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Abstract 

 

Geotechnical Properties of Kaolinite Contaminated with a Non-

Aqueous Phase Liquid 

 

 

 

 

Mary Kathlyn Goff, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Robert Gilbert 

 

Contaminated sites are found all around the world. In order to contain these 

contaminants, engineers propose capping the contaminated sediments with a sand cap. 

When capping these contaminants, the sand causes consolidation to occur and could 

cause a slope failure if the contaminants were on a slope. Investigating the properties of 

these contaminated sediments allows for proper analysis of a slope failure. The primary 

objective of this research was to determine the shear strength of contaminated sediments. 

Since soil samples from actual contaminated sites are highly variable and difficult 

to explain, the soil used in this research project was mixed and controlled in the lab. A 

mixture of Kaolinite, water and mineral oil (NAPL, non-aqueous phase liquid) was used 

for the specimens. Different oil amounts were placed into the specimens to create 
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different scenarios. The different oil combinations included: 100% water, 100% oil, 90% 

oil, 70% oil, and 50% oil. All of the specimens were fully saturated, and the specimens 

that had less than 100% oil contained water in the remaining percentage.  

Consolidated Undrained and Consolidated Drained triaxial tests were performed 

on the specimens. The constructed specimens were subjected to consolidation stages 

ranging from 0.6psi to 29psi in confining pressure. The main focus of the study was on 

low confining pressures. After consolidation the specimens were sheared either undrained 

or drained. Both tests were utilized in order to see the difference in the pore pressures 

generated.  

Failure envelopes were developed for the different oil contents that contained 

three dimensions included the shear strength, the effective stress, and the pore pressure 

difference between the pore oil pressures and the pore water pressures. Also, the behavior 

of oil-dominated versus water-dominated was determined. Results from the 100% water 

specimens were comparable to previous data. The shear strength for the 100% oil 

specimens was higher than the 100% water specimens, but lower than the 90% oil and 

70% oil specimens. The 50% oil specimens resulted in a great deal of variability on 

whether the specimen was water-dominated or oil-dominated. The main conclusion was 

that the Kaolinite had an increase in strength with the introduction of mineral oil.   
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Chapter 1:  Introduction 

1.1 PROBLEM STATEMENT 

Contaminated sediments are found in many sites around the world. The challenge 

is to prevent these contaminants from seeping out of the soil and into the groundwater 

system for a community or from reaching a body of water. Typical remediation 

techniques consist of dredging, natural attenuation, or to cap the site with sand or a more 

absorbing material such as Organoclay. In 2007, a surge pond in South Louisiana, was 

tested for a demonstration on capping contaminated sediments. During the test, an 

Organoclay mat was placed on top of the sediments with two inches of sand on top of the 

mat. The location of the test was on a slope of approximately 10º that failed when the two 

inches of sand was placed. The geotechnical properties of the soil were unknown due to 

the different contaminants in the soil and lack of prior testing.  

Dredging the contaminated sediments removes the sediments. This option often 

causes problems by disrupting the sediments and releasing the contaminants into the 

environment. The short term risks from dredging are compared to the long term risk of 

completely removing a large portion of the contaminants. Natural attenuation is used if 

the contaminated sediments are not harmful or immobile.  

Organoclay is bentonite clay that is modified with a surfactant containing a 

nitrogen ion. The mixture removes large volumes of greases and oils for the weight of the 

Organoclay. Organoclay is very light and effective but not economically feasible for 

some sites. Researchers tested Organoclays to determine the volume of absorption for 

different contaminants (Erten et al., 2011).  

Using a sand cap is more economical and is completed more rapidly than the 

Organoclay placement. The issue with the sand cap is adding external weight onto the 
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contaminated sediments and causing consolidation of the soil and possible shear failure. 

A typical sand cap consists of a geotextile layer directly on top of the contaminated 

sediments followed by a sand layer with a gravel layer on top of the sand. The layers are 

very small in thickness at times causing small effective stresses on top of the 

contaminated sediments. 

The consolidation of contaminated sediments was researched in order to 

understand the geotechnical properties (Steward 2007 and Erten et al. 2011). Actual field 

specimens were tested by Steward (2007), but it was difficult to generalize the results 

because of the unknown variables in the specimens. Controlled specimens were produced 

by Erten et al. (2011) which consisted of the Kaolinite contaminated with mineral oil. 

Erten et al. (2011) established an oil content at which the oil was no longer being 

expelled out of the specimen during consolidation.  

Shear strengths of sediments contaminated with NAPL have not been determined 

previously because of the complexity of a three-phase system. The three-phase system 

consists of a solid phase, aqueous liquid phase, and a non-aqueous phase liquid (NAPL). 

The specimen experiences the total pressure, the aqueous liquid pressure, and the non-

aqueous liquid pressure during a shear test which requires a failure envelope that is 

controlled by three different aspects: the shear strength, the effective stresses, and the 

pressure differences between the pore oil pressures and the pore water pressures. This 

document presents a failure envelope that is derived by these three factors for a controlled 

specimen that contains Kaolinite contaminated with mineral oil at different oil contents. 

The main purpose for determining the shear strength is to analyze the sediments 

for bearing capacity and slope stability. The major facts about the sediments used are that 

it has a high void ratio, it is very weak and compressible, and it contains a multi-phase 

system. 
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1.2 RESEARCH OBJECTIVES 

Given the previous research and specimen preparation provided by Erten et al. 

(2011), the primary objectives of this research project were to: 

1) Perform Consolidated Undrained and Consolidated Drained tests on prepared 

specimens with Kaolinite and mineral oil. 

2) Develop a failure envelope that contains the shear strength, effective stress, 

and pore pressure differences. 

3) Attempt to describe the relationship between the NAPL, soil, and water. 

 

Research previously performed by Erten et al. (2011) on Kaolinite specimens 

contaminated with NAPL (mineral oil) was the starting point for this project. Erten et al. 

(2011) researched the construction of these specimens for consolidation tests. The next 

step after consolidation was to shear the specimens to determine a shear strength. 

Consolidated Undrained and Consolidated Drained triaxial tests were conducted on 

different water-oil saturation combinations. The data was then analyzed to determine a 

three-dimensional failure envelope for the different saturation combinations.  

 

1.3 ORGANIZATION OF THESIS 

This document is divided into six chapters. After this introduction, a literature 

review of previous research is provided in Chapter 2. The literature review covers the 

behavior of cohesive soils during shearing including the results from shear strengths of 

Kaolinite. The reaction of soils to different strain rates is presented. Also, the topic of 

flocculation and dispersion is discussed and what causes each one. Previous research on 
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capping contaminated sediments and consolidation of Kaolinite with NAPL are shown. 

The shear strengths of unsaturated soils are discussed.  

Chapter 3 discusses the experimental program for this research project. The 

materials used such as the Kaolinite, mineral oil, and triaxial cells are presented in detail. 

Two different types of loading frames are used, the Wykeham Farrance loading frame 

and the GeoJack loading frame. Specimens are prepared in a few different ways that 

include to 100% oil, 100% water, and 70% oil. Finally, the steps to completing the 

Consolidated Undrained and Consolidated Drained tests are provided. 

The fourth chapter of this document presents the raw data from the experiments 

discussed in Chapter 3. Each saturation combination tested is provided with the 

consolidation data, applied load, and pore pressures generated. Chapter 5 takes the raw 

data from Chapter 4 and analyzes the data. For each saturation combination, the 

deviatoric stresses, p’ and q values, and the two-dimensional Mohr-Coulomb failure 

envelopes are derived.  

The development of a three-dimensional failure envelope for these different 

saturations is also discussed in Chapter 5. First, the two-dimensional failure envelopes of 

the different saturation combinations are compared. Then the process of determining the 

pore pressure difference between the pore oil pressures and pore water pressures is 

described. Finally, a three-dimensional failure envelope for each of the saturation 

combinations is defined, presented, and discussed.  

Lastly, the sixth chapter concludes the document with conclusions and summaries 

from the research on shear strengths of sediments contaminated with NAPL. 

Recommendations for future research are provided, as well.  
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Chapter 2:  Literature Review 

2.1 INTRODUCTION 

This chapter contains background information that pertains to the scope and 

purpose for this project. The previous research projects that pertain to the purpose of this 

project are discussed first. The method of capping contaminated sediments along with 

pervious developments to this project is provided. The consolidation behavior of 

Kaolinite contaminated with NAPL is shown. The behavior of cohesive soils during 

shearing are presented and mainly focus on Consolidated Undrained Triaxial tests and 

Consolidated Drained Triaxial tests. Also, the shearing behavior of the soil used for this 

project, Kaolinite, is discussed. The characteristics that cause the diffused double layer of 

clays are presented. The shear strength for unsaturated soil conditions is discussed. 

Finally, choosing the correct shearing rate is reviewed. 

 

2.2 CAPPING CONTAMINATED SEDIMENTS 

When environmental engineers are investigating a site with contaminated 

sediments, the contaminant was referred to as a NAPL, non-aqueous phase liquid. In 

order to prevent the contaminants from entering the ecosystem, a cap was applied to the 

top of the sediments. The cap consisted of a clean layer of sand. Thin layered caps were 

used to create a barrier that was thin and additional sediments were placed on top. A thick 

layered cap allowed for the NAPL to migrate into the cap and create an environment for 

the organisms in the NAPL to live without breaking through. A schematic of a cap is 

shown in Figure 2.1.  

Moretti (2008) investigated the consolidation of these contaminated sediments 

due to placing the cap. The concern was that the consolidation was causing the NAPL to 
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be mobilized. Moretti (2008) conducted consolidation tests using a triaxial setup on 

actual field samples from different sites. Moretti (2008) found that the capping could 

cause the NAPL to be expelled, and also determined that there were a lot of variability in 

the sites that the field samples were from. The variability in contaminants and the sites 

made it difficult to develop a theory without further testing.  

 

 

Figure 2.1: Cap Example (Moretti, 2008) 

 

Moretti (2008) used a triaxial test to consolidate the specimens to simulate 

capping. The apparatus used by Moretti (2008) was developed by Steward (2007). The 

triaxial setup was designed to work for low effective stresses. A schematic of the 

apparatus and a picture of the setup are provided in Figure 2.2 and Figure 2.3, 

respectively. Steward (2007) used samples that were from the field, as well. Due to the 

different NAPL contaminants from the sites, it was difficult to fully understand what was 

happening in the specimens. These investigations gave good insight into whether a cap 

will help the site or damage it further.  
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Figure 2.2: Schematic of Triaxial Setup (Steward, 2007) 

 

 

Figure 2.3: Picture of Triaxial Setup (Steward, 2007) 
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2.3 CONSOLIDATION OF KAOLINITE WITH NAPL 

Erten et al. (2011) performed consolidation tests using the triaxial setup on 

specimens constructed of pure kaolinite and Soltrol 130 (mineral oil). Erten et al. (2011) 

prepared a specimen that was four inches tall and two inches in diameter with an initial 

void ratio of 2.05. The initial specimens were mixed to where 70% of the voids were 

filled with mineral oil and 30% were filled with water. In order to reduce the oil content, 

the specimen was flushed with water until the desired oil content was achieved. The 

specimen was then subjected to the consolidation stages. The results of the consolidation 

tests showed that at 10% volumetric content of mineral oil, oil was no longer mobilized 

due to consolidation. Figure 2.4 shows that at a certain point the effluent from the 

consolidation switched from oil to water after a certain content of oil (10% volumetric 

content). Also, Erten et al. (2011) tested the difference between specimens on whether 

they were initially oil-wetted or water-wetted. The results showed that the consolidation 

curves were not that different.  

 

 

Figure 2.4: Consolidation Curves that Show the Type of Effluent (Erten et al., 2011) 
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2.4 BEHAVIOR OF COHESIVE SOILS DURING SHEARING 

 Triaxial tests were used by many geotechnical labs to determine the shear strength 

of a soil. Researchers compared field shear vane data with Undrained shear strength 

determined in the lab using Triaxial tests (Ladd et al., 1988). Ladd compared data from a 

field shear vane test to consolidated undrained shear strength test data for marine clay. 

Ladd compared the field vane data to direct shear tests, triaxial extension tests, triaxial 

compression tests, and what he defines as an average shear strength which combines all 

three tests. For this research project, the triaxial compression data comparison to the field 

vane data was important and can be seen in Figure 2.5 (Ladd, Levebvre, Pare 1988). The 

figure shows that the field vane results in slightly higher shear strengths than that of the 

triaxial compression tests. This was consistent with what was typically found in practice 

when comparing the two values.  

 

 

Figure 2.5: Comparison of Field Vane and Laboratory Undrained Shear Strengths (Ladd 

et al., 1988) 
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Triaxial compression tests were used to analyze the shear strength for many years. 

Different methods such as Unconsolidated-Undrained, Consolidated-Undrained, and 

Consolidated-Drained were developed. According to Das (2006), the Unconsolidated-

Undrained condition was the fastest test. The Consolidated-Undrained test was performed 

quite often on reconstructed specimens for cohesive soils. If there was a high quality 

undisturbed specimen from the field then an Unconsolidated-Undrained test was likely 

performed. Consolidated-Drained tests were not usually conducted, because most 

projects considered the Undrained loading condition the most critical. The Drained 

loading condition took a great deal of time to run, because the specimen was sheared at a 

slow enough rate to allow the pore water pressures to dissipate.  

