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ABSTRACT 

Granular materials, such as sand, are commonly used to backfill buried structures due to 

its free-draining property and higher shearing resistance. Conventional analysis of soil-

structure interaction is performed assuming soil parameters based on typical values 

available in published literature. Most of the soil parameters available in the literature were 

obtained from various laboratory tests with standard and natural soils. However, the use of 

natural soil is gradually decreasing due to the scarcity of material and environmental 

considerations. Engineers often require replacing natural sand with locally manufactured 

sand as a backfill material for buried structures. This thesis presents a laboratory 

investigation of the strength and deformation behavior of a locally manufactured sand 

which is classified as well-graded clean sand. Considering the various factors on which the 

strength parameters of soil depend, a series of direct shear tests and triaxial tests are 

performed with varying density, normal stress, moisture content, shear displacement rate. 

As the soil used as a backfill for the buried structure is usually moist (unsaturated), the 

entire test program focuses on investigating the behavior of moist sand. The conventional 

test apparatus is used in this study as the special apparatus typical used in the research with 

unsaturated soil is not readily available to the practicing engineer. The study reveals that 

the conventional test apparatus can reasonably be used to estimate the design parameters 

for moist sand. For the manufactured sand used in this study, the effect of capillary suction 

on the shear strength parameters is found to be less significant. While the strength 

parameters depend on the degree of saturation, these depend extensively on the dry density 

of the soil with a higher angle of internal friction for the soil with higher dry density. 
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CHAPTER 1 Introduction 

 

 Background and Motivation 

The selection of backfill material is an important design consideration for buried 

structures. The granular material is considered more suitable than the cohesive material as 

the backfill material for buried structures (Zornberg and Mitchell 1994). As the most 

granular materials have adequate porosity to allow water to flow, these drain more freely 

than cohesive materials (Selig 1990). As a result, pore water pressure cannot build up 

within the soil and around the structures. However, natural sources of granular materials 

are dwindling worldwide due to extensive construction activities using these materials. 

Besides, suitable granular materials are sometimes not available near the construction sites, 

requiring importing materials from different areas. Importing materials can increase 

construction costs significantly. To limit the construction cost, coarse-grained materials 

manufactured through mechanically crushing rocks are being used in various construction 

works. However, the behaviors of the manufactured granular materials are not well-known.  

The stability of buried structures is controlled by soil-structure interaction, where the 

soil surrounding the structures plays a vital role.  The mechanical behavior of the soil and 

the structural material is required for investigating the soil-structure interaction. While the 

strength and deformation behaviors of structural materials, such as concrete, metal, plastic, 

etc., can be reasonably predicted using well-defined tests, the complex nature of soil makes 

it difficult to predict the behaviors accurately. The soil properties are generally estimated 
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based on information available in published literature for soil-structure interaction analysis 

(Cheuk et al. 2008; Jung et al. 2013; Roy et al. 2016). However, the studies using different 

soil models often provide significantly different behavior of the structures, demonstrating 

the need for correctly modeling the soil behavior.  Researchers employed different types 

of laboratory tests such as direct shear tests, triaxial tests, simple shear tests, etc., for 

determining soil parameters specific to the problems. Most of the test results available in 

the literature are for standard sands, such as silica sand, Fraser River Sand, Chiba sand, 

Cornell sand, RMS graded sand, and others (Robert 2017; Weerasekara 2011). The data on 

the strength and deformation of sand locally manufactured through the crushing of rocks 

is very limited. 

On the other hand, the shear strength of the soil is conventionally assessed using the 

Mohr-Coulomb theory, assuming the soil as saturated or dry (for coarse-grained soil) 

condition.  However, the soil around structures buried at shallow depth is typically moist 

and unsaturated.  Therefore, the application of the parameters from conventional tests for 

assessing soil-pipeline interaction in moist and unsaturated soil may lead to erroneous 

results. Jung et al. (2006) and Al-Khazaali and Vanapalli (2019) revealed that the axial 

pullout force of pipe in unsaturated sand could be higher than that in saturated sand. Large 

scale experiments on soil-pipeline interaction conducted with Cornell sand and Tokyo gas 

sand also suggests that the variation of moisture content of the soil around the pipelines 

should be taken into consideration as the presence of moisture affects strength parameters 

of soil and soil-pipeline interaction (Robert 2010).  To deal with the unsaturated soil, 

researchers employed different methods through modification of conventional direct shear 



3 

 

or triaxial test apparatus for testing of moist sands. This approach is usually complicated 

and time-consuming yet not flawless (Bai and Liu 2012; Al-Khazaali and Vanapalli 2019). 

Besides, the specialized equipment used in the research for unsaturated soil is usually not 

available in the geotechnical engineering laboratories commonly used in engineering 

practice. 

The motivation of the current study is to address the limitations identified above and 

investigate the strength and deformation behavior of a locally manufactured sand using 

conventional direct shear test and triaxial test apparatus. 

 Objectives and Scope 

The overall objective of this research is to characterize the strength and deformation 

behavior of a locally manufactured sand under various conditions using the conventional 

test apparatus. The specific objectives of the study are to: 

• Develop shear strength parameters for a well-graded manufactured sand under dry, 

saturated, and unsaturated (moist) conditions. 

• Interpretation of the behavior of unsaturated sand using laboratory tests conducted 

using the conventional test apparatus.   

• Examine variation of strength parameters of sand under various conditions, 

including test types, stress levels, moisture contents, densities, and loading rates. 

• Validate the behavior of the manufactured sand through comparison with standard 

silica sand. 
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The research objectives are achieved through the following activities.  

• Conduct a series of direct shear tests on samples of a manufactured sand and a 

standard silica sand with various moisture conditions, including dry conditions, 

various stress levels, various densities, and various shear displacement rates. 

• Compare the shear strength and deformation behaviors of the manufactured sand 

with those for the silica sand using the results from the direct shear tests. 

• Conduct a series of triaxial tests on the manufactured sand under saturated and 

unsaturated conditions with various moisture contents. 

 Thesis Framework 

The outcome of this research is presented in this thesis in five chapters. 

Chapter 1 presents the background of the problem, objectives, and significant 

contributions to the research work. 

Chapter 2 is a literature review that presents theoretical aspects of the shear strength of 

sand and previous studies on the shear strength assessment of saturated and unsaturated 

soils.  

Chapter 3 presents the details of the direct shear testing program undertaken along with 

findings. Some part of the work presented in this chapter has been published as two 

conference papers: one in the CSCE Annual Conference held at Laval, (Greater Montreal), 

Canada on June 12–14, 2019, and the other in the 72nd Canadian geotechnical conference 

held at St. John’s, Newfoundland, Canada on September 29–October 2, 2019. 
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Chapter 4 presents the details of the triaxial testing program. A version of the chapter has 

been published in the 73rd Canadian geotechnical conference, held virtually on September 

13–16, 2020. 

Chapter 5 presents a comparative study of the direct shear test and triaxial test to 

investigate the effect of moisture on the shear strength parameter at constant densities. 

Chapter 6 presents the overall summary of the study with recommendations and 

suggestions for future works. 

 Significant Contributions  

Various aspects of a manufactured sand are investigated in this research. The following 

presents a list of contributions to the behavior of the sand that resulted from the study. 

• Determined the shear strength parameters and deformation behavior of a 

manufactured sand. 

• Identified a methodology to determine the shear strength parameter for partially 

saturated sand using conventional direct shear and triaxial equipment. 

• Identified the difference in the behavior of the manufactured sand and a standard 

silica sand. 
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Conference Papers  

• Saha, R. C., Dhar, A. S., Muntakim, A. H., and Hawlader, B.C. 2019. Strength 

and Deformation Behaviour of a Local Sand. CSCE Annual Conference, Laval, 

(Greater Montreal), Canada, June 12–14. 

• Saha, R. C., Dhar, A. S., and Hawlader, B.C. 2019. Shear Strength Assessment of 

a Well-Graded Clean Sand. 72nd Canadian Geotechnical Conference, St. John’s, 

Newfoundland, September 29–October 2. 

• Saha, R. C., Dhar, A. S., and Hawlader, B.C. 2020. “Assessment of shear strength 

parameters of moist sand using triaxial tests.” 73rd Canadian Geotechnical 

Conference (GeoVirtual2020), September 13–16. 

 Co-Authorships 

All the research presented in the conference papers has been conducted by the author of 

this thesis, Riju Chandra Saha, under the supervision of Dr. Ashutosh Dhar. The first draft 

of the manuscript is also prepared by Riju Chandra Saha, and subsequently revised based 

on the co-authors’ feedback and the peer-review process.   
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CHAPTER 2 Literature Review 

 

 General 

The variabilities of shear strength and deformation parameters of soil have inspired 

researchers to investigate the behavior of various soils under different conditions. 

Extensive experimental research was conducted in the past to understand soil behavior, and 

further research is still ongoing. Researchers have established different shear strength 

theories based on the conditions of the soil, whether it is saturated or unsaturated. Different 

correlations of the shear strength parameters with the factors affecting the shear strength 

parameters were developed, including test conditions, soil densities, confining pressures, 

moisture contents, particle sizes, strain rates, and others. This chapter provides an overview 

of the shear strength of soil, different shear strength theories, and experimental 

investigations conducted to assess the shear strength of the soil.  

 Shear Strength 

The shear strength of the soil is generally expressed in terms of two basic parameters: 

cohesion and internal friction. The cohesion represents the contribution of interparticle 

attraction to the shear strength, which is independent of the normal stress. The internal 

friction represents the contribution of the interparticle friction, which depends on the 

normal stress.  
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 Shear Strength Theory  

The widely accepted theory for the strength assessment of soil is the Mohr-Coulomb 

failure criteria, which defines the shear strength on a slip plane as the sum of cohesion and 

a contribution of internal friction. This is expressed as a linear relationship (Eq. (2.1)) 

between normal stress (𝜎) and shear stress (𝜏) at the failure plane (slip plane) with cohesion 

as the intercept on the shear stress axis and angle of internal friction (∅) as the slope of 

failure envelope (Tinoco 1967).  

𝜏 =  𝑐 + 𝜎 tan ∅              [2.1] 

The shear strength and failure envelope of saturated soil are generally expressed in the 

effective stress framework (Eq. (2.2)), proposed by  Terzaghi (1936).  

𝜏𝑓  =  𝑐′ + 𝜎′ 𝑡𝑎𝑛 ∅′              [2.2]   

where effective normal stress, 𝜎′ is the difference between total normal stress (𝜎) and pore 

water pressure (𝑢𝑤), 𝑐′  is the effective cohesion, and ∅′  is the effective angle of internal 

friction. The effective stress failure envelope (Eq. (2.2)) can be expressed in terms of the 

major (𝜎1
′) and minor (𝜎3

′) principal effective stresses as in Eq. (2.3). 

𝜎1
′  =  𝜎3

′ tan2(45° + ∅′ 2⁄ ) + 2𝑐′  tan(45° + ∅′ 2⁄ )                       [2.3] 

Figure 2-1 shows the Mohr-Coulomb failure line (failure envelope) in the effective 

stress framework for a soil element at failure under various levels of stresses shown using 

Mohr circles.  The failure envelope is tangent to the Mohr circles, indicating different sets 

of major and minor principal stresses at the failure of the soil element. As seen in the figure, 

for higher minor principal stress, the diameter of the Mohr circle corresponding to failure 
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is larger, and the shear strength of the soil is higher. The difference between the major 

principal stress and the minor principal stress (i.e., the diameter of the Mohr circle) is 

termed as the deviatoric stress.  

 

 

 

 

 

 

 

Figure 2-1: Mohr-Coulomb failure envelope for saturated soil 

The effective cohesion for normally compacted saturated sand is zero, and the Mohr-

Coulomb failure envelop passes through the origin in shear stress versus normal stress plot. 

The shear strength of the sand is mostly contributed by the interparticle friction, 

represented by the angle of internal friction. In conventional Mohr-Coulomb’s theory, the 

angle of internal friction of soil is assumed to be constant independently of the stress level. 

However, it has been reported in the literature that the angle of internal friction depends on 

the stress levels and a few other factors.  The effects of various factors such as mineralogy, 

grain size, grain shape, grain size distribution, density, stress state, stress path, drainage on 

the shear strength and deformation of soil were investigated by various researchers (Rowe 

1962; Terzaghi et al. 1996; Marschi et al., 1972; Lade and Nam 2009; Lee and Seed 1967).  

𝑐′ 𝜎33
′  𝜎11

′  𝜎31
′  

Effective Normal Stress, (𝜎 − 𝑢𝑤) 

S
h

ea
r 

S
tr

es
s 

( 𝜏
)  

𝜎32
′  𝜎12

′  𝜎13
′  

∅′ 



12 

 

 Influence of Particle Size 

Some studies on the effects of particle size showed that the shear strength of soil 

increases with the increase of particle size (Kolbuszewski and Frederick 1963; Zolkov and 

Wiseman 1965). Contrary to these observations, Kirkpatric (1965) and Marschi et al. 

(1972) observed a decrease in shear strength with the increase in particle size. No 

significant influence of particle size on the shear strength of granular soils was found in 

Holtz and Gibbs (1956) and Selig and Roner (1987). Wang et al. (2013) conducted triaxial 

tests on five different gravel mixtures with a maximum particle size of 10 mm. They 

showed that the shearing resistance increases with an increase in mean particle size and 

gravel content. 

 Influence of Density and Stress 

 In general, the frictional resistance of soil is achieved from the interparticle rolling 

friction, interparticle sliding friction, and particle interlocking (Terzaghi et al. 1996). The 

interlocking necessitates volume expansion (dilatancy) for dense sand and grain 

fracture/crushing at high stresses. Figure 2-2 shows different mechanisms contributing to 

the angle of internal friction of sand (Rowe 1962).  The figure shows that the peak shearing 

resistance (∅𝑝) of dense sand is contributed by interparticle sliding resistance at contact 

(∅𝜇), resistance against particle crushing and rearrangement (∅𝑓), and dilation (expansion 

of volume) due to overriding of particle (𝜓).  
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Figure 2-2: Components of friction angle (after Rowe 1962) 

As seen in Figure 2-2, the peak friction angle decreases with the increase of void ratio 

(i.e., a decrease of density). In dense sand, the particles have a limited scope of particle 

rearrangement, and the particles are forced to overriding each other when subjected to 

shearing stress, which causes dilation. The dilation causes an increase in the angle of 

internal friction. A high void ratio (and low density) in loose sand allows the rearrangement 

of particles, causing contraction rather than dilation. The effects of dilation in dense sand 

diminish gradually with the decrease of density, and thus the angle of internal friction is 

reduced. The contribution of resistance against particle crushing to the angle of internal 

friction reduces with the decrease of the density of the soil.  

