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This thesis examines the constitutive behaviour of high plastic clay. Three Experimental

testing programs have been conducted to evaluate specific behavioural features needed to

define an elastic-plastic constitutive model for unsaturated soil behaviour.

The first program evaluates the influence of suction on volume change. A series of

specimens were subjected to constant suction environments under zero external pressure and

the resulting volume changes were measured. The results have been interpreted and a simple

model for determining the suction as a function of measured water contents is given along

with the volume strains associated with changes in suction.

ABSTRACT

The second experimental program examines the behaviour of high plastic clay in quick

undrained triaxial tests at varying suction levels. Specimens were a1l compacted to the same

initial material conditions and then subsequently subjected to increases in suction. The

results show the impact of suction and confining pressure on the undrained behaviour of high

plastic clay. A simple model that can be used for predicting undrained shearing behaviour is

presented.

The third and most important experimental series examines the behaviour of high plastic clay

subjected to generalized (in the triaxial stress state) stress conditions including shear,

isotropic and suction loading. A new apparatus and testing method developed in this

program is presented and discussed along with results of tests conducted using the

equipment.

The results of the three experimental programs are interpreted in an elastic-plastic framework

in the final part of the document. Two specific models and their features are examined. A

simple mathematical model is presented along with measured parameters taken from the

experimental data set.
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CHAPTER 1

INTRODUCTION

1.1 General Overview

Traditionally, the practice of soil mechanics was founded in treating soils as a two-phase

system either being fully dry (solid particles and air) or fully saturated (solid particles and

water). This is largely still the principal area of interest. Over the past few decades

increasing attention has been given to examining behaviour of soils that aÍe

"unsaturated". Unsaturated soils are a three-phase system which comprises solid

particles, air, and water. The interest in unsaturated soils has been generated by problems

in practice where soils that had been engineered using the fully saturated or fully dry

assumptions did not perform as expected. Unsatisfactory predictions in these cases were

attributed to the fact that the soil was in fact neither completely dry or completely

saturated but was "unsaturated". lJnsaturated soils are abundant in semi-arid areas of the

world (Fredlund and Rahardjo, 1993) and most engineering applications influence soil

near or at the surface which is generally unsaturated.



In order to understand unsaturated soils behaviour, new constitutive relationships must be

developed which accurately depict the stress strain relationship of the material (Delage

and Graham, 1995). The transition from traditional saturated analysis to unsaturated

analysis requires an understanding of suctions in unsaturated pore spaces of the materials.

Development of models based on this improved understanding will allow better

prediction of the behaviour of engineered systems where the soils are unsaturated.

Deep underground disposal of nuclear fuel waste is one example of an engineered system

where unsaturated soil behaviour is of paramount importance. Atomic Energy of Canada

Limited (AECL) is one agency that is examining this type of long term disposal concept.

The concept involves placing nuclear fuel waste in rock vaults 500m - 1000m below the

surface of the Earth in a granite pluton. An annulus between the fuel waste canister and

the host rock will be filled with an engineered clay barrier which consists of an equal

mixture (by mass) of 50% well graded sand and 50o/o bentonite clay compacted in situ.

The clay mixture, refered to as buffer, will be placed in an unsaturated state and will be

subjected to a variety of unique and very challenging stress conditions. The canister will

give off heat generated by unspent energy in the fuel waste and this will create a thermal

gradient across the buffer to the host rock. The host rock will contain groundwater which

will tend to migrate into the buffer towards the container. These two counteracting

processes will occur simultaneously and be experienced as a hygrothermal stress on the

buffer material. As the material becomes wetter near the rock, the clay will tend to

expand due to electro-chemical forces which will generate swelling pressure. This

swelling pressure is generated due to restriction of volume change caused by the



sulrounding rock. Material near the container will tend to dry and shrink. These

complex conditions will occur for many years after closure. The resulting behaviour of

the buffer material will ultimately determine whether radionuclides from the fuel waste

will be able to exit the container and make their way to the biosphere.

Engineered structures such as this show the need for reliable behavioural models for

unsaturated soils. With improved models, we can better understand the response of

unsaturated soils to the complex conditions that can be expected in real physical

situations.

1.2 Timeline of Research at the University of Manitoba

In order to understand current constitutive modeling research at the University of

Manitoba, it is best to examine work that has been completed to date. This thesis

provides a new development to the ongoing broad research program aimed at developing

a better understanding of soil behaviour. It is fair to say that although the work

specifically targets the behaviour of a sand-bentonite mixture that is proposed to be used

as a buffer material, this research program examines fundamental concepts of soil

behaviour.

The buffer research program originally started with funding provided by AECL to study

the behaviour of a sand-bentonite mixture termed buffer material. As described in the

previous section, buffer is intended to encase the nuclear fuel waste container while



ensuring that groundwater flow around the canister is minimized to prevent

radionucleides from being transported to the biosphere. Due to the unique stress

conditions in the underground vault, a research effort was undertaken at the University of

Manitoba in cooperation with AECL. The program at the University of Manitoba was

coordinated and supervised by Dr. Jim Graham. It focussed on developing constitutive

models to be used for describing behaviour of sand-bentonite buffer materials subjected

to complex stress conditions. Figure 1.1 (figures are placed at the end of each chapter)

shows a schematic timeline of the buffer research program at the University of Manitoba.

The following paragraphs provide a brief summary of work completed at the University

of Manitoba to give the reader a better understanding of the progression of buffer

research.

Buffer research began at the University of Manitoba in 1986 with a program by Sun

(1986) which examined stress strain properties of saturated sand-bentonite buffer

materials. The program was the first study and focussed on determining traditional

strength and deformation parameters while identifying key behavioural issues that needed

to be studied in more detail. Sun proposed that higher pressures and temperatures needed

to be considered to better understand the response of buffer material to conditions in the

underground buri al concept.

V/an (1987) conducted a study of the impact of compaction on strength characteristics.

He also looked at swelling characteristics of buffer material and included the effects of

soil fabric and microstructure. The anisotropic compaction method used in laboratory



preparation was evaluated and led to development of a bilinear strength envelope.

Results include a relationship showing swelling pressure as a function effective clay dry

density.

Saadat (1988) continued the work of Sun (1986) by testing saturated buffer materials in

triaxial tests at high pressures. A constitutive model for saturated sand-bentonite was

calibrated and defined using a hypoelastic model and an elastic-plastic model. The work

examined the impact of density and anisotropy due to laboratory compaction procedures.

Results showed that the bentonite component dominates the behavioural characteristics of

the material. Further work was required to understand effects of the molding water

content and the time dependent behaviour.

Oswell (1991) extended Saadat's (1988) findings with further testing to examine an

elastic-plastic model of buffer behaviour. ln an important contribution he evaluated the

applicability of effective stress theory for sand-bentonite buffer. Results were used to

better def,rne an elastic-plastic model based on a Cam Clay approach. Values were

obtained for parameters for yielding, hardening, flow, and failure.

In parallel with Oswell (1991), Yin (1990) examined the time dependent behaviour of the

buffer material. Yin (1990) developed an elastic visco-plastic model that included

coupled primary and secondary consolidation. The mathematics of the model were

presented in both a two dimensional and three-dimensional framework.



Yarachewski (1993) and Lingnau (1993) initiated a new direction that studied the

influence of temperature on the behaviour of buffer. This work included constant mean

effective stress tests at elevated temperatures. The work was followed up by Tanaka

(1995) and Crilly (1996) who studied the effects of temperature on strength and stiffrress

of reconstituted illite. Reconstituted illite was used to try to separate the effects of

temperature and soil structure on behaviour. Results were used to develop a thermal

elastic-plastic (TEP) model that included the influence of temperature on material

behaviour.

By this time, the behaviour of saturated sand-bentonite buffer material was well studied.

Elastic-plastic relationships for the material had been developed and calibrated models

for strength and stiffüess of the material had been presented. Models were also extended

to include effects of temperature and creep. At this point a new direction was initiated

where behaviour of 'unsaturated' buffer was studied. As mentioned earlier, the buffer is

compacted in situ in an unsaturated state. Subsequent environmental conditions will

maintain the buffer at unsaturated, but non-uniform, water contents as a function of

distance from the container. Existing models for saturated buffer material were clearly

inadequate for predicting the behaviour of the material in its unsaturated in situ state.

The existing programs had provided the fundamental material understanding necessary to

extend research to the next level which would examine the behaviour of unsaturated

buffer material.



The first work on unsaturated buffer was undertaken by Wan (1996) where a technique to

measure suction using a thermocouple psychrometer was developed. In order to study

unsaturated soil behaviour an additional key stress state variable termed suction must be

measured and controlled in laboratory testing, and so this work was an essential

component of the new direction of the research. Tests conducted by Wan (1996)

examined the elastic-plastic nature of unsaturated sand-bentonite buffer under shear and

isotropic loading in which suctions were measured. The work was continued and

extended by Tang (1999) who developed a simpler method of measuring suctions using

psychrometers in an alternative and more convenient location. Tang also evaluated the

response of the soil under new stress paths which showed the influence of external stress

conditions on internal soil suction. Once again, suctions were measured during

application of shear and isotropic loading. Tang (1999) also conducted tests with

controlled suction under zero net mean stress using constant suction desiccators. Results

were used to examine volume change behaviour of sand-bentonite under suction loading.

At the same time Wiebe (1996) undertook a program to evaluate quick undrained

behaviour of sand-bentonite buffer at varying suction, pressure level, and temperature.

Wiebe performed a number of tests where initial suction was controlled in the specimens

by changing the molding water content. This test series produced three-dimensional

failure surfaces which described the failure of buffer material under shear loading with

different combinations of suction, pressure, and temperature.



The work on unsaturated soils up to this point has demonstrated that behaviour of high

plastic material such as sand-bentonite buffer depends strongly on suction. This finding

is of course consistent with the work of other researchers all over the world. This thesis

extends existing knowledge of the behaviour of high plastic (and therefore high suction)

materials through advancements in the testing technology and evaluation of soil

behaviour under new and unique stress paths. The work is complementary to the

extensive work already completed by researchers at the University of Manitoba. This

extensive research program has investigated the constitutive behaviour of sand-bentonite

buffer in both saturated and unsaturated states. It is believed that no program in other

countries has undertaken such an extensive test series in both saturated and unsaturated

specimens.

This thesis project has been funded by the Natural Sciences and Engineering Research

Council (NSERC) of Canada. Although AECL was not directly involved in supporting

the work, sand-bentonite was still utilized since it could draw on the strong database of

behavioural characteristics that akeady exists for this material

This research program was designed as a series of laboratory studies to lead to

development of a better understanding of unsaturated soil behaviour. Results of the

testing series are used to evaluate a conceptual elastic-plastic model for unsaturated soils

which will serve to reliably predict stress-strain behaviour. To be able to fully define or

evaluate an elastic-plastic model, all three of the unsaturated stress state variables q, p,

and S must be fully controlled and monitored in laboratory testing. Volume changes that



occur during changes in stress conditions must also be monitored to define the volume

state of the soil and its response to a changing stress environment. This will allow for

any general stress path to be evaluated and used in testing or calibrating a conceptual

model. The author has developed new and unique technologies of instrumentation and

testing that contribute to the new elastic-plastic model.

1.3 Hypotheses and Objectives

The following section lists the fundamental hypothesis for the work and the objectives of

the program to validate or invalidate the proposed hypothesis.

Hvpothesis:

Controlling and measuring suction in triaxial tests permits development of a more general

elastic-plastic constitutive model that includes the suction-yield behaviour for high plastic

unsaturated clay soils.

Objectives of Testing Program:

1. To perform tests that examine the effects of drying / wetting history on the behaviour

of unsaturated soils. This series will show the change in shear strength, stiffness and

shrinkage / expansion of high plastic sand-bentonite buffer subjected to drying / wetting

environments after being compacted to specified initial conditions.



2. To modify in a new way an existing triaxial testing apparatus so that suctions can be

controlled as well as measured in triaxial tests. The ability to control suctions will allow

testing along completely generalized stress paths in q-p-S space while measuring volume

strains. This will permit calibration and validation of an elastic-plastic model.

3. To build further confidence in the thermocouple psychrometer technique that is used

to measure suction in the triaxial test. By incorporating two psychrometers, one in the

center of the specimen (Wan 1996) and the second psychrometer in the top cap (Tang

1997), new comparisons of the suctions measured in independent locations of the

specimen will help to verify the accuracy of suction readings.

4. To evaluate existing elastic-plastic models for unsaturated soils. Results from the first

three objectives will be used to generate information necessary to complete the fourth and

final objective of building a better understanding of the behaviour of unsaturated high

plastic, high suction materials.

1.4 Organization of Thesis

The thesis is organized as follows: Chapter 2 reviews the literature required to understand

concepts and work presented in this thesis. It also serves to illustrate the need and

relevance of the work conducted in this research program. Chapter 3 discusses the

material used in the program. This is followed by a discussion of the equipment used in

the testing program in Chapter 4. Chapter 5 presents the development of the new
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controlled suction triaxial testing apparatus. Details of the design and use of the system

are discussed. Chapter 6 discusses results of controlled suction dryng tests that were

conducted to examine the behaviour of buffer at unconfined conditions. Chapter 7

presents results from tests on dried specimens in undrained shear. The results illustrate

the impact of drying on the shear strength of the high plastic material. Chapter 8 presents

results of the high pressure triaxial testing with controlled suctions. Chapter 9 reviews

existing elastic-plastic models and presents results of triaxial testing (both undrained and

with controlled suction) and controlled suction drying using the elastic-plastic

framework. Chapter 10 presents discussions, conclusions and recommendations for

future work.
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2.1 Introduction

LITERATURE REVIEW

CHAPTER 2

This thesis document examines the mechanical behaviour of a high plastic mixture of

sand and bentonite clay. In order to fully understand the mechanical behaviour of this

material it is necessary to understand the structure and mineralogy of the material, the

physics of unsaturated soil behaviour including soil suction, and the constitutive

frameworks currently employed to describe and predict the behaviour of these materials.

A brief discussion will introduce the mineralogy and structure of the material as well as

the present understanding of how it affects soil behaviour. Since this is the fourth in a

series of research programs at the University of Manitoba that have investigated the

behaviour of unsaturated soils, this chapter will build on the previous material which has

already been presented by Wan (1996), Wiebe (1998), Tang (1999). This material has

been studied by the author in his program. Reference to this work is made as required

throughout this thesis but has not been further reviewed in this document. Detailed
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consideration has been concentrated on other topics that are considered more relevant to

the specific objectives of this program.

An unsaturated soil is generally considered to be a three phase system which contains soil

particles (solid minerals), gas (air or vapour), and liquid (generally water) (Lambe 1958).

Unsaturated soils have also been defined as four phase systems which include all the

phases listed previously plus the addition of a "contractile skin" phase which represents

the interfacial surface between the water and air (Fredlund and Rahardjo 1993). This

latter approach leads to definition of a soil element as a mixture consisting of (1) two

phases that are affected by externally applied stresses (solid particles and contractile skin)

and (2) two phases that flow under applied external stress gradients (gas and liquid).

Generally, this research program has adopted the three phase definition for unsaturated

soil.

In order to develop conceptual models that describe the behaviour of unsaturated soils,

volume states and stress states must be measured or controlled at all stages of the testing.

In saturated soils the volume of soil can be described using specific volume (the volume

occupied by a unit volume of solids) since the material is a two phase system composed

of soil and water. ln unsaturated soils we must still define specific volume and add a

second volume state variable such as water content or degree of saturation to define the

amount of water in the soil. For the stress state variables, the saturated case (in the

triaxial state) uses mean stress þ) and deviator stress (q). ln isotropic soils mean stress

affects only volume state of the soil whereas the shear stress alters only shape of the
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material. These two stress variables are able to fully describe the state of stress in a soil

specimen at any point in triaxial testing. In unsaturated soils an additional stress state

variable termed suction must be introduced to fully define the stress state. Suction

represents the soil water potential of the soil and equates to an internal force that acts to

strengthen and stiffen the soil. Techniques used to measure and control suction will be

discussed later.

Following sections provide a review of the role of suction in unsaturated soils, shear

strength, techniques used to measure and control suction, stress state variables, and

volume state variables. The literature review will conclude with an in-depth discussion

of how these factors are combined and conceptualized in elastic-plastic modeling.

Current models will be presented along with a new model developed at the University of

Manitoba.

