of 

volume change using strain gauges (Thom et al., 2008) and radial strain belts and 

submersible displacement transducers (Cabarkapa and Cuccovillo, 2006). Other 

researchers like Burrage et al. (2011) attempted to develop a cost effective modified 

triaxial device to test unsaturated specimens, by using calibration charts to 

determine the errors introduced due to cell expansion in a single triaxial cell, etc. 

Li and Zhang (2015) proposed only minor modifications to a conventional 

triaxial testing device to make unsaturated soil testing affordable. It was suggested 

that in lieu of controlling suction, the use of high suction tensiometers would enable 

to record the changes in matric suction during constant water triaxial tests. 

Furthermore, the volume measurements were done using photogrammetry-base 

methods. The triaxial setup used this purpose is shown in Fig. 2.24a. The schematic 

diagram showing the location of targets (as shown in Fig. 2.24b), which were high-

contrast observation points, which could be automatically detected by the 



77 

 

photogrammetry software. The images taken during testing enabled the authors to 

recreate a three-dimensional model of the soil specimen. 

 
(a) (b)    

Figure 2.24 Proposed triaxial testing system: (a) photograph of the setup; 

(b) schematic plot (after Li and Zhang, 2015) 

The soil selected for the test comprised of a combination of Fairbanks silt 

and Kaolin in the ratio of 85:15. Constant Water (CW) triaxial tests were conducted 

on compacted specimens having initial suction up to 500 kPa. The deviator stress 

response showed post-peak softening for all specimens subjected to a low net 

confining pressure of 5 kPa and for all specimens having initial suction greater than 

150 kPa for all net confining pressures. However, for specimens subjected to net 

confining pressure of 200 kPa with initial suction less than 150 kPa, an increase in 

deviator stress was observed with a corresponding increase in axial strain. The rate 
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of decrease of deviator stress with respect to axial strain increased drastically with 

increase in initial suction and decrease in net confining pressure. 

The volume change behavior was observed to be initially compressive (up 

to an axial strain of 1%), and then dilatant behavior was observed for all specimens 

when subject to a net confining pressure of 5 kPa (Li and Zhang, 2015). Whereas, 

only when the specimens were subjected to a net confining pressure of 200 kPa and 

sheared, the specimens having an initial suction of more than 150 kPa, 

demonstrated dilatancy, after initial compression. The remaining specimens (initial 

suction less than 150 kPa) showed only compression during shearing. It was also 

noted that the matric suction reduced gradually with an increase in net mean stress, 

during isotropic consolidation and the decrease was more noticeable for specimens 

having higher initial suction. 

Ma et al. (2016) performed a series of consolidated drained triaxial test on 

unsaturated silty soil using a suction-controlled double cell triaxial apparatus. The 

pore air pressure was applied from the top cap, while the pore water was applied 

from the base pedestal. The volumetric strains during shearing were computed 

using a differential pressure transducer, which measured the difference in pressure 

due to varying levels of water between the inner cell and reference tube. A similar 

approach was used earlier by Ng et al. (2002). The axial deformation was computed 

using a strain gauge. The radial deformation was determined from the axial and 

volumetric deformations. The tests were conducted on various specimens having 
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low suction, from 15 to 90 kPa. The stress-strain response during shearing 

demonstrated post-peak softening. The volume change response showed initial 

compression till the axial strain reached 5%, and then dilation. It was noted that the 

dilation angle increased with increase in induced suction and net confining 

pressure. However, the increase in net confining pressure decreased the tendency 

of the specimen to dilate. 

2.10.3 True Triaxial Testing 

The true triaxial setup is capable of testing soil specimens along multi-axial 

stress paths under suction-controlled stress paths (Hoyos et al., 2008). It comprises 

of cubical specimens within rigid loading plates (as in Matsuoka et al., 2002) or 

flexible loading membranes (as in Hoyos, 1998; Macari and Hoyos, 2001). 

The response of soils under varying suction and net confining pressure 

under varying stress paths like hydrostatic compression (HC), triaxial compression 

(TC) and conventional triaxial compression (CTC) have been performed using true 

triaxial setups by Hoyos (1998), Macari and Hoyos (2001), Matsuoka et al. (2002), 

Hoyos et al. (2005); Laikram (2007), and Perez-Ruiz (2009) 

2.10.4 Osmotic Suction Technique in Triaxial Setup 

Cui and Delage (1996) had assembled a modified triaxial device which 

utilized the osmotic technique to induce suction in soil specimens (as shown in Fig. 

2.25). A semi-permeable membrane, which only allowed water molecules to pass 

through, was kept on the top and at the base of the soil specimen and Poly Ethylene 
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Glycol (PEG) solution, of required concentration, was circulated at the both ends 

of the specimen. The imbalance of the suction caused the exchange of water 

molecules through the semi-permeable membrane, which ceased upon achievement 

of equilibrium between the soil and the PEG solution. Earlier, Delage et al. (1987) 

had utilized osmotic technique to modify a triaxial equipment to perform suction 

controlled tests. 

 

Figure 2.25 A modified triaxial setup with osmotic technique (Cui and 

Delage, 1996) 

Ng et al. (2007) performed a study to compare the differences in suction 

induced by axis-translation technique and osmotic technique. A series of 

consolidated drained triaxial tests were conducted on compacted specimens of high 

plasticity clays, with an air-entry value of 60 kPa. The tests were conducted at low 

suction range 0 kPa to 165 kPa with net confining pressure varying from 25 kPa to 
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100 kPa. The osmotic suction was induced by using a PEG solution of known 

concentration. It was observed that deviator stress increases with increase in 

shearing and there is no evidence of post- peak softening.   

Furthermore, it was calculated that there was no variation in the angle of 

internal friction due to axis translation and osmotic techniques. However, the value 

of φb was observed to be slightly higher for test series using the axis-translation 

technique as compared to those in the series of tests using the osmotic technique by 

3° to 4°. The reason for the difference was speculated to be due to lower specific 

volume and a higher degree of saturation for the series of tests conducted using the 

axis translation technique than those in the series of tests using the osmotic 

technique.  

2.10.5 Vapor Equilibrium Technique in Triaxial Setup 

Blatz and Graham (2000) developed a new triaxial apparatus which could 

control high suction states using the vapor pressure technique. The vapor pressure 

technique was applied using an ionic solution, having the target suction value, 

which was placed in a desiccator. The desiccator was attached to the base of the 

specimen, whereas, the top of the specimen was connected to the desiccator via a 

pump and flow meter, which regulated the flow of vapor through the specimen.  

As the vapor flowed through the specimen, the water was absorbed or 

released to the vapor from the specimen, which depended on the suction gradient 

between the ionic solution and the specimen. It also utilized the thermocouple 
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psychrometry for measurement of suction. The volume changes in the soil 

specimens were computed from the height and the diameter of the specimens, 

which were measured by linear displacement transducers. The modified triaxial 

setup is shown in Fig. 2.25. Similar techniques were applied by Cunningham 

(2003), Nishimura and Fredlund (2003), Nishimura and Vanapalli (2005), 

Nishimura et al. (2008), and Patil et al. (2016) to perform triaxial tests on specimens 

having high induced suction. An Auto-RH system was developed by Likos and Lu 

(2003), which has the capability of being integrated with a traditional triaxial setup 

for testing soil specimens under high suction states. 

 

Figure 2.26 Modified triaxial setup for inducing high suction states in soils 

(Blatz and Graham, 2000) 
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2.10.6 Synopsis of Modifications to Unsaturated Triaxial Testing Device 

The advent of technology and knowledge of fundamental theories involved 

in unsaturated soil has enabled the modifications to be introduced into the 

conventional triaxial device. These modifications have resulted in significant 

development of experimental unsaturated soil mechanics, especially by controlling 

suction and accurate measurements of volumetric changes. Nevertheless, detailed 

experimental research of unsaturated soils under varying suction states and loading 

conditions are very limited.  

Also, the various methodologies to apply suction in soils have their own 

advantages and disadvantages, which have been explained briefly in Section 2.9. 

Therefore, based on the requirements of testing conditions, the appropriate 

technique should be judiciously selected. 

2.11 Multistage Triaxial Testing 

2.11.1 Introduction 

The predominant objective of performing a triaxial test is to determine the 

shear strength parameters of the soil. Generally, three triaxial tests at different 

values of confining pressure conditions, are conducted to obtain the shear strength 

of any saturated soil specimen. The shear strength parameters are determined by 

drawing the Mohr’s circles at varying confining pressures and the common tangent 

to theses circles, which is known as Mohr-Coulomb Failure Envelope (shown in 

Fig. 2.10). However, the soil variability of the replicates may result in erroneous 
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determination of failure envelope, which would lead to errors in computation of the 

shear strength parameters of the soil (Parry and Nadarajah, 1973; Sharma et al., 

2011). 

Additionally, often there is a lack of acceptable replicates at a given site to 

perform triaxial tests on three different specimens. Therefore, the need of 

alternative testing methodologies arises which addresses these issues. This lead to 

the development of multistage triaxial tests. The feasibility of performing 

multistage tests for saturated soils was initiated by De Beer (1950), Taylor (1950), 

Fleming (1952), Kenney and Watson (1961), Lumb (1964), Sridharan and Rao 

(1972) and Parry and Nadarajah (1973). The applicability of multistage triaxial tests 

for unsaturated soils was introduced by Ho and Fredlund (1982) and the following 

sections cover others who performed same tests on unsaturated soils. 

2.11.2 Multistage Testing on Saturated Soils 

The multistage triaxial tests of saturated specimens refer to the test in which 

a saturated specimen is initially consolidated and sheared to a pre-failure state of 

stress and strain, consolidated to a higher effective confining pressure and sheared 

again. In multistage tests, these repeated cycles of consolidation and shearing are 

performed on the same specimen. Though these tests have been introduced decades 

ago, there is a lack of usage of multistage triaxial tests among geotechnical 

engineers primarily due to problems regarding the premature failure of specimens 
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during shearing at initial confining pressures (Sharma et al., 2011). Also, there are 

no available standards describing the procedure to perform these tests. 

Kenney and Watson (1961) performed one of the first investigations into 

the drained and undrained behaviors of saturated clays, using conventional and 

multistage triaxial tests. They concluded that the effective shear strength 

parameters from both types of tests were comparable, but the effective stress path 

and induced pore pressure showed significant differences. 

Sridharan and Rao (1972) attempted a new approach to minimize the strains 

induced in the specimen by using Kondner’s hyperbolic stress-strain relationship 

(Kondner, 1963). The relationship enabled in predicting the state of stress at failure 

from the stress-strain and the pore water pressure response observed during 

undrained tests. Sridharan and Rao (1972) suggested that initially, the soil behavior 

needed to be checked for its corresponding comparison with the Kondner’s stress-

strain relationship. The specimen was consolidated and sheared in undrained 

conditions only till an axial strain of 2% to 4% for all confining pressures, except 

for the highest confining pressure. Similar specimens were consolidated and 

sheared at two higher confining pressures and the Kondner’s relationship was used 

to determine the failure stresses at each confining pressure. The authors reported 

that satisfactory results for shear strength parameters and pore-water pressure 

response were observed from multistage tests, in comparison to conventional tests. 
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It was also reported that the Kondner’s relationship over-estimated the values of 

deviator stress and pore pressure at failure. 

Parry and Nadarajah (1973) performed a series of conventional and 

multistage triaxial tests under undrained conditions on remolded kaolin and soft 

silty clay specimens. The multistage included 5 stages, instead of three stages which 

are generally used. It was concluded that shear strength parameters obtained from 

multistage tests showed similar results as compared to those from obtained from 

conventional tests. Thereby, multistage triaxial tests were deemed to be suitable for 

practical purposes.  

In contrast, the authors observed that the variation of stress paths obtained 

from both the type of tests was significantly different, especially for higher 

confining pressure. This may be due to the high number of alternating stages of 

confining pressure and shearing, which substantially alters the soil fabric. It was 

strongly suggested that the multistage tests be used routinely for soft lightly 

overconsolidated and low sensitive clays (Parry and Nadarajah, 1973). 

Nambiar et al. (1985) performed a series of conventional and multistage 

triaxial tests under undrained conditions on submarine kaolinitic clay to determine 

the influence of the ratio between the second confining pressure and the initial 

confining pressure during the multistage test, and to assess the validity of the 

procedure of multistage tests. Multistage triaxial tests were performed using 
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procedures from Kenney and Watson (1961) and Sridharan and Rao (1972) on fine-

grained carbonate soil. 

The soil behavior was obtained from conventional consolidated undrained 

tests. It was observed that the stress-strain and pore pressure generation for soil 

during undrained shearing followed the Kondner’s hyperbolic stress-strain 

relationship (Kondner, 1963). The multistage tests conducted in accordance with 

the approach developed by Sridharan and Rao (1972) demonstrated better 

correspondence in results obtained from conventional tests.  

Therefore, Nambiar et al. (1985) concluded that for successfully conducting 

a multistage triaxial tests for the submarine deposit, the following steps needed to 

be considered: (i) verification that the failure condition of the selected soil could be 

predicted by Kondner’s hypothesis (Kondner, 1963); (ii) the ratio of effective 

confining pressure for successive stages of multistage test be at least two; and (iii) 

the shearing of the specimen was to be continued till only 2% to 4% of axial strain 

and finite strains be used in Kondner’s hypothesis to determine the strain at failure.  

Soranzo (1988) performed multistage consolidated undrained triaxial tests 

on normally consolidated alluvial clay and overconsolidated colluvial clay. To 

overcome the difficulty of selecting the point at which the shearing needed to be 

stopped for initial confining pressure, the Kondner’s hyperbolic criterion (Kondner, 

1963) was used. However, the results from multistage tests were not compared to 

any conventional triaxial test results, due to lack of replicates. Also, the use of 
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multistage tests for brittle, highly overconsolidated, cemented or sensitive soils, 

which show failure at axial strains less than 4%, was discouraged as it might be 

difficult to accurately judge the point at which the shearing needed to be stopped. 

Saeedy and Mollah (1988) investigated the applicability of multistage 

triaxial tests to accurately determine the shear strength parameters of saturated 

specimens of silty sand and clayey sand. A series of consolidated drained and 

consolidated undrained conventional and multistage triaxial tests were performed 

at varying degree of saturation. Most of the specimens showed slight post-peak 

softening behavior. The peak deviator stress from multistage tests showed good 

correspondence with that obtained from conventional tests. It was recommended to 

stop shearing before specimen failure for initial two confining pressures. This was 

suggested to be highly critical for all specimens, especially for brittle, or strongly 

cemented soils. 

Schoenemann and Pyles (1988) observed that the unloading of the specimen 

after shearing for each confining pressure in multistage undrained tests resulted in 

the development of positive excess pore pressures, which decreased the effective 

confining pressure. The termination point of shearing for initial confining pressures 

was identified as the moment at which the stress path alters its direction to establish 

a tangential path or a K
f
 line.  

Sharma et al. (2011) developed a new methodology for performing 

multistage triaxial tests under drained conditions on saturated specimens of weakly 
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cemented sands, which demonstrated a brittle behavior. The termination point for 

the shearing of earlier stages is selected based on the point at which the slope of 

volumetric strain with respect to axial strain became zero. After each shearing 

sequence, the deviator stress was reduced to zero before the next confining pressure 

was applied.  

The comparison of test results from conventional and multistage tests 

demonstrated errors in the determination of cohesion and angle of internal friction 

were approximately 6% and 5%, respectively. The bender elements were used to 

determine the shear wave velocity throughout the test, which showed that minor 

degradation of the specimen was observed during shearing. 

2.11.3 Multistage Testing on Unsaturated Soils 

The motivation behind finding an alternative for conventional tests of 

saturated specimens is intensified in the case of unsaturated soils, due to the longer 

time required to complete each test. As there are two independent parameters 

controlling the behavior of unsaturated soils, the multistage triaxial test for 

unsaturated soil specimens could be performed in two ways: (i) keeping net 

confining pressure (σ
3
 – u

a
) constant and varying matric suction (u

a
 – u

w
), or (ii) 

maintaining constant matric suction (u
a
 – u

w
) and varying net confining pressure 

(σ
3
 –u

a
). The first approach is useful for obtaining the shear strength with varying 

matric suction. However, the time required to complete a test is too long due to the 

long equilibration time between successive suction states. Whereas, the second 
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approach determines the shear strength with varying net confining pressure (similar 

to saturated specimens) at constant suction and it drastically reduces the duration 

of the test. 

Ho and Fredlund (1982) introduced the multistage triaxial testing of 

unsaturated specimens. The specimens were initially equilibrated to a low suction 

state, consolidated, and sheared at constant suction and net confining pressure under 

drained conditions before failure. Subsequently, the axial stress was decreased to 

isotropic consolidation state and then the second matric suction was induced on the 

specimen. Thereafter, the specimen was axially loaded before failure and again 

unloaded.  

The final value of matric suction was induced and the specimen was sheared 

beyond failure. The net confining pressure was kept at a constant level throughout 

the test, while the matric suction was increased after each shearing stage. Figure 

2.27 illustrates the ideal stress-strain curve for a multistage test using the cyclic 

stress approach. 
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Figure 2.27 Ideal deviator stress response for a multistage triaxial test using the 

cyclic stress approach (Ho and Fredlund, 1982) 

The multistage tests were performed on residual unsaturated soils like 

decomposed granite and rhyolite. The results from the multistage tests showed the 

potential of mitigating the problems due to soil variability and extracting maximum 

information from a single test. However, the results also demonstrated major 

disadvantages due to delay in the termination of the shearing process for the initial 

stages.  

The delayed termination had caused a significant decrease from expected 

strength in the successive stage. The limitation of not removing the entire load after 

shearing in the earlier stages was also established. The creep of the residual stresses 

from the previous stages resulted in significant deformations, which was evident 
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from the decrease in deviator stress during suction equilibration. The deformations 

caused the specimen to fail in the final without reaching the strength level from the 

previous stage which was at a lower suction state (as shown in Fig. 2.28). So, it was 

concluded that multistage tests were appropriate for unsaturated soils when the 

specimen had not reached its failure in the initial stages and when the cyclic stress 

approach was used to perform the test. 

 

Figure 2.28 Deviator stress response for a multistage triaxial test where the cyclic 

stress approach was not used (Ho and Fredlund, 1982) 

Rahardjo et al. (1995) assessed the shear strength characteristics of residual 

soils under unsaturated conditions using a series of multistage, consolidated drained 

(CD) triaxial tests. Both the methods of multistage triaxial tests were used: (i) 

constant net confining pressure and varying suction, and (ii) constant suction and 
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varying net confining pressure. 12 samples of silts and clayey soils from different 

depths were selected for the study. To negate the effect of hysteresis associated with 

the wetting and drying curves of SWCC, the specimens were initially saturated and 

thereafter, the required matric suction was applied. 

The cyclic stress approach was also used in this study. Specimens were 

subjected to 3 to 5 stages of multistage tests and mostly a small increase in the 

suction or net mean stress were introduced for the successive stages. Due to lack of 

replicates, the accuracy of multistage tests was not confirmed by comparing their 

results with that obtained from the conventional tests. However, the shear strength 

parameters of unsaturated soils from two nearby sites showed similar results, which 

validates the repeatability of these tests. Similar tests were performed by Noor and 

Jais (2014) on residual soils to establish a correlation between the minimum 

mobilized friction angle and the axial strain. The comparison between the deviator 

stress response obtained from conventional tests was similar to that from multistage 

tests. 

Ng et al. (2007) performed a comparison between conventional and 

multistage triaxial tests on unsaturated highly expansive clay, by adopting the axis 

translation technique. The cyclic stress approach was used for multistage tests (Ho 

and Fredlund, 1982). Also, during multistage tests, at each stage, the suction was 

maintained at a constant value, while the net confining pressure was increased for 

successive stages. The results showed a continuous increase in deviator stress, till 
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it reached its peak, with an increase in axial strain, i.e. no post-peak softening was 

observed. The multistage tests showed similar results when compared to 

conventional triaxial tests, with an average error of 3% in the computed shear 

strength, based on two-independent stress state variable approach by Fredlund and 

Morgenstern (1977).  

Multistage tests were performed for suction of 50 and 100 kPa, with varying 

net confining pressure of 25, 50 and 100 kPa. However, the conventional tests were 

performed only on parameters for the final stage. Furthermore, since the air-entry 

value of the expansive clay selected for the study was 60 kPa and multistage tests 

were conducted at suction levels of 50 and 100 kPa, so the tests were conducted at 

a high degree of saturation (approximately greater than 85%). Therefore, a 

meticulous comparison was not be provided with a limited number of replicates 

tested over similar saturation level. 

Khalili and Zargarbashi (2010) endeavored to investigate the variation of 

the effective stress parameter, χ along drying and wetting paths, for which a series 

of multistage tests were conducted on saturated and unsaturated soil specimens 

under drained conditions. A variety of soils, like lean clay, sand-clay mixture, low 

plasticity silt and a mixture of sand and kaolin were chosen for the study. The 

following stress path was followed: (i) the specimen was sheared to reach the CSL 

(ii) matric suction was induced in the specimen, which enhanced the effective stress 

acting on the specimen and the stress path moved away from the CSL, (iii) the steps 



95 

 

(i) and (ii) were repeated several times, (iv) matric suction was reduced to enforce 

the specimen to undergo unloading along the CSL at constant values of net mean 

stress and axial strain. The variations of the effective stress parameter, χ with 

suction along wetting and drying curves were computed from the slope of CSL on 

p′ ̶ q space and the values of deviator stress, q, net confining stress, σ
3, net

, and 

suction, s. The relationship is as follows: 

𝜒 =
[1−𝑀𝑐𝑟/3] 𝑞−𝑀𝑐𝑟 𝜎3,𝑛𝑒𝑡

𝑀𝑐𝑟 𝑠
    ( 2.18) 

It was observed that the degree of saturation didn’t represent a satisfactory 

correlation with the effective stress parameter. By extending the Khalili and 

Khabbaz (1998) model for the effective stress parameter, the variation of χ during 

the transition from drying to wetting was computed using the results from the 

multistage test. This helped in the determination of hysteresis of the effective stress 

of unsaturated soils due to the wetting-drying cycles.  However, during this study, 

the axial load was not reduced after shearing, which may have caused creep to affect 

the results. 

Khosravi et al. (2011) evaluated a new methodology to determine the 

termination point during shearing in a multistage triaxial test on unsaturated 

specimens of compacted silty sand. Before performing a multistage test, a 

consolidated undrained triaxial test was conducted on a saturated specimen, to 

obtain the CSL of the saturated specimen. It was assumed that the CSL on p′-q 
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space is unique for both saturated and unsaturated soil, as observed by Khalili et al. 

(2004). For the tests on unsaturated specimens, the suction stress was computed by 

using the effective stress parameter, χ and it was presumed that χ was equal to the 

degree of saturation. 

This assumption by Khosravi et al. (2011) has been criticized as it has been 

observed to be not true for many soils (Jennings and Burland, 1962; Bishop and 

Blight, 1963; Burland, 1964; Blight, 1967; Fang, 1977; Khalili and Zargarbashi, 

2010; and also explained in Section 2.7.2.1). Nevertheless, the shearing stage in the 

multistage test was terminated when the stress path of the ongoing test reached the 

CSL, which had been obtained from the CU test on the saturated specimen.  

These multistage tests were conducted using the cyclic stress approach (Ho 

and Fredlund, 1982) and the net confining pressure was kept constant, while the 

suction was increased in the successive stages. It was concluded that the multistage 

test demonstrated a consistent trend with the CSL obtained from the saturated test 

when the failure points were plotted in the p′-q space. Therefore, apart from the 

assumptions, the CSL of the specimen needs to be known before initiation of the 

multistage test. This results in a major limitation, as the main reason to perform 

these tests were to reduce soil variability from replicates and to address the issue of 

scarcity of identical specimens. 

Handoko et al. (2013) had performed a multistage test on sandy soil where 

the cyclic stress approach was used and for each successive stage, the suction was 
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increased, but the net confining pressure was kept constant. The shearing stage was 

terminated after the equilibrium was obtained, i.e. once the deviator stress reaches 

a constant value, the shearing was stopped, and then the specimen was axially 

unloaded. This approach may cause premature failure of the specimen and result in 

a reduction of strength for subsequent stages. Also, the results from the multistage 

test were not compared to that obtained from any conventional triaxial test.  

Similar tests were performed by Oh and Lu (2015) to estimate the shear 

strength parameters of unsaturated specimens of well-graded sand and high 

plasticity silts at varying suction levels. These parameters were utilized to perform 

slope stability analysis of failed slopes. 

Rahardjo et al. (2013, 2014) had performed a series of multistage triaxial 

test on recycled materials like Recycled Concrete Aggregate (RCA) and Reclaimed 

Asphalt Pavement (RAP), under drained conditions in saturated and unsaturated 

conditions. Since these materials have a brittle nature, the strain induced at failure 

is very low and likewise, the margin for error in termination of the shearing during 

the initial confining pressure levels are very small. 

For unsaturated specimens, the multistage tests were performed at same net 

confining pressure and with increasing the suction level for successive stages. The 

multistage tests helped in studying the influence of grain size distribution and 

porosity of the strength of recycled materials. The shear strength parameters were 
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utilized for slope stability analysis Rahardjo et al. (2014). Similar multistage tests 

were performed on residual silty soil by Leong et al. (2013). 

Rosone et al. (2016) performed an elaborate series of consolidated drained 

(CD) triaxial test on unsaturated specimens of scaly clay. Apart from the series of 

conventional triaxial test on unsaturated specimens, using the axis-translation 

technique, three specimens were tested using multistage testing, where the suction 

was maintained at a constant level, while the net confining stress was increased. 

The multistage test consisted of two stages and its result was compared to a 

conventional test, where the specimen was subjected to the same matric suction and 

net confining pressure as the final stage of the multistage test.  

Figure 2.27 shows the comparison between the multistage test and the 

conventional test, both tests were performed at a matric suction of 50 kPa. The 

multistage test response showed very good correspondence with that obtained from 

the single stage test. This validated the use of the multistage test for determining 

the shear strength of the scaly clay. Though the deviator stresses were not removed 

entirely, the successive stage didn’t show any decrease of strength due to creep, 

which may be due to three reasons.  

Firstly, a partial reduction in deviator stress was performed after shearing 

was terminated. Secondly, the duration for equilibration was quite less when the 

suction was maintained constant, as compared to duration required to achieve 

equilibrium after increasing suction. Finally, the scaly clays were overconsolidated 
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due to its complex geological history and soil structure, so their stiffness may 

induce lesser volumetric changes with similar stresses. 

 

Figure 2.29 Comparison between response of multistage triaxial test and single 

stage test at suction of 50 kPa (Rosone et al., 2016) 

Ferreira et al. (2016) validated the use of multistage triaxial tests, instead of 

single stage triaxial tests to estimate the shear strength parameters of unbound 

granular non-traditional material like processed steel slag. Additionally, the effect 

of saturation of the granular material was studied using the multistage testing 

procedure. The specimens were tested in unsaturated conditions in drained 

conditions, but the suction was neither controlled, nor measured.  

Initially, three stages of alternating consolidation and shearing to a limited 

axial strain, using the cyclic stress approach by (Ho and Fredlund, 1982) were 

applied. Subsequently, the specimens were unloaded axially, saturated and sheared 
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till failure. Similarly, single stage tests were conducted on unsaturated and saturated 

specimens and the results were compared. The maximum difference in peak angle 

of internal friction was computed to be less than 10%, with an average difference 

of less than 5%. 

2.11.4 Synopsis of Multistage Triaxial Testing 

The multistage triaxial testing has been identified as a possible substitute 

for the single-stage triaxial testing in case of lack of proper replicates, to address 

the issue of soil variability among various soil specimens and to reduce testing cost 

and time required to complete a test. It has been identified that the selection of the 

termination point for the shearing stage is the most critical part of the test. This 

becomes even more significant for brittle geomaterials. The various approaches 

used to select the termination point of the shearing stage are shown in Fig. 2.28, 

where σ
d
 is the deviator stress, and ε

a
 and ε

v
 are the axial and volumetric strains, 

respectively. Table 2.4 summarizes the various approaches used for multistage 

triaxial tests. 
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Figure 2.30 Schematic of various approaches to determine termination of shearing 

in the multistage triaxial test.  
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Table 2.4 Comparison of methodology followed for suction controlled multistage 

triaxial test 

Reference 

Comparison 

with single-

stage 

response 

Method for 

termination of 

shearing stage 

Approach 

after 

termination of 

shearing stage 

Variable for 

successive stage 

Ho and 

Fredlund 

(1982) 

No 
dσ

d
/dξ

a
 = 0  

(Fig. 2.28a) 
Cyclic Matric suction 

Rahardjo et 

al. (1995) 
No 

dσ
d
/dξ

a
 ≈ 0  

(Fig. 2.28a) 
Cyclic 

(i) Matric suction 

(ii) Net confining 

pressure 

Ng et al. 

(2007) 

Yes (Final 

Stage) 
N/A Cyclic 

Net confining 

pressure 

Khalili and 

Zargarbashi 

(2010) 

No 
Reaching CSL 

(Fig. 2.28c) 
No Unloading Matric suction 

Khosravi et 

al. (2011) 
No 

Reaching CSL 

(Fig. 2.28c) 
Cyclic Matric suction 

Leong et al. 

(2013) 
No 

dσ
d
/dξ

a
 = 0  

(Fig. 2.28a) 
Cyclic Matric suction 

Handoko et 

al. (2013) 
No 

dσ
d
/dξ

a
 = 0  

(Fig. 2.28a) 
Cyclic Matric suction  

Rahardjo et 

al. (2013, 

2014) 

No 
dσ

d
/dξ

a
 = 0  

(Fig. 2.28a) 
Cyclic Matric suction 

Rosone et al. 

(2016) 

Yes (Final 

Stage) 
N/A No Unloading 

Net confining 

pressure 
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2.12 Summary 

This chapter describes various topics from the literature related to the 

dissertation subject topic. First, the difference between saturated and unsaturated 

soils by considering the mechanics involved in governing the behavior of 

unsaturated soils is described. The importance of surface tension, capillarity, and 

soil suction in unsaturated soils are presented. The influence of soil water 

characteristic curve, air-entry value, residual soil suction, and the hydraulic 

hysteresis on the response of unsaturated soils are discussed. 

The concept of shear strength of unsaturated soil is introduced and the 

methods to determine the shear strength are described. An elaborate discussion on 

the determination of shear strength using triaxial tests is presented. The various 

techniques to apply, control, and measure soil suction are described in brief. A 

review of the past and recent advances in triaxial test equipment for determination 

of the hydromechanical response of unsaturated soils is presented in detail. The 

chapter also caters to the applicability of multistage triaxial tests for determination 

of shear strength of saturated and unsaturated soil specimen. 
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Chapter 3   

MONOTONIC TRIAXIAL TEST – SINGLE-STAGE TESTS 

3.1 Introduction 

The mechanical response of the soil in saturated and unsaturated condition, 

when subjected to monotonic stresses under the drained condition, has been studied 

and detailed in this chapter. Table 3.1 lists the various triaxial tests performed as a 

part of this chapter.  

Table 3.1 Series of single-stage triaxial tests performed in this dissertation research 

Sl. # Type of Triaxial Test 
# of 

Tests 
Research Variables Assessment Focus 

1 

Consolidated drained 

triaxial test (CTC 

stress path) – saturated 

specimen 

4 

Axial Rate of shearing – 

0.01, 0.05, 0.25, and 

0.50%.min for effective 

confining pressure of 400 

kPa 

Appropriate rate of 

shearing for saturated 

specimens 

2 

Consolidated drained 

triaxial test (CTC 

stress path) – saturated 

specimen 

3 

Effective Confining 

pressure: 100, 200, and 

400 kPa 

Stress-strain response 

and shear strength 

parameters of saturated 

soil 

3 

Suction-controlled 

isotropic triaxial 

consolidation (HC 

stress path) 

10 

Net confining pressure: 

100, 200, and 400 kPa 

Matric Suction: 50, 250, 

and 750 kPa. 

Additional Test: 

CD_200_500 

Consolidation behavior 

(effect of matric suction 

on elastic stiffness 

parameter κ, suction-

induced stiffness, λ, and 

yield stress, σyield). 

4 

Consolidated drained 

triaxial test (CTC 

stress path) – 

unsaturated specimen 

3 

Axial Rate of shearing – 

0.001, 0.003, and 

0.010%.min for 

CD_400_250 

Appropriate rate of 

shearing for saturated 

specimens 

5 

Consolidated drained 

triaxial test (CTC 

stress path) – 

unsaturated specimen 

10 

Net confining pressure: 

100, 200, and 400 kPa 

Matric Suction: 50, 250, 

and 750 kPa. 

Additional Test: 

CD_200_500 

Stress-strain response 

and shear strength 

parameters of 

unsaturated soil 
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Prior to discussing the results of the triaxial tests, the properties of the soil 

used in this study have been specified. Additionally, the modifications made to a 

conventional triaxial testing device have been succinctly described. 

3.2 Basic Properties of Test Soil 

The soil used in the study was obtained from a site in Denison, Texas near 

the Red River at the border of Texas and Oklahoma (Fig. 3.1). The soil was air-

dried, mixed thoroughly, and stored in buckets for future use. From the sieve 

analysis and hydrometer test, it was determined that the soil primarily comprises of 

silt (86%), with a small amount of clay (10%), and sand (4%). The grain size 

distribution is shown in Fig. 3.2. The soil was found out to be non-plastic from 

Atterberg Limit tests, which were conducted in accordance to ASTM D4318-10e1. 

Accordingly, the soil was classified as silt of low plasticity (ML) as per the Unified 

Soil Classification System (USCS). The specific gravity of the soil solids was 

obtained to be 2.68, by conducting specific gravity test using a pycnometer, as per 

ASTM D854-14. The standard proctor tests were conducted as per ASTM D698-

12e2 (shown in Fig. 3.3), and the maximum dry density of 1.70g/cm3 was obtained 

at an optimum moisture content of 14.8%. The physical and mechanical properties 

of the soil are listed in Table 3.2. 
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Figure 3.1 Site Location for the silty soil used in the study (from Google Earth, 

2016) 
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Figure 3.2 Grain size distribution of the silty soil used in the study 
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Figure 3.3 Standard Proctor Compaction curve for the silty soil used in the 

study 

Table 3.2 Properties of the silty soil used in the study 

Parameters Value 

Sand (%) 4 

Silt (%) 86 

Clay (%) 10 

USCS classification ML 

Maximum dry unit weight, γ
d, max

, (kN/m3) 16.8 

Optimum moisture content, w
opt (%) 14.8 

Plasticity Index, PI (%) NP (Non-Plastic) 

Specific Gravity, G
s
 2.68 
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3.3 Specimen Preparation 

The expectation of procuring many homogenous undisturbed specimens 

without any vegetative matter or stones is quite unrealistic. The homogeneity of the 

specimens is essential to obtain a coherent relationship among the variables 

involved in determining the behavior of soil when subjected to mechanical stresses. 

Therefore, remolded specimens are used for performing fundamental and 

theoretical-based research to understand the behavior of soil (Wulfsohn et al., 

1998). 

3.3.1 Specimen Preparation Technique 

The remolded specimens for the triaxial test can be prepared using 

compaction methods like static or dynamic compaction, wet or dry pouring, or 

moist tamping. The selection of compaction techniques is essential, as the 

compaction technique has a significant influence on the soil fabric or the 

microstructure of the soil, which thereby influences the mechanical and hydraulic 

response of the soil (Cox, 1978; Lawton et al., 1989; Alonso and Gens, 1992; 

Vanapalli et al., 1999; Wood et al., 2008; Yamamuro et al., 2008).  

The compaction energy is another variable to be considered to achieve a 

target density at a selected moisture content. Sivakumar and Wheeler (2000) had 

concluded that the compaction energy causes the expansion of the initial yield 

surface of the specimen. The initial state at different suction levels is expected to 

be dependent on the compaction energy applied to prepare the specimen. However, 
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the slope of the normal compression and critical state lines are affected marginally 

(Sivakumar and Wheeler, 2000).  

The moisture content at which the soil is compacted has a major influence 

on the behavior of the soil. It affects the initial state, the stress path, the slopes of 

normal compression line, and the critical state line of the compacted soil specimen. 

Therefore, soils compacted at different moisture contents behave differently, due 

to the difference in soil fabric. The soil fabric refers to the alignment of the solid 

soil particles, the pore air, and pore water voids. The difference in moisture content 

and compaction energy affects the size of the pore air voids, which upon wetting 

should collapse to the size of largest pore filled with water, under the given stress 

condition. This leads to the overall collapse of the specimen (Vatsala and Murthy, 

2010). 

The problem of segregation of silts and the coarse particles is a possibility 

in wet pouring method (Ladd, 1978). Moreover, it is difficult to maintain a specific 

dry density of soil throughout the specimen. Similarly, the other compaction 

methods, except the static compaction technique were determined to be unsuitable 

for preparing soil specimens for this research. 

Hence, the static compaction technique had been used in this study to 

prepare specimens of 142.8 mm height and 71.4 mm diameter. As per ASTM 

D7181-11, the recommended aspect ratio for the triaxial specimen is between 2 to 

2.5, to negate the end effect of the end platens (in the case of short specimens) and 
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excessive buckling (in the case of slender specimens).  The end effect is due to 

static friction which develops between the ends of soil specimen and top cap and 

bottom pedestal. The friction generates a pseudo confining pressure towards the 

ends of the specimen.  As per ASTM D7181-11, the minimum diameter of the 

specimen is restricted by the maximum size of the particle (dmax = 0.25 mm in this 

case) or 33 mm, whichever is higher. Since the soil was predominantly silty with 

no coarse sand and D/dmax being very large (much greater than 6, as per the 

requirements of ATSM D7181-11), the specimen diameter was not of any concern. 

Toll (1990) had mentioned the problems regarding compaction of soil 

specimens on the dry side of optimum. The soil, especially the ones having a 

significant proportion of silt, tend to flocculate and form aggregated fabric. These 

aggregated particles become stronger with induced suction and each aggregated 

unit behaves as an individual particle, which alters the overall behavior of the soil 

specimen when subjected to shear (Toll, 1990). Henceforth, in this research, the 

soil specimens were prepared on the wet side of optimum, where this problem does 

not arise.  

The air-dried sample of silty soil was mixed thoroughly with 16.0% water 

(1.2% wet of optimum) and stored in sealed bags at constant temperature and 

humidity in the 100% relative humidity chamber for a few days. After ensuring that 

the target water content of 16% has been achieved (by conducting moisture content 
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tests on the equilibrated sample), the soil specimen for the triaxial test was prepared 

in three equal lifts.  

It is well-known that the compaction energy applied for a specific layer also 

compacts the lower layers. Henceforth, to achieve the same density throughout the 

specimen, the lower layers were relatively under-compacted as compared to the 

ones on top. Each layer was compressed statically in a split compaction mold by 

using a 44.5 kN (10000 lbf) load frame, shown in Fig. 3.4. A constant axial strain 

rate of 1 mm/min was used to achieve the target height for each layer. After 

compaction of each layer, a thorough inspection was performed regarding the 

height of soil compacted. Subsequently, the surface was scarified to provide for 

proper interlocking between the interface of adjacent layers. The properties of the 

compacted specimens are listed in Table 3.3. 

 

Figure 3.4 Static compaction setup to prepare standard specimens for triaxial tests 

Load Cell

Specimen Mold
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Table 3.3 Properties of compacted specimens 

Parameters Value 

Dry Unit Weight, γ
d
 (kN/m3) 16.4 

Degree of saturation, Sr (%) 71 

Matric Suction (kPa) 26 

Void ratio, e  0.60 

Porosity, n (%) 37.5 

Water Content, w (%) 16.0 

Height of Specimen (mm) 142.8 

Diameter of Specimen (mm) 71.4 

 

The compression curves for each layer of a typical triaxial test specimen is 

shown Fig. 3.5. It clearly shows that the lowest layer (Layer 1) was subjected to the 

least stress, whereas the top layer (Layer 3) was subjected to the maximum stress. 

However, the stresses applied on the top surface is also partly experienced by all 

the layers. Figure 3.5 demonstrates the principle of undercompaction by Ladd 

(1978). It can also be proven mathematically, that the compaction energy applied 

per unit volume was higher for the top layer (with two layers of soils below it) as 

compared to the layers below it. The work done (W) or the energy (E) applied to 

the soil is as follows: 

𝑊 =  ∫ 𝐹
𝑏

𝑎
𝑑𝑠 =  ∫ 𝜎 x

𝑏

𝑎
𝐴 𝑑𝑠 =  𝐴 ∫ 𝜎

𝑏

𝑎
 𝑑𝑠         (3.1) 

where, 

F is the Force applied to the specimen 
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s is displacement caused due to the application of the force F 

a and b are the initial and the final displacements during compaction 

A is the cross-section area of the specimen 

σ is the axial stress applied to the specimen 

Energy per unit volume (E) of the specimen is defined as the ratio of work 

done to compact the specimen (W) to the volume of soil compacted (V). 

𝐸 =  
W

V
               (3.2) 

The work done and energy per unit volume was computed from Fig. 3.5 and 

Equations 3.1 and 3.2, as shown in Table 3.4. The area under each curve was 

approximated by computing the integral of the best-fit curve (third order 

polynomial) over the displacement for each curve. It was observed that the 

compaction effort for the third lift was almost twice that of the first one, while 

compaction effort for the second lift was almost 50% more than that of the first one. 