 

2.4.1 Consolidated Undrained Triaxial Tests 

Typical results of cohesive soils for undrained tests relied upon if the soil was 

normally consolidated or overconsolidated, according to Das (2006). If the soil was 

normally consolidated, then the deviatoric stress increased and leveled out after a certain 

amount of axial strain. The overconsolidated clay reached a peak deviatoric stress and 

decreased to a residual value at a certain amount of strain. These trends can be seen in 

Figure 2.6. The pore pressures for a normally consolidated clay increased and then 

leveled off after a certain amount of displacement. For an overconsolidated clay, the pore 

pressures increased to a peak and then became negative after a certain amount of 

displacement. This can be seen in Figure 2.7. 
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   (a)     (b) 

Figure 2.6: Consolidated Undrained Triaxial Tests (a) Deviator Stress versus Strain for a 

Normally Consolidated Clay; (b) Deviator Stress versus Strain for an Overconsolidated 

Clay ( Das, 2006) 

 

 

 

   (a)      (b) 

 

Figure 2.7: Consolidated Undrained Triaxial Tests (a) Variation in Pore Water Pressures 

for a Normally Consolidated Clay; (b) Variation in Pore Water Pressures for a 

Overconsolidated Clay (Das, 2006) 

 

2.4.2 Consolidated Drained Triaxial Tests 

Like the undrained conditions, the results for the drained conditions depended on 

if the soil was normally consolidated or overconsolidated. The deviatoric stress plots 
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were similar to those for the undrained condition and are provided in Figure 2.8. Instead 

of pore pressures measurements, the drained condition measured the volume change in 

the specimen. For a normally consolidated clay, the volume of the voids decreased or was 

compressed and reached a limit at a certain displacement, according to Das (2006). An 

overconsolidated clay started compressing and then began expanding (or swelling) after a 

certain axial strain. These trends can be seen in Figure 2.9.  

 

 

   (a)      (b) 

Figure 2.8: Consolidated Drained Triaxial Tests (a) Deviator Stress versus Strain for a 

Normally Consolidated Clay; (b) Deviator Stress versus Strain for an Overconsolidated 

Clay (Das, 2006) 
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   (a)      (b) 

Figure 2.9: Consolidated Drained Triaxial Tests (a) Volume Change for a Normally 

Consolidated Clay; (b) Volume Change for a Overconsolidated Clay (Das, 2006) 

 

2.4.3 Kaolinite 

Olson and Mesri (1970) performed over 120 drained and undrained triaxial 

compression tests on sedimented Kaolinite. Normally and overconsolidated specimens 

were used. Different adsorbed cat ions, pH’s, and electrolyte concentrations were 

investigated. Mesri found that during consolidation and shear the large and stiff particles 

form a random edge-to-face particle arrangement. This caused a high rate of increase in 

shear resistance. The angle of internal friction for the Kaolinite was found to be between 

26º and 28º which is provided in Figure 2.10. Also, Figure 2.10 and Figure 2.11 show 

that regardless of the cat ions and pH’s the internal friction angle remains the same. Also, 

Olson and Mesri (1971) researched the consolidated characteristics of Montmorillonite. 
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Figure 2.10: Variation of Maximum Shear Stress with Average Effective Normal Stress 

for Sedimented Samples of Sodium Kaolinite (Mesri and Olson, 1970) 

 

 

Figure 2.11: Variation of Maximum Shear Stress with Average Effective Normal Stress 

for Sedimented Samples of Kaolinite, pH 7 (Mesri and Olson, 1970) 
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2.5 FLOCCULATION AND DISPERSION 

According to Lambe and Whitman (1979), flocculation occurred in particles that 

were attracted to each other and became attached. Dispersion occurred when the particles 

were repulsed to each other and tried to move away. This caused the particles to become 

parallel to each other. Figure 2.12 shows particles flocculated and dispersed. The 

tendency to flocculate or disperse was linked to altering the double layer thickness. 

Different characteristics that can alter the double layer thickness are provided in Figure 

2.13. As the electrolyte concentration, ion valence, and temperature increased, the 

particles became more attracted to each other and tended to have a more flocculated 

structure. In Figure 2.13, the more flocculated structure increases in space due to the 

particles being more spread out. As the dielectric constant, the size of the hydrated ion, 

and the pH increased, the particles became more repulsed to each other and had a more 

dispersed structure.  

 

Figure 2.12: Sediment Structures (a) Salt flocculation; (b) Nonsalt flocculation; (c) 

Dispersion (Lambe and Whitman, 1979) 
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Figure 2.13: Effects of System Characteristics on Soil Sediment (a) Effect of Electrolyte 

Concentration; (b) Effect of Ion Valence; (c) Effect of Dielectric Constant; (d) Effect of 

Temperature; (e) Effect of Size of Hydrated Ion; (f) Effect of pH. Each tube has the same 

concentration of soil in liquid. (Lambe and Whitman, 1979) 
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2.6 SHEAR STRENGTHS OF UNSATURATED SOILS 

Fredlund and Rahardjo (1993) did a great deal of research on unsaturated soil 

conditions. The shear strength of unsaturated soils was difficult to describe, because there 

was a third phase in the soil. The first phase was soil; the second phase was water, and 

the third phase was air. The shear strengths depended upon the total compressive stress, 

the liquid pressure, and the gas pressure. Since the air pressure and water pressure in the 

specimen were different a three-dimensional failure plane was generated for the shear 

strength. Fredlund and Rahardjo (1993) developed Equation 2.1 to go along with the 

failure plane shown in Figure 2.14. Fredlund and Rahardjo (1993) developed several 

other formulas to describe the same failure surface. For simplicity, this document utilized 

Gilbert’s et al. (2001) simplified equation which is shown in Equation 2.2.  

 

 

Equation 2.1 

 

 

 

τ = c’ + (σf – uw)f tan(φ’) + (ua – uw)f tan(φ”)
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Figure 2.14: Mohr-Coulomb Failure Envelope for Unsaturated Soils (Fredlund and 

Rahardjo, 1993) 

 

Equation 2.2 

 

2.7 STRAIN RATES FOR SHEARING 

 Determining the rate to shear a specimen was difficult especially with 

Consolidated Drained Triaxial tests on clay. A standard way to calculate the shear rate for 

a Consolidated Drained test was not clear. Mesri and Olson (1970) conducted many 

Triaxial tests on Montmorillonite. The shearing rates were varied during their 

experiments, and a plot was developed to show the strength difference for different rates. 

This plot is shown in Figure 2.15., and shows that the shear rate does not greatly affect 

the shear strength for this material. 

 

τ = c’ + (σf – uw)f tan(φ’) + (uw – ua)f tan(φψ)
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Figure 2.15: Effect of Rate of Deformation on Principal Stress Difference and Pore Water 

Pressure at Failure (Olson and Mesri, 1970) 

 

2.8 CONCLUSION 

This chapter provided background information regarding cohesive soils subjected 

to shearing. The Consolidated-Undrained and Consolidated-Drained Triaxial tests were 

reviewed. Previous studies of shear strengths of Kaolinite were presented and provided a 

friction angle of 26º for a single-phase system containing water. The diffused double 

layer that controls the structure of the soil was described with the characteristics that 

change the structure. Consolidation of capping contaminated sediments from both field 

samples and lab constructed samples were provided. A discussion of shear strengths for 

unsaturated soils was shown, and the effects of shear rate on a specimen were provided. 

The rest of this document provides shear strengths for lab produced contaminated soils 

and developing a failure plane based on a three phase system (solid, liquid, non-aqueous 

phase liquid).  
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Chapter 3:  Experimental Procedures 

3.1 INTRODUCTION 

Determining the shear strength of a soil is generally accomplished by the 

Consolidated Undrained Triaxial Tests or Consolidated Drained Triaxial Tests. The 

equipment and methods used during these tests on Kaolinite mineral oil-water specimens 

are discussed in depth in this chapter. The different materials along with the equipment 

used during the experiments are presented. The specimen preparation is an important part 

of this research and the steps necessary for preparing the specimen are provided.  

 

3.2 EXPERIMENTAL PHILOSOPHY 

The previous research performed by Erten et al. (2011) showed that when the 

volumetric oil content is less than 10% then oil was no longer expelled from the 

specimen during consolidation. Beyond the consolidation of the soil was the shear 

strength of these contaminated sediments. Initially, Consolidated Undrained tests were 

conducted, but the increase in pore pressures during the shearing phase made it difficult 

to calculate the pore oil pressures and the pore water pressures. Consolidated Drained 

tests were then performed, because the pore pressures stayed constant during the shearing 

phase of the test.  

The results from this research provided a failure envelope for the contaminated 

sediments prepared during these experiments. The parameters for the failure envelopes 

for each oil content that was specified was found by using different oil contents during 

Consolidated Undrained and Consolidated Drained tests and back calculating the failure 

envelope.  
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3.3 MATERIALS 

This section provides information as to the specifics and known properties of the 

Kaolinite soil and the mineral oil that was used during the experiments. Also, some 

additional materials such as the water, filter papers, and porous stones are discussed. A 

special membrane had to be used in order for the mineral oil not to react with the 

standard latex membrane, and it is shown in the other materials section.  

 

 3.3.1 Kaolinite 

The Kaolinite used during this research project was obtained from the company 

Imery’s, and the product is called Hydrite R. Hydrite R was a kaolin pigment that was 

water-fractionated in order to control the particle size distribution. The Kaolinite product 

was typically used for paint, polymers, and controlling acid pH in rubber systems. The 

Hydrite had a medium oil demand which made it ideal for this project. The particle size 

median was 0.77 μm and had an oil absorption of 41%. Other properties of the material 

can be found in Table 3.1.  

The liquid limit for the Kaolinite in water ranged from 54-58, and the plastic 

index was from 20 to 26 (El-Sherbiny, 2005). The liquid limit of the Kaolinite in the 

mineral oil was 96 and the plastic index was 12. The standard test method for Atterberg 

Limits (ASTM D4318-10) was used to determine the limits of the Kaolinite in the 

mineral oil. When Kaolinite was mixed with water, the soil had a more dispersed 

structure. If the Kaolinite contained mineral oil, then the soil structure had a more 

flocculated structure. 
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Table 3.1: Hydrite R Kaolinite Properties 
 
Whiteness (L Value) 94
Brightness (G.E. % of MgO) 86
Particle Size Median 0.77 μm
Oil Absorption 41%
pH, 20% of solids 4.7
Free Moisture 1.0% max
Surface Area, B.E.T. Nitrogen 10 m2/g
Specific Gravity 2.58
Refractive Index 1.56
Residue (325 mesh screen) 0.03% max

 

Kaolinite was chosen, because it had a relatively high hydraulic conductivity 

compared to other clays. Also, researchers found that it was comparable to soft offshore 

sediment (El-Sherbiny, 2005). Often contaminated sediments existed in bodies of water. 

These soft contaminated sediments were hard to mimic, but the Kaolinite seemed to be a 

good representative material.  

 

3.3.2 NAPL – Mineral Oil 

The mineral oil selected for this project was Soltrol 130 Isoparaffin Solvent. The 

solvent consisted of C10-C13 Isoalkanes. It was a stable solvent that was a colorless 

liquid. The mineral oil was chosen, because it had a slightly higher viscosity than water 

and that it was non-polar. Also, the mineral oil was not soluble in water. The typical 

properties of the solvent can be seen in Table 3.2. The viscosity was slightly higher than 

water, but small enough for the mineral oil to still flow through the pores of the soil. The 

mineral oil was died red in order to visually determine the water from the mineral oil.  
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Table 3.2: Soltrol 130 Properties 
 
Boiling Point 357-408 ºF
Vapor Pressure 1.5 mm Hg @ 100ºF
Vapor Density >3
Specific Gravity 0.762
Percent Volatile by Volume 100
Evaporation Rate <1
Viscosity 1.5cSt @ 100ºF

3.3.3 Other Materials 

The additional materials used included the porous stones, filter papers, 

membranes, and water. The porous stones utilized were typical standard porous stones for 

triaxial setups. The porous stones allowed for water and mineral oil to flow through 

evenly across the stone. The stone was approximately ¼” in thickness and 2” in diameter. 

The filter papers were glass microfibre filters from Whatman. The filter papers were 

2.17” in diameter and were trimmed down to fit the specimen’s diameter. The water used 

to prepare the specimens was simply tap water. 

The membranes had to be resistant to any kind of reaction to the mineral oil. A 

neoprene membrane was selected from Geotest. The membrane was two inches in 

diameter and eight inches in length. Also, the membranes were 0.012 inches in thickness. 

The membranes were trimmed down from eight inches in length to fit the specimens.   

 

3.4 EQUIPMENT 

The equipment used during the triaxial tests consisted of two different types of 

loading fames and data acquisition systems. The Triaxial cells that were used during the 

experiments along with the bladder accumulator that collected the mineral oil from 
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reaching the pressure panels are presented in this section. Pressure panels were utilized 

during the research as well and are discussed.  

 

3.4.1 Consolidated Undrained and Drained Triaxial Setups 

A standard triaxial cell that included four drainage valves (two for top and two for 

bottom platens) and a cell pressure input was used for the experiments. The specimen had 

top and bottom drainage during consolidation for both Consolidated Undrained and 

Consolidated Drained tests. A pore pressure transducer was applied to one of the bottom 

drainage lines, and the cell pressure was measured at the bottom of the cell as well. One 

top drainage valves was closed while the other top and bottom valves were opened and 

connected to a bladder and then to the pressure panel during the consolidation stage for 

both Consolidated Undrained and Consolidated Drained tests. The bladder remained 

connected during the shearing stage for the Consolidated Drained tests. One of the 

triaxial cells used during the research is shown in Figure 3.1. The bladder setup is 

discussed in further detail in the next section. A porous stone was placed at the top and 

bottom of the specimen with a filter paper between the stone and the specimen.  