2.2 Soil Structure and Mineralogy

2.2.1 Mineralogy

The dominant component of the

mineralogy of the bentonite clay

material due to it surface activity.

the discussion of the materials and

compacted buffer material is bentonite clay. The

plays an important role in the behaviour of buffer

The quartz sand is described in detail in Chapter 3 in

preparation of buffer specimens.
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Figure 2.1 illustrates the components of clay minerals and the origin of net surface charge

on clay minerals. Clay minerals are composed of tetrahedral silica sheets (a) and

octahedral alumina sheets (b). The tetrahedral sheets are made up of individual silica

tetrahedra that share basal oxygens. The octahedral sheets are formed in a similar fashion

by sharing hydroxyls with central cations. The clay minerals are formed by the

tetrahedral sheets sharing apical oxygen molecules with the octahedral sheets. This

creates sheets that are combined to form a mineral. In nature the sheets are not perfect

and there are three main situations where negative surface charges can occur. The sources

are isomorphous substitution, broken bonds in the mineral structure, and pH dependent

acidic reactions (Borchardt 1977). The result of these net negative charges is that the

mineral exerts electrostatic forces on both water and adjacent clay minerals. The

mineralogy of the bentonite clay has been presented in detail in Wan (1996). Although

microstructure and mineralogy plays an important role in soil behaviour, this thesis

focuses on the observed macro behaviour of the soil. The test results have been

explained in ways that are compatible with a current understanding of mineralogy and

clay structure.

2.2.2 SoilStructure

The particle structure (or microstructure) of compacted clay plays an important role in

determining its mechanical behaviour (Barden and Sides 1970). The phrase 'mechanical

behaviour' refers both to strength and compressibility of the clay material. The pore size

distribution of compacted clay materials is generally bimodal (Wan et al. 1990). This
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bimodal distribution leads to defining soil as having a microstructure and a

macrostructure. Figure 2.2 illustrates a bimodal structure for compacted clay. The

microstructure contains pore spaces between clay platelets that form as aggregations (or

peds) of clay mineral particles. The macrostructure consists of the framework of these

peds and the pore spaces between them. Ped size and inter-particle spacing inside the

peds (micropores) are a function of the molding water content at the time of initial

hydration while the inter-ped pores (macropores) depend on compactive effort (Wan et

al. 1990). The pore size distribution affects how suctions can be generated and the

migration of air and water during application of external stress. To control structure and

minimize fabric effects, all specimens in this program were mixed and compacted to

reference buffer parameters defined by AECL, namely 19.42% water content and 85Yo

saturation (Dixon et al. 1985). Higher suctions were then generated using drying

techniques that reduced the water content while maintaining the original structure created

during initial hydration.

2.3 Soil Suction

Suction is defined as the water potential in a soil-water system (Richards 1974).

Retention and movement of soil water, and the mechanical behaviour of unsaturated soils

described in terms of strength and deformation characteristics, all depend strongly on the

soil water potential (Brady I914). Generally in geotechnical engineering, the soil water

potential is referred to as negative pore water pressure or suction. This approach

provides a more mechanistic view of the state of the soil water in the soil environment
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(Wan et al. 1995). Richards Q97$ defined three components that control the suction in

an unsaturated soil. The three components are capillarity, adsorption of water on the

surface of clay minerals, and osmotic phenomena. The first component, capillarity is the

dominating component of soil water potential, especially in soils composed of minerals

with low surface activity, for example inert sands. The second component is due to

surface charges on mineral surfaces. The third component is a function of the chemistry

of the soil water and is affected by surface-reactive minerals. These three components

combined are summed and taken as the total suction. In engineering studies, suction is

generally taken as having two major components, the matric suction (generated by

capillarity) and the osmotic suction (generated by pore fluid chemistry and water

adsorption) (Wan et al.1995).

2.3.1 Matric Suction

Matric suction is generally the dominant component of total suction. In studies where the

pore fluid chemistry doesn't change, the matric suction is usually taken as the constant

osmotic suction subtracted from the total suction component. Matric suction is defined as

the difference between pore water pressure and the pore air pressure.

Yn,'-(uu-u*)

In highly active clay soils, capillarity and adsorption of water on the surface of

minerals both contribute to the matric suction (Richards I9l4). For inert materials

as sands and silts, the matric suction is generally due to only the capilliraity.
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The capillary model which was developed to determine the suction based on the pore size

distribution of materials is given by (Fredlund and Rahardjo i993)

,_27, cos9

r

where h is the negative water pressure, r is the radius of curvature of the meniscus, 0 is

the contact angle, and T, is the surface tension of the air-water interface.

Using this formulation, suction can be related to the pore size distribution of a material.

The structure of the soil influences suction as a function of the particle packing, with

smaller pore sizes producing larger suctions. Estimation of matric suction in surface-

inert materials can be made using a model based on capillarity (Fredlund and Xing 1994).

In high plastic clays, the capillarity concept is not able to predict suction effectively. The

component of the matric suction which is caused by adsorption of water on the surface of

the clay minerals is significant. Pore water pressures are effected by structural water

which is adsorbed to the surface of the clay minerals (Richards 1914, Yong and

'Warkentin 1975). Bimodal microstructure also plays a role as the peds can act as

independent packets of soil controlling the movement of water. Peds can remain

saturated holding water within the micropores (microstructure) while the macropores are

unsaturated. This physical situation was discussed by Gens and Alonso (1992). Bimodal

structures have also raised controversy over use of the term 'partially saturated' versus

'unsaturated'. This means that suction in high plastic materials tends to be independent

of dry density (Croney et al. 1958, Tang 1999) and dependent mainly on water content.
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This is consistent with recent findings that show suction depends on the initial molding

water content (Musa 1982, Wan 1996, Tang 1999) which in turn controls the formation

and arrangement of the peds within the material.

At this time there appears to be no available experimental evidence that independently

examines the effects of the two separate components that control the matric suction

(capillarity and adsorption of water to particle surfaces) in high plastic clays.

2.3.2 Osmotic Suction

The osmotic suction represents the ionic potential of the pore fluid in a soil system

(Fredlund 1995). Osmotic pressure in soil can be calculated using thermodynamic

principles (Robinson and Stokes 1968). Since osmotic suction is a function of ionic

concentration in the pore fluid, it can be present in both saturated and unsaturated soils.

Osmotic solutions can be altered by either changing the mass of water or the amount of

ions in solution. Wan et al. (1995) showed that osmotic suction in buffer material varied

only slightly under changes in water content with a constant ionic concentration. If pore

fluid chemistry is altered, osmotic suction will be altered accordingly.

Researchers have shown that osmotic suction can have an impact on the mechanical

behaviour of active clay materials (Graham et al. 1988, Barbour and Fredlund 1989).

The influence of osmotic suction on mechanical behaviour of soils comes through
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alteration of effective stresses by osmotic processes. Negatively charged clay particles

possess a charge distribution that extends away from their surface. This is frequently

termed the diffuse double layer. More recent discussions regarding double layer theory

have been presented by Mitchell (1976). The charge density varies as a function of

distance from the clay surface, surface charge density, surface potential, electrolyte

concentration and valence, dielectric constant of the fluid, and temperature. The spatial

distribution of the double layer changes in response to changes in the ionic concentration

of the pore fluid. Changes in the net surface charge and therefore the double layer

potentials affect inte¡particle stresses. The equation for effective stress that has been

suggested controls stress-strain behaviour by many researchers (Mitchell I976, Graham

et al. 1992) to take a form similar to the following:

where o'is the effective stress, o is the total stress, o* is the 'true' interparticle stress, u*

is the pore water pressure, and (R-A) is the net repulsive - attractive stress.

In this work osmotic suction has been taken as constant since the pore fluid chemistry

and the clay mineralogy were kept unchanged. Wan (1996) showed that the osmotic

suction in buffer material compacted to reference buffer parameters have an osmotic

suction value of approximately 1.5 MPa. In this program the total suction was measured

in all cases and all references to matric suction have been obtained by simply subtracting

the osmotic suction value of 1.5 MPa from the total suction measurement. The testing

does not reflect the influence of each component separately. It infers however, that the

impact of osmotic suction has been negligible since its value was maintained constant.

(t'=o*+(R-A)= o-uw
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2.3.3 Soil Water Characteristic Curve (SWCC)

Previous sections reviewed the two principal components of suction and showed that

water content is the main factor affecting suction if osmotic suction is held constant. The

relationship between water content and suction is called the soil water characteristic

curve (SWCC) (Fredlund and Rahardjo 1993).

The SWCC is arguably the most important relationship for unsaturated soils. Figure 2.3

shows an example of the SWCC and various components of the curve. The shape of the

curve is generally a reverse S-shape. As the soil desaturates from the saturated state the

suction decreases very little until the air entry value. The air entry value is the point

where the soil pores begin to desaturate (Barbour 1998). The suction then decreases at an

increasing rate as the degree of saturation is decreased untìl the residual saturation value.

The residual saturation value is the point where the "efficiency" with which suction

removes water from the specimen becomes smaller. Beyond that point, water transfer

from the specimen takes place mainly in the vapour phase (Barbour 1993). The soil

water characteristic curve is hysteretic in the sense that there is no unique curve that

defines suction as a function of the water content for all dryrng / wetting paths. The

current state and the drying / wetting history must be known in order to determine the

current suction in a soil specimen. The SV/CC domain is bounded by two curves that

represent the outer limits of the suction water content relationship (Tang et al. 1998).

Figure 2.4 lllustrates these curves and the domain they enclose. The first curve (a) is

determined by drying a soil from a fully saturated condition. The second curve (b) is

2t



determined by wetting a soil to saturation from a fully dry condition. The rest of the

drying / wetting curves (c) represent scanning lines within the region bounded by these

two curves. This idea was presented by Barden et al. (1969) where it was shown that

hysteresis between the saturation and desaturation processes caused the stress path

dependence reported in their test results. Results of drying / wetting tests on buffer

specimens presented in this thesis confirm that suction in compacted soils is a function of

the hydrating water content used to prepare the specimen, the current water content of the

specimen, and the drying / wetting history (see also Tang et al. 1998). This is an

important concept that rationalizes the volume state of a material following a change in

suction, that is, associated with changes in water content.

2.3.4 Suction Measurement and Control

There are many available methods that measure total suction or its independent

components. Fredlund and Rahardjo (1993) show current theory and practices regarding

suction measurement. Tang (1999) presents a detailed comparison of methods tested at

the University of Manitoba as part of the buffer research program. This review will not

be repeated here in detail. This research program concentrated on thermocouple

psychrometry and vapour equilibrium for measuring and controlling suctions. These

methods were chosen as a result of conclusions presented by Wan (1996) and Tang

(1 eee).
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2.3.4.1 Thermocouple Psychrometers

A psychrometer determines soil water potential by measuring partial vapour pressure.

The psychrometer illustrated in Figure 2.5 is the type used at the University of Manitoba.

As illustrated, the psychrometer basically consists of two thermocouple junctions of

dissimilar metals.

Operation and details regarding how the psychrometer equipment are presented in

Chapter 3 along with the discussion of the other materials and equipment used in the

testing program.

2.3.4.2 Vapour Equilibrium Using Salt Solutions

Salt solutions in sealed desiccators can be used to create constant suction environments.

Placing a salt solution at known concentration in a sealed container will generate apaftial

vapour pressure in the desiccator headspace due to water exchange between the vapour

and liquid phases. The exchange will occur until the vapour phase and the liquid phase

are in equilibrium. This partial vapour pressure defines an energy level and therefore

equates to a suction value. The common chemical systems used to generate constant

partial vapour pressure conditions are aqueous sulfuric acid solutions, glycerin and water

solutions and single and binary salt solutions such as sodium or potassium chloride

(Stokes and Robinson 1948, Young 1967).
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When soil specimens are placed into the headspace of a desiccator at a specified partial

vapour pressure, the specimen will undergo water exchanges with the vapour until the

suction in the specimen is in equilibrium with the pafüal vapour pressure environment.

In this manrer specimens can be dried or wetted using chemical systems that generate

known partial vapour pressure conditions. This allows for studies of the shrinkage and

swelling associated with changes in suction under unconfined (atmospheric) pressures.

Since the system is a constant mass environment, the mass of water in the chemical

system increases as a specimen loses water during drying. The resulting changes in

chemical concentrations affect the total suction that can be achieved and must be

considered carefully. This method has been utilized for the first time in this program to

control suction in high pressure triaxial testing as well as in the commonly used zero

stress unconfined conditions.

Preceding sections have outlined the properties of the AECL buffer material, current

understanding from the literature and past research at the University of Manitoba.

Discussions of the important role of suction, including its measurement and control, show

it is a fundamental concept in interpreting the behaviour of unsaturated compacted clay

soils.

Following sections after this focus and concentrate on the mechanical behaviour of soils,

including the effects of the previously discussed parameters, especially suction. The

discussion starts with a review of the traditional approaches to conceptualizing soil

behaviour and leads into the more modern approaches now being studied and accepted.
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The discussion provides the basis upon which this study can contribute to the current

understanding of the behaviour of unsaturated soils.

2.4 Shear Strength for Unsaturated Soils

Shear strength is a fundamental building block for understanding soil behaviour. The

traditional formulation for shear strength was developed by Terzaghi (1936) who defined

shear strength as a function of effective stress. The effective stress concept defines

effective stress as:

Effective stress controls the response of particulate materials to external stress influences.

The shear strength equation is then formed by generating a constitutive equation that

includes material parameters for the intemal angle of friction (S') for particle-to-particle

contacts and for soil cohesion (c') for cohesive soils which exhibit a stress independent

strength component. The shear strength for a saturated soil is written mathematically as:

x:c +otan(þ)'

O :O_UW

This formulation (known as the Coulomb-Mohr failure envelope) was originally derived

for cases where a soil was either completely saturated or completely dry. The case where

a material is unsaturated was not considered. Original work by Bishop (1959) showed

that unsaturated soils have higher strength than saturated counterparts. This means that

the fundamental equation needs to be altered if it is to predict accurately the behaviour of

unsaturated soils. Bishop (1959) modified the effective stress equation to include the
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suction component (uu - u*). He used a'y-parameter' to take account of the contribution

of the suction component:

o':(o-uu)+X(uu-u*)

This equation was then to be used to calculate effective stress in an unsaturated soil and

incorporated into the traditional shear strength equation. The X-parameter is a material

property that depends on many different factors such as test conditions, material

preparation, testing stress path, and strain level (Matyas and Radhakrishna 1968).

Conceptually the parameter varies from a value of one for the fully saturated condition to

zero for the completely dry condition. Testing programs where I was found to be greater

than one showed that the l parameter was not consistent in predicting the effective stress

state of unsaturated soils. lncorporating this material parameter in the effective stress

equation makes the effective stress formulation more of a constitutive model than simply

a definition of a stress state alone. This formulation which includes a material property

does not comply with how a stress state variable should be defined (Fredlund and

Rahardjo 1993) and leads to considerable difficulties in both materials research and

numerical modeling.

Jennings and Burland (1962) and Coleman (1962) then suggested that it was more

appropriate to separate the stress state variables and treat them independently instead of

attempting to combine them into a new effective stress formulation. Following this idea

Matyas and Radhakrishna (1968) showed that incorporating two stress state variables (o -

uu) and (uo - u*) permitted logical, consistent examination of shear strength and volume

change behaviour. The parameters in the equation were later re-examined using 'null'
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experiments by Fredlund and Morgenstem (1977). This work showed that the stress state

variables (o' - u.) and (uu - u) could be used with confidence to describe the shear

strength and volume change behaviour of unsaturated soils. This definition of stress state

variables lead to dramatic expansion on research on unsaturated soils. Fredlund (1985)

showed that a three-dimensional shear strength envelope could be used to describe shear

strength behaviour of unsaturated soils. Figure 2.6 shows the three-dimensional envelope

that was initially defined. This three-dimensional envelope which represents an

extension to the Coulomb-Mohr failure criterion, incorporates the second stress state

variable, suction (uo - u,u). Fredlunds' equation assumed that the shear strength envelope

for unsaturated soils is planar.

r : (o - uu) tan (0 ) + (uu - u*) tan (Qb)

This equation includes öb, a new material property that is used to define the contribution

of suction to the strength of unsaturated soils. Later Fredlund (1995) modified the shear

strength surface showing it was in fact curved and not planar. This meant that $b is not

constant but varies with suction level or degree of saturation.

Wiebe et al. (1998) presented results of an extensive program which tested AECL buffer

material under undrained conditions at varying pressure, temperature, and suction levels.

