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ABSTRACT

Eight whole core sediment samples were obtained from ODP Site 1244, Hydrate Ridge, Cascadia
Continental Margin with the goal of understanding the stress history, consolidation behavior and strength
characteristics of the soil. A series of Constant Rate of Strain Consolidation (CRSC) and Ko-
Consolidated Undrained triaxial (CKoU) tests were performed in order to study the behavior. In addition,
Atterberg limits and x-ray diffraction were performed in order to better classify the material.

One of the key issues regarding this soil is the level of disturbance imparted during sampling and
transportation. Evidence of the disturbance are cracks and voids in x-rays, as well as highly rounded
compression curves. Established soil quality criteria have shown the soil to have poor quality. A new
criterion comparing the initial loading to the reload cycle shows that soil quality varies, but has no pattern
with depth. Nonetheless, highly disturbed samples and trimmings from previous tests were resedimented
to produce better quality specimens for consolidation and strength testing.

Conventional application of the strain energy method yielded high preconsolidation pressures that
indicate the soil is normal to overconsolidated (l<OCR<8). An alternative method used to estimate the
pre-consolidation stress based on extrapolation of the virgin consolidation curve to the in-situ void ratio
predicts that samples shallower than 33 mbsf are near normally consolidated (OCR-1.2) whereas deeper
sediments are underconsolidated (OCR<1). However, analysis of the stress path history from a
horizontally-oriented CRSC sample gives evidence that the in-situ horizontal effective stress is greater
than the vertical effective stress. This analysis provides an upper and lower bound factor that is applied to
the strain energy preconsolidation pressure. The result is a reduced preconsolidation pressure that
indicates the soil is underconsolidated (0.2<OCR<0.8). The in-situ hydraulic conductivity (k.) is found to
vary between 1.5x10-7 to 3x10-8 cm/s with no trend with depth. The compression ratio (C) ranges from
0.473 to 0.704 and is fairly constant up to a depth of 79 mbsf, after which, Cc decreases.

The triaxial tests have revealed that the site may be divided into two layers, with the shallow layer
extending up to 20.3 mbsf and the deep layer extending below 20.3 mbsf. The resedimented specimens
exhibited behavior similar to the specimens from the shallow layer. The average normalized undrained
strength for the shallow and deep layers are 0.35 and 0.31 respectively. The average friction angle in
triaxial compression for the shallow layer is 360 and 330 for the deep layer. The laboratory test results
were used to determine the SHANSEP parameters of the soil, which, when combined with the stress
history at the site, gives the strength profile of the site. Finally, the input parameters for the MIT E-3 soil
model were estimated, which will allow further study of the behavior of the soil.
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Chapter 1: Introduction

Gas hydrates, when in stable form, are solid, ice-like substances composed of a methane

molecule surrounded by a cage of water molecules. Gas hydrates have been found in the pore

space of offshore sediments. When conditions arise that lead to the instability of gas hydrates,

they dissociate into water and gas causing a sudden and dramatic decrease in strength of the soil.

It is therefore believed that these substances have been linked to a number of failure mechanisms

such as slope failure and well-collapse. Furthermore, on an environmental note, dissociation of

gas hydrates has been linked to the increase in global temperatures. Hence, there is a

considerable interest in the scientific and business community to develop a more comprehensive

understanding of the geologic setting of gas hydrate saturated sediments. The purpose of this

research is to gain an understanding of the geotechnical properties of the site, in order to provide

answers to some of the questions surrounding gas hydrate research.

In the year 2002, the Ocean Drilling Program (ODP) set out for the coast of Oregon on a

scientific expedition focused on understanding the biogeochemical factors that control the

distribution and concentration of gas hydrates. ODP Leg 204 was devoted to the study of

Hydrate Ridge, Cascadia Continental Margin, off the coast of Oregon. A total of nine sites were

investigated within the area. Eight whole core samples totaling 8.5 feet that were obtained from

Hydrate Ridge were brought to the MIT geotechnical laboratory to perform experiments with the

following goals in mind:

1) Determine the consolidation and strength properties of the soil such as the

compression and recompression index, hydraulic conductivity, undrained strength,

friction angle, and modulus.

2) Determine the stress history profile at the site, keeping in mind that Hydrate Ridge is

located in an accretionary margin setting and may be under passive loading.

3) Estimate the SHANSEP parameters for the site as a means of determining the

strength profile.

4) Obtain the input parameters for a complex soil model, specifically, the MIT E-3 soil

model developed by Whittle (1987) using the "best-fit" parameter method proposed

by Korchaiyapruk (2000).
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The consolidation properties were determined from the results of Constant Rate of Strain

Consolidation (CRSC) on both intact and resedimented samples. The strength properties were

measured from the results of Ko-Consolidated Undrained (CKoU) Triaxial tests.

This thesis is divided into seven chapters, with the first and the last being the introduction

and the conclusion, respectively.

The second chapter focuses on the characteristics and properties of gas hydrates. In this

chapter, the origin of gas hydrate research, as well as the formation of gas hydrates in-situ is

discussed. Also discusses are the effects and issues related to gas hydrates. In addition, a brief

introduction to sample disturbance is tackled. This chapter also talks about the SHANSEP and

recompression triaxial techniques, as well as the casagrande and strain energy method for

determining the preconsolidation pressure.

The third chapter gives an overview of the Hydrate Ridge site and describes in detail

ODP Leg 204. It also discusses the various in-situ and shipboard tests that are performed by the

ODP. Also found in this chapter is an overview of the laboratory testing program.

The fourth chapter describes the various laboratory tests and gives the test procedures for

each laboratory test. Also explained in this chapter are the theories behind the laboratory tests

and the equations used to analyze the results of each test.

The fifth chapter provides the results of the laboratory tests.

The sixth chapter discusses the interpretation of the laboratory test results. Found in this

chapter are the estimated stress history and strength profile, as well as the SHANSEP and MIT

E-3 parameters. In addition, the effect of sample disturbance on the results of the laboratory tests

shall be discussed. And more importantly, a discussion into the stress path history of the shallow

samples will be included in order to properly determine the stress history of the site.

It is hoped that this study will prove useful for other scientists working with soil from

Hydrate Ridge.
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Chapter 2: Background

Soil extracted from Hydrate Ridge, Cascadia Continental Margin, USA, was brought to

the MIT geotechnical laboratory in order to understand the behavior and determine the

geotechnical properties of the Hydrate Ridge soil. Details of the Ocean Drilling Program (ODP)

Leg that obtained this soil will be discussed in Chapter 3. The significance of the Hydrate Ridge

soil is that it was located within the Gas Hydrate Stability Zone. This chapter will give an

introduction to gas hydrates and focus on the aspects and characteristics of gas hydrates that are

significant to this research. Furthermore, this chapter will discuss the issue of sample

disturbance, which affects the results of experiments in general and specifically to the Hydrate

Ridge soil.

2.1 Gas Hydrates
The main feature of Hydrate Ridge is the presence of gas hydrates in the pore space of

the sediments. As such, it is important to gain an understanding of the characteristics of gas

hydrates. This section focuses on what are gas hydrates, how they are formed, and its uses and

implications.

2.1.1. What are Gas Hydrates?

Gas hydrates are solid, ice-like substances made up of water and gas (see Figure 2.1).

They were first discovered by Humphrey Davy in 1811. Davy noticed that when a mixture of

chlorine and water-cooled, a solid, ice-like substance was formed. In the 1820's, John Faraday

was able to successfully recreate Davy's experiments. These experiments gave birth to a new

class of associative compounds which we now call gas hydrates.

Gas hydrates are classified as clathrates, which are compounds formed by the inclusion of

"guest" molecules of one type into the crystal lattice of a "host" molecule. Gas hydrates refer to

clathrates whose host molecule is water and guest molecules are gases. The term "natural gas

hydrates" is used to indicate gas hydrates that occur naturally, as opposed to those hydrates that

are synthesized in laboratories, and contain "natural gas", which is defined by the oil industry to

be the gaseous phase of petroleum (Hunt, 1996).
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The most common type of natural gas hydrate on Earth is methane hydrate (Kvenvolden,

2000). This type of hydrate has methane as the guest molecule in the crystal lattice of water.

Table 2.1 gives the properties of methane hydrate (Pellenbarg and Max, 2000). Between the

late-80's and mid-90's, a number of scientists have made estimates of the amount of methane in

gas hydrates worldwide. These estimates range from as little as 1xl1O5 m3 to as much as

115x101 M3 , with a consensus value of 21x10" m3 (Kvenvolden, 2000). A new study suggests

that the best estimate of gas hydrate volume given the current knowledge is in the range of

IxI15' m3 to 5x10 1 5M3 (Milkov, 2003). Regardless of the exact number, it can be seen that the

amount of methane found in hydrates is quite large. If it is assumed that the energy density of

gas hydrate is 6.50x106 Btu/m3 (see Table 2.1), gas hydrates can produce 6.50x102 to 3.25x102

Btu. In the year 2001, the world dry natural gas consumption was estimated to be 9.31x10' Btu

(EIA, 2001). It can be seen from this statistic that the worldwide gas hydrate volume should be

enough to provide natural gas energy for the next 70,000 years.

2.1.2. How are Gas Hydrates Formed?

Water and gas that is near saturation are the two ingredients necessary in the formation of

hydrates. However, gas hydrates will not form by simply mixing these two ingredients. They

will only form and remain stable under low temperatures and high pressures. When gas hydrates

are exposed to high temperatures or low pressures, they dissociate into free gas and water. As

such, the only areas where natural gas hydrates can be found are in permafrost regions and deep

oceanic sediments on the continental slope and rise. Figure 2.2 shows the phase diagram for a

pure water and pure methane system. The boundary between free methane gas and methane

hydrate is shown, as well as the boundary between ice and water. The hydrate-gas phase

boundary shifts to the left with the addition of NaCl and N2, and shifts to the right with the

addition of CO 2 , C2 H6, H2S, and C3H6 .

Figure 2.3 shows an arbitrary depth-temperature curve for an oceanic setting, which is

where Hydrate Ridge is located. As shown in the figure, the phase boundary increases with

depth. This increase with depth corresponds to the pressure increase due to increasing water

pressure. The thermal gradient on the other hand slowly decreases when in water, until the

water-sediment boundary is reached. Below this boundary, the geothermal gradient causes

temperatures to increase. The region wherein the thermal gradient is to the left of the phase
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boundary is called the Gas Hydrate Stability Zone (GHSZ). In this zone, the pressure is high

enough to meet the pressure requirement for hydrate stability while the temperature remains

below the limiting temperature. The GHSZ ends when the effect of the geothermal gradient

causes the temperature to increase beyond the phase boundary, allowing free gas and water to

exist as separate components. As such, the zone below the GHSZ is referred to as the Free Gas

Zone (FGZ). The Bottom Simulating Reflector (BSR) marks the base of the GHSZ (see Figure

2.4). The location of the BSR is found when a reverse in the polarity of the reflected seismic

signal occurs during a seismic survey. In many cases, gas hydrate is concentrated near the BSR.

2.1.3. Why Do We Study Gas Hydrates?

Gas hydrates, when in solid "ice-like" form, are believed to be strong and very stable. In

fact, during the formation of gas hydrates in soil wherein gas hydrates replace water in pores, the

shear strength of the soil increases while porosity and permeability decreases. This results in an

overall increase in the strength and stability of the sediment. However, strength and stability

problems arise when events that lead to the dissociation of the gas hydrate occur. During

dissolution of gas hydrates, the shear strength decreases as porosity suddenly increases, resulting

in a sudden decrease in strength and stability. Furthermore, if gas saturation is exceeded, hydrate

decomposition causes gas bubbles to be produced causing a decrease of the strength even further.

More importantly, there is a corresponding increase in pore pressure within the sediment due to

the release of methane gas in the pore space. This results in a net decrease in effective stress of

the sediment.

2.1.3.1. Well-Casing Failure

The parties most immediately affected by the problems associated with gas hydrate

dissociation are the oil companies. In order to extract oil from beneath the ocean floor, oil

companies drill wells deep into the oceanic crust (-6km). A steel casing, about 0.25" thick, is

used to stabilize the walls of the wells. In turn, the casing relies on the strength of the

surrounding soil to provide lateral support and prevent buckling. The cost of installing one of

these wells is in the order of hundreds of millions of dollars. As such, each well is expected to

extract a large volume of oil and gas over a fairly long service life in order to recoup the

installation cost. The presence of gas hydrates in the soil layers through which the wells are
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driven pose a significant problem in the stability and integrity of these wells (Kvenvolden, 1999).

The reason for this instability is that when hot gases are pumped through the well, the

surrounding soil heats up, causing the gas hydrates to dissociate. The dissociation leaves the

once strong soil layer weak and incapable of supporting the well wall, causing buckling or

collapse of the well (see Figure 2.5). There have been incidents wherein the casing walls have

collapsed, rendering the well useless and ruining a multi-million dollar investment. By

understanding the behavior of hydrate-saturated sediments, it may be possible to design well-

casings that would not collapse and fail when the gas hydrates dissociate, without having to

spend more than is necessary.

2.1.3.2. Underwater Slope Failures

Another major problem associated with the dissociation of gas hydrates is its effect on the

stability of underwater slopes. Slope instability is a commonly encountered, very well studied

problem in geotechnical engineering. Generally, slopes fail as a result of stresses being applied

to the slope that exceed the strength of the soil that makes up the slope. Furthermore, if there

exists a layer whose strength is much lower than the surrounding soil, the probability that the

slope will fail greatly increases. In fact, the failure arc for the slope will almost always pass

through this weak layer.

In a number of underwater slope failures, the weak layer can be attributed to the presence

of a layer of dissociated gas hydrates (see Figure 2.6). It is important to note that the release of

overburden due to slope failures may lead to further dissociation of gas hydrate, which may then

lead to more slope failures. A number of authors have linked slope failures to the dissociation of

gas hydrate (e.g. Summerhayes et al., 1979; Embley, 1980; Carpenter, 1981; Cashman and

Popenoe, 1985; Paull et al., 1991; Rothwell et al., 1998; Nisbet and Piper, 1998; Cherkis et al.,

1999). Their observations are based on the occurrence of BSRs in the region of the slope

failures.

One very well-documented slope failure attributed to the dissociation of gas hydrates is

the Storegga Slide on the Norwegian Continental Margin. The Storrega Slide is 290km long and

extends over 800km down slope. The slide is believed to have been caused by 3 separate slope

failures (Bugge et al., 1987 & 1988). The first two slope failures were believed to have occurred

during the late Pleistocene period, while the third slide known to have caused an 1Im high
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tsunami over the Norwegian coast (Bondevik et al., 1997). A BSR has been found in the region

around the Storrega Slide, suggesting that the failure of the slope is linked to the dissociation of

gas hydrates. Furthermore, the base of the failure surface was found to be coincident with the

base of the GHSZ prior to the slope failure (Paull et al., 2000).

2.1.3.3. Sinking of Ships

Another interesting subject is the linking of the dissociation of gas hydrates to the sinking

of ships. A study by May and Monaghan (2003) has linked the sinking of some ships to the

eruption of gas as a result of the dissociation of gas hydrates. Their study focuses on the effect

of a small number of large methane gas bubbles on the stability of passing ships. The result of

their research is that a small number of large methane gas bubbles may result in waves and

troughs that cause ships to become unstable and ultimately sink. Research into the effect of a

large number of small methane gas bubbles was performed by Denardo, Pringle, and DeGrace

(2001). Their research states that the methane bubbles may reduce the density of the fluid below

the ship causing it to lose buoyancy and sink.

2.1.3.4. Greenhouse Effect

On a more global scale, the dissociation of gas hydrate has a dramatic impact on the

environment. As was mentioned earlier, the most common gas contained in gas hydrate is

methane, which unfortunately is a greenhouse gas. Therefore, when gas hydrates dissociate into

their components, methane is released into the environment. Should the gas escape into the

atmosphere, it could aid in the greenhouse effect, which is responsible for the increase in global

temperatures.

It is believed that a drop in the sea-level of about 120m during the last glacial period has

reduced the hydrostatic pressure to such a level that would lower the GHSZ by about 20m in the

lower latitudes (Dillon and Payll, 1983). The net effect of this lowering is dissociation of gas

hydrates causing methane to be released into the environment, and more importantly, weakening

the underlying sediment (see Figure 2.6). As was discussed earlier, this could lead to slope

failures and slumps. This may result in the release of a significant amount of trapped methane

gas into the environment (Haq, 2000).
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Conversely, a rise in sea level in the arctic regions may lead to the dissociation of gas

hydrates, as a result of warm water raising the temperature in hydrate saturated sediments

(USGS, 2003). Figure 2.7 describes this behavior.

2.1.3.5. Potential Energy Source

Nevertheless, though there are many harmful consequences associated with gas hydrates,

there is a known benefit linked to this voluminous resource. Gas hydrates comprise more than

50% of the organic carbon in the Earth's reservoirs (see Figure 2.8). What this means is gas

hydrates are a potential source of energy with voluminous quantities over the world, even more

than fossil fuels. Furthermore, methane exists in voluminous amounts over the world as gas

hydrate deposits. This is important because methane is a natural gas and hence a vital source of

energy. Therefore, in order to take advantage of this resource, it is essential that a method for

mining these gas hydrates be developed without causing any adverse effects to the environment.

2.2 Sample Disturbance
Sample disturbance refers to the changes in chemical and mechanical characteristics that

result from the process of removing intact material from the in situ state. Sample disturbance is

one of the most commonly faced yet least quantified issues in geotechnical laboratory testing. It

is an issue that cannot be overlooked as it greatly affects the results of laboratory tests, most

importantly the consolidation and strength tests.

Though sample disturbance affects the results of laboratory experiments, it cannot be

totally eliminated, only minimized. As such, it is important to understand the effect of

disturbance on the results of laboratory tests. Generally, sample disturbance causes an increase

in strain to the plastic zone and results in an unclear transition between the elastic and plastic

state (Lunne et al, 1997). Furthermore, sample disturbance causes a decrease in strength and

stiffness during undrained shearing. A good discussion on sampling disturbance effects in clay

can be found in the paper by Santagata and Germaine (2002).

2.2.1. Causes of Sample Disturbance

The process of soil sampling involves a long process that comprises a number of stages.

From drilling the borehole to extruding the sample, sample disturbance can occur as a result of a

multitude of reasons.
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2.2.1.1. Stress Relief Due to Drilling

Prior to sampling, drilling is performed to reach the desired sampling depth. Because of

the removal of the overburden, the locked-in shear stress is released, possibly causing failure in

undrained extension. This event imparts a significant amount of sample disturbance to the in-

situ soil. To prevent this from occurring, a heavy weight drilling mud is used to apply stress on

the hole.

2.2.1.2. Method of Sampling

The method of sampling greatly affects the amount of disturbance imparted on the

obtained sample. The most common type of sampling involves hammering a split-spoon sampler

into the ground. The difficulty with this sampling method is that the walls of the sampler are

thick relative to the diameter of the sample. Furthermore, the sampler is not lowered gently into

the ground; rather, the sampler is hammered into the ground. Hence, the resulting disturbance

level is significantly high, leading to unreliable laboratory test results.

The preferred method of sampling involves the use of a push-piston sampler. The push-

piston sampler is very well studied and has been proven to minimize the amount of disturbance

(Santagata, 2002; Ladd, 1991; Baligh, 1985). An advantage of the push-piston over the split-

spoon is that the push-piston is slowly pushed into the soil rather than hammered. However, the

most important advantage of the push-piston sampler over the split-spoon sampler involves the

area ratio of the sampler, i.e., the ratio of the diameter of the sampler to the wall thickness.

Figure 2.9 shows the effect of the area ratio on the amount of strain that the centerline element

experiences. It can be seen from the figure that as the thickness decreases, i.e., the area ratio

increases, the amount of strain experienced by the centerline element decreases (Baligh, 1985).

This results in an overall lowering of the sampling disturbance and an increase in soil quality.

Data for the area ratio of the sampler used by ODP was not available. As an estimate, the

thickness of the plastic tube that contains the soil was measured. The thickness of the sampler

was assumed to be equal to this thickness. As a result, the B was calculated to be 77.4mm and

the t was calculated as 5.4mm. The resulting area ratio is 14.33. Based on Figure 2.9, the

maximum vertical strain experienced by the centerline element of the soil during sampling was

3% in compression and extension. This is a very high strain, especially when considering that

most normally consolidated soils fail at 0.5% to 1% strain.
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2.2.1.3. Transportation of Tube Samples

Improper handling of the sampling tubes during storage and transportation are a major

cause of disturbance. Once the sampling tubes have been brought on board the drilling ship, they

must be stored in a manner as to prevent further disturbance. ASTM D4220 prescribes the

proper method of handling, storage and transportation of tube samples in order to minimize the

amount of disturbance.

2.2.1.4. Test Specimen Preparation

Proper specimen preparation is vital in preserving the quality of the soil. Improper

specimen preparation and handling can lead to misleading results. Section 4.1 discusses how the

specimens were prepared in order to minimize sample disturbance.