The sand finally fails through shearing at a constant volume known as the “critical 

state”. The frictional resistance at the critical state in dense sand is less than the peak 

frictional resistance, which occurs due to the effects of dilation. The contribution of the 
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dilation is not present in loose sand. Bolton (1986) established a correlation (Eq. (2.4)) 

among the peak frictional angle (∅𝑝), critical state frictional angle (∅𝑐𝑣) and maximum 

dilatancy angle (𝜓
𝑚𝑎𝑥

). 

∅𝑝 −  ∅𝑐𝑣  =  𝛼𝜓𝑚𝑎𝑥  {
𝛼 =  0.8 𝑓𝑜𝑟 𝑝𝑙𝑎𝑛𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛

𝛼 =  0.48 𝑓𝑜𝑟 𝑡𝑟𝑖𝑎𝑥𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛
       [2.4]       

 

Stress level also affects the shearing resistance of the soil. In general, the shearing 

resistance is higher at higher stresses. However, the rate of increase of shearing resistance 

with the increase of stress depends on the magnitudes of the confining stress. Lee and Seed 

(1967) demonstrated how the contributions of different factors to the shearing resistance 

change with confining (normal) stress at the same density of the soil (shown in Figure 2-3). 

Figure 2-3 shows that the contribution of the sliding resistance to the rate of increase of 

shear strength (dash line) is constant with the normal stress. The contribution of soil 

dilation is high at a low normal stress level. High confining pressure reduces the dilation 

by restricting the relative movement of the particles. As a result, the contribution of the 

dilation is reduced. The dotted area in Figure 2-3 shows the contribution of dilation to the 

shear strength that changes from positive at the low normal stresses to negative at the high 

normal stresses.  

At high confining pressure, particle breakage can occur, promoting the contraction of 

soil during shearing, which increases the shearing resistance (as seen in Figure 2-2). The 

particle breakage is usually insignificant at low confining pressure. Thus, the dashed area 

showing the contribution of particle crushing and rearrangement resistance in Figure 2-3 
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indicates a lower contribution at the lower stress level and a higher contribution at the 

higher stress level. However, the rate of decrease of shear strength due to restricting 

dilation at high normal stress levels is higher than the rate of increase of the shear strength 

due to particle crushing and rearrangement resistance. As a result, the overall rate of 

increase of shear strength (the total shearing resistance is shown using the dotted line in 

Figure 2-3) is higher at the lower normal stresses than the rate of increase at the higher 

normal stresses.  

 

 

 

 

 

 

Figure 2-3: Effect of normal stress on the component on shearing resistance (after Lee and 

Seed 1967) 
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of the shear strength parameter with a decrease in initial density, which is higher at lower 

confining pressures. Been and Jefferies (1985) incorporated mean stress and void ratio into 

a state parameter ‘𝛹’ to interpret the dependency of strength and dilatancy of sand on 

density and confining stress. A correlation between the state parameter (Ψ) and the angle 

of internal friction was developed from drained and undrained triaxial tests on Kogyuk 

sand with varying density and stress levels.  Mashiri et al. (2015) expressed state parameter  

𝛹 as a function of effective mean stress and the void ratio (Eq. (2.5)).  

 

𝛹 =  𝑒 − [𝑒𝑐𝑠𝑙 − (𝜆 ln 𝑝′)]             [2.5] 

Where 𝑒 = void ratio at mean stress 𝑝′, and 𝑒𝑐𝑠𝑙 and 𝜆 are the parameters from the critical 

state line in 𝑒 − ln 𝑝′ space. 

 Bolton (1986) established an empirical relation (Eq. (2.6)) of the angle of internal 

friction with the relative density and the mean effective stress.  

 

∅𝑝 − ∅𝑐𝑣  =  3[𝐼𝐷(1 − ln 𝑝′) − 1]            [2.6] 

Where, ∅𝑝 = angle of internal friction corresponding to peak shearing strength; ∅𝑐𝑣 = angle 

of internal friction corresponding to constant volume shearing, 𝐼𝐷 = Initial Relative 

Density; 𝑝′ = mean effective stress. 

Wan and Guo (1999) conducted consolidated drained tests on an Ottawa sand with five 

void ratios ranging from 0.5 to 0.8 and confining pressures from 100 to 10000 kPa. The 

peak behavior of stress–strain curves are only seen in dense sand with void ratios of 0.5 
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and 0.6. Peak shear stress was found to increase with density. However, the peak shear 

strain decreased with density. Beyond the peak shear stress, a post–peak softening was 

observed. Both initial contraction and dilatant behavior were observed in the dense sand, 

while contraction was only observed in the loose condition of the sand. However, the 

increase of confining pressure at the same void ratio was found to suppress dilation when 

the post–peak softening was insignificant. A similar scenario was also reported in Guo and 

Su (2007), where the suppression of dilation was found to be significant in angular sand 

than in round sand. 

Yang and Li (2004) conducted triaxial tests on Toyura sand with varying relative 

density ranging from 5% to 90% and varying confining pressures from 50 to 2000 kPa. 

The critical state stress ratio (at failure) was found to be the same at all confining pressures, 

while the critical void ratios were different for different confining pressures (Figure 2-4). 

Figure 2-4a shows that the curves for stress ratios for three different confining pressures 

meet at failure, but the post–peak degradation of stress ratio is only seen in low confining 

stress of 50 and 500 kPa. However, the peak stress ratio for low confining stress of 50 kPa 

is obtained at earlier axial strain than the other confining stresses. Figure 2-4b shows the 

void ratio to decrease with the increase of stress until failure for 2000 kPa of confining 

pressure. However, at lower confining pressures, the void ratio slightly decreases initially 

and then increased until failure. Thus, the void ratios at failure (critical state void ratio) are 

different. As seen in Figure 2-4b, the increase of void ratio (dilatancy) was higher at lower 

confining pressure, which was also higher for the higher density of the soil (Yang and Li, 

2004).  
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Figure 2-4: Effect of confining pressure for Toyura sand with 50% relative density on (a) 

Critical stress ratio (b) Critical void Ratio (after Yang and Li 2004) 

Xiao et al. (2014)  conducted large-scale triaxial tests on rockfill material and found 

that the peak friction angle increases with the increase in density and the decrease in 

confining pressure. The critical state friction angle is affected more significantly by the 

initial confining pressure than the initial density. However, strain–softening is more 

significant at lower confining pressure, whereas strain–hardening is more significant in 

lower density or higher confining pressure. 

Duncan et al. (2014) established an empirical relation (Eq. (2.7)) of the peak friction 

angle as a function of gradation, density, and confining pressure from 125 triaxial tests on 

sands and gravel (Marschi et al., 1972; Becker et al. 1972). 

∅′  =  𝐴 + 𝐵(𝐷𝑟) − [𝐶 + 𝐷(𝐷𝑟)] log10(
𝜎𝑁

′

𝑃𝑎
)           [2.7] 
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Where, ∅′ is the effective angle of internal friction,  𝐷𝑟 is the relative density, 𝜎𝑁
′  is the 

effective normal stress in Pascal, A is the parameter that accounts for the particle size and 

gradation (i.e., a higher value for gravels and lower value for uniform sand), B is the 

parameter accounting for the decrease of friction angle with the increase in density, C is 

the parameter accounting for the greater effect of logarithmic reduction of friction angle 

with the increase in normal stress on gravels than on sands, D is a constant.  

 Effect of Strain Rate 

As loads are often applied to the soil at various rates, researchers investigated the effect 

of the rate of loading on the shear strength of the soil. A study showed that the angle of 

internal friction of uniform dense Cambria sand increases about 4.7° with changing of 

strain rate from 0.0042 %/min to 0.74 %/min in an undrained triaxial test (Yamamuro and 

Lade 1993). A similar type of effect of strain rate was found in drained triaxial compression 

tests of a crushed coral sand (Lade and Nam 2009). However, no significant effect of strain 

rate was observed on Hostun and Toyura sands (Matsushita et al. 1999). The inertia of the 

material plays a role at a very high strain rate, and there can be a change in the material 

response due to strain rate change (Matsushita et al. 1999; Abrantes and Yamamuro 2002). 

The strain rate effect on the shear strength is an active area of research requiring further 

attention. 

 Shear Strength of Unsaturated Soil 

The shear strength is conventionally assessed, assuming the soil is saturated. However, 

the soil near the ground surface is typically unsaturated, which cannot be assessed using 
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the theories developed for saturated soil. For unsaturated soil, the Mohr-Coulomb failure 

criteria can be applied, accounting for the contribution of matric suction to the shear 

strength due to the presence of pore air pressure (𝑢𝑎) in pore space in addition to the pore 

water pressure.  Bishop (1959) modified the effective stress framework of Terzaghi (1936) 

for the unsaturated soil by introducing the contribution of matric suction to the effective 

stress as the combination of net normal stress (𝜎 − 𝑢𝑎) and matric suction (𝑢𝑎 − 𝑢𝑤) (Eq. 

(2.8)). This is known as single stress state approach as the net normal stress, and matric 

suction works as a single variable.  

𝜏𝑓  =  𝑐′ + [(𝜎 − 𝑢𝑎)𝑓 + χ𝑓(𝑢𝑎 − 𝑢𝑤)𝑓] tan ∅′           [2.8] 

 

In Eq. (2.8), 𝜒 is the effective stress parameter with the value from zero for dry soil to 

unity for fully saturated soil. It represents the existence of a capillary force in pore space 

filled with air and water. Jennings and Burland (1962) revealed that the determination of 

the effective stress parameter is very complex and not well established. Khalili and 

Khabbaz (1998) proposed an empirical equation (Eq. (2.9)) based on 13 soils for the 

determination of 𝜒. 

𝜒 =  [
(𝑢𝑎−𝑢𝑤)𝑓

(𝑢𝑎−𝑢𝑤)𝑏
]

−0.55

              [2.9]  

where (𝑢𝑎 − 𝑢𝑤)𝑓 and (𝑢𝑎 − 𝑢𝑤)𝑏 are matric suction at specimen failure and air entry 

state, respectively. Air entry state is defined as the state of soil where matric suction of soil 

exceeds a specified value and the ingress of air into the soil is promoted. 
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This single stress state approach has the limitation of interpreting the dilative behavior 

of unsaturated soil. Fredlund and Morgenstern (1977) presented two stress state approach 

(Eq. (2.10)) for unsaturated soil by implementing matric suction and net normal stress as 

two different stress variables and additional angle of internal friction ∅𝑏  which accounts 

for only the contribution of matric suction to the shear strength. 

𝜏𝑓  =  𝑐′ + (𝜎 − 𝑢𝑎)𝑓 tan ∅′ + (𝑢𝑎 − 𝑢𝑤)𝑓 tan ∅𝑏          [2.10] 

 

∅𝑏  is equal to ∅′ at air entry value of soil or at lower matric suction after that. The angle 

of internal friction for suction, ∅𝑏  generally decreases nonlinearly with the increase of 

matric suction (Gan et al. 1988a). The traditional two-dimensional Mohr-Coulomb failure 

envelope can be extended into three-dimension using the above equation (Eq. (2.10)) by 

implanting the new axis of matric suction (Figure 2-5), Fredlund and Morgenstern (1977). 

Figure 2-5 shows that the radius of the Mohr circle is increased when it is translated along 

with matric suction (𝑢𝑎 − 𝑢𝑤) axis and apparent cohesion becomes the summation of 

effectice cohesion (𝑐′) and capilary cohesion ((𝑢𝑎 − 𝑢𝑤) tan ∅𝑏) arising from the capillary 

effect of unsaturated soil. 



22 

 

 

 

 

 

 

 

 

 

Figure 2-5: Extended Mohr-Coulomb failure envelope for unsaturated soil (after Fredlund 

and Morgenstern 1977) 

As stated earlier, most of the experimental investigations of sand were conducted using 

the test apparatus suitable for testing saturated and dry soils. Test setups for unsaturated 

soil are different from those for saturated soil due to the requirement of controlling matric 

suction. Donald (1956) first introduced the mechanism of testing unsaturated soil through 

direct shear testing of fine sands and coarse silts. In this test, pore air pressure was 

maintained zero gauge pressure by exposing the upper part of the shear box into the 

atmosphere, whereas the pore water pressure was maintained negative by applying 
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kPa. For higher matric suctions, an axis translation technique was adopted by the 

researchers (Hilf 1956; Bishop and Donald 1961). The method includes a ceramic disk that 

has a high air entry value (greater than the matric suction). The ceramic disk is installed at 

the bottom of the sample that prevents the passage of air from the sample to the pore water 

measuring system connected at the bottom of the sample. The pore air pressure in the 

sample is increased by an external air pressure system connected to the coarse porous disc 

at the top of the sample. The increase of air pressure translates the negative pore-water 

pressure into positive pore water pressure. Thus, the matric suction of the samples can be 

controlled at values higher than 101 kPa. 

However, the modification of conventional triaxial and direct shear by integrating the 

axis translation technique for testing unsaturated soil is very complex and requires skilled 

personnel. It is also time-consuming to conduct tests under desired matric suction by 

controlling pore air pressure and water pressure independently. To avoid the difficulties, 

researchers proposed using indirect approaches without modifying the test equipment 

(Vanapalli et al. 1996; Fredlund et al. 1996; Khalili and Khabbaz 1998). In the indirect 

approaches, suction related information is separately obtained from the Soil Water 

Characteristic Curve (SWCC) of the soil, which can be developed using different methods 

(i.e.,  the Filter paper method, Hanging column method, Tensiometer, Psychrometer, or 

others). Then, the shear strength of unsaturated soil with respect to suction is predicted 

from the extension of the total stress approach accumulating the SWCC data, saturated soil 

property, and conventional shear strength test data (Fredlund and Rahardjo 1993). 
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Bai and Liu (2012) successfully employed the combination of the filter paper method 

for SWCC and the conventional direct shear test to characterize the shear strength of 

expansive soil. The matric suction of the sample was estimated from the SWCC at a 

moisture content, which was used in the direct shear test. The contribution of matric suction 

to shear strength (tan ∅𝑏) was determined from the slope of the shear strength versus the 

matric suction curve. A nonlinear failure envelope for the shear strength versus matric 

suction was observed at each normal stress. The value of ∅𝑏  is found to be close to the 

effective friction angle, ∅′ at lower matric suction. 

A similar methodology was adopted for the shear strength characterization of 

unsaturated kaolin at different matric suction in Oh et al. (2008). Matric suction at different 

moisture contents was determined separately through psychrometer tests. A conventional 

triaxial test was performed by shearing the unsaturated kaolin sample at different moisture 

contents immediately after the application of confining pressure. A consolidated undrained 

test was also performed to obtain the shear strength of saturated kaolin, which was used to 

find ∅𝑏 . The study showed that the suction has a greater effect on the angle of internal 

friction than the cohesion. The rate of increase of shear strength due to suction was 

decreased with an increase in confining pressure at higher suction. 