The undrained (UI-IU) conditions in the tests imply that the specimen was subjected to

undrained, constant mass conditions under application of confining pressure, temperature

change, and deviator loading. Suctions in the specimens were altered by modifying the

molding water content during hydration. Although the results are very vaiuable for

understanding the impact of molding water content on strength, interpretation of the
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suction-dependent characteristics of the material is questionable since the underlying

material fabric and structure all varied because of the different water contents used at the

time of hydration (Wan et al. 1995). In general, however the results agreed with

Fredlund and Rahardjo (1993), showing curved failure envelopes with Qb varying as a

function of suction level.

This thesis presents further results of similar tests on sand-bentonite buffer specimens but

in this case steps were taken to avoid the difficulties outlined in the previous paragraph.

Undrained (lJU) conditions were used in which the specimen was undrained under

application of confining pressure and deviator loading. The third "lJ" is not necessary as

the specimens were tested at room temperature under isothermal conditions (Wiebe 1996)

showed that the effect of temperature is small. The suctions in the specimens were

generated by drying the specimens after initial compaction at reference buffer parameters.

All specimens were initially mixed and compacted with the same hydrating water

content. This produced consistent microstructures and the same initial suction.

Following compaction, specimens were placed in constant vapour pressure desiccators to

modify their suctions. This is more representative of natural conditions where the

material would be formed with a uniform density and water content, and would

subsequently undergo drying or wetting conditions depending on environmental or

temperature conditions. The results of these tests are evaluated in the framework

presented by Fredlund and Rahardjo (1993) and Wiebe et al. (1998) in a later Chapter.

This work is followed by a new way of evaluating the results in an extended elastic-

plastic formulation.

28



2.5 Volume Change Relationships for Unsaturated Soils

The volume change behaviour of unsaturated high plastic clay has not yet been studied in

as much detail as strength relationships. The main reason is that traditional methods for

measuring volume changes of saturated specimens in the triaxial cell cannot be used for

unsaturated specimens. This method measures the expulsion or intake of pore fluid due

to compression or expansion of the specimen. In unsaturated specimens this method is

not feasible as the specimen can also undergo volume changes in the air phase and these

are not measured if only the water phase is considered. For this reason, the majority of

volume change testing for unsaturated soils has been completed using oedometers under

K6 conditions (Jennings and Burland 1962,Barden et al. 1969, Escario and Saez 1986,

Fredlund and Morgenstern 1976); or under isotropic stress conditions (Matyas and

Radhakrishna 1968, Cui and Delage 1996).

Two constitutive relationships are required for describing the volume state of an

unsaturated soil. Since the material is a three phase mixture, two volume state functional

relationships must be developed (Fredlund 1979). Using stress state equilibrium,

Fredlund (1979) described volume state using two equations; with one describing

changes in the soil structure and the other describing the water phase.

Ae: CtDlog (s-u^) - Cn'Dlog(üu-u'u)

Aw : D¡Dlog(s-uu)-D.Dlog(uu-u*)

Here (s-uu) is the net total stress, (uu-u*) is the suction , and C1, C., D,, D,o are material

parameters determined experimentally. Tests for stress path dependence of these
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relationships have shown that these formulations are only valid for monotonic

deformations. This has been attributed to non-uniqueness of the soil water characteristic

curve.

The volume state surface can then be visualized in a three-dimensional stress space that is

illustrated in Figure 2.7 (Fredlund and Rahardjo T993). The axes of the surface are

defined by mean stress þ), total suction (S), and specific volume (V). The surface is

bounded by the two simple cases. The first case is in the zero mean stress plane where

the volume changes are only induced by changes in suction. The shrinkage curve is

related directly to the SWCC and can be measured easily using constant suction

desiccators. The second bounding surface is on the plane of zero constant suction. This

curve shows the volume change response of soils to changes of net mean stress. A very

common example of this class of curve is the results seen in oedometer testing, where the

compression under increased loading is examined for a saturated specimen with no

suction. For unsaturated soils, the area of interest is the domain within the space

enclosed by the three orthogonal axes. Limited experimental evidence has been shown

for these relationships. More generalized stress path testing with controlled suctions and

application of external mean stress is required.

The authors testing program utilized two psychrometers that measured suctions during all

stages of testing. Since the specimens were subjected to monotonic drying conditions,

water contents can be inferred from the soil water characteristic curve. It will be

remembered from earlier sections that the specimens were all compacted at the same
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reference buffer parameters and subsequently dried. This, combined with evaluations of

volume strains inferred from radial strain and axial strain measurements using LVDT's

allows charactenzation of the volume change state of the unsaturated materials under new

and more complex stress paths. It is noted, however, that there still is a limitation that

only monotonic suction changes can be used for determining constant material

parameters. Further work is needed to investigate the scarming lines within the SV/CC

bounding curves and to identify the effects of changes in suction under cyclic suction

conditions.

2.6 Modeling the Behaviour of Unsaturated Soils

In saturated soil mechanics, strength behaviour and deformation behaviour have

traditionally been treated separately for analysis and design of engineering works. This is

in part because research on soil behaviour has looked at these components independently.

This uncoupled analysis does not fully represent the inter-dependent nature of strength-

deformation behaviour of soils. To overcome this simplification, a more general

approach has arisen which attempts to fully describe the coupled strength-deformation

behaviour of soils. These models are generally termed elastic-plastic models. Elasto-

plasticity is very powerful since it couples strength and deformation relationships into

one general framework.
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2.6.1 Elastic-Plastic Modeling for Saturated Soils

Simply speaking, an elastic-plastic framework divides the behaviour of soils into two

broad regions, namely regions of elastic and plastic behaviour. ln the elastic region, the

soil is subjected to pressures that are smaller than it has ever experienced in the past. All

loads in this region are carried by the structure of the soil as it deforms elastically,

meaning that after removal of the load, all elastic straining is recovered. The

relationships may be non-linear, as for example in the semi logarithmic unload-reload

lines followed in many consolidation tests. In the plastic region, the soil is subjected to

stress conditions that exceed anything it has experienced in the past. Strains in the plastic

region are composed of both elastic and plastic components. The plastic strain

component is not recoverable, and represents a permanent change in the structure of the

material as particles rearrange to equilibrate with the new pressure higher than anything it

has previously experienced. Basic elastic-plastic models can be (and have been)

modified to include other factors such as the influence of temperature (Tanaka 1995),

creep (straining at constant total stress) (Yin 1999), anisotropy (Graham et al. 1983), and

unsaturation (Delage and Graham 1995). This is a testament to the flexibility and

versatility of this class of constitutive model. However further work is needed in all these

areas to confirm details of the models.

The most widely used model of this type is Modified Cam Clay model. This model is a

powerful tool for predicting the elastic-plastic nature of saturated soft clays. Because of

the mathematics used to define the model, it is limited in terms of the soil types and
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conditions it can handle. The major weakness are associated with an assumption of

isotropy, constant shear modulus, and semi logarithmic elasticity.

Figure 2.8 (a) shows the state boundary surface for the Modified Cam Clay model. This

model for saturated soils is visualized as an expanding / contracting three-dimensional

surface which divides the regions of elastic and plastic behaviour. The three orthogonal

axes in the saturated model are q, p, and V. This fully captures the relationship between

stress state and the volume state of the soil. The two stress variables are mean stress, p,

and deviator stress, q. These two stress variables arise from invariants of the generalized

stress state and define the isotropic stress state and the shear stress state respectively.

Along a constant unload reload line in log (p')-specific volume (V) space the yielding is

defined by a yield envelope. This yield envelope is generally taken as some form of an

ellipse for isotropic soils. ln Figure 2.8 (b) the ellipses are centered about the p' axis.

Yielding in anisotropic soils appears as an oblique ellipse influenced by the Ç conditions

(Graham et al. 1983). In Figure 2.8 (b) the ellipses for the simplified yield surface

separate the elastic region within the yield surface and plastic behaviour when the stress

state reaches the surface. Stress-strain behaviour of materials when they are at states

within the elastic region is defined by elasticity parameters. For isotropic soils, these

may be taken as the bulk and shear modulus, or alternatively as the Young's modulus and

Poisson's ratio.
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When the material is stressed to a point in the yield surface, the soil begins to yield and

undergo plastic strains. The model can handle both brittle and ductile failure modes

depending on the stress history and stress state of the specimen, although typically, brittle

strain softening tends to be underpredicted. 'Critical state' defines steady-state large

strain strength where conditions:

ôp' ôq ãr*

are satisfied (es=(e1- e3) is shear strain, and eu= (e1+e2+e3) is volume strain). Definition

of soil behaviour using an elastic-plastic model is convenient for mathematical

formulation. It provides a good framework for soft soils (Graham 1992).

-=-ôt, ôe,

2.6.2 Elastic-Plastic Models for Unsaturated Soils

Following the principles of elastic-plastic behaviour, a number of generalized models for

unsaturated soils have been conceptualized, for example by Alonso et al. (1990), Gens

and Alonso (1992), V/heeler and Sivakumar (1995), Toll (1990) and Delage and Graham

(1995). These conceptual models differ in detail but they are all broadly similar in that

they use an elastic-plastic framework.

ôe,
_ôtr:o

ôt,

As presented in the previous sections, in unsaturated soils two additional state variables

are required (Wheeler and Sivakumar 1995, Alonso et al. 1990, Delage and Graham

1995). The first is the suction stress state variable. The second is one of either the degree

of saturation (S,.) or water content (w.c.) to define the volume state.
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The f,rve variable model for unsaturated soils can be visualized as two three-dimensional

surfaces and a SV/CC. Figure 2.9 shows the two three-dimensional surfaces that are used

by Delage and Graham (1995) to define the elastic-plastic behaviour of unsaturated soils.

The first surface (Figure 2.9 (a)) is a p-q-S stress surface and the second (Figure 2.9 (b))

is a p-S-V volume change surface. Both surfaces can expand with plastic hardening or

compress with plastic softening. The relationship between water content and suction is

captured by the soil water characteristic curve.

Differences between the various conceptual models are due to differences of opinion

conceming the shape and location of the yield surface on the floor of the q-p-S space

þrojection of the yield surface on the p-S floor). These differences arise mainly because

of a lack of physical laboratory data for the response of volume changes to changes in

suction when external stresses are applied. 'With recent developments in testing

technology, Tang and Graham (2000) postulated a new model that provides new insights

into the fundamentals of yielding behaviour of unsaturated soils. It is fair to say

however, that the model requires further validation. This in part provides one of the

objectives of this thesis project. As a result of the newly postulated model, two main

types of elastic-plastic constitutive soil models are now available.
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2.6.2.1 Elastic-Plastic Models for Unsaturated Soil - Constant Suction Yietding

The majority of elastic-plastic models for unsaturated soil behaviour are based on

measurements taken at constant suctions. Figure 2.9 for example has yeld envelopes in

g, P, S space that are ellipses on planes of constant suction (Wheeler and Sivakumar,

1995). Figure 2.10 shows traces of these surfaces produced by different authors for

isotropic compression. The change in size of the yield surface as a function of increasing

suction is defined by both a tension line (a) and a load yield line (LY or LC) (b) as

defined by Alonso et al, (1990). The suction yield behaviour is defined by a suction yield

line (SY or SC) (c). The concept postulates that amaterial can harden by either increases

in suction beyond the highest past suction ever experienced, or through loading beyond

the highest past loading ever experienced.

Delage and Graham (1995) argued that changes in mean stress and changes in suction

affect yield behaviour of the microstructure in essentially the same way. Thus plastic

hardening produced by changes in mean stress will increase the region of elastic

behaviour for changes in suction. They therefore extended the constant suction model by

combining the definition of the load yield line and the suction yield line into a new LSY

yield line. The main difference in the definition compared to the original formulation is

that the curve became smooth and coupled in the p-S plane. In this model increases in

the extemal loading causing loading (pathl) would generate a subsequent increase in the

suction yield stress as the entire curve would expand. Essentially hardening through
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either loading or suction increase would produce an overall hardening that would affect

the volume change behaviour to both external and suction loading.

In volume change space (p,S,V) the LSY encloses the region of elastic recoverable

volumetric straining. Loading beyond the LSY region produces an increase in the elastic

region and results in permanent plastic deformations along a state boundary surface like

that shown in Figure 2.9 (b). The LSY provides the transition from elastic behaviour to

plastic behaviour. Ho et al. (1992) showed a similar volume change model, the

difference being that their definition of the yield envelope in the p-S plane represented a

constant specific volume. The Delage and Graham (1995) model actually showed a

slanted surface along an unload-reload plane in p-S-V space.

2.6.2.2 Elastic-Plastic Models for Unsaturated Soil - Constant Stress Ratio Model

After developing new testing methods to measure suctions in triaxial tests, Tang (1999)

examined new stress paths that allowed evaluation of yielding behaviour in p-S space.

Initial interpretation of the results using a constant suction model showed varying Qb-

values with increasing suction. These interpretations were physically meaningless and

difficult to explain in a fundamental framework. He postulated that these difficulties in

interpretation arose from inadequacies of the constant suction model despite its wide

level ofacceptance.
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Tang and Graham (2000) presented a new model that is similar in many ways to the

traditional forms given by Delage and Graham (1995) and Alonso et al. (1990). However,

it has a new fundamental component. Instead of showing elliptical yield envelopes along

constant suction planes (Figure 2.9 (b)) Tang and Graham (2000) combined the suction

and net mean stress into an equivalent net mean stress variable defined by:

This is in essence the vector sum of the mean stress and suction loading. In order to

define yielding, they defined the direction of the p.- stress by the stress ratio

In this model, the yield loci extended radially out from the origin along constant-q lines

(Figure 2.ll). The magnitude (length) of a specific yield loci is defined by the p" and the

vector direction by n. The model is relatively young in its development and still lacks

physical evidence in some areas, specifically for high r1-vaiues. The shape of the yield

curve on the p-S floor has not been experimentally determined. ln order to examine these

features of the new model, suction must not only be measured but actually controlled

during application of external loading.

,sry--p

This illustrates the need for suction control and measurement in the triaxial test and

justifies the research program that is being undertaken.
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To develop physical evidence for the shape of the q-p-S and p-S-V surfaces, generalized

stress paths which approach the suction-yield line from different stress states must be

examined. Tests also need to include volume change measurement as the specimen

moves from elastic behaviour to plastic behaviour.

2.7 Justification For Research

Preceding sections have outlined methods that have been used in recent years to examine

and understand the constitutive behaviour of soils. Unsaturated soils provide a new

challenge to geotechnical practitioners since traditional formulations of saturated soil

mechanics have been shown to be too simplified, especially when it is recognized that

they represent specific boundaries of the more generalized problem of unsaturated soil

mechanics.

Models based on elasto-plasticity have shown themselves capable of providing a useful

formulation for the behaviour of natural soils. Useful results have been obtained for

natural and remolded clays, and for temperature and strain rate effects in saturated clays.

Developing reliable elastic-plastic models needs generalized stress paths in the stress and

volume strain spaces (generalization will still be subject to the triaxial stress state

limitation). Such tests allow determination of the shape of the surfaces that define the

separation between elastic and plastic behaviour. The principal limitation to date has

been lack of a method that controls and measures suction in high plastic clay under

application of external loading.
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This research program developed a new testing method that allows measurement of

suction in two locations inside triaxial specimens and at the same time allows control of

suction under application of net mean stress and deviator stress. The results provide new

information about the yielding and failure of high plastic compacted clay soils. The

results also provide information required to include results from quick undrained testing

into an elastic-plastic framework.
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MATERIALS AND SPECIMEN PREPARATION

3.1 Introduction

CHAPTER 3

This chapter discusses the materials used in the testing programs and provides details on

how they were prepared. The goal of this chapter is to give an understanding of the

initial conditions of the test specimens and to provide a record of the material

preparation. In this way future researchers may prepare samples using the same

techniques, confirm their technologies, and extend the database of material behaviour.

The chapter begins with a discussion on material properties of the clay and sand

constituents. It presents results of quality control testing on the constituent materials.

This is followed by a discussion of specimen compaction and preparation for the testing

programs. Finally, results are shown for quality control testing of the specimen

properties.

Preparation and compaction of unsaturated buffer specimens has already been covered in

detail by other researchers. This chapter serves to provide a record of the procedures
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used in this program and to document small modifications made to the techniques used in

previous programs. Proper references will guide the reader to necessary background

information.

3.2 Buffer Material

The material described as 'buffer' is an equal mixture by weight of dry sodium-bentonite

clay and well graded sub angular silica sand (Dixon and Gray 1985). This buffer material

was proposed in the Canadian Nuclear Fuel Waste Disposal program as the material that

will be used between containers of fuel waste and the host rock. The material will

provide a barrier to flow of water and a conductive medium for heat flow into the rock. It

will provide a protective barrier that will transfer confinement stresses to the host rock.