All the specimens for triaxial tests were prepared using the same approach as 

described above. 
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Figure 3.5 Compaction curves for each layer of a specimen for triaxial test during 

static compaction 

Table 3.4 Computation of Energy per unit volume for each lift during static 

compaction 

Particulars Layer 1 Layer 2 Layer 3 

Height of each lift (mm) 47.6 95.2 142.8 

Area of cross-section (cm2) 40.039 40.039 40.039 

Volume of soil compacted (cm3) 190.59 381.17 571.76 

Area under the curve, ∫ 𝜎
𝑏

𝑎
 𝑑𝑠 (kN/m) 1.559 4.658 9.003 

Work Done, W (kJ) 6.242 x 10-3 1.865 x 10-2 3.605 x 10-2 

Energy per unit volume (kJ/m3) 32.756 48.934 63.050 

Factor (Ei/E1) 1.00 1.49 1.93 
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3.4 Soil Water Characteristic Curve (SWCC) 

The drying cycle of the soil-water characteristic curve (SWCC) of the test 

soil at its target dry density was obtained by using the Fredlund device, commonly 

known as Tempe Cell, and the relative humidity apparatus. The Tempe Cell was 

used for matric suction below 500 kPa and it works on the principle of axis-

translation technique. The experimental points in the residual zone of the SWCC 

were obtained from the automatic relative humidity apparatus, which works on the 

principle of vapor pressure technique. Additional SWCC data points were obtained 

by using the filter paper technique and the potentiometer. 

3.4.1 SWCC using Tempe Cell 

The specimen for determination of SWCC using a Tempe Cell (Fig. 3.6) is 

similar in size to the one used in an oedometer. The final diameter of the SWCC 

specimen is 63.5 mm (2.5 in) and its height is 25.4 mm (1 in). Air-dried silty soil 

was mixed thoroughly with 16% water and after equilibration for more than two 

days, the moist soil was placed in the stainless-steel ring of inner dimension 63.5 

mm (2.5 in) and height 31.75 mm (1.25 in). The soil was compacted using static 

compaction at a rate of 0.5 mm/min to achieve the target density of 1.67 g/cm3. 

The compacted specimen placed in the steel ring was placed on top a steel 

plate and a previously saturated porous stone of 101.6 mm (4 in) diameter. Another 

saturated porous stone was placed on top of soil specimen with filter paper at the 

interface between soil and porous stones (at the top and bottom). A steel plate was 
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kept on top of the top porous stone and the top steel plate was tightened to the 

bottom steel plate using a combination of rods and screws. The entire assembly was 

placed in a small reservoir to saturate the soil specimen, without allowing any 

volumetric changes. To prevent air bubbles getting trapped in the soil, initially, the 

soil was allowed to absorb water through capillary action by filling water till the 

bottom porous stone. Later, the entire reservoir was filled with water. After 

saturating the specimen for more than a day, the assembly was removed from the 

water and the soil within the ring was weighed for its saturated mass. Subsequently, 

the specimen was placed in the Tempe Cell with a saturated ceramic disk for 

obtaining the SWCC over the drying curve. 

The ceramic disk (AEV = 5 bar) of the Tempe cell was saturated before 

placing the specimen. The ceramic disk was placed in a container and de-aired 

water was partially filled to the middle of the ceramic disk for allowing the air 

bubble to move upwards. After 12 hours, the entire ceramic disk was submerged in 

de-aired water for 24 hours.  

To ensure the ceramic disk was fully saturated, it was placed in the Tempe 

cell and fixed to the base plate and the drainage pipes were properly flushed with 

de-aired water. The chamber for the Tempe cell was attached to the base plate and 

the ceramic disk was submerged in approximately 38 mm (1.5 in) of de-aired water. 

The Tempe cell was sealed and the air pressure was applied from the top onto the 

surface of the water. This pressurized the water and forced it to flow through the 
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ceramic disk. Since the air-entry value (AEV) of the ceramic disk was 5 bar. The 

air pressure was gradually increased to 600 kPa (greater than the AEV), which 

forced the water to flow through the ceramic disk at a much faster rate. After 3 

hours, the air pressure was gradually released and the water remaining above the 

ceramic disk was removed. Meanwhile, throughout the saturation process, the rate 

of water flow with respect to applied pressure was noted, in order ensure that there 

were no cracks in the ceramic disk. 

 

Figure 3.6 Tempe Cell (Fredlund’s device) used to determine the SWCC of the 

silty soil. 
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After setting up the assembly for Tempe cell with saturated soil specimen, 

the chamber was sealed and the appropriate air pressure was applied. After the 

water levels in the graduated column stabilized (generally after 1-3 days), the next 

air pressure was applied. This process was continued till the air pressure reached 

400 kPa. After stabilization of water in the vertical column, the pressure was 

gradually released and the soil specimen was removed, weighed, and dried in the 

oven for determination of the water content. Throughout the test, the drainage pipes 

were regularly flushed to prevent accumulation of diffused air beneath the ceramic 

disk. The water content corresponding to each of the earlier air pressures were 

computed based on the difference in water level in the graduated column. 

3.4.2 SWCC using Auto RH apparatus 

The automatic relative humidity apparatus (Fig. 3.7) was used to determine 

the SWCC of the soil at high suction states (greater than 10 MPa). It works on the 

principle of vapor equilibrium technique. The specimen like the ones used for 

SWCC tests using a Tempe cell were also prepared for this test. To negate the effect 

of hysteresis between the drying and wetting curves, the specimen was fully 

saturated, similar to the method used for specimens tested on a Tempe Cell. 

Gradually the saturated specimen was dried in the air by keeping it on a weighing 

balance. The weight of the specimen was continuously monitored to estimate the 

water content of the soil. Since the SWCC obtained from Tempe Cell was already 

known before starting this test, once the specimen reached a water content 
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corresponding to a suction of 500 kPa, the specimen was removed from the stainless 

ring and transferred to the acrylic chamber whose humidity is monitored by the RH 

probe from the auto-RH apparatus (as shown in Fig. 3.7). The same auto-RH setup 

was used by Patil (2014) and additional information on RH apparatus may be 

obtained from Patil (2014).  At this point, the relative humidity was set to induce a 

total suction greater than 15 MPa. After equilibrating the specimen for 

approximately 3 weeks inside the chamber, the weight of the specimen was 

observed to be constant. Consequently, the specimen was removed, its mass was 

noted and it was dried in an oven to obtain the moisture content. Similar procedure 

was adopted for obtaining additional SWCC data points at higher suction levels (≈ 

30 MPa and 310 MPa). 

 

Figure 3.7 Auto-RH apparatus used to determine the SWCC of the silty soil. 
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3.4.3 SWCC using WP4C and Filter Paper Technique 

The SWCC of the silty soil was also obtained using WP4C dew point 

potentiometer, shown in Fig. 3.8. It measures the water potential by determining 

the relative humidity of the air above the surface of the specimen in a closed 

chamber within the potentiometer. The chilled mirror technique is used to 

determine the relative humidity. It has been observed to work in the suction range 

of 500 kPa to 200 MPa. After the instrument determines the soil suction of the 

specimen, the water content of the specimen was measured immediately, by 

measuring the moist soil mass using a high precision balance, having an accuracy 

of 0.0001 g (as shown in Fig. 3.8) and placing the specimen in a clean oven. The 

dry mass was recorded after a day. The tests were conducted in accordance to 

ASTM D6836-16. 
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Figure 3.8 SWCC of silty soil used in the study 

Similarly, the filter paper technique (contact method) was used to determine 

the SWCC of the soil at a suction range of 35 kPa to 250 kPa. The setup used is 

shown in Fig. 3.9. These tests were conducted to validate the results obtained from 

the other techniques and to confirm that negligible salts were present in the test soil, 

which may result in osmotic suction. 
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Figure 3.9 SWCC of silty soil used in the study 

3.4.4 SWCC on Silty Soil and Mathematical Modeling 

The drying curve of the SWCC is shown in Fig. 3.10. The SWCC model 

parameters proposed by Van Genuchten (1980) and Fredlund and Xing (1994) were 

used to develop best-fit curves for these experimental data points. The details of the 

major SWCC models have been described in Section 2.6.6. The SWCC model 

parameters used to define the best-fit curves based on experimental data points have 

been tabulated in Table 3.5. The residual volumetric water content, θr = 0.07, 

corresponds to the volumetric water content at the residual suction, Ψr of 1900 kPa. 

The air-entry value (AEV) of the compacted specimen was determined to be 5 kPa. 
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Table 3.5 Parameters for selected SWCC models 

Van Genuchten (1980)             Fredlund and Xing (1994) 

α = 0.07 α = 18 

n = 1.0 n = 0.8 

m = 0.45 m = 1.0 

θs = 0.376 θs = 0.376 

θr = 0.070 Ψr = 1900 kPa 

 

 

Figure 3.10 SWCC of silty soil used in the study 

 



125 

 

3.5 Modification to Conventional Triaxial Testing Device 

The conventional triaxial device needed a few additional features to 

efficiently perform suction-controlled triaxial tests. These include the 

modifications to the base pedestal to incorporate ceramic disks, an arrangement to 

apply air pressure, double-walled triaxial cell, volume change device, and flushing 

device. The fully automated double-walled triaxial test setup used throughout this 

research is shown in Fig. 3.11. The major components of the setup include (a) 

double-walled triaxial cell; (b) load frame; (c) pressure control panel; (d) 

process/data controller system; (e) User Interface/Software; (f) volume change 

device; and (g) air flushing device. A schematic diagram of the triaxial setup is 

shown in Fig. 3.12. Figure 3.13 shows the closer view of the triaxial assembly. 

 

Figure 3.11 Panoramic view of the fully automated double-walled triaxial test 

setup 
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Figure 3.12 A schematic diagram of the fully automated double-walled triaxial 

setup 
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Figure 3.13 A closer view of the experimental setup after the completion of a test 

3.5.1 Modifications to Base pedestal to implement axis-translation technique 

The major limitation of traditional triaxial equipment to perform tests on 

unsaturated specimens is the control and measurement of suction having a 

magnitude greater than 100 kPa (1 atm). Since the cavitation occurs when pore 

water pressure falls below absolute zero (or -100 kPa), the axis translation 

technique (Hilf, 1956) is used to allow the modified triaxial equipment to control 

suction in excess of 100 kPa in magnitude. In the axis-translation technique, the air 

pressure is increased beyond atmospheric pressure and pore water pressure is kept 

at or near the atmospheric pressure.  

However, porous stones would allow the passage of air through it to the 

saturated pore water pressure lines, which would result is an erroneous 

measurement of pore water pressure. To prevent such a problem, an artificially 

manufactured High Air Entry (HAE) disk was used in this research to separate the 
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soil specimen and the pore water pressure line. The base pedestal was fitted with 

three HAE ceramic disks of higher air entry value than the matric suction to be 

applied. Whereas, the top cap was fitted with a traditional porous stone to allow the 

passage of air to the soil specimen. The modified base plate assembly is shown in 

Figure 3.14. It shows the connections of the various ports present in the base plate. 

 

Figure 3.14 The modified assembly of base plate along with base pedestal and top 

cap 
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steel ring was fitted with ‘O’-rings (Fig. 3.15b) and these HAE disks encased in the 

ring were fitted securely into the base pedestal (Fig. 3.16). 

(a)  

(b)  

Figure 3.15 (a.) Top View, (b.) Perspective View of the ceramic disks used to 

maintain matric suction via axis translation technique 

 

 
Figure 3.16 The assembled base pedestal fitted with ceramic disks 
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3.5.2 Double-walled Triaxial Cell 

Generally, the single-walled cell is used to perform triaxial tests on both 

saturated and unsaturated specimens. However, the difference in pressure on either 

side of the cell results in the expansion of the cell during testing. The volume change 

in the soil specimen is generally computed from the measurement of water flowing 

towards or away from the cell. The expansion of the cell with an increase in pressure 

results in water flowing into the cell to maintain the target confining pressure. This 

causes an error in the measurement of the change of soil volume during testing, if 

proper corrections are not applied, which requires an elaborate calibration at regular 

intervals. To mitigate this problem, the double-walled cell was used in this research 

(Fig. 3.15). 

The double-walled cell comprised of an inner and outer cell, which were 

connected via pipes. Any pressure which was applied to the outer cell automatically 

was applied to the inner cell. Hence, the inner cell was subjected to same external 

and internal pressures, thereby preventing differential pressures, cell expansion, 

and leakage of water; and reducing system compliance errors. An automatic volume 

change device was used to accurately measure the volume of water entering the 

inner cell. These features enabled the accurate measurement, control, and data 

collection of pressures and changes in specimen volume throughout the test. 
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Figure 3.17 Double-walled triaxial cells 

3.5.3 Automatic Volume Change Device 

The volume change of the specimen is accurately measured by using the 

automatic volume change device (Fig. 3.18). The volume change device measures 

the volume of water flowing in or out of the inner cell. Any change in volume of 

the specimen would result in a change in the volume of water in the inner cell. Thus, 

the volume change of the specimen is computed by measuring the change in the 

volume of water in the inner cell. The volume change device consists of a computer 

controlled four-way valve, programmed to automatically reverse the flow after 

reaching its capacity. Thus, providing the infinite capacity to measure the change 

in volume of the soil specimen. The volume change device has a rolling diaphragm, 

which eliminates sliding friction (GCTS, 2010). Hence, the differential pressure 

across the volume change device is negligible, which would result in equal pressure 
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in the inner and outer cells. The accuracy of volume measurement by the VCD is 

0.01 cm3. 

 

Figure 3.18 Automated volume change device 

3.5.4 Flushing Device 

The removal of diffused air beneath the ceramic disk is a major concern 

while performing a triaxial test on an unsaturated soil specimen. The ceramic disk 

allows a steady diffusion of air through it to the saturated water lines beneath the 

ceramic disk, due to the concentration difference, which arises because of the 

difference in density between the free air and the dissolved air present in the water 

(Fredlund and Rahardjo, 1993). The Fick’s law of diffusion governs the diffusion 

of air. 
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An automatic flushing device is used to remove the diffused air which may 

accumulate beneath the ceramic disk over time. The presence of air beneath the 

ceramic disk reduces the permeability of the ceramic disk and may hinder the 

suction equalization process. In cases of undrained testing, the diffused air affects 

the matric suction values and results in erroneous pore water pressure 

measurements. Henceforth, it is of primary importance to flush the pore water 

pressure lines periodically. 

The change in the volume of pore water is also essential, which could be 

determined by deducting the diffused air from the total change in volume of pore 

water. The flushing device (shown in Fig. 3.19) consists of a differential pressure 

transducer with a range of 7 kPa (Fig. 3.20) and is used to measure the height of 

water in the water column (or reservoir), with an accuracy of 0.08 cm height of 

water. The top surface of the reservoir is open to the atmosphere. 

 

Figure 3.19 Automated Flushing Device 
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Figure 3.20 A schematic of automatic flushing device (from GCTS, 2010) 

During flushing, the total volume of the combination of diffused air and 

water passing through the flushing device is known from the back pressure volume 

controller. When the diffused air reaches the water column (or reservoir), it escapes 

from the water surface and is released at the atmospheric pressure. Thereby, the 

difference in total volume of diffused air and water and the remaining height of 

water in the reservoir provides the information regarding the volume of diffused 

air. 

The procedure for flushing involves the opening of the ball valve and 

passing enough deaired water from the back pressure volume controller to the 
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flushing device via the grooves present beneath the ceramic disks. As the diffused 

air reaches the atmospheric pressure, it escapes from the surface of the water in the 

reservoir and the remaining water results in an increase in the height of water in the 

reservoir, which is recorded by the pressure transducer. 

3.5.5 Saturation of Ceramic Disc 

The saturation of ceramic disk prior to the commencement of triaxial test is 

pivotal. The ceramic disks were fitted to the base pedestal of the triaxial setup and 

after placing the triaxial cell, the chamber was sealed. The cell was partially filled 

with de-aired water, to a height of approximately 30 mm (as shown in Fig. 3.21). 

One end of the pore water pressure line, which was connected in parallel to the pore 

pressure transducer, was connected to the volume change device to enable accurate 

measurement of the volume of water flowing through the ceramic disks. While the 

other end was closed using the manual valve. The connection from the other end of 

the volume change device was connected to a burette as a supplementary volume 

measurement system.  

The air pressure line from the pressure control panel was connected to the 

air release valve on top of the triaxial cell (as shown in Fig. 3.21a) and gradually 

the air pressure was increased to a value greater than the air-entry value of the 

ceramic disk. The water gradually flows through the ceramic disk and its rate is 

recorded. The rate of water flow was compared with the applied air pressure and 

the permeability of the ceramic disk was estimated, to ensure that there was no 
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leakage in the base pedestal assembly and ceramic disks have no cracks. Once the 

rate of water flow was consistent with the expected values, the air pressure was 

maintained for more than 2 hours to ensure complete saturation of all the ceramic 

disks. 

Consequently, the air pressure was gradually decreased to atmospheric 

pressure and the water from the triaxial was drained out. The connections to the 

pore water pressure line were changed from the volume change device to the back 

pressure control panel and the ceramic disk was flushed using the automatic 

flushing device. Thereafter, the ball valve of the flushing device was closed and a 

pore water pressure of 5 kPa was applied to the ceramic disk, to ensure that while 

placing the soil sample, the ceramic disk remains saturated. Similar approaches had 

been used by Hoyos (1998), Laikram (2007), and Patil (2014). 
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Figure 3.21 Setup for saturation of HAE ceramic disks 

3.6 Saturated Soil Triaxial Testing 

3.6.1 General 

A series of independent tests at the same net confining pressure were 

performed at varying shearing rates to determine the suitable shearing rate for all 

triaxial tests on saturated specimens. An elaborate explanation has been provided 
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in Section 3.9.2. The most appropriate axial shearing rate was obtained to be 

0.05%/min. Three consolidated drained (CD) triaxial tests were performed 

following the conventional triaxial compression (CTC) stress path for saturated 

specimens. The compacted specimens were weighed and the height was measured 

in orthogonal directions. The diameter was measured in orthogonal directions at 

three equally spaced locations along the longitudinal axis of the compacted 

specimen and the average of these readings was recorded. 

The base pedestal fitted with a saturated porous stone was attached to the 

base plate of the triaxial setup and the pore pressure lines (or pipes) were saturated 

using manual control. A moist filter paper was placed on the previously saturated 

porous stone to prevent migration of fine particles into the pore pressure line. 

Additionally, the filter paper prevented the clogging of the porous stone. The 

compacted specimen was mounted on the base pedestal with the porous stone. 

Another filter paper was placed on the top of the specimen. The top cap fitted with 

another porous stone was carefully placed on the compacted specimen. The entire 

assembly of the base pedestal, compacted soil specimen, and the top cap was 

enclosed using a latex membrane and three ‘O’- rings at both the ends of the 

assembly. The double-walled cells were placed and the entire chamber was sealed. 

Initially, the outer cell and later the inner cell was filled with de-aired water by 

applying a 15 kPa pressure from the pressure control panel. Since the air release 

valve was open, the soil specimen did not experience any significant confining 
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pressure. Once the inner cell is almost filled, the pressure was reduced to 5 kPa and 

after its filled, the air release valve was closed. Subsequently, the cell pressure was 

increased to 15 kPa and a back pressure of 5 kPa was introduced. Thus, an effective 

confining pressure of 10 kPa was maintained. A seating stress of 5 kPa was applied 

to the axial actuator to maintain proper contact with the top surface of the specimen. 

3.6.2 Saturation of the Specimen 

The first stage of a saturated triaxial test is the process of saturation, where 

the soil is gradually saturated while maintaining positive effective confining 

pressure throughout the process. Since the degree of saturation of specimen is 71% 

prior to saturation, most of the pore air was removed by applying a suction of 10 

kPa to the top of the specimen, while allowing the water-front to slowly move 

towards the top of the specimen. This procedure was conducted as per the 

guidelines of ASTM D7181-11. After the water-front reached near the top of the 

specimen, the applied suction was removed. When the water comes out through the 

top porous stone, due to the back pressure of 5 kPa, the valve to the top cap was 

closed. 

Subsequently, the specimen was saturated using back pressure approach. 

Bishop and Henkel (1957) introduced the use of back pressure approach to saturate 

the specimen. Black and Lee (1973) demonstrated the influence of soil type and 

initial degree of saturation, prior to back pressure approach, on the final back 

pressure required to saturate the specimen. The specimen was saturated by either 
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dissolving the pore air into the pore water or by collapsing the air bubbles due to 

the introduction of high back pressure. According to ASTM D7181-11, the 

specimen is considered to be fully saturated when the Skempton’s pore-water 

parameter, B, is greater than 0.95. The B-value is the ratio of increase in pore water 

pressure (Δu) due to an increase of cell pressure (Δσ
3
) and is defined using the 

following expression: 

𝐵 − value =  
∆𝑢

∆𝜎3
    (3.3) 

To check the B-value, the drainage valve connected to the base of the 

specimen was closed, and the cell pressure was increased by 15 kPa. The generation 

of excess pore water pressure (Δu) due to incremental cell pressure (Δσ
3
) was 

recorded after the stabilization of the pore water pressure. The B-value was 

calculated using Equation 3.3. 

In this research, the criterion for complete saturation was set at a B-value of 

0.96. The B-value was checked after both the cell and pore pressure have stabilized. 

If the criterion for full saturation was not met, the drainage valve was opened and 

both the cell pressure and the back pressure were gradually increased by an equal 

increment of 15 kPa/h. The pressures were increased gradually to allow proper pore 

pressure equalization throughout the specimen. It was observed that the final value 

of the back pressure required for complete saturation was in excess of 1300 kPa. 
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Theoretically, Lowe and Johnson (1960) demonstrated the final back 

pressure required to achieve the target degree of saturation by computing the 

additional back pressure required (ΔP) to increase the degree of saturation from an 

initial value of S
i
 to a final value S, using Henry’s coefficient of solubility, H. 

∆𝑃 =
𝑃𝑖(𝑆−𝑆𝑖)(1−𝐻)

1 − 𝑆(1−𝐻)
     (3.4) 

where, P
i
 = the initial absolute pressure corresponding to S

i
. For full saturation (S 

= 100%), the Equation 3.4 reduces to the following expression: 

∆𝑃𝑆=100% =  49𝑃𝑖 (1 − 𝑆𝑖)     (3.5) 

where, ΔP
S=100%

 is the additional back pressure required to achieve complete 

saturation from an initial degree of saturation of S
i
. Since the initial degree of 

saturation prior to initiation of the application of back pressure for saturation is 

approximately 91%. As per Equation 3.5, the theoretical additional back pressure 

required for complete saturation is around 600 kPa.  

However, it would take approximately 4.5 months to saturate the specimen 

(Black and Lee, 1973). To hasten the process to less than two days, an additional 

back pressure of 1600 kPa (total back pressure = 1700 kPa) is required. This 

pressure is slightly higher than the actual pressure required to saturate the specimen. 

However, due to the multitude of variables involved like type of soil and its 

permeability, the predicted values are quite similar to the observed values. 
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3.6.3 Isotropic Consolidation of the Specimen 

The consolidation stage involves the dissipation of excess pore water 

pressure generated due to the application of the target effective pressure at which 

the shearing would be conducted. During consolidation, the volume of the soil 

specimen undergoes changes due to the dissipation of excess pore water pressure. 

The target consolidation stress was achieved by ramping up the cell pressure while 

maintaining constant back pressure. The target cell pressure was reached in 30 

seconds and the change of volume of soil specimen and the volume of water 

flowing out of the specimen was recorded and plotted.  

Subsequently, when both the volumes reach a constant value and the 

volume of water flowing out of the specimen was the same as the change in volume 

of the soil specimen, the consolidation was assumed to be completed. This was 

generally observed after 10 hours. To ensure that the primary consolidation was 

practically completed for all tests, 24 hours of consolidation was implemented. 

Similar procedure was used to consolidate the specimens to an effective confining 

pressure of 100, 200, and 400 kPa. These samples were then tested to study the 

behavior of the compacted soil during shearing at varying effective confining 

pressures. 

3.6.4 Shearing under Drained conditions 

After consolidation, the specimen was sheared monotonically following the 

Conventional Triaxial Compression (CTC) stress path in drained conditions. For 
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consolidated drained (CD) test following CTC stress path, both the cell pressure 

and the back pressure were maintained at a constant value, while the specimen was 

loaded axially under constant axial strain rate (strain controlled test) or under 

constant axial stress rate (stress controlled test). The post-peak response could only 

be obtained from a strain-controlled test, since in stress-controlled tests, the test 

gets terminated after reaching peak stress. Therefore, in this research, strain 

controlled tests were conducted on all the specimens.  

The determination of appropriate strain rate is essential for consolidate 

drained tests. Since the shearing rate influences the peak deviator stress and the 

volume change response of soil specimen, an independent study was conducted to 

study the influence of axial strain rate on the mechanical behavior of compacted 

specimen of silty soil. The independent strain rate study has been elaborated in 

Section 3.9. The most appropriate strain rate for a saturated specimen was 

determined to be 0.05%/min, which was obtained by determining the fastest strain 

rate which practically had a negligible effect on the mechanical response of the soil 

during shearing. This shearing rate was selected since it allowed proper dissipation 

of excess pore water pressure throughout the specimen. 

Three saturated specimens were sheared at varying effective confining 

pressure of 100, 200, and 400 kPa at constant axial strain rate of 0.05%/min to study 

the mechanical response of the soil under drained conditions. The deviator stress 

response was carefully analyzed to determine the strength of the saturated soil at 
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the peak stress state and the critical state. The deviator stress and induced 

volumetric strain responses of saturated specimens to shearing at the effective 

confining pressures of 100, 200, and 400 kPa are shown in Fig. 3.22 and Fig. 3.23, 

respectively. The volumetric strains of the specimen showed initial compression 

response followed by dilation type response for all the values of effective confining 

pressure applied. It can be observed from Fig. 3.23 that the value of axial strain 

required to initiate dilation increases with an increase in effective confining 

pressure. Henceforth, an increase in effective confining pressure generates a higher 

tendency for the soil to compress than to dilate. In these tests, it was also observed 

that the specimens failed, without any distinct shear planes, by bulging at the center.  

The peak shear strength parameters were obtained by plotting the Mohr 

Circle at peak stress (Fig. 3.24). Figure 3.25 shows the Mohr Circle plot for 

saturated specimens of silty soil at the critical state. The peak effective cohesion 

was obtained as 4.8 kPa and the peak effective angle of internal friction was 34.0°. 

The cohesion at critical state was computed to be 2.7 kPa and the corresponding 

angle of internal friction was 33.6°. The slope of the critical state line was 

determined to be 1.356 and slope of individual p′-q stress path was calculated to be 

3:1. In saturated condition, the soil depicted a minor post-peak softening response, 

as observed by the small difference in values of peak strength and strength at the 

critical state. 
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Figure 3.22 Deviator stress response of saturated silt for varying effective 

confining pressure 

 

Figure 3.23 Volume change response of saturated silt for varying effective 

confining pressure 
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Figure 3.24 Determination of peak shear strength parameters for saturated silt 

specimen using Mohr-Coulomb failure criterion 

 

Figure 3.25 Determination of critical shear strength parameters for saturated silt 

specimen using Mohr-Coulomb failure criterion 



147 

 

 

Figure 3.26 Stress Paths, PSL and CSL for saturated silt specimens 

3.7 Unsaturated Soil Triaxial Testing 

3.7.1 General 

The modifications to the triaxial device as explained in section 3.5 enabled 

the testing of unsaturated specimens. An independent series of triaxial tests were 

performed on specimen subjected to a matric suction of 250 kPa and the net 

confining pressure of 400 kPa with varying shearing strain rate, to determine the 

suitable shearing rate at which all the unsaturated specimens could be sheared under 
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drained conditions. This independent test series is explained in detail in Section 

3.9.3. The optimum axial strain rate for shearing was obtained to be 0.003%/min, 

which had been selected based on the response of deviator stress and volumetric 

strain during shearing and the consideration of an appropriate practical duration for 

the completion of an unsaturated triaxial test. 

A series of suction-controlled triaxial tests under drained conditions 

following the CTC stress path were performed and matric suction was induced 

within the soil specimen using the principle of axis-translation technique.  

3.7.2 Stress Variables and Shear Strength of Unsaturated Soils 

The identification of the appropriate stress variables which controls the 

behavior of unsaturated soil is essential prior to testing of unsaturated soils. As 

explained in section 2.7.2, the independent two-stress state variable approach by 

Fredlund and Morgenstern (1977) has been one of the most widely accepted 

theories for determination of effective stress acting on an unsaturated soil. The 

stress state variables, i.e., net normal stress (σ  ̶  u
a
), and matric suction (u

a
 ̶  u

w
), 

were considered as independent parameters which primarily controlled the 

behavior of unsaturated soils. 

The independent two-stress state variable approach can be integrated with 

the Mohr-Coulomb failure criterion, and the shear strength at failure, τ
f
, of 

unsaturated soil can be estimated using the following relation: 

 𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎)𝑓 𝑡𝑎𝑛 𝜑′ + (𝑢𝑎 − 𝑢𝑤)𝑓 𝑡𝑎𝑛 𝜑𝑏        (3.6) 
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where, c′ and φ′ are effective cohesion and effective angle of internal friction of the 

saturated soil, respectively, and φ
b
 is the friction angle, which is due to the 

contribution of the matric suction on the shear strength of the soil. 

 Alternatively, the parameters net mean stress, p′, deviator stress, q and the 

matric suction, s are used to study the behavior of unsaturated soils, which are 

expressed as follows: 

               𝑝 =
𝜎1+2𝜎3

3
− 𝑢𝑎           (3.7) 

𝑞 = 𝜎1 − 𝜎3          (3.8) 

𝑠 = 𝑢𝑎 − 𝑢𝑤       (3.9) 

where, σ
1
 and σ

3
 are the major and minor principal stresses, which are assumed to 

be the axial and radial stresses acting on the specimen. The parameters, u
a
 and u

w
 

are the pore air and pore water pressure, respectively.   

3.7.3 Testing Procedure 

The axis translation technique was used to apply and control the matric 

suction inside the specimen during the tests. Independent control of pore air and 

pore water pressures facilitated in the application of matric suction, following the 

axis translation technique (Hilf, 1956).  

The following stages are performed to determine the shear strength and 

volume change behavior of unsaturated specimen. 
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Stage 1: Pre-equilibration 

The compacted specimen could take several weeks to achieve the required 

matric suction. This would result in an enormous delay in completion of a test. 

Henceforth, before mounting the specimen in the triaxial cell, the specimen was 

pre-equilibrated to the desired suction outside the test chamber. After specimen 

preparation, they were carefully placed on the weighing scale and its mass was 

recorded (Fig.3.27a). Subsequently, the specimen was enclosed in a custom made 

acrylic chamber for 24 hours to allow proper moisture equilibration throughout the 

specimen (Fig. 3.27b). Meanwhile, the water content of the remaining soil was 

determined and the dry mass of the soil specimen was recorded. Since, the final 

water content required for the achieving the target suction to be applied during 

testing was known from the drying curve of the SWCC (Fig. 3.10), the target moist 

mass of soil was computed. 

The specimen was gradually dried by removing the chamber for 12 hours 

while recording the mass of soil at regular intervals (Fig. 3.27c). Subsequently, for 

the next 24 hours, the specimen was kept inside the chamber, which is air-tight and 

the specimen was allowed equilibrate (Fig. 3.27b). Thus, the mass of the specimen, 

thereby, the water content and inherent matric suction, was continuously 

monitored. Again, if the target water content or suction was not achieved then the 
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process of gradual drying (Fig. 3.27c) and suction equilibration (Fig. 3.27b) was 

repeated for 12 hours and 24 hours, respectively.  

When the target water content was about to be reached, the drying process 

was continued very slowly by allowing only the bottom 1 inch (or 25 mm) to be 

exposed to the surrounding air (Fig. 3.27d). In this case, the specimen is rotated 

every 3 hours to prevent excessive differential water content from the top to the 

bottom of the soil. A similar approach was used by other researchers such as 

Houston et al. (2008) and Patil (2014). 

The target water content during this stage is different from the water content 

required during testing. To account for possible errors in SWCC and difference in 

its drying and wetting curves (hysteresis effect), the target water content for this 

stage (pre-equilibration outside the triaxial cell) was set at 0.5% on the wetter side 

of actual target water content. For a target suction of 50 kPa, the criterion of 0.5% 

wetter than the target water content corresponds to the suction of approximately 43 

kPa, while the same criterion increases the difference in suction from 750 kPa 

(target suction) to 580 kPa.  
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(a)      (b) 

      
(c)    (d) 

Figure 3.27 Suction equilibration outside the triaxial cell 
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After the target suction or the corresponding water content (for the pre-

equilibration stage) had been achieved the specimen was kept in the chamber for 2 

days to ensure complete moisture equilibration. 

Stage 2: Suction equalization 

Once the desired matric suction was approximately achieved, the mass and 

dimensions were carefully measured and the specimen was mounted on the base 

pedestal fitted with saturated HAE ceramic disk in the triaxial cell. Previously, the 

pore water pressure lines were filled with de-aired water and the base pedestal was 

flushed thoroughly. The double-walled cell was placed and the chamber was sealed. 

The inner and outer triaxial cells were also filled with de-aired water and a cell 

pressure of 20 kPa was applied with pore water pressure of 5 kPa maintained 

through the bottom pedestal and an initial pore air pressure of 15 kPa applied at top 

of specimen via porous stone. Therefore, the initial net confining pressure, (σ
3
- u

a
) 

being applied was 15 kPa. 

The cell pressure and pore air pressure were gradually increased, at a 

constant rate of 10 kPa/hr, to attain the desired matric suction. Hence, the matric 

suction was imposed using the axis-translation technique. Sivakumar (1993) 

suggested that the suction equilibration was completed when the water content 

change was less than 0.04%/day or 0.5 cm3/day, which was followed by Ng et al. 

(2013). In this research, the suction was considered to be equilibrated when the 
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change in water content was less than 0.04%/day for specimens at suction till 250 

kPa (i.e., 50 and 250 kPa). While for specimens equilibrated at suctions above 250 

kPa (i.e., 500 kPa and 750 kPa), the criterion was set at 0.03%/day, as small change 

in water content at higher suction levels results in significant change in induced 

suction. It generally required 5-7 days to achieve equilibration for the required 

matric suction, since the specimens were pre-equilibrated at a nearby suction level. 

The suction equalization process was facilitated by using different types of 

ceramic disks during testing. The 5-bar HAE ceramic disk was used for performing 

tests on specimens having a matric suction of 50 kPa and 250 kPa. However, for 

higher suction levels (500 kPa and 750 kPa), 15-bar HAE ceramic disk was used.  

Stage 3: Isotropic Consolidation 

Once the required matric suction was achieved, the isotropic consolidation 

stage was commenced. In the case of axis translation technique, the matric suction 

was maintained by controlling the pore air pressure and pore water pressure at a 

constant value, while the cell pressure was gradually increased at the rate of 5 kPa/h 

to its required value to attain the requisite net confining pressures. Each specimen 

was consolidated for more than 24 hours to ensure complete dissipation of pore air 

and water pressure. During this stage, the volume change of the specimen is 

recorded carefully. 
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Stage 4: Shearing 

After isotropic consolidation, the specimen was sheared monotonically by 

axially loading at constant axial strain rate (strain controlled test) of 0.003%/min, 

while a constant net confining pressure and matric suction was maintained 

throughout the test. The conventional triaxial compression (CTC) stress path under 

drained conditions was followed during the shearing stage. 

A schematic representation of the sequences involved in the unsaturated 

triaxial test is shown in Fig. 3.28. In this case, the test was performed at a matric 

suction of 250 kPa at a net confining pressure of 200 kPa. It also shows the values 

of axial and radial stresses, pore air pressure, pore water pressure, net confining 

pressure and the matric suction acting on the specimen at the end of each stage of 

unsaturated soil testing. 
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Figure 3.28 Schematic of procedure to perform an unsaturated triaxial test at net 

confining pressure of 200 kPa and matric suction of 250 kPa under drained 

conditions 

The stress path involved during suction pre-equilibration, suction 

equalization and isotropic consolidation for specimens subjected to varying matric 

suction (s = 50, 250 and 750 kPa) and consolidated to a net mean stress of 200 kPa 

is shown in Fig. 2.29. Similar tests were conducted for the net mean stress of 100 

kPa and 400 kPa. 
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Figure 3.29 Stress paths involved in suction equalization and consolidation 

process for specimens consolidated to a net mean stress of 200 kPa 

3.7.4 Test Program 

An exhaustive series of triaxial tests were performed to investigate the effect 

of the increase of net confining pressure and matric suction on the mechanical 

response of soil when subjected to the loading in the form of hydrostatic 

compression (HC) and conventional triaxial compression (CTC). 
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The following values of stress variables were considered during the series 

of single-stage monotonic triaxial tests: 

Net confining pressure, (σ
3
 ̶  u

a
): 100, 200 and 400 kPa 

Matric suction, (u
a
 ̶  u

w
): 0 (saturated), 50, 250 and 750 kPa 

One independent test was also performed at a net confining pressure of 200 

kPa at an induced matric suction of 500 kPa (not shown in Fig. 3.30). 

 

Figure 3.30 Saturated and suction-controlled CTC stress paths in p:q:s space 
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3.8 Mechanical Response under Suction-controlled isotropic consolidation 

A series of suction-controlled isotropic consolidation tests were performed 

on compacted specimens of silty soil under varying matric suction. The response 

of unsaturated soil (s = 50, 250 and 750 kPa), when subjected to a net mean stress 

of 200 kPa following hydrostatic compression (HC) stress path, is shown in Fig. 

3.31.  

 

Figure 3.31 Response of silty soil from suction-controlled HC test at s = 50, 250 

and 750 kPa 
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The plots in Fig. 3.31 provide the information regarding the yielding at each 

suction level. Yield stress is defined as the stress at which the soil experiences its 

maximum past stress. When the stresses are higher than the yield stress, the soil 

reaches its virgin state. The variation of suction had a minor, but suction has a vital 

impact on the yield stress of the soil specimen, which proves the existence of the 

loading collapse (LC) locus. The increase of suction from 50 kPa to 750 kPa 

increased the yield stress from 51 to 70 kPa. This variation of yield stress due to 

suction is critical for constitutive modeling of unsaturated soils. The slope of the 

virgin section of the curve defined by the volumetric stiffness parameter, λ(s) is 

shown to decrease with increase in suction, which indicates the stiffness of the soil 

increasing with increase in suction. The slope of the reloading curve, referred to as 

the elastic rebound index, κ showed an increase in slope of 0.0012 at 50 kPa matric 

suction to 0.0019 at 750 kPa matric suction. However, since the BBM model 

assumes a constant value of the elastic rebound index, κ, the average value of 

0.0016 was assumed for all cases. The details regarding the BBM modeling and its 

parameters are explained in section 4.6. 

3.9 Independent Strain Rate Studies 

3.9.1 General 

The effect of strain rate during shearing in a triaxial test has been initially 

recognized by researchers including Taylor (1943) and Casagrande and Wilson 

(1951). Further research was conducted in evaluating the effect of strain rate on the 
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behavior of saturated soils by many researchers (Crawford, 1959; Richardson and 

Whitman, 1963; Bjerrum, 1967,1973; Alberro and Santoyo, 1973; Vaid and 

Campenella, 1977; Kavazanjian and Mitchell, 1980; Graham et al., 1983; Lefebvre 

and LeBouef, 1987; Sheahan et al., 1996; Zhu and Yin, 2000, Cheng and Yin, 2005, 

Sorensen et al. 2007; Diaz-Rodriguez et al., 2009). In this research, the 

determination of appropriate strain rate for shearing of unsaturated soil specimens 

is essential, prior to performing the series of triaxial tests on saturated specimens. 

A similar effect of strain rate on the mechanical behavior of unsaturated 

soils was recognized by Arenson and Springman (2005); Zhang et al. (2014b); Patil, 

(2014). 

3.9.2 Saturated Soil Specimens 

The appropriate rate of shearing was determined by performing triaxial tests 

on four replicate compacted specimens of silty soil. The rates of shearing selected 

for the study were 0.01%/min (slowest), 0.05%/min, 0.25%/min and 0.50%/min 

(fastest). Figures 3.32 and 3.33 show the influence of axial strain rates on the 

behavior of saturated silty soil during shearing for an effective confining pressure 

of 400 kPa under drained conditions.  

The appropriate shearing rate was determined by analyzing the stress-strain 

(Fig. 3.32) and volumetric response (Fig. 3.33). It was observed that higher the 

strain rate, higher was the peak stress achieved. Additionally, the peak stress and 

the initiation of dilation was reached at a smaller axial strain. This was due to the 
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generation of excess pore water pressure, which results in an apparent increase in 

strength. Also, the higher strain rates prevent the generation of creep and proper 

stress distribution within the specimen.  

The differences between the peak stresses can be observed to be much 

higher than that of critical state stresses for any pair of strain rates. Henceforth, it 

can be concluded that the strain rate is critical for studies which deal with peak 

stress. Researchers had earlier observed that the variation of strain rates, within a 

moderate range, does not affect the critical state strength of clays (Sheahan et al., 

1996; Sorensen et al., 2007; Díaz-Rodríguez et al., 2009).  

For a drained test, the dissipation of excess porewater pressure is essential. 

Therefore, the slower strain rates provide a response which is closer to the true 

response. However, slower the strain rate, the higher is the time required for the 

completion of a test. Hence, the optimal rate of shearing is obtained by attaining a 

balance between achieving the response which is closest to the ideal response and 

the time required to complete a test. In this case, the optimal rate of shearing for 

performing the monotonic triaxial tests on saturated silty soil specimens was 

selected to be 0.05%/min. 
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Figure 3.32 Stress-strain response of saturated soil at varying strain rates for 400 

kPa effective confining pressure 

 

Figure 3.33 Volume change response of saturated soil at varying strain rates for 

400 kPa effective confining pressure 
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3.9.3 Unsaturated Soil Specimen 

For unsaturated specimens, apart from the dissipation of excess pore water 

pressure, the pore air pressure also should be properly dissipated, to obtain the true 

response of soil during shearing. Since the permeability of unsaturated specimens 

is more than one order of magnitude lower than that of saturated specimens 

(Meerdink et al., 1996; Vanapalli et al. 1997; Trinh et al. 2010), it is expected that 

the optimum strain rate for unsaturated specimens is much slower than that of 

saturated specimens.  