Xing et al. (2016) presented a modified form of equation (Eq. (2.11)) for the shear 

strength of the unsaturated soil where the parameters related to matric suction (i.e.,  𝜒 of 

Eq. (2.8) and tan 𝜙𝑏   of Eq. (2.10)) were replaced by suction stress, 𝜎𝑠. A series of 

conventional consolidated undrained triaxial tests were conducted on unsaturated soil, and 

the suction stress was found from the effective stress path. They also plotted the suction 
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from SWCC obtained using the tensiometer test for the soil at different moisture contents 

and determined 𝜒 and tan 𝜙𝑏  from the slope of effective cohesion 𝑐′ versus (𝑢𝑎 − 𝑢𝑤). 

There was logarithmic decrease of effective cohesion with moisture content. The effective 

angle of internal friction did not change significantly with the change of moisture content. 

𝜏𝑓  =  (𝜎 − 𝑢𝑎 − 𝜎𝑠)𝑓 tan ∅′           [2.11] 

Where 𝜎𝑠  =  
𝑐′

tan ∅′ 

Lu and Likos (2006) used earlier a similar concept of the suction stress defined as the 

isotropic interparticle stress (termed as “isotropic tensile stress”) arising from capillary 

mechanisms in unsaturated sand. They stated it to have an equivalent meaning of the 

“apparent cohesion” of soil. The isotropic tensile strength (tia) can be obtained through a 

linear extension of the M-C failure envelope with total stress Mohr circles (Figure 2-6). In 

Figure 2-6, the effective stress Mohr circles are drawn to the right of the total-stress Mohr 

circles as the negative pore pressure or suction in unsaturated soil increases the effective 

stress, making it higher than the total stress. 

 

 

 

 

Figure 2-6: Isotropic tensile strength relating the total stress and effective stress 

frameworks (after Lu et al. 2009) 
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The isotropic tensile stress, 𝜎𝑡𝑖𝑎  (or the suction stress) can be considered additive to the 

total stresses to define effective stresses for assessing the shear strength within the effective 

stress framework (see Figure 2-6). Thus, suction stress can be used to define the shear 

strength behavior of unsaturated sand under various suction conditions. In this approach, 

the angle of internal friction is assumed to be independent of matric suction, which is 

consistent with the results of direct shear tests of unsaturated silty sands (Edodaski and 

Chiba sands) reported in Gallage and Uchimura (2016). 

 Summary 

This chapter presents a summary of major developments of shear strength theory and 

the previous experimental characterization of shear strength of soil considering the effect 

of density, confining pressure, moisture content, strain rate, and particle size. It reveals that 

most of these studies were with standard and known soils such as Silica sand, Ottawa sand, 

Toyura sand. Though the effects of density, confining pressure on the shear strength of soil 

are well documented, there is limited information regarding the combined effects of 

density, moisture content, and confining pressure. For unsaturated soil, complex methods 

are generally required for the determination of shear strength parameters. The development 

of simplified methods for assessing the shear strength of unsaturated soil is a subject of 

further research and investigation. 
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CHAPTER 3 Sand Characterization using Direct Shear Tests 

 

 General 

The direct shear test is the most commonly used test method for the determination of 

shear strength parameters of sand. Extensive studies are available in the literature 

conducting direct shear tests to assess the shear strength and deformation behavior 

considering the effects of specimen size, grain size, density, normal stress, moisture 

content, strain rate, etc. 

Through a series of direct shear tests on standard Ottawa sand with variable void ratios 

and normal stresses, Taylor (1948) revealed that the angle of internal friction of the sand 

decreases with the increase in void ratio and decrease in density.  At each void ratio, the 

angle of internal friction decreases with the increase of normal stress. The decrease of 

shearing resistance with the increase of normal stress is attributed to the reduction of the 

interparticle friction coefficient due to the breakage of particles at contacts and polishing 

the particle surfaces with the increase of interparticle contact forces. As a result, the 

shearing resistance from the interparticle sliding and rolling friction is reduced (Duncan et 

al. 2014; Terzaghi et al. 1996).  However, the void ratio has a more dominant impact on 

reducing the angle of internal friction than the normal stress.  

Wei et al. (2018) conducted direct shear tests on soil-rock mixtures with variable 

moisture content from 3% to 13%.  They found that the ratio of shear stress to normal stress 

(i.e., shear stress ratio) decreases with an increase of the normal stress. However, the shear 
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stress ratio decreases gradually with the increase of moisture content up to 8%. The direct 

shear tests were also conducted at various shear displacement rates (2, 5, 10, & 20 mm/min) 

under four different normal stresses (100 kPa, 200 kPa, 400 kPa & 800 kPa), Wei et al. (2018).  

It revealed that the stress ratio increases with the increase in the shear displacement rate. 

However, beyond the rate of 10 mm/min, the change in stress ratio was negligible. The 

direct shear test was also conducted on five gravel mixtures with maximum particle size 

from 20 mm to 60 mm and normal stresses from 100 to 250 kPa (Wang et al. 2013). The 

results showed a reduction of stress ratio with the increase of the normal stress and an 

increase of angle of internal friction with mean particle size and gravel contents.  

The current study focuses on the characterization of sand locally manufactured through 

the crushing of bedrocks in eastern Newfoundland (Avalon zone). The bedrock in the 

region comprises limestone and bimodal volcanic rocks (Natural Resources 2004). A 

laboratory test program is undertaken to account for the effects of density, normal stress, 

rate of loading, and water contents on the behavior of the sand. This chapter represents the 

details of the index property tests and direct shear tests conducted on sand samples. A 

triaxial test program employed in this effort is discussed in Chapter 4. The direct shear test 

program is divided into two segments. The first test program was designed for comparison 

of the behavior of the soil with standard silica sand at low-stress levels (12.5 kPa – 50 kPa). 

Tests were conducted at a constant shearing rate of 1 mm/min. The moisture content in the 

soil was varied up to around 3%. A total of 69 direct shear tests have been completed in 

this test program. The second test program was designed to conduct a more elaborate study 

of the behavior of the sand. In this test program, both moisture content and normal stress 
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were varied over a wider range. The rate of shearing is also varied. A total of 80 direct 

shear tests have been completed in this test program. 

 Test Equipment  

The direct shear test apparatus (Figure 3-1) used in this study utilizes a pneumatic 

loading concept for applying the vertical load to the sample. Two pneumatic pistons are 

there. A small diameter rolling diaphragm piston is used in low load mode, which can apply 

loads from 4 lbs. (17.8 N) up to 100 lbs. (444.82 N). Another is a larger diameter piston 

used in high load mode that can be used to apply loads up to 1500 lbs (6672.33 N). The 

direct shear frame is supplied with dial indicators to measure vertical and shear 

displacements. The device includes 2.5" (63.5 mm) diameter shear rings, porous stones, 

drainage plates, and a water chamber. The arrangement allows a specimen thickness of 26 

mm. The test facility has the capacity of applying a maximum shear displacement of 0.8" 

(20.32 mm) at a shear displacement rate from 0.0025 mm/min to 7.62 mm/min. 

 

Figure 3-1: Direct shear device 
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 Test Material 

A locally manufactured sand and silica sand were used in the overall test program. 

Figure 3-2 shows the grain size distribution of the sands. It reveals the local sand are well-

graded clean sand with the mean particle size (D50) of 0.742 mm, the uniformity coefficient 

(Cu) of 5.81, and the coefficient of curvature (Cc) of 2.04. It has a fines content of around 

1.3% and gravel content of around 0.87%. The silica sand is poorly graded sand with the 

median particle size (D50) of 0.22 mm, the uniformity coefficient (Cu) of 2.04, and the 

coefficient of curvature (Cc) of 1.09. Two types of samples are extracted from the local 

sand, which is denoted as sample A and sample B. Sample A consists of particles passing 

the #4 sieve (opening 4.76 mm), and sample B consists of particles passing the #8 sieve 

(opening 2.38 mm). The local sand contains more than 99% of particles passing the #4 

sieve and 82% of particles passing the #8 sieve. Materials passing the #4 sieve are selected 

to meet the requirement of direct shear box size relative to maximum particle size according 

to the ASTM D3080 standard. Materials passing the #8 sieve are selected to investigate the 

effect of removing coarser particles for use in the triaxial test (discussed in Chapter 4). 

Particles passing the #8 sieve can only be used in the triaxial test facility at MUN’s 

Geotechnical laboratory. Therefore, the applicability of removing coarser particles was 

examined. The silica sand is denoted as sample C. Samples A, B, and C are used in the first 

test program (Test Program 1). Sample A is only used in the second test program (Test 

Program 2). 
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Figure 3-2: Grain size distribution of local sand & silica sand 

A Standard Proctor compaction test was conducted for each of the samples. The 

compaction curves are shown in Figure 3-3. In Figure 3-3, the dry densities are the 

maximum at the zero moisture content (dry condition), which are 18.8 kN/m3 and 

15.5 kN/m3 for the local sand (samples A and B) and the silica sand (sample C), 

respectively. In cohesionless soil, the unit weight can be the maximum at the dry condition 

when the particles can roll over each other during compaction/vibration. With the addition 

of water, capillary actions may prohibit particle movements. The effect of capillary tension 

at lower moisture content dominates the lubrication effect of the water, resulting in lower 

dry unit weight. At higher moisture contents, the capillary action diminishes, which causes 

an increase in the dry unit weight. The maximum standard Proctor dry densities (SPMDD) 

under wet conditions are 18 kN/m3 and 15.1 kN/m3 for the local sand and the silica sand, 

respectively. The corresponding optimum moisture contents  (OMC) of the sands are 
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10.4% and 15%, respectively. Note that the SPMDD does not represent the maximum unit 

weight of the soil. 

 

Figure 3-3: Results of standard proctor compaction tests: a) Sample A & Sample B, and 

b) Sample C 

A modified Proctor compaction test was also conducted for the local sand (Sample A). 

The modified Proctor maximum dry density (MPMDD) was obtained as 20 kN/m3, which 

is higher than SPMDD due to the use of higher compaction energy, which also occurred at 

zero moisture content. The increase of the density with compaction efforts is further 

examined through performing compaction following the modified Proctor test procedure 

but with 50, 75, and 100 blows per each layer. The resulting increase in the maximum 

density (at zero moisture content) is shown in Figure 3-4. It shows that the increase in 

density beyond 20.5 kN/m3 is very less. A maximum dry density of 20.7 kN/m3 was 

obtained using 100 blows per layer. 
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Figure 3-4: Increase of density with compaction efforts 

As the major focus of the study is to investigate the behavior of the soil in moist 

conditions, the soil-moisture characteristic of the sand has also been examined. The 

unsaturated moist soil is subjected to suction that binds the particles together and 

contributes to the strength and deformation behaviors. The suction in the unsaturated soil 

depends on the grain-size distribution, relative density, and the degree of saturation of the 

soil. Jung et al. (2016) presented different grain-size distribution zones depending on the 

suction effects on the buried pipe. The zones are identified as negligible, low, moderate, 

and high potential for suction effects depending on the increasing trend of lateral soil-pipe 

reaction force for soils with different grain size distributions.  The grain-size distributions 

of the soils (Sample A and Sample B) are plotted with the suction effect zones in Figure 

3-5. It reveals that Sample A predominantly falls within the low suction effect zones and 

Sample B (passing #8 Sieve) falls near the boundary of low and moderate suctions zones.  

However, Sample C (silica sand) falls in the zone of moderate to high suction effects.  
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Figure 3-5:  Suction effect zones based on the grain-size distribution (After Jung et al. 

2016) 

The locally manufactured sand is expected to have the minimum effect of suction as it 

falls in the zone of low suction effect (Figure 3-5). Soil water characteristics of soil are 

often used to predict the suction force in partially saturated soil (Fredlund et al. 1996; 

Vanapalli et al. 1996; Khalili and Khabbaz 1998; Oh et al. 2008). The soil water 

characteristics of the local sand are examined here using the filter paper method. The 

Whatman grade 42 filter paper was used for this purpose.  

 Soil Water Characteristics  

Soil water characteristics were studied for two different densities of the sand to investigate 

the changes in matric suction in the soil with moisture content. A Whatman grade 42 filter 

paper was placed in the soil at different moisture contents within a steel container, as shown 

in Figure 3-6. To ensure constant density (i.e., dry unit weight) for each moisture content, 
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a fixed amount of dry soil is mixed each time thoroughly with a desired amount of water. 

Half of the soil is placed and compacted inside the container up to half its height, and the 

filter paper is placed on top of the layer. The remaining half of the soil is then placed and 

compacted to the full height of the container. The Whatman filter paper was sandwiched 

between two larger pore sized filter paper to protect it from direct contact with soil particles 

before placing. The container was then closed with a lid and inserted inside a Ziploc bag 

to make it fully airtight. The container was kept inside a temperature-controlled room for 

seven days. After seven days, the moisture content of the Whatman filter paper was 

measured.  Using the moisture content, the matric suction of the sample was obtained from 

the calibration curve in ASTM D5298-10 (2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6: Suction measurement through filter paper 
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Figure 3-7 shows the matric suctions measured for the sand at two dry unit weights (17 

kN/m3 and 18.5 kN/m3). The matric suctions are examined against the gravimetric moisture 

content and degree of saturation in the figure.  The solid lines are the results for the dry 

density of 17 kN/m3, and the dotted lines are for the dry density of 18.5 kN/m3.  The figure 

shows that the soil-moisture characteristics are almost the same for the two levels of density 

considered. The matric suction of the soil is negligible at the moisture content of around 

8.5%, which corresponds to the degree of saturation of around 51%. The soil suction 

increases with the reduction of moisture content and the decrease of the degree of 

saturation. The maximum suctions of 93 kPa, and 95.5 kPa were observed for the soil with 

dry unit weights of 17 kN/m3 and 18.5 kN/m3 at the moisture contents of 1.22% and 1.04%, 

respectively. The corresponding degrees of saturation is 6% and 7%, respectively.  

 

Figure 3-7: Soil-Water characteristic curve for sand 

The experimental data of matric suction was used to fit with Van Genuchten’s (1980) 

model (Eq. (3.1)).   
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𝜃 =  
𝜃𝑠

[1+(
𝜓

𝛼⁄ )
𝑛

]
𝑚          [3.1] 

Where 𝜃 is the volumetric water content, 𝜃𝑠 is the saturated volumetric water content, 𝜓 is 

the matric suction, and 𝛼 (air entry value), 𝑛, 𝑚 are model-fitting parameter. The value of 

𝛼, 𝑛, 𝑚 obtained from fitting the experimental data with the model for the dry unit weights 

of 17 kN/m3 and 18.5 kN/m3.  The volumetric water contents are calculated using the 

specific gravity (Gs) of the soil determined from tests (i.e., Gs = 2.63). The resulting 

parameters are shown in Table 3-1. A comparison of Van Genuchten’s model with 

experimental data is shown in Figure 3-8. 