The cell was filled with tap water from the pressure panel. The pressure panel was 

attached to the cell through one burette and to the pores through another burette. The 

pressure panel was used to back pressure saturate the specimens and to apply an effective 

stress that was desired during the tests. One of the pressure panels utilized during the 

experiments is shown in Figure 3.2.  The pressure panel was used to apply both, the pore 

pressure and cell pressure during the test. As the specimen consolidated, the burette on 

the pressure panel displayed the volume change from the specimen and the cell.  
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Figure 3.1: Triaxial Cell 

 

 

Figure 3.2: Pressure Panel 
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3.4.2 Bladder Accumulator 

Since mineral oil was used in the specimens, the mineral oil was gathered before 

entering the pressure panel. The top and bottom drainage lines for the specimen were 

connected to the pressure panel through a bladder accumulator. A bladder that was used 

during the experiments is provided in Figure 3.3. The bladder was saturated with water if 

the specimen contained water. If the specimen contained only mineral oil, then the 

bladder was saturated in the top portion with mineral oil. The top portion of the bladder 

collected the mineral oil that was expelled from the specimen during consolidation or 

shearing, and the mineral oil in the top portion of the bladder pushed the water from the 

bottom portion into the pressure panel. The pressure panel then read the volume change 

from the bottom portion of the bladder which provided the consolidation data.  

 

 

Figure 3.3: Bladder Accumulator 
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3.4.3 Loading Frames and Data Acquisition Systems 

Two different loading frames were used for the Consolidated Undrained and 

Consolidated Drained Triaxial tests. The two loading frames were the Wykeham 

Frarrance and GeoJac. The Wykeham Farrance frame was used for tests that required 

higher shearing rates. The GeoJac frame was utilized for lower permeability soils that 

required to be sheared at slower rates. For the most part, the GeoJac frame was used for 

running the Consolidated Undrained tests on the 100% water saturated specimens. 

 

3.4.3.1 Wykeham Farrance Loading Frame 

The Wykeham Farrance loading frame was a mechanical frame that used gears to 

raise the base platform. A motor was used to turn the gears and a transmission selected 

the motor speed. The combination of motor speeds along with the different gears allowed 

for many different shearing rates for the loading frame. A picture of the Wykeham 

Farrance loading frame is shown in Figure 3.4, and Table 3.3 contains the different 

combinations of shearing rates used during this research.  

 



 28

 

Figure 3.4: Wykeham Farrance Loading Frame 

 
Table 3.3: Gear Combinations for Wykeham Farrance 
 
Loading Rate 
(in/hr) 

Loading Rate 
(in/min) 

Position of 
Gear Selector 

No. of Teeth on
Driving Gear 

No. of Teeth on 
Driven gear 

0.012 0.00020 D 36 54 
0.0084 0.00014 D 30 60 
0.0067 0.00011 E 60 30 
0.0050 0.00008 E 54 36 
0.0044 0.00006 E 45 45 

 

The Wykeham Farrance loading frame raised the bottom plate at a constant rate. 

At the top of the loading frame, a loading cell was in contact with the piston from the 

triaxial cell. As the loading frame rose upward, load was applied to the specimen through 

LVDT 

Load 
Cell 

Pore Pressure 
Transducer 

Cell Pressure 
Transducer
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the piston, and the loading cell measured the applied load. Also, an LVDT was attached 

to the top portion of the loading frame, and measured the vertical displacement of the 

piston. The LVDT and load cell are shown in Figure 3.4. A pore pressure transducer was 

attached to measure the applied back pressure during the saturation stages as well as the 

generated excess pore pressures in the Consolidated Undrained triaxial tests.  

The data acquisition system for Wykeham Farrance frame is shown as a 

schematic in Figure 3.5. A DC power supply with 14.2 volts was attached to a network 

module which was then connected to an Adio 8 module that had 8 channels for sensors. 

The LVDT’s, pressure transducers, and load cells were connected to these 8 channels. 

The network module was then connected to the computer which collected the data. 

Testnet data acquisition software was used to collect the data through each of the 

shearing stages.  

 

 

 

 

 

 

 

 

Figure 3.5: Wykeham Farrance Data Acquisition System 

 

3.4.3.2 GeoJac Loading Frame 

The GeoJac loading frame was an electrical module based loading frame that 

applied a load to the specimen through a lowering vertical piston. Instead of the base of 

Computer

Network Module

Adio 8 Module DC Power Supply 
14.2 V, 0.26A 

Cell

Pore LVDT 

Load 
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the loading frame moving upward like the Wykeham Farrance frame, the GeoJac lowered 

a piston onto the top of the specimen for shearing. Figure 3.6 shows a picture of the 

GeoJac setup. The GeoJac was controlled by the Sigma-1 software provided by the 

manufacturer. The software used allowed for controlling the piston under load or 

deformation; in this research, all the specimens were sheared at a constant axial shearing 

rate (displacement controlled shearing). The maximum axial strain was specified in the 

software prior to the test, and the GeoJac stopped shearing when that strain was reached.  

 

 

Figure 3.6: GeoJac Loading Frame 

 

LVDT

Load 
Cell

Cell Pressure 
Transducer 

Pore Pressure 
Transducer 
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An LVDT was connected to the top of the GeoJac in order to measure the 

displacement of the piston during shearing, and a load cell was attached to the piston that 

contacts the piston from the triaxial cell. Two pressure transducers were connected to the 

program in order to determine the cell pressure and the pore pressure like discussed 

earlier in Section 3.4.3.1.  

The data acquisition system for the GeoJac system was slightly more complicated 

than that of the Wykeham Farrance system. A schematic of the system is shown in Figure 

3.7. The system was more complicated, because the GeoJac was controlled by the 

computer and not by mechanical gears. The GeoJac was connected to its own power 

brick. The network module was attached to the same DC power supply as for the 

Wykeham Farrance system. The network module was then connected to the computer 

and the GeoJac. The GeoJac connected to the Adio 8 module that connected to the 

LVDT’s, pressure transducers, and load cells.  

. 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.7: GeoJac Data Acquisition System  

Computer

Network Module

Adio 8 Module 

DC Power Supply 
14.2 V, 0.26A 

Cell

Pore LVDT 

Load 

GeoJac
Power Brick 



 32

3.5 METHODS 

This section consists of the methods used to prepare the specimens along with 

which triaxial test was used to determine the shear strength. The specimen preparation 

varied depending on the amount of mineral oil and water the specimen contained. Also, 

the results of an oil-wet specimen versus a water-wet specimen are discussed.  

3.5.1 Specimen Preparation Methods 

The specimen was mixed to three main initial states: 100% Oil, 100% Water, or 

70% Oil and 30% Water. In order to reduce the oil content to less than 70%, the 

specimen was flushed with water until the amount of oil was replaced with water to 

achieve that desired oil and water contents. The specimens had to be flushed because if 

the oil content was less than 70% and the water content was more than 30% then oil 

would not mix with the soil-water mixture. The initial mixtures of the specimens were 

prepared to a void ratio of 2.063. In order to achieve this void ratio, 200 grams of 

Kaolinite was mixed with 160 mL of liquid (oil, water, or both). This amount of soil and 

liquid was the right amount to fill the 2” diameter and 4.5” tall specimens. The specimen 

preparation described in this section was developed and tested by Erten et al. (2011). The 

target void ratio was 2.063, but this exact void ratio was not always achieved during 

preparation. The void ratio was calculated using the masses and the percentages of soil, 

water, and mineral oil. Also, the total volume of the specimen was used to calculate the 

void ratios. The initial void ratios were used in determining the consolidation curves.  

 

3.5.1.1 100% Oil 

A sample prepared at 100% oil content was easily mixed in a pan. A 200 gram 

portion of Kaolinite was placed in a pan and then thoroughly mixed with 160 mL of 
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mineral oil using a spatula. An example of a 100% oil sample is shown in Figure 3.8a in 

the pan, and Figure 3.8b provides it in the mold. The bottom drainage lines were 

saturated before assembly. A membrane was placed around the bottom platen of the 

triaxial cell then sealed with three o-rings, a saturated filter paper, and a saturated porous 

stone were placed on top of the bottom platen. A two-way split mold was placed over the 

membrane, and a vacuum was attached to the mold. Then the membrane was folded 

down over the mold and a vacuum was applied. A picture of the split mold attached to the 

membrane is shown in Figure 3.9.  

 

 

(a)                                                                     (b) 

Figure 3.8: Oil Saturated Specimen 
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Figure 3.9: Two-Way Split Mold 

 

 The mixed soil was placed into the mold by approximately ten lifts with equal 

tapping by a small rod over each layer. Once the specimen was constructed, the top filter 

paper, porous stone, and cap were placed on top. The membrane was rolled over the top 

cap and sealed with three o-rings and the top saturated drainage lines were connected 

before the vacuum and split mold was removed. Measurements of the diameter and 

height of the specimen were recorded, and then the triaxial cell was assembled and ready 

for testing. The typical diameter for the specimen was around 2 inches, and the typical 

height was around 4.5 inches.  

 

3.5.1.2 100% Water 

Preparing a specimen at 100% water content at the same void ratio of 2.063 was 

more complicated. Instead of a spatula and a pan, the soil was mixed using a high speed 
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mixer and a canister. The high speed mixer is shown in Figure 3.10. The mixture was 

composed of 200 grams of Kaolinite and 160 mL of tap water. The specimen looked and 

acted as a liquid which can be seen in Figure 3.11a and Figure 3.11b. The method for 

preparing the 2” by 4.5” sample was fairly similar to that of the 100% Oil method, except 

the placement of the soil. The soil was practically poured into the mold using a spatula 

while gently agitating the soil. The rest of the specimen preparation was the same as in 

the above section.  

 

 

Figure 3.10: High Speed Mixer 
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(a)                                                                 (b) 

Figure 3.11: Water Saturated Specimen 

 

3.5.1.3 Oil and Water 

If the oil content was desired to be between 70% and 100%, the specimen was 

mixed using a spatula and pan using measured values of mineral oil and water. If the oil 

content was desired to be less than 70%, then the mixture was prepared at 70% oil and 

then the specimen was flushed with water inside the triaxial cell to decrease the oil 

content. The oil-water specimen preparation was similar to that of the 100% oil content. 

The sample was prepared easily in pan with a spatula. The kaolinite was first mixed with 

the required amount of tap water until thoroughly mixed. Then the mixture was mixed 

with the mineral oil. The mixture for a 70% oil and 30% water can be seen in Figure 

3.12a. The 70% oil and 30% water specimen in the mold in in Figure 3.12b. Once the 

sample was prepared, the specimen was prepared following the same process as the 100% 

oil content specimen.  
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(a)                                                                     (b) 

Figure 3.12: 70% Oil Content and 30% Water Content Specimen 

 

 For Specimens with a final oil content less than 70%, water was flushed through 

the specimen to decrease the oil content prior to applying a cell pressure to the assembled 

triaxial cell. During flushing with water, a burette from the pressure panel was attached to 

the top drainage valve, and a burette was attached through a bladder to the bottom 

drainage valve. Using the natural head created by the difference in water levels in the 

burettes, water was flushed into the specimen from the top, and oil was flushed out of the 

bottom. Since some consolidation occurred during flushing, a third burette from the 

pressure panel was attached to the water-filled cell to measure the volume changes. Once 

the desired oil content was achieved, the specimen is ready for the consolidation stage of 

the test. Specimens were mixed to 90% oil content and 10% water content during the 

research project, and Figure 3.13 shows the mixture. Also, specimens were flushed to 

50% oil and 50% water during this project. 
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Figure 3.13: 90% Oil Content and 10% Water Content Specimen 

 

3.5.1.4 Oil-Wet versus Water-Wet 

When a composed specimen contains water and oil, a debate on whether to first 

introduce the oil to the specimen or the water occurred. In this project, the specimens 

were all considered to be water-wetted. If the area that was contaminated has just recently 

been contaminated, then it was likely that the area was water-wetted before the 

contaminant entered the system.  

 

3.5.2 Triaxial Testing Methods 

Consolidated Undrained Triaxial tests were initially ran on the contaminated 

Kaolinite, and later Consolidated Drained Triaxial tests were performed. For both types 

of tests, the standard test method, ASTM D4767-04, was used. The procedures for these 
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tests were relatively close. Regardless of the oil and water contents in each specimen, the 

steps in the Triaxial tests were the same. The steps are provided below. 

 

1.) The specimens were backpressure saturated to a B-value of 0.99. The 

backpressure was applied at 3 psi increments, and rarely exceeded a total of 12 psi 

to reach saturation. Each backpressure stage was applied for thirty minutes to an 

hour for saturation to occur. A B-value check was performed between each 3 psi 

increment. The initial cell and pore pressures were recorded, and then the 

drainage valves were closed. The cell pressure was increased by 3 psi. The B-

value was determined when the pore pressures came to equilibrium. For the 100% 

water saturated specimens, the equilibrium took about twenty minutes to achieve. 

All the other tests took less than five minutes to reach equilibrium. The final cell 

and pore pressures were recorded and a B-value was calculated using Equation 

3.1. Once a B-value of 0.99 or higher was achieved the backpressure saturation 

stage was completed. After each B-value check, the cell pressure was reduced to 

the starting pressure before the drainage valves were re-opened.  