2.2.2. Effect of Sample Disturbance on Consolidation Results

Sample disturbance has a significant effect on the results of consolidation tests. The

effect of disturbance is most visibly seen on the log-stress vs. strain consolidation curve. Figure

2.10 compares the consolidation curves of one of the Hydrate Ridge samples and a Maine silt

specimen which is known to have low sample disturbance. The quality of the Hydrate Ridge

samples can be evaluated by looking at the following characteristics of the consolidation curves:

1) Slope of initial loading. For good quality samples such as the Maine silt samples, the

slope of the initial loading is similar to the slope of the unload cycle of the same

OCR. The Hydrate Ridge samples have initial loading slopes that are much steeper

than the slope of the unload cycle, thus indicating the poorness of the sample quality.

2) Transition between over and normally consolidated state. It can be seen in Figure

2.10 that the transition between the over and normally consolidated state, i.e., the

transition from the elastic to plastic state, is well defined for the Maine silt sample.

This characterizes a good quality sample. The Hydrate Ridge sample on the other

hand, does not exhibit a clear transition point, which is indicative of the poorness of

the sample quality.

3) Strain to plastic state. The strain to the plastic state should be small for good quality

samples, as shown in Figure 2.10 wherein the strain to the plastic state for the Maine

silt was approximately 1.5%. The Hydrate Ridge sample on the other hand had a

34



strain to the plastic state of >10%. Sample quality indices are available that classify

the quality of the sample based on the strain to the plastic state. These indices are

described in detail below.

The effect of sample disturbance on the consolidation properties is as follows:

1) Decrease in compression index (Cc): The measured slope of the virgin compression

line decreases as a result of poorly defined transition between the over and normally

consolidated state.

2) Increase in initial recompression index (Cr): For disturbed samples, the slope of the

initial C, is generally higher than the C, for an unload-reload cycle of the same OCR.

This increase in measured slope is a result of softening of the initial elastic zone.

3) Preconsolidation pressure (',): If the dominating disturbance mechanism is the

decrease in effective stress at constant water content, the preconsolidation pressure is

increasingly overestimated with increasing disturbance (see Figure 2.1 1a). However,

if the dominating disturbance mechanism is the rearrangement of the soil's structure,

the slope of the virgin compression line is lowered causing an underestimation of the

preconsolidation pressure (see Figure 2.1 1b). As a result, disturbance can increase or

decrease the estimated preconsolidation pressure of a soil, depending on the

dominating mechanism involved (Santagata, 2002).

2.2.3. Sample Quality Indices

Terzaghi et al (1996) established criteria for classifying the quality of soil samples. Their

criterion is based on the suggestion of Andresen and Kolstad (1979) that the magnitude of the

volumetric strain required to reach the in-situ stress in a consolidation test is a good measure of

soil quality. Table 2.2 gives the criteria suggested by Terzaghi et al. They also mention that this

criteria is valid for cohesive soils with an OCR less than 3 to 5.

Lunne et al (1997) proposed a new criterion for quantifying sample disturbance. They

based their criterion on the four quantitative requirements listed by Okumura (1971) for

parameters to be used in the evaluation of sample quality. These are requirements are:

1) Easy to determine for the perfectly undisturbed conditions.

2) Regularly variable with disturbance, regardless of the depth of extraction, the stress

system experienced, and the soil type.
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3) Sensitive to change due to disturbance.

4) Easily and accurately measured.

They concluded that the first requirement is not possible because it is difficult to know the

parameters for an undisturbed sample. They went on to conclude that the measurement of

Ae/Ae0 in a consolidation test would best satisfy the other three requirements. Ae/e0 refers to the

change in the pore volume divided by the initial pore volume at the in-situ stress. Table 2.3

gives the soil quality criteria established by Lunne et al.

2.2.4. Determining the Preconsolidation Pressure

One of the most important parameters in geotechnical engineering is the preconsolidation

pressure. This parameter gives the value of the maximum past pressure, and hence gives an

indication of whether the soil is normally or overconsolidated.

2.2.4.1. Casagrande Graphical Method

The most commonly used method for determining the preconsolidation pressure is the

Casagrande graphical method (Casagrande, 1936). The advantage of this method is it is quick

and easy to perform. The drawback however is that it is a highly subjective method and requires

experience to accurately predict the preconsolidation pressure. Furthermore, the Casagrande

method was difficult to apply to the Hydrate Ridge samples. The reason for this is that the

transition between the elastic and plastic state was not well-defined for all the samples. Hence,

the casagrande method was not performed for the samples.

2.2.4.2. Strain Energy Method

A more objective method in determining the preconsolidation pressure is the Strain

Energy method (Becker et al, 1987). The strain energy is defined as the summation of the

product of an increment in strain by the average stress over that increment. The preconsolidation

pressure is predicted as follows:

1) The strain energy is plotted versus effective stress.

2) A line tangent to the initial portion of the graph is drawn.

3) A line tangent to the latter straight portion of the curve is drawn.

4) The intersection between these two lines is the preconsolidation pressure (see Figure

2.12).
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For tests wherein the unload-reload cycle was performed before the virgin compression

line had been reached, the data points corresponding to the unload-reload cycle had to be

removed. The reason for this was that the unload-reload cycle causes an upward shift in the

strain energy curve.

2.2.5. Developing the Site Profile

One of the purposes of this research is to develop the stress history and strength profile at

the site. With this in mind, it is necessary to obtain accurate measurements of consolidation and

strength properties. The consolidation properties are measured using the Constant Rate of Strain

Consolidation (CRSC) test. The consolidation property pertinent to the development of the site

profile is the preconsolidation pressure.

The strength properties are measured using the Ko-Consolidated Undrained (CKoU)

triaxial test. The strength property relevant to the development of the site profile is the

undrained strength of the soil. The triaxial test is not as simple as placing the soil in the triaxial

cell and loading it until failure. The soil specimen must first be consolidated to a known stress

state. Over the years, two techniques have been developed to be able to obtain the proper

strength properties: recompression and SHANSEP.

2.2.5.1. Recompression Technique

The recompression technique was developed by the Norwegian Geotechnical Institute.

This technique involves consolidation of the specimen to the in-situ effective stress (see Figure

2.13). Once the consolidation has been reached, the sample is sheared undrained. The weakness

of this technique is that it is susceptible to the effects of sample disturbance. As seen from the

figure, if the specimen has undergone a significant amount of sample disturbance, the void ratio

at the consolidation stress will be significantly different from the void ratio at the in-situ

condition. This results in a measured strength that is significantly different from in-situ.

This technique is not recommended for normally consolidated soils as the undrained

strength will be overestimated (Ladd, 1991). However, this method is recommended for highly

structured soils because it keeps the structure intact, assuming it was not disturbed by sample

disturbance. Also, recompression is suggested for good quality block samples because the
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amount of disturbance for this type of sampling is usually minimal. Bjerrum (1973) presents a

detailed explanation of the recompression technique and the rationale behind the test.

The strength profile of the site may be developed using this technique by testing soil

samples from each depth. The difficulty in doing this with the Hydrate Ridge soil lies in the

unknown initial stress state and large strain to overburden stress of the soil, as well as the limited

amount of soil samples.

2.2.5.2. SHANSEP Technique

The stress history and normalized soil engineering properties (SHANSEP) technique, as

described by Ladd and Foott (1974), was developed as a means of reducing the effects of sample

disturbance on the measured strength parameters. The SHANSEP technique is predicated on the

assumption that soils of the same mineralogical composition will exhibit uniform strength

parameters when normalized to the vertical consolidation stress. This assumption has been

confirmed by numerous studies into the normalized behavior of cohesive soils (Santagata, 2002;

Sinfield, 1994; de ]a Beaumelle, 1991; Ladd, 1991)

The SHANSEP technique is performed by consolidating the soil well into the normally

consolidated region (see Figure 2.13). Once consolidated to the normally consolidated state, the

sample is sheared undrained in order to obtain the normally consolidated normalized undrained

strength. If the overconsolidated normalized undrained strength is desired, the sample is

unloaded to the desired stress state after consolidation to the normally consolidated state. Once

in the desired overconsolidated stress state, the sample is sheared undrained.

The purpose of consolidating well into the normally consolidated region is to minimize

the effect of disturbance. It is believed that destructuring of the sample by consolidation to the

normally consolidated state will remove the effects imparted by sample disturbance.

Furthermore, since it is established that a soil does exhibit normalized behavior, the strength at

any depth can be obtained by using the SHANSEP equation:

S = S(OCR)M  (2.1)

where S, is the undrained strength, a',, is the vertical effective consolidation stress, and OCR is

the overconsolidation ratio. The parameters S and m are called the SHANSEP parameters. S is

the value of the normalized undrained strength for a normally consolidated soil, while m is the

38



factor that gives the normalized undrained strength for overconsolidated soil. The S and m

parameters are determined experimentally through a series of SHANSEP triaxial tests. The

minimum required tests to obtain the S and m parameters are two normally consolidated

SHANSEP triaxial tests and one overconsolidated SHANSEP triaxial test. The two normally

consolidated tests are used to verify whether the soil exhibits normalized parameters and obtain

the S parameter, while the overconsolidated test is used to obtain the m parameter.

Using equation 2.1 and the appropriate S and m values, the strength profile can be formed

by running a series of consolidation tests throughout the depth profile in order to give the OCR at

different depths.

The advantage of the SHANSEP technique over the recompression technique is that the

issue of sample disturbance is addressed in the SHANSEP technique. It is critical for the

development of the strength profile that the sample disturbance present in the Hydrate Ridge soil

be minimized or eliminated. More importantly, the SHANSEP technique will allow for the use

of resedimented samples, which will be discussed in detail in Section 4.1.2. This aspect is

beneficial to this research due to the limited amount of soil. Another advantage of the

SHANSEP technique is that it gives a measure of the lateral stress ratio, K, which is otherwise

difficult to measure in standard consolidation tests.

However, the disadvantage of the SHANSEP technique is that it should not be used with

highly structured soil, since consolidation to the normally consolidated state removes whatever

structure was intrinsic to the soil. Also, this test technique is difficult to perform and time

consuming compared to the recompression test.

A comparison between the SHANSEP and recompression technique was conducted by de

la Beaumelle (1991) and Estabrook (1991). The results of their studies have shown that the

recompression technique results in a higher S estimate for triaxial compression, and a higher m

estimate for triaxial extension. Furthermore, recompression exhibits lower strain to failure,

especially in triaxial extension.
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Bulk Density 0.912 g/cm 3

Poisson's Ratio 0.33
Bulk Modulus 272 K 5.6 MPa
Shear Modulus @ 272 K 2.4 MPa

Energy Density 6,497,909 btu/m 3

Dielectric Constant @ 273 K ~58
Heat of Fusion 54-57 kJ/mol

Table 2.1: Properties of methane hydrates (Pellenbarg and Max, 2000)

Volumetric Strain (%) Specimen Quality Designation
<1 A
1-2 B
2-4 C
4-8 D
>8 E

Table 2.2: Criteria for evaluating sample quality (Terzaghi et al, 1996)

Overconsolidation Ae/e_
Ratio Very Good to Good to Fair Poor (P) Very Poor (VP)

Excellent (VGE) (GF)
1-2 <0.04 0.04-0.07 0.07-0.14 >0.14
2-4 <0.03 0.03-0.05 0.05-0.10 >0.10

Table 2.3: Criteria for evaluating sample quality (Lunne et al, 1997)
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Figure 2.1: Methane gas hydrate (USGS, 2003)
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Figure 2.2: Phase diagram of a pure water and pure methane system (Kvenvolden, 1998)
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Figure 2.3: Arbitrary depth-temperature curve for oceanic methane hydrate stability
(Centre for Gas Hydrate Research, 2004)

Figure 2.4: Bottom simulating reflector (BSR) (Centrefor Gas Hydrate Research, 2004)
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Gas Hydrate Drilling and Production Problems
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Figure 2.5: Well casing collapse due to hydrate dissociation (Collett, 2003)

Figure 2.6: Slope failure due to hydrate dissociation (USGS, 1992)
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Sea-level fise causes relaively warm ocean water to cover cold Arctic strata. The resulting
breakdown of stable gas hydrates within the sediment releases gas into the atmosphere.

Figure 2.7: Methane release due to hydrate dissociation (USGS, 1992)
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Figure 2.8: Distribution of organic carbon in Earth's reservoirs (Collett, 2003)
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Slope of initial loading
" For good quality samples,

slope of initial loading is
very similar to slope of
unload cycle to same OCR

" For the Hydrate Ridge soil,
slope of initial loading is
much steeper than slope of
unload-reload cycle

Transition between over and
normally consolidated state

" For good quality samples,
transition should be clear
and marked by short curved
portion

" For the Hydrate Ridge soil,
there is no clear transition
point and curve is very
rounded
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Figure 2.10: Evaluation of sample quality
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" Based on soil quality
classification by
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Hydrate Ridge soil
classifies mostly as
class C to E

" Based on soil quality
classification by NGI
(1997), Hydrate
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Figure 2.12: Strain energy method for estimating the preconsolidation pressure
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Chapter 3: Overview of Hydrate Ridge Soil

This chapter will discuss the details of ODP Leg 204, which was a Leg devoted to the

study of the distribution and concentration of gas hydrates in an accretionary ridge setting. Also

to be discussed is the method of sample preparation for both intact and remolded specimens.

Finally, the last part of this chapter will talk address the laboratory testing program for the

Hydrate Ridge soil.

3.1 Description of Hydrate Ridge
In July 2002, the Ocean Drilling Program (ODP) set off on a two month long cruise (Leg

204) to study the biogeochemical factors controlling the distribution and concentration of gas

hydrates in an accretionary margin, specifically, Hydrate Ridge, Cascadia Continental Margin.

This region is located of the coast of Oregon, in the Pacific Northwest USA (see Figure 3.1A and

B).

Hydrate Ridge is a 25 km long and 15 km wide ridge in the Cascadia accretionary

complex formed by the subduction of the Juan de Fuca plate beneath North America (see Figure

3.2A), which is subducting at an average rate of 4.5 cm/year (Bohrmann and Trehu, 2002).

Large volumes of sandy and silty turbidites can be found on the subducting plate. Hydrate Ridge

is characterized by a northern and southern peak, with a minimum depth of 600 m and 800 m,

respectively (see Figure 3.2B). Furthermore, there exists a strong, well-marked bottom-

simulating reflector (BSR). Interestingly, the southern region of Hydrate Ridge contains an

abundance of hydrate at the seafloor near the summit. Also, vents located on the northern and

southern peaks of Hydrate Ridge have been observed to discharge violent streams of methane

gas.

A total of 9 sites, Sites 1244 to 1252, were cored and logged during ODP Leg 204. The

samples brought to MIT for laboratory testing were obtained from Site 1244 (see Figure 3.2C).

3.1.1. Site 1244 Holes B and C

ODP Site 1244 is located in 890 meters of water, -3 km NE of the southern summit of

hydrate ridge (see Figure 3.2B and C). 3-D seismic data has shown that the BSR occurs at a
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depth of -125 mbsf (see Figure 3.3). As such, the region above -125 mbsf is the gas hydrate

stability zone (GHSZ), while the region below -125 mbsf is the free gas zone (FGZ).

Furthermore, the seafloor temperature and pressure are well within the range for gas hydrate

stability, which implies that gas hydrates can exist within the region above the BSR (see Figure

3.4).

Six holes were drilled at the site, with coring performed on five of the six holes. Hole

1244A was abandoned as the first core overshot and a mudline was not recorded. Hole 1244B

was abandoned at 53.1 mbsf due to a disconnection of one of the tools. Hole 1244C was drilled

from the seafloor down to 334 mbsf. Hole 1244D was drilled from the seafloor down to 380

mbsf. This hole was devoted to wireline and seismic measurements. Hole 1244E was drilled

from the seafloor down to 136 mbsf. This hole was devoted to geochemistry, hydrates, and

microbiology testing. Hole 1244F was drilled from the seafloor down to 24 mbsf. The purpose

of this hole was for high resolution microbiological sampling.

The site is divided into three Lithostratigraphic Units. Lithostratigraphic Unit I is

composed of dark greenish gray clay, with scattered thin layers of silty clay and fine silt. The

age of this Unit is 0.27 Ma. The depths of Unit I are as follows: Hole 1244A: 0-9.99 mbsf; Hole

1244B: 0-54.08 mbsf; Hole 1244C: 0-69.00 mbsf; Hole 1244E: 0-77.60 mbsf; and Hole 1244F:

0-23.10 mbsf. Lithostratigraphic Unit 11 is composed of dark greenish gray silty clay and

contains more very fine sand interbedding than Unit I. This age of this Unit ranges from 0.27 to

1.6 Ma. The depths of Unit II are as follows: Hole 1244C: 69.00-245.00 mbsf and Hole 1244E:

77.60-140.79 mbsf. This implies that the BSR is located in Unit 11. Lithostratigraphic Unit III is

composed of hard, indurated, dark greenish gray silty clay and clayey silt with scattered

glauconite sand layers. The distinction between Unit II and Unit III is based on the lack of

sulfide precipitates, bioturbation, and silt layers in Unit 11. Furthermore, Unit III has a higher

state of lithification. The age of this Unit is -1.6 Ma.

3.1.2. Gas Hydrate Concentration Within Holes 1244B and 1244C

When gas hydrates dissociate, fresh water is dispersed into the pore fluid causing a

"freshening effect" of the interstitial water. Therefore, the presence of gas hydrates may be

estimated by measuring the chlorinity in the interstitial water of the soil. Drops in the chlorinity

of the interstitial water would indicate the presence of gas hydrates. By establishing a "no-
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hydrate" chlorinity content, the regions in the GHSZ that may have gas hydrates can be

ascertained.

For site 1244 (see Figure 3.5), the chlorine content stays constant above 75 mbsf.

Furthermore, from 75 to 300 mbsf, the chlorine content decreases linearly at a rate of -0.35

mM/m. This linear decrease suggests diffusion of pore fluid whose concentration is 540mM at

70 mbsf, with low salinity fluids in the accretionary wedge. The interstitial water chlorinity data

at site 1244 shows sudden drops in the chlorinity at certain regions in the GHSZ. A more

detailed explanation of the gas hydrate occurrence estimation can be found in the ODP Leg 204

Initial Report.

3.1.3. Downhole Logging

The ocean drilling program employs two methods to obtain the physical, chemical and

structural properties of a deposit in-situ. These two methods are logging-while-drilling (LWD)

and wireline logging.

3.1.3.1. Logging-While-Drilling

In LWD, in-situ properties are measured during drilling of the hole through the use of

tools attached to the bottomhole assembly of the drillstring, right above the drill bit. However,

there is no real-time communication between the LWD tools and the surface. Data are recorded

in downhole memory devices, which are then downloaded once the tools have been brought back

to the ship. The advantage of LWD is that properties are measured immediately, with little to no

formation invasion or wellbore alteration. The ODP employs three LWD tools to obtain in-situ

properties:

1) Azimuthal Density Neutron (ADN): This tool provides neutron porosity and bulk

density data to determine porosity and lithology of the site. Photoelectric factor

measurements are used to improve these nuclear measurements. The tool is said

to be azimuthal as it supplies porosity and density information as a function of

borehole azimuth. Furthermore, porosity and density information are given for

the full 360' as a result of rotation of the tool's sensors. If used together with the

Power Pulse tool (MWD), estimates of the in-situ effective stress can be

determined. Figure 3.6 shows a schematic of the ADN tool.
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2) Compensated Dual Resistivity (CDR): Two receivers measure the phase shift and

signal attenuation of a 2-MHz electromagnetic wave emitted by the tool.

Interpretation of these data will result in information about the stratigraphy and

structural geology of the site.

3) Resistivity-at-the-Bit (RAB): This tool uses a gamma ray emitter and a

scintillation gamma ray detector to provide lateral resistivity measurements. A

full, 3600 image of the borehole can be acquired with the aid of an azimuthal

positioning system. Figure 3.7 shows a schematic of the RAB tool and Figure 3.8

shows a sample image produced by RAB data.

Figure 3.9 shows the bulk density of the soil as measured by LWD, while Figure 3.10

shows the thermal neutron porosity and nuclear magnetic resonance porosity.

3.1.3.2. Wireline Logging

The second method used by ODP to determine in-situ properties is called wireline

logging. In this method, logging tools are lowered into the borehole on a wireline cable after the

coring has been performed. The ODP uses two types of standard toolstrings:

1) Triple Combo: Also known as the geophysical toolstring, this combination of

tools will provide density, resistivity, porosity, gamma radiation, and hole size.

This toolstring is comprised of the Accelerator Porosity Sonde (APS), Phasor

Induction Tool (DITE), and Hostile Environment Litho-Density Sonde (HLDS).

Figure 3.11 shows a schematic of the triple combo toolstring.

2) Formation MicroScanner: This toolstring provides high resolution images of the

variations in borehole microsenstivity. Included in this toolstring is the General

Purpose Inclinometer Tool (GPIT), which allows for orientation of the

microsenstivity measurements in the borehole. Also included in this toolstring are

the Dipole Sonic Imager (DSI) and Natural Gamma-Ray Tool (NGT).

The ODP also uses a series of specialty toolstrings, but these are beyond the scope of this

research. Further information regarding these toolstrings may be found on the ODP website.

Figure 3.12 gives the bulk density as measured by wireline, while Figure 3.13 gives the

APS porosity.
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For this research, the LWD and wireline in-situ void ratios were used in the interpretation

of consolidation results. This interpretation will be discussed in Section 6.2.2.