Table 3-1: SWCC fitting parameter 

Dry unit weight 

(kN/m3) 

Value of SWCC fitting parameter 

𝛼(𝑘𝑃𝑎)  m n 

17 0.300 0.429 1.139 

18.5 0.364 0.378 1.357 

 

 

Figure 3-8: Comparisons of the best fit SWCC models with lab data. 
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 Sample Preparation for Direct Shear Tests 

Samples for the direct shear tests are prepared with different moisture contents and 

compaction levels. The samples are compacted to three compaction levels: high 

compaction, medium compaction, and no compaction denoted as H, M, and N, 

respectively. To achieve high compaction, the sample is poured into the shear box in three 

layers with a spoon. Each layer is compacted with 25 blows of a free-falling temping rod 

from a height of 40–50 mm. The temper was moved within the box to apply the same 

compaction energy over the whole surface. For the medium compacted soil, 4 blows were 

applied in each layer. After compaction, the volume and mass of the soil sample used in 

the shear box are measured to determine the unit weight. The other sample is prepared by 

filling the shear boxes with the soil spread uniformly over the porous stone without 

compaction. The moist samples are prepared by placing the soil in the shear box 

immediately after uniform mixing of the soil with predetermined amounts of moisture. The 

soil was thoroughly mixed to ensure uniformity in the moisture contents. A prepared 

sample is shown in Figure 3-9. After completion of each test, the actual moisture content 

of each soil sample is determined through oven-drying. Note that although the same 

compaction efforts were applied, the unit weights of the soil were different as the moisture 

contents were different. 

As mentioned earlier, two test programs were undertaken to investigate the soil 

behavior.  Table 3-2 shows the detailed test plan for Test Program 1. In this program, 

Sample A, Sample B, and Sample C are considered at the dry condition and at three 

different target moisture contents (1%, 2%, and 3%, respectively). The actual moisture 
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contents of the sand are determined after the tests. Three levels of compaction (high, 

medium, and no compaction) are considered for the dry soil, and two levels of compaction 

(high and no compaction) are considered for the moist soil to investigate the effect of 

compactions. The average densities measured during the tests for each compaction level 

are shown in Table 3-2. A shear displacement rate of 1 mm/min is applied in each test. 

Table 3-3 shows the test plan for Test Program 2. In this test program, sample A with 

high and no compaction are considered under a wide range of normal stresses. The shear 

displacement rate is also varied from 0.25 mm/min to 1.5 mm/min. 

         

(a)  Prepared sample         (b)  Shearing of Specimen 

Figure 3-9: Test setup for direct shear tests  

 

 

      

 

Direction of Shearing 
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Table 3-2: Test program 1 

Test No 
Sand Sample 

Type 

Actual 

Moisture (%) 
Compaction Status Sample ID Normal stress (kPa) 

1–3 

Sample A (Local 

sand particle 

passing #4 sieve) 

 

0 

 

High Compaction AH0 

12.5, 25, 50 

4–6 Medium Compaction AM0 

7–9 No Compaction AN0 

10–12 0.80 High Compaction AH1 

13–15 1.25 No Compaction AN1 

16–18 1.20 High Compaction AH2 

19–21 2.0 No Compaction AN2 

22–24 2.6 High Compaction AH3 

25–27 2.7 No Compaction AN3 

28–30 

Sample B (Local 

sand particle 

passing #8 sieve) 

0 

High Compaction BH0 

31–33 Medium Compaction BM0 

34–36 No Compaction BN0 

37–39 0.8 High Compaction BH1 

40–42 1.2 No Compaction BN1 

43–45 1.9 High Compaction BH2 

46–48 1.50 No Compaction BN2 

49–51 2.5 High Compaction BH3 

52–54 3.00 No Compaction BN3 

55–57 

Sample C (Silica 

sand) 

0 

High Compaction CH0 

58–60 Medium Compaction CM0 

61–63 No Compaction CN0 

64–66 1.5 High Compaction CH1 

67–69 3 High Compaction CH2 

A = Local Sand particle passing #4 sieve, B = Local Sand particle passing #8 sieve, C = Silica Sand, H = High 

compaction, M = Medium compaction, N = No compaction, 0 = Dry Sample, 1, 2 & 3 = Predetermined 

moisture levels 
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Table 3-3: Test program 2 

Test No 
Moisture 

Content (%) 
Compaction 

Dry Unit 

Weight 

(kN/m3) 

Shear 

Displacement 

Rate (mm/min) 

Normal 

stress (kPa) 

1–6 0 

High compaction 

18.95 

1 

12.5, 25, 50, 

100, 200, & 

400 

7–12 1.5 17.39 

13–18 3 16.98 

19–24 6 17.23 

25–30 0 

No compaction 

16.13 

31–36 1.5 12.67 

37–42 3 11.60 

43–48 6 11.49 

49–52 

0 

High compaction 19.05 

0.25 

50, 100, 

200, & 400 

53–56 0.5 

57–60 1 

61–64 1.5 

65–68 

No compaction 16.20 

0.25 

69–72 0.5 

73–76 1 

77–80 1.5 

 

 Results from Test Program 1 

The objective of Test Program 1 is to examine the behavior of the sands at low-stress 

levels in the range of 12.5 kPa to 50 kPa.  Low stresses are typically expected at a shallow 

depth, such as backfill around the buried structures. Tests are conducted in dry conditions 

and moist conditions with the target moisture contents between 1% and 3%. The moist 

soils are in unsaturated condition and are expected to possess tensile strength and cohesion. 

Conventionally, the cohesion of soil is neglected in modeling the soil behavior using the 

Mohr-Coulomb failure theory. However, a nonzero value of cohesion may be of 

importance in some situations. In this test program, the shear strength parameters, including 
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cohesion and the angle of internal friction for the dry and moist soils, are examined, as 

discussed below.   

 Shear Strength Parameters 

To examine the effect of moisture content on the strength parameters, the maximum 

shear stresses from the direct shear tests are plotted against the normal stresses in Figure 

3-10. Linear regression equations with the data showed an intercept on the vertical axis, 

indicating a nonzero cohesion even for the dry sand.  Cohesion is sometimes expected in 

dry sand due to interlocking between the particles (Lu and Likos 2013). However, the 

magnitude of the cohesion (intercept on the vertical axis) ranges from a minimum value of 

0.2 kPa for the AH0 sample to a maximum value of 7.9 kPa for the AH3 sample, which is 

practically negligible, considering the uncertainties involved in the measurements and data 

interpretations.   Thus, the apparent cohesion for the moist soil at the water contents 

considered (1% to 3%) is negligible. The apparent cohesion in unsaturated granular 

material predominantly results from the capillary force due to negative pore-water pressure 

and surface tension (Lu et al. 2007). At very low moisture contents, air voids in the granular 

soil may be connected, causing the air pressure to be the same as the atmospheric pressure 

in the direct shear tests. As a result, the negative pore-water pressures and the apparent 

cohesion can be negligible. Ravindran and Gratchev (2020) also reported a lower apparent 

cohesion at lower moisture content for a gravelly/sandy soil that increased initially and 

then decreases with the increase of water content. The slopes of the lines in Figure 3-10 

are different (indicating different friction angle) due to the differences in the densities of 

the soil, as discussed later.  As mentioned earlier, although the same compaction efforts 
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were applied for the soil samples at different moisture contents, the dry densities of the soil 

were different.  

 

Figure 3-10: Shear stress–Normal stress plot for sample A 

 Stress-Deformation Response 

Since the apparent cohesion of sand is negligible for the sand, the shear strength of the 

soil depends exclusively on the normal stress for each condition (i.e., stress level, density, 

and water content). The ratio of the shear strength to the normal stress (called herein as 

“stress ratio”) is therefore examined here against the shear displacements. The volumetric 

strain is examined in term of a dilation rate, defined as the ratio of the vertical displacement 

change (𝑑𝑣) to the horizontal displacement change (𝑑𝑢) (i.e., Dilation rate =  
𝑑𝑣

𝑑𝑢
), after 

Simoni and Houlsby (2006).  

Figure 3-11 shows the variation of stress ratios with horizontal displacement for four 

conditions of sample A subjected to high compaction. As seen in the figure, the peak stress 
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ratio is not significantly affected by the level of normal stress for the dry sample (Figure 

3-11 (a)). However, for the moist samples, the peak stress ratio decreases with the increase 

of normal stress. The peak stress ratio is around 1.2 for the dry sand, which corresponds to 

a peak friction angle of 50. For the moist sand, the peak stress ratio varies from 0.8 to 

1.25. These correspond to friction angle variations from 38 to 51, with the lowest value 

for the normal stress of 50 kPa and the highest value for the normal stress of 12.5 kPa. It is 

also to be noted that post–peak degradation of the stress ratio is higher for the dry sand, 

where the post–peak degradation is not significant for the moist sands. This is due to higher 

densities of the dry sand samples than the moist sand samples prepared using the same 

compaction efforts. For the dry sand, the stress ratio is reduced from a peak value of 1.2 to 

the critical state value of around 0.7. Thus, the critical state friction angle for the soil is 

35. The peak and post–peak behavior observed for the dry sand is commonly reported in 

the literature (Al Tarhouni et al. 2017). However, the behavior of moist sand has not been 

extensively investigated to examine the behaviors. 

For the moist samples, the peak stress ratio is higher for soil AH1 having around 0.8% of 

moisture content than for AH2, having around 1.2% of moisture content at each of the 

stress levels considered. The shear strength is higher again for soil AH3 having a moisture 

content of around 2.6%. As mentioned earlier, although a similar approach of soil 

compaction is used in each of the tests, the degree of compaction of the soil samples in the 

test box might be different due to the presence of different moisture contents, which is 
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found to contribute to the behavior of the moist soil (discussed later in section 3.7.4). 

 

 

Figure 3-11: Variation of stress ratio for dense condition of sample A: a) AH0, b) AH1, c) AH2, 

and d) AH3 

Figure 3-12 plots the calculated dilation rate against the horizontal displacement for the 

four conditions of sample A subjected to high compaction. Each of the highly compacted 

samples experiences dilation, although post–peak degradation of stress ratio is not 

observed for the moist sample (shown in Figure 3-12). The mechanism of post–peak shear 

stress and soil dilation for the moist samples require further investigation. In general, the 
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peak dilation rate is almost the same in all three normal stresses for the dry sample, which 

is 0.48. There is a rapid drop-in dilation rate after reaching the peak. For the moist samples, 

there are differences in the peak dilation rate at different normal stresses for sample AH2. 

The difference is not significant for the other samples (AH1 and AH3). After the peak 

values, the dilation rate decreases gradually with the increase in horizontal displacement 

for each of the tests. The dilation angle for each of the samples eventually reaches almost 

zero, which is essentially the critical state. However, the critical state stress ratio is not 

constant for the moist samples, as shown in Figure 3-11. 

 

 

Figure 3-12: Dilation rates for dense condition of sample A: a) AH0, b) AH1, c) AH2, and d) AH3 
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Figure 3-13 shows the variation of stress ratio with horizontal displacement for sample 

A prepared without compaction. For the loose condition of the soil, no post–peak 

degradation in the stress ratio is observed in any of the samples, as expected. As seen in 

Figure 3-13 (b-d), the peak stress ratio is almost the same for all normal stresses for the 

moist samples. The peak ratios are 0.6, 0.55, and 0.5 for samples AN1, AN2, and AN3, 

respectively, which correspond to the friction angles of 31, 29 and 26.5, respectively. 

The moisture contents in these samples are 1.25%, 2.0%, and 2.7%, respectively. The 

friction angles for the loose soils are 30% to 40% less than the peak friction angles for the 

dense soils discussed above. 

For the loose dry sand, the stress ratio appears to decrease with the increase of normal 

stress. The peak stress ratio for the dry sample (AN0) varies from 0.69 to 0.88 (Figure 

3-13(a)), corresponding to the friction angle variations from 34.5 to 41.  The higher value 

is for the normal stress of 12.5 kPa, and the lower value is for the normal stress of 50 kPa. 

It is to be noted that, as discussed above, the critical state friction angle for the soil in the 

dense condition is 35. Thus, the critical state friction angle for the dense soil appears to 

be the same as the peak friction angle of the loose soil at 50 kPa, which is consistent with 

the concept of the critical state friction angle. However, for the low normal stress of 12.5 

kPa, the friction angle in the loose condition is significantly higher than the critical state 

friction angle. Thus, the concept of critical state friction angle may not be applicable at the 

low confining pressure of the soil. Al Tarhouni et al. (2017) also questioned the critical 

state friction angle of sand at low confining pressure from direct simple shear and triaxial 

tests. 
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Figure 3-13: Variation of stress ratio for loose condition of sample A: a) AN0, b) AN1, 

c) AN2, and d) AN3 
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Figure 3-14: Dilation rates for loose condition of sample A: a) AN0, b) AN1, c) AN2, and 

d) AN3 

The dilation rate for the loose soil is generally negative, indicating a decrease of volume 

during the direct shear tests, as shown in Figure 3-14. As the shearing of soil occurs at 

constant volume, the dilation rates become zero at the point of shear failure. However, the 
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during shearing (Figure 3-14(a)). It shows that although the dilation rate is negative at the 

beginning, it increases with the increase of horizontal displacement and reaches the 

maximum value at the horizontal displacement of around 2 mm. The stress ratio is also 
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to the differences in the densities of the soil. The dilation rate increases initially with the 

horizontal displacement and then decreases after reaching the peak. 

 

 

Figure 3-15: Variation of stress ratio for dense condition of sample B: a) BH0, b) BH1, c) 

BH2, and d) BH3 
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Figure 3-16: Variation of dilation rate for dense condition of sample B: a) BH0, b) BH1, 

c) BH2, and d) BH3 

The stress–deformation behavior of the uncompacted sample B is shown in Figure 3-17 

and Figure 3-18. The effect of normal stress and moisture content on the variation of stress 

ratio and dilation rate with horizontal displacement is similar to those of the uncompacted 

sample A. The moist samples (BN1, BN2, and BN3) reach their peak stress ratio at higher 

horizontal displacement than the dry sample (BN0). The dilation rate for moist sample B 

is negative at the initial horizontal displacement and reaches gradually close to zero at the 

final horizontal displacement. 
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Figure 3-17: Variation of stress ratio for loose condition of sample B: a) BN0, b) BN1, c) 

BN2, and d) BN3 

  

 

Figure 3-18: Variation of dilation rate for loose condition of sample B: a) BN0, b) BN1, 

c) BN2, and d) BN3 
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Figure 3-19 and Figure 3-20 present the variation of stress ratio and dilation rate with 

horizontal displacement for compacted and uncompacted sample C under three different 

moisture contents. The greater difference in peak stress ratio for the compacted sample C 

among three normal stresses due to the presence of moisture is similar to those for the 

compacted sample A and Sample B. However, there is less difference in peak stress ratio 

for the dry compacted sample C for three normal stresses than those for the dry compacted 

sample A and sample B. The peak dilation rate is higher for the compacted sample than for 

the uncompacted sample. 