 

Eqn. 3.1 

 

2.) Isotropic consolidation was the next step. Each specimen was consolidated to the 

desired effective stress in increments that double the previous stages effective 

stress. The consolidation stages consisted of 0.9psi, 1.81psi, 3.62psi, 7.25psi, 

14.5psi, 21.75psi, 29psi (6.25kpa, 12.5kpa, 25kpa, 50kpa, 100kpa, 150kpa, 

200kpa). If the desired final effective stress was higher than 3.62psi, then the first 

consolidation stage started with 3.62 psi. Also, the research in this project focused 

B = (uf – ui)/(σf – σi)
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on the properties at lower effective stresses (smaller than 3.62psi). At the 

beginning of each consolidation stage, the drainage valves were closed, and the 

burettes were reset. With the piston locked in place and not in touch with the 

specimen, the cell pressure was increased to the desired effective stress. The data 

acquisition was started, the drainage valves opened, and a timer was started. 

Readings of the burettes were taken rapidly for the first 15 minutes and then 

dropped to 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, and finally 24 

hours. Usually, the 100% water specimens required the total 24 hours to complete 

primary consolidation for each stage, and the 70% oil and 30% water specimens 

required around 4 hours to complete primary consolidation. The 100% oil 

specimens took less than 1 hour to complete primary consolidation. All other 

mixtures ranged between these three in the time to complete consolidation. The 

process was then repeated with increasing the cell pressure until the final effective 

stress was reached. 

3.) After consolidation was completed, then the drainage valves were closed for 

Undrained tests, or kept open for Drained tests. The piston was unlocked and 

came into contact with the load cell. The load cell and LVDT for the dial gage 

were zeroed, and then the data acquisition system was started along with the 

loading frame (either Wykeham Farrance or GeoJac). The strain rates were varied 

on different tests, but resulted in similar curves. Since there was not a known way 

to determine the strain rate for a Drained test, the different varied strain rates 

determined a proper one. A different strain rate was used for each different oil and 

water contents. Most tests were sheared to 20% strain, and after each test the 

drainage valves either remained closed or were closed and the pore pressures were 

recorded for approximately 8 to 24 hours. The pore pressures were recorded in 
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order to determine if the specimen was sheared at the proper rate. If the pore 

pressures increased, then the rate was too fast. If the pore pressures stayed the 

same, then the rate was slow enough. The typical rates used for the shearing 

process are provided in Table 3.4. 
 
 
Table 3.4: Typical Shearing Rates 
 
Oil Content (%) Shearing Rate (in/min)
0 0.00003-0.00015
50 0.00008 
70 0.00011 
90 0.00011 
100 0.00014 

 

3.6 CONCLUSION 

The different materials, testing equipment, specimen preparation methods, and 

testing procedures were discussed in this section. Each experiment was performed the 

same way each time which allowed for the results to be compared to each other. The 

results from these experiments are presented, analyzed, and discussed in the following 

chapters. 

 

 

 

 



 42

Chapter 4: Results 

 

4.1 INTRODUCTION 

Twenty-eight different tests were conducted during the duration of this research 

project. The test matrix in Table 4.1 displays the different tests conducted at different 

confining pressures for the different saturation combinations. Consolidated Drained tests 

were represented by CD, and the Consolidated Undrained tests were symbolized as CU. 

More tests were performed at the 70% oil and 30% water saturation combination, because 

this saturation combination was simple to achieve and provided data from specimens with 

water and oil. Each oil content is discussed in a separate section below. The details of the 

results generated from the experiments are presented.  

 
Table 4.1: Test Matrix 
 

kpa psi 100% Water 100% Oil 70% Oil 50% Oil 90% Oil 

4.5 0.6525     2-CD     

6.25 0.90625   CD CD CD CD 

12.5 1.8125   CD CD CD CD 

25 3.625 CU 3-CD 2-CD CD CD 

50 7.25 CU CU CD,CU CU CU 

100 14.5 CU   CU     

150 21.75     CU     

200 29     CU     

 

4.2 100% WATER 

Only Consolidated Undrained Triaxial tests were performed on specimens 

containing only water in the pores. All of the triaxial tests that were performed on 100% 

water saturated specimens were sheared to 20% strain. Three Consolidated Undrained 
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tests were performed on the water saturated specimens at confining pressures of 3.62psi, 

7.25psi, and 14.5psi. The consolidation curves, load versus strain plots, and pore water 

pressure plots for 100% water are presented in the next few sections. The initial diameter, 

initial specimen height, initial void ratio and shearing rates for the three tests are 

presented in Table 4.2. 

 
Table 4.2: Initial Information for 100% Water 
 
Confining Pressure (psi) Do (in) Ho (in) eo Shearing Rate (in/min) 
3.62 1.89 4.6 2.041 1.5E-4
7.25 1.89 4.3 1.898 3.0E-5
14.5 1.91 4.3 1.972 3.0E-5

 

4.2.1 Consolidation 

The consolidation curves for the 100% water saturated specimens are provided in 

Figure 4.1. Four consolidation curves are plotted in Figure 4.1, because an additional 

consolidation test was conducted but not sheared. The initial void ratios for the water 

saturated specimens ranged between 1.90 and 2.04. The final void ratios, or the void ratio 

prior to shearing, were between 1.20 and 1.35. The larger void ratios matched with 

smaller confining pressures, and the smaller void ratios were due to larger confining 

pressures. The compression indexes were relatively close for all four consolidation tests 

and averaged to be 0.40. The compression index was determined by taking the change in 

void ratio and dividing by the change in confining stress. The coefficients of 

consolidation (rate of consolidation) varied due to the confining pressure during that 

stage of the consolidation process. The coefficients of consolidation which were averaged 

from all tests at a given confining stress can be found in Table 4.3 below. The 
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coefficients of consolidation were found by dividing the squared drainage height by the 

time for 50% of primary consolidation to be achieved. 

 

 

Figure 4.1: Consolidation Curves for 100% Water 
 
 
Table 4.3: Coefficients of Consolidation for 100% Water 
 
Confining Pressure (psi) Cv (ft

2/day)
3.62 0.06
7.25 0.14
14.5 0.17

 

4.2.2 Load versus Strain 

The load measured from the load cell is plotted against the axial strain for 100% 

Water in Figure 4.2. The load increased rapidly until around 5% strain, and then leveled 
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out slightly. The lower confining pressures appeared as though they had leveled out more 

than the higher confining pressure, but if the plots were on different scales they behaved 

the same.  

 

 

Figure 4.2: Load versus Strain for 100% Water 
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4.2.3 Pore Water Pressure 

The pore water pressures induced during the shearing process for the 100% water 

saturated specimens are displayed below in Figure 4.3. The induced pore pressures 

increased rapidly until 5% strain, and then leveled to a constant pore pressure. This trend 

matched that of the measured load produced during the shearing stage to a certain extent. 

The specimen confined at 3.62psi had a gradual increase that picked up after 5% strain, 

this was due to a possible seating issue on the specimen. 

 

 

Figure 4.3: Pore Water Pressures Induced for 100% Water 
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4.3 100% OIL 

Consolidated Undrained and Consolidated Drained Triaxial tests were performed 

on specimens saturated with 100% mineral oil. Five Consolidated Drained tests were 

performed on three different confining pressures. The three confining pressures were 

0.9psi, 1.81psi, and 3.62psi (6.25kpa, 12.5kpa, and 25kpa). Two additional Consolidated 

Drained tests were conducted at 3.62psi confining pressure but sheared at higher shearing 

rates. Since there was not an ASTM standard for Consolidated Drained tests on cohesive 

clays, the different shearing rates were tested to see if the results reflected any difference. 

The initial diameter, initial height of specimen, initial void ratio and shearing rates are 

shown in Table 4.4. 

Only one Consolidated Undrained test was conducted for specimens saturated in 

100% mineral oil, and the test was performed at a confining pressure of 7.25psi (50kpa). 

The Consolidated Undrained test at 7.25psi was comparable to the Consolidated Drained 

tests at 3.62psi (at strains around 5%) since the pore pressures increased during shearing. 

All six tests were carried out to almost 20% strain. The consolidation curves, load versus 

strain, and pore pressures plots are in the following sections.  

 

Table 4.4: Initial Information for 100% Oil 
 
Confining Pressure (psi) Do (in) Ho (in) eo Shearing Rate (in/min) 
0.9 1.96 4.7 2.552 1.4E-4
1.81 1.92 4.7 2.579 1.4E-4
3.62 1.97 4.5 2.696 1.4E-4
3.62 1.96 4.5 2.383 2.0E-4
3.62 1.97 4.4 2.379 2.7E-4
7.25 1.93 4.7 2.562 1.4E-4



 48

4.3.1 Consolidation 

The consolidation curves for specimens saturated with mineral oil are provided in 

Figure 4.4. The initial void ratios for the specimens ranged between 2.379 and 2.696. The 

final void ratios at the end of consolidation before shearing ranged between 2.053 and 

2.486. The larger change in void ratios resulted from larger confining pressures which 

were to be expected. The average compression index for the 100% mineral oil specimens 

was 0.15. The consolidation of these specimens occurred very rapidly. Usually, primary 

consolidation was completed within less than an hour. The coefficients of consolidation 

which were averaged over all tests at the same confining pressures are provided in Table 

4.5.  

 

 

Figure 4.4: Consolidation Curves for 100% Oil 
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Table 4.5: Coefficients of Consolidation for 100% Oil 
 
Confining Pressure (psi) Cv (ft

2/day)
0.9 51 
1.81 69 
3.62 12 
7.25 1.7 

 

4.3.2 Load versus Strain 

The measured load for the 100% oil specimens is plotted against the strain during 

the shearing stage of the test in Figure 4.5. The load increased rapidly for approximately 

the first 5% strain beyond which the load continued to increase at a slower rate. The three 

Drained tests at 3.62psi were relatively close in measured load.  

 

Figure 4.5: Load versus Strain for 100% Oil 
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4.3.3 Pore Oil Pressures 

The pore pressures induced during shearing of the 100% oil specimens were pore 

oil pressures. Only one Undrained test was performed on the 100% oil specimens, and the 

pore oil pressures induced are provided in Figure 4.6. The pore pressure increased rapidly 

until 5% strain, and then leveled out which was similar to the trend for the load of the 

Undrained test at 7.25psi. The pore oil pressures still increased slightly after 5% strain.  

 

 

Figure 4.6 Pore Oil Pressures Induced for 100% Oil 

 

4.4  90% OIL AND 10% WATER 

Consolidated Drained and Consolidated Undrained tests were performed on 

specimens that were fully saturated where 90% of the voids were filled with oil and 10% 
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of the voids were filled with water. A total of four tests were completed for this saturation 

combination. Three tests were Consolidated Drained, and one test was Consolidated 

Undrained. The confining pressures for the Drained tests were 0.9psi, 1.81psi, and 

3.62psi. The confining pressure for the Undrained test was 7.25psi which was 

comparable to the Drained test at 3.62psi at yield stress (at a strain of 10%). These two 

tests were comparable because of the pore pressures generated during the shearing stage 

of the Undrained test made the effective stress for the two specimens similar at the 

specified strain. The initial diameter, initial height, initial void ratio, and shearing rate for 

each of the test conducted are provided in Table 4.6. In order to understand the behavior 

of the 90% oil specimens, several figures are provided in the next few sections. The 

consolidation plots from the different stages of consolidation for each experiment and the 

load versus strain from the shearing stages are provided. Also, the pore oil pressure plots 

are shown.  

 

Table 4.6: Initial Information for 90% Oil 
 

Confining Pressure (psi) Do (in) Ho (in) eo Shearing Rate (in/min) 
0.9 1.96 4.7 2.379 1.1E-4
1.81 1.92 4.4 2.471 1.1E-4
3.62 1.96 4.5 2.509 1.1E-4
7.25 1.98 4.4 2.318 9.0E-4

 

4.4.1 Consolidation 

The consolidated curves for the 90% oil specimens are shown below in Figure 

4.7. The initial void ratio for the specimens ranged between 2.318 and 2.509. The initial 

void ratios were higher for this saturation combination with the same compaction effort 

as used for the other specimens. The final void ratio (void ratio just before shearing) 
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ranged between 1.833 and 2.202. The higher the confining pressure the more decrease in 

void ratio which is shown in Figure 4.7.  

The compression index for the 90% oil specimens averaged to be 0.25. The 

coefficient of consolidation varied depending on the confining pressure and when the 

pressure was applied. Usually, the first stage of consolidation produced the highest rate of 

consolidation which then decreased with each consolidation stage. The coefficients of 

consolidation for 90% Oil specimens are provided in Table 4.7.    

 

 

Figure 4.7: Consolidation Curves for 90% Oil 
 
 
Table 4.7: Coefficients of Consolidation for 90% Oil 
 
Confining Pressure (psi) Cv (ft

2/day)
0.9 9.5 
1.81 7.4 
3.62 11.6
7.25 4.1 
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4.4.2 Load versus Strain 

Figure 4.8 contains the measured load versus the axial strain for the shearing 

stages on specimens containing 90% oil. The load increased steadily as the axial strain 

increased. There did not seem to be a time period of rapid load increase like the previous 

two saturation combinations. The initial portion of the plots had a seating period during 

the test that caused this discontinuity.  

 

 

Figure 4.8: Load versus Strain for 90% Oil 
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4.4.3 Pore Oil Pressures 

The pore pressures induced during shearing of the 90% oil specimen was also 

pore oil pressures, because visually the oil was in contact with the pressure transducer. 