3.1.4. Shipboard Tests

The ODP performs a series of shipboard geotechnical laboratory tests once the drilled

cores are extracted and brought back to the surface. The advantage in immediately conducting

the laboratory tests onboard is that the soil has yet to be greatly affected by handling during

transportation and storage. Furthermore, the loss of moisture is minimal. Shipboard tests

include Gamma-Ray Densiometry, Magnetic Susceptibility, Natural Gamma Radiation, P-Wave

Velocity, Thermal Conductivity, and Spectral Reflectance Coloriometry. However, the

shipboard laboratory tests that are most significant to this research are the moisture and density

(MAD) test and the shear strength tests.

3.1.4.1. Moisture and Density Test

The moisture of the soil is obtained by taking the mass of an 8 cm 3 sample before and

after drying for 24 hours in a 110 0C convection oven. The bulk density of the soil is obtained by

measuring the mass of a specimen and then dividing by its dry volume plus pore-water volume.

The dry volume is measured by the ODP by using a helium displacement gas pycnometer. The

gas pycnometer method is based on the ideal gas law, whereby the volume of a specimen is

measured by recording the change in volume in the system when a change in pressure is

introduced. The pore-water volume is calculated by dividing the pore-water mass by the pore-

water density. The ODP assumes a pore-water density of 1.024 g/cm 3 . The pore-water mass is

measured by subtracting the dry mass from the bulk mass, and then divided by 1-s, where s is the

pore-water salinity. The ODP assumes a pore-water salinity of 0.035.

Once the moisture and bulk density have been measured, the grain density, dry density,

porosity, and void ratio can be measured accordingly. Studies by the ODP have shown that

expansion of solids can be neglected and the error introduced by expansion of pore water is

negligible compared to the analytical error in calculating the bulk density. Furthermore,

fractures induced by the escape of gas do not affect the MAD measured porosity, unlike porosity

derived from methods such as gamma ray attenuation. The reason for this is that the method

relies solely on the mass and volume of the solid and liquid phases. In addition, the ODP uses a

57



seawater salinity of 35 g/L, a seawater density of 1.024 g/cm 3, and an average seawater salt

density of 2.20 g/cm 3. A more detailed explanation of the MAD method can be found in chapter

2 of ODP Technical Note No. 26.

Figure 3.14 and Figure 3.15 give the MAD void ratio and water content for Site 1244

Hole B and C, respectively.

3.1.4.2. Undrained Shear Strength Tests

The undrained shear strength of the soil is measured onboard using three different pieces

of equipment: torvane, pocket penetrometer, and automated vane shear. The torvane is a small

device that is pushed into the soil and manually twisted until failure (see Figure 3.16). The

handle of the torvane has a gauge that reads the shear strength of the soil. However, the torvane

has a quick failure rate and thus may overestimate the measured undrained shear strength.

However, because of the significant amount of sample disturbance, the measured strength tends

to be underestimated.

The pocket penetrometer is a handheld device that is pushed into the soil up to a specified

distance (see Figure 3.17). A scale along the shaft measures the unconfined compressive

strength, which is twice the shear strength. The results of the pocket penetrometer are also not

accurate and tend to overestimate the undrained shear strength because of the fast shearing rate.

However, as with the torvane, the measured strength in this case tends to be underestimated

because of the significant amount of sample disturbance.

The automated vane shear employs a four-bladed vane connected to a small motor (see

Figure 3.18). The vane is inserted into the soil and rotated by the motor at a rate of 900/min

while the measuring the torque. The maximum torque required to rotate the soil is used to

calculate the undrained shear strength. However, like the torvane, the resulting undrained shear

strength may be overestimated due to the quick shearing rate. More detailed explanations of

these three shipboard methods used by the ODP to obtain the undrained shear strength can be

found in chapter 7 of ODP Technical Note No. 26.

For Site 1244, the only strength test that was performed was the torvane test. Figure 3.19

plots the results of the torvane test with depth.
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3.2 Whole Core Samples Provided to MIT
Eight whole core sections taken between 5.7 and 136 mbsf were delivered to MIT for

consolidation and strength testing. Table 3.1 gives a list of the whole core sections. The samples

are dark greenish gray interspersed with medium greenish gray layers (see Figure 3.20). This

difference in color within the sample may be the result of sample oxidation while in the tube.

Samples IH-4WR (5.7 mbsf) and 3H-3WR (20.3 mbsf) are located in the GHSZ, but it is

unclear whether or not these samples do contain gas hydrates. Samples 4H-6WR (32.98 mbsf),

6H-8WR (52.81 mbsf), 8H-7WR (70.88 mbsf), 9H-5WR (79.05 mbsf), and 13H-3WR (114.20

mbsf) are located within the GHSZ and are known to contain gas hydrates. Sample 17H-3WR

(135.55 mbsf) is located below the BSR, in the free gas zone (FGZ). Figure 3.21 shows where

these samples are located relative to the GHSZ and FGZ.

Upon arrival at MIT, all of the tubes were x-rayed in the MIT geotechnical laboratory x-

ray facility. The x-ray procedure is similar to ASTM D4452. The purpose of radiography is to

be able to visually assess the sample quality, as well as detect and locate cracks and inclusions

inside the soil. Furthermore, radiography reflects changes in soil density and type. This will

allow selection of good quality samples for testing in order to minimize the effects of sample

disturbance. The x-rays show that tubes 1H-4WR, 4H-6WR, and 17H-3WR have minimal

sample disturbance, while tubes 3H-3WR, 6H-8WR, 8H-7WR, 9H-5WR, and 13H-3WR have a

significant amount of sample disturbance. Prints of the tube x-ray negatives can be found in

Appendix A. Once the tubes have been x-rayed, a log is prepared for each tube. The tube log

contains a description of the soil and locations of any cracks or inclusions. These logs also

show the various tests performed on samples from each tube, as well as their location relative to

the tube length. Complete tube logs can be found in Appendix B. The selection and preparation

of laboratory specimens is discussed in detail in Section 4.1.1. After tube x-raying, the samples

are stored in a refrigerator set at 4'C.

3.3 Overview Laboratory Testing Program
As was mentioned earlier, the goal of this research is to gain knowledge of the properties

and characteristics of the Hydrate Ridge soil. Hence, a suite of laboratory tests were performed

to achieve this goal. Table 3.2 gives a summary of all the laboratory tests that were performed at

the MIT geotechnical laboratory. The succeeding chapters present the details of each test, as
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well as the results. Sections 4.2 and 4.3 present index tests and mineralogy. Section 4.4 presents

consolidation tests, specifically, the Constant Rate of Strain Consolidation (CRSC) test. Section

4.5 talks about strength tests, in particular, the Ko-Consolidated Undrained Triaxial (CKoU) test.

3.3.1. Index and Mineralogy Testing Program

Atterberg limits were performed on material from each core location. One liquid limit

test was performed an oven-dried sample to see the effect of oven-drying on the measured liquid

limit. Furthermore, loss on ignition was performed on samples from each tube. Also, particle

size analysis was performed on only one sample.

X-ray diffraction on samples prepared using the random powder method was performed

on three samples from different depths. X-ray diffraction on calcite-treated random powder

samples were performed on six samples. Lastly, x-ray diffraction on the clay fraction using the

random powder method was performed on three samples from different depths.

3.3.2. Consolidation Testing Program

A total of twenty CRSC tests were conducted on the Hydrate Ridge soil. Of the twenty

tests, eight were standard-diameter-intact specimens of which two encountered testing problems,

nine were small-diameter-intact specimens, two were standard-diameter-resedimented

specimens, and one was standard-diameter-remolded. Of the nine small-diameter-intact

specimens, one was conducted on a horizontally-oriented specimen. Table 3.3 gives a summary

of all CRSC tests that were performed.

3.3.3. Strength Testing Program

A total of ten CKoU tests were conducted on the Hydrate Ridge soil. All of the tests

were SHANSEP tests, the details of which will be described in the next chapter. Eight of the ten

tests were Ko-consolidated into the normally consolidated zone to at least 10% strain and then

sheared in compression. Of these eight, three were sheared in extension after more than 3%

shearing in compression. One of the ten tests was Ko-consolidated to 10% strain, unloaded to an

OCR of 2, and then sheared in compression. The last of the ten tests was Ko-consolidated to

10% strain then sheared in extension. Of the ten tests, three were performed on resedimented
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samples, one was performed on a remolded sample, while the other six were performed on intact

samples. Table 3.4 gives a summary of all the CKoU tests that were conducted.
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Site Hole Section Depth to top of Interval Lithographic Hydrate
section (mbsf) (cm) Unit Zone

1244 B 1H 4WR 5.70 120-150 I GHSZ
1244 B 3H 3WR 20.30 120-150 I GHSZ
1244 B 4H 6WR 32.98 120-150 I GHSZ
1244 B 6H 8WR 52.81 0-30 I GHSZ
1244 C 8H 7WR 70.88 45-75 II GHSZ
1244 C 9H 5WR 79.05 105-135 II GHSZ
1244 C 13H 3WR 114.20 120-150 II GHSZ
1244 C 17H 3WR 135.55 65-109 11 FGZ

Table 3.1: Whole core sections delivered to MIT for consolidation and strength testing

Depth Index Tests X-ray liff CRSC Triaxial Shear
Tube mbsf) IndeRP RP RP S NC OC

AL Los PSA CT CF StISm CKoUC CKoUE CKoUC
1H-4WR 5.70 1 1 1,1 la
3H-3WR 20.30 1 1 1 1 1 1
4H-6WR 32.98 1 1 1 1 1 1 1 a, lb

6H-8WR 52.81 1 1 1 2 1
8H-7WR 70.88 1 1 1 1 1 1 1
9H-5WR 79.05 1 1 1 la
13H-3WR 114.20 1 1 1 1 1 1 2 1

17H-3WR 135.55 1 1 1 1 1 1

Remolded 1 1 1
Resedimented 2 1 1 1

AL:
CF:
CKoUC:
CKoUE:
CT:
Lol:

Atterberg Limits
Clay Fraction
Ko-Consolidated Undrained Compression
Ko-Consolidated Undrained Extension
Calcite Treated
Loss on Ignition

NC:
OC:
PSA:
RP:
Sm:
St:

Normally Consolidated
Over Consolidated
Particle Size Analysis
Random Powder (XRD)
Small Diameter
Standard Diameter

Compression then Extension
High Pressure Cell
Horizontal sample

Table 3.2: Summary table of all tests conducted on Hydrate Ridge soil
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Test Tube Location Remarks
Name (mbsf)

CRS491 13H-3WR 115.654 Standard Diameter
CRS493 13H-3WR 115.603 Standard Diameter
CRS495 17H-3WR 136.556 Standard Diameter
CRS497 3H-3WR 21.779 Standard Diameter
CRS499 Resedimented 17H-3WR Standard Diameter
CRS504 8H-7WR 71.609 Standard Diameter

CRS506 6H-8WR 52.861 Standard Diameter
Error during test

CRS508 4H-6WR 34.205 Standard Diameter

C 9 H R3 9Error at 21000s
CRS509 6H-8WR 53.089 Standard Diameter
CRS511 Resedimented 6H-8WR Standard Diameter
CRS563 4H-6WR 34.332 Small Diameter
CRS564 17H-3WR 136.467 Small Diameter
CRS567 13H-3WR 115.413 Small Diameter
CRS569 9H-5WR 80.113 Small Diameter
CRS577 Remolded Mixed Standard Diameter
CRS578 8H-7WR 71.355 Small Diameter
CRS580 1H-4WR 6.938 Small Diameter
CRS584 6H-8WR 52.886 Small Diameter
CRS585 3H-3WR 21.513 Small Diameter

CRS608 1H-4WR 6.976 SmHrinaeter

Table 3.3: Summary of CRSC testing

Test Location Test
Name Tbe (mbsf) Type OCR

TX635 4H-6WR 34.383 CKoUC 1 High pressure cell
TX636 17H-3WR 136.403 CKoUC 1 High pressure cell
TX641 Remolded* CKoUC 1
TX642 3H-3WR 21.627 CKoUC 1
TX643 1H-4WR 1 7.141 CKoUC 1 Compression to 8.5% then extension

TX644 Resedimented* CKoUC 1 ompression to 5.5% then extension
With radial filter strips

TX645 4H-6WR 34.269 CKoUC 1 Compression to 4% then extension
TX646 9H-5WR 80.252 CKoUC 1 Compression to 9% then extension
TX647 Resedimented* CKoUC 2
TX650 Resedimented* CKoUE 1

*Remolded and resedimented specimens were taken from various samples

Table 3.4: Summary of CKoU testing
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Figure 3.6: Azimuthal Density Neutron tool (ODP, 2004)

Figure 3.7: Resistivity-at-the-Bit tool (ODP, 2004)
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Figure 3.8: Sample RAB image (Rohrmann and Trehu, 2002)
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Figure 3.9: Bulk density as measured from LWD (Bohrmann and Trehu, 2002)
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Figure 3.10: Thermal neutron and NMR porosity from LWD (Bohrmann and Trehu, 2002)
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Figure 3.12: Bulk density as measured by wireline (Bohrmann and Trehu, 2002)
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Figure 3.16: Torvane device
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Figure 3.17: Pocket penetrometer device

Figure 3.18: Automated vane shear
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Figure 3.20: Color of hydrate ridge soil
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Chapter 4: Laboratory Testing Methodology

Geotechnical laboratory tests are performed to determine the geotechnical characteristics

of the soil such as compressibility and strength. This chapter focuses on how the various

geotechnical laboratory tests are performed. The results of these tests are presented in Chapter 5.

4.1 Sample Preparation
One of the most important steps in performing a laboratory geotechnical experiment is

proper sample preparation. The goal of proper sample preparation is to minimize disturbance

and obtain control of the dimensions and stresses. This section discusses the standard trimming

practices of the MIT geotechnical laboratory and how remolded and resedimented specimens are

prepared.

4.1.1. Selection and Preparation of Intact Specimens

The first step in the selection process is to check the soil quality from the tube x-rays.

Once a sample with the best quality soil is selected, the tube is cut above and below that location.

The soil is then extruded by first inserting a piano wire between the tube and the soil, and slowly

running the piano wire around the inside perimeter of the tube. The purpose of this process is to

debond the soil from the tube to allow for easy extrusion and minimize sample disturbance.

Now that the soil and tube are debonded, the soil may be slowly pushed out of tube. The

extruded soil may now be trimmed depending on what type of test will be conducted.

For consolidation tests, the soil is placed in a trimming jig that lowers the consolidation

ring into the soil (see Figure 4.1). The consolidation ring has a cutting edge to allow the ring to

cut into the soil. Consequently, to prevent additional disturbance, excess soil is slowly trimmed

off from around the perimeter and the ring is pushed into the soil in small increments.

For strength tests, the soil is first trimmed down in a miter box using a wire saw, until the

radius is about 0.75 cm greater than the final radius. The specimen is then placed in a trimming

jig (see Figure 4.2) and trimmed using a wire saw (see Figure 4.3), along the coarse side of the

jig first and then finally on the fine side. Then, the ends are cut to desired height of the

specimen, which is usually 3". The ends are finished with a thin blade to ensure a flat, smooth

surface.
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4.1.2. Preparation of Remolded and Resedimented Specimens

Because of the limited amount of intact, good quality soil available for testing, a number

of tests were conducted on laboratory reconstituted specimens. Remolded specimens were

prepared by first mixing together trimmings left over from sample preparation and highly

disturbed soil that could not be used for intact sample testing. The soil is then allowed to air dry

until the water content is about 40%. For consolidation tests, the soil is pressed into the

consolidation ring, making sure that the soil is tightly packed into the ring. For strength tests, the

soil is placed in a mold that has the same dimensions of a triaxial test specimen (see Figure 4.4).

The soil is slowly packed, making sure that it is placed tightly in the mold and there are no voids.

The results of the tests performed on remolded specimens can be found in Section 5.3 and 5.4.

However, the results show that preparing the soil in this manner does not produce results similar

to that of tests on intact specimens, especially in undrained shearing. Possible reasons for this

are that the molding water content is too low and the molded soil fabric is different from the

intact fabric. Preparing the soil at a higher water content is possible, but makes test setup too

difficult. As such, an alternative method for preparing remolded specimens with a high water

content was employed. This method, called resedimentation, is similar to the process used to

prepare Resedimented Boston Blue Clay (Germaine, 1982).

The soil for resedimentation is prepared by mixing trimmings from previous tests and soil

deemed unsuitable for intact sample testing in a blender with water to turn it into a slurry. The

slurry is then thickened by placing it in a 100 C oven and removing it every hour for about five

minutes in order to stir and let it to cool. This process of stirring and cooling the soil ensures the

soil is only thickened and not fully dried. Once the slurry has thickened, it is ready for bench

consolidation. For consolidation tests, the slurry is placed in the consolidation ring and tested

immediately. For strength tests, the slurry is first scooped in a tall oedometer ring (see Figure

4.5). The slurry must be slowly scooped into the ring to prevent the formation of air pockets and

voids. Then, the slurry is incrementally loaded until the vertical effective stress reaches

approximately 500 kPa. A load-increment ratio of 1 was used, with each load being maintained

for at least 24 hours to ensure the completion of primary consolidation. Once 500 kPa has been

achieved, the load is reduced until an OCR of 4 is reached. Figure 4.6 shows a specimen being

resedimented. The sample is then extruded and trimmed as an undisturbed sample. The results

of tests performed on resedimented specimens can be found in Section 5.3 and 5.4. The results
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show that resedimentation exhibits similar behavior to intact specimens, especially in undrained

shearing.

4.2 Index Tests
Index tests are performed to give the basic properties of a particular soil. These

properties are also used in the classification of the soil based on classification standards. Index

tests consist of a suite of laboratory tests that is comprised of the atterberg limit test, particle size

analysis, and specific gravity analysis. This section discusses the different theories behind index

tests, as well as how they are conducted.

4.2.1. Atterberg Limits

The water content of a cohesive soil affects its consistency and behavior. Albert

Atterberg (1911) defined three boundaries that differentiate the four behavior states of a cohesive

soil. These boundaries are:

- Liquid Limit: change between the liquid and plastic state

" Plastic Limit: change between the plastic and semisolid state

" Shrinkage Limit: change between the semisolid and solid state

The range over which a soil behaves plastically, i.e. the difference between the liquid limit and

the plastic limit, is defined as its plasticity. The Atterberg Limits tests were conducted in

accordance with ASTM D4318.

The liquid limit was obtained by placing the soil in a casagrande cup, grooving the soil

with ASTM groove tool, and counting the number of blows necessary to close the groove by

1/2". The water content at 25 blows is the liquid limit. The plastic limit is the water content of a

soil when rolled until crumbling occurs at a diameter of 1/8". The results of the atterberg limits

can be found in Section 5.1.1.

4.2.2. Loss on Ignition

When the atterberg limits were performed on an oven-dried sample, there was a

significant decrease in the liquid limit. Hence, it was deemed necessary to quantify the loss on

ignition of the soil. The test was performed by placing a small amount (-5 grams) of oven-dried

samples in a muffle furnace at 440'C for 24 hours. The resulting change in mass indicated the

amount of loss on ignition. The test was conducted in accordance with ASTM D2974.
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The results of the loss on ignition test can be found in Section 5.1.2.

4.2.3. Particle Size Analysis

Particle size analysis is used to determine the distribution of particle size for the soil. The

first step in determining the particle size distribution is to separate the coarse-grained material

from the fine-grained. This is accomplished by separating the soil on a #200 sieve (0.076mm),

with the soil passing the #200 sieve classified as fine-grained, and the soil retained on the #200

sieve classified as coarse-grained. For the coarse-grained particles, the size distribution is

determined using sieves of various sizes and calculating the percentage of soil retained on each

sieve. For the fine-grained particles, the particle size distribution is determined by performing

the hydrometer test. The soil is prepared by mixing with water and 5g of sodium

hexametaphosphate, which acts as a dispersant. The mixture is then thoroughly blended in order

to break interparticle flocs. The slurry is then placed in a volumetric flask, which in turn is

placed in a water bath to maintain a fairly constant temperature. A hydrometer is then placed in

the volumetric flask and the readings recorded at a geometrically increasing time schedule. The

particle size distribution can then be measured using Stokes' Law. The test was performed in

accordance with ASTM D422.

The results of the particle size analysis can be found in Section 5.1.3.

4.3 Mineralogy
Having knowledge of the presence of certain clay minerals may suggest an explanation of

certain soil behavioral issues. As such, it is very helpful to have the mineralogical make-up of a

particular soil.

The soil mineralogy can be identified using a technique called X-ray diffraction and a

machine called an X-ray diffractometer. This technique is used as a tool for mineralogical

analysis of the soil's clay fraction by determining the spacing between atomic planes. The

spacing is determined by recording the angle at which an incident ray produces a diffracted ray

and applying Bragg's law. To identify clay minerals using X-ray diffraction, samples may be

prepared in two ways: random powder or oriented clay aggregates. For this research, only

random powder testing was conducted. Once the samples were prepared, they were sent to the

MIT x-ray diffraction testing facility. The facility uses a Rigaku Rotaflex 180mm diffractometer
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with a graphite diffracted beam monochromator, using CuKc (X=1.5418A). Normally, the

diffractometer is rotated between 40 and 560.