The study of the effect of rate of shearing on unsaturated specimens was 

conducted by analyzing the stress-strain and volumetric response of compacted 

silty soil. The rates of shearing selected for this task were 0.001%/min (slowest), 

0.003%/min and 0.01%/min (fastest). It was observed that the response of soil to 

the slower rate of shearing (0.001%/min and 0.003%/min) was similar. Whereas, 

the fastest shearing rate showed increasing deviator stress response and faster rate 

volume change for any given axial strain level. To account for the time required to 

shear the specimen, the fastest rate of shearing which almost depicts the true nature 

of soil behavior to shearing was selected as the appropriate rate of shearing for all 

unsaturated specimens. In this case, the appropriate shearing rate was determined 

to be 0.003%/min. 
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Figure 3.34 Stress-strain response of unsaturated soil at varying strain rates for 

400 kPa mean net stress and 250 kPa matric suction 

 

Figure 3.35 Volume change response of unsaturated soil at varying strain rates for 

400 kPa mean net stress and 250 kPa matric suction 
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3.9.4 Synopsis of Strain Rate Studies 

The variation of strain rate affects the deviator stress and volumetric strain 

responses of both saturated and unsaturated soils. It plays an important role in the 

determination of the peak deviator stress, which aids in the accurate estimation of 

peak shear strength of soils. The higher strain rates resulted in the development of 

higher peak deviator stress, which is achieved at a smaller strain. Also, the initiation 

of dilation occurred at a smaller strain.  

However, it was observed the strain rate had a minimal effect on the 

deviator stress at critical state. Henceforth, for the saturated specimen, the variation 

of deviator stress at critical state between the selected strain rate of 0.05%/min and 

a slower strain rate 0.01%/min was computed to be 2%, while at peak stress the 

difference was 4%. Similarly, for the unsaturated specimen, 3% variation in 

deviator stress at critical state was observed between the selected strain rate of 

0.003% and a slower strain rate of 0.001%/min, whereas for peak stress, the 

difference was 6%. Similar observations were made by Zhang et al. (2014b); Patil 

(2014) for unsaturated soils, where it was concluded that the maximum deviator 

stress was higher for higher strain rate, whereas, at the critical state, the deviator 

stress was observed to be similar for varying strain rates. 

3.10 Mechanical Response under Suction-controlled Shearing 

The results of the shearing stage for all the unsaturated specimens have been 

discussed in this section. Additionally, the detailed analysis of the data was 
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performed to study the effect of matric suction on other parameters, such as 

stiffness. 

The compression of soil is represented as positive volumetric strain, while, 

the dilation is represented by a negative sign, which is the general sign convention 

followed for soils. Additionally, the nomenclature followed to represent each test 

is “CD_x_y”, where, CD denotes the Consolidated Drained test; x and y represent 

the net confining pressure (σ
3
 ‒ u

a
) and the matric suction (u

a
 ‒ u

w
) applied in kPa 

during the test, respectively. 

3.10.1 Effect of Net Confining pressure at Constant Matric Suction 

The deviatoric stress response of the unsaturated specimens during shearing 

in drained conditions at constant induced matric suction of 50, 250 and 750 kPa has 

been shown in Fig. 3.36, Fig. 3.38, and Fig. 3.40, respectively. The volumetric 

strain response of the specimen during shearing in drained condition at constant 

induced matric suction of 50, 250 and 750 kPa has been shown in Fig. 3.37, Fig. 

3.39, and Fig. 3.41, respectively. It can be observed that the strength of the 

specimen increases with an increase in confining pressure.  

The soil specimens show dilative behavior after initial compression, which 

occurs because of the particle rearrangement, due to sliding and rolling of particles. 

During compression, the particle rearrangement results in better interlocking, 

which causes an increase in strength. However, it is evident from Fig. 3.40 and Fig. 

3.41 that as the particles start to slide over each other, which initiates strain 
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localization, and the soil specimen starts to dilate. This results in loss of 

interlocking, which decreases the strength of the soil. The dilation of soil is a typical 

behavior of over-consolidated soils.  

Strain localization was mainly observed in specimens having an induced 

suction of 750 kPa, where distinct failure plane was observed. The development of 

strain localization induces a collapse in the strength of the soil, which is evident 

from shearing of specimens consolidated to 100 and 200 kPa at an induced suction 

of 750 kPa (Fig. 3.40). 

As the net confining pressure increases, the slope of the volumetric strain 

curve during dilation decreases, which means that the dilation angle also decreases 

with an increase in net confining pressure. An elaborate analysis of dilation angle 

has been presented in Section 3.10.12. Due to the increase in net confining pressure, 

the soil also achieves greater initial compression prior to dilation. 

The response of deviator stress at all suction levels (s = 50, 250 and 750 

kPa) showed that the increase in net confining pressure resulted in an increase in 

initial stiffness of the specimen. 

The post-peak softening behavior is defined as the decrease in deviator 

stress after attaining the peak deviator stress. The specimens at the induced suction 

of 50 kPa, showed a slight post-peak softening behavior after attaining peak stress 

(Fig. 3.36). However, the softening behavior is clearly evident at the suction of 750 

kPa (Fig. 3.40). 
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Fig. 3.40 shows that the specimen subjected to higher net confining pressure 

shows higher ductility, as compared to the specimens sheared at lower net confining 

pressure, at the same matric suction. Similar behavior was observed by Rahardjo et 

al. (2004), and Li and Zhang (2015), where higher net confining pressure showed 

an increase in ductility (explained in section 2.11.1) of the soil specimen. 

  



170 

 

 
Figure 3.36 Deviatoric stress response of consolidated specimen at induced matric 

suction of 50 kPa under drained condition 

 
Figure 3.37 Volumetric strain response of consolidated specimen at induced 

matric suction of 50 kPa under drained condition 
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Figure 3.38 Deviatoric stress response of consolidated specimen at induced matric 

suction of 250 kPa under drained condition 

 
Figure 3.39 Volumetric strain response of consolidated specimen at induced 

matric suction of 250 kPa under drained condition 
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Figure 3.40 Deviatoric stress response of consolidated specimen at induced matric 

suction of 750 kPa under drained condition 

 
Figure 3.41 Volumetric strain response of consolidated specimen at induced 

matric suction of 750 kPa under drained condition 



173 

 

3.10.2 Effect of Suction at Constant Net Confining pressure 

The comparison of deviator stress response of specimens sheared at 

constant net confining pressure, but varying induced matric suction is shown in 

Figs. 3.42, 3.44, and 3.46. The comparison of the volumetric strain response of 

specimens sheared at constant net confining pressure, but varying induced matric 

suction is shown in Figs. 3.43, 3.45 and 3.47. These plots also include the response 

of saturated soil specimens (suction, s = 0 kPa). 

Figure 3.42 shows the increase of peak deviator stress with an increase of 

suction from s = 0 kPa to 750 kPa. This clearly indicates that the peak strength 

increases significantly due to suction. The increase of suction results in the 

attainment of peak stress at a smaller axial strain. In other words, with an increase 

in suction a smaller deformation mobilizes the peak strength. This has direct 

practical applications for the stability of slopes, where an increase in suction would 

mean that lesser sliding of the slip surfaces of the slope is required to attain the peak 

strength. 

 However, when the stresses in critical stresses are compared, it shows that 

the rate of increase in stress decreases with increase in suction. This is especially 

evident for an increase in suction from 250 kPa and 750 kPa, where the deviator 

stresses at critical state are almost the same. The effect of suction on the initial 

stiffness of soil can be clearly seen in Fig. 3.42, where the stiffness increases with 

increase in suction. Additionally, the increase of suction increases the brittleness of 
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the soil, and the specimen demonstrates greater post-peak softening, which is 

mobilized within less axial strain. 

 

Figure 3.42 Deviator stress response of specimen consolidated to a net confining 

pressure of 100 kPa under drained condition 

The response of volumetric strain at a constant net confining pressure (σ
3
 ̶  

u
a
 = 100 kPa) for varying matric suction (s = 0, 50, 250 and 750 kPa) is shown in 

Fig. 3.43. It can be observed that the initial compression is similar at all suction 

levels. However, the dilation increases with increase in suction, which is evident 

from the slope of volumetric strain curve after the initiation of dilation. 

Additionally, the initiation of dilation is dependent on the induced matric suction. 
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The dilation is initiated at relatively earlier axial strain with increasing value of 

induced matric suction. 

 

Figure 3.43 Volumetric strain response of specimen consolidated to a net 

confining pressure of 100 kPa under drained condition 

The response of deviatoric stress for a net confining pressure of 200 kPa 

with varying induced matric suction is shown in Fig. 3.44. It presents the additional 

test for induced matric suction of 500 kPa for a net confining pressure of 200 kPa. 

Figure 3.44 shows an important detail. The critical state strength for a specimen 

having an induced matric suction 500 kPa or 750 kPa is lower than that of a 

specimen having 250 kPa induced matric suction. This mainly occurred due to the 

brittleness of the specimen at suction above 500 kPa. The brittleness induced strain 
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localization resulted in the formation of a distinct failure plane and localized slip 

failure occurred.  

The deviator stress response at the net confining pressure of 200 kPa (Fig. 

3.44), also demonstrated similar features, like an increase in stiffness, peak deviator 

stress and post-peak softening with an increase in induced matric suction, as that 

obtained at the net confining pressure of 100 kPa (Fig. 3.42). Additionally, the peak 

deviator stress at the net confining pressure of 200 kPa is attained at a smaller axial 

strain with an increase in matric suction, which is similar for the net confining 

pressure of 100 kPa.  

 

Figure 3.44 Deviator stress response of specimen consolidated to a net confining 

pressure of 200 kPa under drained condition 
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Figure 3.45 shows that the increase in suction has a negligible effect of the 

compression of the soil specimen, while the dilation is enhanced with an increase 

in suction. When Figs. 3.44 and Fig. 3.45 are compared, it can be observed that the 

peak deviator stress is attained near the strain at which dilation initiates, which 

coincides for specimens subjected to a matric suction of 500 and 750 kPa. The test 

at 500 and 750 kPa induced matric suction were stopped after reaching axial strain 

of 11% and 12% respectively, due to clear indication that the specimen had sheared 

along a distinct plane and the presence of the latex membrane introduced the 

‘membrane effect’, after which the true volumetric strain response was not 

represented by the triaxial test.  

The ‘membrane effect’ is the error introduced in the measurement of 

volume of soil when a gap or a crack within the soil specimen is concealed by the 

membrane, which is supposed to be filled with the confining fluid, i.e. water from 

cell pressure. The ‘membrane effect’ occurs mainly in case of planer failure or 

wedge type of failure, where the two wedges of soil have a gap between the shear 

failure surface. The reference to ‘membraned effect’ is different from the generally 

used term ‘membrane penetration effect’. The ‘membrane penetration effect’ is the 

introduction of errors in volume change measurements of granular soils in triaxial 

testing due to the effect of penetration of the latex membrane enclosing the soil into 

the voids between the particles (Frydman et al., 1973). 



178 

 

 
Figure 3.45 Volumetric strain response of specimen consolidated to a net 

confining pressure of 200 kPa under drained condition 

Figure 3.46 showed higher deviator stress at critical state for increasing 

matric suction. This is due to a net confining pressure of 400 kPa, which increases 

the ductility of the soil at any given matric suction when compared to lower net 

confining pressures of 100 and 250 kPa.  

The remaining trends are similar to that observed in Figs. 3.44 and 3.46, 

which include the increase in stiffness, peak deviator stress and post-peak softening, 

with an increase in suction. The peak deviator stress is attained at a smaller axial 

strain with an increase in suction. 
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Figure 3.46 Deviator stress response of specimen consolidated to a net confining 

pressure of 400 kPa under drained condition 

Figure 3.47 shows a similar response as compared to the net confining 

pressure of 100 and 200 kPa. It was observed that the compression of soil is 

independent of the induced suction. The dilation increased with increase in suction. 

Also, the peak deviator stress is attained near the axial strain value at which the 

dilation initiates. 
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Figure 3.47 Volumetric strain response of specimen consolidated to a net 

confining pressure of 400 kPa under drained condition 

3.10.3 Analyses of Suction-Controlled Shearing at Critical State 

The Mohr’s stress circle is plotted at the net confining pressure of 100, 200 

and 400 kPa for varying suction levels of 50, 250 and 750 kPa. The Mohr’s stress 

circle is used to determine the shear strength parameters (i.e. cohesion intercept and 

angle of internal friction) of the soil specimen at each suction level. 

The modified Mohr-Coulomb Failure criterion was assumed to draw a 

common tangent to the three-Mohr’s circle, from which the slope of the line is 

determined to be the angle of internal friction, while the y-axis intercept is 

determined to be the cohesion intercept for that suction level. 
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The Mohr’s stress circle for the net confining pressure of 100, 200 and 400 

kPa at matric suction of 50, 250 and 750 kPa is shown in Figs. 3.48, 3.50 and 3.52. 

The angle of internal friction, φ′ was observed to be almost constant (φ′ ≈ 33.6°), 

which is in accordance with Fredlund and Morgenstern (1977). A non-linear 

increase in cohesion intercept was observed from Figs. 3.48, 3.50 and 3.52. 

The value of the angle of internal friction due to the influence of matric 

suction, φb was computed using the following expression: 

𝜑𝑏 = 𝑡𝑎𝑛−1 (
𝑐"

𝑢𝑎−𝑢𝑤
)     (3.10) 

where c′′ = (c - c′) is the apparent cohesion, c is the cohesion intercept and c′ is the 

effective cohesion for saturated soil. 

The critical state line (CSL) and the stress paths for the net confining 

pressure of 100, 200 and 400 kPa at the suction of 50, 250 and 750 kPa is shown in 

Figs. 3.49, 3.51 and 3.53. The slope of the CSL was calculated to be constant (M = 

1.355) for all suction levels. This validates the assumption made in Barcelona Basic 

Model (BBM) as postulated by Alonso et al. (1990), that the slope of the critical 

slope line is independent of matric suction. 
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Figure 3.48 Mohr’s stress circle at varying net confining pressure and at s = 50 

kPa 

 
Figure 3.49 CSL and stress paths in p’-q space at s =50 kPa 



183 

 

 
Figure 3.50 Mohr’s stress circle at varying net confining pressure and at s = 250 

kPa 

 
Figure 3.51 CSL and stress paths in p’-q space at s = 250 kPa 
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Figure 3.52 Mohr’s stress circle at varying net confining pressure and at s = 750 

kPa 

 
Figure 3.53 CSL and stress paths in p’-q space at s = 750 kPa 
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It is evident from Fig. 3.53 that the peak deviator stress is high as compared 

to the deviator stress at the critical state. Due to post-peak softening, the stress path 

crosses the CSL and then returns due to decrease in strength at critical strength. 

The CSL obtained from the Figs. 3.49, 3.51 and 3.53 have been integrated 

along with the CSL obtained from tests on the saturated specimen. The resultant 

plot is shown in Fig. 3.54. It can be that the slope of the CSL at all suction levels 

are the same, while the y-axis intercept is different, and it increased with increasing 

matric suction. 
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Figure 3.54 CSL in p′-q space at varying suction levels (s = 0, 50, 250, 750 kPa) 

3.10.4 Matric Suction Variation during Shearing 

The control of matric suction is pivotal to maintain a constant suction level 

throughout the test and to ensure the excess pore water pressure is not generated 

during the shearing. Figs. 3.55 and 3.56 demonstrate the negligible variation (less 

than ± 0.5 kPa) for both the suction levels (s = 50 kPa and s =750 kPa). If excess 
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pore water would have been generated, then there would have been a larger 

variation in suction levels during shearing. 

 

Figure 3.55 Variation of matric suction with axial strain during shearing for 

CD_100_50 
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Figure 3.56 Variation of matric suction with axial strain during shearing for 

CD_400_750 

3.10.5 Analyses of Suction-Controlled Shearing at Peak State Failure 

The line joining the peak stress on p′-q space for the net confining pressure 

of 100, 200 and 400 kPa at a suction of 0 (saturated), 50, 250 and 750 kPa is shown 

in Fig. 3.57. The slope of the peak stress state line was obtained to be approximately 

1.37 for all suction levels. The comparison between Figs. 3.54 and 3.57 show that 

the peak strength of the soil increased significantly from suction of 250 to 750 kPa, 

whereas, for strength at the critical state, the corresponding increase was negligible. 
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Figure 3.57 Peak state line in p′-q space at varying suction levels (s = 0, 50, 250, 

750 kPa) 

3.10.6 Suction Stress Variation with Matric Suction 

The effective stress approach postulated by Bishop (1959) has been utilized 

by Lu and Likos (2006) to introduce the concept of suction stress.  Suction stress 
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refers to the net interparticle force generated within a matrix of unsaturated soil 

particles due to the combined effects of negative pore water pressure and surface 

tension (Lu and Likos, 2004). At the macroscopic level, the suction stress generates 

a tensile force which pulls the soil particles towards each other, thereby increasing 

the effective stress of the soil. The suction stress can represent the state of stress for 

unsaturated soil using a single stress variable, which could be determined using the 

SWCC of a soil (Song et al., 2012). The results of the triaxial tests have been used 

to validate the suction stress determined from the SWCC of the soil. 

Lu and Likos (2006) proposed the concept of suction stress using the 

following relationship of effective stress: 

𝜎′ = (𝜎 − 𝑢𝑎) −  𝜎𝑠    (3.11) 

where σs = (ua ‒ uw) χ = suction stress. 

The suction stress was determined using the van Genuchten (1980) SWCC 

model, which is as follows: 

𝑆𝑒 =  {
1

1+[𝛼(𝑢𝑎−𝑢𝑤)]
}

1−1/𝑛

   (3.12) 

Lu et al. (2010) suggested the following closed-form expression for suction 

stress for the entire range of matric suction: 

𝜎𝑠 =  (𝑢𝑎 − 𝑢𝑤),         for (𝑢𝑎 − 𝑢𝑤)  ≤ 0  (3.13) 

𝜎𝑠 =  
(𝑢𝑎−𝑢𝑤)

{1+[𝛼(𝑢𝑎−𝑢𝑤)]𝑛}(𝑛−1)/𝑛  ,         for (𝑢𝑎 − 𝑢𝑤) > 0  (3.14) 
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Additionally, Lu et al. (2010) had compiled the suction stress data from 14 

different soils for the semi-quantitative validation using the results from triaxial 

tests and the following relationship was suggested: 

𝜎𝑠 =
(𝜎1−𝑢𝑎)𝑓−(𝜎3−𝑢𝑎)𝑓𝑡𝑎𝑛2(

𝜋

4
+

𝜑′

2
)−2𝑐′tan (

𝜋

4
+

𝜑′

2
)

2tan (
𝜋

4
+

𝜑′

2
)𝑡𝑎𝑛𝜑′

 (3.15) 

The suction stress was determined by two methods developed by Lu et al. 

(2010). Method 1 refers to the determination of suction stress using Eq. 3.14, which 

utilizes the van Genuchten (1980) SWCC model parameters (α and n). Since the 

additional parameter m was not used independently in Eq. 3.13, but was used in 

section 3.44 (Table 3.5). Henceforth, the new calibrated parameters for SWCC 

using Eq. 3.13 are α = 0.07 and n = 1.3. 

Method 2 refers to the computation of suction stress using Eq. 3.15, which 

is for semi-quantitative validation using triaxial test results obtained in this 

research. Figure 3.58 and 3.59 show the variation of suction stress with matric 

suction. The suction stress was also determined form the experimental results, by 

using the following relationship: 

𝜎𝑠 =  
𝑐′′

tan 𝜑′
    (3.16) 

where, c′′ = apparent cohesion, and 

φ′ = angle of internal friction of the saturated specimen. 
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The apparent cohesion was obtained from the Mohr-Coulomb failure 

envelope at each suction level, as shown in Figs. 3.48, 3.50 and 3.52 for matric 

suction of 50, 250, and 750 kPa, respectively. The comparison of values of suction 

stress obtained from Method 1 shows that the actual suction stress obtained from 

the experimental results were much higher than that predicted by Eq. 3.14 for 

suction level 50 and 250 kPa (Fig. 3.58). However, for matric suction of 750 kPa, 

the suction stress values are quite similar. Since the SWCC model was utilized in 

the determination of suction stress, the limitations of the model also affected the 

values of suction stress. It can also be observed that the experimental value of 

suction stress increases rapidly with an increase in matric suction up to 250 kPa, 

however, the subsequent increase in suction stress almost negligible. 

The determination of suction stress from the experimental results using 

Method 2 (Eq. 3.15; Fig. 3.59) are similar, which is expected since both set of 

values of suction stresses were derived from the same triaxial tests. 
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Figure 3.58 Variation of suction stress with matric suction using Method 1 

 

Figure 3.59 Variation of suction stress with matric suction using Method 2 
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Figures 3.60 and 3.61 show the variation of Bishop’s effective stress 

parameter, χ by using the values of suction stress obtained from Method 1 and 

Method 2 described above. The following expression is used to determine the value 

of χ from suction stress: 

𝜒 =  
𝜎𝑠

(𝑢𝑎−𝑢𝑤)
    (3.17) 

The experimental values depict a relatively slower decrease in values of χ 

with an increase in matric suction as compared to the prediction obtained from 

Method 1 and Eq. 3.17 (Fig. 3.60). 

The experimental values and the values obtained from Method 2 and Eq. 

3.17, show similarity, primarily due to the use of same series of triaxial test results 

to arrive at the results (Fig. 3.61). 
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Figure 3.60 Variation of Bishop’s effective stress parameter, χ with matric suction 

using Method 1 

 
Figure 3.61 Variation of Bishop’s effective stress parameter, χ with matric suction 

using Method 2 
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The shear strength of unsaturated soil could be determined using the 

Bishop’s effective stress parameter, χ, which is as follows: 

𝜏𝑓 = 𝑐′ + [(𝜎 − 𝑢𝑎) + 𝜒(𝑢𝑎 − 𝑢𝑤)] tan 𝜑′   (3.18) 

The shear strength of unsaturated soil could also be defined using the 

suction stress by the following relationship: 

𝜏𝑓 = 𝑐′ + [(𝜎 − 𝑢𝑎) + 𝜎𝑠] tan 𝜑′   (3.19) 

The comparison between the shear strength of unsaturated soil with an 

increase in matric suction using Eq. 3.19 is shown in Figs. 3.62 and 3.63. The 

computation of suction stress, which is a component of Eq. 3.19, was done using 

Methods 1 and 2 developed by Lu et al. (2010). The experimental determination of 

shear strength was done using the experimental values of apparent cohesion (c′′) 

for each suction level (as shown in Figs. 3.48, 3.50, and 3.52) and substituting their 

values in the following equation: 

𝜏𝑓 = 𝑐′ + 𝑐′′ + (𝜎 − 𝑢𝑎)tan 𝜑′   (3.20) 

The shear strength determination using the suction stress from Method 1 

(Fig. 3.62) underestimated their values for suction level of 50 and 250 kPa for all 

values of initial net confining pressure (σ  ua = 100, 200, and 400 kPa), however, 

the predicted values of shear strength at matric suction of 750 kPa were identical.  

The shear strength determined using the suction stress computed from the 

triaxial test (using Eq. 3.15; Fig. 3.63) were quite similar to the experimentally 

values, which was expected since the same series of triaxial tests were utilized to 
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determine the values of suction stress. Hence, the use of Eq. 3.15 for determination 

of suction stress is validated. 

Additionally, the effect of suction stress on the overall shear strength of 

unsaturated soil was demonstrated in Figs. 3.62 and 3.63. 

 

Figure 3.62 Variation of shear strength of unsaturated soil at varying net 

confining pressure of 100, 200, and 400 kPa using Method 1 
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Figure 3.63 Variation of shear strength of unsaturated soil at varying net 

confining pressure of 100, 200, and 400 kPa using Method 2 

3.10.7 Effect of Suction and Net Confining Pressure on the Post-Peak Softening 

The post-peak softening of a soil at a suction level can be quantified by 

calculating the ratio of the difference between the peak deviator stress and the 

deviator stress at critical state to the peak deviator stress. The variation of this ratio 

with net confining pressure for varying suction levels is shown in Fig. 3.64. It can 
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be observed that the ratio decreases with increase in net confining pressure for a 

constant suction level. On the other hand, the ratio increases with increase in suction 

for a constant net confining pressure. 

This clearly identifies the decrease in post-peak softening with an increase 

in net confining pressure. Also, the rate of decrease of post-peak softening (-

Δη/Δ(σ3 ‒ ua)) increases with increase in suction. The parameter, η denotes the ratio 

of the difference between the peak deviator stress and the deviator stress at critical 

state to the peak deviator stress. The negative sign signifies the decrease in the value 

of η with an increase in net confining pressure (σ3-ua). 

In addition, the post-peak softening (explained in section 2.11.1) increases 

with increase in suction for any given value of net confining pressure, especially 

when the suction increases from 250 kPa to 750 kPa.  
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Figure 3.64 Effect of net confining pressure on the difference between deviatoric 

stress at peak stress and critical state for varying suction  

3.10.8 Effect of Suction on Stiffness of Soil 

The stiffness of the soil is compared using four different references. First, 

the initial stiffness of the soil is calculated using the criteria of secant modulus at 

1% axial strain, E
1%

. Second, the modulus at peak stress is computed using the 

secant modulus at the strain corresponding to the peak deviator stress, E
peak

. Third, 

the modulus at critical state is computed using the secant modulus at strain 

corresponding to deviator stress at the critical state, E
cs

. Finally, the secant modulus 
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at 10% strain is computed, E
10%

. Since the strain at critical state depends on the 

suction level and the net confining pressure, for uniformity, the value of E
10%

is 

preferred over that of E
cs

. The values of these stiffness moduli were obtained from 

the deviator stress response at the net confining pressure of 100, 200 and 400 kPa 

for saturated (s = 0 kPa) and unsaturated specimens (s = 50, 250 and 750 kPa).  

The comparison among the values of these stiffness moduli with varying 

suction are shown in Figs. 3.65 – 3.69. It can be observed that there is a significant 

increase in the secant stiffness modulus at peak strength and 1% strain with an 

increase in matric suction. While the increase in matric suction results in a marginal 

increase in the secant stiffness modulus for critical state and 10% strain. 

Henceforth, the contribution of matric suction is primarily limited to the 

initial stiffness and the strain corresponding to the peak strength of the soil. 
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Figure 3.65 Secant stiffness moduli, E1%, E10%, Epeak, and Ecs variation at σ3 - ua = 

100 kPa 

 
Figure 3.66 Secant stiffness moduli, E1%, E10%, Epeak, and Ecs variation at σ3 - ua = 

200 kPa 



203 

 

 

 

Figure 3.67 Secant stiffness moduli, E1%, E10%, Epeak, and Ecs variation at σ3 - ua = 

400 kPa 

Figures 3.68 and 3.69 show the variation of E1% and E10% with suction for 

varying net confining pressure. It can be observed that the stiffness modulus for 1% 

strain has a linear variation with suction, whereas the secant stiffness modulus for 

10% strain has a non-linear behavior, which initially increases rapidly till 250 kPa, 

and then it almost remains constant. 
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Figure 3.68 Variation of E1% with suction for varying net confining pressure 

 

Figure 3.69 Variation of E10% with suction for varying net confining pressure 
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3.10.9 Effect of Net Confining Pressure on Stiffness of Soil 

Figures 3.70 ‒ 3.73 show the variation of secant stiffness moduli with net 

confining pressure for suction levels of 0 kPa (saturated), 50 kPa, 250 kPa and 750 

kPa, respectively. It can be observed that in all cases the increase in E1% with net 

confining pressure is very high, as compared to that for the other secant stiffness 

moduli. Therefore, the initial stiffness of the soil is highly dependent on the net 

confining pressure applied. The initial stiffness occurs when the specimen is mostly 

within its elastic limit. The elastic modulus is highly dependent on the confining 

pressure, whereas the modulus after reaching plastic state is almost independent of 

the confining pressure. 

It is also well-known that the orientation of the soil fabric gets disturbed or 

re-oriented with increasing axial strains. The initial stiffness (computed at an axial 

strain of 1%) occurs when the original soil fabric is barely re-oriented. However, 

the other secant stiffness moduli, especially at critical state and at an axial strain of 

10%, have re-oriented soil fabric. 

Figure 3.73 shows that the secant modulus for peak strength and the critical 

state is practically independent of the applied net confining pressure for s = 750 

kPa, which may be due to the combination of an increase in strength and ductility 

with an increase in net confining pressure.  
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Figure 3.70 Secant stiffness moduli, E1%, E10%, Epeak, and Ecs variation for 

saturated soils 

 
Figure 3.71 Secant stiffness moduli, E1%, E10%, Epeak, and Ecs variation for s = 50 

kPa 
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Figure 3.72 Secant stiffness moduli, E1%, E10%, Epeak, and Ecs variation for s = 250 

kPa 

 

Figure 3.73 Secant stiffness moduli, E1%, E10%, Epeak, and Ecs variation for s = 750 

kPa 
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Figures 3.74 and 3.75 show the variation of E1% and E10% with net confining 

pressure for varying suction. It can be observed that the slope of the lines is identical 

for all the suction levels. 

 

Figure 3.74 Variation of E1% with net confining pressure for varying suction 

 

Figure 3.75 Variation of Ecs with net confining pressure for varying suction 
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3.10.10 Effect of Suction on Cohesion Intercept 

Total cohesion is the sum of effective cohesion and apparent cohesion. The 

difference between the shear strength of saturated and unsaturated soil is mainly 

due to the variation in the value of apparent cohesion intercept. Vilar et al. (2006) 

had proposed a hyperbolic equation that estimates the value of total cohesion 

intercept based on the suction and effective cohesion of the saturated soil. The 

model uses a pair of curve-fitting parameters (i.e. a and b), which is determined by 

plotting ψ/(c(ψ) - c′) for unsaturated soils (ψ > 0). 

The hyperbolic equation is as follows: 

𝑐(𝜓) = 𝑐′ +
𝜓

(𝑎+𝑏𝜓)
     (3.21) 

 

where, c(ψ) is the cohesion intercept, which is a function of suction, ψ = (ua 

‒ uw) and a and b are the curve fitting parameters. Figure 3.76 shows the best-fit 

line for the experimental data points. The values of cohesion intercept were 

obtained from the Mohr’s stress circle for s = 50, 250 and 750 kPa. The variation 

of cohesion intercept using Vilar et al. (2006) model and the experimental data are 

shown in Fig. 3.77. It can be observed that the model shows a good fit with the 

experimental data. 

Figure 3.78 shows the shear strength prediction by using the shear strength 

parameters of saturated soil (c′ and φ′) and the cohesion intercept variation with 

suction using Vilar et al. (2006) model. The shear strength of unsaturated soil was 



210 

 

computed using the modified Mohr-Coulomb Failure Criterion by Fredlund and 

Morgenstern (1977). The actual experimental points were also plotted and the shear 

strength values were shown in Fig. 3.78. It can be observed that the prediction is 

quite close to the actual observed strength. 

 

Figure 3.76 Evaluation of best-fitting parameters for Vilar et al. (2006) model 
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Figure 3.77 Variation of the cohesion intercept with matric suction using Vilar et 

al. (2006) model 
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Figure 3.78 The prediction of strength from shear strength parameters of saturated 

soil and the cohesion intercept variation with matric suction using Vilar et al. 

(2006) model 

3.10.11 Variation of Angle of Internal Friction due to Suction 

Houston et al. (2008) postulated a hyperbolic relation to estimate the value 

of the angle of internal friction due to suction, φb. The hyperbolic equation is as 

follow: 

𝜑𝑏 = 𝜑′ − (
𝜓∗

𝑎+𝑏𝜓∗)    (3.22) 
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where, φ′ = angle of internal friction 

ψ* = ψ  ̶  AEV = (ua - uw)  ̶  AEV 

 and a and b are the fitting parameters. 

The fitting parameters, a and b are obtained by plotting ψ∗ against ψ∗/(ϕ′-

ϕb) and determining the y-axis intercept (a) and slope (b) of the best-fit line. The 

experimental data, obtained from the series of triaxial tests, has been used to 

determine fitting parameters, a and b, as shown in Fig. 3.79. The variation of ϕb 

with suction and the experimental data is shown in Fig. 3.80. It shows reasonable 

fit with the experimental data. Also, the behavior of experimental value of ϕb is in 

correspondence with that of Fredlund and Morgenstern (1977). If the air-entry 

value (AEV) of the soil is known, Eq. 3.22 could be used to estimate the shear 

strength of unsaturated soils for varying matric suction.  
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Figure 3.79 Evaluation of best-fitting parameters for Houston et al. (2008) model 

 

Figure 3.80 Variation of ϕb with matric suction using Houston et al. (2008) model 
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3.10.12 Shear Strength Prediction based on SWCC 

The prediction of the shear strength of unsaturated soil using triaxial tests 

is an elaborate process, which requires expensive instruments and is time-

consuming. Therefore, several researchers have attempted to use the SWCC and 

the shear strength parameters of saturated soils to predict the shear strength of 

unsaturated soils (Vanapalli et al., 1996; Fredlund et al., 1996; Oberg and Sallfors, 

1997; Khalili and Khabbaz, 1998; Bao et al., 1998; Han and Vanapalli, 2016). 

Fredlund et al. (1996) proposed the following equation to predict the shear 

strength of unsaturated soil from saturated shear strength parameters (c′ and φ′) and 

the SWCC of the soil. 

𝜏 = 𝑐′ + (𝜎 − 𝑢𝑎)𝑡𝑎𝑛 𝜑′ + (𝑢𝑎 − 𝑢𝑤)[Θ(𝑢𝑎 − 𝑢𝑤)]κ tan  𝜑′ (3.23) 

where Θ = normalized volumetric water content = θ/θs and κ = fitting parameter 

used for obtaining best-fit curve between the observed and predicted values. 

Vanapalli and Fredlund (1996) (Method I) proposed a non-linear 

relationship for estimating the shear strength of unsaturated soil using the following 

expression: 

 𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎) 𝑡𝑎𝑛𝜑′ + [(𝑢𝑎 − 𝑢𝑤) Θ𝜅 𝑡𝑎𝑛𝜑′] (3.24) 

Vanapalli et al. (1996) (Method II) proposed the following model to predict 

the shear strength of unsaturated soil by eliminating the fitting parameter, κ and 

modifying Eq. 3.24, 
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𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎)𝑡𝑎𝑛𝜑′ + (𝑢𝑎 − 𝑢𝑤) [( 
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
) 𝑡𝑎𝑛∅′]     (3.25) 

where, θ = volumetric water content, 

θs = saturated volumetric water content, and  

θr = residual volumetric water content that can be estimated from the soil water 

characteristic curve. 

Oberg and Sallfors (1997) suggested a similar model involving the degree 

of saturation (S) for sands and silts, which is as follows: 

 𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎) 𝑡𝑎𝑛𝜑′ + (𝑢𝑎 − 𝑢𝑤)(𝑆 tan 𝜑′)        (3.26) 

Bao et al. (1998) extended the modified shear strength equation (Fredlund 

and Morgenstern, 1977) for predicting the shear strength of unsaturated soils. The 

equation suggested is as follows: 

𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎) tan 𝜑′ + (𝑢𝑎 − 𝑢𝑤) (
log(𝑢𝑎−𝑢𝑤)𝑟− log(𝑢𝑎−𝑢𝑤)

log(𝑢𝑎−𝑢𝑤)𝑟− log(𝑢𝑎−𝑢𝑤)𝑏
) (tan 𝜑′)    

(3.27) 

where, (ua - uw)r = residual suction and (ua - uw)b = air-entry value (AEV). 

Khalili and Khabbaz (1998) proposed a model by using the Bishop’s 

effective stress parameter, χ to predict the shear strength of the soil 

𝜏𝑓 = 𝑐′ + (𝜎 − 𝑢𝑎) tan 𝜑′ + (𝑢𝑎 − 𝑢𝑤)(𝜒 tan 𝜑′)        (3.28) 

where, 

 𝜒 = [
(𝑢𝑎−𝑢𝑤)𝑓

(𝑢𝑎−𝑢𝑤)𝑏
]

−𝜂

        (3.29) 
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The slope of the calibration lines, which were determined from a set of 14 

soils, was observed to be 0.4 for clayey soils to 0.65 for sandy soils, but there were 

a few exceptions. An average value for fitting parameters, η = 0.55 was suggested 

for all soils. 

The experimental results obtained from the series of triaxial tests have been 

used to investigate the performance of these above-mentioned models for the test 

soil. The predictions from the above models have been shown in Table 3.6, along 

with the experimental data, obtained from this research. The fitting parameter, η for 

the Khalili and Khabbaz (1998) model was assumed as 0.45 for silts, to 

appropriately fit the data, instead of the generic fitting value of 0.55 for all soils. 

The predictions of the above models have been shown in Fig. 3.81 – 3.86. 

The predictions have been compared with the experimental results for (σ  ̶  ua) = 

200 kPa. It is observed that the Bao et al. (1998) provided the best prediction for 

the silty soil. However, the remaining models performed satisfactorily for matric 

suction less than 250 kPa. 

Table 3.6 Shear strength predictions from SWCC 

Matric 

suction, 

s (kPa) 

τexp 

(kPa) 

τmodel (kPa) 

Fredlund 

(1996) 

Vanapalli 

and 

Fredlund 

(1996) - I 

Vanapalli 

and 

Fredlund 

(1996) - II 

Oberg 

and 

Sallform 

(1997) 

Khalili 

and 

Khabbaz 

(1998) 

Bao et al. 

(1998) 

0 135.39 135.38 135.38 135.38 135.38 135.38 135.38 

50 163.02 155.22 154.68 152.24 155.27 147.15 155.69 

250 204.53 193.16 193.39 179.99 202.56 163.9 192.00 

750 210.06 250.85 254.13 218.38 295.53 187.57 213.24 
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Figure 3.81 Experimental and predicted shear strength from SWCC using 

Fredlund et al. (1996) 

 
Figure 3.82 Experimental and predicted shear strength from SWCC using 

Vanapalli and Fredlund (1996) model (Method I) 
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Figure 3.83 Experimental and predicted shear strength from SWCC using 

Vanapalli and Fredlund (1996) model (Method II) 

 
Figure 3.84 Experimental and predicted shear strength from SWCC using Oberg 

and Sallfors (1997) model 
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(a.)  

(b.)  

Figure 3.85 Experimental and predicted shear strength from SWCC using Khalili 

and Khabbaz (1998) model for (a) η = 0.55, and (b) η = 0.45 
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Figure 3.86 Experimental and predicted shear strength from SWCC using Bao et 

al. (1998) model 

3.10.13 Effect of Suction on Dilation Angle 

Dilatancy of soils is a phenomenon by which the volume of the soil 

increases during shearing. Dilatancy generally occurs in dense sands and silts 

(Holtz and Kovacs, 1981). Theoretically, a material showing dilatancy may behave 

as a compressive material if the confining pressure is increased beyond its pre-

consolidation pressure (Holtz and Kovacs, 1981). The term dilatancy of soils was 

initially identified by Reynolds (1885) and it influences the shear strength of soil. 

Hence, the study of dilatancy is important for the development of accurate models 

for predicting the behavior of dense soil. Also, the dilation represents the plastic 
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behavior of the soil (Salgado, 2006). This indicates that determination of dilatancy 

is essential for predicting the elasto-plastic behavior of the soils. 

Rowe (1962) defined dilatancy of a soil specimen as the magnitude of the 

ratio of increase in volumetric strain to the corresponding increase in major 

principal strain. Generally, the dilatancy is characterized by the dilation angle, ψ. 

Therefore, 

𝜓 =   𝑡𝑎𝑛−1 (
dε𝑣

dε1
) =  𝑡𝑎𝑛−1 (

𝜺�̇�

𝜺�̇�
)    (3.30) 

where, εv = volumetric strain, ε1 = major principal strain 

Bolton (1984) suggested an empirical expression for determining the peak 

dilatancy angle of soils, ψp: 

𝜑𝑝 − 𝜑𝑐 = 0.8(𝜓𝑝)     (3.31) 

where, ϕp and ϕc are the peak and critical state friction angle of soil. 

Equation 3.31 is modified to the following expression, for triaxial 

compression: 

𝜑𝑝 − 𝜑𝑐 = 0.5(𝜓𝑝)     (3.32) 

Since the angle of dilation is expected to vary with suction and net confining 

pressure, the Eqs. 3.31 and 3.32 are not used in this study. The research of 

unsaturated soils undergoing dilative behavior during shearing is rare. Hence, the 

development of advanced computational models to predict the behavior of 
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unsaturated soils demonstrating dilation has been impeded, due to lack of 

experimental data to calibrate the predictive models. 

In this research, the angle of dilation, ψ has been investigated using the 

experimental data obtained from the series of triaxial tests. Few of the most 

common methods for determination of dilation angle have been considered. 

Method 1: The dilation angle, ψ, defined by Rowe (1962): 

ψ =   tan−1 (
𝜺�̇�

𝜺�̇�
)     (3.33) 

Method 2: Been and Jefferies (2004) defined the dilatancy angle as: 

ψ =   tan−1 (
𝜺�̇�

�̇�
)     (3.34) 

where, γ = shear strain. 

Method 3: Vermeer and de Borst (1984) and later, Schanz and Vermeer 

(1996) defined dilatancy angle as:  

ψ =   sin−1 (−
�̇�𝒗 �̇�𝟏⁄

𝟐−�̇�𝒗 �̇�𝟏⁄
)         (3.35) 

Recently, Strahler et al. (2016) and Esposito and Andrus (2017) had used 

Method 3 to compute the dilation angle. 

The peak dilation angles were computed using the above methods and 

tabulated in Table 3.7 for all the triaxial tests. The peak dilation angle was generally 

observed to occur when the peak stress is achieved, and the time of development of 
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peak stress, coincides with the initiation of dilation, especially for suction greater 

than 250 kPa. 

The peak dilation angles were predicted to be the highest by Method – I, 

while the Method – III predicted the least values. 