Only one Undrained test was performed on the 90% oil specimens, and the pore oil 

pressures induced are provided in Figure 4.9. The pore pressures increased rapidly until 

approximately 7% strain, and then leveled out. 

 

Figure 4.9: Pore Oil Pressures Induced for 90% Oil 

 

4.5 70% OIL AND 30% WATER 

Several tests were conducted for the saturation combination where 70% of the 

voids were filled with oil and 30% were filled with water. Since the specimens were 
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simpler to mix to this ratio several investigative tests were performed. The range of 

confining pressures applied to the 70% oil specimens was from 0.65psi to 29psi. The 

lower confining pressures were the main focus for this research project. The higher 

confining pressures simply confirmed the expectations of the behavior of the soil. The 

following were the different confining pressures that were tested: 0.65psi, 0.9psi, 1.81psi, 

3.62psi, 7.25psi, 14.5psi, 21.75psi, and 29psi. Four Consolidated Undrained tests were 

performed at confining pressures of 7.25psi, 14.5psi, 21.75psi, and 29psi. Five 

Consolidated Drained tests were performed at confining pressures 0.65psi (two tests were 

at this confining pressure), 0.9psi, 1.81psi, and 3.62psi.  

Each shearing stage was carried out until 20% strain was reached. The initial 

diameter, initial specimen height, initial void ratio, and shearing rates for each test are 

provided in Table 4.8. The consolidation curves and load versus strain plots are provided 

in the following sections. The induced pore pressures plots are also shown.  

 

Table 4.8: Initial Information for 70% Oil 
 

Confining Pressure (psi) Do (in) Ho (in) eo Shearing Rate (in/min)
0.65 1.95 4.5 2.108 9.9E-5
0.65 1.95 4.5 1.975 1.1E-4
0.9 1.96 4.7 2.048 1.1E-4
1.81 1.96 4.4 2.095 8.0E-5
3.62 1.94 4.5 2.065 8.0E-5
7.25 1.99 4.7 2.266 6.8E-3
14.5 1.96 4.4 2.084 1.4E-3
21.75 1.97 4.5 2.131 2.7E-3
29 1.99 4.4 2.158 6.7E-3
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4.5.1 Consolidation 

The consolidation curves for the specimens prepared at 70% oil and 30% water 

are shown in Figure 4.10. The initial void ratios ranged from 1.975 to 2.266, and the final 

void ratios (void ratios just before shearing) ranged from 1.405 to 2.018. The smaller 

confining pressures resulted in the smallest change in void ratio. The compression index 

for the 70% oil specimens varied, but averaged to approximately 0.22. The coefficient of 

consolidation varied for different confining pressures and the stage in which the pressure 

was applied. Usually, the first applied confining pressure had the largest rate of 

consolidation. The coefficients of consolidation are shown in Table 4.9. 

 

 

Figure 4.10: Consolidation Curves for 70% Oil 
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Table 4.9: Coefficients of Consolidation for 70% Oil 
 
Confining Pressure (psi) Cv (ft

2/day)
0.65 16.9
0.9 5.3 
1.81 15.1
3.62 22.7
7.25 22.7
14.5 18.9
21.75 10.6
29 13.3

 

4.5.2 Load versus Strain 

The measured load is plotted versus axial strain for specimens containing 70% oil 

in Figure 4.11. For clarity, the Consolidated Undrained plots and the Consolidated 

Drained plots are separated into Figure 4.12 and Figure 4.13, respectively. For the 

Undrained tests, the load increased rapidly until 7% or 8% axial strain. Then the load 

leveled out slightly. The Drained tests did not show this rapid increase of load, but a 

gradual increase of load. The Undrained test at 7.25psi was comparable to the Drained 

test at 3.62psi until approximately 5% strain. 
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Figure 4.11: Load versus Strain for 70% Oil (All Tests) 

 

 

Figure 4.12: Load versus Strain for 70% Oil (CU Tests) 
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Figure 4.13: Load versus Strain for 70% Oil (CD Tests) 

 

4.5.3 Pore Oil Pressures 

The pore pressures induced during shearing of the 70% oil specimens was also 

pore oil pressures. Four Undrained tests were performed on the 70% oil specimens, and 

the pore oil pressures induced are provided in Figure 4.14. The pore pressures increased 

rapidly until 7% or 8% strain, and then leveled out which was similar to the trends in the 

measured load for the Undrained tests.  
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Figure 4.14: Pore Oil Pressures Induced for 70% Oil 

 

4.6 50% OIL AND 50% WATER 

Four experiments were conducted on specimens containing 50% oil and 50% 

water. Three of the tests were Consolidated Drained tests executed at confining pressures 

0.9psi, 1.81psi, and 3.62psi. The Consolidated Undrained test was performed at a 

confining pressure of 7.25psi, because the Undrained test closely matched the 3.62psi 

Drained test until approximately 5% strain. Most of the experiments were carried out 

until 20% axial strain was reached. The initial diameter, initial height, initial void ratio, 

and the shearing rates for the 50% oil specimens are provided in Table 4.10. The 

consolidation curves, load versus strain plots, and induced pore oil pressure plots are 

provided. 
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Table 4.10: Initial Information for 50% Oil 
 
Confining Pressure (psi) Do (in) Ho (in) eo Shearing Rate (in/min) 
0.9 1.94 4.4 1.934 8.0E-5
1.81 1.99 4.6 2.051 8.0E-5
3.62 1.96 4.6 1.948 8.0E-5
7.25 1.95 4.7 2.033 2.0E-4

 

4.6.1 Consolidation 

The consolidation curves for specimens containing 50% oil is provided in Figure 

4.15. The initial void ratios for the 50% specimens (after flushing) ranged between 1.934 

and 2.051. The final void ratios (before shearing) ranged between 1.267 and 1.655. The 

compression index averaged to be approximately 0.46. The coefficients of consolidation 

for the 50% oil specimens are shown in Table 4.11. For these tests, the coefficients of 

consolidation were higher for the larger confining pressure stages than the first stage.  

 

Figure 4.15: Consolidation Curves for 50% Oil 
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Table 4.11: Coefficients of Consolidation for 50% Oil 
 
Confining Pressure (psi) Cv (ft

2/day)
0.9 1.6 
1.81 2.8 
3.62 10.6
7.25 3.7 

 

4.6.2 Load versus Strain 

The measured load for the 50% oil specimens versus strain is displayed in Figure 

4.16. The load increased at a gradual rate instead of rapidly for 5% strain and then leveled 

out. The loads seemed to continually increase.  

 

 

Figure 4.16: Load versus Strain for 50% Oil 
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4.6.3 Pore Oil Pressures 

The pore oil pressures induced during shearing for the 50% oil specimen are 

provided in Figure 4.17. The pore oil pressure increased rapidly for the first 5% strain, 

and then the pressures leveled out. This did not follow the trend for the measured load in 

Figure 4.16.  

 

 

Figure 4.17: Pore Oil Pressures Induced for 50% Oil 

 

4.7 COMPARISON 

Most of the plots had similar trends, but at different values. The consolidation 

data provided insight into the possible behavior of the soil’s shear strengths. All of the 

consolidation curves are plotted together in Figure 4.18. The compression index and 
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coefficients of consolidation for each saturation combination are provided in Table 4.12 

and Table 4.13, respectively. The compression indexes were greater for the specimens 

with smaller amounts of oil, and the indexes were lower for the specimens that contained 

high oil contents. The coefficients of consolidation were greater for the specimens that 

contained high oil contents, and the coefficients were lower for the specimens with very 

little oil.  

 

 

Figure 4.18 Consolidation Curves for All Tests 

 
 
Table 4.12 Compression Index for All Tests 
 
 100% Water 100% Oil 90% Oil 70% Oil 50% Oil
Cc 0.40 0.15 0.25 0.22 0.46
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Table 4.13: Coefficients of Consolidation for All Tests 
 
 Cv (ft2/day)
Confining Pressure (psi) 100% Water 100% Oil 90% Oil 70% Oil 50% Oil
0.65  16.9  
0.9  51 9.5 5.3 1.6
1.81  69 7.4 15.1 2.8
3.62 0.06 12 11.6 22.7 10.6
7.25 0.14 17 4.1 22.7 3.7
14.5 0.17 18.9  
21.75  10.6  
29  13.3  

 

4.8 CONCLUSION 

The results for all of the tests performed during this research project were 

displayed in this chapter. The consolidation curves, the applied loads, and the induced 

pore pressures for each saturation combination were provided. The analyses of the 

applied loads and the induced pore pressures are in Chapter 5.  
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Chapter 5: Analysis 

 

5.1 INTRODUCTION 

The purpose of this research was to determine the shear strengths of contaminated 

sediments. This portion analyzes the results that were provided in Chapter 4 to determine 

the shear strengths. In order to understand the differences in strength due to different oil 

saturation combinations, the analyzed applied load is discussed first. The p’-q plots and 

the two-dimensional envelopes for each saturation combination are presented. A 

comparison of all the different saturation combinations results in a two-dimensional 

Mohr-Coulomb failure envelope. Next, the process of determining a three-dimensional 

Mohr-Coulomb failure surface is presented.  

 

5.2 AREA CORRECTION 

 In order to calculate the deviatoric stress applied to the specimen, an area 

correction was applied in the analysis. Typically, the cross sectional area of the specimen 

was considered uniform throughout the specimen. This was especially true if the 

specimen had a shear plane failure and not a bulging failure. The corrected area during 

shearing was typically found by taking the volumetric strain and setting it equal to the 

axial strain and two times the radial strain which is shown in Equation 5.1. When an 

Undrained test was evaluated, the volumetric strain was zero. When a Drained test was 

evaluated, the volumetric strain was found from the burette readings during the shearing 

stage of the test.  
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Equation 5.1 

  

The specimens in this research project were all normally consolidated that bulged 

during shearing with no clear failure planes; therefore the specimen did not change 

diameter uniformly over the height. Instead of assuming the diameter changes uniformly, 

a distribution of the change in diameter was applied. The distribution of radial strain used 

was a triangular distribution with the peak of the triangle at the center of the specimen. 

This distribution can be seen in Figure 5.1 and is described by Equation 5.2. The diameter 

at the center of the specimen was doubled for the triangular distribution. This distribution 

of the radial strain was not an exact estimate, but it seemed reasonable based on Figure 

5.1.  

Equation 5.2 

 

 

ΔV/V = ΔH/H + 2ΔR/R

ΔV/V = ΔH/H + 4ΔR/R
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Figure 5.1: Distribution of Radial Strain through the Specimen 
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5.3 100% WATER 

 The deviatoric stress, p’ and q plots, and the Mohr circles for the 100% water 

specimens are provided in the following sections. The Consolidated Undrained tests had 

a peak deviatoric stress at which failure occurred. This value for each of the tests 

conducted at 100% water produced the failure envelope. 

 

5.3.1 Stress versus Strain 

The deviatoric stress versus the axial strain during the shearing process of the 

water saturated specimens is shown below in Figure 5.2 for three different confining 

pressures. The deviatoric stress increased rapidly at small strains, and then began to level 

out after larger strains to a critical state. The peak failure was seen on this plot for the 

curves except for the experiment at 3.62 psi. The specimen at 3.62 psi effective stress 

seemed to level out at a critical state value early on. At the higher effective stresses the 

shear resistance peaked and then slightly decreased to a critical state value. This behavior 

seemed reasonable for this material (Mesri and Olson, 1970).   
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Figure 5.2: Deviatoric Stress versus Strain for 100% Water 

 

5.3.2 Stress Path Plots 

The stress paths for the three specimens sheared are shown in the p’-q curves in 

Figure 5.3. P’ and q were calculated in the typical method of using the pore water 

pressures which is shown in Equation 5.3 and Equation 5.4. The stress path curved to the 

right and then curved back down to the left and then followed the failure envelope. The 

trend shown in Figure 5.3 was typically expected for this type of soil. The stress paths 

were the same, but reduced in magnitude depending on the confining pressure.  
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Equation 5.3 

 

Equation 5.4 

 

 

Figure 5.3: p’-q plots for 100% Water 

 

5.3.3 Two-Dimensional Mohr-Coulomb Failure Envelope 

Typical shear strength values of Kaolinite ranged from 26º to 31º. The goal of this 

portion of the project was to repeat those values with the method established in the 

experimental program chapter. The repetition of that shear strength confirmed that the 

other tests were performed properly. The Mohr Coulomb failure envelope is provided in 

Figure 5.4. The failure envelope and Mohr circles provided a friction angle of 26º. The 

results indicate that the friction angle is slightly higher for the lower effective stresses and 

decreases with increasing effective stresses. The results from this portion of the research 

project supported that the friction angle of Kaolinite during a Consolidated Undrained 

p’ = [(σ1-uw) + (σ3-uw)]/2

q = [(σ1-uw) - (σ3-uw)]/2
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triaxial test was around 26-30º. The results from the 100% water saturated Kaolinite 

provided confidence in the test procedure utilized during this research project.  

 

 

Figure 5.4: Two-Dimensional Mohr-Coulomb Failure Envelope for 100% Water 

 

5.4 100% OIL 

The results from the 100% oil saturated specimen experiments were analyzed in 

this section. The deviatoric stress, p’-q plots, and the Mohr circles are provided. The 

Undrained test had a peak failure, and the Drained tests did not. The Drained tests failure 

was found between 15% strain and 20% strain as specified by ASTM D4767-04. 