The material is particularly suited to this application as it has a very low permeability,

good thermal conductivity, and the high activity of the minerals will promote self-healing

under conditions where cracking may occur. In the proposed program, the Reference

Buffer Material (RBM) buffer will be compacted at reference buffer parameters which

are defined as dry density y: 1.67 Mglm3 and water content : 19.42o/o. These

parameters give a degree of saturation of about 85%. One important feature to note is

that RBM will be compacted and placed in an unsaturated condition. In the laboratory,

osmotic suction after compaction is approximately L 5 MPa (Wan 1996) total suction

varies from 3.5 - 4.2MPa depending on small differences in procedures during specimen

preparation. The initial matric suctions are therefore in the order of 2.0 -2.7 MPa.
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3.2.1 Sodium-Bentonite

The sodium-bentonite used in the buffer material is obtained from Avonlea Mineral

Industries, Wilcox, Saskatchewan. It is delivered as a grey powder that is produced by

controlled drying and grinding of the natural material (Quigley 1984). Atterberg limits

showed an average liquid limit w¡ : 2lIYo and a plasticity index Ip : T67 which is

slightly lower than the values specified by Dixon and Gray (1985). Table 3.1 below lists

the results of Atterberg limit testing conducted on the latest supply of sodium bentonite

delivered to the University of Manitoba Geotechnical Labs.

Sample

W¡

Wp

Ip

#r

The sodium bentonite was stored in an oven at I04" C for a minimum of 48 hours prior to

mixing specimens. When the material was removed for mixing and specimen

preparation, the container was sealed with plastic wrap using a rubber band. This ensured

that the highly active clay minerals did not pull moisture from the ambient air. The

material was allowed to equilibrate for 90 minutes with the room temperature before

beginning the measurements and mixing.

213

45

Table 3.1 Atterberg results for sodium bentonite

168

#2

215

50

165

#3

205

36

169
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3.2.2 Silica Sand

The sand component is a crushed, medium, sub-angular, well-graded, silica sand. The

sand is produced from Frac Sand which has been graded between two U.S. Standard

Sieve Sizes (#10 and #16) (Dixon et al. 1994). The sand is purchased from Cardium

Service Supply Limited, Edmonton, Alberta.

The graded sand component of the buffer was mixed at the University of Manitoba using

the specifications outlined by Dixon et al. (1994). Mechanical grain size analysis was

performed on all batches of the buffer sand component mixed at the University of

Manitoba Geotechnical Labs. The specifications outlined by Dixon et al. (1994) allow

for a maximum deviation of +l- 6 % from the specifications. The sand component used

in this program met the specifications outlined at all times. Results of mechanical grain

size analysis of the sand batches are illustrated in Figure 3.1 .

The silica sand was stored in an oven at I04' C for a minimum of 24 hours prior to

mixing specimens. When the material was removed for mixing and specimen

preparation, the container was sealed with plastic wrap using a rubber band. The material

was allowed to equilibrate for 90 minutes with the room temperature before beginning

the measurements and mixing.
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3.2.3 Distilled Deaired Water

To ensure consistent osmotic suctions and electrochemical particle influences, distilled

deaired water was used for preparing specimens. Distilled water was prepared in the

laboratory using equipment developed at the University of Manitoba. The water was then

deaired using a vacuum pump for 24 hours prior to specimen preparation.

3.3 Specimen Preparation and Compaction

3.3.1 Mixing Buffer Specimens

The required dry weights of the constituent bentonite clay, silica sand, and distilled

deaired water for buffer specimens were determined using a spreadsheet which calculates

the masses based on specified target properties. The spreadsheet calculations were

verified with hand calculations for specimens used for quality control. The distilled

deaired water was first added to the dry mass of sand in a steel mixing bowl. The

required dry mass of bentonite clay was then measured in a separate glass container. The

mixing bowl with sand and water and the glass container with sodium bentonite were

covered after measurements were complete. All the materials were then transported to a

cool 4' environmental chamber where the mixing process was performed. The bentonite

clay was added to the sand / water mixture and slowly worked in using a mixing tool.

After two minutes, the top of the mixture was packed down lightly to create a flat surface.

The surface \Ã/as then broken up by crushing the material along the sides of the bowl.
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After all the material had been broken up, the material was mixed until the total elapsed

time was eight minutes from adding the clay to the sand / water mixture. Mixing was

performed in a uniform manner ensuring that large clumps were crushed against the

bowl. Packing and grinding was then repeated. This process tended to distribute the

water more efficiently than simple mixing and the change in consistency of the mixture

before and after the packing / breaking up process was notable. After repetition of the

packing and break up, mixing continued until a total time of 16 minutes elapsed. The

mixture was then sealed in a samplebag which was placed in a second sampling bag.

The specimen was labeled and allowed to equilibrate for a 48-hour period as specified by

Graham et al. (1995). Water content measurements were taken 48 hours after the mixing

process to evaluate the actual water content in the bag. This water content was then used

in the spreadsheet calculations used to determine the wet soil mass required in the

compaction procedure to meet the water content and density requirements.

3.3.2 Specimen Compaction

Specimens were compacted in a rigid one dimensional static compaction mould.

Procedures described by Yarechewski (1993) for preparing triaxial specimens of sand-

bentonite were followed. All specimens were prepared at RBM parameters which were

described in section 3.2. Figure 3.2 shows a photograph of the one-dimensional static

compaction mold used by many University of Manitoba researchers to compact both

saturated and unsaturated sand-bentonite buffer specimens.
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3.3.2.1 UU Triaxial and Volume Change Specimens

The majority of specimens used in the constant suction volume change testing were

compacted to 100mm in length and 50 mm in diameter. The specimens were compacted

to triaxial specimen size so that they could be subsequently used as part of the quick

undrained triaxial testing program.

Some specimens for the volume change program were compacted to 40 mm in length and

50 mm in diameter to evaluate size effects and to reduce the mass of water in the water

exchange with the chemical solution. Forty millimeter long specimens were compacted

in one single lift using the technique described by Yarechewski (1993).

All triaxial specimens were compacted to a nominal height of 100mm and diameter of 50

mm. This size was used in both the quick undrained triaxial testing program and the high

pressure triaxial testing with suction control. The specimens were compacted in five

equal lifts using the constant lift height (20mm) criterion as described by V/iebe (1996)

and Yarechewski (1993). The constant lift height criterion has been questioned by

researchers such as Cui and Delage (1996) who show that a stress based compaction

criterion gives a better understanding of compaction stresses and therefore yield stress.

They also point out that the stress based compaction criterion is more consistent with the

field condition where a constant compactive effort is applied to the soil regardless of the

strains thal are induced. The constant strain criterion was still adopted in this work as it

was felt that specimen consistency with past researchers was important because this
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program is building on and adding to past research programs. Considering the results

presented by Cui and Delage (1996) this criterion should be modified if a new material is

used in the future.

3.3.2.2 Compaction of Triaxial Specimens with Psychrometers

Triaxial specimens used in the main part of the research program had psychrometers

installed in two separate locations.

The first installation location was at the top center of the specimen. A hole for the

psychrometer was drilled in the specimen following compaction, which was the same as

for the quick undrained triaxial specimens. Details of the psychrometer installation

procedure are covered in Chapter 5 during the discussion of the high pressure triaxial

testing with suction control.

The second location for the psychrometer was at mid-height in the center of the

specimen. This location was fîrst used by Wan (1996) who developed a compaction

procedure for triaxial specimens. Since the psychrometer type and specimen size in this

program was not quite the same as Wan (1996) used, the compaction procedure and

equipment was modified slightly.

The same one-dimensional mold and static compaction ram was used for compaction of

specimens with internal psychrometers. The ram was modified by drilling a hole in it

48



that was tapped with threads for a small screw. The hole was required so that material

could be compacted above the intemal psychrometer location. The wire for the internal

psychrometer was threaded through the hole during compaction of layers above the level

of the psychrometer. During compaction of lifts below the level of the internal

psychrometer the screw was left in the hole to ensure that material was not squeezed into

the hole in a way that would affect compaction of the material.

Further details of the compaction process and installation of the internal psychrometer

will be presented in Chapter 5.

3.4 Dried / Wetted Specimens

All specimens in the triaxial testing programs were compacted at RBM parameters

ensure uniformity in their properties immediately following preparation. Suctions

specimens were altered for triaxial testing in two ways.

Suctions in the IJU triaxial specimens were altered using constant suction desiccators

(Figure 3.3). After compaction, the specimens were placed into desiccators prepared to

constant suction values using chemical solutions. The specimens would then undergo

water exchange with the solutions until the suction within the soil specimens was equal to

the partial vapour pressure in the headspace of the desiccator. This method allowed the

suction in the specimens to be altered for triaxial testing.

to

in

49



The second method used for modifying suction was one of the major contributions of this

research program. The method employs vapour equilibrium using chemical solutions in a

testing apparatus that allows suction to be applied to specimens in triaxial cells, and for

the suction to be controlled during testing. This allowed suction to be modified in

specimens after compaction and under stress conditions chosen for the testing program.

Details regarding equipment with controlled suction is discussed in Chapter 5.

3.5 Isothermal Test Specimens

A special series of seven quick undrained ([rU) triaxial tests was performed as part of a

research program undertaken by the University of Manitoba in collaboration with AECL.

The tests were performed on core samples taken during decommissioning of AECL's

Isothermal Test in the Underground Research Laboratory at Lac du Bonnet, Manitoba.

The results of these tests are compared with similar results obtained earlier from AECL's

Buffer Container Experiment. Those results were reported in Wiebe (1996) and in a

progress report on Contract # WS102679 submitted to AECL by Dr. Graham in 1996.

The Isothermal specimens were delivered to the Geotechnical Laboratories at the

University of Manitoba mid August, 1999 in four sealed plastic tubes. The internal

diameter of the tubes was approximately 58mm and the tubes were 52cm in length.

Table 3.2 shows the depth and specimen designation.
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Tube 205.027 UGL A7

Tube F-1O-AL

Tube 205-027-UGI Mineral / Chemical Sample A1

Tube A4 Physical Analysis Section B

Tube Designation

lnitial attempts at extruding samples using a traditional hydraulic ram resulted in

excessive disturbance. Sample tubes were then sawn on opposing sides of a diameter

using a small power saw and leaving a small thickness of plastic to hold each tube intact.

The remaining thickness of plastic was then cracked using a screwdriver on the two sides

of the saw cut. Specimens could then be removed with minimal disturbance. Figure 3.4

shows a photograph of a tube after notches were cut on opposing sides. Figure 3.5 shows

a photograph of a specimen immediately after removal from a split tube. Specimen

disturbance using this extraction process was minimal.

Table 3.2 Isothermal specimen designation and depth.

sR-3.988 > ER -4.493
sR-4.480)ER-4.940

Depth

sR-3.013 ) ER-3.s30

sR-3.540 ) ER-3.988

The ends of the samples were first trimmed to measure water content and suction. After

trimming to length, specimens were immediately sealed using plastic shrink-wrap.

For triaxial testing, specimens taken from the tube needed to be trimmed to required

dimensions for testing. As mentioned earlier, the tube samples as delivered were

approximately 58 mm in diameter. Two specimens were selected from each tube and

trimmed by the laboratory technician using a normal machinist's lathe. Specimens were

trimmed to typical dimensions of 100 mm in length and 50 mm in diameter. Figure 3.6
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shows specimen IS-2 after trimming. The specimen diameter is uniform and does not

exhibit any physical signs of disturbance caused by trimming. Trimming specimens to the

target dimensions generally took less than 15 minutes.

3.6 Specimen Designation

Specimens in the thesis are designated according to the three main laboratory programs

that were undertaken. Table 3.3 below summarizes the specimen designations for the

four pro grams undertaken :

Program

Volume Change

Buffer Quick Undrained

Isothermal Quick Undrained

High Pressure with Controlled Suction

Future references to specimen stress paths and testing conditions will use the designations

given in the above table. The designations reflect the authors initials and were chosen to

maintain an intuitive relationship between the documents maintained in the laboratory

and the authors thesis. Specimen numbers in the sequence that are not listed in any

program were specimens that were either used as part of quality control testing or

equipment testing.

Starting Specimen

JB-010

JB-030

Table 3.3 Specimen designations

rs-001

JB-100

Ending Specimen

IB-07s

JB-073

IS-007

JB-111
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3.7 Qualify Control Testing

To ensure uniformity of specimens and laboratory procedures were consistent with

previous researchers a series of quality control specimens was performed. Specimens JB-

001 to JB-005 were compacted and immediately broken up for measurement of the water

contents. The amount of water used in the mixing process was altered to ensure

consistency and accuracy in the specimens with respect to the target water content.

Figure 3.7 shows dry density and water content measurements of ten UU specimens

illustrating material control established. After confidence in the mixing and compacting

procedures had been achieved, a further series of quality control specimens were sheared

under quick undrained conditions and the results compared with those of Wiebe (1996).

For these specimens, different molding water contents were used to prepare specimens

consistent with Wiebe (1996). This was the only time specimens were not all compacted

to RBM parameters in this research program.

Results of four quality control specimens that were dried and sheared under undrained

conditions show that the repeatability of the strength is very good between different

researchers. Figure 3.8 shows an example of the test results illustrating that the

consistency in the specimens and shearing procedure was acceptable. The quality control

tests showed that acceptable procedures had been established for making and testing

consistent specimens. Once this had been demonstrated, work began on the major

programs of the research. All subsequent specimens and tests were performed using the

techniques that had been confirmed by the quality control tests.
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Figure 3.3 Constant suction desiccator with triaxial specimens



Figure 3.4 Sample tube from the isothermal test after sawing



Figure 3.5 Specimen immediately after removal from specimen tube



Figure 3.6 Isothermal specimen following trimming
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EQUIPMENT FOR TRIAXIAL TESTS AND CONTROLLED

SUCTION TESTS

CHAPTER 4

4.1 Introduction

Reliable testing procedures are required to study the complex behaviour of unsaturated

soils. In general, triaxial testing is the most widely used technology for evaluating the

mechanical behaviour of soils. Developments and modifications to triaxial equipment at

the University of Manitoba are examined in the following Chapter. Since this project

dealt with unsaturated soils, techniques for measuring and controlling suctions are also

required (Tang 1999).

This chapter describes the equipment used in the three main testing programs undertaken

in this research. The equipment is described in some detail so future researchers can

reproduce the equipment and maintain the level of technical development already
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established. The descriptions are supplemented with photographs and technical

drawings.

4.2 Controlled Suction Testing Using Vapour Equilibrium

As described earlier, the vapour equilibrium technique can be used to control pafüal

vapour pressure in a sealed environment. An ionic solution is placed in a sealed vessel at

a known concentration (Figure 4.1). The headspace above the ionic solution within the

vessel undergoes water exchange with the solution until the chemical potential is in

equilibrium befween the liquid and gas phases. At this point the headspace will be at a

partial vapour pressure value which is a function of the chemical agent and its

concentration. By placing a specimen in the headspace under a constant partial vapour

pressure this technique can be used to apply a constant suction to a soil specimen under

zero external stress. This allows the shrinkage and swelling characteristics of soils

subjected to constant suction environments to be studied. Results permit evaluation of

the relationship of water content versus suction (SWCC), for given initial conditions.

4.2.1 Chemical Solutions

In this program two chemical solutions were used to generate constant suction

environments. For lower suction environments (0 - 10 MPa), potassium chloride (KCÐ

was used and for higher suction environments (10 - 150 MPa), sulfuric acid (H2SOa) was

used. Values of partial vapour pressure as a function of the concentration were taken

55



from Young (1967) for the potassium chloride solutions and from Stokes and Robinson

(1948 ) for the sulfuric acid solutions. Values of suction (taken directly from the

literature) vs. concentration were plotted and an equation was fitted to the data to allow

calculation of the concentration required for a target suction value.

4.2.1.1 Preparing Constant Suction Solutions

Constant suction solutions were prepared by mixing the required solute with the required

mass of distilled deaired water in a glass desiccator. After mixing the solution, the lid

was sealed using vacuum grease and the desiccator with solution \¡/as labeled and placed

in the environmental chamber. The environmental chamber was maintained at a constant

temperature of 25.7" +/- 0.1'. The solutions were then allowed to equilibrate for a period

of 72 hours to reach temperature and partial vapour pressure equilibrium.

4.2.1.2 Specimen Installation and Measurement

All specimens were compacted using the techniques presented in Chapter 3.

Measurements of mass, height, and diameter were taken prior to installation into the

desiccators. In order to install a specimen into a desiccator on the porous plate above the

solution, the desiccator lid was removed and the headspace was allowed to evacuate.