 

 

Figure 3-19: Variation of stress ratio for sample C: a) CH0, b) CH1, c) CH2, and d) CN0 
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Figure 3-20: Variation of dilation rate for sample C: a) CH0, b) CH1, c) CH2, and d) CN0 
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densities of the soil. To examine the effect of stress levels, the peak stress ratios for various 

soils are plotted against normal stress in Figure 3-21. The figure reveals that the stress ratio 
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highest for the dry soils and decreases with the increase in water content, except for the 

silica sand. Tiwari & Al-Adhadh (2014) demonstrated for well-graded sand that the friction 

angle can decrease for changing from dry state to saturated state at the same relative 

density, which is likely due to the effect of lubrication around the soil particle by the water. 

However, the test results presented here can also depend on the density of the soil, as 

discussed below. 
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Figure 3-21: Peak stress ratio against normal stress: a) Dense sample A, b) Loose sample 

A, c) Dense sample B, d) Loose sample B, and e) Sample C 

To examine the effect of water contents, the peak stress ratio at various normal stresses 

are plotted against the water contents in Figure 3-22. Since the dry densities of the soil in 

the shear box are also expected to be different even under the same compaction effort, the 

calculated dry unit weights of the soil are also plotted against the moisture contents in this 

figure.  It shows that the peak stress ratio and the dry unit weight of the soils decrease with 

the increase of moisture content. Thus, the reduction of the peak stress ratio with moisture 

content has a strong correlation with the reduction of the dry density.  While both dry 

density and the water content are expected to contribute to the peak stress ratio of the soil, 

the contribution of each parameter could not be separated from this test program. 
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Figure 3-22: The peak stress ratio with dry unit weight: a) Compacted Sample A, b) 

Compacted Sample B, c) Uncompacted Sample A, d) Uncompacted Sample B 

  Results from Test Program 2 
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unit weight, and moisture content on the shear strength of soil (Sample A), and 32 tests are 

used to explore the effect of shear displacement rate on the behavior of the soil. The stress–

displacement response, peak stress ratio, and angle of internal friction are examined.  
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 Stress–Deformation Response 

Figure 3-23 shows the changes in stress ratio with horizontal displacement for the 

compacted samples for different normal stresses. Each sand sample was tested at six 

normal stresses. As seen in the figure, the peak stress ratio is again the highest for 12.5 kPa 

of normal stress that reduces with the increase of the normal stress. The reduction of peak 

stress ratio with the increase in normal stress is more for the moist samples than for the dry 

samples. The peak stress ratio is reduced from 1.2 to 1.1 for increasing of normal stress 

from 12.5 kPa to 400 kPa for dry samples, whereas for the moist samples, the peak stress 

ratio is reduced from 1.6 to 0.7 (Figure 3-23 (d)), showing the effect of the moisture 

contents. It is also to be noted that post–peak degradation of the stress ratio is significant 

for the dry sand. Al Tarhouni et al. (2017) demonstrated similar peak and post–peak 

behavior for dense silica sand.  

For the dry sand samples, the stress ratio is reduced from the peak value of around 1.2 

to the critical state value of around 0.6–0.8. The peak stress ratio is obtained at 1–1.2 mm 

horizontal displacement for lower normal stresses (12.5 & 50 kPa), whereas it is obtained 

at the higher horizontal displacement of 1.5–2.5 mm for higher normal stresses (200 & 400 

kPa). However, there is no significant post–peak degradation in the moist samples. The 

stress ratio becomes nearly constant after reaching the peak stress ratio at around 1–1.5 mm 

of horizontal displacement for the moist samples. Wei et al. (2018) also showed that the 

post–peak degradation of stress ratio for the compacted soil–rock mixtures with higher 

moisture is less significant. 
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Figure 3-23: Stress ratio for compacted sand sample for varying moisture contents a) 0% 

(Dry), b) 1.5%, c) 3%, and d) 6%. 

Figure 3-24 shows the stress (ratio)–displacement behavior of the uncompacted (loose) 

sand samples. The moist sand samples reach the peak stress ratio at a higher horizontal 

displacement (~5 mm) for the loose condition than for the dry sand samples. The peak 

stress ratio for loose dry sand is around 0.7–0.9, which is close to the critical state value 

(0.6–0.8) of the compacted dry sand discussed earlier. The post–peak degradation of stress 

ratio is noticed for dry sand in higher normal stress of 100 kPa, which may be due to 

densification of the sample during the application of normal stress before shearing. As 
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observed above, the peak stress ratio is the highest at 12.5 kPa of normal stress that 

decreases with the increase in normal stress. 

 

 

Figure 3-24: Stress ratio for uncompacted sand sample for varying moisture contents a) 

0% (Dry), b) 1.5%, c) 3%, and d) 6%. 
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significant for the dry sample in the figure (Figure 3-25). A similar scenario is observed in 

the case of peak stress ratio (Figure 3-23). The peak dilation rate for the dry sample is 

around 0.47–0.5 for all normal stresses except 400 kPa, where it is 0.36 (Figure 3-25(a)). 

There is a rapid drop in the dilation rate after reaching the peak values. The compacted 

moist samples show different peak dilation rates at different normal stresses. There is a 

gradual reduction of the peak dilation rate from 0.6 to 0.14 with the increase of normal 

stress from 12.5 kPa to 400 kPa for the sample with 6% of moisture contents (Figure 3-25 

(d)). 

 

 

Figure 3-25: Dilation rate for compacted sand sample for varying moisture contents a) 0% 

(Dry), b) 1.5%, c) 3%, and d) 6%. 
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Dilation rates for the uncompacted loose sand samples are shown in Figure 3-26. The 

dry loose sands show some positive dilation rate with a maximum value of 0.1 over a 

shearing range (Figure 3-26 (a)), which denotes an increase in volume. However, the moist 

sample shows a negative dilation rate corresponding to the contraction that reaches close 

to zero dilation rate at high shear displacement. 

 

 

Figure 3-26: Dilation rate for uncompacted sand sample for varying moisture contents: a) 

0% (Dry), b) 1.5%, c) 3%, and d) 6%. 

-0.2

-0.1

0

0.1

0 1 2 3 4 5

D
il

at
io

n
 r

at
e

Horizontal displacement (mm)(a)

12.5 kPa
25 kPa
50 kPa
100 kPa
200 kPa
400 kPa -0.6

-0.4

-0.2

0

0 1 2 3 4 5

D
il

at
io

n
 r

at
e

Horizontal displacement (mm)(b)

12.5 kPa
25 kPa
50 kPa
100 kPa
200 kPa
400 kPa

-0.6

-0.4

-0.2

0

0 1 2 3 4 5

D
il

at
io

n
 r

at
e

Horizontal displacement (mm)(c)

12.5 kPa
25 kPa
50 kPa
100 kPa
200 kPa
400 kPa

-0.6

-0.4

-0.2

0

0 1 2 3 4 5

D
il

at
io

n
 r

at
e

Horizontal displacement (mm)(d)

12.5 kPa
25 kPa
50 kPa
100 kPa
200 kPa
400 kPa



69 

 

 Peak Stress Ratio 

Figure 3-27 shows the variation of peak stress ratio with normal stress for the 

compacted samples.  Again, the peak stress ratio decreases with the increase in normal 

stress. The peak stress ratio at the lowest normal stress of 12.5 kPa is ~1.25 for all samples 

except for the sample with 6% of moisture content. The difference in peak stress ratio 

between the dry sample and moist sample increases with the increase in normal stress as 

the rate of changing stress ratio with normal stress is more in the moist sands. The Peak 

stress ratio is less in the moist samples, indicating a lower shear strength. 

 

Figure 3-27: Effects of moisture content and normal stress on peak stress ratio for 

compacted sand samples. 
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and 400 kPa, indicating a less effect of normal stress on the peak stress ratio of loose 

samples. A similar phenomenon was observed in Taylor (1948) from the triaxial tests on 

Ottawa sand where the angle of internal friction for loose condition decreased from 30° to 

27° with an increase of confining pressure from 48 kPa to 766 kPa whereas, for dense 

condition, it decreased from 34.5° to about 29° due to the same increase in confining 

pressure. 

 

Figure 3-28: Effects of moisture content and normal stress on peak stress ratio for 

uncompacted sand sample. 
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50 kPa of normal stress, whereas for 400 kPa of normal stress, it is obtained at 2.5 mm of 

horizontal displacement. There is no significant difference in the peak stress ratio and the 

post–peak degradation for different displacement rate in Figure 3-29. 

 

  

Figure 3-29: Stress ratio for compacted sand sample for varying shear displacement rates 

(mm/min) at normal stresses a) 50 kPa, b) 100 kPa, c) 200 kPa, and d) 400 kPa 
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Figure 3-30: Stress ratio for uncompacted sand sample for varying shear displacement 

rates (mm/min) at normal stresses a) 50 kPa, b) 100 kPa, c) 200 kPa, and d) 400 kPa 
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showed that the peak shear stress versus normal stress response is almost linear at low 

densities of the soil (Figure 3-31a). Beyond the density of 17 kN/m3,  the responses are 

nonlinear (Figure 3-31b).  Thus, at lower densities (or unit weights) of the soil, the effect 

of the normal stress on the friction angle (the slope) is insignificant. However, at the higher 

unit weights of the soil, the friction angle is higher at lower stress levels and relatively 

lower at higher stress levels. In both cases, the intercepts of the shear strength versus 

normal stress plot are negligible even for the soil with the moisture contents of 1.5% to 6% 

or under submerged conditions.  Thus, the effect of suction on the shear strength (i.e., 

apparent cohesion) of the soils negligible during the direct shear tests.  

Figure 3-31 reveals that the shear strength of the soil is higher for a higher density of 

the soils. The rate of increase of shear strength with density is relatively less for the sand 

with a density of less than 17 kN/m3.  For an increase of the density from 11.5 kN/m3 to 

16.1 kN/m3, the shear strength increases from 256.6 kPa to 273.8 kPa at the normal stress 

of 400 kPa. However, for the increase of density from 17 kN/m3 to 19 kN/m3, the shear 

stress increases from 290.1 kPa to 578.8 kPa at the same normal stress (i.e., 400 kPa). Thus, 

the effect of density on the shear strength (hence, the angle of internal friction) is very 

significant at the dense condition of the soil (>17 kN/m3). 

Note that even at different moisture contents, the shear strengths are the same for the 

same levels of densities. In Figure 3-31b, the responses for the moisture contents of 1.5% 

(with d = 17.4 kN/m3) and 6% (with d = 17.2 kN/m3) match with each other. Similarly, 

the test results with dry unit weights of 1819 kN/m3 match reasonably (less than 10% 
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difference) with each other. Thus, the contribution of the moisture contents is considered 

insignificant to the shear strength.  

 

 

Figure 3-31: Shear stress-Normal stress plot of sample A for (a) Low dry unit weight and 

(b) High dry unit weight 
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Figure 3-32. The maximum angle of internal friction of 49° is found for the compacted dry 

samples, which is reduced with the increase of moisture content. For the uncompacted 

sample, the maximum angle of internal friction is ~34.5° for the dry sand that is reduced 

with the moisture contents.  Dry unit weights of the sand are also reduced with the increase 

of moisture content for both compacted and uncompacted soil.  This observation confirms 

that the reduction of the angle of internal friction with moisture content in the tests is due 

to the reduction of the density (dry unit weight). Thus, the degree of compaction is the most 

significant controlling parameter for the shearing resistance of the soil. Note that the peak 

shear stress of the dry sand is close to that of the moist sand with 5.6% moisture in Figure 

3-31(b), as the dry unit weights of the soils are similar.  
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Figure 3-32: Effects of moisture content on the angle of internal friction and dry unit 

weight for (a) compacted sand and (b) Uncompacted Sand.  

Figure 3-33 plots the friction angles against the relative compaction calculated using 

the maximum dry density obtained from the Standard Proctor Compaction tests.  As 

expected, the friction angle increases with the increase of the relative compaction. The rate 

of increase is less at lower relative compactions (loose condition), which is significantly 

high at high relative compactions. 

The friction angles for sample A and sample B are similar in Figure 3-33, indicating 

that the removal of coarse particles may not significantly affect the friction angle of the 

soil. The poorly graded silica sand is found to have a lower friction angle at the same level 

of relative compactions. 
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Figure 3-33: Variation of peak friction angle with relative compaction 
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1% of water content (67% degree of saturation). A very low air entry value of 0.3 kPa is 

estimated based on the fitting of data with Van Genuchten’s model. 

The friction angle of the soil was found to depend significantly on the density of the 

soil. In general, the friction angle was higher for dry soil that changed with the increases 

of moisture content in the soil. The change in the friction angle matches well with the 

change in the dry density of the soil. Thus, the variation of the friction angle with moisture 

content is attributed to the changes in the dry unit weight. Although a similar approach of 

soil compaction is used in each of the tests, the degrees of compaction of the soil samples 

in the test box was different due to the presence of different moisture contents. The rate of 

increase of the friction angle with relative density is less at lower relative compactions and 

very high at high relative compaction (>85%). The rate of shearing within the range of 0.25 

mm/min to 1.5 mm/min was found to have an insignificant effect on the behavior of the 

dry soil. 

The dense sand samples showed the post–peak degradation of stress ratio. The peak 

stress ratio is higher for lower normal stress, indicating a higher friction angle for the soil 

at the lower confining pressure.  The higher friction angle is due to dilation of the soil at 

lower confining stress. A high confining pressure can suppress the dilation, reducing the 

angle of internal friction and the post–peak softening behavior. The friction angle was 

reduced with the increase of normal stress for both dry and moist sands. However, this 

phenomenon was more pronounced for the dense condition of the soil. The effect of normal 

stress on the friction angle was insignificant for uncompacted (loose) sands.    
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The comparison of the behavior of different soil samples from Test Program 1 revealed 

that the behaviors of sample A (Local sand passing the #4 sieve) are similar to the behavior 

of sample B (Local sand passing the #8 sieve)  and sample C (Silica sand). The removal of 

coarse particles retained on the #8 sieve from the local sand does not affect the peak friction 

angle significantly. The strength parameter (friction angle)  for poorly graded silica sand is 

found to be less than the parameter for the well-graded local sand at the same level of 

relative compaction. 
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CHAPTER 4 Sand Characterization using Triaxial Tests  

 

 General 

Characterization of sand using direct shear tests is discussed in Chapter 3. The study 

revealed that the removal of particles retaining on the #8 sieve does not affect the soil 

parameters significantly. Particles passing the #8 sieve are used for the triaxial tests to 

comply with the size of the test facility. Tests with both moist (unsaturated) and saturated 

sands were conducted. The testing of moist or unsaturated sand requires special 

considerations as the conventional two-phase solid-water system of saturated sand is 

changed into a three-phase air-solid-water system. The mutual interaction of air, water, and 

solid phase introduces capillary forces due to surface tension and disintegrate pore pressure 

into pore air pressure and pore water pressure. The difference between pore air pressure 

and pore water pressure is termed as matric suction. The control of the matric suction 

during test increases complicacy in the testing of unsaturated soil (Tarantino 2010). 