In random powder sample preparation, I gram of oven-dried soil is finely ground using a

sapphire crystal mortar and pestle. The soil is ground until it completely passes through a #325

sieve (45 pim). Once the soil has passed through the sieve, it must be thoroughly mixed to

prevent any bias in the results.

In order to eliminate the effect of calcium carbonate on the results of the tests, calcite

treated random powder samples were also prepared. The calcite was removed by mixing 20m] of

IN HCI with 2g of soil in a sealed container while using a calibrated pressure transducer to

obtain the %wt of CaCO3. The calcite removal was in accordance with ASTM 4373.

As the results in Section 5.2 have shown, there is a significant amount of non-clay

particles. As such, random powder x-ray diffraction was performed on only the clay-sized

fraction. The clay-sized fraction was separated by sedimentation in a volumetric flask.

Sedimentation was performed by mixing the soil into a slurry and placing it in a flask filled with

water having a pH level of 9. The soil was then allowed to sediment in the flask for 48 hours.

The sedimentation time was determined from the settlement time of the clay-sized particles

during the particle size analysis test.

The results of the x-ray diffraction tests can be found in Section 5.2.

4.4 Consolidation Testing
Consolidation tests are performed in order to determine the consolidation properties of a

soil and stress history of the site. Consolidation properties include the compression and

recompression ratio, coefficient of consolidation, time to end of primary consolidation, hydraulic

conductivity, and the rate of secondary compression. In addition, the preconsolidation pressure

may be estimated allowing the stress history of the site to be established. This section discusses

consolidation testing and the results of a series of Constant Rate of Strain Consolidation (CRSC)

tests.

4.4.1. Constant Rate of Strain Consolidation

The conventional consolidation testing practice involves performing a 24-hr incremental

oedometer test with a load-increment ratio equal to one. The disadvantages to using this test are
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that the consolidation curve is not well-defined, there are relatively few points to define the

compression curve, the data points do not correspond to the end-of-primary consolidation, and it

is time consuming.

In 1971, Wissa et al developed a rigorous solution for the constant rate of strain

consolidation process, extending the approximate solution developed by Smith and Wahls in

1969. This led to the development of a more efficient consolidation test known as the Constant

Rate of Strain Consolidation (CRSC).

CRSC, as the name suggests, involves the application of a constant rate of strain on the

soil sample while measuring the vertical stress at the top and the pore pressure at the base of the

specimen. Digital data acquisition allows for continuous data collection, which in turn captures

the complete curvature of the consolidation curve. The advantage of this test over the

incremental oedometer is that the CRSC test is relatively rapid, easily automated, and gives a

well-defined end-of-primary consolidation curve, hydraulic conductivity, strain energy, and

coefficient of consolidation data. The drawback to the CRSC test is that it does not give

secondary compression data.

4.4.2. MIT CRSC Setup

Figure 4.7 and Figure 4.8 show a schematic and a picture of the computer controlled

CRSC testing apparatus used in the MIT geotechnical laboratory. The apparatus consists of

1) a Trautwein CRS cell consisting of a loading piston riding through a low friction

linear bearing and rolling diaphragm seal (see Figure 4.9);

2) a Wykeham Farrance screw driven load frame for axial loading;

3) a pressure-volume controller (PVC) to allow for back pressure saturation;

4) 2 motors driving the load frame and the PVC, and the motor controllers and

drivers;

5) an externally-mounted shear beam load cell to measure axial load, an LVDT

mounted on the loading piston to measure external axial strain, 2 pressure

transducers to measure base pore pressure and cell pressure;

6) a temperature controlled housing that maintains temperature at 25 + 0.2 'C;

7) a personal computer responsible for automated control throughout the test;
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8) and the central data acquisition system based on a PC interfaced with a Hewlett

Packard 3497A data acquisition unit

The standard CRSC specimen has a diameter of about 6 cm and a height of about 2.35 cm. For a

specimen of this size, the maximum vertical effective stress that can be applied is 25 kgf/cm 2.

Because of the rounded shape of the compression curve and high in-situ effective stress of the

Hydrate Ridge soil, it was necessary to apply much higher vertical effective stresses. As such, a

specimen ring with a diameter of 3.54 cm was fabricated here at MIT to allow for a maximum of
2

80 kgf/cm . To maintain the same aspect ratio with the standard CRSC specimen, the height of

the smaller sample was limited to 1.26 cm. Figure 4.10 shows the standard and small diameter

CRSC specimen rings.

4.4.3. MIT CRSC Test Methodology

The MIT geotechnical laboratory has developed a standard method for performing CRSC

tests. In addition, ASTM D4186 was used as a guideline in conducting CRSC tests.

The CRSC test can be divided into three stages. The first stage of the test involves

sample preparation, which was discussed in Section 4.1. After the sample is trimmed into the

CRSC ring, it is carefully placed in the CRSC cell. The CRSC cell is then filled with water and

tightly sealed with the piston locked in place.

The second stage of the test is the back pressure saturation stage. The purpose of back

pressure saturation is to ensure all the air bubbles go into solution. In this stage, a small effective

stress is applied such that there is minimal to no change in axial strain. For the Hydrate Ridge

soil, the applied effective stress ranges from 0.05 to 0.4 kgf/cm2 . Then, while maintaining the

same effective stress, the axial stress and cell pressure are increased in increments of 1 kgf/cm 2

until the cell pressure reaches 4 kgf/cm2.

The third stage of the test is the consolidation itself. All of the tests were run at a strain

rate of 0.5 %Ihr. The strain rate was selected such that the maximum value of the pore pressure

ratio does not exceed 4%. In addition, an unload-reload cycle to an OCR of 10 was introduced in

all tests. For the standard-diameter and small-diameter samples, the maximum vertical effective

stress that was applied ranged from 20 to 25 kgf/cm 2 and 80 kgf/cm2 respectively. Prior to the

unload-reload cycle and after the maximum vertical effective stress was reached, the stress was

held constant to allow dissipation of excess pore pressure and allow for some secondary
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compression. The hold stress portion was held for 6 hours for the standard diameter sample, and

at least 12 hours for the small diameter sample.

4.4.4. MIT CRSC Data Analysis

The raw data recorded by the data acquisition system is converted to meaningful

engineering data using a reduction program developed here at MIT by Dr. John Germaine. As

was mentioned earlier, the data acquisition system records the vertical force, pore pressure, cell

pressure and axial displacement. Once the reduction program has converted the raw data to these

measurements, a series of equations are used to obtain the various CRSC data such as the

effective stress, void ratio, hydraulic conductivity, and coefficient of consolidation. The

equations that were used are as follows:

2
a -a9V -- .AUb (4.1)3

k -_H 2 . (4.2)
2-Aub

C = A '' At (4.3)
2- AubAt

Strain Energy = + + - Lnr (4.4)
2 1-Ci

To reduce the effect of system noise in the result of the strain rate, c/hr, the strain is averaged

over a range of 0.3% strain. This averaged strain rate is then used in the calculation of the

hydraulic conductivity. To obtain a smoother c, curve, the pore pressure is averaged using a 3

point moving window, i.e., average between data point, data point after, and data point before.

The results of the CRSC tests can be found in Section 5.3.

4.5 Strength Testing
The shear strength of soil is one of the most important properties in geotechnical

engineering, yet it is one of the most difficult properties to accurately determine. In the

laboratory, the shear strength can be determined by conducting a triaxial test. In this test, a soil

specimen is loaded until failure is reached, while at the same time measuring both the load and

the strain throughout the test. The triaxial test was developed in large part by Bishop and Henkel
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(1957). Their book has become a classic reference for triaxial testing. Bishop and Henkel

describe three types of tri axial tests that are routinely carried out:

1) Unconsolidated Undrained (UU): The UU test involves loading the specimen

under a constant rate of strain, while measuring the load and axial displacement.

The loading rate is quite fast, and failure is usually reached in minutes. It is

important to note that consolidation is not performed prior to shearing. This is a

serious drawback, as the soil is sheared at an unknown effective stress. Further

drawbacks to this type of test are a lack of pore pressure measurement and a high

rate of shearing. All of these drawbacks lead to misleading values of strength,

which may err on either the safe or unsafe side. Hence, this test is highly not

recommended.

2) Consolidated Drained (CD): The CD test involves two stages: consolidation and

shearing. In the first stage, the soil is consolidated to a desired stress state. In

conventional practice, consolidation is done isotropically. For best results

however, it is suggested that consolidation be done one-dimensionally. Once

consolidation is finished, the specimen is sheared while allowing drainage of pore

fluid. Furthermore, the specimen is sheared slowly so as to prevent excess pore

pressures from developing. This test provides a measure of the friction envelope

but not the undrained strength.

3) Consolidated Undrained (CU): The CU test involves two stages: consolidation

and shearing. Like in the CD test, the soil is consolidated. At MIT, the specimen

is consolidated one-dimensionally, until the desired stress state is reached. The

difference between the CU and CD test lies in the drainage condition during

shearing. In the CU test, the specimen is sheared without drainage, thus allowing

pore pressures to develop. The pore pressure, together with the total vertical

stress, is used to compute for the vertical effective stress and hence the undrained

shear stress and shearing stress path.

4.5.1. Ko-Consolidated Undrained Triaxial Test

The Ko-Consolidated Undrained (CKoU) Triaxial Shear test determines the undrained

strength of the soil after it has been consolidated one-dimensionally to a predetermined stress
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state. In the early days of triaxial testing, specimens were consolidated isotropically, as manual

one-dimensional consolidation proved to be much too tedious and difficult. The downside of

isotropic consolidation is that the undrained strength is generally overestimated because the

shearing does not start from the correct state of stress. Hence, the measured strength is not safe

for use in geotechnical design. However, with the advent of computer-controlled tests, one-

dimensionally consolidated specimens have become feasible, allowing a more accurate

measurement of undrained strength.

4.5.2. MIT Triaxial Shear Test Setup

Figure 4.11 and Figure 4.12 show a schematic and a picture of the computer controlled

Triaxial Shear testing apparatus used in the MIT geotechnical laboratory. The apparatus consists

of the following components:

1) a triaxial chamber consisting of a Lexan cell, internal posts, fixed top cap, and

loading piston riding through a low friction linear bearing, and an o-ring seal (see

Figure 4.13);

2) a Wykeham Farrance screw driven load frame for axial loading;

3) 2 pressure-volume controllers (PVC) to regulate cell and back pressure, as well as

pore volume change (see Figure 4.14);

4) 2 motors driving the load frame and the PVC, and the motor controllers and

drivers;

5) an internally-mounted shear beam load cell to measure axial load, an LVDT

mounted on the loading piston to measure external axial strain, 2 pore pressure

transducers to measure pore pressure and cell pressure, an LVDT to mounted on

the PVC to measure volume change;

6) a temperature controlled housing that maintains temperature at 25 + 0.2 0C;

7) a personal computer responsible for automated control throughout the test;

8) and the central data acquisition system based on a PC interfaced with a Hewlett

Packard 3497A data acquisition unit

The maximum cell pressure that can be applied to this system is 15 kgf/cm 2. The

maximum load that can be applied to this system is limited by the capacity of the load cell being

88



used, which is typically 500 lbs. This maximum load translates to a maximum total stress about
2

23 kgf/cm

For high-pressure tests, the chamber is replaced with a solid steel cell with an internally-

mounted flat-plate load cell and a free top cap (see Figure 4.15). The maximum cell pressure

that can be applied to this system is about 120 kgf/cm 2 . The maximum load is limited to 2000

lbs, as this is the limit of the load cell. The maximum pressure that can be applied by the PVCs

is 1500 psi.

4.5.3. MIT Ko-Consolidated Undrained Triaxial Test Methodology

The MIT geotechnical laboratory has developed a standard method for performing CKoU

tests. This test can be divided into four stages. The first stage of the test involves sample

preparation, which was discussed in Section 4.1. After the sample is trimmed down to the size of

a triaxial specimen, it is placed on the triaxial base, with a nylon filter fabric and porous stone

placed on both ends. No side drains were used during the tests. Two thin, impermeable

membranes are rolled over the soil and sealed with 3 o-rings each at the top cap and bottom base.

The cell is then filled with silicon oil and tightly sealed.

The second stage of the test is the back pressure saturation stage. The purpose of back

pressure saturation is to ensure the soil is fully saturated by applying enough pressure to dissolve

all the remaining air bubbles in the soil. In this stage, a small effective stress is applied such that

there is minimal to no change in axial strain. For the Hydrate Ridge soil, the applied effective

stress ranges from 0.1 to 0.2 kgf/cm 2. Then, while maintaining the same effective stress, the

axial stress and cell pressure are increased by an increment of 0.5 kgf/cm2 . At the end of each

increment, the B-value is measured to determine the level of saturation. The axial stress and cell

pressure are increased incrementally until the measured B-value is 1.00 + 0.02, which indicates

complete saturation, or until the back pressure reaches 3 kgf/cm 2.

The third stage of the test is the K-consolidation stage. In K0-consolidation, the sample

is consolidated one-dimensionally, i.e., no radial strain. KO-consolidation is achieved by

applying a constant rate of axial deformation and adjusting the cell pressure such that the

volumetric strain and axial strain remain equal. After consolidation, the stresses are held for 24

hours to dissipate excess pore pressure. There are two types of consolidation that can be

performed, as discussed in Section 2.2.5.
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The MIT geotechnical laboratory employs the SHANSEP testing technique, which was

developed by Ladd and Foott (1974) as a means of reducing the effects of sample disturbance on

the measured strength parameters. This is accomplished by consolidating the soil well into the

normally consolidated region (see Figure 2.13). Ladd recommends consolidating the specimen

to more than 1.5-2 times the preconsolidation pressure. For practical purposes, historical data

has shown that consolidation to 10% strain is sufficient in eliminating the effects of sample

disturbance. It must be noted that the SHANSEP technique is predicated on the belief that soils

of the same mineralogical composition will exhibit the same strength parameters when

normalized to the vertical consolidation stress. After consolidation, the specimen is allowed to

undergo secondary compression for 24 hours, by holding the vertical, cell, and pore pressures

constant.

The final stage of the test is the undrained shearing stage. Once the specimen has

undergone 24 hours of secondary compression, a leak check is performed by closing the drainage

valves for 30 minutes. During this time, the back pressure should remain constant. After the

leak check, the specimen is sheared with the drainage lines closed. The specimen is sheared at

0.5%/hr until a distinct failure plane has developed or 10% strain has been reached.

4.5.4. MIT CKoU Triaxial Test Data Analysis

Similar to the CRSC test, the raw data recorded by the data acquisition system is

processed using a reduction program developed by Dr. John Germaine. The data acquisition

system records the vertical force, pore pressure, cell pressure, volume change, and axial

deformation. The following equations were used to calculate the various CKoU triaxial data:

al', = , -A ub (4.5)

K - (4.6)
* y'

Strain Energy= 2 -Ln 1~1jJ (4.7)

q= V (4.8)
2

P' = a IV+Ih (4.9)
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E - 2q (4.10)

The results of the CKoU tests can be found in Section 5.4.
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Figure 4.1: CRS specimen trimming jig Figure 4.2: Triaxial specimen trimming jig

---- ------ ----------------
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Figure 4.3: Wire saw used for trimming specimens

Figure 4.4: Mold for remolded triaxial specimens
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Figure 4.5: Mold for resedimented triaxial specimens Figure 4.6: Resedimentation process
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1. Load Frame w/Axial Motor
2. Trautwein CRS Cell
3. Shear Beam Load Cell
4. Axial Displacement Transducer
5. Bottom Pore Pressure Transducer
6. Cell Pressure Transducer
7. Pressure-Volume Controller w/PVC

Motor
8. Transducer Box to HP3497A Data

Acquisition System
9. IBM PC Compatible and Control Box

Figure 4.7: Schematic of MIT CRSC setup
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Figure 4.8: Picture of MIT CRSC setup

Figure 4.9: Trautwein CRSC cell



Figure 4.10: Standard diameter CRSC ring (left), Small diameter CRSC ring (right)
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Load Frame w/Axial Motor
Triaxial Chamber with Internal Posts and Fixed Top Cap
Filled with Silicon Oil
Internal Shear Beam Load Cell
External Axial Displacement Transducer
Cell Pressure Transducer
Pore Pressure Transducer
Volume Change Transducer
2 Pressure-Volume Controllers w/PVC Motors
Transducer Box to HP3497A Data Acquisition System
IBM PC Compatible and Control Box

Figure 4.11: Schematic of MIT triaxial shear setup
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Figure 4.12: Picture of MIT triaxial shear test setup
Figure 4.13: MIT triaxial chamber (w/o Lexan cell)
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Figure 4.14: Cell pressure volume controller (left), pore pressure
volume controller (right)

Figure 4.15: High pressure triaxial cell
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Chapter 5: Laboratory Testing Results

In Chapter 4, the details of the laboratory tests performed on the Hydrate Ridge soil were

discussed. This chapter focuses purely on the results of these tests. The interpretation and

discussion of these results can be found in the next chapter. Table 3.2 gives a summary of the

tests that were conducted and their location with depth.

5.1 Index Tests

5.1.1. Atterberg Limits

Atterberg limits were performed on 8 undisturbed samples and 1 oven-dried sample (see

Table 5.1). Interestingly, performing atterberg limits on an oven-dried sample dramatically

decreases the liquid limit.

To determine a soil's classification based on the USCS (ASTM D2487), the results of the

atterberg limit tests are plotted on a plasticity chart (see Figure 5.1). From this chart, a cohesive

soil is said to have high plasticity if it has a liquid limit greater than 50%, and low plasticity if

the liquid limit is less than 50%. Furthermore, the soil is said to be predominantly clay if it plots

above the A-line, and mostly silt if it plots below the A-line. Based on this chart, the Hydrate

Ridge soil classifies as an MH or OH. Furthermore, analysis reveals that the soil classifies as

MIH and not OH because the ratio of the oven-dried liquid limit to the undisturbed liquid limit is

greater than 75%. But in general, there is little variation in the atterberg limits, suggesting the

soil consists of the same basic material.

5.1.2. Loss on Ignition

Loss on ignition was measured on 8 samples in accordance with ASTM D2974. The

change in weight divided by the original weight is the amount of loss on ignition. Table 5.1

gives the results of this test. The loss on ignition is consistent with depth and relatively large.

5.1.3. Particle Size Analysis

Figure 5.2 gives the particle size distribution curve for the Hydrate Ridge soil at 1244C-

13H-3WR. Though the hydrometer does identify the silt and clay particle distribution, it must be

emphasized that the test classifies the soil based on particle size and not on behavior. It is
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entirely possible to have silt-sized clay minerals and clay-sized non-clay particles. As such, the

result of the hydrometer test was deemed non-critical, and hence, only one test was run. Details

of the particle-size analysis test can be found in Section 4.2.3.

The distribution curve shows that the soil contains 50% clay size. Together with the

plasticity index, the resulting activity is close to 1. This result is typical of the clay mineral Illite.

5.2 Mineralogy
The specimens prepared using the random powder preparation is shown in Table 3.1.

The x-ray diffractometer was rotated between a 20 of 6' and 560. Figure 5.3, Figure 5.4 and

Figure 5.5 show the results of x-ray diffraction on the three random powder samples. Table 5.2

identifies the peaks of the XRD traces and the corresponding minerals.

Table 3.2 gives a list of the specimens used in calcite-treated random powder preparation.

Table 5.1 gives the calcium carbonate content of the soil. Figure 5.6, Figure 5.7, and Figure 5.8

show the results of calcite-treated random powder testing. Table 5.3 gives the peaks and

corresponding minerals for the calcite-treated XRD traces.

The results of the two random powder series have shown that there is a significant

amount of non-clay particles. In order to better identify the clay-sized particles, x-ray diffraction

was performed on random powder samples containing only the clay-sized fraction of the soil.

Table 3.2 shows the samples that were tested using this preparation technique. Figure 5.9,

Figure 5.10, and Figure 5.11 show the results of x-ray diffraction on the clay-sized fraction

random powder samples. Table 5.4 shows the peaks and corresponding minerals for the clay-

sized XRD random powder samples.

5.3 Consolidation Testing

5.3.1. Summary of CRSC Results

Table 5.5 gives a summary of the details and conditions of each CRSC test. An insert at

the end of Table 5.5 gives the meaning of each parameter. Figure 5.12 and Figure 5.13 show the

CRSC consolidation curves in e-logo', space for intact and remolded specimens respectively,

while Figure 5.14 and Figure 5.15 show the consolidation curves in E-logF'y space. Also,

Figure 5.16 shows the hydraulic conductivity curves for the intact specimens, while Figure 5.17
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shows the hydraulic conductivity curves for the remolded specimens. Details of the CRSC test

can be found in Section 4.4.

5.3.2. Consolidation Properties

Figure 5.18 to Figure 5.35 show the consolidation curve in both e-loga', and c-loga's,

normalized excess pore pressure, coefficient of consolidation (cv), strain energy, and hydraulic

conductivity (k) for each CRSC test.

Consolidation properties such as the compression index, recompression index, and in-situ

hydraulic conductivity can be found in Table 5.5. The compression index refers to the slope of

the normally consolidated portion of the compression curve while in e-logo'v space. The

recompression index refers to the slope of the unload-reload portion of the curve while in e-

loga', space. It must be noted that the recompression index varies with the amount of unloading

that occurs. As such, the quoted recompression indexes are for unloading to an OCR of 10. The

in-situ hydraulic conductivity is obtained by extrapolating the hydraulic conductivity to the in-

situ void ratio.