Table 3.7 Experimental values of peak dilation angle 

σ3-ua 

(kPa) 

Suction  

(kPa) 

Method 1 Method 2 Method 3 

𝜺�̇�

𝜺�̇�
 ψ (°) 

𝜺�̇�

𝜺�̇�
 ψ (°) 

𝜺�̇�/𝜺�̇�

𝟐 − 𝜺�̇�/𝜺�̇�
 ψ (°) 

100 

0 0.1250 7.13 0.0810 4.63 0.0588 3.37 

50 0.2041 11.54 0.1250 7.13 0.0926 5.31 

250 0.2541 14.26 0.1566 8.90 0.1127 6.47 

750 0.3600 19.80 0.2025 11.45 0.1525 8.77 

200 

0 0.1240 7.07 0.0760 4.35 0.0584 3.35 

50 0.1895 10.73 0.1286 7.33 0.0865 4.97 

250 0.2600 14.57 0.1590 9.03 0.1150 6.61 

500 0.3110 17.28 0.1870 10.59 0.1346 7.73 

750 0.3140 17.43 0.1890 10.70 0.1357 7.80 

400 

0 0.1125 6.42 0.0650 3.72 0.0533 3.05 

50 0.1263 7.20 0.0740 4.23 0.0594 3.41 

250 0.1542 8.77 0.0990 5.65 0.0716 4.10 

750 0.1826 10.35 0.1127 6.43 0.0837 4.80 

 

Figures 3.87 – 3.89 show the variation of peak dilation angle with matric 

suction for the net confining pressure of 100, 200 and 400 kPa, respectively, using 

all the three methods. Second-order polynomials were used to best-fit each curve. 

The Method-I showed very high values of dilation angle as compared to Methods-

II and III. However, all the methods showed a similar general trend for variation of 

dilation angle with suction. It was observed that the dilation angle generally 
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increased with increasing suction till a suction of 500 kPa, beyond which the peak 

dilation angle remained constant. 

 

Figure 3.87 Effect of matric suction on dilation angles at net confining pressure of 

100 kPa 
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Figure 3.88 Effect of matric suction on dilation angles at net confining pressure of 

200 kPa 

 
Figure 3.89 Effect of matric suction on dilation angles at net confining pressure of 

400 kPa 
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3.10.14 Effect of Confining Pressure on Dilation Angle 

The variation of dilation angle with net confining pressure for varying 

matric suction using Methods-I, II and III, were shown in Figs. 3.90, 3.91, and 3.92, 

respectively. It was observed that for all the three methods, the increase in net 

confining pressure resulted in the decrease of peak dilation angle, especially for an 

increase of net confining pressure from 200 kPa to 400 kPa. The magnitude of the 

slope of peak dilation angle curve, with respect to net confining pressure, increases 

with increase in matric suction. It was also observed that for low net confining 

pressure the influence of matric suction on the dilation angle was significant, 

however, at high net confining pressure the dilation angles are quite similar for 

varying suction levels. 

 

Figure 3.90 Effect of net confining pressure on dilation angles using Method I 
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Figure 3.91 Effect of net confining pressure on dilation angles using Method II 

 

Figure 3.92 Effect of net confining pressure on dilation angles using Method III 
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3.11 Summary 

The basic laboratory test results including, soil classification, determination 

of the maximum dry density and the optimum moisture content, selection of 

compaction technique to obtain consistent replicates and soil water characteristics 

curve are discussed. The modifications to a conventional triaxial setup and its 

advanced features are presented. The procedure to conduct a suction-controlled 

triaxial test on compacted soil specimen using axis-translation technique is 

described. 

A series of consolidated drained triaxial tests on saturated and unsaturated 

specimens were conducted at the same net confining pressure and matric suction, 

but varying axial strain rate for shearing, to determine the appropriate strain rate for 

shearing. Subsequently, an elaborate test series were conducted on saturated and 

unsaturated specimens at the net confining pressure of 100, 200, and 400 kPa over 

a suction range of 0 to 750 kPa, using the axis-translation technique. A total of 3 

saturated and 10 unsaturated specimens were tested as a part of this series of tests.  

The suction-controlled isotropic consolidation, deviator stress and 

volumetric strain responses for each test were studied in detail, to analyze the 

variation of stiffness and dilation angle with varying suction and net confining 

pressure. All the tests were conducted by following the conventional triaxial 

compression (CTC) stress path to obtain the shear strength parameters of the test 

soil over the varying suction range. 
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The major findings are presented in this Chapter. One of the findings which 

should be specifically mentioned is that at critical state, the increase in strength of 

the soil with suction may cease to exist after reaching moderate values of suction 

(s = 250 to 750 kPa), however, for the same range of increase in suction (s = 250 to 

750 kPa), the peak strength may increase significantly. The non-linear variation of 

the angle of internal friction due to suction (φb) and the variation of cohesion 

intercept with matric suction were predicted satisfactorily using well-known 

models. Additional models were used to compare the experimental results with 

shear strength predictions using SWCC. 
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Chapter 4   

MONOTONIC MULTISTAGE TRIAXIAL TESTS AND CONSTITUTIVE 

MODELING 

4.1 Introduction 

The lack of availability of replicating soil specimens for determination of 

shear strength using triaxial testing is a common problem which has been attempted 

to be addressed for years. For unsaturated soil specimen, an additional problem 

arises due to the complexities involved in its behavior and the enormous time 

required to perform each suction-controlled triaxial test. These problems, along 

with the need for sophisticated and expensive equipment to perform triaxial tests 

on the unsaturated soil specimen, warrant the necessity to develop a testing 

procedure which could mitigate some of these problems to facilitate the 

determination of shear strength of unsaturated soil. 

Multistage triaxial tests of saturated specimens primarily refer to the 

loading/unloading of the same specimen over varying confining pressures, to obtain 

the shear strength parameters from a single test. The review of literature for the 

multistage triaxial test for saturated and unsaturated soils has been described in 

section 2.11. 

Typically, suction-controlled multistage triaxial tests are performed by 

loading/shearing the specimen prior to failure at the constant net confining pressure 

(σ
3
 ‒ u

a
), but increasing matric suction (u

a 
‒ u

w
) in subsequent stages by Ho and 
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Fredlund (1982), Rahardjo et al. (1995), Khalili and Zargarbashi (2010), Khosravi 

et al. (2011), Leong et al. (2013), Handoko et al. (2013), and Rahardjo et al. (2013, 

2014). However, the suction equalization for each new suction level requires 

additional time, which results in a further delay in the completion of the test. 

Instead, new specimens could be utilized for each new suction level, while the 

suction equalization could be carried out outside the triaxial cell to hasten the 

suction equalization process. 

Overall, the time required to complete the triaxial tests is reduced drastically 

using this approach. Henceforth, in this study, the matric suction is kept constant 

for each multistage test and the net confining pressure is increased after each 

loading/unloading sequence, an approach followed by Rahardjo et al. (1995) and 

Rosone et al. (2016). A similar approach of multistage testing at constant suction 

but varying net confining pressure was performed using a multi-axial or true triaxial 

testing device by Macari and Hoyos (2001). However, discussion regarding multi-

axial triaxial device is beyond the scope of this research. 

In this study, an attempt has been made to conduct a series of suction-

controlled multistage triaxial tests under drained conditions and validate these 

results against conventional (or single-staged) triaxial tests. Moreover, the effect of 

using multistage triaxial tests on the constitutive modeling for determination of 

shear strength of unsaturated soils has been investigated in this study. The original 

framework of the Barcelona Basic Model (BBM) postulated by Alonso et al. (1990) 
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has been considered to be one of the most popular constitutive models for 

simulating the behavior of unsaturated soil, especially for normally and lightly 

overconsolidated soils of low-plasticity. The results from the suction-controlled 

tests were analyzed and the elastoplastic behavior of the silty soil, like the suction-

induced variation in stiffness, pre-consolidation pressure, apparent tensile strength, 

apparent cohesion, and critical state line (CSL), were studied. These results, and 

dilatant behavior of soil, would also augment the rather limited research (Ng and 

Chiu, 2003; Manzanal et al., 2011; Tsiampousi et al., 2013; Solowski and Sloan, 

2015; Zhou and Sheng, 2015; Xiong et al., 2016) available on such geomaterials. 

Thereby, enabling the development of elaborate constitutive models in future. 

4.2 Test Program 

In this research, all the triaxial tests were performed on consolidated drained 

specimens of silty soil (ML), which were compacted at the same dry density and 

moisture content, following CTC stress path. The properties of the soil have been 

discussed in section 3.2. A multistage test was performed on a saturated specimen 

at effective confining pressures of 100, 200, and 400 kPa. Two multistage triaxial 

tests were conducted on unsaturated specimens at the induced suction of 50 kPa 

and 250 kPa for net confining pressure of 100, 200, and 400 kPa each. Figure 4.1 

shows the stress paths followed during the multistage triaxial tests. 
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Figure 4.1 Stress path followed during multistage triaxial tests for saturated (s = 

0) and unsaturated specimens (s = 50 and 250 kPa) 

4.3 Testing Procedure 

4.3.1 Saturated Soil Specimens 

The experimental setup, specimen preparation, and saturation of specimen 

using back pressure technique for the multistage triaxial tests were the same as that 

for the single-stage triaxial tests, which have been described in Chapter 3. The 
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application of the first effective confining pressure (σ
3
′ = 100 kPa) and subsequent 

consolidation was also the same as that for the single-stage test.  

The saturated specimen was consolidated at an effective confining pressure 

of 100 kPa by ramping the cell pressure to its target value within 30 seconds. After 

the consolidation was completed, the specimen was sheared monotonically under 

drained conditions at a strain rate of 0.05%/min, which was selected based on the 

independent strain rate studies (mentioned in section 3.9.2). The shearing was 

stopped before the failure of the specimen, which was based on the criteria for 

termination of shearing. The details regarding the criteria are provided in section 

4.3.3. As soon as the shearing was stopped, the deviator stress was gradually 

reduced to 5 kPa (i.e., the seating stress). This was done to avoid changes in the 

volume of the specimen due to sustained stresses near failure, also known as creep 

(Ho and Fredlund, 1982).  

Subsequently, the same specimen was subjected to the next effective 

confining pressure of 200 kPa by increasing the cell pressure in 30 seconds. The 

drainage valves were opened during consolidation, to allow for the dissipation of 

excess pore water pressure. After the volume change of the specimen reaches a 

constant value, which was equal to the water flowing out of the specimen, the 

consolidation was assumed to be completed. A minimum of 24 hours was provided 

for consolidation to occur. The consolidated specimen was loaded monotonically 

until just before its failure. The termination point for stopping the shearing stage 
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was based on the criteria mentioned in section 4.3.3. The deviator stress was then 

reduced gradually to the seating stress of 5 kPa. 

Finally, the same specimen was subjected to the highest effective confining 

pressure of 400 kPa by increasing the cell pressure in 30 seconds and allowing the 

specimen to consolidate till the volume change of the specimen became constant 

and was equal to the outflow of water from the specimen. Subsequently, the 

specimen was sheared till the specimen failed. The stress path of a multistage 

triaxial test of a saturated specimen was similar to that of an unsaturated specimen 

(shown in Fig. 4.2), except for the application of suction. 

4.3.2 Unsaturated Soil Specimens 

The entire procedure for suction equalization is the same for both 

conventional and multistage triaxial tests. The process of suction equilibration is 

explained in detail in section 3.7.3. The stress path followed during a typical 

multistage triaxial test on a specimen at an induced suction of 50 kPa is shown in 

Fig. 4.2. The point ‘A’ in Fig. 4.2 denotes the point in the p′-q-s space which 

corresponds to the suction equilibrated soil specimen (σ
3
‒ u

a
= 10 kPa and s = u

a
‒ 

u
w
= 50 kPa). 

After equilibration of suction was achieved, the first isotropic net confining 

pressure (σ
3
‒ u

a
= 100 kPa) was applied by increasing the cell pressure (σ

3
) at the 

rate of 5 kPa/h (stress path ‘A’ to ‘B’ in Fig. 4.2). The consolidation was completed 

after 24 h or when the water content change was less than 0.04%/day, whichever 



237 

 

occurred later (Point ‘B’ in Fig. 4.2). Subsequently, the sample was loaded (stress 

path ‘B’ to ‘C’ in Fig. 4.2) before its failure was reached (Point ‘C’ in Fig. 4.2), 

which was decided based on the variation of tangent modulus of the stress-strain 

response and the volumetric strain response. 

Subsequently, the approach used by Ho and Fredlund (1982) was followed 

to minimize the creep in the soil, where the deviator stress was gradually reduced 

to a seating stress of 5 kPa (Point ‘B′’ in Fig. 4.2). The second isotropic net 

confining pressure (σ
3
‒ u

a
= 200 kPa) was applied by increasing the cell pressure 

(σ
3
) at a rate of 5 kPa/h (stress path ‘B′’ to ‘D’ in Fig. 4.2) and after consolidation 

was completed (Point ‘D’ in Fig. 4.2), the specimen was again loaded (stress path 

‘D’ to ‘E’ in Fig. 4.2). The loading was stopped prior to failure (Point ‘E’ in Fig. 

4.2) and the deviator stress was again gradually reduced to the seating stress equal 

to 5 kPa (Point ‘D′’ in Fig. 4.2).  

Finally, the last isotropic net confining pressure (σ
3
‒ u

a
= 400 kPa) was 

applied, by increasing the cell pressure (σ
3
) at a rate of 5 kPa/h (stress path ‘D′’ to 

‘F’ in Fig. 4.2) and after consolidation (Point ‘F’ in Fig. 4.2), the specimen was 

loaded monotonically (stress path ‘F’ to ‘G’ in Fig. 4.2) and sheared to failure 

(Point ‘G’ in Fig. 4.2). Meanwhile, the matric suction was maintained at a constant 

value, throughout the test. For the sake of uniformity, the rate of cell pressure 

increase during all phases of isotropic consolidation was kept constant (5 kPa/h), 
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which was the same as that for the conventional triaxial testing. Moreover, for all 

stages, the consolidation was allowed for a minimum of 24 hours and the shearing 

rate for all specimens was 0.003%/min, as obtained from the independent strain rate 

studies (described in section 3.9.3). 

 

Figure 4.2 Illustration of stress path followed during multistage triaxial test at a 

suction of 50 kPa 
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4.3.3 Selection of Termination Point for Shearing 

One of the most important aspects of the success of multistage testing is the 

selection of the predefined criterion for stopping a loading stage (Khosravi et al., 

2011; Sharma et al., 2012). Any premature stoppage or delay in stoppage may result 

in under-prediction of deviator stress or failure of the specimen. In the case of 

under-prediction of deviator stress, the analysis for shear strength parameters may 

be erroneous. Whereas, the failure of the specimen in the initial confining pressure 

would result in lower values of deviator stress for any latter confining pressures, 

which would again result in lower shear strength parameters.  

Henceforth, the criterion which is convenient to compute during testing and 

does not compromise the accuracy of the test has been defined and validated in this 

research. The tangent modulus of elasticity and the volumetric strain is monitored 

closely throughout the test. Initially, the modulus of elasticity is very high. After 

the linear portion of the stress-strain curve, the modulus of elasticity decreases 

gradually. The criterion for the ratio of the initial modulus (determined by the 

tangent modulus at an axial strain of 0.25%) to the tangent modulus (E
i
/E

r
) were 25 

and 15 for the net confining pressures of 100 kPa and 200 kPa, respectively (Fig. 

4.2a). For the net mean stress of 200 kPa, the selected ratio is lower to prevent 

accumulation of high plastic strains, as the specimen has been loaded, unloaded, 

and reloaded by that stage. 
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Also, the moment at which the volumetric strain becomes negative, which 

indicates the initiation of dilation was considered as the alternative criterion (Fig. 

4.2b). Whenever either of the criteria was satisfied, the shearing for the initial two 

stages was stopped. Subsequently, the specimen was gradually unloaded and the 

next confining pressure was applied. 

The advantage of having two-fold criteria is that in case the specimen does 

not dilate, then the relative stiffness criterion can prevent the failure of the 

specimen. On the other hand, if the material is too brittle, then the specimen 

suddenly reaches its failure and the tangent modulus might decrease too sharply to 

terminate the test before failure. In these cases, mostly, it had been observed from 

conventional (single-stage) triaxial tests that the volume change response shows 

earlier indications of failure by monitoring the dilation of the soil (Figs. 3.42 ‒ 

3.47). 

In this chapter, a modified nomenclature system (as compared to Chapter 3) 

is followed. For the single-stage test, the nomenclature in the form of “CD_x_y_ss” 

is followed. Whereas, for multistage tests, “CD_x_y_ms” is the preferred 

nomenclature. ‘CD’ denotes the Consolidated Drained test; ‘x’ and ‘y’ represent the 

net confining pressure (σ
3
 ‒ u

a
) and the matric suction (u

a
 ‒ u

w
) applied in kPa 

during the test, respectively; and ‘ss’ and ‘ms’ represent the single-stage and 

multistage tests, respectively. Throughout this study, the Cambridge notations were 
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used for determination of net mean stress (p = 
(σ1 +2σ3)

3
‒ ua) and deviator stress 

(q = σ
1
 ‒ σ

3
). 

 

Figure 4.3 Graphical representation of termination point for shearing during 

multistage triaxial test 

4.4 Mechanical Response of Soils subjected to Monotonic Loading using 

Multistage Test 

4.4.1 Response of Saturated Soil Specimens 

The multistage test was performed on a saturated specimen at three effective 

confining pressures of 100, 200, and 400 kPa. The initial tangent modulus refers to 

the tangent modulus determined at an axial strain of 0.25% from the start of 

shearing stage. The stress-strain response from the shearing stages for the 

multistage triaxial test at varying effective confining pressure is shown in Fig. 4.4. 

The stress-strain response shows the increase in deviator stress with an increase in 
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effective confining pressure. The unloading curves are also shown for the initial 

two confining pressures of 100 and 200 kPa. 

For the initial effective confining pressure of 100 kPa, as the initial tangent 

modulus of 25 MPa decreases to a constant positive value of 1 MPa (E
i
/E

r
 = 25), 

the loading was stopped. At this moment, the change in volumetric strain with axial 

strain was nearly zero (dε
v
/dε

a
 ≈ 0 in Fig. 4.5). In this case, the criterion of the 

relative stiffness of soil (E
i
/E

r
; described in section 4.3.3) was the critical factor in 

deciding the stoppage of shearing. Subsequently, the specimen was gradually 

unloaded, while maintaining the same effective confining pressure. 

The next loading stage was initiated and it was stopped when the tangent 

modulus decreased from 60 MPa to 4 MPa (E
i
/E

r
 = 15), while the change in 

volumetric strain with axial strain was nearly zero (dε
v
/dε

a
 ≈ 0 in Fig. 4.5). Finally, 

after consolidation at 400 kPa, the specimen is sheared beyond its peak strength. 

The volume change response during shearing is shown in the form of 

volumetric strain response of saturated soil during the shearing stage in Fig. 4.5. 

The cumulative axial and volumetric strains are shown in Fig. 4.5. Due to the 

decrease in axial strain during unloading, the starting of the plot for the next 

shearing stage initiates from a lower value of axial strain as compared to the axial 

strain corresponding to the moment when the shearing was stopping. Similar 

observations were made by Rahardjo et al. (1995). It can be observed that at each 
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new effective confining pressure the soil initially compresses and then for a 

significant portion of shearing there is no change in the overall volume change of 

the specimen. However, the specimen dilates if the shearing is continued, as in the 

case when the effective confining pressure was 400 kPa. 

The comparison between the responses observed for single-stage and 

multistage triaxial tests for saturated soil specimens are discussed later, in section 

4.5.1. 

 

Figure 4.4 Deviator stress response of saturated soil specimen obtained from a 

multistage triaxial test 
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Figure 4.5 Volumetric strain response of saturated soil specimen obtained from a 

multistage triaxial test 

The strength of the soil in saturated condition was determined by plotting 

the Mohr’s circle at the maximum deviator stress obtained during shearing at the 

initial two effective confining pressures of 100 and 200 kPa. While for the final 

effective confining pressure of 400 kPa, the deviator stress corresponding to the 

critical state was considered for plotting the Mohr’s circle. The Mohr’s circle and 

the Mohr-Coulomb Failure Envelope are shown in Fig. 4.6. The Mohr-Coulomb 

Failure Envelope (MCFE) was obtained by plotting the common tangent to the 
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three Mohr’s circles. The effective cohesion (c′) and the effective angle of friction 

angle (φ′) were determined to be 3.5 kPa and 33.4°, respectively. 

 

Figure 4.6 Determination of critical shear strength parameters for saturated silt 

specimen using Mohr-Coulomb failure criterion 

4.4.2 Response of Unsaturated Soil Specimens 

The deviator stress response of the consolidated specimen at constant matric 

suction of 50 kPa during shearing in drained conditions using multistage triaxial 

test is shown in Fig. 4.7. The corresponding volumetric strain response for the 

specimen at constant matric suction of 50 kPa using multistage triaxial test is shown 

in Fig. 4.8.  

The shearing for the first net confining pressure of 100 kPa was stopped 

when the change in volumetric strain with axial strain decreased to a negative value 
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(dε
v
/dε

a
 < 0 in Fig. 4.8). While the tangent modulus decreased from 24.7 MPa to 

1.2 MPa (E
i
/E

r
 = 20 < 25, in Fig. 4.7). Hence, the criterion of the relative stiffness 

of soil (described in section 4.3.3) was not the critical factor in deciding the 

stoppage of shearing. Instead, the criteria for prevention of dilation of the specimen 

was the decisive factor. 

The second shearing stage at a net confining pressure of 200 kPa was 

stopped when the tangent modulus decreased from 72.7 MPa to 4.8 MPa (E
i
/E

r
 = 

15.1 in Fig. 4.7), while the change in volumetric strain with axial strain was nearly 

zero (dε
v
/dε

a
 ≈ 0 in Fig. 4.8). Hence, for the second shearing stage, the relative 

stiffness of the soil was the critical factor in deciding the stoppage of shearing. 

Finally, after consolidation at a net confining pressure of 400 kPa, the specimen 

was sheared beyond its peak strength. The increase of initial tangent modulus with 

subsequent stages was also observed by Rahardjo et al. (1995). 

Figure 4.7 shows that at each new effective confining pressure the soil 

initially compresses and then for a substantial portion of shearing there is no change 

in the overall volume change. However, the specimen showed dilation if the 

shearing was continued further, as in the case when the net confining pressure was 

100 kPa and 400 kPa. 
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Figure 4.7 Deviator stress response of consolidated specimen at induced matric 

suction of 50 kPa under drained conditions obtained from a multistage triaxial test 
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Figure 4.8 Volumetric strain response of consolidated specimen at induced matric 

suction of 50 kPa under drained conditions obtained from a multistage triaxial test 

Figure 4.8 shows the Mohr’s circles for a specimen at varying net confining 

pressures of 100, 200, and 400 kPa and at a constant matric suction of 50 kPa. The 

maximum deviator stresses obtained from the initial two net confining pressures of 

100 and 200 kPa were utilized to plot the Mohr’s circles, along with the deviator 

stress at critical state for net confining pressure of 400 kPa.  

The common tangent to the Mohr’s circles defines the modified Mohr-

Coulomb Failure Criterion by Fredlund and Morgenstern (1977). The cohesion 
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intercept (c) was obtained as 32.6 kPa, which is the sum of effective cohesion of 

saturated soil (c′ = 3.5 kPa) and apparent cohesion (c′′ = 29.1 kPa). The effective 

cohesion of saturated soil was obtained from the multistage test of the saturated 

specimen and its results have been discussed earlier in section 4.4.1. The angle of 

internal friction (φ′) of the unsaturated soil was determined to be 33.2°, which is 

practically the same as the value obtained for saturated specimen (φ′ = 33.4°). The 

angle of internal friction due to matric suction (φb) was calculated to be 30.2°. 

 

Figure 4.9 Mohr’s stress circle at varying net confining pressure and at s = 50 kPa 

 

Similarly, the deviator stress response of the specimen at constant matric 

suction of 250 kPa during shearing in drained conditions using multistage triaxial 
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test is shown in Fig. 4.10. The corresponding volumetric strain response for the 

specimen at constant matric suction of 250 kPa using multistage triaxial test is 

shown in Fig. 4.11.  

The first stage of shearing at the net confining pressure of 100 kPa was 

stopped when the change in volumetric strain with axial strain decreased to a 

negative value (dε
v
/dε

a
 < 0 in Fig. 4.11). Meanwhile, the tangent modulus 

diminished from 26.7 MPa to 6.5 MPa (E
i
/E

r
 = 4.1 < 25, in Fig. 4.10). Hence, the 

criterion for prevention of dilation of the specimen was the critical factor in 

determining the termination of the first shearing stage. In this case, the relative 

stiffness factor was too low (E
i
/E

r
 = 4.1). This might be due to the increase in 

brittleness of the soil with increasing suction and decrease in net confining pressure. 

As the specimen become more brittle (defined in section 2.11), the dilation initiates 

at a smaller axial strain (as observed in section 3.10). It is to be noted that for brittle 

materials the multistage tests are very sensitive to the application of additional axial 

strain near failure (Sharma et al., 2012). 

The second shearing stage at a net confining pressure of 200 kPa, was also 

stopped when the change in volumetric strain with axial strain decreased to a 

negative value (dε
v
/dε

a
 < 0 in Fig. 4.11). However, the tangent modulus reduced 

from 97 MPa to 8 MPa (E
i
/E

r
 = 12.2 in Fig. 4.10). Hence, the criteria for prevention 

of dilation of the specimen was also, the critical factor in determining the 
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termination of the second shearing stage. Since the net confining pressure was 

higher than in the previous case, it might have resulted in the delay of initiation of 

dilation (as observed for single stage tests in Figs. 3.37, 3.39 and 3.41), which 

indirectly caused the relative stiffness ratio E
i
/E

r
 to be higher in this case. However, 

due to the suction induced brittleness, the prevention of dilation criterion was the 

determining factor in the termination of shearing. 

Finally, after consolidation at 400 kPa, the specimen was sheared beyond 

its peak strength, and the highest deviator stress and post-peak softening (defined 

in section 2.11) were clearly observed. 

Figure 4.11 shows that at each new effective confining pressure the soil 

initially compresses and then for a substantial portion of shearing there is no change 

in the overall volume change of the specimen. However, with continuous shearing, 

the specimen dilates, as seen in all the shearing stages. 
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Figure 4.10 Deviator stress response of consolidated specimen at induced matric 

suction of 250 kPa under drained conditions obtained from a multistage triaxial 

test 
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Figure 4.11 Volumetric strain response of consolidated specimen at induced 

matric suction of 250 kPa under drained conditions obtained from a multistage 

triaxial test 

Figure 4.12 shows the Mohr’s circles for a specimen at varying net 

confining pressures of 100, 200, and 400 kPa and at a constant matric suction of 

250 kPa. The maximum deviator stresses obtained from the initial two net confining 

pressures of 100 and 200 kPa were utilized along with the deviator stress at critical 

state for net confining pressure of 400 kPa, to plot the Mohr’s circles (similar to the 

cases of saturated specimen and specimen at induced matric suction 50 kPa).  
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In the Fig. 4.12, the common tangent defines the modified Mohr-Coulomb 

Failure Criterion as proposed by Fredlund and Morgenstern (1977). The cohesion 

intercept (c) was obtained as 76.8 kPa, which is the sum of effective cohesion of 

saturated soil (c′ = 3.5 kPa) and apparent cohesion (c′′ = 73.3 kPa). The angle of 

internal friction (φ′) of the unsaturated soil was obtained to be 32.1°, which is 

practically similar to the value obtained for saturated specimen (φ′ = 33.4°). The 

angle of internal friction due to matric suction (φb) was calculated to be 16.3°. The 

variation of the value of φb with suction shows that the contribution of suction 

towards the strength of the soil decrease with increase in suction. 

 

Figure 4.12 Mohr’s stress circle at varying net confining pressure and at s = 250 

kPa 
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4.5 Comparison between the Conventional and Multistage Triaxial Test 

4.5.1 Saturated Soil Specimens 

One of the primary objectives of performing the multistage triaxial test on 

compacted specimens of silty soil was to verify if the results obtained by multistage 

test were comparable to that by single-stage tests.  

The comparison of the deviator stress responses of the single-stage and 

multistage triaxial tests on a saturated specimen is demonstrated in Fig. 4.13. It is 

evident that the deviator stresses for each effective confining pressure are nearly 

the same. The small variation between the results obtained from these tests, 

especially for the second confining pressure, may be attributed to two possible 

reasons. Firstly, it may be due to the premature termination of the loading sequence, 

prior to reaching the peak and the critical state for the initial two confining 

pressures. Secondly, the variability of soil specimen might have caused the subtle 

difference in deviator stress response. Nevertheless, these variations in the results 

are generally acceptable as soil behavior is quite complex and usually has a lot of 

uncertainty. Henceforth, the shear strength parameters (c′ = 3.5 kPa and φ′ = 33.4°) 

obtained from multi-stage tests would be nearly similar to that obtained from 

single-stage tests (c′ = 2.7 kPa and φ′ = 33.6°). 

The initial stiffness of the specimen obtained using a multistage test at the 

higher effective confining pressure (σ
3
′ = 200 and 400 kPa) is significantly higher 

that the initial stiffness obtained using the single-stage test. It might be due to the 
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rearrangement of the soil particles during the first stage of shearing, which caused 

the densification of the particles (as observed in the volumetric strain response in 

Fig. 4.5). Similar observations were made by Rosone et al. (2016), where only the 

initial stiffness of the final shearing stage (at the highest confining pressure) were 

compared. 

 

Figure 4.13 Comparison of deviator stress responses of saturated soil specimen 

obtained from single-stage and multistage triaxial tests 
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4.5.2 Unsaturated Soil Specimens 

The comparison between single-stage and multistage triaxial test for 

unsaturated soil specimens at matric suction of 50 kPa and 250 kPa is shown in Fig. 

4.14 and Fig. 4.15, respectively. It is evident that for both cases the deviator stress 

response obtained from multistage tests are quite similar to that obtained from 

single-stage tests.  

However, when the deviator stress responses of the soils are compared for 

the specimen at a net confining pressure of 200 kPa (second shearing stage for 

multistage test) and an induced matric suction of 250 kPa, it is observed that the 

deviator stress at the termination point is significantly lower (9.7%) than the peak 

deviator stress obtained from the single-stage test at the same net confining pressure 

and suction level. This might be primarily due to the premature termination of the 

shearing stage during the multistage test. However, the difference between the 

deviator stresses at the critical state was 4.0%, which is generally considered to be 

within the acceptable range of error for experimental soil mechanics. 

Figures 4.14 and 4.15 show that the initial tangent modulus was observed 

to be higher in the case of the second and the final shearing stage of the multistage 

triaxial test (σ
3
‒ u

a
 = 200 and 400 kPa) as compared to that of the single-stage 

triaxial test at the same net confining pressure. These observations are in 

concordance with that of Rosone et al. (2016). 
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Figure 4.14 Comparison between the deviator stress responses of unsaturated soil 

specimen at matric suction of 50 kPa obtained from single-stage and multistage 

triaxial tests 
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Figure 4.15 Comparison between the deviator stress responses of unsaturated soil 

specimen at matric suction of 250 kPa obtained from single-stage and multistage 

triaxial tests 

The variation of deviator stress obtained from single-stage and multistage 

tests at peak and critical states were computed and shown in Table 4.1. It is 

observed that the variation at peak stress state was in the range of -1.2% to -9.7%, 

while at critical state the range was between -4.5% to 4.0%. Since the soil 
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demonstrates slight post-peak softening, the deviator stress at the termination of 

shearing during the multistage test was near the critical state than that at peak state 

stress.  

The final shearing stage of a multistage test allows the shearing to continue 

till the specimen reaches its critical state. Hence, the comparison of the deviator 

stress response for the final stage (net confining pressure of 400 kPa) would be 

helpful in determining the effect of shearing the same specimen at varying net 

confining pressures on the critical state strength. Since the variation at critical state 

between single-stage and multistage tests is less than 2% for net confining pressure 

of 400 kPa for all the suction levels (s = 0, 50 and 250 kPa), the procedure followed 

during the multistage test has a negligible impact on the critical state. Moreover, 

the variation at peak stress state for the final net confining pressure of 400 kPa 

between single-stage and multistage tests varies between 3.0% and 7.2%. 

The comparison of the shear strength parameters obtained from single-stage 

and multistage tests have been listed in Table 4.2. It lucidly shows that practically 

both the types of tests yield similar shear strength parameters. Similar conclusions 

were drawn by Ferreira et al. (2016) where the angle of internal friction of granular 

material obtained from single-stage and multistage triaxial test varied by less than 

2° on an average. This is a further validation of the effectiveness of the procedure 

developed to determine the termination of the shearing stage using multistage 

triaxial tests. Moreover, the approximate time required to complete the tests 
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(assuming maximum axial strain of 20% during shearing) to obtain the shear 

strength parameters is shown in Table 4.2. It is observed that the multistage test 

required less than half of the time needed by single-stage tests to determine the 

shear strength parameters of the soil for all the suction levels (s = 0, 50, and 250 

kPa). 

Table 4.1 Variation of deviator stress at peak and critical state for single-stage and 

multistage triaxial tests 

Suction, 

s (kPa) 

Net confining pressure, 

(σ
3
‒ u

a
) (kPa)  

q
ss, peak ‒ q

ms

q
ss, peak

 
q

ss, cs ‒ q
ms

q
ss, cs

 

0 100 -1.18% -4.45% 

0 200 8.76% 4.01% 

0 400 2.96% 0.51% 

50 100 8.97% 1.39% 

50 200 1.80% -3.28% 

50 400 5.68% 1.10% 

250 100 8.30% -0.41% 

250 200 9.70% 4.03% 

250 400 7.18% 1.75% 

q
ss, peak

 is the deviator stress at peak stress state for single-stage tests 

q
ss, cs

 is the deviator stress at critical state for single-stage tests 

q
ms

 is the deviator stress at the point of termination of shearing for multistage tests 

 

 



262 

 

Table 4.2 Comparison between the results obtained from the single-stage and the 

multistage triaxial tests 

Test Type 
Suction, 

s (kPa) 
#Tests 

Cohesion 

Intercept, 

c (kPa) 

φ′ (°) φb (°) 

Approximate 

completion time 

(ε
a
 = 20%) (days) 

Single-stage 0 3 2.7 33.6 - 16 

Multistage 0 1 3.5 33.4 - 7.5 

Single-stage 50 3 30.8 33.5 29.3 58 

Multistage 50 1 32.6 33.2 30.2 24 

Single-stage 250 3 76.3 32.7 16.4 68 

Multistage 250 1 76.8 32.1 16.3 27 

The experimental data points obtained from multistage triaxial tests in p′-q 

space, along with the critical state lines (CSLs) for varying suction states obtained 

from single-stage triaxial tests have been shown in Fig. 4.16. It highlights the 

accuracy of the multistage triaxial tests to mimic the single stage tests. The slope 

of the CSLs for varying suction have a similar slope. Hence, the CSLs for all the 

suction states have been assumed to have the same slope of 1.355 as that obtained 

for saturated specimens. 

Figures 4.17 and 4.18 show prediction of strength of unsaturated soil based 

on the integration of Vilar et al. (2006) model for cohesion intercept and the 

modified Mohr-Coulomb Failure Envelope by Fredlund and Morgenstern (1977). 

The cohesion intercept was computed by using the Vilar et al. (2006) model as 
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described in 3.10.9 (Eq. 3.11) for both single-stage and multistage triaxial tests. For 

Fig. 4.17, the three-dimensional surface (or equation) is based on the equation (Eq. 

2.14) of unsaturated shear strength of unsaturated soil by Fredlund and Morgenstern 

(1977) with shear strength parameters of saturated specimen obtained from single-

stage triaxial test (c′ = 2.7 kPa and φ′ = 33.6 ).  

Similarly, for Fig. 4.18, the shear strength parameters on saturated specimen 

obtained from multistage triaxial test (c′ = 3.5 kPa and φ′ = 33.4 ) were used to 

generate the three-dimensional shear strength equation. The experimental values 

from single-stage and multistage tests were utilized to compute the shear strength 

at individual suction level by using the actual experimental cohesion intercept. 

These experimental shear strength values were also plotted and labelled. 

For clarity in comparison, the projections of the three-dimensional surface 

for net mean stress of 100, 200, and 400 kPa (shown by dotted lines) and the 

experimental points were extended to the τ-s plane (represented as cyan colored 

dots). It is observed that the results from both the type of tests were quite similar 

and the three-dimensional surface for single-stage and multistage triaxial test 

appear to be identical.  
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Figure 4.16 CSL in p′-q space at varying suction levels (s = 0, 50, 250, 750 kPa) 

for single-stage and multistage tests 
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Figure 4.17 A three-dimensional surface for shear strength of unsaturated soil 

developed from multistage triaxial tests and the cohesion intercept variation with 

matric suction using Vilar et al. (2006) model 
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Figure 4.18 A three-dimensional surface for shear strength of unsaturated soil 

developed from single-stage triaxial tests and the cohesion intercept variation with 

matric suction using Vilar et al. (2006) model 
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4.5.3 Summary 

The multistage test had previously shown promising results as an alternative 

for conventional or single-stage triaxial test on saturated specimens to address the 

issues of soil variability, lack of replicating soil specimens and the time required to 

complete a full series of test to determine the shear strength parameters (Kenney 

and Watson,1961; Sridharan and Rao, 1972; Parry and Nadarajah, 1973; Saeedy 

and Mollah 1988; Sharma et al., 2011). The comparison presented in section 4.5.2 

shows that the procedure adopted for appropriately selecting the termination point 

for the initial two shearing stages (as mentioned in section 4.3.3) is adept at 

preventing the failure of the saturated and unsaturated specimen, which is essential 

for the satisfactory performance of the multistage test. The comparison also 

demonstrated the practical utility of the multistage tests (at constant suction) in 

providing similar results (less than 5% variation at critical state) as obtained by 

single-stage tests, but in less than half the time required. 

4.6 Modeling Soil Response Under Monotonic Loading 

4.6.1 General 

The complex behavior of unsaturated soils has resulted in hurdles in 

modeling its behavior. Additional complications arise due to the different 

approaches employed by various researchers, like the use of total stress, or the use 

of Bishop’s stress coupled with other variables to simulate the collapse of soils 
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(Solowski and Sloan, 2015). The number of constitutive models for unsaturated 

soils is also increasing rapidly, which use different approaches.  

The widely known specialized constitutive models for unsaturated soils 

include those postulated by Alonso et al. (1990), Cui and Delage (1996), Alonso et 

al. (1999), Wheeler et al. (2003), Gallipoli et al. (2003), Tamagnini (2004), 

Georgiadis et al. (2005), Russell and Khalili (2006), Kimoto et al. (2007), Thu et 

al. (2007), Sheng et al. (2008), Kohler and Hofstetter (2008), Romero and Jommi 

(2008), Buscarnera and Nova (2009), Zhang and Lytton (2009a, b), Koliji et al. 

(2010), Manzanal et al. (2011), Liu and Muraleetharan (2012), Sun and Sun (2012), 

Casini (2012), Kodikara (2012), Guimãres et al. (2013), Tsiampousi et al. (2013), 

Solowski and Sloan (2015), Zhou and Sheng (2015), and Xiong et al. (2016). The 

presence of so many models with different approaches results in difficulties to 

comprehend the difference between each of them (Zhang and Li, 2010; Zhou et al., 

2012; Solowski and Sloan, 2015). 

The behavior of the silty soil tested in this research shows slight post-peak 

softening (defined in section 2.11) and stress-induced-dilatancy. Many constitutive 

models have been developed for dilatant geomaterials by Ng and Chiu (2003), 

Manzanal et al. (2011), Tsiampousi et al. (2013), Solowski and Sloan (2015), Zhou 

and Sheng (2015), and Xiong et al. (2016). Moreover, other models were also 

developed for unsaturated soils demonstrating compressive behavior by Alonso et 

al. (1990), Toll (1990), Josa et al. (1992), Wheeler and Sivakumar (1995), Cui and 
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Delage (1996),  Houlsby (1997), Chiu and Ng (2003), Gallipoli et al. (2003), 

Datcheva and Schanz (2003); Khalili et al. (2005), Russell and Khalili (2006), 

Kohler and Hofstetter (2008), Yang et al. (2008), Buscarnera and Nova (2009), 

Zhang and Lytton (2009a, b), Koliji et al. (2010), Sun and Sun (2012), Kodikara 

(2012), Guimãres et al. (2013), and Zhou and Sheng (2015).   

However, the Barcelona Basic Model (BBM) by Alonso et al. (1990) forms 

the basis for most of the elasto-plastic constitutive modeling of unsaturated soils 

(Gens, 2010) and it has been the most widely used model for unsaturated soils. 

Henceforth, the BBM was used to compare the results obtained from suction-

controlled single-stage and multistage triaxial tests. 

4.6.2 Barcelona Basic Model 

The Barcelona Basic Model (BBM) proposed by Alonso et al. (1990) 

utilizes a critical state framework for predicting the behavior of unsaturated soils. 

It is an elasto-plastic constitutive model developed to incorporate hardening 

plasticity. It was ideally suited for slightly to moderately expansive clayey soils 

showing compressive behavior upon shearing; though it can also predict the 

behavior of sand, silt, clayey sand, and sandy clay. The basic framework of the 

model is an extension of the Modified Cam Clay (MCC) model (Roscoe and 

Burland, 1968). The BBM was defined in terms of the three state variables, i.e., the 

net mean stress, p; the deviator stress, q; and the matric suction, s. 
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4.6.3 Calibration of Barcelona Basic Model parameters 

The BBM requires the determination of various model parameters 

associated with the changes in isotropic stress, deviator stress, shear strength and 

matric suction (Alonso et al., 1990). The following variables are used to predict the 

change in soil behavior: (i) net mean stress, p = (σ
1
 + 2 σ3)/3 ‒ ua

; (ii) deviator 

stress, q = (σ
1
 ‒ σ

3
); (iii) matric suction, s = (u

a
 - u

w
); (iv) total volumetric strain, ε

v
 

= (ε
1
 +2ε

3
); (v) total shear strain, ε

q
 = (2/3)(ε

1
 - ε

3
) and (vi) specific volume, v = (1 

+ e). 