Different experimental techniques are used to determine the parameters for the Mohr-

Coulomb model and assessment of the shear strength of unsaturated soil. The most rigorous 

approach involves modification of conventional triaxial apparatus to accommodate 

independent measurement and control of pore-air and pore-water pressures and the 

resolution of air and water components of volume change (Wulfsohn et al. 1998; Fredlund 

and Vanapalli 2002). Researchers also employed a modification of direct shear and triaxial 

apparatus to perform testing on soils under constant suction (Gan and Fredlund 1988; Nam 

et al. 2011; Maleki and Bayat 2012; Gallage and Uchimura 2016 and others). However, 
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the modification of conventional triaxial and direct shear apparatus is complex and 

prohibitive for application in engineering practice. Testing using the modified equipment 

also requires skilled personnel and consumes a longer time to conduct the test under desired 

matric suction (Bai and Liu 2012; Al-Khazaali and Vanapalli 2019). An alternative method 

is using an indirect approach where the suction related information is separately obtained 

using soil-water characteristic curves (SWCC). Then, the shear strength of unsaturated soil 

considering the suction is predicted from the extension of total stress approach 

accumulating the SWCC data, saturated soil property, and conventional shear strength test 

data (Fredlund et al. 1996; Vanapalli et al. 1996; Khalili and Khabbaz 1998; Oh et al. 2008). 

However, this method is only applicable to the soils for which the SWCC is developed. 

The practicing engineers seek a method suitable for testing unsaturated soil using 

laboratory equipment employed in conventional geotechnical engineering practice.  

This chapter presents a test program undertaken using a conventional triaxial testing 

system for examining the responses of the sand in an attempt to understand the behavior 

under triaxial stress conditions. A locally manufactured sand, discussed in Chapter 3, is 

used in this investigation. Triaxial tests are conducted at various initial densities and 

moisture contents. Based on the test results, soil parameters are obtained to assess the shear 

strength using the total stress approach in the continuum mechanics framework.  

Depending on the moisture content, the granular media can be at four different states 

of unsaturated conditions, namely, pendular, funicular, capillary, and slurry states (Mitarai 

and Nori 2006). The pendular state occurs at very low moisture contents when the soil 

particles are held together by lens-shaped liquid (liquid bridges) at their contact points. 
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Voids in the soil are filled with air. At the funicular state, some voids are fully saturated 

while the others include air. All voids between particles are filled with air at the capillary 

state when the surface liquid is under capillary action. The slurry state refers to fully 

immerged particles in liquid. Typically, the pendular state occurs at the degree of saturation 

of 20%, the funicular state occurs at a degree of saturation between 20 and 90%, and the 

capillary state occurs at the degree of saturation of 90 to 100% (Lu et al. 2009). The 

objective of the current study is to examine the behavior of the sand at its pendular and 

funicular states. The capillary state can occur in almost saturated soil. A set of tests with a 

saturated condition of the sand was also conducted.  

 

 
 

Figure 4-1: Schematic diagram of a triaxial setup 
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 Testing equipment 

A Standard Automated GDS Triaxial System available at Memorial University was 

used in this study. The testing system has a cell with a capacity of 3.5 MPa pressure and a 

base pedestal for a 38 mm diameter sample. The backpressure and cell pressure transducer 

has a capacity of 3 MPa with a volume controller. The pore water pressure transducer has 

a capability of 3.44 MPa. Figure 4-1 shows a schematic view of the apparatus. Using the 

loading frame, the axial load could be applied at a velocity of 0.00001 to 10 mm/min. An 

LVDT with a capacity of 50 mm is used to measure axial displacements. A 16-bit standard 

GDS 8-channel data acquisition device is used to collect the system data into a computer.  

 Testing Methodology 

Triaxial tests were conducted on saturated and unsaturated sand samples. For the 

unsaturated samples, the moisture content is varied from 0 to ~12% that provided a degree 

of saturation of 0 to 60.5% for the samples. Details of the test program are listed in Table 

4-1. 

Table 4-1: Test Program 

Test No. Sample Condition 

Average 

Moisture 

Content (%) 

Dry Unit 

Weight 

(kN/m3) 

Initial Void 

Ratio 

Confining 

Pressure (kPa) 

1–3 Unsaturated 2.93 17.58 0.46 

50,100, & 200 
4–6 Unsaturated 6.98 15.98 0.61 

7–9 Unsaturated 11.88 17.10 0.50 

10–12 Saturated 17.60 18.25 0.41 
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Oven-dried sand was used to prepare the samples with the addition of water. A porous 

stone sandwiched between two filter papers was seated on the pedestal of the base plate of 

the triaxial apparatus. The pedestal with porous stone and filter papers was inserted inside 

a membrane with O-ring. The membrane was stretched and fitted inside a split cylindrical 

mold. The sample was then poured inside the membrane in five layers of equal thickness. 

Each layer was compacted using 25 blows of a compaction hammer.  After compaction, 

filter paper, porous stone, and the loading cap were placed on compacted sand and fitted 

inside the membrane with O-ring.   

For testing of saturated sand, conventional consolidated undrained tests are conducted. An 

oven-dry soil is first placed into the mold, as discussed above. The specimen was subjected 

to de-aired water and CO2 flushing from bottom to top for saturating. The CO2 flushing 

was performed for 3–4 hours, whereas the water flushing was performed until water 

volume in is equal to volume out. The split mold was then dispatched from the mold after 

applying suction with backpressure into the sample to hold the sample (Figure 4-2). 
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Figure 4-2: Prepared sample        

The height and diameter of the sample were then measured. The specimen is then 

subjected to saturation with de-aired water at high pore-water pressures (back pressure) in 

several stages to remove dissolved air bubbles from the water. Backpressure in the range 

of 580 kPa to 670 kPa was applied, while a cell pressure of 20 kPa higher than the 

backpressure was maintained. This procedure provided a B value of around 0.93. While 

the B value should ideally be 1 for saturated soil, a maximum value of around 0.93 could 

be obtained during tests. After completion of saturation, consolidation was conducted on 

the sample at predefined confining pressures. Then, shearing was applied with a loading 

velocity of 0.065mm/min under undrained conditions.  
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For the unsaturated specimen, the mixture of oven-dried sand with a predetermined 

amount of de-aired water was placed and compacted within the mold. No CO2 and de-aired 

water flushing were applied to the specimens. No attempt to remove dissolved air bubbles 

was made. A small back pressure of –5 kPa was applied to the sample to hold it straight 

with minimum impact on the specimen. The backpressure valve was then closed to make 

it in an undrained condition before applying confining pressure. Immediately after the 

application of confining pressure, shearing was applied in undrained conditions to ensure 

the constant water content of the specimen during the tests. The moisture content of the 

sample was measured after the completion of each test for confirmation of the water 

contents. The loading was applied at the same velocity as that used for the saturated sample. 

Figure 4-3 shows a typical shearing mechanism observed during the test. The height 

and diameter of the samples were 73–73.5 mm and 38.8–38.9 mm, respectively.  

 

Figure 4-3: Sample after shearing  
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 Results  

The stress–strain responses during shearing in the triaxial tests for various conditions 

of the sand are shown in Figure 4-4. The confining pressures (i.e., 50 kPa, 100 kPa, and 

200 kPa) include the backpressure applied to the sample during preparation. Thus, the 

applied pressure was 45 kPa to obtain a total confining pressure of 50 kPa with a 5 kPa of 

backpressure. Shearing was applied in undrained conditions (with a closed pore water 

valve) in all tests. Confining pressures were also applied with the closed pore pressure 

valve (undrained consolidation) for unsaturated soil to restrict any water flow into and out 

of the samples. Although undrained consolidation does not increase the shear strength of 

saturated soil, an increase of shear strength is expected for the unsaturated soil (Vanapalli 

et al. 1999). For the saturated soil, the confining pressure during consolidation was applied 

under drained conditions (CU tests) that contribute to the increase of shear strength of the 

saturated soil (similar to the unsaturated soil). 

Figure 4-4 shows a significant increase of deviatoric stresses with the increase of 

confining pressure in all samples. Thus, shear strength in unsaturated moist soil is increased 

under the undrained confining pressures. The deviatoric stress reaches its peak at 2–4% of 

axial strain for unsaturated sand, whereas the deviatoric stress reaches its peak at 4–6% 

axial strain for the saturated sand. Degradation of deviatoric stresses after peak values is 

observed, indicating a dense sand behavior. Shear strength degradation is more significant 

at higher confining pressures. Within the strain level considered during the tests (9%), the 

residual stress condition was not reached. 
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Figure 4-4: Stress–strain behavior for sand samples for varying moisture contents (a) 

2.93% (b) 6.98%, (c) 11.88% and (d) Saturated 

To examine the effect of moisture content on the shear strength, the deviatoric stresses 

under each confining pressure are plotted in Figure 4-5. For each confining pressure, the 

maximum deviatoric stresses of saturated soil are higher than the stresses in the unsaturated 

soil with different moisture contents. The unsaturated soil with 6.98% of moisture has the 

lowest deviatoric stress among all samples, which is almost half of the maximum deviatoric 

stress of the saturated sample. These discrepancies are associated with differences in the 
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densities of the soil specimens. Note that all samples are compacted using the same 

compaction effort. The same compaction effort in soil samples with different moisture 

contents can provide different compaction levels, which was also observed in direct shear 

tests discussed in Chapter 3. For the saturated soil, an oven-dry sample was placed and 

compacted in the mold before water flushing and saturation was applied. Therefore, the 

dry unit weights of saturated specimens are higher than the unit weights of the unsaturated 

specimens. As a result, the shear strength of the saturated soil is higher. Robert (2010) also 

found higher shear strengths of fully saturated Cornell and Tokyo gas sands than their 

unsaturated conditions due to higher dry unit weights obtained applying the same level of 

compaction effort. However, suction was externally applied and controlled in most of the 

past research on the unsaturated soil test. This suction is key to provide unsaturated soil 

higher strength than saturated soil (Houston et al. 2008; Maleki and Bayat 2012). 
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Figure 4-5: Stress–strain behavior for sand samples for varying confining pressure (a) 50 

kPa (b) 100 kPa (c) 200 kPa 

To determine the shear strength parameters, such as the angle of internal friction and 

apparent cohesion, the Mohr-Coulomb failure envelope is plotted as a tangent to the total 

stress Mohr circles corresponding to the failure points (Figure 4-6). The conventional 

straight-line approach was found to reasonably represent the Mohr-Coulomb failure 

envelop for each test, where the slope of the straight is the angle of internal friction, the 

intercept of the y-axis is the apparent cohesion and the intercept on the x-axis is the suction 

stress (Lu et al. 2009).  The shear strength parameters obtained at different moisture 

contents are summaries in Table 4-2. 
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Figure 4-6: Mohr-Coulomb failure envelope 

 

Table 4-2: Shear strength parameters 

Moisture Content (%) Apparent Cohesion (kPa) 
Angle of Internal 

Friction (◦) 
Suction stress (kPa) 

2.93 15.5 40.3 18.2 

6.98 9.8 34.7 14.1 

11.88 14.3 37.9 18.4 

Saturated 12.6 49.5 10.8 

 

Table 4-2 shows that the apparent cohesion of the saturated soil is non-zero. This may 

be because the soil sample could not be fully saturated using the method employed. The B 

value of 0.93 was obtained during the test, which does not represent the full saturation 

condition. A suction of around 10.8 kPa is estimated for the saturated sample used in the 

tests. The apparent cohesion in the unsaturated soil ranged from 9.8 kPa to 14.3 kPa, which 
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correspond to suction stresses of 14.1 kPa to 18.4 kPa. The magnitudes of apparent 

cohesion (and suction stress) for the most sand are not significantly high. The soil-water 

characteristic curve presented in Chapter 3 reveals that at the moisture contents of 2.9%, 

7%, and 11.9% considered here, the matric suctions in the soil are 5 kPa, 2.5 kPa, and 

<1 kPa, respectively, which are less than the suction stresses obtained from the tests. 

As expected, the angle of internal friction for the saturated sample is the highest in 

Table 4-2, which is due to a higher relative density. Among the moist soils, the angle of 

internal friction is the highest at the moisture content of 2.93% and lowest at the moisture 

content of 6.98%. To examine if the variation of the angle of internal friction is due to the 

variation in the density of soil, dry densities of the soil specimens are plotted along with 

the angles of internal friction in Figure 4-7. The variation of the angle of internal friction 

with moisture content for unsaturated sand is found to follow the variation of dry unit 

weight with the moisture content of the samples (Figure 4-7). Thus, the changes in the 

angle of internal friction are likely due to the changes in the dry density (or relative density) 

of the sand, not due to suction resulting from partial saturation. Schnellmann et al. (2013) 

also revealed from the direct shear test of unsaturated silty sand with the same moisture 

content and density, but different suctions that the effective angle of internal friction did 

not increase significantly with the matric suction. However, the apparent cohesion 

increased with an increase in suction.  

The suction within unsaturated soil depends on the moisture content and the degree of 

saturation. The apparent cohesion (a measure of the effect of soil suction) is plotted against 

the water content in Figure 4-8. It appears that the apparent cohesion of the unsaturated 
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sand decreases with the increase in moisture content up to 6.98% and increases with a 

further increase of moisture content up to 11.88%, which is close to the optimum. It also 

shows that the variation of the apparent cohesion follows the variation of dry unit weight 

with the moisture content of the samples. Thus, the relative density has a significant 

contribution to the apparent cohesion. 

 

Figure 4-7: Variation of angle of internal friction for unsaturated soil  

 

Figure 4-8: Variation of apparent cohesion for unsaturated soil 
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Figure 4-9 represents the variation of shear strength parameter (apparent cohesion, 

angle of internal friction) with the degree of saturation for unsaturated soil. The changes of 

apparent cohesion with the degree of saturation are similar to the variations of angle of 

internal friction. Both the apparent cohesion and angle of internal friction are the lowest at 

the degree of saturation of 29.5%, which is attained at 6.98% moisture content. However, 

both the suction stress and dry unit weight is lowest at this moisture content (see Table 4-1 

& Table 4-2). 

 

Figure 4-9: Effect of degree of saturation on shear strength parameter 
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• The shear strength parameters of the sand significantly depend on the dry density 

of the sand regardless of the moisture contents. A similar conclusion was drawn 

from the results of direct shear tests discussed in Chapter 3. 