5.4 Strength Testing

5.4.1. Summary of CKoU Results

Table 5.6 gives the details and conditions of each CKoU triaxial for the consolidation

stage of the test. Included in this table is the B-value, which is used to test the degree of

saturation of the sample. A sample with a B-value of 100 + 2 means that it has been fully

saturated after the back pressure saturation stage. Also found in this table are the applied

effective stress during saturation (a';) and the applied back pressure at the end of back pressure

saturation. An insert at the end of Table 5.6 gives the meaning of each parameter referred to in

the table.

Table 5.7 gives the details and conditions for the undrained shearing stage of each test.

Found in this table are the preshear void ratio (ec), lateral stress ratio (Kc), and vertical

consolidation stress ('v). An insert at the end of Table 5.7 gives the meaning of each parameter

in the tables.
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Figure 5.36 and Figure 5.37 show the consolidation curves for all CKoU tests in e-logG',

and E-logG', space, respectively. Figure 5.38 shows the variation of K, the lateral stress ratio,

with the consolidation stress. Figure 5.39, Figure 5.40, Figure 5.41, Figure 5.42 and Figure 5.43

give a summary of the normalized shear stress vs. strain, normalized shear stress vs. strain

(compression only), normalized shearing stress path, friction angle vs. strain, and secant modulus

vs. strain, respectively, for all the CKoU tests. Figure 5.44 shows the variation of the normalized

undrained strength and friction angle with depth. Details of the CKoU test can be found in

Section 4.5.

5.4.2. Triaxial Consolidation and Strength Properties

Figure 5.45 to Figure 5.64 show the consolidation and undrained shearing results for each

triaxial test. The odd-numbered figures show the consolidation results including the

consolidation curve in e-logy', and E-logc'y space, lateral stress ratio, strain energy, and stress

path for each test. The even-numbered figures show the undrained shearing results including the

normalized shear stress vs. strain, normalized excess pore pressure and shear induced pore

pressure, normalized secant modulus, friction angle, and normalized stress path for each test.

The consolidation properties for each test can be found in Table 5.6. These properties

include the compression index (Cc), preconsolidation pressure ('p), and the strain rate (Eahr).

Also included are the consolidation stress (;'v,) and consolidation lateral stress ratio (Kj), which

refer to the effective stress and lateral stress ratio at the end of consolidation. The time for

secondary compression (t) refers to the amount of time that the specimen was held under

constant stress at the end of consolidation. Finally, certain consolidation properties are given at

the maximum stress condition and at the preshear condition. For normally consolidated

specimens, the maximum stress condition is the preshear condition, hence these consolidation

properties are the same. For overconsolidated specimens, the maximum stress condition differs

from the preshear condition, hence certain consolidation properties will be different.

The strength properties can be found in Table 5.6. The properties are given for both the

case when maximum shear occurs and when maximum obliquity or the end of shearing is

reached. Obliquity refers to the ratio of the normalized shear stress to the normalized mean

effective stress (q/p'). Incidentally, maximum obliquity also occurs when the friction angle is

the greatest. Properties included in this table are the axial strain (Ea), normalized shear stress

108



(q/G'Nc), normalized mean effective stress (p'/&'vc), friction angle (p), and the obliquity (q/p').

Also included in the table are the normalized excess pore pressure (Aue/('vc) and the normalized

shear induced pore pressure (Aus/a'vc). Lastly, the A-parameter is included, which describes the

angle in stress space between the consolidation and failure point. It must be noted that for tests

TX643, TX644, TX645, and TX646 shearing in extension was performed after shearing in

compression.
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Depth J wM w , I, I Lol CaCO3 Content
Sample (mbsf) WM %) (%) ((%) %) (%) (% wt)
1H-4WR 6.925 59.90 71 32 39 72 5.89
3H-3WR 21.754 63.80 82 37 45 60 4.55 1.297
4H-6WR 34.205 62.70 87 42 45 46 5.18 1.253
6H-8WR 53.064 60.05 85 38 47 47 4.93 2.357
8H-7WR 71.584 58.10 86 40 46 39 5.87 2.090
9H-5WR 80.125 54.40 83 38 45 36 7.27
13H-3WR 115.629 47.27 81 39 42 20 5.19 5.812
13H-3WR 115.527 ovendried 64 39 25
17H-3WR 136.530 48.85 77 35 42 33 4.68 2.928

I,: Liquidity Index
I,: Plasticity Index
Lol: Loss on Ignition

Liquid Limit
Natural Water Content
Plastic Limit

Table 5.1: Summary of atterberg limit, organic matter content, and calcite content tests
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1244B-4H-6WR 1244C-8H-7WR 1244C-13H-3WR
20 d/nI Mineral 20 d/n Mineral 20 d/n Mineral

6.28 14.07 Chlorite 6.26 14.12 Chlorite 6.28 14.07 Chlorite
8.88 9.96 Illite 8.90 9.94 Illite 8.88 9.96 Illite

10.52 8.41 Hornblende 10.52 8.41 Hornblende 10.48 8.44 Hornblende
12.52 7.07 Kaolinite 12.54 7.06 Kaolinite 12.52 7.07 Kaolinite
13.88 6.38 Feldspar 13.88 6.38 Feldspar 13.86 6.39 Feldspar
17.78 4.99 Illite 17.84 4.97 Illite 17.78 4.99 Illite
18.82 4.72 Chlorite 18.84 4.71 Chlorite 18.82 4.72 Chlorite
19.84 4.47 Illite 19.86 4.47 Illite 19.82 4.48 Illite
20.88 4.25 Quartz 20.88 4.25 Quartz 20.86 4.26 Quartz
22.04 4.03 Feldspar 22.06 4.03 Feldspar 22.02 4.04 Feldspar
23.04 3.86 Calcite 23.00 3.87 Calcite 23.04 3.86 Calcite
23.60 3.77 Feldspar 23.60 3.77 Feldspar 23.56 3.78 Feldspar
24.28 3.67 Feldspar 24.32 3.66 Feldspar 24.26 3.67 Feldspar
25.20 3.53 Chlorite 25.16 3.54 Chlorite 25.16 3.54 Chlorite
26.66 3.34 Quartz 26.66 3.34 Quartz 26.66 3.34 Quartz
27.96 3.19 Illite 27.94 3.19 Illite 27.96 3.19 Illite
29.42 3.04 Calcite 29.42 3.04 Calcite 29.40 3.04 Calcite
29.86 2.99 Feldspar 29.86 2.99 Feldspar 29.80 3.00 Feldspar
30.54 2.93 Feldspar 30.48 2.93 Feldspar 30.48 2.93 Feldspar
31.72 2.82 Calcite 31.50 2.84 Calcite 31.44 2.85 Calcite
33.02 2.71 Marcasite 33.00 2.71 Marcasite 33.06 2.71 Marcasite
34.50 2.60 Chlorite 34.54 2.60 Chlorite 34.46 2.60 Chlorite
35.06 2.56 Chlorite 35.04 2.56 Chlorite 34.98 2.57 Chlorite
35.94 2.50 Calcite 35.98 2.50 Calcite 35.96 2.50 Calcite
36.56 2.46 Quartz 36.56 2.46 Quartz 36.54 2.46 Quartz
37.60 2.39 Kaolinite 37.62 2.39 Kaolinite 37.60 2.39 Kaolinite
39.48 2.28 Quartz 39.48 2.28 Quartz 39.46 2.28 Quartz
40.32 2.24 Quartz 40.30 2.24 Quartz 40.30 2.24 Quartz
42.46 2.13 Quartz 42.46 2.13 Quartz 42.46 2.13 Quartz
45.46 2.00 Illite 45.46 2.00 Illite 43.16 2.10 Calcite
45.84 1.98 Feldspar 45.84 1.98 Feldspar 45.46 2.00 Illite
50.16 1.82 Quartz 50.16 1.82 Quartz 45.76 1.98 Feldspar
54.86 1.67 Quartz 54.90 1.67 Quartz 47.52 1.91 Calcite

55.32 1.66 Quartz 48.50 1.88 Feldspar
50.14 1.82 Quartz
50.76 1.80 Calcite

154.88 1.67 Quartz

Table 5.2: XRD random powder sample peaks and equivalent minerals
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1244B-3H-3WR 1244B-4H-6WR 1244B-6H-8WR
20 d/n Mineral 20 d/n Mineral 1 20 d/n Mineral

6.26 14.12 Chlorite 6.22 14.21 Chlorite 6.26 14.12 Chlorite
8.9 9.94 Illite 8.84 10.00 Illite 8.84 10.00 Illite

10.52 8.41 Hornblende 10.52 8.41 Hornblende 10.48 8.44 Hornblende
12.54 7.06 Kaolinite 12.48 7.09 Kaolinite 12.52 7.07 Kaolinite
13.82 6.41 Feldspar 13.82 6.41 Feldspar 13.84 6.40 Feldspar
14.64 6.05 Chlorite 14.64 6.05 Chlorite 14.64 6.05 Chlorite
17.86 4.97 Illite 17.74 5.00 Illite 17.78 4.99 Illite
18.8 4.72 Chlorite 18.8 4.72 Chlorite 18.76 4.73 Chlorite

19.88 4.47 Illite 19.78 4.49 Illite 19.8 4.48 Illite
20.88 4.25 Quartz 20.84 4.26 Quartz 20.86 4.26 Quartz
22.04 4.03 Feldspar 21.98 4.04 Feldspar 22.02 4.04 Feldspar
23.04 3.86 Feldspar 22.98 3.87 Feldspar 23.02 3.86 Feldspar
23.64 3.76 Feldspar 23.6 3.77 Feldspar 23.54 3.78 Feldspar
24.32 3.66 Feldspar 24.26 3.67 Feldspar 24.28 3.67 Feldspar
25.18 3.54 Chlorite 25.16 3.54 Chlorite 25.16 3.54 Chlorite
25.54 3.49 Kaolinite 25.50 3.50 Kaolinite 25.54 3.49 Kaolinite
26.64 3.35 Quartz 26.6 3.35 Quartz 26.62 3.35 Quartz
27.98 3.19 Feldspar 27.92 3.20 Feldspar 27.94 3.19 Feldspar
29.82 3.00 Feldspar 29.88 2.99 Feldspar 29.88 2.99 Feldspar
30.44 2.94 Feldspar 30.38 2.94 Feldspar 30.46 2.93 Feldspar
31.72 2.82 Chlorite 31.68 2.82 Chlorite 31.72 2.82 Chlorite
32.96 2.72 Carbonite 32.96 2.72 Carbonate 32.98 2.72 Carbonate
34.50 2.60 Chlorite 34.54 2.60 Chlorite 34.46 2.60 Chlorite
35.06 2.56 Illite 35.04 2.56 Illite 34.96 2.57 Illite
36.52 2.46 Quartz 36.52 2.46 Quartz 36.54 2.46 Quartz
37.74 2.38 Kaolinite 37.74 2.38 Kaolinite 37.7 2.39 Kaolinite
38.36 2.35 Kaolinite 38.38 2.35 Kaolinite 38.4 2.34 Kaolinite
39.5 2.28 Quartz 39.42 2.29 Quartz 39.48 2.28 Quartz
40.3 2.24 Quartz 40.26 2.24 Quartz 40.26 2.24 Quartz
42.44 2.13 Quartz 42.4 2.13 Quartz 42.44 2.13 Quartz
45.46 2.00 Illite 45.4 2.00 Illite 45.42 2.00 Illite
45.84 1.98 Feldspar 45.84 1.98 Feldspar 45.84 1.98 Feldspar
49.2 1.85 Carbonate 49.18 1.85 Carbonate 49.2 1.85 Carbonate

50.14 1.82 Quartz 50.1 1.82 Quartz 50.14 1.82 Quartz
50.76 1.80 Calcite 50.74 1.80 Calcite 50.74 1.80 Calcite
54.88 1.67 Quartz 54.88 1.67 Quartz 54.88 1.67 Quartz
55.30 1.66 Quartz 55.32 1.66 Quartz 55.30 1.66 Quartz

Table 5.3: Calcite-treated XRD random powder sample peaks and equivalent minerals

113



1244C-8H-7WR 1244C-13H-3WR 1244C-17H-3WR
20 d/n Mineral 120 Mineral 20 d/n Mineral

6.24 14.16 Chlorite 6.24 14.16 Chlorite 6.28 14.07 Chlorite
8.86 9.98 Illite 8.84 10.0 Illite 8.88 9.96 Illite

10.52 8.41 Hornblende 10.52 8.41 Hornblende 10.48 8.44 ornblende
12.48 7.09 Kaolinite 12.48 7.09 Kaolinite 12.52 7.07 Kaolinite
13.84 6.40 Feldspar 13.8 6.42 Feldspar 13.86 6.39 Feldspar
14.64 6.05 Chlorite 14.6 6.05 Chlorite 14.6A 6.05 Chlorite
17.80 4.98 Illite 17.82 4.98 Illite 17.76 4.99 Illite
18.80 4.72 Chlorite 18.78 4.72 Chlorite 18.82 4.72 Chlorite
19.80 4.48 Illite 19.72 4.50 Illite 19.8 4.47 Illite
20.84 4.26 Quartz 20.82 4.27 Quartz 0.88 4.25 Quartz
22.00 4.04 Feldspar 2.0 4.04 Feldspar 2.0 4.03 Feldspar
22.94 3.88 Feldspar 3.02 3.87 Feldspar 3.0 3.86 Feldspar
23.54 3.78 Feldspar 3.58 3.77 Feldspar 23.64 3.76 Feldspar
24.26 3.67 Feldspar 4.2 3.67 Feldspar 4.3 3.66 Feldspar
25.16 3.54 Chlorite 5.12 3.54 Chlorite 5.1 3.54 Chlorite
25.52 3.49 Kaolinite 5.5 3.49 Kaolinite 5.5 3.49 Kaolinite
26.60 3.35 Quartz 6.6 3.35 Quartz 6.6 3.35 Quartz
27.94 3.19 Feldspar 7.9 3.20 Feldspar 27.98 3.19 Feldspar
29.82 3.00 Feldspar 9.8 2.99 Feldspar 9.82 3.00 Feldspar
30.50 2.93 Feldspar 0.42 2.94 Feldspar 30.1 2.97 Feldspar
31.66 2.83 Chlorite 1.6 2.83 Chlorite 0.4 2.93 Feldspar
32.98 2.72 Marcasite 4.6 2.59 Chlorite 1.7 2.82 Chlorite
34.50 2.60 Chlorite 4.5 2.60 Chlorite 4.4 2.60 Chlorite
35.00 2.56 Illite 4.98 2.57 Illite 4.58 2.59 Chlorite
36.50 2.46 Quartz 6.5 2.46 Quartz 5.0 2.56 Illite
37.66 2.39 Kaolinite 7.7 2.39 Kaolinite 6.52 2.46 Quartz
38.30 2.35 Kaolinite 9.4 2.29 Kaolinite 7.68 2.39 Kaolinite
39.44 2.28 Quartz 40.28 2.24 Quartz 9.48 2.28 Quartz
40.28 2.24 Quartz 42.48 2.13 Quartz 0.3 2.24 Quartz
42.44 2.13 Quartz 45.4 2.00 Illite 42.48 2.13 Quartz
45.40 2.00 Illite 50.08 1.82 Quartz 5.4 2.00 Illite
45.82 1.98 Feldspar 45.82 1.98 Feldspar 5.82 1.98 Feldspar
49.22 1.85 Carbonate 49.2 1.85 Carbonate 9.18 1.85 Carbonate
50.12 1.82 Quartz 0.1 1.82 Quartz 50.14 1.82 Quartz
50.78 1.80 Calcite 0.78 1.80 Calcite 50.76 1.80 Calcite
54.88 1.67 Quartz 4.88 1.67 Quartz 54.88 1.67 Quartz
55.30 1.66 Quartz 5.32 1.66 Quartz 5.3 1.66 Quartz

Table 5.3: Calcite-treated XRD random powder sample peaks and equivalent minerals (con't)
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1244B-4H-6WR 1244B-8H-7WR 1244C-13H-3WR
20 d/n Mineral 20 d/n Mineral 20 d/n Mineral

12.42 7.13 Kaolinite 12.5 7.08 Kaolinite 12.42 7.13 Kaolinite
14.64 6.05 Chlorite 19.84 4.47 Illite 19.84 4.47 Illite
18.1 4.90 Illite 20.88 4.25 Quartz 20.94 4.24 Quartz

19.78 4.49 Illite 22 4.04 Feldspar 22 4.04 Feldspar
20.28 4.38 Kaolinite 23.08 3.85 Feldspar 23.14 3.84 Feldspar
20.82 4.27 Quartz 26.62 3.35 Quartz 23.62 3.77 Feldspar
21.94 4.05 Feldspar 27.30 3.27 Feldspar 25.18 3.54 Chlorite
23.06 3.86 Feldspar 27.9 3.20 Mica 26.64 3.35 Quartz
26.64 3.35 Quartz 29.38 3.04 Calcite 27.32 3.26 Feldspar
27.36 3.26 Feldspar 31.66 2.83 Chlorite 29.5 3.03 Calcite
29.4 3.04 Calcite 35 2.56 Chlorite 30.66 2.92 Feldspar
30.64 2.92 Feldspar 36.02 2.49 Kaolinite 31.68 2.82 Chlorite
31.66 2.83 Chlorite 39.46 2.28 Quartz 36.08 2.49 Kaolinite
35.02 2.56 Chlorite 43.3 2.09 Calcite 39.54 2.28 Quartz
36.1 2.49 Kaolinite 44.78 2.02 Illite 40.54 2.23 Illite

39.48 2.28 Quartz 45.4 2.00 Illite 43.3 2.09 Calcite
43.36 2.09 Calcite 47.36 1.92 Calcite 44.78 2.02 Illite
44.78 2.02 Illite 47.54 1.91 Calcite 45.42 2.00 Illite
45.4 2.00 Illite 48.54 1.88 Feldspar 47.38 1.92 Calcite

47.58 1.91 Calcite 50.12 1.82 Quartz 47.64 1.91 Calcite
48.6 1.87 Calcite 50.54 1.81 Quartz 48.72 1.87 Calcite
49.04 1.86 Calcite 53.84 1.70 Quartz 50.28 1.81 Quartz
53.82 1.70 Quartz 53.84 1.70 Quartz

Table 5.4: Clay-sized fraction XRD random powder sample peaks and equivalent minerals
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Specimen Test Consolidation
Spec. Location Index Tests Data Conditions Properties Remarks
Test # Depth WC WP Wn e, c

Boring (mbsf) SD w1  IP Si,(%) Ub 86/6t Cr ko
Sample Markers # obs y, Gs (ksc) (%Ihr) (cmls)

CRS 580 6.938 59.9 32 63.56 1.566 0.544
1244B 1.2 71 39 104.8 4.00 0.5 0.047 1.5E-07 small Diameter

1H-4WR A-B 4.0 1.646 2.58
CRS 608 6.976 56.1 32 58.00 1.418 0.476Small Diameter

1244B 1.4 71 39 105.6 4.00 0.5 0.035 orizontal Spec
3H-3WR 8.5-9.5 3.0 1.688 2.58 Horizonta__ Spec
CRS 497 21.779 63.8 37 64.00 1.608 0.646

1244B 0.2 82 45 102.5 4.00 0.5 0.044 9.5E-08
3H-3WR 1-2 2.0 1.619 2.58________________

RS\O 585 21.5 13 60.0 37 59.32 1.459 0.534
1244B 2.7 82 45 104.7 4.00 0.5 0.059 1.OE-07 mall Diameter

CH-3WR B-C 4.0 1.668 2.58
CRS 508 34.205 63.3 42 63.78 1.659 0.693
1244B 1.2 87 45 100.8 4.00 0.5 0.053 8.5E-08

4H-6WR A-C 2.0 1.615 2.621
CRS563 34.332 62.1 42 66.69 1.715 0.704
1244B 0.5 87 45 101.9 4.00 0.5 0.063 1.0E-07 mall Diameter

4H-6WR 5.5-6.5 4.0 1.609 2.62
CRS 511 52.81 38 3.214 0.566

1244B 85 47 102.9 4.00 0.5 0.050 esedimented
6H-8WR 0-2 1.4 2.59
CRS 584 52.886 63.1 38 66.53 1.667 0.599

1244C 0.5 85 47 103.5 4.00 0.5 0.062 1.4E-07 mall Diameter
6H-8WR 4.0_ _ 1.620 2.59
CRS 504 71.609 58.1 40 58.32 1.532 0.633

1244C 0.6 86 46 99.4 4.00 0.5 0.043 6.5E-08
8H-7WR 0-1.5 2.0 11.632 2.61
CRS 578 71.355 57.4 40 61.05 1.573 0.672

1244C 0.4 86 46 101.3 4.00 0.5 0.049 8.5E-08 Small Diameter
8H-7WR A.5-C 4.0 11.634 2.61

CRS 569 80.113 54.4 38 57.24 1.510 0.658
1244C 1.0 83 45 100.0 4.00 0.5 0.058 1.3E-07 mall Diameter