 

5.4.1 Stress versus Strain 

The deviatoric stress for four different confining pressures is plotted versus the 

axial strain in Figure 5.5. The three different tests conducted at 3.625psi confining 

pressure on the saturated oil specimens were relatively close. The Consolidated Drained 
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tests never quite reached a peak. The Consolidated Drained tests continued out and 

reached critical state strength towards the beginning of the test. The Consolidated 

Undrained test which was performed at 7.25psi confining pressure has a slight peak 

around five percent strain and then leveled to a critical state value. The Consolidated 

Undrained test conducted at 7.25psi was closely related to the Consolidated Drained tests 

conducted at 3.62psi until around 6% strain. This result was due to the pore pressures that 

were induced during the shearing of the Undrained test. The effective stress experienced 

by the Undrained specimen was similar to the effective stress experienced by the Drained 

specimen at a confining pressure half of the Undrained confining pressure.  

 

 

Figure 5.5:  Deviatoric Stress versus Strain for 100% Oil 
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5.4.2 Stress Path Plots 

The p’-q plots for the 100% saturated oil specimens are provided in Figure 5.6. 

The p’ and q values for the 100% oil specimens were calculated by using the pore oil 

pressures instead of the pore water pressures which is shown in Equation 5.5 and 

Equation 5.6. For the Consolidated Drained tests, the p’-q curves generated followed the 

45 ̊ line. The Consolidated Undrained test curved towards the right and then back to the 

left which was to be expected for this type of material. Once again, the Undrained test at 

7.25psi compared to the Drained tests at 3.62psi.  

 

Equation 5.5 

 

Equation 5.6 

 

p’ = [(σ1-uo) + (σ3-uo)]/2

q = [(σ1-uo) - (σ3-uo)]/2
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Figure 5.6: p’-q plots for 100% Oil 

 

5.4.3 Two-Dimensional Mohr-Coulomb Failure Envelope 

The Mohr Circles for each tests conducted on 100% saturated oil specimens is 

shown in Figure 5.7. The two-dimensional Mohr-Coulomb failure envelope had a friction 

angle of 34 ̊ and cohesion of zero. All of the tests fell pretty close to this failure envelope. 

The shear strength of the Undrained test at 7.25psi matched the shear strength of the 

Drained tests at 3.62psi. This increase in shear strength for the 100% oil saturated 

specimen was to be expected. The soil visually seemed stronger when saturated with oil 

than when saturated water. The flocculated soil structure of the mineral oil saturated 

specimen was stronger than the dispersed soil structure of the water saturated specimen. 
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Figure 5.7: Two-Dimensional Mohr-Coulomb Failure Envelope for 100% Oil 

 

5.5 90% OIL AND 10% WATER 

The analyzed results of specimens that contained 90% oil and 10% water are 

produced in this section. The deviatoric stress, p’ and q plots, and the Mohr circles are 

shown in the following sections. The failure locations were determined by the peak for 

the Undrained test and 15% strain to 20% strain for the Drained tests. 

 

5.5.1 Stress versus Strain 

The deviatoric stress is plotted against the axial strain for the tests performed on 

90% oil specimens in Figure 5.8. The Drained tests never reached a peak stress, but the 

stresses leveled out to a critical state stress between 10% and 15% strain. The Undrained 

test had a peak stress at approximately 7% strain, and then it leveled to a critical state. 

The Undrained test at 7.25psi confining pressure compared to the Drained test at 3.62 psi, 
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because the induced pore pressures increased during the shear. The induced pore 

pressures caused the effective confining pressure to decrease by approximately half for 

the Undrained test. 

 

 

Figure 5.8: Deviatoric Stress versus Strain for 90% Oil 

 

5.5.2 Stress Path Plots 

5The p’-q plots for the experiments conducted on the 90% oil specimens are provided in 

Figure 5.9. The p’ and q values were determined by using the measured pore oil pressure 

instead of the pore water pressures which was shown in Equation 5.5 and Equation 5.6. 

The Drained tests were straight lines that followed the 45 ̊ line which was expected for 
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Drained specimens. The Undrained test curved to the right and then curved back towards 

the left which was also to be expected.  

 

 

Figure 5.9: p’-q plots for 90% Oil 

 

5.5.3 Two-Dimensional Mohr-Coulomb Failure Envelope 

The Mohr circles for the 90% oil specimens are shown on Figure 5.10. The Mohr-

Coulomb failure surface was found by using the friction angle of 42 ̊. The cohesion for 

the failure envelope was zero. All four of the tests fell along this failure envelope, but 

there seemed to be a slight curvature in the failure envelope. The shear strength of the 

Undrained test at 7.25psi was fairly close to the shear strength of the Drained test at 
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3.62psi. The specimens with 90% oil and 10% water were stronger than the 100% oil 

saturated specimens. This was due to the water and oil pressure interaction and the 

structure of the soil caused by the oil and water combination. 

 

 

Figure 5.10: Two-Dimensional Mohr-Coulomb Failure Envelope for 90% Oil 

 

5.6 70% OIL AND 30% WATER 

The deviatoric stress, p’-q plots, and Mohr circles for the 70% oil specimens are 

shown in these sections. The failure was determined the same way as specified earlier. 

Peak failure was chosen if it was an Undrained test, and between 15% strain and 20% 

strain was chosen if it was a Drained test.  
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5.6.1 Stress versus Strain 

The deviatoric stress is plotted against strain for the 70% oil specimens in Figure 

5.11. Most of the Undrained tests were at much larger confining pressures than the 

Drained tests. The Undrained tests had a peak stress that was around 7% or 8% strain, 

and then the curves leveled to a critical state stress. The Undrained test at 7.25psi was 

slightly lower than the Drained test at 3.62psi. The Undrained test induced pore pressures 

more than 3.62psi during the shearing stage of the test. The Drained tests never reached a 

visual peak on the deviatoric stress pots. The deviatoric stress increased to a certain point 

and then remained constant at a critical state stress.  

 

 

Figure 5.11: Deviatoric Stress versus Strain for 70% Oil (All Tests) 
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 In order for the plots to be more distinctive, Figure 5.12 and Figure 5.13 contain 

the deviatoric stress plots for the Consolidated Undrained tests and the Consolidated 

Drained tests, respectively. Looking at these two figures displayed the distinct difference 

in behavior of the Undrained tests versus the Drained tests. 

 

 

Figure 5.12: Deviatoric Stress versus Strain for 70% Oil (CU tests) 
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Figure 5.13: Deviatoric Stress versus Strain for 70% Oil (CD tests) 

 

5.6.2 Stress Path Plots 

6The p’-q plots for the specimens at 70% oil content and 30% water content are provided 

in Figure 5.14. Once again, the p’ and q values were calculated by using the pore oil 

pressures, because visually the pressure transducer was in contact with the mineral oil 

and not the water which was displayed in Equation 5.5 and Equation 5.6. The Undrained 

tests curved to the right and then curved back to the left. The Drained tests had no pore 

pressures induced during shearing so they followed along a 45 ̊ line.  
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Figure 5.14: p’-q plots for 70% Oil 

 

5.6.3 Two-Dimensional Mohr-Coulomb Failure Envelope 

All of the Mohr circles for the experiments conducted on 70% oil specimens are 

provided in Figure 5.15. The circles fell along the same failure plane as the 90% oil 

failure envelope which was a friction angle of 42 ̊ and cohesion of zero. For clarity, the 

Consolidated Undrained tests and the Consolidated Drained tests are shown separately in 

Figure 5.16 and Figure 5.17, respectively. The Undrained test at 7.25psi produced a 

similar failure stress to the Drained test at 3.62psi. However, the similar failure stress was 

not as close as the other saturation combinations. The fact that the 90% oil specimens and 

the 70% oil specimens provided the same shear strength was interesting. This was helpful 

when determining what the pore water pressures may be during the experiment. The 
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interaction between the oil, water, and Kaolinite caused the strengths to be higher than 

the 100% oil specimens. 

 

 

Figure 5.15: Two-Dimensional Mohr-Coulomb Failure Envelope for 70% Oil (All Tests) 
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Figure 5.16: Two-Dimensional Mohr-Coulomb Failure Envelope for 70% Oil (CU Tests) 

 

 

Figure 5.17: Two-Dimensional Mohr-Coulomb Failure Envelope for 70% Oil (CD Tests) 
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5.7 50% OIL AND 50% WATER 

The results for 50% oil specimens are analyzed in these sections. The deviatoric 

stress, p’ and q plots, and Mohr circles are shown. The failure was found to be the peak 

stress for the Undrained test, and between 15% and 20% for the Drained tests. 

 

5.7.1 Stress versus Strain 

The deviatoric stresses are plotted versus axial strain in Figure 5.18. The 

deviatoric stress increased rapidly for the first 5% strain. Then the deviatoric stress 

reached a plateau. The Undrained and Drained tests did not provide a distinct peak 

failure. The Undrained test continued to increase over axial strain. The Drained test 

leveled to a critical state after 5% strain.  

 

 

Figure 5.18: Deviatoric Stress versus Strain for 50% Oil 
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5.7.2 Stress Path Plots 

 The p’-q plots for the 50% oil specimens are shown in Figure 5.19. The Drained 

tests followed a 45 ̊ line which was typical. The Undrained test curved to the right and 

then curved back to the left to follow a 45 ̊ line.  

 

 

Figure 5.19: p’-q Plots for 50% Oil 

 

5.7.3 Two-Dimensional Mohr-Coulomb Failure Envelope 

The Mohr circles and the Mohr-Coulomb Failure Envelope for the 50% oil 

specimens are displayed in Figure 5.20. Unlike the previous saturation combinations, the 

failure envelope contained a cohesion and a friction angle. The cohesion was 1.6psi, and 

the friction angle was 13.8 ̊. All of the Mohr circles fell along this failure envelope very 

closely.  
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Figure 5.20: Two-Dimensional Mohr-Coulomb Failure Envelope for 50% Oil 

 

5.8 DEVELOPING THREE-DIMENSIONAL FAILURE ENVELOPES 

In order to develop a three-dimensional Mohr-Coulomb failure envelope, an 

understanding of the two-dimensional failure envelopes along with the pore pressures 

was required. The three-dimensional failure envelope presented by Fredlund and 

Rahardjo (1993) required that all of the different pore pressures be measured. Since the 

pore water pressures were not measured the major difficulty was determining the 

difference between the pore oil pressures and the pore water pressures. The next few 

sections discuss the process of developing the three-dimensional failure envelope along 

with presenting the failure envelopes. 
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5.8.1 Two-Dimensional Mohr-Coulomb Failure Envelope 

The two-dimensional Mohr-Coulomb failure envelopes derived for all of the 

saturation combinations are displayed in Figure 5.21. The x – axis was labeled as 

effective stress, but the effective stress was defined differently for the different saturation 

combinations. For 100% water, the effective stress was the difference between the total 

stress and the pore water pressure (σ-uw). For all other tests, the effective stress was the 

difference between the total stress and the pore oil pressure (σ-uo). The pore pressures 

measured were pore water pressures for the 100% water specimens, but the pore 

pressures measured were pore oil pressures for all other tests. The pore pressures were 

considered pore oil pressures, because the oil was visually in contact with the pore 

pressure transducer. Also, the failure envelopes only covered points that were tested 

during the research project. 

Figure 5.21 gives a sense of the strength increase when mineral oil was added. 

The 90% oil and 70% oil specimens were stronger than the 100% oil specimens. The 

50% oil specimens had a different behavior than the other tests. At low effective stresses, 

the 50% oil specimen was stronger than all other oil contents, and at higher effective 

stresses the 50% oil specimen became weaker than all other oil contents. This was due to 

the fact that more oil was expelled during the consolidation stage at higher confining 

pressures. More oil at the lower confining pressures caused the shear strength to be 

higher. The saturation combinations provided, such as 90%, 70%, and 50% were only the 

initial conditions. The saturation changed during consolidation. If the oil content was 

higher, then the shear strength was higher except for the 100% oil content specimens. The 

structure was different for the 100% oil than the 90% and 70% oil that caused the 

strength to be different. 
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Figure 5.21: Two-Dimensional Mohr-Coulomb Failure Envelopes 

 

5.8.2 Pore Pressures 

The two-dimensional Mohr-Coulomb failure envelopes did not include the pore 

water pressures for the specimens that contain water and oil. In order to determine the 

failure envelope, the pore water pressures needed to be estimated. 

As the consolidation stage ended, the oil content had decreased. Figure 5.22 

shows the decrease in oil content during the consolidation stages. No water was expelled 

during the consolidation stages. The 90% oil specimens only decreased to approximately 

85%, and the 70% oil specimens were around 65%. The larger confining pressures 

produced even greater oil expulsion to an oil content of 55%. The 50% oil specimens had 
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the largest reduction in oil content during the consolidation process. More water in the 

specimen caused the specimen to want to consolidate even more. The oil content of the 

50% specimens was reduced to approximately 20% to 35% during the consolidation 

process. This agreed with the two-dimensional Mohr-Coulomb failure envelopes in 

Figure 5.21. The more oil in the 50% oil specimen (at lower confining pressures) 

produced a higher strength.  