• Both apparent cohesion and angle of internal friction of the sand vary with the 

moisture contents, which initially decreased and then increased with the increase of 

moisture content. The change in the apparent cohesion and the angle of internal 

friction was found to have a strong correlation with the dry density of the soil. The 

saturated soil sample showed the highest magnitudes of shear strength parameters, 

which had the highest relative density. 

• Apparent cohesion, resulting from suction stress, was not significantly high for the 

soil (ranged from 9.8 kPa to 15.5 kPa). The corresponding isotropic tensile 

strengths (suction stress) are 10.8 kPa to 18.4 kPa. 

• Obtaining full saturation (with B values of 1) of the soil during the test is very 

challenging. As a result, the effect of suction (apparent cohesion) was observed for 

the saturated soil. 

• The effect of the degree of saturation on the shear strength parameter coincides with 

the dry unit weight and suction stress. 

• It was challenging to obtain the same density level in multiple triaxial tests. Testing 

with similar densities of the soil would be required to identify the effect of degree 

of saturation on the shear strength parameters. 
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CHAPTER 5 Tests at Constant Densities 

 

 General 

The direct shear tests and triaxial tests conducted at different moisture contents with 

the same compaction effort revealed the shear strength parameters depend significantly on 

the conditions of the soil (discussed in Chapters 3 and 4). The differences in the shear 

strength parameters are attributed to the relative compaction of the soil, as the changes in 

the soil’s density with the moisture content were similar to the changes in the shear strength 

parameters. However, testing at the same density of the soil is required for understanding 

the effects of moisture content on the shear strength parameters. This chapter presents a 

test program carried out at the same soil densities but with different moisture contents.  

Two series of direct shear tests and triaxial tests were conducted on the sand samples 

maintaining two different dry unit weights of 17 kN/m3 and 18.5 kN/m3, respectively. A 

comparison of the soil parameters obtained from the direct shear tests and triaxial tests is 

also presented. 

 Experimental Program 

Direct shear tests and triaxial tests were conducted using the local sand (Sample A, 

discussed in Chapter 3). Moisture contents of the soil were varied, keeping the dry unit 

weights the same for all specimens in each series of tests. The methodologies employed 

for the tests, including the maintenance of constant dry unit weights, are described below. 
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 Direct Shear Test 

The direct shear tests were conducted on oven-dry, moist, and submerged sand samples 

under three normal stresses of 50 kPa, 100 kPa, and 200 kPa. The shear box of the direct 

shear device allows testing of a specimen with a 63.5 mm diameter and 26 mm thickness. 

For each sample, the amount of dry sand was calculated to fill the fixed volume of the 

direct shear box and obtain the fixed dry unit weights (17 kN/m3 and 18.5 kN/m3, 

respectively). For testing of oven-dry soil, the predetermined amount of dry sand was 

directly placed and compacted in the shear box of constant volume, and then shearing was 

applied. For the moist samples, the predetermined amount of dry sand was first mixed with 

a specified amount of moisture. The sample is then put inside an airtight Ziploc bag for 24 

hours to allow thorough soaking. After 24 hours, the moist samples were placed and 

compacted in the shear box (of constant volume) before the shearing was applied. Moisture 

contents from 2% to 10% were considered for the moist samples.  

For testing of saturated/submerged samples, the dry sand was first placed in the shear 

box as mentioned above, which was then submerged in water for 24 hours. Then, the 

shearing was applied. The shearing was applied at a displacement rate of 1 mm/min in each 

test.  

The thickness of each sample after compaction was recorded to determine the final dry 

unit weights. After completion of each test, the actual moisture content of each soil sample 

is determined. The test program of the direct shear test for two densities of the soil 

considered is shown in Table 5-1 and Table 5-2, respectively. 
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Table 5-1: The direct shear test program for dry unit weight of 17 kN/m3 

Target Moisture Content 

(%) 

Average Moisture 

Content after tests 

(%) 

Dry Unit Weight, 

d (kN/m3) 

Normal Stress 

(kPa) 

0 0 17.01 

50,100, & 200 

2 1.78 17.02 

4 3.79 16.97 

6 5.75 17.01 

8 7.72 17.04 

10 9.80 17.12 

Submerged 16.41 17.10 

 

Table 5-2: The direct shear test program for dry unit weight of 18.5 kN/m3 

Target Moisture Content 

(%) 

Average Moisture 

Content after tests 

(%) 

Dry Unit Weight, 

d (kN/m3) 

Normal Stress 

(kPa) 

0 0 18.70 

50,100, & 200 

2 1.50 18.59 

6 5.71 18.46 

10 9.02 18.70 

Submerged 14.12 18.65 

 

 Triaxial Test 

Triaxial tests were conducted on the moist and saturated samples under three confining 

pressures of 50 kPa, 100 kPa, and 200 kPa. The test specimens have a diameter of 38–38.5 

mm and a height of 72–73 mm. As in the direct shear test, a predetermined amount of dry 

sand is used to fill the triaxial mold of known volume, maintaining a constant dry unit 

weight of the samples. The moist samples were put in airtight ziplock bags for 24 hours for 

proper soaking. The triaxial test setup is shown in Figure 4-1 in Chapter 4. 
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The procedure discussed in Chapter 4 was employed for the preparation of the samples. 

The pedestal with porous stone sandwiched between two filter papers and the split 

cylindrical mold were fitted inside a membrane. The samples were poured inside the 

membrane in five layers of equal thickness. Each layer was compacted using a compaction 

hammer as required to place a predetermined amount of soil within a fixed volume of mold 

(to ensure constant unit weights).  For the saturated sample, dry sand was placed, and the 

specimen was subjected to deaired water and CO2 flushing from the bottom to the top. The 

CO2 flushing was performed for 3–4 hours, and the water flushing was performed until the 

water volume in is equal to volume out. The split mold was then dispatched from the 

specimen after applying suction with the back-pressure valve to hold the sample. The 

height and diameter of the sample were then measured to check the dry unit weight of the 

soil. The specimen was then subjected to saturation with deaired water at high pore-water 

pressures (back pressure) in several stages for dissolving of any air bubbles into the water. 

Backpressure in the range of 580 kPa to 670 kPa was applied with a cell pressure of 20 kPa 

higher than the backpressure. This procedure provided a B value of around 0.93. While the 

B value should ideally be 1 for saturated soil, a maximum value of around 0.93 could be 

obtained during tests. After completion of saturation, consolidation was conducted on the 

sample at predefined confining pressures. Then, shearing was applied with a loading 

velocity of 0.065 mm/min under undrained conditions. 

For the unsaturated specimen, no CO2, de-aired water flushing, saturation, and 

consolidation were applied to the samples. A small back pressure of −5 kPa was applied 

to the sample to hold it straight with minimum impact on the specimen initially. The 
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backpressure valve was then closed to make it in an undrained condition. After the filling 

of the triaxial cell with water that provided support to the specimen, the back-pressure 

valve was opened to reduce the backpressure to zero, and then the valve was again closed. 

Then, the confining pressure was applied. After the application of confining pressure, 

shearing was applied in undrained conditions to ensure the constant moisture content of 

the specimen during the tests. The loading was applied at the same velocity as that used for 

the saturated sample. The moisture content of each sample was measured after the 

completion of each test for confirmation of the moisture contents.  Details of triaxial test 

programs are shown in Table 5-3 and Table 5-4, respectively. 

Table 5-3: Triaxial test program for dry unit weight of 17 kN/m3 

Target Moisture 

Content (%) 

Average Moisture 

Content after tests 

(%) 

Dry Unit Weight, 

d (kN/m3) 

Confining Pressure 

(kPa) 

2 1.98 16.95 

50,100 & 200 

4 3.91 16.96 

6 6.05 17.18 

8 8.11 16.96 

10 10.10 17.11 

Saturated 17.58 17.12 

 

Table 5-4: Triaxial test program for dry unit weight of 18.5 kN/m3 

Target Moisture 

Content (%) 

Average Moisture 

Content after tests (%) 

Dry Unit Weight 

(kN/m3) 

Confining Pressure 

(kPa) 

2 2.36 18.48 

50,100 & 200 
6 6.44 18.43 

10 10.39 18.48 

Saturated 14.61 18.49 
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 Results 

 Direct Shear Test 

The stress–displacement behavior of the samples from the direct shear tests with dry 

unit weight of 17 kN/m3 and 18.5 kN/m3 are shown in Figure 5-1 and Figure 5-2, 

respectively. The figures show that the peak stress ratios of the samples are different for 

different moisture contents, although the dry unit weight of the soils is the same. Thus, the 

moisture content influences the shear strength of the soil, contrary to that reported in 

Chapter 3. Note that the dry densities of the moist sand discussed in Chapter 3 were less.  

The post–peak degradations in the stress ratios are observed for the dry soils, while the 

post–peak degradation is not evident for the moist soil at 17 kN/m3 of dry unit weight 

(Figure 5-1). As a result, the peak stress ratios are less for the moist soils, indicating lower 

shear strengths.   However, the moist samples with 10% moisture contents showed post–

peak degradation for 18.5 kN/m3 of dry density (Figure 5-2) and at lower normal stresses 

(e.g., 50 kPa) for 17.0 kN/m3 of dry density. Thus, the effects of moisture content on the 

soil behavior also depend on the relative compaction.  

At both densities of the soil, the dry soils and the submerged soils showed similar peak 

stress ratios,  with slightly higher stress ratios for the submerged soil.  The peak stress ratio 

is higher at low normal stress of 50 kPa than those at higher stresses for all samples, which 

is in general agreement with the observations discussed in Chapter 3.  
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Figure 5-1: Effect of moisture content on stress–displacement responses for dry unit 

weight of 17 kN/m3: (a) 50 kPa (b) 100 kPa (c) 200 kPa 
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Figure 5-2: Effect of moisture content on stress–displacement responses for dry unit weight 

of 18.5 kN/m3: (a) 50 kPa (b) 100 kPa (c) 200 kPa 

Figure 5-3 plots the peak shear stresses against the normal stresses obtained from the 

direct shear tests. It shows that the peak shear stresses for the dry soil match those for 

submerged soil for d = 18.5 kN/m3 and are close to each other for d = 17 kN/m3. The 

dry/submerged soil strengths are higher than the moist soil strength, except for the soil with 

10% moisture at d = 18.5 kN/m3. The moist sample with 10% moisture is in the transition 

regime, where a further increase of moisture changes the state from funicular to capillary 

regime. Linear trendlines with the relations in Figure 5-3 are used to determine the strength 

parameters for the different conditions of the soil (additional plots are included in Appendix 

A). The resulting angles of internal friction were calculated to range from 30 to 48 for  d 

= 17 kN/m3 and from 40 to 52.5 for  d = 18.5 kN/m3. The corresponding apparent 

cohesions for the soils range from 4.8 kPa to 16.7 kPa for  d = 17 kN/m3 and from 2.2 kPa 

to 7.8 kPa for  d = 18.5 kN/m3. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2 3 4 5

S
tr

es
s 

R
at

io

Horizontal Displacement (mm)(c)

0% moisture

2% moisture

6% moisture

10% moisture

submerged



109 

 

 

Figure 5-3: Peak shear stress versus normal stress: a) d = 17 kN/m3;  b) d = 18.5 kN/m3 

 Triaxial Test 

Figure 5-4 and Figure 5-5 represents the stress-strain behavior from the triaxial tests 

with the dry unit weight of 17 kN/m3 and 18.5 kN/m3, respectively. The saturated samples 

show significantly higher strength than the moist sample for both cases. In both figures, 

the peak deviatoric stresses are the highest for the saturated samples that occur at the larger 

axial strains. The peak deviatoric stresses for the moist samples do not change significantly 

for the changes in the moisture contents. Mohr-circles with the peak deviatoric stresses and 

the corresponding confining pressure are plotted to fit with the linear Mohr-Coulomb’s 

failure criteria to determine the strength parameters. Total stress Mohr circles are drawn 

for the moist soils as the pore-water pressure was not available (please in Appendix B).  
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Figure 5-4: Stress-strain behavior from triaxial tests for samples with dry unit weight of 

17 kN/m3: (a) Confining pressure = 50 kPa (b) Confining pressure = 100 kPa (c) Confining 

pressure = 200 kPa 
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Figure 5-5: Stress–strain behavior from triaxial tests for samples with dry unit weight of 

18.5 kN/m3: (a) Confining pressure = 50 kPa (b) Confining pressure = 100 kPa (c) 

Confining pressure = 200 kPa 

For the saturated soils, the total stress and effective stress Mohr circles are drawn, as 

shown in Figure 5-6.  At failure, negative pore water pressure was measured during the 

tests due to dilation of the dense soils, which resulted in higher effective stresses than the 

total stresses in the figure.  The strength parameters for the saturated soil are obtained as 

below. 
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For d = 17 kN/m3: 

Total stress parameters: apparent cohesion, c = 6.5 kPa and the angle of internal friction, 

∅ = 45.8. 

Effective stress parameters: apparent cohesion, c = 26.0 kPa and the angle of internal 

friction, ∅ = 39.4. 

For d = 18.5 kN/m3: 

 Total stress parameters: apparent cohesion, c = 5.5 kPa and the angle of internal friction, 

∅ = 49.6. 

 Effective stress parameters: apparent cohesion, c = 19.6 kPa and the angle of internal 

friction, ∅ = 44.2.  
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Figure 5-6: Mohr circles for determination of strength parameters: a) d = 17 kN/m3;  b) d 

= 18.5 kN/m3 

 Comparison of Strength Parameters 

The shear strength parameters obtained from the direct shear tests and triaxial tests are 

compared for different moisture contents to demonstrate the influence of moisture content 

on the strength parameters.  As mentioned earlier, the strength parameters from the direct 

shear tests are calculated using the linear trendline with the peak shear stress versus normal 

stress data.  For the triaxial tests, a linear Mohr-Coulomb failure envelope is plotted as a 

tangent to the Mohr circles stresses corresponding to the peak deviatoric stress. The 

conventional straight-line approach was found to reasonably represent the Mohr-Coulomb 

failure envelop for each test.  The slope of the straight line represents the angle of internal 

friction, and the intercept of the y-axis represents the apparent cohesion. 
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The obtained angle of internal friction and the apparent cohesion is plotted against the 

degree of saturation in Figure 5-7 and Figure 5-8, respectively. Figure 5-7 shows that the 

angle of internal friction from the direct shear tests is the highest at the dry and saturated 

conditions and less at the unsaturated conditions. The friction angle decreases with the 

increase of moisture contents from the dry state, reaches the lowest value, and then 

increases, achieving the highest value at the submerged condition.  For the dry density of 

17 kN/m3, the friction angle is 45.5o at the dry state, the lowest (i.e., 29.3o) at around 30% 

degree of saturation, and 48o at the submerged condition.  The results from the triaxial test 

follow the test results from the direct shear tests, except that test data for the dry condition 

is not available. The changes in the friction angle with the degree of saturation are 

consistent with those reported in Lu and Wu (2005). Lu and Wu (2005) found the angle of 

internal friction of fine sand to decrease from 41o to 36o for an increase of the degree of 

saturation from 0% to 4%, and then return to 40o at 100% saturation. However, greater 

shear strength of unsaturated soil is often reported in the literature where external matric 

suction is applied during the tests to maintain constant suction. The external matric suction 

is likely the cause for the higher shear strength (Gallage and Uchimura 2016; Maleki and 

Bayat 2012; Schnellmann et al. 2013; Likos et al. 2010). However, the external suction is 

not present in the soil used as the backfill material in the field. The shear strength for these 

materials is expected to be less under unsaturated condition. 