This meant that the vapour in the headspace was lost and ambient air from the room

entered the headspace. The loss or gain of moisture during this activity was not

quantified. The mass of water in the desiccator headspace is small compared to the mass
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of the remaining mixture. Even so, the desiccator lid was removed as infrequently as

possible to minimize this effect. Figure aJ @) shows a drawing of a constant suction

desiccator with three specimens. Each desiccator contained three triaxial specimens.

Figure 4.1 (b) shows a typical suite of six desiccators at varying suctions that were

utilized for the shrinkage tests and preparing triaxial specimens. The suctions in the

desiccators varied from 5 - 150 MPa.

The specimens were left to equilibrate in the desiccators for a period of 30 days. After 30

days, specimens were removed from the desiccator and measurements of their mass,

height, and diameter were taken. Results and interpretation of these test results are

presented in Chapter 6.

During the 30 day period, the specimens underwent water exchange with the constant

suction environment. In all cases, the initial suctions in the specimens were smaller than

the target suctions in the desiccators. This meant that over the thirty days of testing the

pafüal vapour pressure environment pulled water from the specimens. This reduction

caused an increase in suction in the specimens until the point where the suction in the

specimen was equal to that of the headspace environment and no further water exchange

took place. The loss of water from the specimens resulted in an increase in the mass of

water in the chemical solution since the desiccator represented a constant mass

environment. Some small losses occurred due to removal of the lid but these have been

neglected. The suction at the end of the test was recalculated and corrected from the

initial suction by assuming that all of the moisture loss from the specimens in the
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desiccators was taken up by the chemical mixture. To the authors knowledge, this effect

has not been reported or taken account of in other programs.

Table 4.1 summarizes the constant suction environments used in the program and the

change in suction that took place due to water exchanges with the specimens.

Desiccator

Sinitinr (MPa)

S¡nur (MPa)

Desiccator

I

Sinitiur (MPa)

5.0

S¡nur(MPa)

5.0

2

Series 1

10.0

1

10.0

5.0

J

5.0

4.3 Quick Undrained 'UU' Triaxial Tests

20.0

2

13.1

Series 2

10.0

Table 4.1 Constant suction desiccator values

The quick undrained triaxial tests represent a series of tests conducted to evaluate the

impact of changes in suction on the strength and stiffness of sand-bentonite buffer. The

program extends the work of 'Wiebe (1996) who studied the impact of temperature,

pressure, and suction on the strength and stiffrress of compacted sand-bentonite buffer.

As explained earlier, it differs from Wiebe's in the way the specimens were prepared.

The same load cell, load frame and instruments have been used. The only new

4

10.0

32.5

a
J

20.4

20.0

18.0

5

52.4

4

30.4

40.0

27.5

6

t52.8

5

3r.2

80.0

42.4

6

150.0

95.8
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component to the system for this program was the data acquisition system which was

replaced by a newer Hewlett Packard unit.

4.3.1 Quick Undrained (UU) Triaxial Cell and Load Frame

To ensure that results could be compared against the results of V/iebe et al. (1998), the

same equipment was used. Further details regarding the development and choice of the

components for this work can be found in V/iebe et al. (1998). The system described by

V/iebe (1996) was used for all of the quick undrained triaxial testing on dried specimens

and on the isothermal specimens described in Chapter 3.

Figure a.2 @) shows a schematic of the equipment used for the quick undrained tests and

4.2 (b) is a photograph of the entire setup. The system included a Brainerd-Kilman (B-K)

triaxial cell mounted in a 2500 kN Wykem-Farrance stepless load frame. The B-K cell

was used to shear all specimens from cell pressures of 0.2 MPa to 3 MPa at ambient room

temperature conditions. The B-K cell had two drainage leads from the pedestal to the cell

base, both of which had shut-off valves and pressure transducers mounted on them. The

load cell and axial LVDT were mounted externally.

The system was pressurized using an external tank connected to a nitrogen gas tank

supply. Initial testing used silicon oil (Dow Corning 200 Fluid) as the cell fluid. Later in

the program, the silicon oil (which had been utilized primarily due to the higher
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temperatures in Wiebe's program) was replaced by water. This reduced the time for

removal of sheared specimens as the equipment was much easier to handle and clean.

Specimens were separated ftom the cell fluid using two silicon membranes that were

manufactured in the Geotechnical Lab at the University of Manitoba. The constituent

products labeled TC5050 compounds 'A' and 'B' were mixed at a 10:1 ratio by weight in

a mixing container. After mixing, the container was placed in a vacuum chamber for a

period of t hour to allow the mixture to de-air. The mixture was then poured into a

hollow cylindrical mold. A large metal insert was then placed into the hollow mold

forcing the mixture up the annulus between the mold insert and the mold housing. The

annulus was maintained at a constant thickness uniformly around the mold by metal studs

at the ends of the aluminum insert. Finally a positive pressure was applied to the top of

the mold through the top cap which was bolted in place. This was done to reduce the size

of any bubbles of entrapped air. The membranes were used due to their robustness, ease

and economy of construction.

The membranes were held in place in the triaxial cell using 4 viton O-Rings, two at the

top of the specimen on the top loading cap, and two at the bottom pedestal. A lucite disc

was placed between the specimen and the base pedestal and another between the top of

the specimen and the top cap to ensure constant mass 'undrained' conditions during all

stages of the loading.
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4.3.2 Electronic Instrumentation and Data Acquisition System

Measurements of cell pressure, back pressure, load, and axial displacement were all taken

using electronic instrumentation and monitored using a PC based data acquisition system.

The system is similar to that of Wiebe (1996) with some modifications which reflect new

technology in data acquisition equipment and software.

The load was measured using an externally mounted J8100 load cell with a 500kN

capacity attached to the load frame (Figure a.2 @)). A load ram I2.7 mm in diameter

transferred the load from the cell out to the load frame. A steel ball bearing was used to

minimize the eccentricity of the loading from the load piston. The load cell was

calibrated using a 5000 ton capacity MTS load frame over the load range required for

shearing of the buffer specimens.

Cell pressure and back pressure were monitored using typical microgauge pressure

transducers with a maximum capacity of 13.8 MPa. The pressure transducers were

calibrated using a Lucas Barnet Dead Weight Tester operated by the lab technician. The

tester applies constant cell pressures to the transducers by applying a constant weight to

the system.

Axial displacement was measured extemally using a Hewlett Packard linear voltage

differential transformer (LVDT). The LVDT was mounted as shown in Figure a.2 @).

The unit was calibrated using a bracket system with a "Mitutoyo Gage Block Set". The
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LVDT was rigidly attached to the bracket system and the gage blocks of constant

thickness were placed under the LVDT while the reading was recorded.

All instruments including the load cell, LVDTs, and pressure gauges had a linear R2

regression coefficient of better than 0.98 for all calibrations. Any instrumentation that

did not meet this standard was returned to the technician for further testing.

All instruments were powered during calibration and monitoring using a Hewlett Packard

62148 Power Supply. All instruments were operated using an excitation voltage of 5V.

The signals were monitored using a Hewlett Packard 3491A Data Acquisition and

Control System. The system uses a 16 channel multiplexer to take readings of the four

instruments at constant one second intervals. The readings were taken and recorded by a

PC-Based data monitoring system. The software used to monitor and store the data was

EZDAQ 1.0. EZDAQ is a non-commercial software package developed at the University

of Manitoba by Dr. Emery Lajta| The software is capable of graphing the data in real

time and can handle both full bridge and half bridge instrumentation. The software also

reads the power supply and provides the option of normalizing the signals read with

respect to the individual instrument power supply.

4.4 High Pressure Triaxial Testing with Controlled Suction

This section describes the high pressure triaxial cell with controlled suction. All

components of the cell except for the controlled suction apparatus are presented here.
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Development and use of the controlled suction modification to the high pressure triaxial

cell is a major contribution of the author's program and is covered in detail in Chapter 5.

Chapter 5 also includes an in-depth discussion of the psychrometer technique used to

measure suctions as a part of the overall controlled suction system.

The triaxial cell that was used for the controlled suction stress path test was originally

designed by Lingnau at the University of Manitoba (Lingnau et al. 1996). A schematic

and photograph of the cell and its components is shown in Figure a3 @) and (b)

respectively. The cell sleeve, piston, top cap, and pedestal are constructed from nickel-

plated mild steel. The cell is enclosed when the cell sleeve is lowered over the top cap

and bottom pedestal. A seal is provided at top and bottom by cup seals which provide

increasing sealing pressure as the cell pressure increases. A top plate is bolted to the top

cap covering the top of the cell sleeve to ensure that the sleeve does not move vertically

following the application of internal pressures. The cell was designed to withstand

pressures up to 10 MPa and temperatures up to 100'C. Four internal tie-rods are

available for direct mounting of in-cell instrumentation (Figure 4.3 (a)).

For the initial tests, the triaxial cell was mounted in a stress-controlled triaxial frame

where the deviator load was applied using a hanger system. This system is detailed in

Tang (1999) who used this apparatus for all his stress path testing. The stress-controlled

test method was used as it allows suctions to equilibrate after application of an increment

of axial loading. The stress-controlled method also allowed for stress paths to be easily

followed by adjusting the cell pressure at the time of the increment in axial loading. A
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problem with the stress-controlled triaxial equipment is that strain-softening behaviour

can not be investigated. After yielding, peak deviator stress is reached, brittle specimens

undergo unstable failure that cannot be monitored in stress-controlled tests.

As discussed previously, one of the main reasons for using two psychrometers in the

triaxial specimens was to evaluate the strain rate that would ensure uniform suctions

under strain-controlled testing. Details of the dual psychrometer specimen are given in

Chapter 5 during discussion of psychrometers and the controlled suction system. For a

majority of the controlled suction testing, the high temperature, high pressure (HITEP)

cell was mounted in a EL25-310 Series ELE 100kN Steplessly Variable Drive load

frame. The load frame is capable of running strain rates from 2.5x10-s mm/min to 4.0

mm/min. The flexibility in the strain rate was important for determining the maximum

strain rate that could be used while maintaining constant suction conditions throughout

the specimens.

The load cell is an internally mounted, submersible 2000 kg load cell manufactured by

Interface Instrumentation. The load cell was calibrated using a 5000 ton MTS load

frame.

Cell pressure and back pressures were monitored in the same fashion as the IJU tests

using typical micro gauge pressure transducers with a maximum capacity of 13.8 MPa.

Two back-pressure gauges were used in the controlled suction apparatus. The first back-

pressure transducer measured pressure at the pedestal base and the second transducer
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measured pressure at the connection to the top cap. This gave internal pressure readings

at the top and bottom of specimens. The pressure transducers were calibrated using a

Lucas Bamet Dead Weight Tester operated by the lab technician.

For the first tests conducted using the high pressure triaxial testing equipment, non-

contacting transducers Q.{CT's) were used to measure the radial and axial displacements.

The non-contacting transducers were manufactured by Kaman instruments. The

transducers measure the distance between themselves and a metal target by measuring the

electromagnetic f,reld generated by the target. The fields varied as a function of the

distance from the transducer. Two radial transducers were mounted at specimen mid-

height to measure radial displacements and one transducer was mounted at the top cap to

measure the axial displacement. The instruments were used initially by Tang (1999). The

instruments were found to be very difficult to calibrate. During calibration, the NCT

needed to be removed from the triaxial cell due to space restrictions. A transducer was

then mounted on one end of a vernier micrometer and the target was mounted at the

opposite end. The micrometer was then adjusted to known distances and the

measurement of displacement was taken. Overall, calibration results were within the

specified tolerances. Following calibration the instruments were again mounted in the

cell where the magnetic environment surrounding the transducers changed considerably

and affected the readings appreciably. The author's study of the instrumentation

determined that the reliability was not of the same quality that could be achieved by

LVDT instrumentation. The non-contacting transducers were therefore exchanged with

LVDTs that measured measuring point displacements at the same locations. Figure 4.4
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(a) and (b) illustrate the location of the LVDTs in the high pressure triaxial testing

system. Volume changes inferred from point measurements using both sets of

instruments are presented later as part of the same data set. Note however that the

majority of the testing utilized the higher quality LVDTs. Only consistent and reliable

measurements are presented in later sections.

For a majority of the tests, axial displacements and radial displacements were measured

intemally in the test cell using Hewlett Packard linear variable displacement transducers

(LVDT). The LVDTs were mounted on the internal tie rods of the cell as shown in

Figures a.a @) and 4.4 (b). The LVDTs were once again calibrated using a bracket

system with a "Mitutoyo Gage Block Set" in the same fashion as discussed for the quick

undrained triaxial test equipment. In all cases, the instrument calibrations produced RÍ

coefficients of 0.98 or better.

All the measuring instruments in the HITEP were powered by custom made power

supplies. The power supplies were constructed at the University of Manitoba by the lab

technician. Two power supplies at 4Y and 10V were used. All instruments and power

supplies were monitored using a Campbell Scientific CR7 Data Acquisition and Control

System. The CR7 was connected to a PC-based data storage and presentation system.

The data were plotted in real time in the laboratory and stored in digital format using a

software package (PC208V/) distributed by Campbell scientific for use with the CR7.

The software is designed for Windows and provides a detailed output of all the

instruments in graphical format.
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b) Photo of constant suction desiccators preparing triaxial specimens

Figure 4.1
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DEVELOPMENT OF CONTROLLED SUCTION SYSTEM

WITH SUCTION MEASUREMENT

CHAPTER 5

5.1 Introduction

This chapter covers the use of psychrometers for suction measurement and the

development of new procedures for triaxial tests with controlled suction. As presented in

the literature review in Chapter 2, the thermocouple psychrometer provides a reliable tool

for measuring suctions in the 0.5 - 8.0 MPa range. In order to control suction in triaxial

tests, a new testing method has been developed through modification and combination of

well-developed existing technologies. A combination of the psychrometer with vapour-

controlled suction allows for the suction stress state variable to not only be measured at

all stages during a test but also to be modified during the course of testing. This allows

completely generalized triaxial stress paths to be examined in q-p-S space while

measuring associated volume changes.
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5.2 Thermocouple Psychrometers

Thermocouple Psychrometers can be used to measure total soil suctions by sealing the

psychrometer in a soil environment. A psychrometer determines soil water potential by

measuring the partial vapour pressure in the soil. The Wescor PST-55 stainless steel

psychrometer introduced briefly in Chapter 2 (Figure 2.5) consists of two thermocouple

junctions of dissimilar metals. One junction, the reference junction, is protected by a

Teflon plug external to a porous stainless steel measuring chamber which allows it to be

used to measure the ambient reference temperature reading. The second junction (the

sensing junction) which is in vapour equilibrium with the soil environment is housed in a

stainless steel shield. ln psychrometric mode, a cooling current is passed through the

thermocouple circuit for a selected period of time. The length of time and the magnitude

of the cooling current must be sufficient so that the temperature of the thermocouple

junction falls below the dew point temperature. As a result, water condenses on the tip of

the sensing junction. This effect creates an electromotive force described by the Peltier

effect. At the end of the cooling period, the sensing junction will have a different

temperature from the surrounding vapour in the steel shield and the reference junction in

the Teflon shield. This creates an electromotive force due to the temperature gradient

between the two thermocouple junctions (the reference junction and the sensing

junction). The electromotive force produced by these conditions is termed the Seeback

effect. When the sensing junction reaches the wet bulb temperature of the surrounding

vapour the electromotive force across the junction is measured. The electromotive force

is then converted to a suction value using calibration information. The wet bulb
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temperature is uniquely def,rned by the temperature and partial vapour pressure in the soil

(Fredlund and Rahardj o,7993).

Calibration of psychrometers is done using known salt solutions with varying partial

vapour pressures. A psychrometer is placed over (or in) the salt solution and allowed to

equilibrate with time Tang (1999). The result of measurement over a number of known

suction solutions generates a relationship between psychrometer reading and total

suction.

The instruments used in this project were commercially available Wescor PST-55

stainless steel psychrometers. These were chosen due to their quick response times,

small uniform cylindrical tip geometry, and the durability of the steel shield compared to

the ceramic tip altemative. The psychrometer unit itself measures 5 mm in diameter and

7mm in length. The psychrometers were controlled and measured using a Campbell

Scientific CR-7 measurement and control system.