9H-5WR B-C 4.0 1.653 2.64__
a) Markers - Location withinrtube b) Stresses in kg/cm c) Ikg/cm- = 98.U %a Water Contens in ulb

Table 5.5: CRSC test conditions and consolidation properties
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Specimen Test Consolidation
Spec. Location Index Tests Data Conditions Properties Remarks
Test # Depth w, Wp Wn ei Cc

Boring (mbsf) SD wi IP Si (%) Ub 6E/6t Cr ko

Sample Markers # obs Y Gs (ksc) (%/hr) (cm/s)

CRS 491 115.654 49.9 39 50.75 1.402 0.560
1244C 0.0 81 42 95.3 4.00 0.5 0.037 7.OE-08

13H-3WR 1.5-2.5 2.0 ___1.652 2.63 _______

CRS493 115.603 47.8 39 51.34 1.414 0.535
1244C 1.5 81 42 95.6 4.00 0.5 0.064 1.OE-07

13H-3WR 3.5-4.5 2.0 51.651 2.
CRS 567 115.413 54.4 39 57.24 1.510 0.658

1244C 0.8 81 42 100.0 4.00 0.5 0.058 1.3E-07 mall Diameter
13H-3WR B-C 4.0 1.653 2.64
CRS 495 136.556 49.8 35 50.52 1.377 0.435

1244C 0.2 77 43 98.8 4.00 0.5 0.051 7.0E-08
17H-3WR 3.5-4.5 2.0 1.704 2.69
CRS 499 135.55 35 2.744 0.519

1244C 77 43 101.7 4.00 0.5 0.057 esedimented
17H-3WR 0-3 1.464 2.69
CRS 564 136.467 47.9 35 46.68 1.229 0.453

1244C 2.4 77 43 102.2 5.00 0.5 0.060 3.OE-08 mall Diameter
17H-3WR 7-8 4.0 1.771 2.69_____________

CRS 577 49.2 1.364 0.340
Mixed 1.0 101.6 4.00 0.5 0.041 emolded
Sample 4.0 1.724 2.69 1

a) Markers - Location within tube b) Stresses in kg/cm 2 c) 1 kg/cm 2 = 98.06 kPa d) Water Contents in %

Index Tests Specimen Data
We water content wn natural water content
WP plastic limit e, initial void ratio
w1 liquid limit IV plasticity index
SD standard deviation Si initial saturation

#obs number of observations Yt total unit weight

I_ G, specific gravity

Conditions Consolidation
Ub back pressure C, compression index

&E/t strain rate Cr recompression index
I _ __ k) in situ hydraulic conductivity

Table 5.5: CRSC test conditions and consolidation properties (con't)
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Spec. Location Index Tests Specimen Data Conditions Consolidation Results
General @ Max Stress @ Preshear

Test # Depth we WP wn ei a'i Ub B ', Cc Ea 'vm Ea y vc

Boring SD WI IP Si Evol Kc Evol OCR

Sample Markers # obs y I Gs Ea - Cvoi Ea/hr ts Kc ts

TX 643 7.141 58.0 32 58.99 1.458 0.19 3.32 99 1.73 0.496 10.45 3.34 10.45 3.34
1244B 1.66 71 39 104.52 10.50 0.464 10.50 1.00

1H-4WR 4 1.671 2.58 0.32 -1.12 0.20 -24 0.464 -24
TX 642 21.627 63.6 37 64.52 1.595 0.18 3.50 98 2.78 0.601 11.72 4.61 11.72 4.61
1244B 1.2 82 45 104.19 11.90 0.454 11.90 1.00

3H-3WR 3 1.633 2.58 0.23 -1.00 0.20 -34 0.454 -34
TX 635 34.383 64.5 42 65.22 1.624 1.17 7.00 103 5.02 0.691 22.63 22.95 22.63 22.95
1244B 0.7 87 45 105.30 22.79 0.566 22.79 1.00

4H-6WR 4 1.651 2.62 0.33 -6.08 0.20 -51 0.566 -51
TX 645 34.269 61.8 42 63.80 1.686 0.21 3.30 99 4.35 0.712 15.91 8.56 15.91 8.56
1244B 0.6 87 45 99.17 16.12 0.503 16.12 1.00

4H-6WR 4 1.598 2.62 0.45 -3.01 0.20 -23 0.503 -23
TX 646 80.252 49.7 38 54.18 1.477 0.25 2.96 98 8.04 0.698 16.95 16.30 16.95 16.30
1244B 0.5 83 45 96.76 17.13 0.506 17.13 1.00

9H-5WR 3 1.642 2.64 0.42 -4.78 0.20 -28 0.506 -28

TX 636 136.403 49.1 35 49.34 1.181 1.29 7.84 98 - 0.448 23.12 42.20 23.12 42.20
1244C 1.9 77 43 110.71 23.55 0.520 23.55 1.00

17H-3WR 4 1.814 2.65 -3.40 -0.92 0.20 -31 0.520 -31
TX 641 34.0 34.00 0.914 0.32 3.18 99 - 0.200 8.88 10.40 8.88 10.40

Remolded 0.1 98.54 9.07 0.454 9.07 1.00
2 1.855 2.65 0.33 -3.35 0.20 -37 0.454 -37

TX 644 70.1 70.20 1.853 0.09 3.50 98 - 0.462 10.81 1.11 10.81 1.11
Resedimented 0.6 101.94 10.86 0.457 10.86 1.00

3 1.605 2.69 0.44 -1.15 0.20 -24 0.457 -24

Table 5.6: CKoU test conditions and results for consolidation stage
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a) Marker location in tube

b) Stresses in kg/cm 2
c)

d)

1 kg/cm2 = 98.06 kPa

Depth in Feet
e) Time in hours

f) Water content,
g) density in gm/cm 3

limits, saturation, strain, and B value in %

Table 5.6: CKoU test conditions and results for consolidation stage (con't)

Spec. Location Index Tests Specimen Data Conditions Consolidation Results
General @ Max Stress @ Preshear

Test # Depth we WP wn ej a'i Ub B C', Cc Ea T'vm Ea G'VC

Boring SD W1 IP Si Evol Kc Fvol OCR
Sample Markers # obs yt I Gs Ea Evol Ea/hr Its Kc ts
TX 647 58.1 58.81 1.631 0.14 2.86 105 - 0.384 10.93 1.73 10.54 0.86
Resedimented 1.1 97.06 11.00 0.491 10.64 2.00

3 1.625 2.69 0.58 -0.5 0.20 -25 0.666 -24
TX 650 71.2 70.56 1.918 0.12 3.31 98 - 0.469 10.93 0.58 10.93 0.58
Resedimented 1.5 99.00 11.06 0.514 11.06 1.00

1 113 1.573 2.69 0.26 -0.26 0.20 -40 0.514 -40

Index Tests Specimen Data
we water content of trimmings wn natural water content
wp plastic limit ej initial void ratio
w] liquid limit I0 plasticity index
SD standard deviation Si initial saturation

#obs number of observations Y total unit weight
G, specific gravity

Conditions Consolidation
a'i initial effective stress C'? preconsolidation pressure
Ub back pressure C, compression index
B B-value Ea/hr strain rate
Ea axial strain @ a'i a'Vm maximum consolidation stress

Ev0i volumetric strain for saturation Kc consolidation lateral stress ratio
ts time for secondary compression

OCR overconsolidation ratio
a' C consolidation stress

Ea axial strain
_vol volumetric strain



Specimen Location Specimen Data Conditions At Max Shear At Max Obliquity

Test # Depth Wn ej ec y'VC Ea Aue/aCv q/p' Ea AUe/'vc q/p

Boring IP Si Aus/a've $' Aus/4'v) $'
Sample Markers Yt Gs a/hr Kc OCR gq/'vc p'/&'vc A g/a'vc p'/a'vc A

TX 643 7.141 58.99 1.458 1.20 3.34 1.63 0.160 0.530 7.44 0.226 0.577
1244B 39 104.5 0.111 32.0 0.190 35.3

1H-4WR 1.671 2.58 0.5 0.464 1.00 0.343 0.647 1.091 0.325 0.563 2.03
TX 643 58.99 1.458 1.20 3.34 -6.44 0.010 -0.798 -6.44 0.010 -0.798

Second shear 39 104.5 0.325 -53.1 0.325 -53.1
1.671 2.58 0.5 0.464 1.00 -0.201 0.252 -0.201 0.252

TX 642 21.627 64.52 1.595 1.29 4.61 0.86 0.124 0.513 7.18 0.234 0.589
1244B 45 104.2 0.075 30.9 0.207 36.1

3H-3WR 1.633 2.58 0.5 0.454 1.00 0.347 0.676 0.837 0.314 0.533 2.85
TX 635 34.383 65.22 1.624 1.02 22.95 1.56 0.201 0.467 10.39 0.333 0.554
1244B 45 105.3 0.137 27.8 0.290 33.6

4H-6WR 1.651 2.62 0.5 0.566 1.00 0.314 0.673 1.06 0.282 0.509 2.63
TX 645 34.269 63.80 1.686 1.25 8.56 1.25 0.171 0.490 4.03 0.254 0.553
1244B 45 99.2 0.123 29.4 0.215 33.6

4H-6WR 1.598 2.62 0.5 0.503 1.00 0.319 0.651 1.19 0.307 0.555 2.15
TX 645 63.80 1.686 1.25 8.56 -12.15 -0.052 -0.716 -12.15 -0.052 -0.716

Second shear 45 99.2 0.267 -45.3 0.267 -45.3
1.598 2.62 0.5 0.503 1.00 -0.232 0.324 -0.232 0.324

TX 646 80.252 54.18 1.477 1.05 16.30 0.97 0.132 0.454 8.88 0.273 0.536
1244C 45 96.8 0.091 27.0 0.260 32.4

9H-5WR 1.642 2.64 0.5 0.506 1.00 0.309 0.681 1.07 0.267 0.498 6.72
TX 646 54.18 1.477 1.05 16.30 -4.66 0.081 -0.646 -4.66 0.081 -0.646

Second shear 45 96.8 0.357 -40.1 0.357 -40.1
1.642 2.64 0.5 0.506 1.00 -0.166 0.257 -0.166 0.257

Table 5.7: CKoU test conditions and results for undrained shearing stage
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Specimen Location Specimen Data Conditions At Max Shear At Max Obliquity

Test # Depth Wn ej ec L'I Va Auq/zv V /p' Ea Aue/a've q/p'

Boring Ip Si Aus/3've $' Aus/Y've $'

Sample Markers 7t Gs E a/hr K OCR q/a've p'/'ve A q/'ve PG'(Yvc A

TX 636 135.5 49.34 1.686 0.68 42.20 1.73 0.188 0.426 7.87 0.286 0.450

1244C 43 99.2 0.136 25.2 0.266 26.7
17H-3WR 1.598 2.62 0.5 0.520 1.00 0.289 0.679 1.21 0.240 0.533 4.83

TX 641 34.00 0.914 0.74 10.40 10.30 0.124 0.522 6.00 0.168 0.535
Remolded 98.5 0.000 31.4 0.061 32.4

1.855 2.65 0.5 0.519 1.00 0.427 0.818 0.33 0.400 0.748 0.53
TX 644 70.20 1.853 1.54 1.11 0.47 0.104 0.491 5.69 0.243 0.598

Resedimented 101.9 0.049 29.42 0.202 36.7
1.605 2.69 0.5 0.457 1.00 0.348 0.709 0.63 0.329 0.550 1.94

TX 644 70.20 1.853 1.54 1.11 -10.41 -0.025 -1.157 -10.41 -0.025 -1.157
Second Shear 101.9 0.334 - 0.334 -

1.605 2.69 0.5 0.457 1.00 -0.258 0.223 -0.258 0.223
TX 647 58.81 1.631 1.35 0.86 9.07 0.271 0.627 8.29 0.275 0.630

Resedimented 97.1 -0.072 38.83 -0.066 39.05
1.625 2.69 0.5 0.666 2.00 0.663 1.058 0.261 0.662 1.051 0.267

TX 650 70.56 1.918 1.60 0.58 -12.31 -0.042 -1.063 -12.31 -0.042 -1.063
Resedimented 99.0 0.310 - 0.310 -

J 1.573 2.69 -0.5 0.514 1.00 -0.286 0.269 0.037 -0.286 0.269 0.037

a) Marker location in tube c) I kg/cm 2 = 2048 psf e) Time in hours

b) Stresses in kg/cm2  d) Depth in Meters f) Water content, saturation, and strain in %

- Specimen Data Conditions Undrained Shearing
w, water content ej initial void ratio ec shearing void ratio Ea/hr strain rate _q,',c shear stress P'iG'vc mean stress

I, plasticity index Si initial saturation OC overconsolidation Kc lateral stress Aue' excess pore AusY',c shear induced
R ratio ratio Ve pressure pore pressure

total unit Gs specific gravity 'c consolidation stress Ea axial strain $' friction angle
Tbweight : C U s ad r I

Table 5.7: CKoU test conditions and results for undrained shearing stage (con't)
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Figure 5.4: X-ray diffraction on random powder sample 20 = 22" to 390
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Figure 5.5: X-ray diffraction on random powder sample 20=380 to 560
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-- 204-1244B-3H-3WR
-- 204-1244B-4H-6WR

204-1244B-6H-8WR
204-1244B-8H-7WR

-- 204-1244C-13H-3WR
204-1244C-17H-3WR



-- 1244B-4H-6WR
1244B-8H-7WR
1244C-13H-3WR

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

20 CuKa (degrees)
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Figure 5.12: Summary of consolidation curves for intact specimens in e-log0', space
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Figure 5.15: Summary of consolidation curves for remolded specimens in e-logo', space
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CRS 491: 1244C-13H-3WR, 115.654 mbsf, cY'o= 7.43 ksc
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CRS 493: 1244C-13H-3WR, 115.603 mbsf, G'dv= 7.43 ksc
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CRS 495: 1244C-17H-3WR, 136.556 mbsf, &VO= 8.92 ksc
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CRS 497: 1244B-3H-3WR, 21.779 mbsf, Y'VO= 1.24 ksc
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CRS 499: Resedimented
0

10

20

30

40

50

0.

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

0.1 1 10

VetclCnsolidatio Sr-es, a --sc

..-

- - - --

Vertical Consolidation Stress, & (ksc)
I I I . 1111111 v

... ..... . . .....

- .. ...

. ..... ... ....... .. ...

-- .. ... -- -..-- -- ..-.- -- -- -

- -.. .. - .. -. ....- -- -.

..........: ..... ....... .... -

--..-.-.-.-.-.-.--.-.-.

0.2

2: 0.1

0.0

-0.1

-0.2

0.0030

e 0.0025

U 0.0020

-o 0.0015
(A

6 0.0010
0

0Q 0.0005

0.0000
0 5 10 15 20 25 0.01

Vertical Consolidation Stress, a'v (ksc) Ve

0.01 0.1 1 10
Vertical Consolidation Stress, a' (ksc)

. V

0.1 1

2.6

2.4

2.2

4 2.0
02,

1.8

1.6

1.4

1.2

1.0

0.8

6

10

0.01 0.1 1 10
Vertical Consolidation Stress, a' (ksc)

v

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

rtical Consolidation Stress, a'v (ksc)

le-8 le-7

Hydraulic Conductivity, k (cm/s)

Figure 5.22: CRS 499

-

-. -. ---.-...

-.. ..... .....

- - - -- - -1 - - --i--

01

-

-'I-
/-

-. -. ....-i

... -. ..

.



CRS 504: 1244C-8H-7WR, 71.609 mbsf, a' V= 4.48 ksc
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CRS 508: 1244B-4H-6WR, 34.205 mbsf, c"'O = 2.02 ksc
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CRS 511: Resedimented
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CRS 563: 1244C-4H-6WR, 34.332 mbsf, a' o= 2.02 ksc
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CRS 564: 1244C-17H-3WR, 136.467 mbsf, dao= 8.92 ksc
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CRS 567: 1244C-13H-3WR, 115.413 mbsf, y'vo= 7.43 ksc
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CRS 569: 1244C-9H-5WR, 80.113 mbsf, Yo= 4.99 ksc
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CRS 578: 1244C-8H-7WR, 71.355 mbsf, cY'O= 4.48 ksc
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CRS 580: 1244B-1H-4WR, 6.938 mbsf, a'wo= 0.33 ksc
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CRS 584: 1244B-6H-8WR, 52.886 mbsf, a' O= 3.31 ksc
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CRS 585: 1244B-3H-3WR, 21.513 mbsf, a'vo= 1.24 ksc
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CRS 608: 1244B-1H-4WR, 6.976 mbsf, Y'vo= 0.33 ksc
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Figure 5.36: Summary of consolidation curves in e-loga', space from CKoU tests
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TX635 Consolidation: 1244B-4H-6WR, 34.383 mbsf, 'vo= 2.02 ksc
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TX635 Undrained Shear: 1244B-4H-6WR, 34.383 mbsf, a'vo= 2.02 ksc
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Figure 5.46: TX 635 Undrained Shear
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TX636 Consolidation: 1244C-1 7H-3WR, 136.403 mbsf, cy' = 8.92 ksc
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TX636 Undrained Shear: 1244C-17H-3WR, 136.403 mbsf, o' v= 8.92 ksc
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TX641 Consolidation: Remolded
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TX641 Undrained Shear: Remolded
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TX642 Consolidation: 1244B-3H-3WR, 21.627 mbsf,
Y'Iv= 

1.24 ksc
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TX642 Undrained Shear: 1244B-3H-3WR, 21.627 mbsf, a' o= 1.24 ksc
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TX643 Consolidation: 1244B-1H-4WR, 7.141 mbsf, 'vo= 0.33 ksc
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TX643 Undrained Shear: 1244B-1H-4WR, 7.141 mbsf, a'vo= 0.33 ksc
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TX644 Consolidation: Resedimented
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TX644 Undrained Shear: Resedimented
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TX645 Consolidation: 1244B-4H-6WR, 34.269 mbsf, cy'o= 2.02 ksc
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TX645 Undrained Shear: 1244B-4H-6WR, 34.269 mbsf, Y'vo= 2.02 ksc
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TX646 Consolidation: 1244C-9H-5WR, 80.252
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TX646 Undrained Shear: 1244B-9H-5WR, 80.252 mbsf, &VO= 4.99 ksc
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Figure 5.60: TX 646 Undrained Shear
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TX647 Consolidation: Resedimented
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TX647 Undrained Shear: Resedimented
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TX650 Consolidation: Resedimented
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TX650 Undrained Shear: Resedimented
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Figure 5.64: TX 650 Undrained Shear
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Chapter 6: Interpretation of Laboratory Testing
Results

Results from laboratory tests can be used and interpreted in a number of ways, depending

on the purpose of the research. This chapter interprets the results of the laboratory tests

described in Chapter 4 and Chapter 5. First to be discussed in this chapter will be the effect of

sample disturbance, which plays a significant role in the interpretation of the laboratory results.

Secondly, this chapter will give the stress history profile of the site. The next section will

discuss the effect of the horizontal stress, as this plays in an important role in interpreting the

stress history of the site. Fourth, the SHANSEP parameters of the soil will be estimated and will

be used as a tool in determining the strength profile of ODP Site 1244. Lastly, the input

parameters of a constitutive soil model will be derived. The soil model used in this study is the

MIT E-3 soil model developed by Whittle (1987).

6.1 Sample Disturbance
As was mentioned in Section 2.2, sample disturbance can have a significant impact on the

results of geotechnical laboratory tests. This section focuses on the effect of disturbance on the

results of the CRSC and CKoU triaxial test by making comparisons to disturbance indices used

for on-shore sampling. The general effect of sample disturbance on the consolidation data can be

found in Section 2.2.2.

6.1.1. Sample Quality Indices

Sample quality indices are used to classify the quality of the soil sample. Terzaghi et al

(1996) and Lunne et al (1997) have established criteria for evaluating the soil quality based on

the strain to the plastic state. The criteria are described in Section 2.2.3. Table 6.1 gives the

rating of the soil samples based on both criteria. It can be seen that the quality of the Hydrate

Ridge soil is generally poor and decreases with depth. However, the difficulty with these two

methods is they look solely at the slope of the initial loading, without considering what the true

strain to the plastic state should be, i.e., what the slope of a reload cycle looks like.
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Thus, in an attempt to more objectively classify the level of sample disturbance, a method

comparing the slope of the initial loading to the slope of unload-reload cycle was developed.

The following describes the steps used to perform this method (see Figure 6.1):

1) On the initial loading portion of the CRSC curve, locate the effective stress point that

corresponds to a stress that is 4 times larger with respect to the initial point of the

CRSC curve.

2) The void ratio corresponding to the effective stress point found in step one is

subtracted from the initial void ratio to give Aei.

3) For the reload cycle, locate the effective stress point that corresponds to a stress

increment of 4 with respect to the start of the reload cycle.

4) The void ratio corresponding to the effective stress point found in step three is

subtracted from the void ratio at the start of the reload cycle to give Aer.

5) Then, the Aei is divided by Aer to give the Ae ratio.