The yield function defines the yield surface, which delineates the plastic 

behavior from the elastic behavior. The BBM recommends an elliptical shaped 

yield surface in p-q space, as shown in Fig. 4.19 and is determined by Eq. 5.1. The 

variation of stresses results in the expansion of the yield surface in the p-q-s space. 

𝑓(𝑝, 𝑞, 𝑠) = 𝑞2 − 𝑀2(𝑝 + 𝑝𝑠)[𝑝𝑜(𝑠) − 𝑝] = 0        (4.1) 

where M = slope of the critical state line in the p-q plane; 

p
s
 = ks              (4.2) 

k = slope of the apparent tensile strength line in p-s plane. 

s = soil suction. 

Another yield function is recommended in the p-s space which characterizes 

the suction increase (SI) yield loci. This yield function signifies the plastic 
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compression which occurs due to an increase in suction, and is determined by the 

following expression: 

𝑓(𝑠, 𝑠𝑜) = 𝑠 − 𝑠𝑜 = 0        (4.3) 

where so is the maximum suction experienced by the soil. 

The BBM assumes that the increase in matric suction results in a decrease 

in the volumetric stiffness parameter, λ(s). Henceforth, the yield surface in p-q-s 

space expands with an increase in suction. The variation of λ(s) with suction, s is 

as follows: 

λ(𝑠) =  λ(0)[(1 − 𝑟)𝑒(−𝛽𝑠) + r]              (4.4) 

where 𝑟 =
𝜆(𝑠→∞)

𝜆(0)
  ; 

β = parameter controlling the rate of increase of soil stiffness with matric 

suction. 
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Figure 4.19 Yield surfaces in p-q-s space (modified from Alonso et al., 1990 and 

Macari et al., 2003) 

At constant suction, the yield surface in the p-s space is defined by the 

Loading Collapse (LC) curve. The values of isotropic stress, p
o
(s) defines the LC 

curve in the p-s space and is expressed as (Alonso et al., 1990): 

pf (s>0), qf (s>0)

pf (s = 0), qf (s = 0)

s = 0

s > 0
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𝑝𝑜(𝑠)

𝑝𝑐
= [

𝑝𝑜(0)

𝑝𝑐
]

𝜆(0)−𝜅

𝜆(𝑠)−𝜅
              (4.5) 

where, po(s) = yield stress as a function of matric suction, s 

po(0) = preconsolidation stress at saturated condition (s = 0) 

pc = reference/preconsolidation stress at which the LC becomes a straight 

line  (i.e., p
o
(s) = pc) 

λ(0) = compressibility coefficient at saturated condition along the virgin 

loading 

λ(s) = soil stiffness parameter that varies with matric suction, s 

κ = elastic rebound index 

The BBM assumes a linear increase in cohesion with an increase in suction 

and is defined as the value of ‒p
s
 = ‒ks in the p-s space when q = 0 (shown in Fig. 

4.19). The major axis of the ellipse extends from ‒p
s
 to p

o
(s), as shown in Fig. 4.19. 

The failure of the soil is characterized by the critical state and is defined by the 

values of p
f
 and q

f
 in p-q space, which is dependent of the induced matric suction. 

4.6.3.1 Calibration of BBM parameters from experimental results 

A series of isotropic consolidation tests were performed on statically 

compacted specimens of silty soil at constant suction levels of 50 kPa, 250 kPa, and 

750 kPa (as mentioned in section 3.8). The net mean stress was increased at a 

constant rate of 5 kPa/h to attain the required level at constant suction.  
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Figure 4.20 shows the change in specific volume with the variation of net 

mean stress from all suction controlled hydrostatic compression (HC) tests. The 

slope of the virgin curve or the volumetric stiffness parameter, λ(s) were determined 

to be λ(50) = 0.011, λ(250) = 0.009, and λ(750) = 0.006. It could be observed that 

the slope of the virgin curve or the volumetric stiffness parameter, λ(s) decreases 

with increases in suction. In other words, the stiffness of the soil increases with 

increase in suction, which is consistent with the BBM framework.  

While the elastic rebound index, κ shows an increase, from 0.0012 at 50 kPa 

matric suction to 0.0019 at 750 kPa matric suction. However, an average value of 

κ = 0.0016 was selected for modeling based on BBM framework. Additionally, the 

preconsolidation pressure or yield stress were calculated to be po(50) = 51 kPa, 

po(250) = 62 kPa and po(750) = 70 kPa, from HC tests performed at matric suction 

of 50 kPa, 250 kPa and 750 kPa, respectively. Similar observations and assumptions 

were made by Patil et al. (2016a) for developing the BBM from suction-controlled 

triaxial tests. 
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Figure 4.20 Response of silty soil from suction-controlled HC test at s = 50, 250 

and 750 kPa 

The Generalized Reduced Gradient (GRG) method (available in “Solver 

add-in” for a standard spreadsheet like Microsoft Excel) was adopted to solve the 

overdetermined system of nonlinear equation (Eq. 4.4). The experimental data for 

values of λ(s) were used to determine the BBM parameters, which are as follows: 

λ(0) = 0.014, r = 0.4655, and β = 0.0074 kPa-1. The effect of the values of β and r 

on the stiffness parameter λ(s) are shown in Figs. 4.21 and 4.22, respectively. 
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Figure 4.21 Variation of stiffness parameter λ(s) for different values of β 
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Figure 4.22 Variation of stiffness parameter λ(s) for different values of r 

The same method was utilized to calibrate the parameters pc and po(0) using 

the known values of po(s) and Eq. 4.5. The following best-fit values were obtained: 

pc = 38 kPa and po(0) = 48.5 kPa. The influence of the value of po(0) on the loading 

collapse (LC) curve is shown in Fig. 4.23. 
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Figure 4.23 Variation of net mean stress for different values of po(0) 

The BBM formulation postulates a constant value of k, which denotes the 

increase in cohesion intercept due to suction. However, it was observed that the 

present set of experimental data points suggests a nonlinear or bilinear trend for the 

value of k with suction. The variation in the value of k appeared to change 

drastically at the suction of 250 kPa. Henceforth, the following values were used: 

𝑘 = {
0.4914,    s ≤ 250
0.0222,    s  250

               (4.6) 
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Figure 4.24 shows the Loading Collapse (LC) yield curve and the Apparent 

Tensile Strength (ATS) locus in p-s space as determined from the experimental 

results. The ATS was determined from the x-axis intercept of the CSLs at varying 

suction states from the suction-controlled CTC tests. The rate of increase of ATS 

with suction is determined to be 0.4914, for suction below 250 kPa, and 0.0222, for 

suction beyond 250 kPa (from Eq. 4.6). The behavior of LC yield curve is similar 

to the trend expected from BBM framework. The use of non-plastic silt resulted in 

a smaller range of LC yield curve, due to the lack of significant influence of induced 

matric suction on the volume change of the soil, as compared to soft clays.  

 

Figure 4.24 Loading Collapse and Apparatus Tensile Strength of the silty soil on 

p-s space 
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 The Loading Collapse (LC) yield curves for various intermediate 

geomaterials are plotted in Fig. 4.25. It was observed that the LC yield curve for 

the current study is within the expected range.  

 

Figure 4.25 Current and previously reported LC curves for varying soil types, 

compaction technique, and soil conditions 
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4.6.4 Constitutive Behavior under Shear Loading 

The experimental data (presented in Chapter 3) for shearing were utilized 

to obtain the strength at the critical state for varying net confining pressure and 

suction levels. The BBM formulation postulates that the slope of the critical state 

line, M remains constant irrespective of the induced matric suction. The 

experimental data for strength at critical state (section 3.10) shows that the values 

of the slope of CSL at varying suction levels are similar to that in the saturated 

condition. Hence the slope of CSL was assumed to be same at all suction levels, 

i.e., M = 1.3555. The calibrated values of the BBM parameters are listed in Table 

4.3. 

Table 4.3 Calibrated parameters for BBM for silty soil 

Parameter Calibrated Value Units 

λ(0) 0.014 ‒ 

κ 0.0016 ‒ 

r 0.4655 ‒ 

β 0.0074 kPa-1 

pc 38 kPa 

G 18000 kPa 

M 1.3555 ‒ 

k 
0.4914 (s ≤ 250 kPa) 

0.0222 (s  250 kPa) 
‒ 

p
o
(0) 48.5 kPa 
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The variation of deviator stress, q at critical state for different values of 

initial net mean stress and matric suction could be expressed by the Eq. 4.7. Eq. 4.7 

represents the three-dimensional surface with net mean stress, p and suction, s as 

variables and the BBM parameters M and k. The non-linearity of cohesion intercept 

with suction is accounted for by approximating the value of k as a bi-linear function, 

as shown in Eq. 4.6. The surface, Eq. 4.8 and it simplified form (Eq. 4.9), is 

determined within the domain of net mean stress of 100 to 400 kPa and matric 

suction of 0 to 750 kPa. 

𝑞 = 𝑀𝑝 + 𝑀𝑘𝑠             (4.7) 

𝑞 =

{
−1.356𝑝 + 1.356×0.4914𝑠, 𝑠 ≤ 250 𝑘𝑃𝑎

1.356𝑝 + 0.6663×250 + 1.356×0.02218×(𝑠 − 250), 𝑠 > 250 𝑘𝑃𝑎
   (4.8) 

𝑞 = {
1.356𝑝 + 0.6663𝑠, 𝑠 ≤ 250 𝑘𝑃𝑎

1.356𝑝 + 159.06 + 0.02218𝑠, 𝑠 > 250 𝑘𝑃𝑎
  (4.9) 

The predictions of the BBM framework (Eq. 4.9) was compared with the 

experimental results (Section 3.10), as shown in Figs. 4.26 and 4.27. The BBM 

predictions for the strength at critical state for varying suction levels and initial net 

mean stress forms a close correlation with that of the experimental observations for 

both single-stage and multistage triaxial tests. 
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Figure 4.26 Comparison of predicted and experimental values of deviator stress at 

critical state using single-stage tests (s = 0 to 750 kPa) as postulated by the BBM 

framework 
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Figure 4.27 Comparison of predicted and experimental values of deviator stress at 

critical state using multistage tests (s = 0 to 250 kPa) as postulated by the BBM 

framework 

4.6.5 Implementation of Barcelona Basic Model 

The original BBM framework follows the Cam-clay framework by 

assuming that any change in net mean stress, p induces elastic or recoverable 

changes in the volume of the soil. The elastic volume strain increment is expressed 

by: 

𝑑𝜀𝑣𝑝
𝑒 = −

𝑑𝑣

𝑣
=

𝜅

𝑣

𝑑𝑝

𝑝
       (4.10) 
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Eq. 4.10 implies a linear relationship exists between the specific volume, v, 

and the logarithm of mean stress, ln (p), which is represented by the elastic 

unloading-reloading line (url) of the soil (Alonso et al., 1990). 

The changes in deviator stress, q, which induces elastic shear strains can be 

utilized to determine the elastic shear strain increment, by using the following 

expression: 

𝑑𝜀𝑞
𝑒 =

2

3
(𝑑𝜀1

𝑒 − 𝑑𝜀3
𝑒) =

1

3𝐺
𝑑𝑞      (4.11) 

The BBM assumes that the yield surface in the p-q space is defined by an 

ellipse (Eq. 4.1). The size of the elliptical-shaped yield surface is defined by the 

value of yield stress, p
o
(s). The yield surface expansion and soil hardening are 

associated with the normal compression of the soil. The relationship between 

specific volume, v = 1+e, and the logarithm of net mean stress, ln(p), during 

isotropic normal compression along the iso-ncl is governed by:  

 𝑣 = 𝑁(𝑠) − 𝜆(𝑠)𝑙𝑛
𝑝

𝑝𝑐        (4.12) 

The magnitude of the plastic volumetric strain is computed as: 

𝑑𝜀𝑣𝑝
𝑝 = [

𝜆(𝑠)−𝜅

𝑣
]

𝑑𝑝𝑜(𝑠)

𝑝𝑜(𝑠)
       (4.13) 

In a CTC test, the value of deviator stress, q is computed by  

𝑞 = 3(𝑝 − 𝑝𝑖𝑛𝑖)         (4.14) 

where p
ini

 is the initial value of net mean stress prior to shearing. 
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During a CTC test, the deviator stress is monotonically increased with a 

shear loading ratio, dq = 3 dp, until the critical state line (CSL) was reached. At this 

point, the soil becomes fully plastic and plastic shear strain develops with no plastic 

volumetric strain, which results in no change in stress path for the given sample. 

4.6.5.1 Explicit Integration of Constitutive Relations 

The step-wise integration scheme of shearing a lightly overconsolidated soil 

specimen using the BBM framework is demonstrated by using Fig. 4.28. It shows 

the response of soil in the p-q and ν-ln p space, along with the deviator stress and 

specific volume responses with respect to induced shear strain. 

The values of the following parameters, λ(0), κ, β, r, p
c
, G, M, k, p

o
(0), and 

s = (u
a
‒ u

w
), are calibrated to be utilized in the explicit integration. The general case 

of lightly overconsolidated soil is used, since points, A and B (in Fig. 4.28) are 

identical for normally consolidated soil. Additionally, for normally consolidated 

soils p
ini

 = po
B(s). 
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Figure 4.28 Schematic of BBM response for a constant suction CTC test under 

drained conditions on a lightly-overconsolidated specimen (after Hoyos, 1998) 

The step-wise explicit integration procedure for BBM as described by 

Hoyos (1998) is as follows: 

Step 1. The value of λ(s) is computed using Eq. 4.4. 

Step 2. The value of p
o

B(s) is calculated as: 
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𝑝𝑜
𝐵(𝑠) = 𝑝𝑐 [

𝑝𝑜(0)

𝑝𝑐 ]

𝜆(0)−𝜅

𝜆(𝑠)−𝜅
    (4.15) 

Step 3. In the case of a lightly overconsolidated soil, the intersection of the 

CTC stress path and the initial yield surface could be computed by using Eq. 4.1 

and Eq. 4.14 and solving for the value of q
B
, which is as follows: 

𝑞𝐵 =
−𝑏+√𝑏2−4𝑎𝑐

2𝑎
      (4.16) 

where,  

𝑎 = 1 + (
1

9
) 𝑀2,      

𝑏 = (
1

3
) 𝑀2[2𝑃𝑖𝑛𝑖 − 𝑝𝑜

𝐵(𝑠) + 𝑝𝑠], and    

𝑐 = 𝑀2[𝑝𝑖𝑛𝑖 + 𝑝𝑠][𝑝𝑖𝑛𝑖 − 𝑝𝑜
𝐵(𝑠)]    (4.17) 

Hence, for a CTC stress path,  

𝑝𝐵 = 𝑝𝑖𝑛𝑖 +
1

3
𝑞𝐵      (4.18) 

Step 4: The specific volume, ν
B
 at the point B on the unloading-reloading 

line (url) corresponding to the net mean stress, p
B
  is computed as: 

𝑣𝐵 = 𝑣𝑖𝑛𝑖 − 𝜅 ln [
𝑝𝐵

𝑝𝑖𝑛𝑖
]    (4.19) 

Step 5. The elastic shear strain increment (which is recoverable) can be 

calculated for stress path AB using the following expression: 

𝑑𝜀𝑞
𝑒 =

1

3𝐺
𝑞𝐵      (4.20) 
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Step 6. The coordinates of the ultimate point or failure point E on the CSL 

is computed as: 

𝑞𝐸 = [
3𝑀

3−𝑀
] (𝑝𝑖𝑛𝑖 + 𝑝𝑠)        (4.21) 

 𝑝𝐸 = 𝑝𝑖𝑛𝑖 +
1

3
𝑞𝐸    (4.22) 

The yield surface at failure can be determined by replacing po(s) and ps in 

Eq. 4.1 and solving by substituting the value of deviatoric stress, q
E
 or net mean 

stress, p
E
 obtained from Eq. 4.21 or Eq. 4.22. 

Step 7. The interval between q
B
 to q

E is divided into equal deviatoric stress 

increments dq. 

Step 8. The specific volume, vo
B on the isotropic normal consolidation line 

(iso-ncl), corresponding to po
B
(s), is calculated using the following expression: 

𝑣𝑜
𝐵 = 𝑣𝑖𝑛𝑖 − 𝜅 ln [

𝑝𝑜
𝐵(𝑠)

𝑝𝑖𝑛𝑖
]            (4.23) 

Step 9. The first increment of stress path BC is considered as a result of step 

7. The coordinates of point C is as follows: 

 𝑞𝐶 = 𝑞𝐵 + 𝑑𝑞       (4.24) 

 𝑝𝐶 = 𝑝𝐵 +
1

3
𝑑𝑞       (4.25) 

Step 10. The value of po
c
(s) for the expanded yield locus through the 

intermediate point C is computed by the following expression: 

𝑝𝑜
𝐶(𝑠) = 𝑝𝐶 +

(𝑞𝐶)2

𝑀2(𝑝𝐶+𝑝𝑠)
   (4.26) 
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Step 11. Since the specific volume on the iso-ncl, vo
B, corresponding to 

po
B(s) is calculated from Step 8, it is feasible to compute the specific volume on the 

iso-ncl associated to any value of po(s) i.e. po
C(s), po

D(s), and po
E(s). The specific 

volume vo
C on the iso-ncl corresponding to po

c(s) is computed as: 

𝑣𝑜
𝐶 = 𝑣𝑜

𝐵 − 𝜆(𝑠) ln [
𝑝𝑜

𝐶(𝑠)

𝑝𝑜
𝐵(𝑠)

]    (4.27) 

Step 12. The specific volume, v
C at point C on the url corresponding to p

C
 

is computed as: 

 𝑣𝐶 = 𝑣𝑜
𝐶 + 𝜅 ln [

𝑝𝑜
𝐶(𝑠)

𝑝𝐶
]    (4.28) 

Step 13. Shearing a specimen along the CTC stress path in drained condition 

allows the volume changes within the specimen. These volume changes between 

stress path BC consists of both elastic and plastic components. The elastic 

deformations are due to the change in net mean stress, p. However, the plastic 

deformations are caused due to the expansion of the elliptical-shaped yield surface 

and are computed in step 15. 

The elastic volumetric and shear strain increments, dεvp
e and dεq

e, along 

stress path BC can be computed as follows: 

   𝑑𝜀𝑣𝑝
𝑒 =

𝜅

𝑣

𝑑𝑝

𝑝
=

𝜅

𝑣𝐵
[

𝑝𝐶−𝑝𝐵

𝑝𝐵
]     (4.29) 

 𝑑𝜀𝑞
𝑒 =

1

3𝐺
[𝑞𝐶 − 𝑞𝐵] =

1

3𝐺
𝑑𝑞    (4.30) 
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Step 14. The total volumetric strain increment, 𝑑𝜀𝑣𝑝
𝑡𝑜𝑡 developed along the 

stress path BC is computed as: 

𝑑𝜀𝑣𝑝
𝑡𝑜𝑡 =

−𝑑𝑣𝐵𝐶

𝑣𝐵
=

𝑣𝐵−𝑣𝐶

𝑣𝐵
   (4.31) 

Step 15. The plastic volumetric strain increment dεvp
p, developed along 

stress path BC is computed as: 

𝑑𝜀𝑣𝑝
𝑝 =  𝑑𝜀𝑣𝑝

𝑡𝑜𝑡 − 𝑑𝜀𝑣𝑝
𝑒     (4.32) 

Step 16. Finally, by assuming  that the soil follows the non-associative flow 

rule for the direction of plastic shear strain increments, dεq
p, the plastic shear strain 

increment developed along the stress path BC can be computed by using the 

following expression: 

𝑑𝜀𝑞
𝑝 =

2𝛼𝑞𝐶

𝑀2[2𝑝𝐶+𝑝𝑠−𝑝𝑜
𝐶(𝑠)]

𝑑𝜀𝑣𝑝
𝑝

   (4.33) 

where α is a constant and is defined as: 

𝛼 =
𝑀(𝑀−9)(𝑀−3)

9(6−𝑀)
[

1

1−
𝜅

𝜆(0)

]   (4.34) 

 Step 17. The total shear strain increment is computed using: dεq
tot = dεq

e+ 

dεq
p, for the stress path BC. 

Step 18. The steps 8-17 are repeated for point D, and for all subsequent 

points along the stress path DE. 

Step 19. Finally, the plots of q-p, v-p, q-εq
tot, and v-dεq

tot are plotted as 

demonstrated in Fig. 4.28. 
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The original BBM framework was postulated for predicting the strength and 

volume change of soft clays, where the soil compresses upon shearing, with no 

dilation. Therefore, the deviator stress response gradually increases and finally 

attains a steady state, also known as the critical state. However, for soils showing 

dilatancy, the BBM framework is not expected to predict the soil response 

accurately. Although, the predictions for stress-strain response at the critical state 

were observed to be near to the experimental data from the single-stage and 

multistage triaxial tests. The subsequent section devotes to the comparison of 

experimental results and the BBM predictions. 

4.6.5.2 Comparison between single-stage results and BBM predictions 

The comparison between the predictions from BBM framework and 

experimental data of the deviator stress response with monotonic shearing for 

varying initial net mean stress (100, 200 and 400 kPa) and matric suction levels 

(50, 250 and 750 kPa) under drained condition following CTC stress path are shown 

in Fig. 4.29 to Fig. 4.31. 

The results from the BBM demonstrated moderately close predictions at the 

critical state. However, as expected the BBM predictions were not able to capture 

the post-peak softening response, as its assumption is based on the strain hardening. 

The BBM predictions for the response of the soil at initial net mean stress 

of 100 kPa and a matric suction of 50 kPa had the least similarity with the observed 

response, as seen in Fig. 4.29. The difference in deviator stress at the critical state 



293 

 

between the BBM prediction and experimental observation was approximately 50 

kPa (or 13.8%). This might be due to the underestimation of the ATS (difference 

of 18 kPa or 42% in the value of p
s
(s = 50)) at the suction of 50 kPa, as seen in Fig. 

4.24. If the actual experimental values were used, the value of k would have been 

0.8432 for the suction level of 50 kPa. The results, in that case, showed good 

coherence with the experimental results (shown in Appendix B). The difference at 

the peak stress would be 38 kPa (or 9.9%), while at the critical state the difference 

would have been 8.5 kPa (or 2.4%). Hence the use of a non-linear variation of k 

with respect to the matric suction would be optimal for BBM predictions. 

An interesting observation was made for the BBM prediction at a matric 

suction of 250 kPa and net mean stress of 400 kPa (Fig. 4.30). The BBM predictions 

were observed to be close to the peak stress level of the experimental results, which 

may partly be due to overprediction (by 6%) of ATS at the suction of 250 kPa. 
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Figure 4.29 Experimental and BBM predicted response from suction-controlled 

CTC test under drained conditions at initial net mean stress of 100 kPa, 200 kPa, 

and 400 kPa and matric suction of 50 kPa 
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Figure 4.30 Experimental and BBM predicted response from suction-controlled 

CTC test under drained conditions at initial net mean stress of 100 kPa, 200 kPa, 

and 400 kPa and matric suction of 250 kPa 
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Figure 4.31 Experimental and BBM predicted response from suction-controlled 

CTC test under drained conditions at initial net mean stress of 100 kPa, 200 kPa, 

and 400 kPa and matric suction of 750 kPa 
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4.6.5.3 Comparison between multistage results and BBM predictions 

Figures 4.32 and 4.33 show the comparison between the stress-strain 

response obtained from the multistage triaxial tests at varying initial net mean stress 

of 100, 200, and 400 kPa and at a matric suction of 50 kPa and 250 kPa, 

respectively. The stress-strain response (Fig. 4.32) from multistage triaxial test 

shows good correlation with the predictions from BBM framework at the critical 

state for an initial net mean stress of 400 kPa and matric suction of 50 kPa.  

However, since the ATS and the value of k were underestimated (by 42%), 

as in the case of single-stage tests, at the matric suction of 50 kPa, the difference 

between the BBM predictions and experimental observations seem to be distinct. If 

the value of k at matric suction of 50 kPa was 0.8432 (which forms the best-fit line 

from s = 0 to s = 50 kPa) the predictions would be close to the observed 

experimental results (shown in Appendix B). The deviator stress response from the 

multistage tests also shows the unloading sequence for net mean stress of 100 and 

200 kPa. 

The deviator stress at the initial net mean stress of 100 and 200 kPa were 

not allowed to reach the failure state and stopped when the dilation was initiated 

(as described in section 4.4.2). Hence the predictions (as shown in Fig. 4.33) appear 

to be slightly higher than the experimental observations. Additionally, the ATS was 

overestimated, due to the constant value of k = 0.4914, instead of 0.466 which is 

suited for suction at 250 kPa. 
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After reviewing the comparisons between the BBM predictions and the 

experimental observations from single-stage and multistage triaxial tests (Figs. 

4.29, 4.30, 4.32, and 4.33), it could be mentioned that the use of multistage tests 

results in negligible errors in the BBM predictions. Hence, the BBM generated by 

calibrating the parameters using single-stage and multistage tests produce similar 

predictions. 

 

Figure 4.32 Comparison between predictions from BBM framework and 

multistage triaxial test at a constant matric suction of 50 kPa and varying net 

mean stress of 100, 200, and 400 kPa 
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Figure 4.33 Comparison between predictions from BBM framework and 

multistage triaxial test at a constant matric suction of 250 kPa and varying net 

mean stress of 100, 200, and 400 kPa 
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The shear-induced expansion of the yield surfaces at initial net mean stress 

of 100, 200, and 400 kPa and induced matric suction of 50, 250 and 750 kPa are 

shown in Fig. 4.34 to Fig. 4.36. Figures 4.34 and 4.35 shows the comparison 

between the single-stage and multistage triaxial test at critical state on p-q space 

and its proximity to the expanded yield surface at the critical state. The yield surface 

is assumed to be an ellipse as postulated by the BBM framework (Eq. 4.1).  

The “YS” in the Fig. 4.34 to Fig. 4.36 denotes yield surface and the term 

“Ini” represents the initial state. Hence, “YS CD_100_50_Ini” denotes the yield 

surface prior to the initiation of shearing at a net mean stress of 100 and matric 

suction of 50 kPa (CD_100_50 test). Whereas, “YS CD_100_50_Final” represents 

the expanded yield surface at critical state due to the shearing of the specimen for 

CD_100_50 test.  Additionally, “SP” denotes the CTC stress path under drained 

conditions predicted by the BBM framework at any given initial net mean stress, p 

and matric suction, s. The experimental points at the critical state are shown in the 

p-q space and for example represented by “CD_100_50_ss” (for single-stage 

triaxial test) or “CD_100_50_ms” (for multistage triaxial test). 

For single-stage tests, the initial and final yield surfaces for each initial net 

mean stress are shown in Fig. 4.34 to Fig. 4.36.  For each initial net mean stress, 

the soil is assumed to be normally consolidated prior to the commencement of 
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shearing. Hence, for all the values of net mean stress, the increase in deviator stress 

results in subsequent enlargement of the yield surface till the CSL is intercepted.  

For multi-stage tests (Figs. 4.34 and 4.35), the initial yield surface post-

consolidation at a net mean stress of 100 kPa expands with increase deviator stress, 

as it is normally consolidated. After unloading and consolidation at a net mean 

stress of 200 kPa, the soil is slightly over-consolidated, as the yield surface 

generated during loading at 100 kPa net mean stress is larger than that at the second 

stage of consolidation. Therefore, in this case, the yield surface remains constant 

and no additional plastic deformations are developed during the initial loading 

sequence for the net mean stress of 200 kPa. However, once the stress path 

intersects the yield surface, elasto-plastic deformations are developed for additional 

loading. Similar observations are made from shearing at the net mean stress of 400 

kPa, where the soil is moderately over-consolidated. However, in all cases, a 

significant portion of the loading occurs in the virgin state of the soil. Hence, the 

residual shear stresses and strains induced due to the loading in the previous stages 

would not have a significant effect on the critical state of the current stage of testing.  

The recommendations from this study are that the ratio between the net 

consolidation stress of the subsequent stages in a multistage triaxial test should be 

greater than 2 or 3 for low matric suction (less than 250 kPa) and should be greater 

than 4 for higher suction range (more than 750 kPa) to decrease the overlapping of 

the yield surfaces from subsequent stages. 
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Figure 4.34 Variation of yield surface during single-stage and multistage triaxial 

testing at matric suction of 50 kPa 
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Figure 4.35 Variation of yield surface during single-stage and multistage triaxial 

testing at matric suction of 250 kPa 
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Figure 4.36 Variation of yield surface during single-stage triaxial testing at matric 

suction of 750 kPa 

4.6.6 Summary for BBM and its Application to Multistage Testing 

The compacted silty soil specimen demonstrated a small magnitude of post-

peak softening, even for saturated and low suction state (less than 250 kPa), 

henceforth the BBM framework is not suitable to determine the peak strength. 

However, the strengths at critical state are fairly predicted by the BBM framework 
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for low to moderate suction states. It was also observed that the use of the constant 

value of k, which denotes the increase in cohesion with suction, is a major limitation 

of the BBM framework and a nonlinear function of k with respect to matric suction 

was determined to be most suited to be for the BBM predictions. 

The variation in the results from single-stage and multistage triaxial tests 

had negligible influence on the validation for predictions based on BBM 

framework. Additionally, it was observed that if the subsequent initial net mean 

stress were in multiples of 2 or greater, for low suction range (s<250 kPa) and 4 or 

greater, for high suction range (s>750 kPa), the corresponding strength at critical 

states for single-stage and multistage triaxial tests were identical, due to the small 

portion of overlapped yield surfaces. 

4.7 Summary  

The procedure to conduct the multistage triaxial stage at constant suction 

and varying initial net mean stress using the new two-fold criteria for determination 

of termination point during the initial two shearing stage (when initial net mean 

stress was 100 and 200 kPa) is described. It is to be noted that the advantages of the 

two-fold criteria are applicable to the generic behavior of soils and are not limited 

to soils depicting dilatant behavior upon shearing. 

The mechanical response of the series of multistage triaxial tests at constant 

suction, but varying initial net mean stress (100, 200, and 400 kPa) were conducted 

on saturated and unsaturated specimens over a suction range of 0 to 250 kPa, using 
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axis translation technique. The deviator stress and volumetric strain responses for 

each test were studied in detail and compared with that for single-stage triaxial tests, 

to validate the approach used for multistage triaxial tests. The variation of the 

critical criterion for termination of shearing with matric suction is also 

demonstrated.  

The main features of the Barcelona Basic Model (BBM) framework for 

unsaturated soils by Alonso et al. (1990) are listed. The calibration of the various 

parameters was conducted using the results from suction-controlled triaxial tests. 

The prediction models for varying suction levels (s = 50 to 750 kPa) were 

developed based on the BBM framework and comparisons were made with the 

stress-strain response of single-stage and multistage triaxial tests. It was observed 

that the post-peak softening was not captured by the BBM, as the BBM framework 

is based on concept of strain hardening. However, the strength at critical state was 

adequately predicted by the BBM for both single-stage and multistage triaxial tests. 

Moreover, the initial (prior to shearing) and final (after reaching the critical state) 

yield surface were plotted using the BBM, for studying the minimum ratio of 

confining stress to be applied to subsequent stages in the multistage triaxial test. 
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Chapter 5   

EFFECT OF SUCTION ON RESILIENT MODULUS OF SOIL USING 

SUCTION-CONTROLLED TESTS 

5.1 General 

The flexible pavements are widely constructed as a mode of transportation 

system throughout the world. The foundation of a pavement consists of compacted 

granular material, which lies over compacted subgrade soil (Brown, 1996). The 

traffic loads from the surface are transferred to the subgrade soil and cause elastic 

and plastic deformations in the subgrade, which results in stresses being developed 

in the various layers of a flexible pavement (Puppala et a., 1999; Kim and Siddiki, 

2006).  

The design of pavement is dependent primarily on the fatigue cracking at 

the bottom of the surface layer and the permanent (i.e., plastic) deformation at the 

surface of subgrade soil (Han and Vanapalli, 2016). The fatigue cracking occurs 

due to the repeated loading and unloading of the flexural stresses on the pavement 

structure, which develops due to the elastic deformations of the layers beneath the 

top surface, including the subgrade soil. Hence, the fatigue cracking is dependent 

on the resilient behavior of the pavement materials when subjected to traffic loading 

(Seed et al., 1962; Puppala et al., 1999). The permanent or plastic deformations 
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could be determined by performing tests under repeated cycles of deviator loads at 

varying confining pressure and was observed to be predominant in specimens 

compacted and tested at wet of optimum moisture content (Puppala et al, 2009).  

Additionally, the failure of flexible pavements occurs typically due to the 

excessive rutting or cracking of pavement layers due to fatigue, temperature 

changes, and/or softening because of cracking in the surface layer (Barksdale, 1972; 

Brown, 1974, 1996; Puppala et al., 1996; Puppala, 2008). Since, the failure of 

flexible pavements does not occur due to the criteria of soil strength, the 1993 

AASHTO guide for design of pavement structures and its subsequent version in 

1998 and the AASHTO Mechanistic-Empirical Pavement Design Guide (M-

EPDG) in 2004, recommended the use of resilient modulus, instead of soil strength 

parameters (Brickman, 1989; Mohammad et al. 1994; Maher et al., 2000; Puppala, 

2008; Zapata et al., 2009). Hence, the resilient modulus of the soil subgrade is a 

key design parameter for the flexible pavement systems. 

Subgrade soils are generally compacted at or near the optimum moisture 

content, and it mostly stays in unsaturated condition throughout its service period 

(Han and Vanapalli, 2015). It is well-known that the moisture regime change 

greatly influences the resilient modulus of the soil (Puppala, 2008). The moisture 

regime change in the subgrade soil is directly related to the soil suction in the 

subgrade. Therefore, the soil suction affects the resilient modulus of the subgrade. 

Additionally, the AASHTO Mechanistic-Empirical Pavement Design Guide (M-
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EPDG) has emphasized the influence of environmental factors, especially the effect 

of moisture regime, on the performance of the pavement (Cary and Zapata, 2011). 

Sauer and Monismith (1968), Edris and Lytton (1976), Fredlund et al. 

(1977), and Edil and Motan (1979) introduced the prediction of resilient modulus 

using suction as a dependent parameter. 

5.2 Review of Literature: Resilient Modulus of Soils 

5.2.1 Definition of Resilient Modulus 

The resilient modulus (M
R
) of a material, introduced by Seed et al. (1962), 

is defined as the ratio of applied deviator stress (σ
d
) to the recoverable or resilient 

strain (ε
r
) experienced by the material, due to the loading and unloading of the 

applied deviator stress. Resilient modulus (M
R
) is expressed as: 

𝑀𝑅 =  
𝜎𝑑

𝜀𝑟
          (5.1) 

Figure 5.1 shows the schematic representation of the time-dependent 

applied load and stress-strain response of the subgrade material.  
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Figure 5.1 Illustration for definition of resilient modulus 

5.2.2 Factors influencing the Resilient Modulus of Subgrade Soils 

The factors affecting the resilient modulus of the soils had been reviewed 

in depth by Lekarp (2000) and Puppala (2008), which have been described below: 

1. Applied stress: The applied stress level has been reported to have the most 

influence on the resilient modulus of the soil (Williams, 1963; Kolisoja, 

1997; Lekarp, 2000). The effect of confining pressure was observed to have 

a high degree of influence on the resilient modulus of various types of soils, 

including treated soils (Mitry, 1964; Hicks, 1967; Smith and Nair, 1973; 

Uzan, 1985; Lekarp, 2000; Potturi, 2006; Puppala, 2008; Saride et al., 2010; 

Rout et al., 2012; Rout, 2012; Ruttanaporamakul, 2012; Ng et al., 2013; 

Ruttanaporamakul et al., 2014; Salour et al., 2014). The deviator stress was 

observed to have a lesser influence on the resilient modulus as compared to 
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that of the confining pressure (Lekarp, 2000). Malla and Joshi (2006). In 

addition, Ruttanaporamakul (2012) had observed that the resilient modulus 

increased with an increase in deviator stress for cohesionless soils; while 

the resilient modulus decreased with an increase in deviator stress for 

cohesive soils. 

2. Density of subgrade soil: Generally, it has been observed that the resilient 

modulus increases with a corresponding increase in density (Hicks, 1970; 

Kolisoja, 1997). 

3. Gradation of soil and particle shape: The increase in fines content has been 

observed to decrease the stiffness or the resilient modulus of the soil, which 

was initially studied by Hicks (1970) and Thom and Brown (1987). Jorenby 

and Hicks (1986) had observed an initial increase in stiffness and later 

reduction, as clayey fines were added to crushed aggregate. The influence 

of particle shape was observed to be the highest for aggregates. The angular 

to subangular shaped aggregates demonstrated higher resilient modulus 

than that of subrounded to rounded aggregate (Thom and Brown, 1989; 

Barksdale and Itani, 1989). Additionally, the curing time of treated soils 

significantly affect the resilient modulus (Zhang et al., 2015). 

4. Moisture content, soil suction and climatic conditions: The decrease in 

moisture content (or increase in soil suction) has been considered intuitively 

and determined experimentally to increase the resilient modulus of soils 
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(Haynes and Yoder, 1963; Elliot et al., 1988; Wilson et al, 1990; Jin et al., 

1994; Mohammed et al., 1999; Witczak et al., 2000; George, 2004; yang et 

al., 2005; Gupta et al., 2007; Puppala, 2008; Ng et al., 2013). The 

environmental conditions have a significant influence on the resilient 

modulus of the soils (Puppala, 2008; Zapata et al., 2009, Salour et al., 2014). 

5. Stress history and compaction technique: The stress history and the soil 

fabric have been observed to have some influence on the resilient modulus 

of soils (Boyce et al., 1976). However, Hicks (1970) noted that after 

application of approximately 100 cycles of same stress amplitude, the effect 

of stress history is negligible. Allen (1973), Brown and Hyde (1975), and 

Mayhew (1983) made similar observations and recommended that this 

observation was valid till the applied stress has negligible permanent 

deformations. Lee (1993) observed that the clayey specimens compacted at 

a high degree of saturation (wet of optimum moisture content) showed high 

sensitivity to the type of compaction used. 

6. Load duration, frequency, number of load cycles, and load sequence: Seed 

et al. (1965) had observed small influence of the load duration and 

frequency of the applied deviator stress, which was validated by various 

researchers (Hicks, 1970; Boyce et al., 1976; Thom and Brown, 1987). 

Hicks (1970) and Allen (1973) observed no significant impact on the 

resilient modulus of granular materials due to the number of loading cycles 
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(Lekarp et al., 2000). Hicks and Allen (1974) observed a negligible 

influence due to the number of load cycles after 50-100 cycles. Ng et al. 

(2013) concluded that the resilient modulus increases with an increase in 

the number of load cycles when the soils tend to contract under cyclic loads. 

However, Ng et al. (2013) observed that for dilative soils, the resilient 

modulus decreased slightly under cyclic loads. After 100 cycles, this effect 

was observed to be negligible for both types of soils (Ng et al., 2013). 

5.2.3 Determination of Resilient Modulus of Soils 

The resilient modulus of soils is determined using mostly the triaxial setup 

by performing the repeated load triaxial test (RLTT). However, other laboratory 

devices to determine the resilient modulus include resonant column, simple shear, 

hollow cylinder test, and cubical triaxial test. 

The resilient modulus is analogous to the modulus of elasticity employed in 

the theory of elasticity (Puppala, 2008). Since the traffic load is a moving load, the 

individual points of the subgrade soil experience discrete loading and unloading at 

intermittent intervals, which is conventionally simulated by a cyclic loading 

sequence (Han and Vanapalli, 2016). 

The repeated load triaxial testing setup is designed to simulate the stress 

increase due to traffic load on the subgrade soils by applying a predefined cyclic 

loading sequence at varying confining stress, which simulates the in-situ 

overburden pressure (Puppala, 2008).  
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The AASHTO T-307-99 (2003) is one of the most common standard testing 

protocol followed in determining the resilient modulus of subgrade soils. The axial 

deviator stress comprises of two components: (i) seating/contact stress, and (ii) 

cyclic deviator stress. The seating stress constitutes 10% of the total deviator stress 

to be applied, which is applied for proper contact of the load actuator with the top 

surface of the specimen. The cyclic deviator stress is applied in the form of the 

haversine-shaped waveform (specified by AASHTO and NCHRP). The haversine-

shaped waveform (Fig. 5.2) is a function of the phase angle (θ) and is defined as: 

haversine (𝜃) =  
(1+cos (𝜃))

2
              (5.2) 

where θ is the phase angle, which defines the number of cycles (1 cycle = 

360  = 2π radians). 

 

Figure 5.2 Illustration of haversine-shaped waveform 

Each loading and unloading sequence of the cyclic load is applied in 0.1 s 

and a relaxation period is 0.9 s, which is recommended by the AASHTO T-307-99 

(2003). Figure 5.3 shows a hypothetical sequence of application of 
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loading/unloading for 3 cycles if the applied cyclic stress has an amplitude of 1 

unit. 

 
Figure 5.3 Illustration of cyclic stress applied during the resilient modulus test 

using RLTT 

The factors affecting the resilient modulus of soils have been addressed 

partly by the standardization of testing protocol by AASHTO, i.e., AASHTO T292-

91, AASHTO T294, AASHTO T307-99 (AASHTO, 2003); and NCHRP suggested 

method namely NCHRP 1-28A (Witczak, 2003). Henceforth, the effect of 

confining stress, deviator stress, loading sequence, number of load cycles and 

frequency of applied cyclic load has been mitigated using a standardized testing 

protocol. The standardized loading sequences have been developed to facilitate the 

comparison of results obtained from various sources. The detailed information 

regarding the various testing protocols had been summarized by Puppala (2008). 