Wan el al. (1995) utilized psychrometers to measure suction in triaxial testing by burying

the psychrometer into the center of the specimen during the compaction procedure

(Figure 5.1). Tang (1999) extended this method by developing an alternative installation

technique where the psychrometer is installed permanently into the load cap (Figure 5.3)

and simply inserted into the specimen during the installation of the specimen into the

triaxial cell.
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ln this study, dual psychrometer specimens were used to measure the soil suction in

controlled suction triaxial testing (Figure 5.4). Dual psychrometers were necessary for

three reasons:

1. Questions had been raised regarding suction readings in the'dead zones'at the top

and bottom of triaxial specimens. ln these 'dead zones' of triaxial specimens, shear

stresses are very small compared to the shear stress at the center of the specimen. In

order to verify that the readings of the top cap psychrometers were valid, an intemal

psychrometer needed to be installed in the center of the specimen to compare readings.

2. To ensure that the controlled suction system was in fact drying the specimens

uniformly the internal psychrometer was required. In the center of the specimen at the

furthest point from any external specimen boundary, the internal psychrometer would

show when the internal suctions reached equilibrium following application of a change in

suction. The psychrometer in the center also illustrates the rate of water content

migration away from the center of the specimen under a constant suction applied at the

external boundary.

3. Under strain controlled triaxial testing, the internal psychrometer was required to

demonstrate what maximum strain rate could be applied to the specimen while ensuring

that the suction in the center of the specimen was responding quickly enough to maintain

suction equilibrium throughout the specimen at all times during shearing. Results of the

dual psychrometer specimens are presented in Chapter 8.
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5.2.1 Internal Psychrometer

The internal psychrometer was installed during the compaction process using a technique

modified from Wan (1996).

As discussed in Chapter 3 A rigid stainless steel compaction mold was utilized to

compact the buffer specimens statically. Special compaction procedures were used to

ensure quality control for density and water content during and after installation of the

intemal psychrometer. As in earlier research programs, the specimen was compacted in 5

equal 20mm lifts. The first three layers were compacted in place with the hole in the

compaction ram plugged. After compaction of the third lift, an oversized cavity was

drilled into the specimen for installation of the psychrometer. A small brass tube was

inserted in the oversized hole. The tube was 7 mm long and 9 mm in outer diameter.

The tube was drilled with numerous small holes on the outer surface. The psychrometer

was then inserted into the section of drilled brass tube. The brass tube was used to

protect the psychrometer from damage during the remainder of the compaction process

and under high isotropic pressures which reached 6 MPa in some parts of the program.

The lead wire for the psychrometer was taken through the static ram of the compaction

apparatus and the last two layers were placed and compacted. The interfaces between all

successive soil layers were scarified to ensure good connection between successive lifts.

The specimen was then removed from the mold and measurements taken of its mass and

geometry.
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Installation into the triaxial test cell took approximately i5 minutes. This was slightly

slower than the top cap method. Due to the relative complexity of installation and the

high compaction stresses, some psychrometers were damaged during the installation,

particularly in the early part of the program.

5.2.2 Top Cap Psychrometer Installation

The top cap psychrometer developed by Tang et al. (1997) is installed after compaction.

The geometry of the top cap with the psychrometer is shown in Figure 5.3 (a) and (b).

The specimen is compacted in the same fashion as described earlier in the previous

section. After compaction of the f,rfth lift, the specimen is removed from the mold and its

mass and dimensions measured. A cavity (approximately 10 mm deep and 6 mm in

diameter) is then drilled into the top of the specimen for the top cap psychrometer. The

psychrometer is built into the top loading cap and is placed into the cavity when the cap

is installed on the specimen.

5.2.3 Dual Psychrometer Specimens

Formation of specimens with dual psychrometers was developed by the author for this

project. The dual psychrometer specimens are made using both the methods of

psychrometer installation discussed in sections 5.2.1 and 5.2.2. The installations follow

the same steps as outlined by Wan (1996) for the internal psychrometer, and Tang et al.

(1991) for the top cap psychrometer.
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Figure 5.3 (a) and (b) shows a dual psychrometer specimen which has both the internal

psychrometer and top cap psychrometer. A quality control specimen was compacted to

test the compaction apparatus and to ensure that the internal psychrometer was not

damaged during compaction. After compaction, the specimen was carefully trimmed to

expose the intemal psychrometer with minimal disturbance. Figure 5.3 (b) is a

photograph of the psychrometer layout in a specimen of sand-bentonite buffer after

excavation to the psychrometers. The photograph illustrates the psychrometer location as

well as the location of the wire that leads to the external data acquisition system.

5.3 Controlled Suction Apparatus

The controlled suction system is a modification that has been added to the existing high

pressure triaxial cells at the University of Manitoba. The cells were described in detail in

Chapter 3. This section presents modifications and operational procedures developed by

the author.

5.3.1 Description of the Controlled Suction Vapour System

The main modifications that have been made to the HITEP cell to permit suction control

are (1) introduction of a vapour equilibrium system used to provide controlled suctions

(2) addition of dual psychrometers to measure suctions and (3) use of linear voltage

differential transformer to measure height and diameter changes and hence volume

changes.
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Figure 5.4 shows a simplified diagram illustrating the concept of the vapour equilibrium

system that allows for suction control in the triaxial cell. Using the principle of vapour

equilibrium (Fredlund and Rahardj o 1993), an ionic solution with the target suction value

is placed in a desiccator. The desiccator (a) is then connected to the delivery side of a

pump (b) using plastic tubing approximately 6.5 mm in diameter installed at the top of

the desiccator well above the level of the ionic solution and leading finally to the base of

the triaxial specimens. An air flow meter (c) was installed along the return tube between

the top of the specimen and the desiccator to monitor air flow through the system. When

the pump is engaged, vapour from the headspace of the desiccator (with a known partial

vapour pressure and therefore suction) is pumped along the tubing into the pedestal at the

base of the triaxial cell. From the pedestal, vapour enters a porous stone (d) beneath the

specimen (e). This is the first contact between vapour and the specimen. Under a small

pressure difference (approximately 40 kPa), vapour is pushed along the sides of the

specimen through Amaco #2044 woven geotextile (f) placed between the membrane and

the specimen. The geotextile is placed vertically along the specimen in 15 mm wide

strips similar to filter paper drains used for saturated specimens. Geotextile strips provide

a pathway for vapour movement along the exterior of specimens while being rigid

enough to maintain longitudinal drainage under the externally applied cell pressure.

Testing in this program at the University of Manitoba has shown that the geotextile is

able to maintain a continuous flow path for the vapour at cell pressures up to

approximately 2.5 };4Pa. The geotextile strips are long enough to cover the top and

bottom porous stones and provide a continuous passageway for vapour flow.
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When vapour reaches the top of the specimen it enters the top porous stone, continues

through a drainage line in the top cap, and finally leaves the cell, where it is circulated

through tubing, the flow meter and pump, back into the desiccator headspace. This

affangement provides a closed, constant-mass system with respect to the water vapour

and ionic solution. As water vapour moves along the outside of a specimen at the porous

stone and geotextile interfaces, it exerts a total suction on the soil specimen according to

the partial vapour pressure generated by the ionic solution. The specimen transfers water

to, or takes water from, the vapour depending on the suction gradient between the ionic

solution and the specimen. Flow of vapour through the system is monitored during

testing using the air flow meter.

The concentration of the ionic solution in the desiccator changes as water is extracted or

added to the specimen. To ensure that the partial vapour pressure (and suction) in the

desiccator headspace does not change significantly by this process, the mass of the ionic

solution is chosen so that the estimated change in mass of water is small relative to the

total mass. The solution in the desiccator is replenished as necessary.

5.4 Controlled Suction System with Suction Measurement

Figure 5.5 shows the complete high pressure triaxial cell with the controlled suction

system. When the suction measurement capabilities of the psychrometer are combined

with the suction control of the vapour equilibrium method, the suction stress state

variable can be controlled and measured at all points during triaxial testing. This allows
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for completely generalized stress paths to be examined for unsaturated soils. The author

believes this system is new and forms an original contribution to testing technology.

Similar, but not identical systems have been developed by Cui and Delage (1996) in

Paris. However, they use semi-permeable membranes and liquid desiccants. They do not

measure specimen suction directly with internal instruments. Suction equilibrium is

inferred from volume change equilibrium.

The new system has been used for the main testing series that forms this thesis project.

The new system was developed to test the hypothesis presented in Chapter 1. The results

of the tests using the new system are presented in Chapter 8.
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Figure 5.4 Schematic showing the concept for suction control
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SHRII\KAGE AND SWELLING RESULTS OF BUFFER

SPECIMENS UNDER CONTROLLED SUCTION

CHAPTER 6

6.1 Introduction

In order to understand the complex behaviour of compacted sand-bentonite buffer

material we need to begin by examining simple stress conditions that represent bounds

for more complicated generalized behavioural models. For unsaturated soils, the first

bound of interest is the response of soils to changes in suction under zero external applied

stress. The volume changes that occur under this simplified stress state are represented

by a plane in p-S-V space at zero p, that is at atmospheric pressure (Figure 6.1). We can

then examine soil behaviour in this plane as a two-dimensional plot. The graph of

suction versus volume change plot is closely related to the soil water characteristic curve

(SWCC) which was introduced in the literature review.



This chapter presents the results of controlled suction testing of buffer specimens. This

study was undertaken to better understand and quantify volume changes in compacted

sand-bentonite specimens produced by changes in suction. The results show that

increasing suction (under zero external stress) generates shrinkage and decreasing suction

allows swelling. The results are consistent with those of Wan (1996) and Tang (1999).

Results of this testing are also incorporated into Chapter 9 which presents development of

an elastic plastic model for unsaturated soils.

Results are also presented from some tests in which shrinkage was measured due to

suction increase under a constant cell pressure. These results represent one phase of

stress path controlled triaxial tests with controlled suction. They are presented in this

chapter to examine the impact of combined confining pressure and suction on the volume

change behaviour of compacted sand-bentonite buffer. The results have been used to

develop a mathematical relationship that can be used to relate suction and water content

for RBM material subjected to monotonic increases in suction. The model is simplified

and only applicable for RBM material over the stress range that was tested. However,

they provide a useful tool for predicting volume change behaviour and suction stress

conditions as a function of changes in water content that can be caused by a number of

environmental factors.
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6.2 Constant SuctÍon Tests

Five glass desiccators were used to produce constant suctions. This was done by

prepared by placing sulfuric acid and potassium chloride solutions below a porous plate

in the desiccators. The suctions were calculated using well-established relationships as

outlined in the literature (Stokes and Robinson 1948, Young 1967). After allowing the

solutions to equilibrate for 3 days following preparation, samples were compacted using

the procedures outlined in Chapter 3 and subsequently placed in the desiccators.

Periodically the specimens were removed from the desiccators to measure their

dimensions using a vernier micrometer and to measure their mass using a laboratory

scale. This allowed determination of density, volume changes, and water content.

Specimens J8030 to JB048 and J8060 to J8075 were used in the shrinkage tests with

constant suction. The same specimens were then sheared in the lfU testing series.

Results of the shrinkage testing are discussed in the following sections of this Chapter.

Results from the subsequent triaxial shear tests are discussed in Chapter 7.

6.3 Soil Water Characteristic Curves for Buffer

The soil water characteristic curve for buffer material was developed using water content

measurements from specimens placed in the constant suction desiccators. Figure 6.2

shows the soil water characteristic curve obtained from the shrinkage tests.
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It is important to recognize that the soil water characteristic curve is not unique for this

compacted material. The soil water characteristic curve depends on the initial molding

water content and the drying / wetting history of the specimen (Tang et al. 1998). Figure

6.3 illustrates soil water characteristic curves for buffer material prepared in three

different ways. The first curve (Tang 1999) shows the SWCC for material compacted at

a "saturated" condition (S,:98%) with a molding water content of 22o/o. The second

curye (Blatz) shows a SWCC for material compacted to RBM parameters. The points on

the curves represent measurements of water content corresponding to different controlled

suction levels. The final curve (V/iebe 1996) shows the SWCC for buffer specimens

compacted at different water contents. For these specimens suction was modified by

altering the initial water content before compaction. No drying took place following

compaction of the specimens. For the first two SWCC's where specimens were

compacted at targel water contents and then subsequently dried to different levels, the

curves are similar in shape, though slightly different in detail. The difference between

the two curves indicates that the microstructure is affected by the molding water content.

The SWCC corresponding to specimens where suction was modified by altering the

initial water contents (Wiebe 1996) again represents a different microstructure affected

by large differences in the molding water content. Indeed, the curve through Wiebe's

results is by definition not a SWCC. Suctions were measured in Wiebe's specimens

using the filter paper method (V/iebe 1996). Suctions in the specimens tested by Blatz

and Tang were controlled using salt solutions in sealed desiccators. The results in Figure

6.3 show that the SWCC is not a unique relationship for a specific material but is
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intimately related to the microstructure. The microstructure in turn is reiated to the

molding water content (Wan 1996).

Chapter 2 showed that for a given microstructure there are two curves that describe

boundaries of possible combinations of suction and water content. Drying and wetting

produce different, though related, curves. ln order to examine the hysteretic relationship

between suction and water content in compacted buffer matenal, five specimens were

subjected to cyclic drying I wetting stress paths. The specimens were all compacted at

RBM parameters and were subsequently dried to a target suction value. Following

suction equilibration, specimens r¡/ere transferred to a different desiccator with a different

suction level. Table 6.1 summarizes the suction stress paths that were used. Some

specimens underwent dryrng followed by wetting, while other specimens were subjected

to wetting followed by dryrng. In all specimens, the final stage of the test returned to the

initial target suction to evaluate whether specimens would return to their initial material

properties or whether the final material properties would be affected by the history of

drying and wetting.

Stage 1 Initial Suction (MPa)

Stage 2 Suction (MPa)

Specimen

Stage 3 Suction (MPa)

JB032

5.0

20.4

JBO38

Table 6.1 Cyclic suction testing summary

s.0

10.0

13.1

JBO41

10.0

13.1

30.4

JBO44

13.l

20.4

10.0

JBO47

20.4
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Figure 6.4 shows results of specimens that were dried to an initial suction (Stage 1)

higher than the suction generated by compaction followed by further drying (beyond the

initial target suction - Stage 2). After equilibration at Stage 2 specimens were subjected

to suction decrease (Stage 3). As expected all Stage 1 and Stage 2 results lie along the

drying SV/CC. Decrease in suction during Stage 3 cause specimens to take in water.

Following wetting, the results lie hysteretic wetting curves that are distinct from the RBM

drying SWCC. 'Water 
contents following wetting are less than the dryrng water content

(at the same suction value). This indicates that hysteresis in the suction and water content

relationship depends on drying / wetting history.

Two remaining specimens in the cyclic drying / wetting series were wetted following the

initial dryrng phase was complete and then dried back to the original suction level. That

is, Stage 1 was drying, Stage 2 was wetting, and Stage 3 was drying. Results from these

specimens are illustrated in Figure 6.5. In Stage 2, specimens were subjected to a

decrease in suction. The equilibration points for this stage of the testing fall on a

hysteretic curve and not on the drying SWCC. Following the decreases in suction,

specimens were again dried back to their original target suction conditions. The results in

Figure 6.5 show that specimens dried back to the same water content indicating a return

to the drying SV/CC curve. This is an important concept. It shows that the drying

SWCC is a bounding curve. Specimens undergoing decreases in suction (wetting) from

points on the drying bounding curve (associated with desaturation) follow hysteretic

loops that are bounded by a different wetting SV/CC that corresponds to inundation or

sorption (Figure 6.6). The wetting SWCC was not determined in this program. The
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concept that there are two bounding SWCCs, one for drylng from saturated conditions

and one for wetting from dry conditions, is important for modeling purposes. The

concept is well established (Fredlund and Rahardjo 1993) for other soils however this is

the first time data have been presented for buffer material.

6.4 
^ 

Simple Mathematical Model for the SWCC

In real engineering applications with compacted high plastic clay materials, the material

may experience changes in water content due to applied environmental stresses. ln order

to understand the volume changes associated with the change in water content we need to

develop a mathematical formulation that relates water content to suction. Suction is the

variable that causes changes in volume. However in many cases, it is easier and more

convenient to measure water content than to measure suction. The available methods for

direct measurement of suction in the field can be difficult and time consuming to

perform.

The SWCC shown in Figure 6.2 for buffer material compacted to RBM parameters and

then dried has been modeled in two ways. In the first method, a best-fit exponential

decay function was fitted to the experimental results. The resulting equation is a power

law function that relates the suction to the water content over the stress range examined

in this testing series. The equation is:

S : -4.9 + 27 5 exp(-w I 5.4)
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where S is the total suction in MPa and w is the water content in percentage. The

equation is valid over the suction range of 3.5 MPa to 93 MPa.