 

 

Figure 5.22: Oil Content during Consolidation Stages 

 

Using a soil-water retention curve for clay which is shown in Figure 5.23, an 

estimation of the difference in the pore air pressures and the pore water pressures was 

determined for different water contents. Figure 5.23 was in agreement with figures also 

found and discussed by Charbeneau (2000) and Gray (2002). The water content 

determined from the experiment was applied to the Soil-Water Retention Curve (SWRC) 

for the clay, and a matric suction (difference between the pore air pressures and the pore 
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water pressures ua-uw), was read from the plot in Figure 5.23. The matric suction was 

then assumed to be the difference between the pore oil pressures and the pore water 

pressures (uo-uw). Table 5.1 contains the estimated difference between the pore oil 

pressures and the pore water pressures for the different saturation combinations.  

 

 

Figure 5.23: Soil-Water Retention Curves for Different Soils (Stephens, 1996) 

 

 
Table 5.1 Estimated Differences between Pore Oil and Pore Water Pressures 
 
Oil Content uo-uw (psi) 
90% 6.5 
70% 5.5 
50% 4.2 

 

 The goal of determining these differences in pore pressures was to develop a 

range around a reasonable difference. The reasonable values provided in Table 5.1 were a 

starting point to estimate the pore pressure differences for the different saturation 
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combinations. By varying the pore pressure differences, different strength parameters, 

represented by ψ, were calculated. The strength parameter is discussed in more detail in 

the next section. Since it is difficult on a real project to measure the pore oil pressures and 

the pore water pressures, saturation values could be used to determine the pore pressure 

differences.  

 Soil-Oil retention curves were developed for different confining pressures and are 

displayed in Figures 5.24 to 5.27. Values of ψ = 6º to ψ = 22º were varied to determine 

different values of the pressure difference between the oil and the water. Lower confining 

pressures (Figure 5.24 and Figure 5.25) provided very complicated curves, because the 

behavior of the soil at 50% oil content varied greatly. The higher confining pressures 

(Figure 5.26 and Figure 5.27) showed clearly the trend the of the pore pressure 

differences over the oil contents. For example if the oil saturation was known and the oil-

water strength value ψ was known, then the pore pressure difference is read from the 

figures for that confining pressure.  

 Along with the volumetric oil content, Figure 5.24 through Figure 5.27 shows the 

oil saturation for the specimens. At the lower confining pressures, the “50% oil 

specimens” contained between 35% and 50% in oil content. This caused the pore oil 

pressures to be higher than the pore water pressures. At the higher confining pressures, 

the “50% oil specimens” contained between 20% and 30% in oil content. The pore water 

pressures became larger than the pore oil pressures which caused the difference to 

become negative.  
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Figure 5.24: Hypothesized Soil-Oil Retention Curves for 0.9psi 

 

 

Figure 5.25: Hypothesized Soil-Oil Retention Curve for 1.81psi 
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Figure 5.26: Hypothesized Soil-Oil Retention Curve for 3.62psi 

 

 

Figure 5.27: Hypothesized Soil-Oil Retention Curve for 7.25psi 
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 Figure 5.28 contains a soil-oil retention curve for the different confining pressures 

for only ψ = 14º. As the confining pressure increased, the “50% oil specimens” resulted 

in a smaller void ratio and a smaller pore pressure difference. The smaller volumetric oil 

content resulted in a larger volumetric water content which caused the pore water 

pressure to increase while the pore oil pressure decreased.  

 

 

Figure 5.28: Hypothesized Soil-Oil Retention Curves for ψ = 14° 

 

5.8.3 Three-Dimensional Mohr-Coulomb Failure Envelope 

Recall the three-dimensional Mohr-Coulomb failure envelope equation in 

Equation 5.7 for oil-dominated and Equation 5.8 for water-dominated. In order to 

develop a three-dimensional envelope, the cohesion was assumed to be zero, and the 

friction angle (ϕ’) was assumed to be 34º  for the 90% and 70% oil saturation 
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combinations, because these combinations were oil-dominated. The friction angle was 

found from the 100% oil content specimen which represented the strength with the 

effective stress represented by the difference between the total stress and the pore oil 

pressure (σ-uo). For the 50% oil specimens, the friction angle was assumed to be 26°, 

because the specimens were more water-dominated. The friction angle of 26° was from 

the 100% water failure envelope. Based on these assumptions the only unknowns from 

Equation 5.7 and Equation 5.8 were uw and ψ. Using the estimate of the difference in 

pore pressures, different ψ’s were generated. This provided a range of possible failure 

envelopes where ψ ranged from 6 ° to 16 ° for the oil-dominated specimens, and ψ ranged 

from 6 ° to 20 ° for the water-dominated specimens. 

 

Equation 5.7 

 

Equation 5.8 

 

5.8.3.1 90% Oil and 10% Water 

Three-dimensional failure envelopes were generated for the 90% oil specimens, 

but the plots required a great deal of extrapolation and did not thoroughly express the 

relationships. In order to show the three-dimensional failure envelope, two-dimensional 

plots of the different known values (which has very little extrapolation) are presented in 

the following figures (Figure 5.29 to Figure 5.32). The acceptable range for the 90% oil 

specimens was between ψ = 6° and ψ = 16°. On each figure the known points are shown 

as filled in data points, and the hypothesized data points are unfilled. The known data 

τ = c’ + (σ – uo)f tan(φ’) + (uo – uw)f tan(ψ)

τ = c’ + (σ – uw)f tan(φ’) + (uw – uo)f tan(ψ)
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points were the points in which the shear strength was known and the effective stress was 

known.  

 Cross sections for the three-dimensional failure plane are shown in Figure 5.29 

and Figure 5.32. The cross section of shear strength versus effective stress (Figure 5.29) 

displayed what would be a two-dimensional failure envelope given the different pore 

pressure differences for each envelope. Figure 5.29 displays the range of where failure 

would fall between ψ = 6° and ψ = 16° on a typical failure envelope plot. The envelopes 

for ψ = 6° and ψ = 16° were relatively the same, but the pore pressure differences varied.  

 Figure 5.30 and Figure 5.31 provide the void ratios at the beginning of the 

shearing stage versus the effective stresses and the pore pressure differences, 

respectively. For the effective stresses, the void ratios decreased as the effective stresses 

increases, mostly.  The general trend for the void ratios was that as the pore pressure 

differences increased the void ratios decreased. 

The cross section of the effective stress plotted with the difference in pore 

pressures is provided in Figure 5.32. The range of differences between pore pressures 

showed reasonable values to be expected for that oil content. The increase in the 

difference in pore pressures was attributed to the pore sizes. As the pore sizes decreased, 

the water pressure decreased causing the difference to increase. This theory agreed with 

the void ratios provided in Figure 5.30 and Figure 5.31.  
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Figure 5.29: Shear Strength versus Effective Stress for 90% Oil 

 

 

Figure 5.30: Void Ratio versus Effective Stress for 90% Oil 
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Figure 5.31: Void Ratio versus Pore Pressure Difference for 90% Oil 

 

 

Figure 5.32: Effective Stress versus Pore Pressure Difference for 90% Oil  
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5.8.3.2 70% Oil and 30% Water 

The results from the 70% oil specimens were very close to that of the 90% oil 

specimens. Figure 5.33 through Figure 5.36 were developed to describe the three-

dimensional failure envelope. The four known points are labeled by the filled data points, 

and the hypothesized points are labeled by the unfilled data points on the graphs. The 

shear strengths and effective stresses were known for these points, and the difference in 

pore pressures were calculated by assuming the value of ψ = 6° or ψ = 16°.  

 The cross sections from the three dimensional plots are shown in Figure 5.33 and 

Figure 5.36. Figure 5.33 is the shear strength versus the effective stress which is the two-

dimensional failure envelope for the range of acceptable ψ’s. The two-dimensional 

failure envelopes for ψ = 6° and ψ = 16° were relatively close, but the pore pressure 

differences varied.  

 Figure 5.34 and Figure 5.35 provide the void ratios at the beginning of the 

shearing stage versus the effective stresses and the pore pressure differences, 

respectively. For the effective stresses, the void ratios decreased as the effective stresses 

increased. The general trend for the void ratios was that as the pore pressure differences 

increase the void ratios decreased which was the same for the 90% oil specimens. 

  The difference in pore pressures shown in Figure 5.36 provided a range of where 

the pore pressures would be acceptable. This range was in between the two extremes of ψ 

= 6° and ψ = 16°. The increase in pore pressure difference at higher confining pressures 

was due to the pore sizes. As the pore sizes decreased, then the pore water pressure 

decreased causing the pressure difference to increase.  
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Figure 5.33: Shear Strength versus Effective Stress for 70% Oil 

 

 

Figure 5.34: Void Ratio versus Effective Stress for 70% Oil 
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Figure 5.35: Void Ratio versus Pore Pressure Difference for 70% Oil 

 

 

Figure 5.36: Effective Stress versus Pore Pressure Difference for 70% Oil  



 104

5.8.3.3 50% Oil and 50% Water 

The 50% oil specimens for ψ = 6° and ψ = 20° are provided in Figure 5.37 

through Figure 5.40 for the water-dominated analysis. The acceptable range was between 

ψ = 6° and ψ = 20° so the extremes were plotted. On each figure the known points from 

the experiments are labeled with filled data points, and the hypothesized points are 

unfilled data points. The known points were the points in which the shear strength was 

known and the effective stress was known.  

 The cross sections from the three-dimensional failure envelopes are plotted in 

Figure 5.37 and Figure 5.40. The two-dimensional failure envelopes are shown in Figure 

5.37 which displays the range of acceptable failure envelopes. This range was very small 

for the 50% oil specimens at ψ = 6º, but for specimens at ψ = 20º the range was quite 

large. Each failure envelope was at a different pore pressure difference.  

Figure 5.38 and Figure 5.39 provide the void ratios at the beginning of the 

shearing stage versus the effective stresses and the pore pressure differences, 

respectively. As for the effective stresses, the void ratios varied for different ψ’s. For ψ = 

6º, the void ratios decreased as the effective stresses increased. For ψ = 20º, the void 

ratios increased as the effective stresses increased. This increase in the effective stress 

was due to a negative pore water pressure generation at what would be a lower confining 

pressure. If the effective stress was determined by the total stress minus the pore oil 

pressure (σ-uo) instead of the total stress minus the pore water pressure (σ-uw), then the 

trend from the other oil contents would be seen here. The general trend for the void ratios 

was that as the pore pressure differences increased the void ratios decreased. In this case, 

the pressure difference was calculated by subtracting the pore oil pressure from the pore 

water pressure (uw-uo). 
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The difference in pore pressures shown in Figure 5.40 provided a range of where 

the pore pressures were acceptable. The range was between the two lines on either side of 

the plot. At times, the pore water pressures were higher than the pore oil pressures and 

vice versa. The 50% oil specimens had a great deal of variability which was due to the 

amount of mineral oil that was actually in the specimen. The fact that the 50% oil 

specimens were really around 25% oil had the water play a more dominant role in the 

specimen. The trend changed greatly with the change in ψ. 

 

 

Figure 5.37: Shear Strength versus Effective Stress for 50% Oil 
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Figure 5.38: Void Ratio versus Effective Stress for 50% Oil 

 

 

Figure 5.39: Void Ratio versus Pore Pressure Difference for 50% Oil 
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Figure 5.40: Effective Stress versus Pore Pressure Difference for 50% Oil 

 

 An oil-dominated analysis was also performed on the 50% oil specimens. The oil 

dominated equation was applied, and the friction angle of 34º was utilized. The analysis 

produced similar results to that of the water-dominated analysis, and the results can be 

seen in Figure 5.41 and Figure 5.42. The shear stress versus the effect stresses shown in 

Figure 5.41 are reasonably close to the water-dominated analysis. The pore pressure 

differences plotted in Figure 5.42 show that at higher confining pressures the pore 

pressure difference is negative meaning that the pore water pressures are higher than the 

pore oil pressures. The explanation that at higher confining pressures there was less oil 

and more water in the pores matches that the pore water pressure would be greater.  
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Figure 5.41: Shear Strength versus Effective Stress for 50% Oil using the Oil-Dominated 

Equation 

 

 

Figure 5.42: Effective Stress versus Pore Pressure Difference for 50% Oil using the Oil-

Dominated Equation 
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5.8.3.4 Comparison 

The only large difference between the three saturation combinations was the 

range of pore pressure differences and the void ratios. The void ratios versus the effective 

stresses for all tests are shown in Figure 5.43 and Figure 5.44. Figure 5.43 uses two 

different definitions of effective stresses (σ-uo and σ-uw), therefore Figure 5.44 which has 

the same definition of effective stress is provided. Figure 5.44 displays that as the 

confining pressures increase the void ratios decrease.  

 

 

Figure 5.43: Void Ratio versus Effective Stress for All Tests 
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Figure 5.44: Void Ratio versus Effective Stress (Corrected) for All Tests 

 

The void ratios versus the pore pressure difference are provided in Figure 5.45 

and Figure 5.46. Figure 5.45 uses two different definitions of pore pressure difference 

(uo-uw and uw-uo). Figure 5.46 provides the plots with the same definition of pore 

pressure difference. For 70% oil and 90% oil specimens, the void ratio decreased as the 

pore pressure difference increased. For the 50% oil specimens, the void ratio increased as 

the pore pressure difference increased. This was due to the variability in oil content of the 

50% oil specimens. If the confining pressure was higher, then the specimen contained 

less oil and more water in smaller pore spaces.  
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Figure 5.45: Void Ratio versus Pore Pressure Difference for All Tests 

 

 

Figure 5.46: Void Ratio versus Pore Pressure Difference (Corrected) for All Tests 
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The pore pressure differences are displayed in Figure 5.47 for all of the tests. The 

90% oil and 70% oil specimens had approximately the same range, and the pore oil 

pressure was always greater than the pore water pressure. For the 50% oil specimens, the 

difference in pore pressures varied greatly for the both the water-dominated and oil 

dominated analyses. This variability was mostly likely due to the amount of oil in the 

specimen during shearing. The water content was greater than the oil content during 

shearing, but the oil content ranged from 20% to 35%. The pore water pressure was 

greater than the pore oil pressure or vice versa. There was a threshold between the 20% 

oil content and 35% oil content that caused this change from oil-dominated failure to 

water-dominated failure. 