The resilient modulus of subgrade soils using the RLTT has been conducted 

by many researchers. Seed et al. (1962) was one of the pioneers to study the resilient 

modulus of soils, which focused on the effect of compaction and soil type on the 

resilient modulus. Others studied the influence of factors influencing the resilient 
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modulus, which are described in Section 5.2.2. Most of the previous studies mainly 

catered to the approach of performing RLTT on unsaturated specimens without 

controlling or measuring the suction within the soil specimen. Since the primary 

objective of this research is to study the effect of suction on the resilient modulus 

of soils, the studies similar to the main objective are discussed. 

The experimental study demonstrated significant influence of suction on the 

resilient modulus of various pavement materials (Khoury and Zaman, 2004; Yang 

et al., 2008; Thom et al., 2008; Khoury et al., 2011; Ng et al., 2013; Sivakumar et 

al., 2013; Ng and Zhou, 2014; Salour et al., 2014; Abu-Farsakh et al., 2015; Salour 

and Erlingsson, 2015). 

Khoury and Zaman (2004) performed a series of the resilient modulus test 

on specimens of sandy and clayey soils. The AASHTO T-307-99 testing protocol 

was used to apply the loading sequence. The soil suction was determined using the 

filter paper technique after the conclusion of each test. The variation of resilient 

modulus with moisture content and soil suction was plotted. It was concluded that 

the wetting and drying process had a greater influence on the resilient modulus of 

clayey soil than that of sandy soil.  

Yang et al. (2005) performed a similar study on the effect of soil suction on 

resilient modulus of clayey soil using the AASHTO T 292-91 testing protocol, 

without directly controlling or measuring the soil suction before or during the test. 

It was observed that the resilient modulus increased with an increase in matric 
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suction and total suction. However, the scatter in the values of soil suction were 

very high. A model was developed to predict the resilient modulus by using the 

deviator stress, soil suction, and Bishop’s effective stress parameter, χ.  

Yang et al. (2008) performed suction-controlled RLTT to determine the 

effect of soil suction on the resilient modulus of clayey soils. The specimens were 

initially equilibrated using independent control of pore air pressure and pore water 

pressure. However, during the loading sequence of RLTT, the pore air pressure line 

was drained, while the pore water pressure line was undrained. In other words, the 

resilient modulus was determined using the constant water (CW) test (explained in 

section 2.8). It was observed that the soil suction decreased slightly during the 

testing sequence (Fig. 5.4). The water content of each test, shown in Fig. 5.4 were 

23.4% (S ≈ 72%), 20.2% (S ≈ 64%), and 19.1% (S ≈ 54%). 

 
Figure 5.4 Variation of matric suction with number of cycles during the resilient 

modulus test (after Yang et al., 2008) 
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Thom et al. (2008) performed repeated load triaxial test on specimens of 

kaolin while measuring suction throughout the duration of the test using a 

thermocouple psychrometer. A non-standard loading sequence was applied, which 

comprised of three deviator stresses, a quarter (200 cycles), half (100 cycles), and 

three-quarter (100 cycles) of the failure deviator stress (determined from the 

monotonic triaxial test), for constant confining stress of 50 kPa. Additional 

specimens were used for confining stress of 100 and 150 kPa. A total of nine 

loading sequences were tested. Figure 5.5 shows the variation of suction with the 

number of load cycles. The decrease in suction during testing was observed to be 

synchronized with the application of deviator stress, which might be due to the 

increase in the degree of saturation with additional loading. 

 
Figure 5.5 Variation of matric suction with number of cycles during the resilient 

modulus test (after Thom et al., 2008) 
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Khoury et al. (2011) performed suction-controlled RLTT to determine the 

resilient modulus of sandy silt specimens using the AASHTO T 307-99 testing 

protocol. The modification in the testing protocol was introduced, in the form of 

change in confining pressure to net confining pressure and an independent 

application of pore air and pore water pressure, to perform suction-controlled 

testing. The tests were conducted at varying suction levels from 25 kPa to 100 kPa. 

It was observed that the resilient modulus increased with suction. Additionally, the 

resilient modulus of specimens tested at only a given net confining pressure and 

suction showed lower values as compared to the ones on which continuous varying 

load sequences were applied. This indicated the influence of loading history on the 

resilient modulus of the soil. 

Rout (2012) and Rout et al. (2012) performed suction-controlled RLTT on 

base materials like poorly graded gravelly soil. The specimens were prepared at 

varying suction levels of s = 50, 100 and 150 kPa. It was concluded that for base 

materials like gravelly soils, the suction-controlled MR tests yielded similar results 

as compared to the traditional moisture-controlled MR tests. 

Ng et al. (2013) performed suction-controlled RLTT to determine the 

resilient modulus of soil using the axis-translation technique. The soil deformation 

at the mid-height of the specimen was monitored using three Hall-effect transducers 

developed by Clayton et al. (1989). A suction probe (Xu, 2011) was used to 

determine the suction at the mid-height of the specimen. The repeated loads were 
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applied in constant water (CW) test. It was justified that as the permeability of the 

unsaturated fine-grained soil is low and the rate of loading is very high, the resilient 

modulus obtained using the CW test and the drained test as recommended by 

AASHTO (2003) would be identical. A modified loading sequence was also used. 

As mentioned earlier in section 5.2.2, the resilient modulus was observed to 

increase with an increase in the number of loading cycles for the contractive 

behavior of soil, whereas for the dilative response, the resilient modulus values 

decreased with increasing loading cycles. The resilient modulus was also observed 

to decrease with an increase in applied cyclic stress for all confining pressures over 

both wetting and drying cycles. On the other hand, resilient modulus increased with 

an increase in suction, which had been observed in all the studies performed.  

Similar observations were made from studies conducted by Sivakumar et 

al. (2013). Ng and Zhou (2014) performed a study on the effect of suction and 

temperature on the resilient modulus of soils by using a modified version of the 

setup as used by Ng et al. (2013).  

Salour et al. (2014); and Salour and Erlingsson (2015) performed suction-

controlled RLTT on compacted specimens of two types of non-plastic silty sand 

from Sweden. The modified version of NCHRP 1-28A (2004) test protocol was 

followed to account for applying pore air pressure (similar to the approach used by 

Khoury et al., 2011). The experimental results were used to calibrate and later 

validate a model for predicting the resilient modulus of soils from its induced 
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suction. The conclusions drawn from the study were similar to that of Khoury et al. 

(2011), where resilient modulus was observed to increase with an increase in 

applied deviator stress and matric suction. 

Although the relationship between resilient modulus and soil suction has 

been investigated for many years, the issue of repeatability and reliability of 

resilient moduli is still a concern. Henceforth, in this research, the influence of dry 

unit weight of soil and the soil suction was investigated by performing an elaborate 

series of RLTT tests on specimens at varying dry density and a wide range of 

suction values. 

5.2.4 Prediction of Resilient Modulus 

Reliable determination of the resilient modulus of soils using experimental 

methods like suction-controlled, repeated load triaxial tests (RLTT) are time-

consuming, expensive, and require advanced laboratory equipment with trained 

professionals (Han and Vanapalli, 2016). These are the main reasons for the 

development of prediction models and empirical relations, which could determine 

the resilient modulus of soils.  

Empirical relations are often used by engineers for determination of resilient 

modulus using static load tests like CBR test, R-value test, Texas triaxial value, and 

SSV test (Puppala, 2008). Additional correlations have been established for 

determining the resilient modulus of a variety of soils using cone penetration test 

(CPT) data by Mohammed et al. (2007) and Lui et al. (2016). Geotechnical 
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engineers often use the existing correlations with unconfined compressive strength 

(UCS) tests. However, the major limitations arise when the stiffness of the soil are 

predicted using its strength because the latter is mostly determined at failure, while 

the resilient modulus is mostly dependent on the initial stiffness of the soil. The 

degree of influence of each factor, which influences the resilient modulus and 

strength, might vary significantly. 

Correlations were also established to determine the resilient modulus from 

the parameters obtained from the non-destructive field testing methods, like the 

cone penetration test, the dynamic cone penetration test, the falling weight 

deflectometer, and the plate load test (Kim and Siddiki, 2006). 

Many researchers had utilized the correlation between resilient modulus and 

suction to develop models or equations for predicting the resilient modulus at 

varying suction values. The initial relations were developed by Fredlund et al. 

(1977), Johnson et al. (1986), and Loach (1987). Later, researchers suggested many 

models like Jin et al. (1994), Lytton (1995), Oloo and Fredlund (1998), Parreira and 

Gonçalves (2000), Ceratti et al. (2004), Heath et al. (2004), Yang et al. (2005), 

Gupta et al. (2007), Liang et al. (2008), and Sawangsuriya et al. (2009). Recently, 

researchers had developed advanced models and calibrated them by using data from 

suction-controlled or suction measured during RLTTs (Cary and Zapata, 2011; Ng 

et al., 2013; Azam et al., 2013; Ba et al., 2013; Nokkaew et al., 2014; Salour, et al., 

2014; Han and Vanapalli, 2015; Salur and Erlingsson, 2015). 
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The Mechanistic-Empirical Pavement Design Guide (M-EPDG, 2004) 

recommended the use of the following relation for determining the resilient 

modulus (M
R
): 

MR = k1p
a

(
θb

pa

)
k2

(
τoct

pa

+1)
k3

      (5.3) 

where pa = atmosphere pressure at mean sea level (≈ 101.3 kPa); θb = bulk 

stress; 

τ
oct

 = octahedral shear stress; and k
1
, k

2
, and k

3
 = model parameters. For calibrating the 

model by using the resilient modulus at the optimum moisture content, M
ROPT

 the 

following relation was provided: 

log (
MR

MRSAT
) = a + 

b ‒ a

1+ exp[ln(‒ 
b

a
)+ km(S ‒ SOPT)]

    (5.4) 

where a = fitting parameter = minimum of log (M
R
/ M

ROPT
); b = fitting 

parameter = maximum of log (M
R
/ M

ROPT
); k

m
 = regression parameter; S = degree 

of saturation (in decimal); and S
OPT

 = degree of saturation corresponding to the 

optimum moisture content (in decimal). The values of the fitting and regression 

parameters were suggested to be a = ‒0.5934, b = 0.4, and k
m
 = 6.1324 for fine-

grained soils; whereas, a = ‒0.3123 b = 0.3, and k
m
 = 6.8157 were suggested for 

coarse-grained soils. 

Sawangsuriya et al. (2009) proposed the following empirical relations for 

fine-grained soils: 
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MR

MRSAT
= 5.61  4.54 log(ψ)                (5.5) 

MR

MROPT
= 0.24  0.25 log(ψ)                (5.6) 

where M
RSAT

 = Resilient modulus (M
R
) at saturated condition, and ψ = 

suction (in kPa). 

Recently, Ba et al. (2013) suggested an M
R
 ‒ ψ relationship for granular 

base materials for a suction range of 0-100 kPa, which was as follows: 

 
MR

MROPT
=   0.267 log(ψ)                (5.7) 

where ψ = suction (in kPa). 

Cary and Zapata (2011) postulated Eq. (5.8) for granular soil and clayey 

sand for a soil suction range of 0 to 250 kPa, which was later verified by Salour et 

al. (2014) for sandy subgrade soil over a soil suction range of 0 to 450 kPa. 

𝑀𝑅 = 𝑘1𝑝𝑎 (
𝜃𝑛𝑒𝑡−3𝛥𝑢𝑤−𝑛𝑒𝑡

𝑝𝑎
)

𝑘2

(
𝜏𝑜𝑐𝑡

𝑝𝑎
+ 1)

𝑘3

(
𝜓𝑜−𝛥𝜓

𝑝𝑎
+ 1)

𝑘4

     (5.8) 

Recently, Han and Vanapalli (2014, 2015) had proposed Eq. (5.9), which 

was developed, calibrated, and validated using the test results from 11 different 

compacted, fine-grained subgrade soils (silty and clayey soils). 

MR = MRSAT + ζψS
ξ
       (5.9) 

where  

ζ = 
MR  MRSAT

ψS
ξ     (5.10) 
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and ξ = fitting parameter; S = degree of saturation. The calibration of the 

parameter, ζ is performed by replacing the value of M
R
 = M

ROPT
, which is the 

resilient modulus at OMC having a suction of ψ
OPT

 and degree of saturation, S
OPT

. 

Equation (5.9) can be estimated by using the SWCC of the soils, for which the value 

of the degree of saturation (S) is replaced by the fitting parameters for SWCC 

model, like Fredlund and Xing (1994) SWCC model. The following equation is 

derived by substituting the SWCC model fitting parameters in place of the degree 

of saturation (S) in Eq. (5.9): 

MR ‒ MRSAT

MROPT   ‒ MRSAT


ψ

ψOPT

[
ln {2.718  (

ψOPT
a

)
n

}

ln {2.718  (
ψ

a
)

n
}

]

mξ

  (5.11) 

where a, m, and n are the fitting parameters of the SWCC model by 

Fredlund and Xing (1994). The value of the fitting parameter, ξ was observed to be 

approximately equal to 2 for most soils. Equation (5.11) can be used to predict the 

resilient modulus of soils at varying suction states using the values of M
RSAT

, M
ROPT

, 

ψ
OPT

, and the SWCC of the compacted soil, which are relatively easy to obtain. 

5.2.5 Synopsis of Literature Review 

This section explained the utility of resilient modulus in the design of 

flexible pavements. The definition and the concept of resilient modulus were 

described. The factors affecting the resilient modulus of subgrade soils were 

discussed, along with the techniques to mitigate some of these factors which 

negatively influence the repeatability of these tests. The laboratory tests to 
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determine the resilient modulus of soils were mentioned. Special attention was 

given to the repeated load triaxial test (RLTT), which is the most commonly used 

test to determine the resilient modulus of subgrade soils. The past and recent 

advances in the determination of resilient modulus using RLTT were discussed in 

detail, with a special focus on the suction-controlled RLTTs. The recent prediction 

models and relations between resilient modulus and soil suction were explained in 

brief, to highlight the approaches by which cost-efficient and reliable values of 

resilient modulus could be obtained in a short span of time. 

5.3 Experimental Program 

A series of suction controlled repeated load triaxial tests (RLTTs) were 

performed on compacted silty soil (ML) specimens at varying density and matric 

suction. The soil properties have been discussed in section 3.2. One of the 

objectives of this dissertation study was to determine the effect of using suction-

controlled RLTTs in determining the resilient modulus of subgrade soil. 

Additionally, the influence of density and matric suction on the resilient modulus 

of the soil was to be studied. An attempt was also made to determine the influence 

the wetting and drying of the soil specimen compacted at the same dry density, but 

varying suction levels, which corresponds to the Proctor compaction curve (as 

shown in Fig. 5.6).  

The list of all the RLTT tests performed is shown in Table 5.1. Several 

specimens were prepared and tested at a dry density of 1.67 g/cm3 and varying 
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moisture content to study the effect of a wide range of suction (0 to 100 MPa) on 

the resilient modulus of soil. Additionally, the effect of density was studied by 

testing specimens at constant suction but varying dry density of the specimen. 

 

Figure 5.6 Compression curve for silty soil showing the target density and water 

content for the RLTT specimens 
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Table 5.1  Series of suction-controlled RLTT tests performed in this research 

Sl. # 
Density, ρ 

(g/cm3) 
Water Content, w (%) Suction, ψ (kPa) 

# of Tests 

(including 

repetitions) 

1 1.67 

22.5, 21.2*, 18.6*, 

16.0*, 15.0*, 13.2*, 

11.8, 8.9, 3.1*, 2.5 

0, 2*, 10*, 26*, 

36*, 65*, 100, 300, 

30000*, 100000 

16 

2 1.70 21.8, 14.8, 8.6 0, 36, 300 3 

3 1.62 23.4, 18.9, 10.1 0, 10, 200 3 

4 1.67 16.2 (W), 13.1 (D) 26 (W), 65 (D) 2 

5 1.62 19.2 (W), 10 (D) 10 (W), 200 (D) 2 

* represents the tests which were conducted twice 

5.4 Specimen Preparation 

The static compaction technique was used to prepare specimens (similar to 

triaxial test) at the target density and moisture content of 16%. All the specimens 

were compacted at the same moisture content to negate the effect of variation of 

the specimen, due to moisture content present in the soil during compaction. 

Khoury and Zaman (2004) had earlier observed that the moisture content at 

compaction significantly affects the resilient modulus of soils. The effect of 

variation of moisture content during specimen preparation is explained in section 

3.3.1. The details regarding the specimen preparation are explained in section 3.3 

After specimen preparation, they were equilibrated to the required suction 

level using either only axis-translation technique, for specimens in the suction range 
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of 0 to 65 kPa, or a combination of drying the specimen outside the triaxial cell and 

later equilibrating suction by applying axis-translation technique (for specimens in 

the suction range of 100 kPa to 300 kPa) or by applying vapor pressure technique 

(for specimens in the suction range of 30 MPa and 100 MPa).  

5.5 Experimental Procedure 

5.5.1 General 

The simulation of various traffic loads on the subgrade soil at different 

overburden pressures is conducted in the laboratory by application of series of 

varying confining pressure and deviator stress. Based on the application of suction 

or back pressure during the testing sequence, the RLTTs are characterized into two 

categories: (i) conventional RLTTs, and (ii) suction-controlled RLTTs. 

5.5.2 Conventional RLTT 

The conventional RLTT refers to the application of confining pressure and 

deviator stress without controlling or measuring the suction within the specimen. 

These tests are performed in drained conditions without application of back 

pressure. The standard testing protocols for the loading sequence are available from 

AASHTO and NCHRP, which have been discussed by Puppala (2008). 

One of the most common standards for subgrades soil is the AASHTO T-

307-99 (2003). It consists of a preconditioning sequence and 15 sequences of 

varying deviator stresses and confining pressures (Table 5.2).  
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Table 5.2  Loading sequence for performing an RLTT as recommended by 

AASHTO T307-99 (2003) 

Sequence 

# 

Confining 

Pressure 

Max. 

Deviator 

Stress  

Peak Cyclic 

Stress  

Seating/Contact 

Stress  

No. of 

Load 

Cycles 
kPa  psi  kPa  psi  kPa  psi  kPa  psi  

0 41.4 6 27.6 4 24.8 3.6 2.8 0.4 
500 ‒

1000 

1 41.4 6 13.8 2 12.4 1.8 1.4 0.2 100 

2 41.4 6 27.6 4 24.8 3.6 2.8 0.4 100 

3 41.4 6 41.4 6 37.3 5.4 4.1 0.6 100 

4 41.4 6 55.2 8 49.7 7.2 5.5 0.8 100 

5 41.4 6 68.9 10 62 9 6.9 1 100 

6 27.6 4 13.8 2 12.4 1.8 1.4 0.2 100 

7 27.6 4 27.6 4 24.8 3.6 2.8 0.4 100 

8 27.6 4 41.4 6 37.3 5.4 4.1 0.6 100 

9 27.6 4 55.2 8 49.7 7.2 5.5 0.8 100 

10 27.6 4 68.9 10 62 9 6.9 1 100 

11 13.8 2 13.8 2 12.4 1.8 1.4 0.2 100 

12 13.8 2 27.6 4 24.8 3.6 2.8 0.4 100 

13 13.8 2 41.4 6 37.3 5.4 4.1 0.6 100 

14 13.8 2 55.2 8 49.7 7.2 5.5 0.8 100 

15 13.8 2 68.9 10 62 9 6.9 1 100 

The deviator stress is applied as a combination of seating/contact stress 

(10% of maximum deviator stress) and a cyclic stress. The cyclic stress varies in a 

haversine-shaped waveform, as discussed in section 5.2.3. Table 5.2 shows the 

loading sequence recommended by AASHTO T307-99 (2003). The cyclic stress is 
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applied for 0.1 seconds, while only the seating/contact stress is applied for 0.9 

seconds in the form of a  haversine-shaped waveform. 

5.5.3 Suction-controlled RLTT 

The suction-controlled RLTT refers to the test conducted under application 

of varying net confining pressure and deviator stress on suction-controlled 

specimens. The suction may be controlled using axis-translation technique or vapor 

pressure technique. In this research, the suction-controlled technique using axis-

translation technique was used for specimens subjected to a matric suction of 0 to 

300 kPa; while the vapor pressure technique was used for specimens subjected to a 

total suction of 30 and 100 MPa. 

5.5.3.1 Suction Equalization 

The specimens were prepared at a moisture content of 16% (mentioned in 

section 5.4), which corresponds to a matric suction of 26 kPa. The specimens which 

were to be saturated were placed in the triaxial cell with porous stones placed at the 

top and the bottom of the specimen. A back-pressure saturation technique was 

employed to saturate the specimen. Meanwhile, the cell pressure was kept 15 kPa 

greater than the back pressure, thereby maintaining an effective confining pressure 

of more than 15 kPa, throughout the test.  

The specimen which was to be subjected to a matric suction in the range of 

2 to 65 kPa were directly placed in the triaxial cell, fitted with High-Air Entry 

(HAE) disk in the base pedestal and a porous stone in the top cap. A cell pressure 
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of 15 kPa was first applied and the back pressure (or pore water pressure) was then 

increased to 5 kPa. An air pressure of 5 kPa was also applied. Gradually, the cell 

pressure and the air pressure were increased to reach the target matric suction. The 

suction equalization was assumed to be complete when less than 0.5 cm3/day of 

water entered or came out of the specimen (Sivakumar, 1993; Ng et al., 2013). 

However, the specimens subjected to a suction higher than 65 kPa till 300 

kPa, were initially air-dried outside the cell, by using the same technique as 

explained in section 3.7.3. Once the specimens reached near their respective target 

matric suction levels, the specimen were placed in the triaxial cell and were 

subjected to axis translation technique to induce the target matric suction. 

The specimens to be tested at high suction states (s = 30 and 100 MPa), 

were initially prepared at a water content of 16%, which corresponds to a matric 

suction of 26 kPa. Subsequently, these specimens were partially dried outside the 

triaxial cell till the water content decreased to 5%, using a procedure similar to that 

explained in section 3.7.3. Later, the specimen was placed in an acrylic chamber 

with an attached relative humidity (RH) and temperature probe (auto-RH 

apparatus), and by using Kelvin’s equation (Eq. 5.12, Sposito, 1981), the required 

relative humidity was computed for standard operating temperature of 23.5 to 24.5 

°C (shown in Fig. 5.7). 

ψ = −
𝑅𝑇

ν𝑤𝑜 𝜔𝑣
 ln (

𝑢𝑣

𝑢𝑣𝑜
) = −

𝑅𝑇 

ν𝑤𝑜 𝜔𝑣
ln(𝑅𝐻)    (5.12) 

where,  
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ψ = total suction, kPa, 

T = Absolute temperature, K, 

R = Universal gas constant (8.31432 J mol-1 K-1), 

νwo = Specific volume of water (i.e. reciprocal of density, m3/kg), 

ωv = molecular mass of water vapor (18.016 kg/kmol), 

uv = partial pressure of water (or pore-water) vapor (kPa), and 

uvo = saturation pressure of pure water vapor (kPa). 

The elaborate working principle for the same automatic relative humidity 

(Auto-RH) apparatus is explained by Patil (2014). This experimental setup was 

validated for monotonic triaxial tests by Patil et al. (2016b). 

 

Figure 5.7 Suction equilibration using an Auto-RH apparatus 
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5.5.3.2 Suction-controlled RLTT 

Once the specimen reached its target suction, the loading sequence 

recommended by AASHTO T307-99 (2003) was used to determine the resilient 

modulus of the saturated soil. The only difference in the loading sequence (shown 

in Table 5.2) being that the net confining pressures of 13.8, 27.6, and 41.4 kPa were 

used, instead of confining pressures for suction-controlled tests (from matric 

suction of 2 to 300 kPa), since the pore air and pore water pressures were also 

applied. Throughout the test, the suction was controlled by maintaining the pore air 

and pore water pressures at the desired levels, thereby maintaining drained 

conditions. 

The specimens which were equilibrated to a total suction of 30 and 100 MPa 

using the Auto-RH apparatus, were placed in the triaxial cell after suction 

equalization, which approximately took a month. The top cap and the bottom 

pedestal, both fitted with porous stones, were connected to the Auto-RH apparatus 

as shown in Fig. 5.8 and the relative humidity was maintained at the desired level 

to maintain the target total suction within the soil specimen. Since the external pore 

air and pore water pressures are not applied during the vapor pressure technique, 

the effective confining pressure is the same as confining pressure (Table 5.2). 

The axial deformations were measured and recorded using a pair of Linear 

Variable Displacement Transducers (LVDTs) having an accuracy of 0.001 mm 

over a range of 5 mm (shown in Fig. 5.9). Additionally, since the contact/seating 
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stresses and cyclic deviator stress are mostly too low, ball bearings and matching 

sockets were used to prevent the eccentric application of axial loads or deviatoric 

stresses (shown in Fig. 5.9). 

 

Figure 5.8 Schematic diagram of the triaxial setup for performing suction-

controlled RLTT on soils under high total suction using automatic relative 

humidity (Auto RH) apparatus (after Patil, 2014) 
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Figure 5.9 Modifications to the triaxial device for performing suction-controlled 

RLTTs 

5.5.4 Unconfined Compression Strength Test 

The specimens were tested for their unconfined compressive strength 

(UCS) after the completion of the RLTTs. The purpose of UCS test is to quickly 

obtain the compressive strength for soils that possess sufficient cohesion to allow 

testing in the unconfined state (ASTM D2166-16). All the UCS tests were 

performed at an axial displacement rate of 0.5 mm/min, to negate the effect of axial 

displacement rate of shearing on the response of the soil specimen. 
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5.6 Experimental Results 

5.6.1 Resilient Modulus of Saturated and Unsaturated Specimens under Low to 

Moderate Suction State 

A series of suction-controlled repeated load triaxial tests were performed on 

specimens having varying densities (1.62 to 1.70 g/cm3) and matric suction (0 to 

300 kPa) using the axis-translation technique. The results obtained from the RLTTs 

have been discussed in this section. The resilient modulus value mentioned at each 

net confining pressure and deviator stress corresponds to the average of the resilient 

moduli obtained in the last five cycles (96th to 100th cycles). 

5.6.1.1 Variation of resilient modulus with net confining pressure and deviator 

stress 

The resilient moduli for the specimens compacted at a dry density of 1.67 

g/cm3 are shown in Figs. 5.10 to 5.17, for varying induced matric suction of 0 

(saturated) to 300 kPa. It was observed that the resilient modulus decreases with an 

increase in deviator stress for all values of matric suction. Such a trend is typical of 

the silty or clayey soils (Ruttanaporamakul, 2012; Ng et al., 2013). The resilient 

modulus was observed to increase with an increase in net confining pressure, which 

is the expected trend. 
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(a)  

(b)  

Figure 5.10 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a saturated specimen at a dry density of 1.67 g/cm3  
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(a)  

 (b)    

Figure 5.11 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and s = 2 kPa 
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(a)  

(b)   

Figure 5.12 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and s =10 kPa 
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(a)  

(b)  

Figure 5.13 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and s = 26 kPa 
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(a)  

(b)  

Figure 5.14 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and s = 36 kPa 
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(a)  

(b)   

Figure 5.15 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and s = 65 kPa 
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(a)  

(b)  

Figure 5.16 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and s = 100 kPa 
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(a)  

(b)  

Figure 5.17 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and s = 300 kPa 
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Figures 5.18, 5.19, and 5.20 show the variation of resilient modulus with 

net confining pressure and deviator stress for a specimen prepared at a dry density 

of 1.7 g/cm3 and at three matric suctions of 0 (saturated), 36, and 300 kPa, 

respectively. It is interesting to note that the specimen at a dry density of 1.7 g/cm3 

and a matric suction of 36 kPa, corresponds to the maximum dry density (MDD) at 

optimum moisture content (OMC) of 14.8%. The response of the soil specimen at 

a higher dry density is similar to that at 98% of MDD (i.e., dry density of 1.67 

g/cm3). It was observed that the resilient modulus decreases with an increase in 

deviator stress for all matric suction levels. While, the resilient modulus increases 

with an increase in net confining pressure, which is an expected response. 

The tests were also conducted at a lower dry density of 1.62 g/cm3, which 

corresponds to 95% of MDD. The specimens were subjected to a matric suction of 

0 (saturated), 10, and 200 kPa. The specimens at matric suction of 10 and 200 kPa 

correspond to a moisture content of 18.9% and 10.1%, respectively, and they lie on 

the compaction curve for a standard Proctor test (as shown in Fig. 5.6). The results 

of these tests are shown in Figs. 5.21 to 5.23. A similar trend of variation of resilient 

modulus with an increase in net confining pressure and deviator stress is observed, 

as in the case of specimens at a dry density of 1.67 and 1.70 g/cm3. 
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(a)  

(b)  

Figure 5.18 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a saturated specimen at a dry density of 1.70 g/cm3  
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(a)  

(b)   

 Figure 5.19 Variation of resilient modulus with (a) deviator stress, and (b) 

net confining pressure for a specimen at a dry density of 1.70 g/cm3 and s = 36 

kPa 



349 

 

(a)  

(b)  

Figure 5.20 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen prepared at a dry density of 1.70 g/cm3 and s = 

300 kPa 
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(a)  

(b)  

Figure 5.21 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a saturated specimen prepared at a dry density of 1.62 

g/cm3  
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(a)  

(b)  

Figure 5.22 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen prepared at a dry density of 1.62 g/cm3 and s = 

10 kPa 



352 

 

(a)  

(b)  

Figure 5.23 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen prepared at a dry density of 1.62 g/cm3 and s = 

200 kPa 
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5.6.1.2 Influence of wetting or drying of soil specimens on the resilient modulus 

The effect of drying or wetting of a specimen on its resilient modulus, when 

compared to that for another specimen at the same dry density and moisture content 

(or suction level) is investigated in this research. The results of the resilient moduli 

obtained from various specimens at different dry densities and matric suction 

(discussed in section 5.6.1.1) were utilized in this research. Additionally, a new 

series of tests was conducted. The specimens were compacted and equilibrated to 

the wetter (points ‘D’ or ‘E’ in Fig. 5.24) or the drier (points ‘A’ or ‘B’ in Fig. 5.24) 

side of the OMC and then by using axis-translation technique, the specimens were 

subjected to a new matric suction which corresponds to the other side of OMC (as 

shown in Fig. 5.24). 

Figure 5.25 shows the variation of the resilient modulus of a specimen 

compacted and equilibrated at a suction of 65 kPa and then gradually the induced 

suction was reduced to 26 kPa (wetting path ‘B’ to ‘D’ in Fig. 5.24). Figure 5.25 

compares the resilient modulus of a wetted specimen with that of another specimen 

compacted and equilibrated directly to a matric suction of 26 kPa (point ‘D’ in Fig. 

5.24; results were previously shown in Fig. 5.13). In Fig. 5.25 the nomenclature 

used includes a letter ‘W’, which denotes that the specimen was gradually wetted 

to reach the required suction. The drying of the soil specimen was the denoted by 

the letter ‘D’ (as shown in Figs. 5.26 and 5.28).  
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It was observed from Fig. 5.25 that the wetted specimen demonstrated 

slightly lesser resilient moduli as compared to the specimen which was directly 

compacted and equilibrated to a matric suction of 26 kPa, by more than 10% on an 

average. On closer inspection, it was observed that the difference was amplified in 

the case of lower net confining pressure and higher deviator stress. For instance, 

the difference during the last sequence of loading (having lowest net confining 

pressure and highest deviator stress) was 21%, whereas the difference in the first 

sequence (having highest net confining pressure and lowest deviator stress) was 

only 4%. 

This shows the effect of hysteresis in the resilient modulus and suction (MR-

s) relationship due to wetting-drying process. The subsequent drying and wetting 

of the soil might have resulted in the rearrangement of the soil particles, which 

might have caused the decrease in resilient modulus values. It was observed by 

Khoury and Zaman (2004) that specimens after drying to a moisture content 

showed higher resilient modulus (approximately 25% higher) than specimens 

compacted to the same moisture content. This increase in resilient modulus also 

includes the effect of moisture content during compaction. Nevertheless, the 

hysteresis behavior due to wetting and drying process was concluded to be 

dominant in the clayey soils as compared to the sandy soils (Khoury and Zaman, 

2004). 
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On the other hand, the drying of a soil specimen by inducing a change in 

matric suction from 26 kPa to 65 kPa (converse of the previous case; drying path 

‘D’ to ‘B’ in Fig. 5.24), resulted in slightly higher values of resilient modulus (6% 

on an average) as compared to that of a specimen compacted and equilibrated 

directly to a matric suction of 65 kPa (point ‘B’ in Fig. 5.24; comparison shown in 

Fig. 5.26). Since the repeatability of the resilient modulus tests is generally 

considered to be quite poor, the increase in resilient modulus (varying from 3% to 

13%) may fall within the margin of error. Additionally, apart from the first 

sequence in the RLTT, the difference for the rest of the sequences was less than 

9%. No significant trend in the variation of the difference between the resilient 

moduli values with the change in the net confining pressure and the deviator stress 

was obtained from the response of the soil specimens. 
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Figure 5.24 Compaction curve and demonstration of drying or wetting of a 

specimen at the same dry density 
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(a)  

(b)  

Figure 5.25 (a) and (b) Comparison of resilient moduli for wetted specimen (s = 

65 to 10 kPa), and another specimen at s = 10 kPa and prepared at a dry density of 

1.67 g/cm3 



358 

 

(a)  

(b)  

Figure 5.26 (a) and (b) Comparison of resilient moduli for dried specimen (s = 26 

to 65 kPa), and a specimen at s = 65 kPa and prepared at a dry density of 1.67 

g/cm3 
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When the specimen was wetted, or moistened by inducing a change of 

matric suction from 200 kPa to 10 kPa (wetting path ‘A’ to ‘E’ in Fig. 5.24), the 

resilient moduli for the various sequences were observed to be significantly higher 

(3.5 % to 20%; average being 11%) than that of the specimen compacted and 

directly subjected to a matric suction of 10 kPa (point ‘E’ in Fig. 5.24). Similar 

observations, as discussed for the specimen at matric suction of 26 kPa (Fig. 5.25), 

were made regarding the variation of the difference in resilient moduli with net 

confining pressure and deviator stress. It is evident from Fig. 5.27(a) that as the 

deviator stress was increased the differences between the resilient moduli values 

were increased. While the difference in resilient modulus was higher for the lowest 

(13.8 kPa; a difference of 11%) and intermediate (27.6 kPa; a difference of 14%) 

net confining pressures as compared to highest net confining pressure (41.4 kPa; a 

difference of 7%).  

The combined evidence of the decrease in resilient modulus (Fig. 3.25 and 

3.27) when the specimens are wetted from a higher matric suction value to a lower 

as compared to the resilient modulus of the specimen compacted and equilibrated 

directly to the same value of the lower matric suction shows that the hysteresis of 

SWCC affects the resilient modulus of soils. 

Figure 5.28 shows the effect of drying a specimen from an initially induced 

matric suction of 10 kPa to 200 kPa (drying path ‘E’ to ‘A’ in Fig. 5.24) on the 
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resilient modulus of the soil, as compared that of a specimen compacted and 

equilibrated directly to the matric suction of 200 kPa (point ‘A’ in Fig. 5.24).  

The values of resilient modulus for each sequence were identical for both 

the specimens. The difference in the values of the resilient moduli varied from a 

range of ‒10% to 8%. However, the average of the differences in resilient moduli 

between the two specimens was only -1.6%, which shows that on an average the 

resilient modulus of a specimen upon drying is similar to that of the specimen which 

was directly equilibrated to the same value of matric suction. The variation of the 

difference between the resilient modulus of the two soil specimens reverses its trend 

with an increase in net confining pressure and deviator stress. The dried specimen 

shows a higher resilient modulus at lower values of deviator stress than the 

specimen directly equilibrated to the matric suction of 200 kPa; however, the trend 

reverses at higher values of deviator stress. The difference in values of resilient 

moduli was observed to have an incoherent trend for an increase in net confining 

pressure. 
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(a)  

(b)  

Figure 5.27 (a) and (b) Comparison of resilient moduli for wetted specimen (s = 

200 to 10 kPa), and a specimen at s = 10 kPa and prepared at a dry density of 1.62 

g/cm3 
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(a)  

(b)  

Figure 5.28 (a) and (b) Comparison of resilient moduli for dried specimen (s = 10 

to 200 kPa), and a specimen at s = 200 kPa and prepared at a dry density of 1.62 

g/cm3 
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5.6.1.3 Variation of resilient modulus with suction 

Figures 5.29 and 5.30 show the variation of resilient modulus with an 

increase in matric suction at a constant dry density of 1.67 g/cm3 for the eighth 

sequence, which has a net confining pressure of 27.6 kPa and a maximum deviator 

stress of 41.4 kPa, and the last sequence, which has a net confining pressure of 13.8 

kPa and a maximum deviator stress of 68.9 kPa. In both the cases, it was observed 

that the resilient modulus increases rapidly till 65 kPa, and subsequently, the 

increase in resilient modulus with an increase in suction decreased slightly.  

The overall behavior follows a non-linear trend, which is similar to the trend 

of suction stress, apparent cohesion and the value of the angle of internal friction 

which is dependent on suction, φb (discussed in section 3.10). Though these 

parameters correspond to the strength of unsaturated soils, however, the strength 

and stiffness of soils are interdependent. Henceforth, as the apparent cohesion of 

the soil increases rapidly till 50 kPa (Fig. 3.77), so does the value of resilient 

modulus. Thereafter, the apparent cohesion gradually increases to a matric suction 

of 250 kPa. The values of apparent cohesion in Chapter 3 were based on the values 

at the critical state, however, the resilient modulus was determined at very low 

stress and strain levels. Therefore, the apparent cohesion reached a constant value 

after a matric suction of 500 kPa, while the value of resilient modulus showed a 

consistent increasing trend at matric suction of 300 kPa.  
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Similar values of resilient moduli were observed (MR = 28.1 MPa to 114.1 

MPa for s = 8 to 100 kPa for the 8th sequence) by Khoury et al. (2011) for 

manufactured silt specimens compacted at 93% of MDD and 0.7% wet of optimum 

moisture content.  

However, the peak strength of the unsaturated soil specimen was observed 

to increase even at matric suction of 750 kPa (Fig. 3.57). The variation of resilient 

modulus with suction is similar to that of the initial stiffness determined from a 

conventional triaxial compression test (shown in Fig. 3.57). Since the initial 

stiffness and resilient modulus are both computed by inducing small strains, their 

variation with induced soil suction might be identical. 

 

Figure 5.29 Variation of resilient modulus (for the eighth sequence of loading) 

with matric suction for specimens at a dry density of 1.67 g/cm3 
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Figure 5.30 Variation of resilient modulus (for the last sequence of loading) with 

matric suction for specimens at a dry density of 1.67 g/cm3 

5.6.1.4 Variation of resilient modulus with dry density of specimen 

The resilient modulus is expected to vary with changes in dry density of the 

soil specimen. When the values of resilient moduli of various specimens at constant 

suction and varying dry densities were compared (Figs. 5.8, 5.18, and 5.21; or Figs. 

5.14 and 5.19), it was observed that the resilient modulus was higher for the soil 

specimen prepared with the highest dry density. Similar conclusions were drawn 

by Trollope et al. (1962), Hicks (1970), Robinson (1974), Rada and Witczak 

(1981), and Kolisoja (1997). However, the effect of dry density was more 

predominant for the lower values of net confining pressures. Similar observations 

were made by Barksdale and Irani (1989).  
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The resilient moduli values for net confining pressure of 13.8 kPa showed 

upto 30% increase for saturated specimens compacted at 98% of MDD, as 

compared to that at 95% of MDD. While, for the same net confining pressure (13.8 

kPa), the increase in resilient modulus with an increase in density from 95% to 98% 

of MDD was upto 20% for specimens equilibrated at a matric suction of 10 kPa. 

The resilient moduli values for the lowest net confining pressure were 

observed to increase by 10% and 16%, for specimens compacted at MDD as 

compared to those compacted at 98% of MDD, at the lower suction levels (s = 0 

and 36 kPa) and at higher matric suction of 300 kPa, respectively. 

However, other researchers (Thom and Brown, 1988; Brown and Selig, 

1991) concluded that stated that the effect of density and state of compaction on 

resilient modulus of soils were relatively insignificant. 

5.6.2 Resilient Modulus of Specimens under High Suction State 

5.6.2.1 Variation of resilient modulus with net confining pressure and deviator 

stress 

Figures 5.31 and 5.33 show the resilient modulus of soil specimen subjected 

to total suction of 30 MPa and 100 MPa. Figure 5.32 shows the resilient modulus 

of another soil specimen subjected to a total suction of 30 MPa. Since the suction-

controlled RLTT of specimens at high suction states were rarely determined, the 

results of the RLTT of a replicate specimen at the induced total suction of 30 MPa 

is shown in Fig. 5.32. It was observed by comparing the resilient moduli from Figs. 
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5.31 and 5.32 that the variation in resilient modulus of the replicates at an induced 

total suction of 30 MPa was in the range of ‒5% to 12%, with an average of 5%, 

which is generally acceptable, considering that the repeatability of RLTTs is quite 

poor.  

It was observed that the specimens at high suction states of 30 and 100 MPa 

show a very high resilient modulus at the lowest deviator stress (sd = 13.8 kPa). 