The second fit used was a linear regression in log(S) over the stress rarLge of the

measured data points. This works for the results of this testing program as the suctions

were above the residual suction value and below the air entry value where the non-linear

portion of the SWCC occurs in log(S) vs. w space. Figure 6.6 shows the best-fit linear

regression through the measured data and outlines the conceptual boundaries of the

model. Only the data points along the RBM drying curye were used in the regression.

The resulting equation for suction along the RBM drying curve is given by:

s : 398. 1Gw I as)

where S is the suction in MPa and w is the water content in percentage. Equations 6.1

and 6.2 represent the same data in two different forms. The second (Equation 6.2) is

more generally used for the case where data is presented in log space.

These two related mathematical relationships can be used to determine suctions

corresponding to selected water contents under the conditions specified in the preceding

paragraph. Once the suction value has been obtained, volume change behaviour can be

examined using a framework developed in the following section.

16.21
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6.5 Volume Change Behaviour

Measurement of shrinkage and swelling produced by constant suction environments was

also examined. After equilibration, under the applied suctions, specimens were removed

from the desiccator and their diameter and height were measured. Volume strains were

then inferred from discrete measurements of diameter (2 measurements at each of 5

positions along the length) and length (average of four measurements).

Figure 6.7 shows volume strains as a function of time for specimens compacted at RBM

parameters and subsequently placed in constant suction environments from 5 to 31 MPa.

The data points in the Figure represent times when specimens were removed from the

desiccator prior to equilibration to measure their dimensions and water content. Water

contents were measured by taking the mass of the specimen and assuming that any

change in mass that had occurred was solely due to loss or gain of moisture. Knowing

the total mass of solids, the water content could be back calculated using volumetric and

mass relationships. This study was undertaken to evaluate the time dependent component

of suction change and to ensure that a consistent equilibrium time was determined. The

plot shows that volume strain (or shrinkage) increases with increasing suction to a peak

value of approximately 7 - 8 %. This is consistent with work conducted by AECL

showing that the shrinkage of saturated buffer can be as high as 10 - T2% and buffer

compacted at RBM parameters can be as high as 8 - 10 % (Graham et al. 1997).
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Figure 6.8 shows the strain components for specimens at different suction levels. The

figure shows values after suction equilibrium (that is, at the end of test). It is noted that a

shrinkage limit appears in the range of 8 - l0 Yo for the buffer specimens compacted at

RBM parameters and subsequently dried. The strain components indicate that the

volume strain is close to isotropic. This is consistent with the concept that suction is an

isotropic stress which acts independent of direction (Tang 1999). This result is to some

extent surprising when it is remembered that specimens were anisotropically compacted

under zero lateral strain conditions in the static mold. One explanation for the

observation of isotropic strains is that shrinkage due to constant suction stress conditions

may be dominated by microstructural volume changes þeds). Alternatively, the

macrostructure of the peds may be anisotropic in nature. Figure 6.9 shows the same data

with only the axial and radial strains plotted. The radial and axial strain components are

rather similar, with the radial strains appearing to be slightly greater than the axial strains.

Shrinkage can also be evaluated in terms of the void ratio (e) or specific volume

(V:1+e). Figure 6.10 shows changes in specific volume as a function of change in water

content. This figure includes results from Tang et al. (1998) for buffer specimens

compacted at saturated conditions (S. : 98%) and specimens compacted by the author at

RBM parameters (S.: 85%). The points represent specimens during the drying process

at times when they were removed from the desiccator to measure the mass and

dimensions. The figure also includes results from specimens that were only removed

after suction equilibration. Both sets of specimens (Tang and Blatz) show similar

behaviour, with a unique curve describing the change in specific volume with water
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content. The saturated specimens (S,:98%, Tang) start at a higher initial water content.

This allows more shrinkage in the soil structure as water is pulled from the specimen.

The RBM compacted specimens start at the same density but at lower water content.

Consequently, shrinkage is smaller than in the saturated specimens. The curves are

similar in shape and appear unique for a material prepared and compacted at a specific

initial condition.

Changes in density can also be plotted as a function of suction to better understand how

the specimen density changes during drying. Figure 6.11 shows changes in bulk density

and dry density under constant suction conditions. The plot shows that dry density

increases non-linearly with increasing suction to 1.8 kg/-' at a suction of 30 MPa. After

that point the dry density is approximately constant or increases at a reduced rate. The

increases in dry density indicate that shrinkage is taking place in the specimens. The bulk

density stays approximately constant at2.0 kg / m3 to a suction value of approximately 30

MPa. After that, it starts to decrease with increasing water content. The constant value

of bulk density below 30 MPa is due to a loss in water content that is counteracting a gain

in dry density. The result is a relatively constant value of bulk density in the region

where dry density is changing non-linearly. Once a shrinkage limit has been reached,

bulk density decreases as water is taken from the specimen with very limited shrinkage.

The two curves must converge at a maximum suction value where water has been fully

removed from specimens. At this stage, bulk density is equal to dry density.

This raises an important question as to what role density plays on the strength

unsaturated buffer specimens and what is an appropriate way to separate the effects
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suction and density on behaviour. Specimens compacted to RBM parameters and

subsequently dried are at different volume states that depend on both shrinkage and

suction level.

Researchers such as Wheeler and Sivakumar (1995) have suggested that degree of

saturation could be used as a state variable instead of water content. Using degree of

saturation as a state variable introduces a density term through the relationship between

degree of saturation and water content but is difficult to calculate with conf,rdence,

particularly when the pore size distribution is bimodal. Figure 6.12 shows degree of

saturation as a function of water content for dried specimens. Two known bounding

points exist. One is at the origin of the graph where the degree of saturation is zero when

the water content is zero. The other is at 22%o water content where the degree of

saturation is 100%. The data between the two bounds appears approximately linear or

may possibly be bi-linear. This suggests that using degree of saturation as a state variable

for a model that has been calibrated only for specimens compacted to the same initial

density and water content may be appropriate. Further testing would provide data for

fuither evaluating this concept. For the authors program, water content (related to total

suction through the SWCC) has been used as the fifth state variable.

The most important component of the current tests is examination of the volume changes

as a function of suction af zero external stress. As pointed out in Chapter 2, the plane

described by suction and specific volume represents one boundary of the generalized p-S-

V volume state space. Figure 6.13 illustrates specific volume versus suction on an
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arithmetic scale for all dried specimens including specimens that underwent drying and

wetting cycles. With suction plotted in arithmetic scale, the relationship is highly

nonlinear. When plotted on a log scale (Figure 6.14) the relationship appears

approximately bi-linear with a transition in slope taking place at about 20 MPa suction.

Figure 6.i5 shows the same results with volume strain set as the volume state parameter.

Figure 6.16 shows the same relationship with data from the specimens in the cyclic

drying / wetting series. Specimens compacted to RBM parameters and then dried show a

volume change relationship that follows a power law. The volume strain curves represent

hardening taking place due to increased suction as well as change in dry density

associated with shrinkage.

An unusual finding is that dryrng / wetting specimens do not stick out on volume strain

plots showing hysteresis that was observed in the SWCCs. This indicates that volumetric

shrinkage / swelling may not be hysteretic. This contradicts the expectation that wetting

following drying would take a new volumetric unloading curve with a smaller slope than

the initial drying curve. If a change in slope was noted it would indicate that plastic

straining had occurred along with some recoverable elastic straining within the specimen.

This typical behaviour is noted for application of external stress beyond the past highest

pressure (preconsolidation pressure) previously experienced by the sample. The fact that

this has not been seen indicates that there appears to be a single line that defines volume

state as a function of suction. In modeling terms this relationship appears independent of

drying / wetting history (at least over the suction range examined). This concept needs to
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be evaluated further as a yielding and non-reversibility of suction loading is a key

component of unsaturated soil behaviour.

6.6 A Simple Model for Volume Change Behaviour

Figure 6.i5 showed a bi-linear conceptual relationship (dashed lines) for the shrinkage of

RBM compacted buffer subjected to monotonic drying. If we define the slope of the

volume strain versus suction relationship we can fit best fit lines to the two segments of

the data, denoting the transition at total suction equal to 23 MPa. The lines A and B in

Figure 6.15 are defined by the following relationships:

tv = 3.7 + 2.9 x log(S) For S >23.5 Mpa and S < 98.2 Mpa 16.41

where eu is the volume strain and S is the total suction. These relationships are

experiential in nature (based on observed experimental evidence) and are only valid for

conditions that are representative of the testing conditions.

tv =-6.6+11.1x1og(,S) ForS>3.5 MPaandS <23.5 MPa [6.3]

6.7 Summary and Use of Volume Change Results

Previous sections presented volume change behaviour of buffer specimens compacted to

RBM conditions and then subjected to drying conditions. The results represent a

simplif,red component of the p-S-V volume state surface. The results can be used when

evaluating results of high pressure triaxial testing with controlled suction. Figure 6.17

shows results of volume strains measured from two specimens (J8104, J8105) subjected
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to an increase in suction under constant triaxial cell pressure. These results are compared

with volume changes under zero applied external stress presented in this Chapter (the

values are averaged at each suction value). As shown previously, the relationship

appears bi-linear in nature with an initial steeper portion followed by a less steep section

that starts at approximately 20 MPa (depending on interpretation). Data for volume

strains when the drying phase under constant cell pressure is complete fall within the 2 to

8 MPa range of suction due to the measurement capabilities of the psychrometers. The

data for the two specimens tested under pressure show a similar slope to the first portion

of the curve for the dried specimens. This indicates that externally applied pressures do

not appear to have a significant influence on the stiffness of the buffer material in

response to suction increase. The downward shift in the curves for J8104 and J8105 in

Figure 6.17 compared to dried specimens is due to volume strains induced by application

of external net mean stress. This idea will be presented in more detail in Chapter 9 which

discusses modeling behaviour of compacted high plastic unsaturated clays under

gener alized q-p- S -V conditions.
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Figure 6.12 Degree of saturationversus water content for RBM compacted specrmens
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RESULTS OF QUICK UNDRAINED TRIAXIAL TESTS

UNDER CONSTANT MASS COI\DITIONS

CHAPTER 7

7.1 Introduction

This chapter presents results of quick undrained triaxial tests on unsaturated specimens of

compacted sand-bentonite buffer material under constant mass conditions. The testing

was undertaken to evaluate the undrained response of unsaturated soils under shear

loading and to provide information for understanding the elastic-plastic behaviour of

unsaturated high plastic clay.

An earlier constant mass testing progam was undertaken by V/iebe (1996) in which the

strength and stiffness of buffer specimens was examined under varying cell pressure,

suction, and temperature. The program produced failure envelopes which defined the

shear strength of buffer material within the ranges of the parameters examined. The tests

were termed quick undrained UUU tests where each U represented undrained conditions
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during application of cell pressure, temperature, and deviator stress respectively. As

mentioned in Chapter 4, in Wiebe's tests suction in the specimens was established by

altering the molding water content and then compacting the specimens to a constant dry

density. This method of setting the initial suction worked well but was not representative

of real in-situ conditions for most applications. In the physical world, material will be

compacted and placed at specified material properties and will subsequently undergo

dryng or wetting as a function of the relative humidity environment and groundwater

conditions surrounding the soil.

The author's program used specimens that were compacted at RBM parameters and were

subsequently dried or wetted using constant suction desiccators. Otherwise, the tests used

the same testing equipment and procedures as Wiebe (1996) to evaluate the strength and

stiffrress of buffer material under varying suction and cell pressure. The tests were done

at constant (room) temperature. The results of this series of tests are also utilized in

Chapter 9 to add insight into development of an elastic-plastic model for unsaturated soil

behaviour.

7.2 Procedures for Testing

Testing also included specimens taken from the in-situ isothermal experiment tube

samples conducted by AECL in the deep underground research lab (Pinawa, Manitoba).

All specimens for triaxial testing were prepared according to the procedures outlined in

Chapter 3.
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7.2.1 lnstallation of Specimens

The laboratory compacted specimens used for triaxial testing came from the volume

change program described in Chapter 6. Other specimens came from core samples

removed from the Isothermal Experiment performed by AECL at their Underground

Research Laboratory. After the specimens had reached equilibrium and all the

information needed for the volume change tests had been obtained, specimens were built

into the WK triaxial apparatus described earlier. Lucite discs were placed at top and

bottom of the specimens to ensure no drainage of air or water could occur during any

stages of testing. Silicone membranes were prepared in the lab using the procedures

outlined by Yarechewski (1993). Two silicone membranes were used for each specimen.

Two viton O-rings were placed at the load cap and on the pedestal to seal the specimen

from the cell fluid. The cell sleeve was then placed over the specimen and filled with cell

fluid. The specimens were loaded quickly with cell pressure increase with no time given

for consolidation to occur. Following application of cell pressure shearing was started at

once under undrained conditions at a strain rate of 0.2o/o I min. The specimens were

sheared to 16%o axial strain to reach critical state conditions. After shearing, the

specimens were removed from the cell for visual inspection of the failure mode and to

measure dimensions and mass. Specimens were broken up into five equal lifts and water

contents taken. This procedure is similar to that used by Wiebe (1996) and Tang (1999).

More complete details of the test procedure can be found in the earlier theses. They will

not be discussed here. Standardized procedures were followed so that results of this

program could be reliably compared with results of the earlier programs.
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7.3 Results of Quick Undrained Triaxial Testing

The following sections outlines the results of the quick undrained tests. Results are

presented separately for laboratory compacted buffer specimens and in-situ isothermal

buffer specimens. It is important to note that Si is taken as the initial target suction

following drying, while S¡ at the end of shearing. The final suction has been interpreted

from a relationship between suction and mean stress obtained from the high pressure

triaxial tests described in Chapter 8.

7.3.1 Laboratory Compacted Buffer SpecÍmens

7.3.1.1Effect of Suction on Peak Strength

Figures 7.I to 7.4 show deviator stress versus axial strain results for specimens with

different suctions but constant cell pressures of 0.5 MPa, 1.0 MPa, 2.0MPa, and 3.0 MPa

respectively. Results indicate that at low cell pressures, specimens become more brittle

with increasing suction. Brittleness is charactenzed by high peak strengths at

approximately 2 - 4 o/o strain followed by softening to a lower large-strain (or post-peak)

strength. This was confirmed by physical inspection that identified well-developed

failure planes in the strain-softening (brittle) specimens. At lower suctions and higher

confining pressures, specimens failed in a ductile manner and were barrel shaped after

removal from the cell. Figure 7 .5 (a) and (b) are photographs of selected specimens after

removal from the triaxial cell. The photographs illustrate the typical brittle and ductile
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failure modes respectively. Inspection of the failure planes in brittle specimens revealed

smooth glass like striations and grooves, clearly indicating the direction of the failure

displacements. Specimens tested at the lowest confining pressure of 0.5 MPa show

brittle behaviour most clearly. At 3 MPa confining pressure most specimens failed in a

ductile mode.

Plotting peak strength values for different initial suctions as a function of total net mean

stress at failure (Figure 7.6) gives a series of strength envelopes that form a failure

surface that defines a relationship between suction, total net mean stress, and peak

deviator stress. The values of suction vary from 5 MPa to a maximum value of

42.4 MPa. The graph illustrates increases in peak strength with increasing suction level,

and increases in strength due increasing confining pressure. The suction has greater

influence on strength than does confining pressure over the ranges investigated in this

program. Trend lines representing constant suction strength envelopes have been shown

to help interpret the relationship. It is apparent that with increasing suction, net mean

stress has an increasing influence on the peak strength. At the lower suction range of

5 MPa the envelope appears almost f7at, a result that can be expected from saturated (zero

suction) materials. Figure 7.7 shows peak deviator stress yersus suction for varying cell

pressures. The relationship is non-linear, confirming that suction has less effect on peak

strengths at high suctions. The curves for constant cell pressures appear generally similar

in shape with different vertical scaling as a function of the cell pressure.

96



7.3.1.2 Effect of Suction on Large-strain Strength

Using the same approach, large-strain strengths can be plotted as a function of suction

and total net mean stress (Figure 7.8 and Figure I .9). It should be noted at this time that

large-strain strengths are taken to be the same as the 'critical state' strength in this

interpretation. The formal term 'critical state' has not been used as the measured

paramters necessary to show formally that critical state has been reached have not been

taken. The envelopes take on similar forms to those for the peak strength, with strengths

increasing with increasing suction and confining pressure. This is true up to a threshold

suction value beyond which there is no further increase in large-strain strength. The

threshold suction increases with increasing confining pressure. Figure 7.9 illustrates this

relationship. This plot is similar in form to Figure 7.7 with the exception that for suctions

greater than 20 MPa, the increase in strength with increasing suction is small for a

constant cell pressure.