 

 

Figure 5.47: Effective Stresses versus Pore Pressure Difference at Shear Failure for All 

Tests  
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 The different possible three-dimensional failure envelopes are provided in 

Equations 5.9 through 5.12. Equation 5.9 and Equation 5.10 are for oil-dominated 

specimens such at 90% and 70% oil specimens. Equation 5.11 and Equation 5.12 are for 

water-dominated specimens like 50% oil and less.  

 

Equation 5.9 

 

 

Equation 5.10 

 

 

Equation 5.11 

 

 

Equation 5.12 

 

 

5.9 CONCLUSION 

The shear strength of the Kaolinite increased as mineral oil was added. When the 

oil content was above 50%, then the specimen had an oil-dominated response. When the 

oil content was below 50%, then the specimen had an oil-dominated or a water-

dominated response. Typically, the oil-dominated failure occurred at lower confining 

pressures due to less oil being expelled during consolidation. The water-dominated 

τ =  (σ – uo)f tan(34) + (uo – uw)f tan(6) 

τ =  (σ – uo)f tan(34) + (uo – uw)f tan(16)

τ =  (σ – uw)f tan(26) + (uw – uo)f tan(6)

τ =  (σ – uw)f tan(26) + (uw – uo)f tan(20) 
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failure took place at higher confining pressures where the oil content was reduced even 

more.  

Determining the pore water pressures was very difficult, but a range of acceptable 

values was possible. This did become problematic when analyzing the 50% oil 

specimens. The 50% oil specimens had larger pore water pressures or larger pore oil 

pressures. Once again, the specimens with higher pore water pressures than pore oil 

pressures occurred at higher confining pressures. Using the estimated values for pore 

pressure difference and an average ψ, a reasonable shear strength failure envelope was 

obtained. 

The three-dimensional failure envelope was not exact nor was it highly practical. 

The three-dimensional failure envelope was an attempt to describe the behavior that was 

caused by the oil and water pressures. According to Fredlund and Rahardjo (1993), using 

a three-dimensional failure envelope to describe the behavior when all of the pore 

pressures are not measured is ambiguous.  
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Chapter 6:  Conclusions and Recommendations 

Contamination of sites became a widespread problem throughout the world.  One 

way to remediate the problem is by capping the contaminated soil with a sand cap to 

contain the contaminants. This method poses a problem by loading the contaminated 

sediments and causing a failure such as the surge pond in South Louisiana. Determining 

the properties of the contaminated sediments allowed for better understanding of the 

potential failures of these contaminated sites when remediation was applied.  

 

6.1 SUMMARY 

Initially, a triaxial test method to analyze the consolidation of contaminated 

sediments from actual sites was developed (Steward, 2007 and Moretti, 2008). However, 

the unknowns from the real site samples caused a problem in analyzing the data. Next, all 

of the variables were controlled in the consolidated tests by mixing Kaolinite with water 

and mineral oil (Erten et al., 2011). This research provided a threshold of when mineral 

oil was no longer mobilized which was at a volumetric oil content of approximately 10%.  

Using the specimen preparation methods developed by Erten et al. (2011), the 

shear strength of the contaminated sediments was investigated. Consolidated Undrained 

and Consolidated Drained triaxial tests were performed on the Kaolinite with different 

saturation combinations of oil and water; the saturation combinations of the Kaolinite 

included 100% water, 100% oil, 90% oil and 10% water, 70% oil and 30% water, and 

50% oil and 50% water. Once the specimens were constructed to the desired saturation 

combination, each specimen was subjected to various consolidation stages. Next, the 

specimens were sheared using a loading frame and the drainage valves were either left 

open (drained tests) or were closed (undrained tests).  
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The data collected from the consolidation and shearing stages of the experiments 

were analyzed to determine two-dimensional and three-dimensional failure envelopes. 

The pore oil pressures and pore water pressures were estimated to produce the three-

dimensional failure envelopes.  

 

6.2 CONCLUSIONS 

This project provided much insight into the behavior of the Kaolinite 

contaminated with the mineral oil. The different consolidation rates depended upon the 

amount of oil in the specimen. The oil-dominated versus water-dominated specimens 

behaved quite differently in terms of shearing. Developing a soil-oil retention curve at 

low effective stresses was difficult, because of the variability in the behavior. The pore 

water and pore oil pressures depended upon the void ratio of the specimen. Finally, oil 

increased the strength of the Kaolinite depending on the amount.  

For the 100% oil specimens, very little consolidation occurred and it occurred 

very rapidly. The 90% and 70% oil specimens had slightly more consolidation than the 

100% oil specimens, and the consolidation stages took slightly longer. The 50% oil 

specimens were slower than the previous three cases and consolidated more. The 100% 

water specimens consolidated more than the other saturation combinations, and at a 

slower rate. If the specimen had more oil, then the specimen consolidated less and at a 

faster rate.  

For the 100% water specimens, previous shear strength data was reproduced 

during the research project. The shear strength was higher for the 100% oil specimens 

than the 100% water specimens which could be visually seen when the specimens were 

inspected. The 100% water specimens had a more dispersed structure and the 100% oil 

specimens had a more flocculated structure. The 90% oil and 70% oil specimens 
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produced higher shear strengths than the 100% oil specimen which was most likely due 

to the pore water pressure and pore oil pressure interaction. If mineral oil was introduced 

to the specimen, then the shear strength was higher than that of the 100% water 

specimens. 

From the experiments and analysis, it seemed as though the specimen was either 

water-dominated or oil-dominated. The oil-dominated specimens were specimens at 

100% oil, 90% oil and 70% oil. At the lower confining pressures, the 50% oil specimens 

acted as though it was oil-dominated, but at the higher confining pressures, the 50% oil 

specimens acted as though it was water-dominated. This was due to the variability in the 

actual oil content at shearing. For higher confining pressures, more oil was expelled from 

the specimen causing the oil content to be lower. The oil contents for the 50% oil 

specimens at shearing ranged between 20% and 35%. Therefore, the oil-dominated and 

water-dominated threshold is between 20% and 35% oil content.  

A soil-oil retention curve was developed based on the data from the analysis. For 

the higher confining pressures, the soil water retention curve seemed fairly straight 

forward. This was because at the higher confining pressures the 50% oil specimens 

clearly behaved as a water-dominated specimen. At the lower confining pressures, the 

50% oil specimens behaved varyingly and caused the pore pressures to change wildly.   

In developing the three-dimensional failure envelopes, the pore pressure 

difference seemed to increase for the 90% and 70% oil tests as the confining pressures 

increased. This increase in pore pressure difference was a result of lower void ratios at 

the larger confining pressures due to consolidation. The smaller void ratios resulted in 

smaller pore water pressures causing the difference to be larger. When analyzing the 50% 

oil specimens, the data was analyzed as a water-dominated soil. The pore pressure 

differences varied greatly, and a trend between the void ratio and the pore pressure 
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differences was difficult to establish. Also, the 50% oil specimens were analyzed as an 

oil-dominated soil which produced the same variability as the water-dominated analysis. 

The variability in the 50% oil specimens was mostly likely due to this oil-dominated and 

water-dominated threshold.  

A key conclusion from this research project was that as oil was introduced to the 

specimen the shear strength increased until 70% to 90% oil, and then the shear strength 

decreased. To illustrate the conclusions, an infinite slope analysis was conducted on the 

surge pond that had a slope failure in South Louisiana. The results from the analysis are 

shown in Figure 6.1 with the factor of safety plotted against the depth of the failure 

surface. The analysis showed that if the soil only contained water, then it was never 

stable. If the soil contained a large portion of oil, then the factor of safety of the slope was 

at 1.5. The factor of safety of the 50% oil analysis varied with confining pressure which 

supported the theory that the smaller the confining pressure the more the oil and the 

higher the shear strength. When the sand cap was added, the contaminated sediment 

mostly likely consolidated and expelled the contaminant. This possibly caused the shear 

strength to be reduced due to less oil in the soil. Also, the weight of the sand cap 

increased the overburden pressure on the slope. 
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Figure 6.1: Infinite Slope Analysis of Surge Pond 

 

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH 

The data collected and analyzed during this research project is a good starting 

point for this topic. Many more tests need to be conducted in order to better understand 

the relationship between the oil and the water. Also, tests that include four phases (soil, 

water, NAPL, and air) should be investigated. Finally, developing a more realistic failure 

envelope to describe the shear strength of the contaminated sediments should be 

considered. 

Several more experiments at a fully-saturated state should be conducted. More 

experiments at the already existing saturation combinations should be performed 

especially at the 50% oil saturation combination. Additional Consolidated Undrained 
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tests at 50% oil would be beneficial to see the pore pressures generated during shearing. 

Also, research on very small confining pressures would be advantageous. Analyzing 

additional saturation combinations such as 60% oil and 40% water, 40% oil and 60% 

water, 30% oil and 70% water, and 20% oil and 80% water would provide insight into the 

oil-dominated and water-dominated threshold.  

Determining a way to measure the pore oil pressure and the pore water pressure 

would make defining the three-dimensional failure envelope easier. The mineral oil and 

water used during this research project were similar in properties, and no pore stone 

would allow only mineral oil or only water through. Possibly trying a different 

contaminant with vastly different properties from the water would allow a pore stone to 

only allow one of the fluids through. Another media besides a pore stone should be 

investigated, and could possibly be Organoclay.  

Research into unsaturated soils should be developed. Constructing a specimen 

that contains the four phases (soil, water, NAPL, and air) is recommended. Quite often 

contaminated sites are unsaturated soils.  

The three-dimensional failure envelope developed during this project is not 

straight forward or practical. More tests could clear up the issues with the failure 

envelope. Attempting to describe the behavior in a different way would be advantageous 

to practically determining the shear strength of contaminated sediments. 

The amount of contaminated sites is large, and analyses of these sites should be 

conducted for remediation. Knowing the properties of the contaminated sediments will 

allow for the analyses to be more realistic.  

 

 

 



 121

References 

Charbeneau, R.J. (200). Groundwater Hydraulics and Pollutant Transport. Upper Saddle 
River, NJ: Prentice Hall. 

Das, B.M. (2006). Principles of Geotechnical Engineering, 6th Edition. Ontario, Canada: 
Thomson. 

El-Sherbiny, R.M. (2005). Performance of Suction Caisson Anchors in Normally 
Consolidated Clay. Univesity of Texas, Austin, TX. 

Erten, M., El Mohtar, C., Gilbert, R., & Reible, D. (2011). Development of a Laboratory 
Procedure to Evaluate the Consolidation Potential of Soft Contaminated 
Sediments. Geotechnical Testing Methods. Under Review. 

Fredlund, D.G. & Rahardjo, H. (1993). Soil Mechanics for Unsaturated Soils. New York, 
NY: John Wiley and Sons. 

Gilbert, R.B., Hanson, J.L., Wright, S.G., & Thiel, R.S. (2001). Unsaturated Interface 
Shear Strength Properties for Nonwoven Geotextiles. Geosynthetic Conference, 
135-148. 

Gray, D.H., Koerner, R.M., & Qian, X. (2002). Geotechnical Aspects of Landfill Design 
and Construction. Upper Saddle River, NJ: Prentice Hall.  

Ladd, C.C., Lefebvre, G., Pare, J.J. (1988). Comparison of Field Vane and Laboratory 
Undrained Shear Strength in Soft Sensitive Clays. Vane Shear Strength Testing in 
Soils: Field and Laboratory Studies, ASTM STP 1014, 233-246. 

Lambe, T.W. & Whitman, R.V. (1979). Soil Mechanics. New York, NY: John Wiley and 
Sons. 

Mesri, G. & Olson, R.E. (1971). Consolidated Characteristics of Montmorillonite. 
Geotechnique, 21 (4), 341-352. 

Mesri, G. & Olson, R.E. (1970). Shear Strength of Clay Minerals. 

Mesri, G. & Olson, R.E. (1970). Shear Strength of Montmorillonite. Geotechnique, 20(3), 
261-270. 

Moretti, L.K. (2008). Evaluation of Capping NAPL-contaminated Sediment. University 
of Texas, Austin, TX. 

Standard Test Method for Consolidated Undrained Triaxial Compression Test for 
Cohesive Soils. ASTM International, D4767-04. 



 122

Standard Test Method for Liquid Limit, Plastic Limit, and Plasticity Index of Soils. 
ASTM International, D4318-10. 

Stephens, D.B. (1996). Vadose Zone Hydrology. Boca Raton, FL: CRC Press. 

Steward, K.K. (2007). Development of Apparatus and Method for Consolidating Very 
Soft, Contaminated Sediments. University of Texas, Austin, TX. 

 



 123

Vita 

 

Mary Goff was born and raised in Jackson, Mississippi. She graduated from 

Madison Central High School in May 2005, and began attending Mississippi State 

University in August 2005. She graduated in Civil Engineering at Mississippi State 

University in May 2009. The following August, she began graduate school at the 

University of Texas in Geotechnical Engineering.  

 

 

Email: marykgoff@gmail.com 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis was typed by the author. 