This is due to the very high stiffness of the soil specimen. The low deviator stress 

results in very small axial deformations in the specimen, thereby increasing the 

resilient modulus. As the deviator stress increases, the deformations increase 

rapidly, resulting in a decrease of resilient modulus. The resilient modulus of the 

soil specimen increases with an increase in net confining pressure, however, the 

increase is quite small (less than 10% for an increase of net confining pressure from 

13.8 kPa to 27.6 kPa for 30 and 100 MPa total suction). For a similar increase in 

net confining pressure for specimens at lower suction levels (s = 0 to 65 kPa), the 

corresponding increase in resilient modulus is nearly 30% for all values of deviator 

stress. 
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(a)  

(b)  

Figure 5.31 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen prepared at a dry density of 1.67 g/cm3 and 

equilibrated to total suction of 30 MPa 
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(a)  

(b)  

Figure 5.32 Variation of resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a replicate specimen prepared at a dry density of 1.67 

g/cm3 and equilibrated to a total suction of 30 MPa 
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(a)  

(b)  

Figure 5.33 Variation of the resilient modulus with (a) deviator stress, and (b) net 

confining pressure for a specimen at a dry density of 1.67 g/cm3 and total suction 

of 100 MPa 
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5.6.3 Variation of Resilient Modulus under Wider Suction State 

The results of suction-controlled RLTTs using vapor pressure technique 

was utilized to enhance the variation of resilient modulus over a wide range of 

suction states, as shown in Figs. 5.34 and 5.35. Figures 5.34 and 5.35 show the 

variation of resilient modulus for specimens a constant dry density of 1.67 g/cm3 

(98% of MDD) for the eighth sequence, which has a net confining pressure of 27.6 

kPa and a maximum deviator stress of 41.4 kPa, and the last sequence, which has a 

net confining pressure of 13.8 kPa and a maximum deviator stress of 68.9 kPa. 

Since the suction varies from a low value to very high values; and to study 

the effect of low and high suction states, simultaneously, the suction was plotted in 

logarithmic scale, instead of arithmetic scale as used earlier in Figs. 5.29 and 5.30. 

However, the slopes of increase in resilient modulus with an increase in suction 

were computed in arithmetic scale, hereby referred to as by the rate of increase of 

resilient modulus with suction, denoted by η. The value of η is computed with 

reference to saturated condition and expressed by the following relationship: 

𝜂 =  
𝑀𝑅,𝜓−𝑀𝑅,𝜓=0

𝜓
     (5.13) 

Figure 5.36 shows the variation of η with suction for the eighth and last 

sequences of the suction-controlled RLTTs. It can be observed from Fig. 5.36 that 

the rate of increase of resilient modulus with suction (η) was quite high (above 100 

x 1000 =105) till a suction of 300 kPa, thereafter, the value of η started to decrease 

exponentially, to reach an approximate value of 1500 to 2000 at 30 MPa suction. 
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Finally, it reduced to approximately 50 (≈ 0.5% of initial values of η) at 100 MPa 

suction. Henceforth, beyond 300 kPa suction, the increase resilient modulus with 

suction follows a similar trend as in the case of apparent cohesion or the suction 

stress of unsaturated soils (discussed in section 3.10). 

 

Figure 5.34 Variation of resilient modulus (for the eighth sequence of loading) 

with suction for specimens prepared at a dry density of 1.67 g/cm3 



373 

 

 

Figure 5.35 Variation of resilient modulus (for the last sequence of loading) with 

suction for specimens prepared at a dry density of 1.67 g/cm3 
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(a)  

(b)  

Figure 5.36 Variation of rate of increase of resilient modulus with suction for (a) 

eighth sequence, and (b) last sequence of RLTTs for specimens prepared at a dry 

density of 1.67 g/cm3 
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5.6.4 Variation of Soil Suction during the RLTT 

The variation of suction during the RLTT was determined by plotting the 

values of matric suction throughout the test. Figures 5.37 and 5.38 show the 

variation of suction during the last five cycles of the sequences with the highest 

confining pressure of 41.4 kPa, including the preconditioning sequence (labeled as 

“Seq# 0”) for target matric suction of 26 and 100 kPa, respectively. The variation 

was observed only during the application of the cyclic load, especially for low 

suction states (s = 0 to 26 kPa). Once the cyclic load was removed the suction 

measured would return to its target value. 

When another non-suction controlled RLTT was conducted on a specimen, 

it was observed that during the pre-conditioning sequence, the target suction 

reduced by approximately 3 kPa when the target suction was 26 kPa after applying 

200 cycles of cyclic stresses. However, after the application of 200 cycles of cyclic 

stress, the decreased suction reached a constant value. Similar observations were 

made by Yang et al. (2008), where the suction was observed to decrease by 10% 

after application of 500 cycles of deviator stress for a matric suction of 50 kPa and 

remained almost constant beyond 500 cycles.  

Since the tests used in this research were conducted in suction-controlled 

conditions, the overall reduction in suction level was almost negligible. However, 

the suction equilibration requires a considerable amount of time, due to the low 

permeability of unsaturated soils and the RLTT is a rapid test, where the loading 
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and unloading occur in only 0.1 second. Although the soil specimen might not be 

ideally equilibrated, but since the applied stresses and strains are low, it was 

assumed that the soil specimen is under suction-equilibrium at the macro level for 

practical purposes. 

Figures 5.37 and 5.38 show the temporary increase in suction due to the 

application of cyclic stresses, which might be due to the compression of pore-air 

for a short duration, resulting in higher values of suction. Figure 5.37 also shows 

that the temporary increase in suction is dependent on the magnitude of cyclic 

deviator stress, which varies from 8% (for Seq# 1) to 11% (Seq# 4 and 5) of the 

applied cyclic deviator stress. 

 Figure 5.38 shows the variation of suction for a target suction of 100 kPa. 

The temporary increase in suction due to the application of the same magnitude of 

cyclic deviator stress, for a target suction of 100 kPa, was calculated to be lower 

(varies from 3.5% to 7.5% of cyclic deviator stress) than that for a target suction of 

26 kPa. Henceforth, it was concluded that the influence of cyclic loads on the matric 

suction decreased with increase in target suction (or desaturation) of the soil 

specimen. 
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Figure 5.37 Variation of suction during the last five cycles of the pre-conditioning 

sequence and initial five sequences of an RLTT test for a specimen at a dry 

density of 1.67 g/cm3 and induced matric suction of 26 kPa 
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Figure 5.38 Variation of suction during the last five cycles of the pre-conditioning 

sequence and initial five sequences of an RLTT test for a specimen at a dry 

density of 1.67 g/cm3 and induced matric suction of 100 kPa 
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5.7 Prediction Models for Determination of Resilient Modulus 

5.7.1 General 

The resilient modulus of subgrade soils is sensitive to many factors, 

including applied stress level, moisture regime, type of soil, and testing protocol 

(Puppala, 2008). Subgrade soils are usually compacted and typically exist in 

unsaturated conditions. The soil suction has a significant influence of the resilient 

modulus of soils, however, the experimental testing for determining the resilient 

modulus at varying suction levels needs sophisticated equipment, trained personnel 

and is time-consuming (Han and Vanapalli, 2016).  

Henceforth, many researchers had conducted tests to determine the resilient 

modulus-suction relationship and attempted in developing models for predicting 

the behavior (Khoury and Zaman, 2004; Yang et al., 2008; Sawangsuriya et al., 

2009; Cary and Zapata, 2011; Ba et al., 2013; Ng. et al., 2013; Sivakumar et al., 

2013; Salour et al., 2014; Han and Vanapalli, 2015). Nevertheless, most of these 

models require elaborate experimental data to determine the model parameters 

(Han and Vanapalli, 2014). However, the model by Han and Vanapalli (2015) 

follows a simplified approach and requires only a few uncomplicated tests to 

establish a resilient modulus-suction relationship. 
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5.7.2 Model by Han and Vanapalli (2015) 

The model was developed by studying the resilient modulus – suction 

relationship of 11 different types of compacted soils. A brief description of the 

model, along with the equations for establishing the relationship are presented in 

section 5.2.4.  

5.7.2.1 Model parameters and its calibration 

The general equation for the model (Eq. 5.9 and Eq. 5.10) has the fitting 

parameter, ξ; the degree of saturation, S; soil suction corresponding to the optimum 

moisture content, ψ
OPT

; and the resilient modulus values at the saturated condition, 

M
RSAT

, and at optimum moisture content, M
ROPT

. However, the degree of saturation 

could be substituted by using the SWCC model, like the Fredlund and Xing (1994) 

SWCC model. In this research, the SWCC specimen for the silty soils were 

compacted at a dry density of 1.67 g/cm3 and moisture content of 16% and the best-

fit model were generated over a wide range of suction, as shown in Fig. 3.10. The 

parameters for the best-fit Fredlund and Xing (1994) SWCC model are shown in 

Table 5.3. 

The following equation, which was derived by substituting the parameters 

from the Fredlund and Xing (1994) SWCC model, was used in this research: 

MR ‒ MRSAT

MROPT   ‒ MRSAT


ψ

ψOPT

[
ln {2.718  (

ψOPT
a

)
n

}

ln {2.718  (
ψ

a
)

n
}

]

mξ

  (5.14) 
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Equation 5.14 was utilized to predict the resilient modulus at any suction 

level by using the values of M
RSAT

, M
ROPT

, ψ
OPT

, and the SWCC model parameters 

of the compacted soil and the fitting parameter, ξ. 

Table 5.3  Calibrated parameters for Fredlund and Xing (1994) SWCC models 

Parameters Calibrated values 

α 18 

n 0.8 

m 1.0 

θs 0.376 

Ψr 1900 kPa 

Han and Vanapalli (2015) observed that the value of the fitting parameter, 

ξ is mostly within the range of 1 to 3. For fine-grained soils, ξ was observed to be 

near 2, while for cohesionless soils a value of 1 was suggested by Han and Vanapalli 

(2015). 

The value of resilient modulus at saturated condition was obtained from the 

RLTT test conducted on a saturated specimen (Fig. 5.9 shows the results of the 

test). 

The value of M
ROPT

 might be obtained experimentally or by using empirical 

relations. In this research, both the methods are used to determine the value of 

resilient modulus at optimum moisture content (M
ROPT

).  

Method 1 refers to the determination of M
ROPT

 using experimental results. 

The results of the suction-controlled RLTT of a specimen at an induced matric 

suction of 36 kPa (shown in Fig. 5.14) were used to obtain the value of M
ROPT

 for 
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any given sequence. The experimentally determined value of M
ROPT

 is used to 

predict the value of resilient modulus at any suction level. 

Since the motive behind the development of a prediction model is to 

minimize the number of tests to be performed, the Method 2 was devised to 

empirically access the value of M
ROPT

, instead of performing an RLTT on a 

specimen at optimum moisture content. For this purpose, the relationship postulated 

by Sawangsuriya et al. (2009) was utilized (Eq. 5.5), which is explained in section 

5.2.4. The value of M
ROPT

 was determined by substituting the experimentally 

determined values of M
RSAT

 and the suction corresponding to the optimum moisture 

content (ψ = 36 kPa). The value of resilient modulus at any suction level was 

determined by substituting these values, along with the SWCC model parameters 

in Eq. 5.14. 

5.7.2.2 Comparison of Results 

Figures 5.39 and 5.40 show the comparison between the resilient modulus 

obtained from the model using Method 1 and the experimental values for the eighth 

and the last sequence of loading, respectively. It is observed that the prediction is 

similar to the experimentally obtained values till a matric suction of 300 kPa. 

However, at the higher values of suction, the prediction overestimates the resilient 

modulus by approximately 14 times, for a suction of 30 MPa and 35 times for a 
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suction of 100 MPa. This shows that the model is limited to work within the 

moderate suction range. 

Similarly, Figs. 5.41 and 5.42 show the comparison between the resilient 

modulus determined from the model using Method 2 and the experimental values 

for the eighth and the last sequence of loading, respectively. It is observed that the 

predictions for resilient modulus are quite different from that of the experimental 

results. The predicted value of M
ROPT

 was significantly lower (using Eq. 5.5) than 

the experimentally observed values. Hence, even the use of a much lower value of 

the fitting parameter (ξ = 0.2), satisfactory predictions for resilient modulus could 

not be established (for low to moderate suction state). Additionally, the issue of 

overpredicting the resilient modulus for specimens at high suction state still exists. 

Therefore, it could be concluded that due to the consistent increase of 

resilient modulus with suction, even at high suction states, the model is not suitable 

for predicting the resilient modulus beyond the medium suction state. 

Additionally, empirical relations for determining the resilient modulus at 

the optimum moisture content (OMC) is not advised as the resilient modulus at 

suction higher than that at OMC is very sensitive, to the accuracy of the resilient 

modulus at OMC. 
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 (a)  

(b)  

Figure 5.39 Comparison of resilient moduli (8th sequence) obtained from 

experimental results and the prediction model using Method 1 for a specimen at a 

dry density of 1.67 g/cm3 over (a) moderate suction range, and (b) wide suction 

range  
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(a)  

(b)  

Figure 5.40 Comparison of resilient modulus (last sequence) obtained from 

experimental results and the prediction model using Method 1 for a specimen at a 

dry density of 1.67 g/cm3 over (a) moderate suction range, and (b) wide suction 

range 
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(a)  

(b)  

Figure 5.41 Comparison of resilient modulus (8th sequence) obtained from 

experimental results and the prediction model using Method 2 for a specimen at a 

dry density of 1.67 g/cm3 over (a) moderate suction range, and (b) wide suction 

range  
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(a)  

(b)  

Figure 5.42 Comparison of resilient modulus (last sequence) obtained from 

experimental results and the prediction model using Method 2 for a specimen at a 

dry density of 1.67 g/cm3 over (a) moderate suction range, and (b) wide suction 

range 
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5.8 Summary 

This chapter introduces the concept of resilient modulus of unsaturated soils 

and its utility in the design of flexible pavements. The factors affecting the resilient 

modulus of unsaturated subgrade soils are presented. The methods to determine the 

resilient modulus of soils are described in brief. A review of the past and the recent 

advances in repeated load triaxial tests for determination of resilient modulus of 

unsaturated soils is discussed. The use of models for predicting the variation of 

resilient modulus with suction is introduced and a few recent models and equations 

are discussed. 

The experimental program for studying the influence of suction and dry 

density of soil on the resilient modulus is described. The specimen preparation and 

suction equilibration are also explained and demonstrated. The procedure followed 

to perform suction-controlled repeated load triaxial test under varying suction states 

is also described. 

The experimental results, including the variation of resilient modulus with 

net confining pressure, deviator stress, suction, and dry density of soil specimen, 

are studied in detail. The influence of wetting and drying cycles on the resilient 

modulus of the soil specimen is demonstrated. The important findings and the 

trends are discussed and compared to the available literature.  

Finally, the calibration and validation of a recent and simplified model 

postulated by Han and Vanapalli (2015) were done using the experimental results 
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from this research. This model appears to provide reasonable resilient moduli 

predictions for low to moderate soil suction states. Also, the limitations of the 

model are discussed. 
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Chapter 6   

LIQUEFACTION RESISTENCE IN UNSATURATED SOILS 

6.1 Introduction 

The problem of liquefaction has been considered very seriously due to the 

excessive damage it causes within a short span of time. The liquefaction 

phenomenon is manifested through sand boils and ground crack, excessive 

settlement of buildings, flow failures, and lateral spreading and subsequent 

cracking (Boulanger and Idriss, 2006, USGS, 2006a). Figures 6.1, 6.2, and 6.3 show 

some of the damages caused due to liquefaction during major earthquakes. 

Liquefaction had been observed during the earthquakes in San Francisco, 

California, 1906; Niigata, Japan and Alaska in 1964; San Fernando Dam, California 

in 1971; Loma Prieta, California in 1989; Bhuj, India in 2001; Christchurch, New 

Zealand in 2011; and Tokyo Bay area, Japan in 2011 (Youd and Hoose, 1978; 

USGS, 2006b; Das and Ramana, 2011; Bhattacharya et al., 2011; Green et al., 

2014). Generally, liquefaction occurs due to significant seismic activity and is 

associated with mainly cohesionless soils. However, studies have been conducted 

to determine the liquefaction potential in cohesive soils.  
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 (a)  

(b)  

Figure 6.1 Photographs of damages caused due to liquefaction during 

Niigata Earthquake in 1964: (a) Bearing capacity failure in Kawagishi-cho; (b) 

Failure of Showa Bridge (Kramer, 1996; USGS, 2006a) 

The saturation of soil is considered to be a pre-requisite for liquefaction. 

The main reason for this general conception is due to the presence of highly 

compressible pore-air in unsaturated soils. However, a drastic reduction in the shear 

strength and stiffness of the unsaturated soil may result in excessive deformation, 

which could trigger the failure of structures. Henceforth, in this chapter, the 

liquefaction potential of soil, which is not fully saturated, is investigated in detail. 
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(a) (b)  

Figure 6.2 Photographs of damages caused due to liquefaction during the Loma 

Prieta earthquake in 1989: (a) Formation of sand boils; (b) Lateral spreading near 

the Pajaro River (USGS, 2006a). 

 

Figure 6.3 Lower San Fernando Dam Failure due to liquefaction in 1971 (Seed, 

n.d.) 
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6.2 Review of Literature: Liquefaction 

6.2.1 Definition of Liquefaction 

The term ‘liquefaction’ was originally coined by Mogami and Kubo (1953). 

The definition of liquefaction has been debated upon for years. The liquefaction of 

soils traditionally referred to the loss of strength in saturated cohesionless soils due 

to the generation of excess pore water pressure during dynamic loading (Rauch, 

1997; Coduto, 1999). The liquefaction of soil is associated with the deformation 

caused when the saturated soil is subjected to monotonic, transient, or cyclic 

stresses (Rauch, 1997; Jefferies and Been, 2006). All liquefaction phenomena 

include the generation of excess pore water pressure under undrained loading 

conditions (Kramer, 1996). 

6.2.2 Types of Liquefaction 

The various types of liquefaction are classified into two major categories: 

(i) flow liquefaction; and (ii) cyclic mobility (Coduto, 1999). 

Flow liquefaction refers to the reduction of shear strength of the soil due to 

the generation of excess pore water pressure and subsequent ‘flow failure’. After 

the reduction of shear strength, due to cyclic stress, the existing static shear stress 

may cause the flow failure. Flow liquefaction can cause sudden catastrophic 

failures, as observed during earthquakes in the Sheffield Dam (California) in 1925 

and lower San Fernando Dam (California) in 1971. 
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Cyclic mobility is described as the tendency of dense, saturated sands to 

gradually soften when subjected to cyclic shear stresses in undrained condition 

(Castro, 1975; Castro and Poulos, 1977). The cyclic mobility may occur in dense 

or loose cohesionless soils, when the static shear stress is less than the shear stress 

of liquefied soil (Kramer, 1996; Rauch, 1997). The deformation caused by cyclic 

mobility is known as lateral spreading, which can occur on level surfaces or gentle 

slopes (having an inclination less than 3°). Although cyclic mobility might not be 

as catastrophic as flow liquefaction, however, they might result in significant 

deformations, which cause failures resulting in substantial damages (Jefferies and 

Been, 2006). 

Although the liquefaction initiation due to flow liquefaction and cyclic 

mobility has traditionally not been considered separately, since they are different 

phenomena, it is essential to study them distinctly. Flow liquefaction could be 

caused due to monotonic loading and cyclic loading from seismic activity, and 

vibrations from pile driving, train traffic, geophysical explorations, and blasting 

(Kramer, 1996). However, the seismic activities may solely initiate the cyclic 

mobility.  

The possibility of soil to liquefy by flow liquefaction or cyclic mobility 

could be determined by considering the initial stress condition and the stress path 

followed by similar specimens during monotonic loading (Kramer, 1996). Figure 

6.3 shows the response of five soil specimens, having the same void ratio when 
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subjected to undrained shearing. The specimens ‘A’ and ‘B’ directly reach the peak 

strength at the steady state point. While, the specimens ‘C’, ‘D’ and ‘E’ reach their 

respective peak strength, marked as x, in the p′-q space (Fig. 6.3a). Subsequently, 

the shearing of the specimens ‘C’, ‘D’ and ‘E’, beyond their respective peak 

strengths results in a decrease in deviator stress and increase in pore water pressure. 

Finally, the stress paths for all the five specimens reach the steady state point. 

The specimens having the same void ratios, but varying initial stress 

conditions, after shearing in undrained condition reach the same value of deviator 

stress at a constant effective mean stress, resulting in constant stress condition. This 

forms a point in the p′-q space, known as the steady state point (Fig. 6.4a and Fig. 

6.5). Similarly, specimens at another initial void ratio and varying initial stress 

condition, after shearing would reach a different steady state point. The locus of 

various steady-state points obtained from shearing the specimens at varying initial 

void ratios form the steady state line (SSL) (Fig. 6.5).  

Figure 6.5 shows the approach used by Vaid and Chern (1983) to identify 

the zone of the possible development of flow liquefaction or cyclic mobility. The 

flow liquefaction surface (FLS) defines the initiation of flow liquefaction in the p′-

q space. The FLS can be plotted by joining the points at which the specimen reaches 

its peak undrained shear strength, which has been marked as ‘x’ in Fig. 6.4a. The 

FLS demarcates the boundary between stable and unstable states during undrained 

shearing. 
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Since the flow liquefaction does not initiate if the stress path is below the 

steady state point, the FLS is curtailed at the same deviator stress as that of the 

steady state point (Kramer, 1996).  

    

Figure 6.4 Response of isotropically consolidated specimens subjected to 

monotonic shearing in undrained condition (modified from Kramer, 1996) 

FLS

(a)

(b)
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Figure 6.5 Zone of susceptibility to flow liquefaction and cyclic mobility 

and the orientation of flow liquefaction surface in p′-q space 

Figure 6.5 illustrates that lesser cyclic shear stresses are required to initiate 

cyclic mobility than flow liquefaction. Hence, the static shear stresses required to 

initiate flow liquefaction by cyclic loading is greater than the steady state shear 

strength. Conversely, cyclic mobility may be initiated when the static shear stress 

is less than the steady state shear strength. 

The soils at a very low confining pressure behave as dense soils (Holtz and 

Kovacs, 1983) and flow liquefaction occurs exclusively in loose soils (Kramer, 

1996). The flow liquefaction zone (Fig. 6.5) does not start from a very low effective 

mean stress. However, the zone of susceptibility for cyclic mobility extends from a 

very low to a very high value of effective mean stress (Fig. 6.5). 

In a cyclic triaxial test, the initiation of cyclic mobility is not as well-defined 

as in the case of flow liquefaction. Hence, the criterion of some limiting cyclic 

q

p′

FLSSteady 

state 

point

Flow 

Liquefaction
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strain amplitude (like double amplitude strain of 5%) is often selected as a pre-

defined point to indicate liquefaction failure due to cyclic mobility (Kramer, 1996).  

6.2.3 Liquefaction in Saturated Soils 

Laboratory tests to investigate the cyclic loading or liquefaction of saturated 

cohesionless soils have been performed using triaxial, simple shear or torsional ring 

shear test devices. Cyclic triaxial tests have been most prominently used to 

characterize the behavior of cohesionless soils, after the pioneering work of Seed 

and Idriss (1966). 

The results from cyclic triaxial and simple shear tests showed that as the 

shear stress amplitude (also known as, the cyclic stress ratio) increased, the number 

of cycle required to initiate liquefaction decreased for different types of soils (Seed 

and Lee, 1965; Silver et al., 1976; Ishihara et al., 1980; Garga and Mckay, 1984; 

Toki et al., 1986; Prakash and Sandoval, 1992; Evans and Zhou, 1995; 

Thevanayagam et al., 2000; Xenaki and Athanasopoulos, 2003, 2008; Sitharam et 

al., 2004; Ghionna and Porcino, 2006; Boulanger and Idriss, 2007; Boominathan et 

al., 2010; Rees, 2010; Dash and Sitharam, 2011; Tsukamoto et al., 2014; Wang et 

al., 2016). When the CSR was plotted against the number of cycles required to 

induce liquefaction in logarithmic scale, the curve followed a non-linear function, 

which was asymptotic to the x-axis. 

The effect of relative density has a significant effect on the resistance to 

liquefaction. An increase in relative density required a higher CSR to liquefy the 
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specimen at the same number of cycles (Sitharam et al., 2004). Since the relative 

density and void ratio of soil are related, a decrease in void ratio required higher 

CSR to initiate liquefaction at the same number of cycles (Seed and Lee, 1965). 

The liquefaction of cohesive soils had also been established by various 

researchers (Anderson et al., 1980, 1988; Hyodo et al., 1994; Lefebvre and 

Pfendler, 1996; Perlea, 2000; Moses et al., 2003; Boulanger and Idriss, 2006, 2007; 

Li et al., 2011). The liquefaction studies on gravels were initially conducted in the 

field by Coulter and Migliaccio (1966), Wang (1984), and Youd et al. (1985) and 

in the laboratory by Wong et al. (1974), Banerjee et al. (1979), and Evans and Seed 

(1987). However, it was observed that the effect of membrane penetration for 

gravel specimens had a significant effect on the higher liquefaction resistances 

observed in the laboratory (Kramer, 1996). 

The following factors had been observed to influence the liquefaction 

resistance of saturated soils: (i) soil type; (ii) density or void ratio of the soil; (iii) 

initial stress condition of the soil; (iv) soil gradation; (v) particle shape of soil; (vi) 

over-consolidation ratio of the soil; (vii) specimen preparation (viii) age of soil 

deposit (Townsend, 1978; Youd and Perkins, 1978; Kramer, 1996; Jefferies and 

Been, 2004). 

Most of the cyclic triaxial tests in past had been conducted on isotropically 

consolidated cohesionless specimens having a relative density of 30% to 80% (Seed 

and Lee, 1965; Ladd, 1977; Vaid and Sivathayalan, 1996; Sitharam et al., 2004). 
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The applied shear stress is generally defined as the ratio of deviator stress to twice 

the effective confining pressure, and is known as cyclic stress ratio (CSR), 

CSR =  
𝜎𝑑

2𝜎3
′     (6.1) 

where σ
d
 is the deviator stress, and σ

3
′ is the effective confining pressure. From the 

past literature, it had been observed that the cyclic triaxial tests on cohesionless soil 

specimens had been conducted on varying values of CSR mostly in the range of 0.1 

to 0.5 to initiate liquefaction (Seed and Lee, 1965; Silver et al. 1976; Ladd, 1977; 

Singh et al., 1982; Kutter et al., 1994; Boulanger and Truman, 1996; Vaid and 

Sivathayalan, 1996; Gallagher and Mitchell, 2002; Sitharam et al., 2004; Ghionna 

and Porcino, 2006; Xenaki and Athanasopoulos, 2008; Das and Sitharam, 2011; 

Wang et al., 2016; Markham et al., 2016). 

The cyclic triaxial tests do not simulate the exact ground motion during a 

seismic activity. The application of shear stress in the simple shear device provides 

the most accurate simulation of the in-situ shear stress applied during an earthquake 

(Seed et al., 1975). Seed et al. (1975) suggested that the CSR required to initiate 

liquefaction in the field was nearly 10% less than that obtained in the simple shear 

device. Also, the definition of CSR for the triaxial test is different from that for the 

simple shear device. The correction factor, c
r
 is used to convert the CSR of triaxial 

and simple shear device. Finn et al. (1971) defined the value of c
r
 using the 

following expression: 
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𝑐𝑟 =  
1+𝐾𝑜

2
       (6.2) 

Castro (1975) had suggested the following expression for the correction 

factor, c
r
: 

𝑐𝑟 =  
2(1+2𝐾𝑜)

3√2
      (6.3) 

Thus, the following relation may be used to convert the CSR obtained from the 

field to that for the triaxial device: 

(𝐶𝑆𝑅)𝑓𝑖𝑒𝑙𝑑 =  
𝜏𝑐𝑦𝑐𝑙𝑖𝑐

𝜎𝑣𝑜
′ = 0.9𝑐𝑟(𝐶𝑆𝑅)𝑡𝑟𝑖𝑎𝑥𝑖𝑎𝑙     (6.4) 

6.2.4 Liquefaction in Unsaturated Soils 

The analysis for liquefaction in soils has been conducted with the basic 

assumption that the soil needs to be saturated (Kramer, 1996). However, soils which 

are near saturation may generate enough excess pore water pressure during cyclic 

shearing to result in significant reduction in the shear strength and stiffness of 

unsaturated soil. This may result in limited, but significant deformation, which is 

known as cyclic mobility, which has been explained in section 6.2.2. 

The presence of pore air in unsaturated soils is considered to be the major 

factor which prevents liquefaction. Since air is highly compressible as compared to 

water, the generation of excess pore water pressure is expected to be hindered, due 

to the volume change of pore air with an increase in pressure. However, recently it 

has been proven from suction-controlled triaxial tests that soils in unsaturated 

condition have undergone liquefaction due to excessive deformation, without 
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reaching zero net mean stress (Unno et al., 2008; Okamura and Noguchi, 2009; 

Tsukamoto et al., 2014; Wang et al., 2016; Zhang et al., 2016). 

Initial studies included the effect of saturation on liquefaction resistance of 

cohesionless soils (Sherif et al., 1977; Yoshimi et al., 1989; Xia and Hu, 1991, 

Ishihara and Tsukamoto, 2004; Yang et al., 2004). These studies mainly relied on 

the value of Skempton’s pore pressure parameter, B for demonstrating the increase 

of liquefaction resistance with desaturation or decrease in B-value.  

Recently, the suction-controlled specimens were subjected to cyclic loading 

in undrained conditions to determine the response of unsaturated soils (Unno et al., 

2008; Okamura and Noguchi, 2009; Tsukamoto et al., 2014; Liu and Xu, 2015; 

Wang et al., 2016; Zhang et al., 2016). These limited studies had shown that 

liquefaction occurred under higher values of cyclic stresses for a small decrease in 

the degree of saturation. However, an elaborate series of cyclic triaxial tests are 

required to establish the effect of suction on liquefaction resistance of cohesionless 

soils tested at varying relative densities. 

The effect of various parameters on the liquefaction resistance is generally 

considered by performing a parametric study and selecting a predefined number of 

cycles (say 20 or 25) to define the liquefaction caused due to the applied CSR. 

Okamura and Noguchi (2009) suggested the use of liquefaction resistance ratio to 

study the effect of saturation, which is defined as follows: 

Liquefaction resistance ratio, LRR =  
𝐶𝑆𝑅 𝑁=𝑥

𝐶𝑆𝑅𝑠𝑎𝑡,𝑁=𝑥
  (6.5) 
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where, CSRN = x is the cyclic stress ratio required to liquefy the soil at any degree of 

saturation in x number of cycles, and CSRsat, N = x is the cyclic stress ratio required 

to liquefy the saturated soil in x number of cycles. 

6.2.5 Synopsis of Literature Review 

The liquefaction of soils has been a major concern for geotechnical 

engineers and researchers, due to the extensive damages caused by it. Over the last 

five decades of elaborate research on the study of liquefaction, only recently few 

researchers have started to focus on the study of liquefaction in unsaturated soils. 

The general perception still exists that complete saturation (S = 100%) is required 

to cause liquefaction. 

This section dealt with the definition of liquefaction in soils and discussed 

the ambiguity in its definitions. The main types of liquefaction, i.e. flow 

liquefaction and cyclic mobility were defined and the conditions conducive to both 

the types of liquefaction are presented. The past and recent findings for liquefaction 

in saturated soils were elaborated. Finally, the outcomes of the limited studies on 

liquefaction in unsaturated soils are discussed. 

6.3 Basic Properties of Test Soil 

The fine sands are predominantly susceptible to liquefaction. Hence, a 

sandy soil was selected to perform the study of the liquefaction of unsaturated soils. 

From the sieve analysis and hydrometer tests, it was determined that the soil 

primarily comprised of sand (52%) and silt (41%), with a small amount of clay 
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(7%). The grain size distribution is shown in Fig. 6.6. The soil was found out to be 

non-plastic from Atterberg Limit tests, which were conducted in accordance to 

ASTM D4318-10e1. The soil was classified as silty sand (SM) as per the Unified 

Soil Classification system (USCS). The specific gravity of the soil solids was 

obtained to be 2.67, by conducting specific gravity test using a pycnometer, as per 

ASTM D854-14. The standard Proctor tests were conducted as per ASTM D698-

12e2 (shown in Fig. 6.7), and the maximum dry density of 1.87 g/cm3 was obtained 

at an optimum moisture content of 12.2%. The physical and mechanical properties 

of the soil are listed in Table 6.1. 

Table 6.1 Properties of the silty sand used in the study 

Parameters Value 

Sand (%) 52 

Silt (%) 41 

Clay (%) 7 

USCS classification SM 

Maximum dry unit weight, γ
d, max

, (kN/m3) 18.4 

Optimum moisture content, w
opt (%) 12.2 

Plasticity Index, PI (%) NP (Non-Plastic) 

Specific Gravity, G
s
 2.67 
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Figure 6.6 Grain size distribution of the silty sand used in the study 

 

Figure 6.7 Standard Proctor compaction curve for the silty sand used in the study 
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6.4 Specimen Preparation 

The liquefaction predominantly occurs in loose soils at relatively low 

confining pressures (Kramer, 1996). Hence, the heavily compacted soils were not 

required in this study. Undrained triaxial compression tests were performed on 

cylindrical specimens having a height of 142 mm and a diameter of 71 mm. 

Thereby, the height to diameter (H/D) ratio was 2.0, as recommended by ASTM 

D5311/D5311M-13. Additional specimens of height of 25.4 mm and diameter of 

63.5 mm were prepared for obtaining the SWCC of the silty sand specimen at 

varying densities. 

Various methods were considered for preparing loose specimens, like the 

dry funnel deposition, water sedimentation, slurry deposition, mixed dry 

deposition, and air pluviation. Previous studies (Oda, 1972a, 1972b; Ladd, 1974; 

Mulilis, et al. 1977; Tatsuoka, et al. 1979, 1986; Miura and Toki, 1982; Zlatovic 

and Ishihara, 1997; Jang and Frost, 1998; Vaid et al., 1999; Wood and Yamamuro, 

1999; Høeg et al., 2000; Wood et al., 2008) had reported that the response of sands 

to shearing could be influenced by the specimen deposition or reconstitution 

method. A detailed effect of specimen preparation technique on response of silty 

sands to undrained triaxial compression had been conducted by Wood et al. (2008) 

The specimen was expected to undergo further compaction (i.e., increase in 

relative density) with an increase in confining pressure prior to consolidation. Since 

the final target relative densities for undrained shearing lie in the range of 40 to 
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75%, the target relative densities after specimen preparation was around 20% to 

50% (obtained by a series of trial tests). Hence, the methods capable of generating 

low to medium relative density specimens were selected for the study. The moist 

tamping technique along with the mixed dry deposition (MDD) and dry funnel 

deposition (DFW) were the only methods capable of preparing of specimens at a 

low relative density (Wood et al., 2008). 

The specimens prepared by moist tamping technique showed flocculation 

or formation of “honeycomb structure” during saturation. Similar observations 

were made by Casagrande (1975), where “honeycombed structure” was predicted 

to undergo premature liquefaction. Hence, the moist tamping method was not used 

in this study.  

Additionally, it was observed that the grain size distribution was identical 

throughout the height of the specimen, which was prepared by the dry funnel 

deposition method. Wood et al. (2008) had warned that the dry funnel deposition 

method may result in higher silt content in the outer region and a higher 

concentration of sand in the core of the specimen. However, the sieve analysis of 

the specimens prepared using this method for silty sand used in the study showed a 

uniform distribution of sand and silt throughout the specimen, which may be due 

to the absence of coarser sand particles. Henceforth, the dry funnel deposition 

method was used to prepare all the specimens of silty sand in this study.  
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The specimens for target relative density of 75% were prepared by using a 

variation of the dry funnel method. The dry soil was poured through a funnel in 10 

layers, with a light block being placed after each layer. An additional load was 

placed on the block to partially compact the soils. The load applied was gradually 

increased (from 250 g to 1.5 kg; selected on the basis of multiple trials) as the higher 

layers are reached, to prepare specimens of the same density, which is known as 

undercompaction principle (explained in section 3.3), proposed by Ladd (1978). 

The membrane penetration effect (explained in section 3.10) was 

considered to be insignificant since fine sandy soil was used in this study (D50 = 0.1 

mm; Raju and Sadasivan, 1974; Vaid and Negussey, 1984; Kuerbis, 1989; Wood 

et al., 2008). 

6.5 Soil Water Characteristic Curve 

The drying cycle of the soil-water characteristic curve (SWCC) of the test 

soil at its target dry density was obtained by using the Fredlund device, commonly 

known as Tempe Cell, and the relative humidity apparatus. The Tempe Cell was 

used for matric suction below 500 kPa. The experimental points in the residual zone 

of the SWCC were obtained from the automatic relative humidity apparatus, which 

works on the principle of vapor pressure technique (explained in section 3.4.2). 

The specimens at relative densities of 50% and 75% were tested for their 

soil suction-water content relationship. The experimental data points were joined 

using the best-fit curves using the Fredlund and Xing (1994) SWCC model and are 
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shown in Fig. 6.8. The model parameters for specimens at both the relative densities 

(Dr = 50% and 75%) has been tabulated in Table 6.2. 

Table 6.2 Model Parameters for selected silty sand specimens at relative density 

of 50% and 75% 

Fredlund and 

Xing (1994) 

Values 

Dr = 50%  Dr = 75% 

a 33 40 

n 0.72 0.72 

m 1.85 1.85 

θs 0.357 0.344 

Ψr (kPa) 750 800 

 

 

Figure 6.8 SWCC of silty sand specimens (Dr = 50% and 75%) used in the study 
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6.6 Experimental Program 

In this research, a series of cyclic triaxial tests were performed on 

consolidated undrained specimens of silty sand (SM) of varying relative densities 

(D
r
 = 50% and 75%) under low net confining pressure of 50 kPa and at varying 

suction levels (s = 0 to 30 kPa) by applying varying cyclic stresses (CSR = 0.15 to 

0.45). The cyclic load was applied in the form of a sinusoidal waveform as 

recommended by ASTM D5311-13. Additional monotonic triaxial tests were 

conducted on silty sand specimens of 50% relative density at varying net mean 

stress of 50 and 100 kPa and at saturated and unsaturated conditions (s = 25 kPa) 

to determine the variation of Bishop’s effective stress parameter, χ with an increase 

in suction.  

The frequency of loading within a range of 0.001 Hz to 0.1 Hz were 

observed not to influence the response of the soil, however the presence of high-air 

entry (HAE) disks of 1-bar (= 100 kPa) in unsaturated soil testing required a slow 

frequency rate to allow proper response of excess pore water pressure to be captured 

by the pore pressure transducer. Hence, all the cyclic triaxial tests on unsaturated 

soil specimens were performed at a frequency of 0.001 Hz. While all the cyclic 

triaxial tests on saturated soil specimens were performed at a frequency of 0.1 Hz 

since the porous stone allows free movement of water from the base of the specimen 

to the pore water pressure transducer. 
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Table 6.3 Series of cyclic triaxial tests performed in this dissertation research 

Test # Matric 

Suction 

(kPa) 

Relative 

Density, 

Dr (%) 

Cyclic Stress 

Ratio (CSR)  

Degree of 

Saturation, 

Sr (%) 

B-value 

1-4 0 49 – 51 0.15, 0.20, 0.25, 

0.35 

100 0.96 – 0.97 

5-6 0.1 – 0.2
(1)

 52 – 54 0.25 96 – 98 0.50, 0.70 

7-9 2 50 – 53 0.15, 0.25, 0.30 89 – 90 0.28 – 0.29 

10-13 10 49 – 54 0.15, 0.20, 0.25, 

0.35 

75 – 77 0.06 – 0.07 

14-16 20 52 – 53 0.25, 0.35, 0.45 70 – 71 0.04 – 0.05 

17 30 54 0.35 63 0.02 

18-19 0 74 – 76 0.15, 0.20 100 0.96 

20 2 74 0.35 90 0.32 

21-22 10 72 – 74 0.25, 0.45 77 – 78 0.07 – 0.08 

23 20 74 0.35 73 0.03 
(1) – approximate value of suction (Test# 5 & 6) 

6.7 Modifications for Performing Cyclic Triaxial Tests on Unsaturated Specimens 

The calibration of the experimental setup was initially performed. Since the 

specimen is subjected to tensile forces, a coupler (shown in Fig. 6.9a) was attached 

to the loading shaft to allow the axial actuator to apply tensile forces to the top cap 

and indirectly to the specimen.  

Additionally, the suction applied during the cyclic triaxial tests are low. 

Hence, it is important to maintain accurate values of cell pressure, air pressure, and 

pore-water pressure. The U-tube manometer (shown in Fig. 6.9b), having a range 

of 10 kPa with a resolution of 0.1 kPa, was used to achieve this objective.  

Prior to starting any test, each pressure line was connected to one end of the 

manometer and the other end is kept open to the atmospheric pressure. A series of 
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small values of pressures, ranging from 0 to 10 kPa) were applied to the manometer 

and proper adjustments were made when necessary. Subsequently, only the pore air 

pressure line from the pressure volume controller (PVC) was connected and a 

parallel connection was used to apply the pore air pressure to the specimen during 

the suction equilibration phase of the test (shown in Fig. 6.9). 

 

Figure 6.9 Modifications to the experimental setup for performing cyclic triaxial 

tests 

6.8 Testing Procedure 

6.8.1 Saturated Test 

A series of cyclic triaxial tests were performed on saturated specimens of 

silty sand at varying cyclic stress ratio (CSR = 0.15, 0.2, 0.25, and 0.35) and relative 

density (Dr = 50% and 74%). The experimental procedure was slightly different as 
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compared to that of monotonic triaxial tests, due to the difference in specimen 

preparation technique (as explained in section 6.4). 

The base pedestal fitted with a saturated porous stone was attached to the 

base plate of the triaxial setup and the pore pressure lines were saturated using 

manual control. A moist filter paper was placed on the previously saturated porous 

stone to prevent migration of fine particles into the pore water pressure line. 

Additionally, the filter paper prevented the clogging of the porous stone. The soil 

specimen was prepared by pouring soil through a funnel into a split mold placed on 

the base pedestal fitted with a latex membrane. The soil was leveled after each layer 

(as explained in section 6.4) and finally, the top cap fitted with dry porous stone 

was placed on the top surface of the dry specimen with a dry filter paper to prevent 

clogging of the porous stone. The soil specimen, the base pedestal and the top cap 

assembly was sealed using a latex membrane and “O”-rings (similar to the 

assembly as described in section 3.6.1). 