For the soil with a dry unit weight of 18.5 kN/m3, the angle of internal friction from the 

direct shear tests was 50 in the dry state that reached the lowest value of 40 at the degree 

of saturation of around 10%. Beyond the 10% degree of saturation, the friction angle 
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increases with the increase of the degree of saturation. However, the angle of internal 

friction from the triaxial tests increases from the minimum value of 43.4 at the degree of 

saturation of 16% to the maximum value of 49.6 in the saturated state. Triaxial tests were 

not conducted for dry condition. Figure 5-7 shows that the angle of internal friction is 

minimum at the degree of saturation of 10-15% for dry unit weight of 18.5 kN/m3 and 30–

35% for dry unit weight of 17 kN/m3. 

 

Figure 5-7: Effect of degree of saturation on the angle of internal friction 

The apparent cohesion is higher for the unsaturated sands due to the suction but almost 

negligible for the dry and the saturated conditions (Figure 5-8). For the dry unit weight of 

17 kN/m3, the apparent cohesion increases with the increase of the degree of saturation 

from the dry state and reaches the maximum apparent cohesion of 20 kPa at the 30% to 

40% degree of saturation. Lu and Wu (2005) also showed that the apparent cohesion of 
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fine sand reaches the peak value at an intermediate degree of saturation (20–30%) and 

reduces to the minimum value at the fully saturated and dry conditions. A similar 

observation was also reported for gravelly soil in Ravindran and Gratchev (2020). For the 

dry unit weight of 18.5 kN/m3, the maximum apparent cohesion of 7.7 kPa was observed 

at a 10% degree of saturation from direct shear tests beyond which the apparent cohesion 

was reduced. A reduction of apparent cohesion for the increase of the degree of saturation 

beyond 15% was observed from the triaxial tests as no test at a lower degree of saturation 

was conducted. 

 

Figure 5-8: Effect of degree of saturation on apparent cohesion 

 Suction Stress 

Lu and Likos (2006) defined suction stress as the resultant macroscopic intraparticle 

stress such as cementation, van der Waals attraction, double layer repulsion, capillary 
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water pressure. It is a function of the degree of saturation or matric suction. Lu and Likos 

(2006) modified Terzaghi’s (1936) effective stress (see Eq. (5.1)), incorporating suction 

stress for unsaturated soil,  

𝜎′  =  (𝜎 − 𝑢𝑎) − 𝜎𝑠 

Or,   𝜎′  =  (𝜎 − 𝑢𝑎) − (𝑢𝑎 − 𝑢𝑤)𝑆𝑒                [5.1] 

Where, 𝑆𝑒  is the effective degree of saturation, (𝜎 − 𝑢𝑎) is net normal stress,  (𝑢𝑎 − 𝑢𝑤) is 

matric suction, and 𝜎𝑠 is suction stress.  

Suction stress is also defined as isotropic tensile stress arising from capillary 

mechanisms in unsaturated sand, which has an equivalent meaning of the “apparent 

cohesion.” The isotropic tensile strength (σti) can be obtained through a linear extension of 

the Mohr-Coulomb failure envelope with total stress Mohr circles to the horizontal axis 

(Figure 2-6, in Chapter 2) (Lu et al. 2009). 

As the variation of the suction stress with the degree of saturation has intrinsic relation 

with the soil water characteristics curve, it can be estimated from the soil water 

characteristics curve (SWCC) (Lu et al. 2014; Oh et al. 2012). According to van Genuchten 

(1980) mathematical model for SWCC, 

𝑆𝑒  =  
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
 =  [

1

1+[𝛼(𝑢𝑎−𝑢𝑤)]𝑛
]

𝑚

                [5.2] 

Where, 𝜃 is volumetric water content, 𝜃𝑟 residual volumetric water content, 𝜃𝑠 is 

saturated volumetric water content, 𝛼 is inverse of air entry value, n and m are fitting 

parameters. 
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Lu et al. (2010) described suction stress as the function of the effective degree of 

saturation or matric suction (see Eq. (5.3) and Eq. (5.4)) incorporating 𝛼, 𝑛, and 𝑚 from 

the SWCC fitting. 

𝜎𝑠  =  −
𝑆𝑒

𝛼
(𝑆𝑒

𝑛

1−𝑛 − 1)
1

𝑛⁄

                 [5.3] 

Or 

 𝜎𝑠  =  −
(𝑢𝑎−𝑢𝑤)

[1+(𝛼(𝑢𝑎−𝑢𝑤))𝑛]𝑛−1 𝑛⁄             [5.4] 

The suction stresses at various moisture contents are calculated using SWCC relations 

for the soil (Eq. (5.3) and Eq. (5.4)) and from the results of direct shear tests and triaxial 

tests (extension of Mohr-Coulomb envelop to the normal stress axis).  The results are 

compared in Figure 5-9. It reveals that the suction stress calculated from SWCC relations 

decreases from a high value (41 kPa for d = 17 kN/m3 and 13 kPa for d = 18.5 kN/m3) to 

a low below for increase of the degree of saturation from around 6% to 15%, beyond which 

the suction stresses are negligible. However, suction stress obtained from direct shear tests 

and triaxial tests increases initially with the increase of the degree of saturation and then 

decreases, which could not be calculated using the SWCC relation.  Similar behavior was 

also observed in Maleksaeedi et al. (2017), where the suction stress is determined from 

both suction test and conventional direct shear test of granular material.  The suction stress 

obtained from the direct shear and triaxial tests are significantly higher than those 

calculated from SWCC for dry unit weight of 17 kN/m3. For the dry unit weight of 18.5 

kN/m3, the difference is less significant. The suction stresses for d = 17 kN/m3 are higher 
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than those for d = 18.5 kN/m3. Song (2014) also reported that the suction stress for sand 

reduces with the increase of dry unit weight. 

 

Figure 5-9: Comparison of suction stresses: a) d = 17 kN/m3;  b) d = 18.5 kN/m3 

 Summary 

This chapter presents the direct shear tests and triaxial tests conducted with different 

moisture contents but at two constant dry unit weight of 17 kN/m3 and 18.5 kN/m3. The 

followings are major conclusions from these tests. 

• The strength parameters depend on the degree of saturation of the soil. The angle of 

internal friction decreases with the increase of the degree of saturation from its 

maximum value at the dry state of the soil and reaches the minimum value at the degree 

of saturation of 10 to 30%. Beyond that, the angle of internal friction increases with the 

increase of the degree of saturation, reaching the maximum value at the submerged 

condition. 
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• The apparent cohesion is negligible for dry and saturated soil. It increases with the 

increase of the degree of saturation from the dry condition and reaches a maximum value 

beyond which it decreases with the minimum value at the saturated condition. The 

highest cohesion of around 20 kPa was obtained for the dry unit weight of 17 kN/m3 of 

the soil. The maximum apparent cohesion for the dense soil (the dry unit weight of 18.5 

kN/m3) was less (10 kPa).   

• The suction stress calculation method from the SWCC generally provides higher 

suctions stress at the lower moisture contents and cannot account for the reduction of 

the suction stress at very low degrees of saturation. Although the suction stresses 

calculated using the SWCC show a similar trend as those obtained from the results of 

direct shear and triaxial tests for the sand with the dry unit weight of 18.5 kN/m3, these 

were significantly different for the sand with the dry unit weight of 17 kN/m3. 
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CHAPTER 6 Conclusion and Future Recommendation 

 

 General 

The strength and deformation characteristics of the backfill material significantly 

govern the behavior of the buried structures. The backfill material can be in dry, 

unsaturated, and saturated conditions depending upon the climatic conditions. The 

behavior of the soil subjected to various moisture condition is very complex.  This thesis 

presents an investigation of the behavior of a manufactured sand under various moisture 

contents.    Conventional direct shear tests and triaxial tests were conducted to investigate 

the soil under various densities, moisture contents, and stress levels. In this chapter, the 

overall findings from this research are discussed. The specific conclusions related to 

different aspects are discussed in Chapters 3, 4, and 5. 

 Major Findings from the Direct Shear Test Program 

• Although the same compaction effort was applied during sample preparation, the 

dry density of the sand was different for different moisture contents. Thus, the test 

results were influenced by the densities of the soil, in addition to the moisture 

contents and the stress levels considered in the test programs. 

• The effect of matric suction on the apparent cohesion is negligible for the range of 

moisture content considered (1% to 6%) during the direct shear tests. It is likely 

because the air voids in the granular soil are connected in the direct shear apparatus, 

resulting in the air pressure the same as the atmospheric pressure. 
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• The friction angle of the moist soil was found to change due to changes in the dry 

unit weight (or relative compaction) during the tests. The soil with higher relative 

compaction had a higher friction angle. However, the rate of increase of the friction 

angle was less at lower relative compactions and was very high at high relative 

compactions (>90%).  

• At low normal stresses (<50 kPa), the peak friction angles were higher than those 

at higher normal stresses for dense conditions of the soil. The effect of normal stress 

on the friction angle was insignificant for uncompacted (loose) sands. 

• The rate of shearing within the range of 0.25 mm/min to 1.5 mm/min was found to 

have insignificant effects on the behavior of the dry soil.   

• The removal of around 18% of coarse particles (retained on #8 sieve) from the sand 

did not affect the peak friction angle significantly. 

 Major Findings from the Triaxial Test Program 

• Apparent cohesion, resulting from suction stress, was observed from the triaxial 

tests. However, the magnitude of the apparent cohesion was not significantly high 

for the soil (ranged from 9.8 kPa to 15.5 kPa). The corresponding isotropic tensile 

strengths (suction stress) are 10.8 kPa to 18.4 kPa. 

• Similar to the results obtained from the direct shear test program, the shear strength 

parameters were found to vary with the degrees of saturation due to the changes in 

the dry unit weights. The saturated soil sample had the highest magnitudes of shear 

strength parameters, which also had the highest relative density. 



125 

 

• Both the apparent cohesion and angle of internal friction are the lowest at the degree 

of saturation of 29.5%, which is attained at 6.98% moisture content. The suction 

stress and dry unit weight were also the lowest at this moisture content. Obtaining 

full saturation (with B values of 1) of the soil during the test was a challenge during 

the triaxial tests. It may cause suction (apparent cohesion) in the saturated sand. 

 Tests at Constant Densities 

• The strength parameters of soil with constant dry density varies with the degree of 

saturation. 

• The angle of internal friction initially decreases with the increase of the degree of 

saturation from its maximum value in the dry soil and then increases. The minimum 

friction angle was observed at the degree of saturation of 10 to 30%. 

• The apparent cohesion is negligible for dry and saturated soil. The apparent 

cohesion increases initially with the degree of saturation from the dry condition and 

then decreases with a further increase of the degree of saturation. The highest 

cohesion of around 20 kPa was obtained for the dry unit weight of 17 kN/m3 of the 

soil. The maximum apparent cohesion for the dense soil (the dry unit weight of 18.5 

kN/m3) was less (10 kPa).   

• The suction stress calculation method from the SWCC cannot account for the low 

suction stress at lower degrees of saturation observed during the direct shear and 

triaxial tests. 
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 Recommendation for Future Study 

The soil is a very complex natural material whose behavior is influenced by various 

conditions. Laboratory investigation can provide an improved understanding of the 

behavior of the soil. In this thesis, an investigation was conducted to understand the 

behavior of a locally manufactured sand. The following presents a list of recommendations 

for further improvement in the understanding of the behavior of the sand. 

• Testing in soil mechanics is subject to random errors, resulting in variabilities in 

the test results.  The random errors can be measured by the scatter in the results 

from repeated tests (Selig and Ladd 1973). A statistical approach can be undertaken 

to correctly identify soil parameters by minimizing random errors.   

• Structural backfill materials are often subjected to low stresses. Testing of soil at 

low stresses is difficult using conventional test apparatus. Research can be 

undertaken to identify the concerns with the application of low confining pressure 

and address the concerns.  

• In the current study, the conventional testing apparatus was used to investigate the 

soil behavior. The findings from the tests with the conventional device should be 

compared with the test results using specially designed equipment for unsaturated 

soil. Particularly, the measurement of suction during the tests would provide 

valuable information to interpret the observed behaviors.  
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• Based on a detailed study, different correlations of soil parameters for dry, 

unsaturated, and saturated soils can be developed for use in the design.  

• Mineralogical analysis of the sand is also recommended to characterize the soil 

grains. 
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APPENDIX A  Direct Shear Test 

 

 

Figure A-1: Shear stress–Normal stress plot for sample B with compaction 

 

Figure A-2: Shear stress–Normal stress plot for sample B without compaction 
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Figure A-3: Shear stress–Normal stress plot for sample C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50

P
ea

k
 S

h
ea

r 
S

tr
es

s 
(k

P
a)

Normal Stress (kPa)

CH1 CH2

CH0 CN0

CM0



130 

 

APPENDIX B  Triaxial Test 

 

 

 

Figure B-1: Mohr-Coulomb failure envelope for sand sample with 2.93% moisture and d 

of 17.58 kN/m3 

 

 

Figure B-2: Mohr-Coulomb failure envelope for sand sample with 6.98% moisture and d 

of 15.98 kN/m3 
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Figure B-3: Mohr-Coulomb failure envelope for sand sample with 11.88% moisture and 

d of 17.10 kN/m3 

 

 

Figure B-4: Mohr-Coulomb failure envelope for sand sample with 2% moisture and d of 

17 kN/m3 
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Figure B-5: Mohr-Coulomb failure envelope for sand sample with 4% moisture and d of 

17 kN/m3 

 

 

Figure B-6: Mohr-Coulomb failure envelope for sand sample with 6% moisture and d of 

17 kN/m3 
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Figure B-7: Mohr-Coulomb failure envelope for sand sample with 8% moisture and d of 

17 kN/m3 

 

 

Figure B-8: Mohr-Coulomb failure envelope for sand sample with 10% moisture and d of 

17 kN/m3 
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Figure B-9: Mohr-Coulomb failure envelope for sand sample with 2% moisture and d of 

18.5 kN/m3 

 

 

Figure B-10: Mohr-Coulomb failure envelope for sand sample with 6% moisture and d of 

18.5 kN/m3 
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Figure B-11: Mohr-Coulomb failure envelope for sand sample with 10% moisture and d 

of 18.5 kN/m3 
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