The Ae ratio will indicate the degree of disturbance the sample has experienced. For a perfectly

undisturbed sample, the ratio will equal 1. This method has yet to be tested widely; hence a scale

that would classify the quality of the samples has not yet been developed. However, it is

believed that a ratio ranging between 1 and 1.5 should indicate fair quality samples, while ratios

greater than 1.5 would indicate poor quality samples. Figure 6.2 shows the Ae ratio for the

CRSC tests with unload-reload cycles. It can be seen from the figure that only a few CRSC tests

had Ae ratios that ranged from 1 to 1.5, which indicates some samples are of fair quality, with the

rest being of poor quality. The CRSC samples that did not reach the normally consolidated state

and whose unload-reload cycles did not occur in the normally consolidated state were not

included. The reason for this exclusion is that the behavior of an unload-reload cycle that is not

yet in the normally consolidated state differs from the behavior of an unload-reload cycle that

has reached the normally consolidated state because the unload-reload cycle occurs within the

yield surface and not on the yield surface. An important observation is the difference in soil

quality between CRS 508 and CRS 563. It is unsure why there is a significant difference

between the Ae ratio of the two tests, but looking at the consolidation curves (Figure 5.24 and

Figure 5.26), it is evident that the initial loading of CRS 508 is similar to its unload-reload, while

the initial loading of CRS 563 is different from its unload-reload. The other possibility is that the

unload-reload cycle of CRS 508 does not fall in the normally consolidated, but slightly at the
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border of the over and normally consolidated state. It is interesting to see that the sample with

the best quality occurs at 79 mbsf. Furthermore, there is no sample quality trend with depth.

Also found in Figure 6.2 is the Ae ratio for CRS 316, which is a test that was run on a

good quality BBC specimen. It can be seen in the figure that the Ae ratio for CRS 316 is about

1.3, which confirms that the sample is of good quality and verifies the validity of the Ae method.

6.2 Stress History
The behavior of a soil depends largely on the amount of overconsolidation that it has

experienced. Hence, determining the preconsolidation pressure from consolidation tests is

essential in gaining a better understanding of its behavior.

6.2.1. Strain Energy Method

Table 6.2 gives the values of the preconsolidation pressures estimated using the strain

energy method, and Table 6.3 gives the overconsolidation ratio assuming hydrostatic in-situ

water pressures. The strain energy method is discussed in detail in Section 2.2.4.2.

Figure 6.3 shows the stress history profile using the strain energy method. It can be seen

from the profile that the deposit is overconsolidated based on this method. It can also be seen

that the overconsolidation ratio decreases with depth for the mudline to about 40 mbsf and then

is more or less constant with depth. Furthermore, the scatter increases with depth. Comparing

this with the sample quality indices mentioned earlier, it can be seen that there is no direct trend

between the sample disturbance indices and the preconsolidation pressure estimated using the

strain energy method. A good example of this is the sample at 30 mbsf, which shows consistent

estimated preconsolidation pressures, but poor soil quality with respect to the indices.

6.2.2. Extrapolation to In-Situ Void Ratio

An alternative method for determining the preconsolidation pressure was used in order to

obtain a range of the possible values of the overconsolidation ratios. In this method, it was

assumed that the preconsolidation pressure is located at the estimated in-situ void ratio, along the

virgin compression line. The in-situ void ratios were taken from the following data:
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1) Laboratory void ratio. The laboratory void ratio was estimated during each

experiment by using phase relationship quantities such as the mass and height. The

following equation was used in estimating the void ratio:

(Gs -Hi -A- -Md) (6.1)
' Md

where Gs is the specific gravity, H; is the initial height, A is the area, pw is the density

of water, and Md is the dry mass. The uncertainty with this estimate of the in-situ

void ratio lies in the fact that the samples may have undergone drying and/or

expansion during the time it was stored in the tubes. Also causing uncertainty is the

presence of salt pore water.

2) Moisture and Density (MAD) void ratio. The MAD void ratio was measured by the

ODP as part of their shipboard experiment program. Details of the MAD test are

discussed in Section 3.1.4.1. It must also be noted that the MAD data assumes 100%

saturation.

3) Logging While Drilling (LWD) void ratio. The LWD void ratio was measured in-situ

during the drilling process. The details of LWD can be found in Section 3.1.3.1.

Though the LWD should give the most reasonable void ratio estimate because of its

true in-situ measurement, poor measurement conditions have resulted in uncertainties

in the void ratio measurements.

4) Wireline void ratio. The wireline void ratio was measured in-situ after a hole had

been drilled and the wireline tool lowered. Details of wireline measurements can be

found in Section 3.1.3.2. The wireline data seem to give unreliable values of void

ratio. It must be noted that wireline data is available only below 79.05 mbsf.

Table 6.4 gives the in-situ void ratios as estimated by different measurement methods for each

sample. It is obvious that there is a significant variation in the estimated void ratio for each

method. Figure 6.5 shows the distribution of the in-situ void ratios with depth for all four

methods. It can be seen from the figure that below 53 mbsf, the void ratios from the different

methods are in agreement. Above 53 mbsf, there is a significant difference in void ratio from the

different methods. More noticeably, the lab void ratios above 53 mbsf are consistently lower

than the other void ratios. One possible reason for this scatter is that the measurements up to 53

mbsf are from hole B, while measurements below 53 mbsf are from hole C. Furthermore, the
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consistently lower laboratory void ratios may be due to drying of the material in storage. This

result is unexpected and raises the possibility of sample alteration during storage of the samples.

Also noticeable from the graph is a decreasing trend in the void ratio values below 53 mbsf.

The preconsolidation pressure by extrapolation was estimated as follows (see Figure 6.4):

1) Projection of virgin compression line. For each CRSC curve in e-logG'v, a line is

drawn along the straight portion of the compression curve. This line corresponds to

the virgin compression line. The line is then projected back and up, beyond the

normally consolidated zone.

2) In-situ void ratio. A horizontal line corresponding to the in-situ void ratio estimated

from any of the aforementioned methods is drawn on the curve.

3) Estimation of the preconsolidation pressure. The intersection of the virgin

compression line and the in-situ void ratio line will give the value of the

preconsolidation pressure.

The estimated preconsolidation pressures and corresponding OCRs from this method using all

the aforementioned methods of estimating the in-situ void ratios can be found in Table 6.2 and

Table 6.3 respectively.

Figure 6.5 shows the preconsolidation pressures as estimated from extrapolation, as well

as the Ae sample quality index. It can be seen that the estimates of the void ratio-extrapolated-

preconsolidation pressures from the sample at 53 mbsf are quite low and are scattered. When

checking the Ae sample quality index, it can be seen that this sample has the poorest quality. It

can also be seen from Figure 6.5 that the preconsolidation pressures from the sample at 79 mbsf

are consistent. Nonetheless, this sample has the highest quality based on the Ae sample quality

index. However, though these two samples show a relationship between the Ae sample quality

index and the variability in preconsolidation pressures from the different methods, the other

samples show otherwise. For example, the sample at 71 mbsf shows a low sample quality, but

the estimated preconsolidation pressures are fairly consistent. Hence, the Ae, Terzaghi et al

(1996), and Lunne et al (1997) sample quality indices do not have a relationship with the

estimated preconsolidation pressures.
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6.2.3. Stress History Profile

As seen in Table 6.2, there are significant variations in the estimation of the

preconsolidation pressure depending on which method and which void ratio was used. Figure

6.6 gives the stress history profile as estimated from the two methods and for the lab and wireline

void ratios. As mentioned earlier, the strain energy method predicts overconsolidation

throughout the depth. Also, since it is believed that the laboratory void ratio may be low for the

samples above 53 mbsf, the estimated preconsolidation pressure using this void ratio will be on

the high side.

When comparing the strain energy and void ratio extrapolation methods, it is clearly

illustrated that there is a large difference between the estimates of the preconsolidation pressure.

However, it is fair to state that the value of the preconsolidation pressure from the strain energy

method can be considered as an upper bound estimate, while the value from the extrapolation to

the in-situ void ratio can be considered as a lower bound estimate.

6.2.4. Importance of In-situ Stress State

Hydrate Ridge is located in the Cascadia accretionary complex, which was formed by the

subduction of the Juan de Fuca plate beneath North America. The geologic setting implies that

the soil in the accretionary complex, and hence Hydrate Ridge, is undergoing passive loading,

i.e., the soil is being pushed inwards laterally (Chevallier et al, 2003). Should this behavior be

true, the shape of the yield surface would differ greatly from what is usually expected of a soil

undergoing one-dimension vertical loading.

A CRSC test was conducted on a sample loaded along the horizontal direction in order to

investigate the preconsolidation pressure anisotropy (see Table 6.2). The resulting

preconsolidation pressure was greater than that of the preconsolidation pressure from the

vertically-oriented tests. This finding supports the assumption that the soil experienced a greater

horizontal stress than vertical stress, as a result of the soil being loaded passively, especially in

the shallower section of the deposit.

The succeeding discussion attempts to describe the stress path behavior of the soil in MIT

p'-q space. Furthermore, the discussion will attempt to describe the yield surface, i.e., transition

from elastic to plastic state, thus explaining why the preconsolidation pressure is higher for the

horizontally-oriented sample. The discussion will also include an explanation as to why the
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shallow specimens exhibit high OCR when analyzed using the traditional geotechnical

interpretation methods. Nonetheless, a best estimate of stress history will be developed. The

following must be understood in order to thoroughly appreciate the discussion:

1) p' is the mean effective stress (CF'b+c'v)/2, q is the shear stress (Gv-Gh)/ 2 , and K is the

lateral effective stress ratio (cY'h/Gv)-

2) In MIT p'-q space, the vertical effective stress is higher than the horizontal effective

stress when q is positive, and the opposite occurs when q is negative.

3) The yield surface distinguishes between the plastic and elastic state.

4) When soil is loaded within the yield surface, it is assumed that the yield surface is

stationary.

5) When a soil is loaded beyond the yield surface, the yield surface extends and rotates

in the direction of the stress path.

Figure 6.7 describes the possible shape of the yield surface. The data from Figure 6.7

was taken from tests performed on samples from 1244B-lH-4WR, specifically, CRS580,

CRS608, TX643, and TX650. The in-situ vertical effective stress assuming hydrostatic

conditions was found to be 32 kPa (solid circle). Point A refers to the vertical preconsolidation

pressure for the vertically-oriented specimen, which is equal to 235 kPa. The location of the

stress point on the yield surface corresponding to the preconsolidation pressure within p'-q space

lies between the Ko and Ka lines, and is bounded by a 450 line from point A. The KQ-line was

taken from the consolidation portion of TX643, and represents the lower limit of the

preconsolidation pressure (point B). The Ka-line refers to the triaxial compression mode of

failure from TX643, and represents the upper limit of the preconsolidation pressure (point C).

Hence, the stress path is believed to occur between the dotted line and the dash-double-dot line.

CRS608 is a CRSC test on a horizontally-oriented sample. This sample is constrained in

the vertical direction and loaded in the horizontal direction. It must be noted that this test ignores

the effect of the intermediate principal stress (02). The value of the horizontal preconsolidation

pressure for CRS608 is 301 kPa, and is indicated by point D on the figure. The stress point on

the yield surface corresponding to the horizontal o;'p is bounded by a 45' line from point D. The

possible locations can be on the l/K, 1/Ka, or Kp lines. The 1/K 0 line is the absolute minimum

and is believed to be too low. The 1/Ka line, which is taken from the triaxial compression

friction angle, is assumed to be a reasonable minimum value. Hence, it was assumed that the
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minimum stress path for CRS608 follows the 1/Ka line, as indicated by the thick dashed-line.

Furthermore, the location of the preconsolidation pressure in p'-q space for this case is point E.

This minimum stress path gives an upper limit of the vertical preconsolidation pressure for the

horizontally-oriented specimen (point F). The a'pv (upper limit) was found to be 76 kPa, giving an

OCR of 2.38.

The Kp line refers to the triaxial extension mode of failure line, which was estimated from

the extension portion of TX643 and the extension test TX650. This line represents the maximum

possible stress path for CRS608 (thick dash-dot line). Based on this assumption, the location of

the preconsolidation pressure in p'-q space is point G. This maximum stress path gives a lower

limit of the vertical preconsolidation pressure for the horizontally-oriented specimen (point H).

The G'pv (lower limit) was found to be 33 kPa, giving an OCR of 1.03.

The two broken lines in Figure 6.7 represent the range of the possible locations of the

yield surface. The resulting OCR range from the upper and lower limit estimates of the

preconsolidation pressure is 1.03 to 2.38, which is reasonable and within the range that is

expected. The implication of this finding is that the samples are being passively loaded in the

shallow depth of the deposit. This explains why such a high OCR was measured using the

vertically-oriented CRSC test. It is also consistent with the fact that extrapolation to the in-situ

void ratio gives much lower cy'p.

Dividing the 3'pv (upper limit) and 'pv (lower limit) by the c'pv from CRS 580 gives 0.32 and

0.14, respectively. In the absence of extensive testing, these factors can be applied to the Y'py

measured from the other CRSC tests, in order to give a more reasonable estimate of the

preconsolidation pressure and OCR. Table 6.5 and Table 6.6 give the preconsolidation pressure

and OCR with the upper and lower limit factors applied to the strain energy preconsolidation

pressure estimates. Figure 6.8 shows the stress history profile with the upper and lower limit

factors applied. The tables and figure show that the lower limit factor reduces the strain energy

preconsolidation pressure drastically. In fact, below 5.7 mbsf, the lower limit factor causes

underconsolidation. The upper limit factor also reduces the strain energy preconsolidation

pressure, but to a lesser degree. Below 32.98 mbsf, the upper limit factor causes

underconsolidation. This method predicts that the deposit has a generally constant OCR of 0.4 to

0.5 that is constant with depth below 20 mbsf.
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If the stress path was assumed to follow the 1/K 0 line instead of the 1/Ka (point I, Figure

6.7), the G'pv (1/Ko upper limit) would be 139 kPa (point J, Figure 6.7). Thus, the 1/K 0 upper limit

factor would be equal to 0.59. Figure 6.9 shows the effect of the 1/K factor on the

preconsolidation pressure. It can be seen from the figure that the 1/Ko factor reduces the strain

energy preconsolidation pressure such that it is in the normally consolidated state. However,

though this result is believed to be possible, it is unlikely because the deposition and formation

conditions at the site suggest underconsolidation.

6.3 SHANSEP Parameters
Ladd and Foott (1974) theorized that a normally consolidated soil deposit of uniform

mineralogical makeup will exhibit unique strength properties when normalized by the vertical

effective consolidation stress. This theory led to the development of the Stress History and

Normalized Soil Engineering Properties (SHANSEP) theory. Ladd went on to state that for

overconsolidated soils, the value of the normalized strength varies with the value of the OCR

raised to an experimentally determined factor. The resulting equation is as follows:

= S(OCR)' (6.2)

where Su, is the undrained strength, o',, is the vertical effective consolidation stress, and OCR is

the overconsolidation ratio. The parameters S and m are called the SHANSEP parameters. S is

the value of the normalized undrained strength for a normally consolidated soil, while m is the

factor that gives the normalized undrained strength for overconsolidated soil. These parameters

are obtained from a series of SHANSEP CKoU triaxial tests, which were discussed in Section

4.5.3. It is important to understand that SHANSEP type triaxial tests involve one-dimensional

consolidation to the normally consolidated state prior to shearing. The SHANSEP theory is

discussed in better detail in Section 2.2.5.2.

As a result of differences in the normalized undrained strength profile, the hydrate ridge

deposit was divided into 2 layers, as shown in Table 6.7 and Figure 6.10. Table 6.8 gives the

recommended values of S and m for the Hydrate Ridge soil.

As a comparison, the values of S and m for Gulf of Mexico Clay (GMC), Boston Blue

Clay (BBC), and for homogenous CL and CH sedimentary clays are also given in Table 6.8.

Compared to the GMC, BBC, and CL/CH clays, the Hydrate Ridge soil has a higher m value.
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This implies that the increase in strength of Hydrate Ridge due to an increase in OCR is higher

compared to the other soils. Furthermore, the S value for the Hydrate Ridge soil is similar to

BBC and is much higher than GMC and CL/CH clays. This means that the Hydrate Ridge soil

has a normally consolidated undrained strength that is similar to BBC and higher than GMC and

CIJCH clays.

6.4 Strength Profile
Once the SHANSEP parameters and stress history have been obtained, the strength

profile of the deposit can be formulated using the SHANSEP equation. The following are the

equations used to describe the strength profile:

Layer A: u =0.35(OCR) 0 9 4  (6.3)

Layer B: u = 0.31 (OCR) 0
.9 (6.4)

Figure 6.11 gives the strength profile at the site based on equations 6.3 and 6.4. As shown in

Section 6.2.4, the soil is believed to be underconsolidated. As such, the value for the OCR that

was used in determining the strength profile was 1. Furthermore, the i',c that was used was

equal to the unfactored strain energy preconsolidation pressure.

Another method for determining the strength profile involves determining the

relationship between the void ratio during shearing and the strength, then extrapolating an in-situ

strength from the in-situ void ratio. Figure 6.12 shows the variation of undrained strength with

the void ratio at shearing. The trend line gives the following equation:

Layer A: q =0.0562e+0.2513 (6.5)

Layer B: q =0.0444e+0.2897 (6.6)

The R2 for the trend line of Layer A and B are 0.9675 and 1 respectively. Interestingly, this

figure shows that the behavior of the soil deviates from the SHANSEP theory. In SHANSEP

theory it is assumed that the normalized undrained strength is independent of the shearing void

ratio, i.e., the points in Figure 6.12 should form a horizontal line. However, it is seen from the

figure that the strength increases with increasing void ratio. This implies that the normalized

undrained strength is also dependent on the stress at consolidation. This result has also been
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noticed in DSS tests on offshore samples conducted by Quiros et al (2000). Their study has

shown that the normalized undrained strength decreases with increasing consolidation stress.

They propose a method by which the consolidation water content is taken into consideration

when estimating the normalized undrained strength.

The laboratory measured void ratios were used in equation (6.5) and (6.6) to obtain an

estimate of the strength. Figure 6.11 shows the results of this method compared to the strength

estimated from the SHANSEP equation. It can be seen in the figure that the void ratio

extrapolation gives slightly higher results.

On the issue of strength anisotropy, a look into the yield surface developed in section

6.2.4 will provide more insight. The strength measured in triaxial extension is the strength after

significant consolidation (due to SHANSEP consolidation) and after the rotation of the yield

surface. Hence, the measured strength is usually on the low side. However, analysis of the

stress path history found in Figure 6.7 suggests that the strength in compression and extension

loading will be similar (point E and G in Figure 6.7).

Another important strength parameter is the increment in stress required to cause failure.

If it is assumed that the second horizontal stress, CY' 2, is defined as:

or 11 + U 3
'2 = - (6.7)

2

then the increment in stress to cause failure in this principal plane can be calculated. The

following are the equations used to calculate the increment in stress to cause failure in each

principal plane:

Aa, = a',i -or',,+ 2q, (6.8)

Auh,, = 0 (6.9)

AU'har - hi - + qf (6.10)
2

The triaxial tests were consolidated under the K-condition. However, because the site is

believed to be consolidated under passive conditions, the values of 'hi and a'vi from the triaxial

test need to be adjusted to reflect the in-situ conditions. As such, the upper and lower limit

factors are applied to the measured y'p to get u',i. The factor that must be applied to c'p to get

c'hi is equal to 1.28, which was obtained by dividing point D by point A in Figure 6.7. The

increment in stress to cause failure in the first horizontal direction is assumed to be equal to zero.
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This is because the material is at passive failure in the field. Figure 6.13 shows the increment in

stress to cause failure in the vertical and horizontal (intermediate) direction with depth. It can be

seen from the figure that the increments to failure in both the vertical and horizontal direction

increase with depth.

6.5 MIT E-3 Parameters
MIT E-3 is a constitutive soil model developed at MIT by Whittle (1987). It is a complex

soil model and requires fifteen input parameters (see Table 6.9). The model was developed to

simulate the behavior of normally consolidated to lightly over-consolidated clay (OCR<8). The

model formulation is based on three key elements:

1) incremental effective stress-strain relationship

2) hysteretic model

3) bounding surface model

Another important assumption of the MIT E-3 model is the assumption of rate independent

behavior of clay, i.e. effects of creep are neglected.

The MIT E-3 parameters were obtained according to the framework suggested by

Korchaiyapruk (2000). Figure 6.14 shows the framework for selection of the model input

parameters for the MIT E-3 soil model. Basically, the process involved dividing the soil deposit

into the necessary number of layers, which in this case were two. Then, the parameters that

could be obtained from laboratory tests such as e0 , KONC, 2G/K, irc, and /rE were averaged for

each layer. For the h, C, n, c, a), y Ko, f, and S, parameters, parametric studies were conducted

in order to obtain the "best-fit" consolidation, undrained shear strength, shearing stress path, and

undrained shear modulus curves. Figure 6.15, Figure 6.17, Figure 6.19, and Figure 6.21 give the

best-fit consolidation, undrained shear strength, shearing stress path, and undrained shear

modulus curves for Layer A, while Figure 6.16, Figure 6.18, Figure 6.20, and Figure 6.22 give

the best-fit curves for Layer B. It can be seen from the figures that the selected parameters fit

well with the laboratory curves. Table 6.10 gives the MIT E-3 parameters for both Layer A and

Layer B of the hydrate ridge soil. Also included in this table are the MIT E-3 parameters for

Boston Blue Clay (BBC) and Gulf of Mexico Clay (GMC).