A small suction (magnitude of 10 kPa) is applied to the specimen through 

the top cap, to prevent the specimen from bulging due to its self-weight. The 

double-walled cells were placed and the entire chamber was sealed. Initially, the 

outer cell and later the inner cell was filled with de-aired water by applying a 15 

kPa pressure from the pressure control panel. Since the air release valve was open, 

the soil specimen did not experience any confining pressure, apart from the applied 

suction, which is independent of the cell pressure applied to fill the cells. Once the 
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inner cell was almost filled, the pressure was reduced to 5 kPa and after it was filled, 

the air release valve was closed. Subsequently, the suction was decreased gradually 

to zero. Immediately, the cell pressure was increased to 15 kPa and a back pressure 

of 5 kPa was introduced. Thus, an effective confining pressure of 10 kPa was 

maintained throughout the process of filling the cell. A seating stress of 5 kPa was 

applied to the axial actuator to maintain proper contact with the top surface of the 

specimen. 

6.8.1.1 Saturation of the specimen 

The saturation process is similar to that explained in section 3.6.2 for 

monotonic triaxial tests. A small back pressure of 5 kPa was applied from the base 

of the specimen and a suction of 10 kPa is applied from the top of the specimen to 

allow the water-front to slowly move towards the top the specimen. This procedure 

was conducted as per the guidelines of ASTM D5311-13. After the water-front 

reached near the top of the specimen, the applied suction was removed. When the 

water came out through the top porous stone, due to the back pressure of 5 kPa, the 

valve to the top cap was closed. 

Subsequently, the specimen was saturated using back-pressure approach, 

which has been explained in section 3.6.2. The specimen was considered to be fully 

saturated when the Skempton’s pore-water pressure parameter, B, is greater than 

0.95. The details regarding the B-value test have been provided in section 3.6.2. 
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The silty sand specimen was observed to reach a B-value of greater than 0.95 at 

back pressure of 580 kPa. 

Additional cyclic triaxial tests (Test # 5 and 6 in Table 6.3) were performed 

on specimens having lower B-values to study the effect of variation of liquefaction 

resistance with a decrease in the degree of saturation and the B-value. Hence, the 

increase back pressure was stopped after reaching B-values of 0.50 and 0.70. 

6.8.1.2 Isotropic consolidation 

The consolidation stage involves the dissipation of excess pore water 

pressure generated due to the application of the target effective pressure at which 

the shearing would be conducted (explained in section 3.6.3). During consolidation, 

the volume of the soil specimen undergoes changes due to the dissipation of excess 

pore water pressure. The target consolidation stress was achieved by ramping up 

the cell pressure while maintaining a constant back pressure. The target cell 

pressure was reached in 30 seconds and the change in the volume of the soil 

specimen and the volume of water flowing out of the specimen was recorded and 

plotted. The consolidation was continued for 24 hours to ensure primary 

consolidation of both saturated and unsaturated specimens and to allow the same 

amount of time for consolidation to occur for all the specimens.  

6.8.1.3 Monotonic loading in drained conditions 

Two monotonic triaxial tests were performed to determine the slope of the 

critical state line and the shear strength parameters of saturated specimens of silty 
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sand at a relative density of 50%. The test procedure for conducting these triaxial 

tests under drained conditions was similar to that used for monotonic triaxial tests 

on compacted specimens of silty soil in saturated condition (explained in section 

3.6.4). 

6.8.1.4 Cyclic loading in undrained conditions 

The cyclic loading was applied using a sinusoidal waveform having 

constant amplitude and frequency throughout the loading and unloading sequence. 

The mean value of the cyclic deviator stress was zero. Hence the amplitudes of 

deviator stresses during the application of compression and tension are equal. 

During the application of cyclic load, the cell pressure was maintained at a constant 

value, while the drainage valve was closed to simulate undrained conditions. 

Hence, the back pressure was not controlled and the pore water pressure was 

measured using the pore water pressure transducer connected to the base of the 

specimen. 

The axial strains and the excess pore water pressure generated with 

increasing cycles of deviator stress were closely monitored. The effective stress 

path followed during the test was computed. Generally, the point at which the 

effective confining stress reaches a value of zero is considered as the initiation of 

liquefaction. However, in this study, the undrained cyclic loading of unsaturated 

soil was not expected to result in an effective confining stress of zero. Hence, the 

number of cycles required to achieve an axial strain of 5% was considered as the 
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point of liquefaction for all cases. A similar assumption was made by other 

researchers (Okamura and Soga, 2006; Okamura and Noguchi, 2009; Tsukamoto 

et al., 2014). 

6.8.2 Unsaturated Tests 

For cyclic triaxial tests on unsaturated specimen, the same procedure for 

sample preparation and initial wetting of soil specimen was followed as in the case 

of the saturated test, explained in section 6.7.1. However, instead of using the 

porous stone in the base pedestal, high-air entry (HAE) ceramic disks of 1-bar (100 

kPa) air-entry value were used. The soil specimen was in direct contact with the 

HAE disks to enable the flow of water from the specimen to the pore water pressure 

line through the HAE disks. The soil specimen was allowed to achieve near 

saturated condition, but the back-pressure saturation approach was not used. 

Instead, the specimens were equilibrated to the required matric suction level by 

using the axis-translation technique (explained in section 2.9.1). 

6.8.2.1 Suction equilibration 

The independent control of pore air pressure and pore water pressure 

allowed the application of the required suction level. The B-value test (explained in 

section 3.6.2) was conducted to indirectly check the degree of saturation. 

Additionally, the water flowing into or out of the specimen enabled the 

determination of the degree of saturation of the specimen. In this research, the 

suction was considered to be equilibrated when the change in water content was 
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less than 0.04%/day, as suggested by Sivakumar (1993). Throughout the suction 

equilibration process, the net confining pressure was kept at 15 kPa to prevent 

accidental swelling of the specimen. 

6.8.2.2 Suction-controlled isotropic consolidation 

The suction-equilibrated specimen was subjected to the required net 

confining pressure of 50 kPa by increasing the cell pressure while maintaining 

constant pore air and pore water pressures (similar to monotonic triaxial tests; 

explained in section 3.7.3). The cell pressure was increased at the rate of 5 kPa/hr. 

The volume change of the specimen was monitored using the volume change 

device. The volume of water flowing out of the specimen was recorded using the 

pressure volume controller. The consolidation was assumed to be complete when 

the volume change of the specimen attains a constant value and is equal to the 

volume of water flowing out of the specimen. Each specimen was consolidated for 

more than 24 hours to ensure complete dissipation of pore air and water pressure 

throughout the specimen. 

6.8.2.3 Monotonic loading in drained conditions 

The monotonic loading of the silty sand specimens at a net confining 

pressure of 50 and 100 kPa and at matric suction of 25 kPa was performed in a 

similar manner as described in section 3.7.3. These tests were carried out to 

determine the variation of the Bishop’s effective stress parameter, χ for the silty 
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sand specimen, which would enable the reasonably accurate computation of the 

effective stress of unsaturated soil during cyclic loading in undrained conditions. 

6.8.2.4 Cyclic loading in undrained conditions 

The cyclic loading in unsaturated soil is similar to the procedure explained 

for saturated soils, except for the measurement of air pressure during the entire 

duration of the test. Both the pore air and pore water pressure lines are closed and 

the pore air and pore water pressures were recorded independently. The cyclic 

loading was stopped when either the specimen reached an axial strain greater than 

5% or the total number of cycles of deviator stress exceeded 500. The frequency of 

cyclic deviator stress was kept constant at 0.001 Hz, for proper capture of pore 

water pressure response. 

6.9 Experimental Results 

6.9.1 Saturated Specimens 

The results for the series of cyclic triaxial tests performed on saturated (B-

value > 0.95) and near-saturated (B-value = 0.50 and 0.70) soil specimens have 

been discussed in this section. Figure 6.10 shows the specimen before, during and 

after the application of cyclic load. The specimen after preparation and under the 

application of suction (10 kPa) is shown in Fig. 6.10(a). The specimen after 

isotropic consolidation is shown Fig. 6.10(b). The compression of the specimen 

under the application of peak compressive deviator stress is shown Fig. 6.10 (c) and 

(e). The extension of the specimen under the application of peak tensile deviator 
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stress is shown in Fig. 6.10 (d) and (f). The specimen after removing the pressures 

and the triaxial cells is shown in Fig. 6.10(g). The specimen after removing the 

latex membrane and subjected to light disturbance is shown in the Fig. 6.10(f). It 

was observed that the specimen undergoes higher axial strains with increasing 

cycles of deviator stress. Additionally, it was observed that the specimen (after the 

test; Fig. 6.10f) had negligible resistance to disturbance and started to flow. 

 

Figure 6.10 A typical cyclic triaxial test on saturated specimen under undrained 

conditions (Test# 18) 

The response of the saturated specimen prepared at a relative density of 51% 

on being subjected to a sinusoidal cyclic deviator stress (peak amplitude of 20 kPa) 
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with a frequency of 0.1 Hz is shown in Figs. 6.11 ‒ 6.16. It was observed that the 

excess pore water pressure or the pore water pressure ratio, ru increases rapidly with 

the number of cycles. The magnitude of axial strain increases swiftly as the excess 

pore water pressure reaches 70% of the initial effective confining pressure (ru = 

0.7).  

Figure 6.15 shows the deviator stress – axial strain relationship for the test 

conducted. It was observed that the stiffness of the soil specimen is almost constant 

during the initial loading cycles. However, as the effective stress (Fig. 6.16) 

decreases and reaches near zero and the stress path intersects the CSL (M = 1.15 in 

compression), the softening behavior of the soil specimen is observed. This 

behavior is known as “cyclic liquefaction” condition (Robertson and Wride, 1997). 

The “cyclic liquefaction” condition is characterized by the “transient excursion” of 

the effective stress path through the origin (Ghionna and Porcino, 2006). The axial 

strain reaches a value of 5% in tension after 18 cycles (Fig. 6.12). It was also 

observed that the effective stress reaches zero for the saturated soil specimen 

subjected to cyclic stress ratio (CSR) of 0.20. 
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Figure 6.11 Sinusoidal deviator stress applied during the cyclic test on saturated 

specimen (Test# 2; CSR = 0.20; Dr = 51%) 

 

Figure 6.12 Variation of axial strain with applied cyclic deviator stresses on 

saturated specimen (Test# 2; CSR = 0.20; Dr = 51%) 
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Figure 6.13 Variation of pore water pressure ratio with applied cyclic deviator 

stresses on saturated specimen (Test# 2; CSR = 0.20; Dr = 51%) 

 

 

 

Figure 6.14 Pore water pressure response of saturated soil on being subjected to a 

cyclic deviator stress (Test# 2; CSR = 0.20; Dr = 51%) 
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Figure 6.15 Stress-strain response of saturated soil when subjected to cyclic 

deviator stress (Test# 2; CSR = 0.20; Dr = 51%) 

 

Figure 6.16 Effective stress path followed during cyclic triaxial test of saturated 

soil in undrained conditions (Test# 2; CSR = 0.20; Dr = 51%) 
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Similar tests on saturated specimens prepared at a relative density of 48% 

to 51 % were performed for CSR of 0.15, 0.25, and 0.35, where the axial strain 

reached 5% after 56, 7, and 3 cycles, respectively. 

Additional tests were performed on saturated specimens prepared at a 

relative density of 76% and 74% for CSR of 0.15 and 0.20, where the specimen 

failed after 154 and 142 cycles, respectively. 

The tests on specimens having B-value of 0.50 and 0.70 (not fully saturated, 

Sr = 98% and 96%) were also performed at CSR of 0.25 and it was observed that 

the specimens failed after 16 and 19 cycles respectively, which is much higher than 

that for saturated specimen having B-value of 0.97, which was also subjected to 

CSR of 0.25. 

Similar results for cyclic liquefaction for loose cohesionless soils were 

observed by other researchers (Yoshimi et al., 1989; Kutter et al., 1994; Ghionna 

and Porcino, 2006; Unno et al., 2006; Okamura and Noguchi, 2009; Das and 

Sitharam, 2011; Liu and Xu, 2015; Wang et al., 2016; Markham et al., 2016), where 

the saturated soils failed by cyclic softening. 

Figure 6.17 shows the variation of number of cycles required to liquefy a 

specimen for different cyclic stress ratio (CSR). It also compares the curve obtained 

from the present study to that obtained from other studies on similar type of soil. 

The present results are within those reported in the literature and any variations 
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noted are attributed to differences in soil types and testing parameters used in 

respective research studies. 

 

Figure 6.17 Comparison of experimental results for liquefaction obtained from 

various studies on saturated specimens of sands with fines 

6.9.2 Unsaturated Specimens 

6.9.2.1 General 

The results of the cyclic triaxial tests on unsaturated specimens (s = 2 to 30 

kPa) in undrained conditions have been discussed in this section.  

6.9.2.2 Bishop’s effective stress parameter 

The effective stress of unsaturated soil during cyclic triaxial tests have been 

estimated by using the following relationship based on Bishop’s approach (1959): 
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𝜎′ = (𝜎 ‒ 𝑢𝑎) + 𝜒(𝑢𝑎 − 𝑢𝑤)       (6.6) 

where,  

σ is the total stress, 

ua is the pore air pressure,  

uw is the pore water pressure, and  

χ is a soil parameter related to the degree of saturation of the soil and the wetting 

or drying cycle.  

The previous studies have shown that contrary to the proposal by Bishop 

(1959), the relationship between χ and degree of saturation, S is not unique; and the 

soil type and stress path had a noteworthy effect on the relationship (Jennings and 

Burland, 1962; Bishop and Blight, 1963; Burland, 1964; Blight, 1967; Fang, 1977; 

Matyas and Radhakrishna, 1968; Aitchison and Woodburn 1969; Barden et al., 

1969; Brackely, 1971; Escario and Juca, 1989). Hence, the results from monotonic 

triaxial tests of silty sand specimens (Dr = 50%) at saturated and unsaturated 

conditions (s = 25 kPa) for net confining pressures of 50 and 100 kPa were utilized 

to determine the value of χ at the suction of 25 kPa. 

Furthermore, it was assumed that the value of χ varies linearly between 

saturated condition and suction of 30 kPa, as the degree of saturation is high in this 

range and the suction level is low. From the monotonic tests, it was determined that 

the effective cohesion was zero and the angle of internal friction of the silty sand 

was 28.4°, which is consistent with the shear strength parameters of loose 
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cohesionless soils. The slope of critical state line was obtained as 1.15. The 

apparent cohesion (c′′) at matric suction of 25 kPa was computed to be 12.4 kPa. 

Therefore, the value of χ was determined to be 0.915 at matric suction of 25 kPa, 

by using Eq. (6.7). 

𝜒 =  
𝑐′′

(𝑢𝑎−𝑢𝑤) tan 𝜑′
    (6.7) 

Hence, the following values of χ were used for various suction levels (as 

shown in Table 6.4). 

Table 6.4 Variation of χ with suction 

Matric suction, s (kPa) χ 

0 1.0000 

0.15 0.9995 

2 0.9930 

10 0.9660 

20 0.9320 

25 0.9145 

30 0.8980 

6.9.2.3 Response of unsaturated soils subjected to cyclic loading in undrained 

conditions 

The response of unsaturated soil at matric suction of 2 kPa when subjected 

to cyclic deviator stresses (CSR  0.25) is shown in Figs. 6.18 ‒ 6.23. It was 

observed that the behavior of unsaturated soils is similar to that of the saturated 

soil. It is to be noted that the air-entry value of the specimen prepared at a relative 
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density of 50% is 2 kPa. Hence, it is expected that the response of the soil would 

not vary significantly. 

The variation of pore air and pore water pressures in Fig. 6.21 shows that 

the initial matric suction decreases as the excess pore water pressure increases. This 

might be due to the dissolution of air into the solution due to increased stresses and 

also might be as a result of increase in the pore water pressure, which in turn 

decreases the volume of pore air. Hence at excess pore water pressure ratio of 0.9, 

the air pressure becomes almost equal to the pore water pressure and the matric 

suction drops to 0.4 kPa. Similar observations were made by researchers like 

Okumura and Noguchi (2009), where a significant decrease in matric suction levels 

was observed during the application of cyclic loading in undrained conditions.  

From Fig. 6.19, it was observed that the axial strain reaches a value of 5% 

in tension after 28 cycles. Hence, the soil specimen at a matric suction of 2 kPa 

required 4 times higher number of cycles to induce an axial strain of 5% as 

compared to the saturated soil specimen for the same applied cyclic deviator stress 

(CSR = 0.25). It is also higher than the number of cycles required to fail specimens 

at B-value of 0.70 and 0.50 (Test # 5 and 6), where 16 and 19 cycles were required, 

respectively, to achieve an axial strain greater than 5% in magnitude for the same 

value of CSR.  

The stress path (Fig. 6.23) shows that the effective stress almost reached a 

value of zero. Hence, the presence of pore air pressure prevented the effective stress 
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to reach and then drop below zero, as seen in saturated soil specimens. However, 

the specimen failed due to lower stiffness at very low effective stresses and the 

stress path intersected the critical state line, thereby inducing plastic strains, which 

also resulted in excessive deformations. 

Similar tests were performed on soil specimens prepared at a relative 

density of 50% and at a matric suction of 2 kPa for CSR of 0.15 and 0.30. These 

specimens reached an axial strain of 5% after 144 cycles (for CSR = 0.15) and 12 

cycles (for CSR = 0.30). A specimen at matric suction of 2 kPa was also prepared 

at a higher relative density of 75% and was tested by applying cyclic deviator 

stresses (CSR = 0.35), which reached the criteria of an axial strain of 5% after 19 

cycles. 

 

Figure 6.18 Sinusoidal deviator stress applied during the cyclic test on unsaturated 

specimen at matric suction of 2 kPa (Test# 8; CSR = 0.25; Dr = 53%) 
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Figure 6.19 Variation of axial strain with applied cyclic deviator stresses on 

unsaturated specimen at matric suction of 2 kPa (Test# 8; CSR = 0.25; Dr = 53%) 

 

 

Figure 6.20 Variation of pore water pressure ratio with applied cyclic deviator 

stresses on unsaturated specimen at matric suction of 2 kPa (Test# 8; CSR = 0.25; 

Dr = 53%) 



432 

 

 

Figure 6.21 Pore water and pore air pressure response of unsaturated soil at a 

matric suction of 2 kPa on being subjected to a cyclic deviator stress (Test# 8; 

CSR = 0.25; Dr = 53%) 

 

 

Figure 6.22 Stress-strain response of unsaturated soil at a matric suction of 2 kPa 

when subjected to cyclic deviator stress (Test# 8; CSR = 0.25; Dr = 53%) 
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Figure 6.23 Effective stress path followed during cyclic triaxial test of unsaturated 

soil at a matric suction of 2 kPa in undrained conditions (Test# 8; CSR = 0.25; Dr 

= 53%) 

The response of soil specimen prepared at a relative density of 54% and 

equilibrated to a matric suction of 10 kPa when subjected to a cyclic deviator stress 

of 35 kPa (amplitude; CSR = 0.35) is shown in Fig. 6.24 – 6.29. The specimen does 

not attain the condition of “cyclic softening” condition, as seen in specimens at 

lower values of matric suction. Instead, the specimen rarely undergoes 

compression, and fails in tension (Fig. 6.25). The net mean stress decreases 

gradually with increasing number of loading cycles to a value of 6 kPa prior to 

failure.  

The matric suction was observed to decrease slightly (Fig. 6.27) as the 

higher excess pore water pressure is reached (ru > 0.85). As the net mean stress 

decreases to less than 20% of its initial value, due to increase in the pore air and 
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pore water pressures, the effective stress path intersects the critical state line (M 

=1.15).  

Although the net mean stress never reaches near zero, the liquefaction of 

the specimen occurs due to significant loss of stiffness and strength and it undergoes 

considerable deformations. This type of liquefaction is known as cyclic mobility 

(explained in section 6.2.2). In this case, the excess pore water pressure never 

becomes equal to the initial net confining pressure (σ3 – ua). Hence, it was observed 

that as the matric suction was increased the flow liquefaction ceases to occur due 

to the presence of pore air, but liquefaction due to cyclic mobility may still occur, 

depending upon the degree of saturation and the value of CSR. This specimen 

reached an axial strain of 5% in tension after 12 cycles of deviator stress. 

Similarly, specimens prepared at a relative density of 50% and equilibrated 

to a matric suction of 10 kPa, were subjected to varying peak amplitude of cyclic 

deviator stresses having CSR of 0.15, 0.20, and 0.25. It was observed that the 

specimen subjected to cyclic deviator stress of 0.15, did not undergo significant 

deformation (maximum magnitude of axial strain was less than 0.5%), while the 

pore water pressure ratio increased gradually till 0.60 and then reached a constant 

value. Since the net mean stress (p′ – ua) did not decrease significantly and the peak 

amplitude of the cyclic deviator stress was low, the effective stress path did not 

reach the critical state line and hence the soil specimen did not fail.  
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An important aspect is required to be noted here, due to the presence of 

apparent cohesion and positive y-axis intercept of unsaturated soil in p-q space, the 

critical state line of unsaturated soil is well above the CSL of saturated soil. Hence, 

significantly higher amplitudes of deviator stresses are required to reach the CSL 

of unsaturated soils. Hence, unsaturated soils with higher induced matric suction 

are less susceptible to liquefaction. 

The other specimens at matric suction of 10 kPa and relative density of 50%, 

which were subjected to cyclic deviator stress with CSR = 0.20 and 0.25 reached 

an axial strain of 5% after 124 and 48 cycles, respectively. 

The specimens prepared at a relative density of 74% and matric suction of 

10 kPa and subjected to cyclic deviator stresses with CSR of 0.25, did not liquefy 

after application of 500 cycles of deviator stress. However, a similar specimen 

when subjected to cyclic deviator stresses with CSR of 0.45 failed (reached axial 

strain of 5%) after 26 cycles.  

When the cyclic deviator stress is defined by a CSR of 0.5 and above, the 

top cap starts to lose contact with the specimen during the application of the 

negative cycle (tensile stresses) of deviator stresses. This occurs due to the total 

axial stress reaching negative values when the magnitude of the negative values of 

deviator stress becomes greater than the confining pressure. Thereby, a CSR of 0.45 

is very high, considering that the maximum limit of the value of CSR is 0.5. 
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Figure 6.24 Sinusoidal deviator stress applied during the cyclic test on unsaturated 

specimen at matric suction of 10 kPa (Test# 13; CSR = 0.35; Dr = 54%) 

 

Figure 6.25 Variation of axial strain with applied cyclic deviator stresses on 

unsaturated specimen at matric suction of 10 kPa (Test# 13; CSR = 0.35; Dr = 

54%) 
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Figure 6.26 Variation of pore water pressure ratio with applied cyclic deviator 

stresses on unsaturated specimen at matric suction of 10 kPa (Test# 13; CSR = 

0.35; Dr = 54%) 

 

Figure 6.27 Pore water and pore air pressure response of unsaturated soil at a 

matric suction of 10 kPa on being subjected to a cyclic deviator stress (Test# 13; 

CSR = 0.35; Dr = 54%) 
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Figure 6.28 Stress-strain response of unsaturated soil at a matric suction of 10 kPa 

when subjected to cyclic deviator stress (Test# 13; CSR = 0.35; Dr = 54%) 

 

 

Figure 6.29 Effective stress path followed during cyclic triaxial test of unsaturated 

soil at a matric suction of 10 kPa in undrained conditions (Test# 13; CSR = 0.35; 

Dr = 54%) 
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The response of soil specimen prepared at a relative density of 53% and 

equilibrated to a matric suction of 20 kPa when subjected to a cyclic deviator stress 

of 35 kPa (amplitude; CSR = 0.45) is shown in Figs. 6.30 – 6.35. It was observed 

that the specimen undergoes gradual increase in excess pore water pressure or pore 

water pressure ratio (ru) and reaches a constant peak value of ru = 0.9. The matric 

suction reduced by less than 50% with increasing cycles of deviator stress. Figure 

6.34 shows that the stiffness of the specimen decreased gradually, due to the 

application of high amplitude of deviator stress. Hence the specimen failed by 

cyclic mobility. The specimen reached an axial strain of 5% in tension, after 8 

cycles. 

Another specimen prepared at a relative density of 54% and equilibrated at 

matric suction of 30 kPa had been tested by applying a cyclic deviator stress having 

CSR of 0.35, but due to the presence of high amount of pore air and higher apparent 

cohesion, the specimen did not fail. Similarly, a denser specimen (Dr = 74%) at 

matric suction of 20 kPa did not fail when subjected to cyclic deviator stress of CSR 

= 0.35. 
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Figure 6.30 Sinusoidal deviator stress applied during the cyclic test on unsaturated 

specimen at matric suction of 20 kPa (Test# 16; CSR = 0.45; Dr = 53%) 

 

Figure 6.31 Variation of axial strain with applied cyclic deviator stresses on 

unsaturated specimen at matric suction of 20 kPa (Test# 16; CSR = 0.45; Dr = 

53%) 
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Figure 6.32 Variation of pore water pressure ratio with applied cyclic deviator 

stresses on unsaturated specimen at matric suction of 20 kPa (Test# 16; CSR = 

0.45; Dr = 53%) 

 

Figure 6.33 Pore water and pore air pressure response of unsaturated soil at a 

matric suction of 20 kPa on being subjected to a cyclic deviator stress (Test# 16; 

CSR = 0.45; Dr = 53%) 
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Figure 6.34 Stress-strain response of unsaturated soil at a matric suction of 20 kPa 

when subjected to cyclic deviator stress (Test# 16; CSR = 0.45; Dr = 53%) 

 

 

Figure 6.35 Effective stress path followed during cyclic triaxial test of unsaturated 

soil at a matric suction of 20 kPa in undrained conditions (Test# 16; CSR = 0.45; 

Dr = 53%) 
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6.9.3 Liquefaction Resistance Ratio 

Okamura and Noguchi (2009) had recommended the use of the term 

‘Liquefaction Resistance Ratio’, abbreviated as LRR (defined in section 6.2.4), to 

demonstrate the effect of desaturation on the susceptibility of liquefaction of 

unsaturated soils. In this study, the cyclic stress ratio (CSR) required to cause an 

axial strain of 5% in 20 cycles is termed as liquefaction resistance. The Liquefaction 

Resistance Ratio (LRR) is the ratio of liquefaction resistance of unsaturated soil to 

that of saturated soil. 

The relationship between the CSR and the number of cycles for tests on 

saturated and unsaturated specimens at a relative density of approximately 50% is 

shown in Fig. 6.36. It is evident that as the soil suction increases, higher cyclic 

deviator stresses and/or greater number of cycles of deviator stresses are required 

to fail the specimen (axial strain of 5%). Since the specimen at matric suction of 30 

kPa did not fail when subjected to cyclic deviator stress having CSR of 0.35, it is 

tacitly safe to assume that specimens of silty sand at a moderate relative density of 

50% are not susceptible to liquefy beyond a suction of 30 kPa. Additionally, 

significant seismic stresses would be required to liquefy similar type of soils at 

matric suction beyond 20 kPa. 
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Figure 6.36 Effect of soil suction on the liquefaction resistance of unsaturated 

silty sand specimen. 

The variation of LRR with the soil suction, the degree of saturation, and the 

B-value (Skempton’s pore water pressure parameter) is shown in Fig. 3.37, 3.38, 

and 3.39, respectively. It was observed that the LRR increases rapidly with a small 

increase in soil suction or a small decrease in the degree of saturation. As the degree 

of saturation decreases beyond 75%, the value of LRR increases rapidly with 

desaturation. Zhang et al. (2016) had performed similar tests on cohesionless soils 

from a degree of saturation of 75% to 100% and the variation of liquefaction 
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resistance with the degree of saturation were observed to be similar to that in the 

present study. 

From Fig. 3.39, it was observed that the LRR initially increases linearly 

with an increase in B-value, but as the B-value reaches below 0.06, the LRR 

increases exponentially. When the triaxial test results presented by Ishihara et al. 

(2001) were utilized to plot a curve between LRR and B-value, a similar trend was 

observed. 

 

Figure 6.37 Effect of soil suction on the Liquefaction Resistance Ratio (LRR) of 

silty sand 
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Figure 6.38 Effect of degree of saturation on the Liquefaction Resistance Ratio 

(LRR) of silty sand 

 

Figure 6.39 Effect of B-value on the Liquefaction Resistance Ratio (LRR) of silty 

sand 
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6.10 Summary 

The concept of liquefaction in saturated and unsaturated soils is presented 

in this chapter. The types of liquefaction and the necessity to study the liquefaction 

of unsaturated soils are described. 

The basic laboratory test results including, soil classification, determination 

of the maximum dry density and the optimum moisture content, selection of 

compaction technique to obtain consistent replicates and soil water characteristics 

curve are discussed. The experimental program for this study is listed and the 

modifications to the experimental setup required to perform cyclic triaxial tests on 

saturated and unsaturated specimens in undrained conditions are presented. The 

experimental procedure followed to perform these tests is described. 

An elaborate series of cyclic triaxial tests were performed at varying cyclic 

stress ratio (CSR = 0.15 to 0.45) and induced matric suction (s = 0 to 30 kPa) at 

constant net confining pressure (σ3 ‒ ua = 50 kPa). The results of these tests are 

discussed in detail and the essential findings are presented. One of the major 

findings was the cyclic liquefaction of specimens at an initial degree of saturation 

of 75%. Though higher stresses were required to fail the specimen, however, it was 

interesting to note that the specimen liquefied even when the net mean stress (p′ – 

ua) was significantly greater than zero. 

Additional analysis of the experimental data provided the relationship 

between cyclic stress ratio (CSR) and the number of cycles required to fail the 
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specimen (axial strain = 5%) for varying matric suction values (s = 0 to 20 kPa). 

Moreover, the variation of Liquefaction Resistance Ratio (LRR) with an increase in 

the matric suction, and a decrease in the degree of saturation and the B-value is 

presented. 
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Chapter 7   

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Introduction 

The main objective of this dissertation research was to characterize the 

mechanical response of unsaturated soils subjected to monotonic and dynamic 

loads under varying levels of soil suction, using a modified triaxial setup.  

The study focused on the response of silty soils to monotonic suction-

controlled triaxial testing at varying matric suction levels. A series of 6 triaxial tests 

on saturated specimens and 12 suction-controlled triaxial tests on unsaturated 

specimens at varying matric suctions in the range of 50 to 750 kPa, were performed. 

These tests facilitated the determination of appropriate shearing rate for 

specimens under drained condition. The test results provided insight into the 

suction induced increase in yield stress and apparent tensile strength of unsaturated 

soils. A parametric evaluation of angle of friction due to matric suction (φb), shear 

strength at critical and peak states, and peak dilation angle with soil suction, could 

be accomplished. The parameters for the Barcelona Basic Model (BBM) were also 

calibrated using the test results. Subsequently, BBM prediction models were 

developed. 

A substantial portion of this work deals with the determination of resilient 

modulus of soils using suction-controlled repeated load triaxial tests (RLTTs). An 

attempt was made to devise a relationship between the resilient modulus and soil 
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suction. Twenty-six suction-controlled RLTTs were conducted on silty soil 

specimens of varying dry unit weights over a wide range of induced suction. The 

influence of wetting and drying of the soil specimens on the resilient moduli was 

studied. A resilient modulus ‒ suction relationship was established by calibrating 

and validating the model by Han and Vanapalli (2015) using the present 

experimental data from the RLTTs. 

The effect of suction on the dynamic or cyclic response of loose silty sand 

specimens under undrained conditions has been probed in detail. The study 

addresses the susceptibility of silty sand specimens to liquefy under unsaturated 

conditions. Twenty-three cyclic triaxial tests were performed on consolidated 

undrained specimens of silty sand (SM) at different relative densities (D
r
 = 50% 

and 75%) under a low net confining pressure of 50 kPa and at multiple suction 

levels (s = 0 to 30 kPa) by applying varying cyclic deviator stresses (CSR = 0.15 to 

0.45). The relationship between the cyclic stress ratio (CSR) and the number of 

loading cycles required to reach 5% axial strain (which is assumed to indicate 

failure of the specimen) was developed for varying values of matric suction. The 

experimental data was utilized to examine the variation of Liquefaction Resistance 

Ratio (LRR) with matric suction, degree of saturation and B-value of the specimen. 

The secondary objective of the dissertation was to develop a test protocol 

to determine the strength of unsaturated soils using lesser number of soil specimens 

and to significantly reduce the time for testing without affecting the reliability of 
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test results. As part of this testing procedure, a two-fold criterion for termination of 

shearing during initial stages, has been outlined for the multistage triaxial tests. The 

secondary objective was aimed at addressing the issue of soil variability in 

replicates, and decreasing the testing cost and time required for performing suction-

controlled triaxial tests on unsaturated specimens. Each suction-controlled 

multistage triaxial test was performed at constant matric suction and varying net 

confining pressures. The response of the soil specimens and the shear strength 

parameters obtained from the multistage triaxial tests were compared to those 

obtained from conventional single-stage triaxial tests to validate the procedure 

adopted for multistage triaxial tests. 

The major conclusions from the dissertation have been described in the next 

section. 

7.2 Major Conclusions 

Several conclusions could be drawn from the dissertation research. They 

are:  

1. The stress-strain response of saturated and unsaturated silty soil when subjected 

to drained shearing showed post-peak softening with volumetric dilative 

behavior at all matric suction levels (s = 0 to 750 kPa).  

2. The variation of friction angle with matric suction (φb) was found to be highly 

non-linear. The slope of the critical state line (M) was observed to be practically 

constant for all the suction levels. 
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3. An increase in the rate of shearing under drained conditions resulted in a 

significant increase in the peak deviator stress of saturated and unsaturated soil. 

The deviator stress at critical state increased slightly with a similar increase in 

the axial strain rate. Henceforth, for comparative analysis, it is essential to 

perform all the triaxial tests on a single soil type at the same axial strain rate. 

4. The y-intercept of the CSL (critical state line) and the PSL (peak state line) in 

p′ – q space is dependent on the induced soil suction. However, any increment 

in y-intercept of the CSL in p′ – q space with soil suction is limited by the 

suction cutoff value (scutoff), beyond which it practically remained constant. The 

suction cutoff value is much lower for CSL as compared to PSL. Therefore, the 

increase in shear strength of soil with suction virtually ceases after reaching a 

much lower value of suction for the critical state (scutoff ≈ 500 kPa) as compared 

to that at the peak state. This could be attributed to an enhanced brittleness and 

post-peak softening behavior in the soil specimens at increased suction state. 

5. The stiffness of the soil increased with soil suction till a cut-off value of suction, 

beyond which only a small increase in stiffness was observed. The rate of 

increase of stiffness with an increase in suction, at critical state or at high value 

of strain, were observed to decrease significantly after reaching a soil suction 

of approximately 500 kPa. However, no apparent suction-cutoff value was 

observed until a suction of 750 kPa for initial stiffness and secant stiffness at 

the peak state. 
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6. The post-peak softening was observed to increase exponentially with an 

increase in suction, which is also due to the increase in the brittleness of the soil 

with an increase in soil suction. However, the post-peak softening was observed 

to decrease with an increase in net confining pressure, which is due to the 

decrease in the value of over-consolidation ratio (OCR) of the soil with an 

increase in net confining pressure. Similar trend was observed for the variation 

of the peak dilation angle with increasing net confining pressure and soil 

suction. 

7. The multistage triaxial tests were capable of producing almost identical 

responses of saturated and unsaturated soils when subjected to monotonic 

loading at varying suction levels of 0, 50, and 250 kPa. The two-fold criterion 

for termination of shearing included firstly, the ratio of the initial tangent 

modulus to the tangent modulus at the point of termination (E
i
/E

r
) of 25 and 15 

for the first two shearing stages; and secondly, the volumetric strain of greater 

than zero. This criterion served as an appropriate condition to terminate the 

shearing for the initial stages of the test. 

8. The shear strength parameters obtained from multistage triaxial tests were 

similar to those obtained from single-stage triaxial tests. It was also observed 

that the multistage triaxial tests required less than half of the time needed by 

single-stage tests to determine the shear strength parameters of the soil for all 

the suction levels (s = 0, 50, and 250 kPa). 
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9. It is recommended that for multistage triaxial tests, the subsequent initial net 

mean confining pressures are in multiples of 2 or greater for low suction range 

(s<250 kPa) and 4 or greater for high suction range (s>750 kPa). This would 

result in a small portion of overlapped yield surfaces from consecutive stages 

which would result in identical determination of shear strengths at the 

corresponding critical states for single-stage and multistage triaxial tests. 

10. The use of a non-linear function of k (parameter for demonstrating the increase 

of cohesion intercept with suction) is ideally suited for making accurate 

predictions instead of a constant value as proposed by the Barcelona Basic 

Model (BBM) framework by Alonso (1990). 

11. The variation in the results from single-stage and multistage triaxial tests had 

negligible influence on the validation for predictions based on BBM 

framework. Therefore, the multistage triaxial tests are also suitable for 

validation of constitutive models. 

12. The experimental setup enabled the determination of resilient modulus (MR) 

over a wide range of suction (s = 0 to 100 MPa) using a combination of axis-

translation technique and vapor pressure technique to perform suction-

controlled RLTTs. These tests aided in improving the repeatability in 

determination of resilient modulus.  

13. The resilient modulus was observed to increase with the net confining pressure, 

and this effect is pronounced at lower suction levels. However, the resilient 
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modulus of the silty soil decreased with increase in deviator stress, which is 

typical of fine-grained soils. The resilient modulus was also observed to 

increase (up to 20% to 30%) with an increase in the dry density of soil (from 

95% to 98% of MDD at OMC). The effect of dry density of soil on the resilient 

modulus of soil specimen is more pronounced at low values of net confining 

pressure and matric suction. 

14. The effect of hysteresis in the resilient modulus and suction (MR ‒ s) 

relationship was observed, during the wetting-drying process. The wetted 

specimen demonstrated slightly lesser resilient moduli (decrease by 10% to 

20%) as compared to the specimen which was directly compacted and 

equilibrated to the same matric suction. However, the specimens tested after 

bringing them to the desired matric suction value by imposing the drying cycle 

showed negligible change in the resilient moduli as compared to a specimen 

directly compacted and equilibrated to the same matric suction condition. 

15. The values of resilient moduli remained virtually constant till the air entry value 

of the soil and increased linearly with an increase in suction until s = 100 kPa 

(in this study). At higher suction levels (s > 100 kPa), the rate of increase of 

resilient moduli with suction gradually decreased. At the high suction states (s 

>1 MPa), there was insignificant increase of resilient modulus with an increase 

in suction. 
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16. The prediction of resilient modulus at any suction level was done using the 

model by Han and Vanapalli (2015). It is based on the resilient moduli at the 

saturated condition and at optimum moisture content, and it provided 

reasonably good estimation until moderate suction levels (s = 300 kPa). 

However, at higher suction states, the model overestimated the value of resilient 

modulus due to lack of a bounding function which limits the increase of resilient 

modulus with suction beyond the residual suction level. 

17. The experimental setup with the required modifications was able to perform 

cyclic triaxial tests on saturated and unsaturated silty sand specimens under 

undrained conditions at varying amplitudes of cyclic deviator stress having 

CSR values of 0.15 to 0.45. 

18. The introduction of low value of matric suction required higher cyclic deviator 

stresses to be applied in the form of higher CSR values and/or higher number 

of loading cycles to liquefy the soil specimens. The increase in number of 

loading cycles resulted in a volumetric transformation of soil response from 

compressive to dilative. All the soil specimens that failed could be attributed to 

cyclic mobility condition which is typical of liquefaction in moderately dense 

cohesionless soils. 

19. The non-linear relationship between the CSR and the number of loading cycles 

for tests on saturated and unsaturated soil specimens at varying matric suction 
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values (s = 0 to 20 kPa) demonstrated the influence of matric suction and CSR 

on the number of cycles required to fail the specimen. 

20. The variation of Liquefaction Resistance Ratio (LRR) with soil suction, degree 

of saturation and B-values showed that desaturation or increase in soil suction 

results in higher resistance to liquefaction. As the degree of saturation reduces 

to 97%, the LRR value was increased by almost 25% which indicates that slight 

desaturation may significantly reduce the susceptibility of soils to liquefy. 

7.3 Future Scope for Research 

1. The effect of hysteresis of the soil water characteristic curve (SWCC) on the 

shear strength of unsaturated soils may be studied in future to understand the 

influence of climatic conditions on the behavior of the soil. 

2. In the current research, the average volume change of the entire specimen was 

recorded using the volume of water surrounding the soil specimen. However, it 

would be interesting to study the effect of suction on volume change during 

monotonic shearing at various locations on the soil specimen, which could be 

achieved by photogrammetric or imaging techniques. 

3. A modified top cap and base pedestal having both HAE ceramic disk and porous 

stone at each end of the specimen may be utilized to decrease the suction 

equalization time during testing of unsaturated soils. However, caution must be 

exercised to avoid air getting trapped at the middle of the specimen during the 

wetting process. 
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4. The experimental data from the current research could be utilized to develop, 

calibrate and validate an advanced constitutive model which is capable of 

predicting the suction-induced post-peak softening and dilatancy of soils. 

5. The loading collapse curve used in the constitutive modeling of unsaturated 

soils may be validated experimentally by performing tests simulating the 

wetting-induced collapse of soil at varying initial net mean stresses and suction 

levels. 

6. The influence of compaction energy and compaction technique on the yield 

stress or preconsolidation pressure of compacted unsaturated specimens could 

be probed further. 

7. The variation of plastic deformation of soils compacted at different dry densities 

over a wider range of suction needs to be investigated by using the suction-

controlled RLTTs. 

8. An independent study with an aim to assess the liquefaction of very loose 

specimens of cohesionless soils is recommended, to capture the transition of 

flow liquefaction to cyclic liquefaction with increasing matric suction. 
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APPENDIX – A  

Variation of Soil Stiffness with Matric Suction 
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Figure A.1 Variation of Ecs with suction for varying net confining pressure 

 

Figure A.2 Variation of Ecs with net confining pressure for varying suction levels 
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Figure A.3 Variation of Epeak with suction for varying net confining pressure 

 

Figure A.4 Variation of Epeak with net confining pressure for varying suction 

levels  
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