Compared to the GMC, layer A of Hydrate Ridge is less compressible, has less strain

softening and less strength, but has a higher friction angle and small strain stiffness. Layer B of
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Hydrate Ridge has similar compressibility, less strain softening and less strength, but has a

higher friction angle and small strain stiffness than the GMC. Compared to BBC, layer A and B

is generally less compressible, has less strain softening, and similar friction angle and strength.
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Hole Test No. [ Terzaghi et al. Lunne et al.
B1H4WR CRS580 A VGE

TX643 A VGE
B3H3WR CRS497 D P

CRS563 C GF
TX642 C GF

B4H6WR CRS508 D P
CRS585 C GF
TX635 C GF
TX645 D P

B6H8WR CRS584 D P
C8H7WR CRS504 D P

CRS578 E P
C9H5WR CRS569 D P

TX646 D P
C13H3WR CRS491 E VP

CRS493 E VP
CRS567 D P

C17H3WR CRS495 E VP
CRS564 E VP
TX636 E VP

TPM: A (best quality) to E (poorest quality)
NGI: VGE-Very Good to Excellent

GF-Good to Fair
P-Poor
VP-Very Poor

Table 6.1: Sample quality indices
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Test Depth a, 0  a', (kPa)

Name Hole (mbsf) (kPa) strain lab MAD LWD wireline
energy eo eo e j eo

CRS580 1H-4WR 6.938 32 235 113 57 6
CRS608 1H-4WR (H) 6.976 32 301 130 38 3
TX643 1H-4WR 7.141 32 170

CRS497 3H-3WR 21.779 122 287 138 54 26
CRS585 3H-3WR 21.513 122 550 209 31 13
TX642 3H-3WR 21.627 122 273

CRS508 4H-6WR 34.205 198 475 247 91 92
CRS563 4H-6WR 34.332 198 490 290 131 132
TX635 4H-6WR 34.383 198 492
TX645 4H-6WR 34.269 198 427

CRS584 6H-8WR 52.886 325 466 183 17 45
CRS504 8H-7WR 71.609 439 695 304 258 273 .
CRS578 8H-7WR 71.355 439 766 315 311 329
CRS569 9H-5WR 80.113 489 797 435 471 527 535
TX646 9H-5WR 80.252 489 788

CRS491 13H-3WR 115.654 729 875 498 559 695 630
CRS493 13H-3WR 115.603 729 962 438 517 649 585
CRS567 13H-3WR 115.413 729 1332 606 520 643 584
CRS495 17H-3WR 136.556 875 1095 199 332 439
CRS564 17H-3WR 136.467 875 1707 351 271 354

Table 6.2: Estimated preconsolidation pressures

202



Test OCR
Name Hole Depth (mbsf) strain lab MAD LWD wireline

energy eo eo eo eo
CRS580 1H-4WR 6.938 7.27 3.49 1.75 0.20
CRS608 lH-4WR (H) 6.976 9.30 4.02 1.18 0.10
TX643 1H-4WR 7.141 5.23

CRS497 3H-3WR 21.779 2.36 1.13 0.44 0.21
CRS585 3H-3WR 21.513 4.52 1.72 0.26 0.11
TX642 3H-3WR 21.627 2.24

CRS508 4H-6WR 34.205 2.40 1.25 0.46 0.46
CRS563 4H-6WR 34.332 2.48 1.47 0.66 0.67
TX635 4H-6WR 34.383 2.49
TX645 4H-6WR 34.269 2.15
CRS584 6H-8WR 52.886 1.44 0.57 0.05 0.14
CRS504 8H-7WR 71.609 1.58 0.69 0.59 0.62
CRS578 8H-7WR 71.355 1.74 0.72 0.71 0.75
CRS569 9H-5WR 80.113 1.63 0.89 0.96 1.08 1.09
TX646 9H-5WR 80.252 1.61

CRS491 13H-3WR 115.654 1.20 0.68 0.77 0.95 0.86
CRS493 13H-3WR 115.603 1.32 0.60 0.71 0.89 0.80
CRS567 13H-3WR 115.413 1.83 0.83 0.71 0.88 0.80
CRS495 17H-3WR 136.556 1.25 0.23 0.38 0.50
CRS564 17H-3WR 136.467 1.95 0.40 0.31 0.40

Table 6.3: Estimated overconsolidation ratios (OCRs)
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Test Hole Depth in-situ void ratio
Name (mbsf) lab MAD LWD wireline

CRS580 1H-4WR 6.938 1.566 1.671 2.179
CRS608 1H-4WR (H) 6.976 1.418 1.671 2.179
CRS497 3H-3WR 21.779 1.608 1.872 2.076
CRS585 3H-3WR 21.513 1.433 1.872 2.076
CRS508 4H-6WR 34.205 1.659 1.958 1.983
CRS563 4H-6WR 34.332 1.715 1.958 1.956
CRS584 6H-8WR 52.886 1.667 2.239 1.983
CRS504 8H-7WR 71.609 1.532 1.577 1.561
CRS578 8H-7WR 71.355 1.573 1.577 1.561
CRS569 9H-5WR 80.113 1.510 1.488 1.456 1.451
CRS491 13H-3WR 115.654 1.402 1.372 1.319 1.343
CRS493 13H-3WR 115.603 1.414 1.372 1.319 1.343
CRS567 13H-3WR 115.413 1.334 1.372 1.319 1.343
CRS495 17H-3WR 136.556 1.377 1.280 1.227
CRS564 17H-3WR 136.467 1.229 1.280 1.227

Table 6.4: In-situ void ratios from different measurement methods
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a', (kPa)
Test Hole Depth 0' 0  strain strain strain wireline

Name (mbsf) (kPa) energy energy energy lab e0  eo
upper lim. lower lim.

CRS580 1H-4WR 6.938 32 235 75 33 113
TX643 1H-4WR 7.141 32 170 54 24

CRS497 3H-3WR 21.779 122 287 92 40 138
CRS585 3H-3WR 21.513 122 550 176 77 209
TX642 3H-3WR 21.627 122 273 87 38

CRS508 4H-6WR 34.205 198 475 152 66 247
CRS563 4H-6WR 34.332 198 490 157 69 290
TX635 4H-6WR 34.383 198 492 158 69
TX645 4H-6WR 34.269 198 427 137 60

CRS584 6H-8WR 52.886 325 466 149 65 183
CRS504 8H-7WR 71.609 439 695 223 97 304
CRS578 8H-7WR 71.355 439 766 245 107 315
CRS569 9H-5WR 80.113 489 797 255 112 435 535
TX646 9H-5WR 80.252 489 788 252 110

CRS491 13H-3WR 115.654 729 875 280 122 498 630
CRS493 13H-3WR 115.603 729 962 308 135 438 585
CRS567 13H-3WR 115.413 729 1332 426 186 606 584
CRS495 17H-3WR 136.556 875 1095 351 153 199 439
CRS564 17H-3WR 136.467 875 1707 546 239 351 354

Table 6.5: Preconsolidation pressures with upper and lower limit factors applied

205



OCR
Test Hole Depth strain strain strain

Name (mbsf) energy energy energy lab e0  wireline e.
upper lim. lower lim.

CRS580 1H-4WR 6.938 7.27 2.30 1.01 3.49
TX643 1H-4WR 7.141 5.23 1.65 0.72

CRS497 3H-3WR 21.779 2.36 0.76 0.33 1.13
CRS585 3H-3WR 21.513 4.52 1.45 0.64 1.72
TX642 3H-3WR 21.627 2.24 0.72 0.31

CRS508 4H-6WR 34.205 2.40 0.77 0.34 1.25
CRS563 4H-6WR 34.332 2.48 0.79 0.35 1.47
TX635 4H-6WR 34.383 2.49 0.80 0.35
TX645 4H-6WR 34.269 2.15 0.69 0.30

CRS584 6H-8WR 52.886 1.44 0.46 0.20 0.57
CRS504 8H-7WR 71.609 1.58 0.51 0.22 0.69
CRS578 8H-7WR 71.355 1.74 0.56 0.24 0.72
CRS569 9H-5WR 80.113 1.63 0.52 0.23 0.89 1.09
TX646 9H-5WR 80.252 1.61 0.52 0.23

CRS491 13H-3WR 115.654 1.20 0.38 0.17 0.68 0.86
CRS493 13H-3WR 115.603 1.32 0.42 0.18 0.60 0.80
CRS567 13H-3WR 115.413 1.83 0.59 0.26 0.83 0.80
CRS495 17H-3WR 136.556 1.25 0.40 0.18 0.23 0.50
CRS564 17H-3WR 136.467 1.95 0.62 0.27 0.40 0.40

Table 6.6: Overconsolidation ratios with upper and lower limit factors applied
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Soil Sample Depth (mbsf) Layer
1244B-1H-4WR 5.70 A
1244B-3H-3WR 20.30
1244B-4H-6WR 32.98
1244B-6H-8WR 52.81
1244C-8H-7WR 70.88 B
1244C-9H-5WR 79.05

1244C-13H-3WR 114.20
1244C-17H-3WR 135.55

Table 6.7: Hydrate Ridge deposit layer subdivision

S m

Hydrate Ridge-Layer A 0.35 0.94
Hydrate Ridge-Layer B 0.31 0.94

Homogenous CL/CH sedimentary clay (Ladd, 1991) 0.2+0.05Ip 0.88(1-Cs/Cc)
Gulf of Mexico Clay (Sutabutr, 1999) 0.25

Boston Blue Clay (Santagata, 2002) 0.33 0.71

Table 6.8: SHANSEP parameters for Hydrate Ridge deposit and other soil types
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Parameter Physical Contribution/Meaning Test Type
void ratio at reference stress on virgin

eo compression line

X compressibility of virgin consolidated clays consolidation tests
C nonlinear volumetric swelling behavior (CRSC or oedometer)
n nonlinear volumetric swelling behavior
h irrecoverable plastic strain

KONC KO for virgin consolidated clays consolidation tests with

2G/K ratio of elastic shear to bulk modulus horizontal stress measurements
(poisson's ratio for initial unload) (Ko-oedometer or Ko-triaxial)

critical state friction angle in triaxial
OTC compression (large strain failure criterion)

,T critical state friction angle in triaxial
PTE extension (large strain failure criterion)

undrained shear strength
(geometric of bounding surface) undrained triaxial shear tests

S amount of postpeak strain softening in
undrained triaxial compression

nonlinearity at small strains
in undrained shear

shear-induced pore pressure for
overconsolidated clay

resonant column or cross-hole
KO small strain compressibility at load reversal sea wave ocitstpetet

shear wave velocity type tests
rate of evolution of anisotropy

WO (rotation and change in size of bounding drained triaxial shear tests
surface)

Table 6.9: MIT E-3 Soil Model Input Parameters
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Hydrate Hydrate Average BBC BBC BBC
Characteristic Parameter Ridge Ridge Gulf Layer Layer Layer

Layer A Layer B Clay' C2 D2 E2
0.242 0.280 0.282 0.139 0.397 0.360

Compression eo 1.671 1.917 1.490 1.333 1.833 2.167
Ko 0.450 0.460 0.630 0.555 0.534 0.584

Swelling C 40.00 30.00 6.25 24.33 27.33 24.33
Characteristics n 1.55 1.55 1.53 1.53 1.60 1.60

Small Strain io 0.0010 0.0010 0.0065 0.0009 0.0010 0.0010

Stiffness io 1.00 3.00 0.39 1.17 1.20 1.30
Stiffness 2G/K 1.4348 1.2000 0.9230 0.9811 1.0830 0.9155

OTC 35.69 33.07 25.6 32.17 34.86 36.71

Strength TE 53.08 42.90 27.8 37.26 31.84 32.36
c 0.670 0.600 0.785 0.697 0.677 0.703
St 1.65 1.80 3.10 1.98 3.17 2.50

Bounding - 70.30 0.50 0.50 0.30 0.15 0.11

Plasticity h 0.08 0.03 0.30 0.20 0.20 0.01
P_ a sti t ,1 60 60 100 60 35 21

1: Sutabutr, 1999
Korchaiyapruk, 1998

Table 6.10: Summary of MIT E-3 Input Parameters
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Step 1: On initial loading, locate point on Step 2: Difference in void ratio between
curve that will give an OCR of 4 (red point) red and violet point gives Aei
when divided by initial point (violet point)

1.6

d1.5

. 40

1.3
Ae,

1.2

1.1
0.1 I 10 100

Vertical Consolidation Stress, o'v (ksc)

Step 3: On reloading portion, locate point on Step 4: Difference in void ratio between
curve that will give an OCR of 4 (gray point) red and violet point gives Ae,
when divided by initial point (green point)

1I Step 5: Aej / Ae, gives Ae ratio I1
Figure 6.1: Steps for calculating Ae ratio
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Figure 6.2: Ae ratio as an indicator of soil quality
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Laboratory tests to obtain the direct input parameters
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Figure 6.14: Flowchart showing the framework for selection of MIT E-3 model input parameters
(Korchaiyapruk, 2000)
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Chapter 7: Conclusion

Eight whole care sediment samples obtained from Hydrate Ridge, Cascadia Continental

Margin were provided to MIT in order to understand the stress history, consolidation behavior,

and strength characteristics of the soil. To achieve this, a geotechnical testing program

consisting of standard geotechnical laboratory tests was performed. The testing program

included Atterberg limits and x-ray diffraction to classify the material, Constant Rate of Strain

Consolidation (CRSC) tests to understand consolidation behavior, and KO-Consolidated

Undrained triaxial (CKOU) tests to determine the strength characteristics.

The Atterberg limits have shown that the Hydrate Ridge soil is a dark greenish-gray, high

plasticity silt (MH) based on USCS classification. The soil has been found to have 50% clay

sized particles with an activity close to 1, which is typical of the clay mineral Illite. The soil

exhibits an average liquid limit, plastic limit, and plasticity index of 82%, 38% and 44%,

respectively. Performing atterberg limits on oven-dried samples dramatically affects the

atterberg limits of the soil, as shown by the 17% reduction in the liquid limit for an oven-dried

sample. This reduction in the liquid limit, together with an average loss on ignition of 5.45%,

may indicate the presence of organic matter in the soil.

The samples provided by the ODP were highly disturbed, as shown by the cracks and

voids in the tube x-rays. Further evidence of the poor soil quality is reflected in the rounded

CRS consolidation curves. Application of the Terzaghi et al (1996) and Lunne et al (1997)

criteria for classifying soil quality has confirmed that the soil is of poor quality. The only sample

that exhibited good quality with respect to these two criteria is the shallowest sample. However,

the difficulty with these two criteria is they are based on the strain to the in-situ stress without

considering the shape of the undisturbed curve. As such a method involving comparison

between the initial loading and unload-reload cycle was developed. This criterion, called the Ae

ratio, has confirmed that most of the soil samples are highly disturbed. Interestingly, the Ae ratio

does not agree with the two other criteria. As an example, the two criteria classify the shallowest

sample as having good quality, but the Ae ratio classifies it as below average quality.

Furthermore, the two criteria classify the sample at 79mbsf as poor quality, whereas the Ae ratio
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considers this sample as the best among all the samples. Nonetheless, collectively, the criteria

generally classify the soil as having poor quality. It must be noted however that these criteria are

based on typical land-based application. It is not known though how these criteria would apply

to oceanic sediments with high in-situ stress levels and varied consolidation conditions.

Because of the high level of disturbance and high in-situ stresses of the samples, the

consolidation curves were very rounded and in most cases, the consolidation did not reach the

normally consolidated state. In an attempt to obtain the complete consolidation curves, a small-

diameter CRSC ring was used to be able to reach higher stresses. This proved successful as the

normally consolidated state was reached for all but one sample (17H-3WR), thus allowing

measurement of the consolidation properties. The in-situ hydraulic conductivity (ko) is found to

vary between 1.5x10-7 to 3x10-8 cm/s with no trend with depth. The compression ratio (Cc)

ranges from 0.473 to 0.704 with an average of 0.600. Cc is fairly constant up to a depth of 79

mbsf, after which, Cc decreases.

Application of the strain energy method yield high preconsolidation pressures that

indicate the soil is normally to slightly overconsolidated (1<OCR<2) in the deeper layers and

overconsolidated (3<OCR<8) in the shallow layers. Due to concerns about the effect of

disturbance on the estimated preconsolidation pressures using the strain energy method, an

alternative method was used in order to provide a lower bound for the OCR estimate. This

method involved extrapolating the virgin consolidation line to the in-situ void ratio to get a lower

bound estimate of the preconsolidation pressure. Based on this method, the estimated OCRs is

1+0.15, indicating that the deep deposit is normally to underconsolidated. However, this

estimate is again based on normal land application context, i.e., Ko-condition.

A study by Chevallier et al (2003) has shown that Hydrate Ridge is undergoing passive

loading, i.e., the deposit is being compressed laterally. If this were true, then it would be likely

that the deposit is experiencing a higher horizontal stress than the vertical. As such, it was

deemed necessary to examine the horizontal consolidation behavior. Therefore, a horizontally-

oriented CRSC test was run in order to understand the in-situ stress state. The specimen was

taken from the shallowest sample. The result of this test, coupled with an analysis of the

predicted yield surface and stress path has shown that the horizontal effective stress is greater

than the vertical effective stress. Though the stress path that the soil follows is not exactly

known, it is believed to be bound by the 1/Ka and the K, lines. The vertical effective stress from
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the 1/Ka line provides an upper limit to the preconsolidation pressure, while the Kp line provides

a lower limit. The result of this analysis implies that the estimated strain energy from the

preconsolidation pressure is too high. By dividing the upper and lower limit of the

preconsolidation pressure by the strain energy preconsolidation pressure for the shallowest

specimen, an upper and lower limit factor is calculated that can be used to reduce the strain

energy preconsolidation pressures. The result is a stress history profile that indicates

underconsolidation. It is believe that the site is under a state of high lateral loading and

underconsolidated because of the accretionary margin setting.

To reduce the effect of sample disturbance on the undrained strength properties, the

SHANSEP testing methodology was used. This method involved Ko-consolidating the

specimens to >10% strain, as prescribed by Ladd (1991). It has been proven that consolidation

to this strain state is sufficient in minimizing the effect of sample disturbance on the undrained

strength properties. Furthermore, the SHANSEP methodology was necessary to be able to use

resedimented specimens for testing, which were essential due to the limited amount of good

quality, "testable" soil. The soil for the resedimented specimens was taken from soil trimmings,

highly disturbed samples, and previously tested specimens. The test results for the resedimented

specimens exhibited good correlation with the shallow depth samples.

The results of the triaxial tests have shown that the Hydrate Ridge deposit may be divided

into two layers; the shallow layer extends from the mudline to about 20mbsf and the deep layer

extends below 20mbsf. The normally consolidated average normalized undrained strength for the

shallow and deep layers are 0.35 and 0.31 respectively, which is similar to that of Boston Blue

Clay. The average large strain friction angle in triaxial compression for the shallow layer is 360

and 330 for the deep layer.

The SHANSEP parameters were determined with S and m values of 0.35 and 0.94

respectively for the shallow layer, and S and m values of 0.31 and 0.94 respectively for the deep

layer. Together with the site stress history, the SHANSEP parameters were used in the

SHANSEP equation to estimate the strength profile of the site. Because the site is shown to be

underconsolidated, the value of the OCR used is equal to 1.

The input parameters for the MIT E-3 soil model were determined for both layers using

the "best-fit parameter" framework. These parameters may then be used in order to further

understand the behavior of the soil. Furthermore, the soil model may be used to model the
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behavior of a tool such as the tapered piezoprobe when inserted into the Hydrate Ridge soil. The

model may also be used to analyze the strain path in order to understand the tube sampling

disturbance.
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Appendix A: Tube Radiographs

The following appendix contains positive prints of the x-ray negatives for each tube

sample. Each print contains the date the tube was x-rayed, as well as the name of the tube. The

first print gives the x-ray for the first nine inches (marker 0-9) of the tube, while the second print

gives the x-ray for the next three inches, with a four inch overlap (5-C). A description of the x-

ray procedures can be found in Section 3.2.
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1244B-1H-4WR 1s Print
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1244B-1H-4WR 2 nd Print
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1244B-3H-3WR 1s Print
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1244B-3H-3WR 2nd Print
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1244B-4H-6WR 1st Print
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1244B-4H-6WR 2 nd Print
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S~ E~EI~--'-~'** -

1244B-6H-8WR ls Print
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1244B-6H-8WR 2 nd Print
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1244C-8H-7WR 1 st Print
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1244C-8H-7WR 2 nd Print
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1244C-9H-5WR 1s Print
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1244C-9H-5WR 2 nd Print
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-i]m---[ui.,-III - -- - - --

1244C-13H-3WR ls Print
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1244C-13H-3WR 2 nd Print
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1244C-17H-3WR ls Print
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1244C-17H-3WR 2 nd Print
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Appendix B: Radiography Logs

The following appendix contains the radiography logs for each sampling tube. The top of

the log contains the name of each tube as well as the location of the top portion of the tube within

the coring section. The right-hand side of each log marks the specimen locations of the

consolidation and triaxial tests performed on each tube. The left-hand side shows a brief

description of the soil from the tube x-rays. Section 3.2 describes the purpose of the radiography

logs.
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