7.3.1.3 Failure Parameters

Values of M for the material at large-strain can then be calculated using the relationship

M: q lp at critical state. Figure 7.10 shows M-values as a function of suction. It is

important to note that critical state has been taken as the point where no further increase

in shear stress occurred with increasing shear strain. The M-values are consistent with

saturated buffer specimens at the lowest suctions in the program (1-2 MPa), when

approximately 0.5 was measured. 'With 
increasing suction, M-values increase but the

97



relationship is non-linear (Figure 7.10). The increases in M produced using this

definition has limited physical meaning. The equation for determining M does not

contain suction which obviously impacts the strength. As well, M is thought to represent

frictional resistance of the material. If this is so, then it should have a constant value if

the physical processes are being modeled correctly. In Figure 7.10, M increases to

approximately 1.9 at a total suction of 40 MPa. The corresponding friction angles are

0' : 13.3o for saturated buffer increasing to $' : 46.2" at a total suction of 40 MPa. This

is not physically meaningful if Q' represents the internal angle of friction for soil particles.

The fact that M is shown in this formulation to increase with increasing suction is a

reflection that suction is contributing to the strength and needs to be incorporated into the

definition of soil strength (Tang 1999). Alternatively, the suction component of strength

(termed Qb by Fredlund and Rahardjo lgg3) could be separated from the internal angle of

friction component of strength thereby introducing a new parameter that solely defines

the increases in strength caused by increasing suction. A difficulty with this approach for

unsaturated materials is that the M for the suction component is not constant (Fredlund

and Rahardjo 1993, Wiebe at al. 1998) and needs to be defined as a functional with

respect to suction level.

7.3.1.4 Effect of Suction on Stiffness in Shear

A second important behavioural characteristic of soil that is of interest is stiffness.

Stiffness is defined as the constitutive parameter that describes the relationship between

strain and applied stress. Results of constant mass testing by the author and others show
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highly non-linear stiffness relationships (with strain) for both brittle and ductile

specimens (Wiebe 1996). To evaluate stiffüess under these test conditions, appropriate

definitions have been developed for the strain levels at which stiffiress is described.

Two definitions for stiffness modulus have been used in this program. They are (1) the

secant modulus measured from the beginning of shearing to Io/o strain (E1"¿) and (2) lhe

secant modulus measured from the beginning of shearing to the strain aI 50o/o of the peak

deviator (q5e) stress (E5e).

Figure 7.11 shows E1"¿ vs. suction for specimens at varying cell pressures. The

relationship is non-linear. Stiffness increases with increasing suction at a deqeasing rate.

Values of stiffness at specific suctions appear to be independent of pressure. That is,

compared with the effects of stress level, suction has a dominating influence on stiffness

of the material. Figure l.l2 shows a similar relationship for the parameter E5p. This

relationship appears linear and there is more variability than for Em in Figure 7.11.

Some non-linearity appears to develop at higher suctions (30 - 40 MPa), but overall the

effect is small. Figure 7.13 compares both stiffness values (Es" and E5e) as functions of

suction. The values are quite different in the lower and intermediate suction range

(5 - 30 MPa). Both stiffness parameters begin to converge at the highest suctions in the

tests (40 MPa). This indicates that at lower suctions, q5e (the deviator stress at 50o/o of

the peak deviator stress value) is occurring at larger strains representative of weaker and

less stiff material. At high suctions the Eso approaches the Ety" indicating that q5ç is

occurring at smaller strains approaching I%. This stiffer and more brittle behaviour
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coffelates with high peak strengths. Considerable strain-softening is taking place in

specimens at high suctions and low cell pressures.

Figure 7.14 shows a plot of stiffness (both Erø and E56) vs. total net mean stress. The

results are highly variable and show no clear pattern or relationship. Normalizing the

stiffness with respect to the undrained shear strength shows a more meaningful picture of

the stiffiress behaviour. Figure 7.15 shows a graph of the Eso / su (su is the undrained

shear strength) versus mean stress for varying suction levels, with normalized stiffness

decreasing with increasing mean stress. This again indicates that suction dominates the

stiffness of compacted buffer.

7.3.2 In-Situ Isothermal Test Specimens

7.3.2.1 Effect of Suction on Strength

Figure 7.16 shows deviator stress versus axial strain for unconsolidated undrained (fU)

tests on seven specimens taken from AECL's Isothermal Experiment at the time of

decommissioning. Stress-strain behaviour appears largely consistent with six of the

specimens exhibiting ductile failure and only one specimen (IS-5) showing slight strain-

softening at low confining pressure. Figure 7.17 shows peak deviator stress versus lotal

net mean stress. In the range of pressures in the tests, peak strengths appear independent

of net mean stress. This indicates that specimens were becoming saturated when the

confining pressures were applied prior to shearing. This is consistent with results
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obtained by of both Wiebe (1996) in which undrained failure envelopes for specimens at

higher saturation's (above 85o/o) appear independent of confining pressure indicating

Qu:0o conditions. Figure 7.18 shows the variation of degree of saturation (S.) during

these tests. Values of S, were evaluated using dimension and mass measurements taken

before and after triaxial testing. Most of the specimens show increases in degree of

saturation to approximately L00o/o saturation at the end of testing. Measurement errors

may account for IS1 and 156 having saturation levels respectively lower and higher than

I00%. Saturation's are usually difficult to measure precisely, and the consistency of the

data in Figure 7.18 must is considered good.

7.4 Discussion of Quick Constant Mass Triaxial Testing Results

Data on quick undrained triaxial tests on buffer specimens are now quite extensive. They

include work of V/iebe (1996), Tang (1999) and the author's results presented in this

document. Specimens from two large-scale in-situ experiments have also been tested.

Results from in-sitø specimens provides a very valuable comparison of the performance

of field scale and laboratory scale specimens. This section compares results from

laboratory specimens and in-situ specimens.

Figure 7.19 shows a comparison of results presented in the previous section with Wiebe

(1998) for specimens with water contents ranging from 15.8% (total suction:10 MPa) to

22% (total suction:2.8 MPa). At lower suctions, the failure envelopes show reasonable

agreement, as deviation in microstructure generated by different specimen preparation
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techniques is minimal. At higher suctions, specimen preparation technique has more

impact on microstructure and therefore material behaviour.

Figure 7.20 shows a comparison of results from the author's tests on the isothermal

samples and results with Wiebe's (1996) tests on Buffer Container Experiment (BCE)

specimens. The Isothermal test results fit Wiebe's failure envelopes well. Wetting

conditions underground caused an increase in water content in the isothermal test

specimens. Small increases in water content had minimal impact on material structure

and the undrained behaviour can be modeled well using Wiebe's results. The BCE

specimens underwent dryrng during heating in the experiment and this caused water

contents to decrease. When cell pressure was applied to the BCE specimens with lower

water contents, they did not become saturated prior to shearing. The result is that the

measured strengths of the BCE specimens increase with confining pressure. This is

consistent with Wiebe's (1996) results. However, results from Wiebe's specimens with

lower water contents (and therefore suctions) show highly non-linear envelopes. The

BCE specimens show less non-linearity over the stress range of the tests.

Figure 7.2I compares results from BCE and Isothermal specimens with results from the

author's program. Laboratory-dried specimens (the author's specimens) and the BCE

specimens show good agreement, with strengths increasing as water contents decrease,

that is, suctions increase. The variation of peak strength with total net mean stress may

be approximated by a curve over the stress range tested. The slope of the failure
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envelopes in Figure 7.21 increase with increasing suction. This is consistent with Wiebe

(1996) and Fredlund and Rahardjo (1993).

Concluding comments: The tests on the Isothermal and BCE samples show good

agreement with results from laboratory-compacted specimens at the University of

Manitoba. Two separate programs have been undertaken at the University. Each

provides complementary insights into the behaviour of unsaturated sand bentonite buffer.

Wiebe's program showed strength characteristics of buffer specimens prepared with

varying molding water content. The strength model developed from V/iebe's tests can be

used to characlerize the gain in strength that can be attained by altering molding water

content at the time the material is prepared for laboratory testing or placement in the field

application.

This new program undertaken by the author illustrates the changes in shear strength that

occur as buffer undergoes drying or wetting after compaction at RBM parameters.

Undrained strength of buffer can be predicted using the model presented in the following

section. At water contents greater than 79Yo, representing high levels of saturation and

suctions, both models converge and show similar envelopes as material properties at

these water contents are broadly similar.

Comparison of the performance of laboratory-prepared specimens with field-prepared

specimens is very important to ensure that models developed in laboratory environments

can be used to predict the behaviour of material placed under field conditions. Results of

103



the tests on the Isothermal and BCE samples show that the University of Manitoba has

facilities capable of completing reliable and consistent testing that can be used to

understand the complex behaviour of the buffer material developed by AECL. The

results show that previously developed models can be used to predict behaviour in this

complex material. However, results can only be used over the ranges of suction and

confining pressure used in the tests. To extend the current capabilities of these models,

more testing will be required at higher suctions and higher confining pressures. Testing

at higher suction and pressure levels would extend the current database of existing

knowledge and extend the predictive capabilities of the existing models.

7.5 A Simple Model for Undrained Strength of Compacted High Plastic Clay

Although the testing conditions studied in this component of the testing program are

relatively simple, the results provide valuable insights into undrained behaviour of

compacted high suction materials. In order to utilize the results as a predictive tool, a

model can be built which shows an experiential mathematical relationship for the

observed behaviour.

Comparison of results from different programs can be difficult to visualize due to the

number of variables involved. Generally up to the present, results have been presented as

a series of curves in two-dimensional plots to evaluate the three variables (q-p-S)

involved. In order to visualize the scatter and distribution of the measured data over the

physical conditions operating during tests, the following paragraphs present a series of
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contour plots and surface plots that charactenze the experiential based mathematical

model.

Figure 7.22 (a) shows a contour map that illustrates variation in peak deviator stress over

the stress range used in the laboratory-compacted specimens. The contours exhibit

scatter indicative of variability in soil properties. Overall, a clear trend is apparent which

shows increases in peak strength with increasing suction and to a much lesser extent

confining pressure.

Using a mathematical fitting algorithm, a best-fit quadratic function (surface) was used to

describe a failure plane in the q-p-S three-dimensional space. The quadratic function was

chosen as an approximate function to model the non-linear relationships noted in the

observed data over the stress range examined. There is no physical basis for choosing

this particular function except the existing knowledge that both conf,rning pressure and

suction increase strength. The fitting function produced the following equation for q as a

function of S and p (all units are in MPa):

Qpeak = 0.19+0.23*S,f +0.12, Pf +0.0 lxSy * pf +0.06, pf2

sf=s¡-P¡11'2
Pf = P¡+qouo¡13

The initial suction (Si) can be determined from measured water contents and the

relationship in Chapter 6. The relationship for S¡ (as a function of S¡) is taken directly

from observed measurements of suction response to increases in mean stress. The

equation is empirical in nature, and material and test specific. The confining pressure for

l7.rl

17.21

17.31
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a specific in-situ condition (p¡) can be determined using the unit weights of the material

and the K value. For laboratory conditions, the initial suction was specified by drying the

specimens in the constant suction desiccators and the confining pressure was specified as

the applied cell pressure.

Figure 7.22 (b) shows a contour map of the data generated by the model equation. The

general distribution is similar to the real data and shows good agreement over the stress

ranges tested. One area that is not handled well is the area of very high suctions

(35 - 45 MPa) at low net mean stress. Overall, the distribution appears generaily

consistent with the data. Figure 7 .23 shows a mapped surface of equation [7.1] in three-

dimensional q-p-S space. As expected from the quadratic fitting function, the surface is

smooth.

Figure 7.24 (a) and (b) show similar contouring results that model the large-strain

strengths of the material. Figure 7.25 then shows the three-dimensional surface

representing the model. Stiffuess is modeled using the two defined parameters (Erø and

E5s) in Figure 7.26 and Figure 7.27 respectively. Fitting functions for the model

parameters gcs, Er%, and E5¡ are shown below in equations7.4,7.5, andT.6.

gcs =0.26+0.16x Sf +0.28x pf +0.03xS,r * pf +0.02x p¡2 17.41

Ero/o : 44.77 +12.14 x ,S¡ - 0.1 6x S¡2 -g.37 x pi + 0.52x S¡ x p¡ 17.5)

Es0 = -8.32 +10.71x,S¿ -0.08, S¡2 -19.89 x pi - 0.77 x S¡ x p¡ + 4.5g x pi2

17.61
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It is important to rccognize that the model is simplihed and only valid for the materials,

compaction procedures, suctions, and cell pressures used in the testing program. The

model is valid for buffer material compacted at the RBM parameters specified and

subjected to monotonic confining pressure, deviator, and suction loading. Most

importantly, it is only valid for constant-mass quick undrained conditions These

conditions are unique to the laboratory program and are probably not realistic for many

real applications. However, the model can produce predictions for the strengths of the

specimens taken from AECL's Buffer Container Experiment and Isothermal Experiment.

Results are shown in Table 7.1. Since the measured strengths were not included in the

data used to form the model, the predicted strengths in Table 7.1 represent true

predictions.

Sample

BCE _ JO35

BCE _ KO35

Predicted Peak

Strength (MPa)

BCE _ GO64

BCE - KO14

IS_1

IS_7

2.227

2.767

Measured Peak

Strength (MPa)

2.050

The model results overall are acceptable (generally within l0o/o) and reinforce earlier

statements that the laboratory testing programs are a representative method for evaluating

t01

r.557

Table 7.1 Prediction versus performance for buffer specimens

1.135

1.028

2.039

Difference between

Prediction and

Performance

2.392

1.840

t.472

1.060

0.953

+9.2yo

+75.7 o/o

+t1.4 %

+5.8 yo

+7.I o/o

+7 .8 o/o



behaviour of compacted clay materials. The model also provides a qualitative estimate of

the impact of suction on strength.

The model presented in equations [7.1] to 17.6] is useful for examining simple problems

where the stress conditions are consistent with those in the tests used to calibrate the

model. An example of a practical application of the model is determining allowable tire

pressures for equipment that is required to operate on recently compacted buffer. One

case may be where nuclear fuel waste is handled directly to be placed in an emplacement

hole. Knowing the water content of the in-situ buffer and estimating the in-situ stresses,

the model can be used to determine the maximum shear stress that can be sustained by

the material.

The main underlying problem with the model that has been presented is that it is highly

simplified and does not consider a number of important factors. One of the more

important of these involves the changes in volume that accompany increased suctions

during drying. This has an important influence on the volume state and therefore the

yielding behaviour of the buffer material. Loading is not usually monotonic in nature,

particularly when seasonal changes in water content are considered. For this reason we

need more powerful predictive models and these require more generalized testing to

produce data for their calibration.

Chapter 8 will present results of triaxial tests with controlled suction that tests investigate

generalized (though still triaxial) stress paths that buffer can be expected to undergo. The
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results from Chapter 8 will then be combined with the results of this chapter (Chapter 7)

to develop a more generalized framework that can be used to model behaviour of high

suction compacted materials subjected to more realistic environmental stresses.
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Figure 7.4 Stress-strain curves for buffer specimens at 3.0 MPa cell pressure
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Figure 7.5 Typical failure modes for lfU sheared specimens
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RESULTS OF TRIAXIAL TESTING

WITH CONTROLLED SUCTION

CHAPTER 8

8.1 Introduction

This chapter presents results of triaxial testing on compacted buffer specimens under

controlled conditions of deviator loading, mean stress and suction. Axial and radial

strains were measured at all times during testing. The testing series presented in this

chapter utilized the newly developed testing equipment (Chapter 5) that controls suction

in triaxial tests. The results form the basis for the modeling discussion presented in

Chapter 9. This Chapter presents only the raw data. Interpretation of the data to obtain

traditional material parameters and the elastic-plastic modeling are presented together in

Chapter 9.

The overall testing program consisted of three smaller programs each of which examined

one specific component of the overall elastic-plastic framework. The three programs are
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called (1) LY development, (2) constant-q, and (3) stress path independence. Since the

testing capabilities allowed by this equipment are new, all of the stress paths examined

provide insights into elastic-plastic behavioural models. The equipment can subject

specimens to completely generalized stress paths that have simultaneously varying

deviator stress, mean stress and suction. Since these tests are the first of their kind for

this material, the author has chosen to begin with relatively simpler stress paths that are

designed to identify individual key features of the models. These simplified stress paths

are much easier to rationalize and examine. In these tests, suction is measured and points

measurements of strain are taken using the LVDTs discussed in Chapter 4. In all tests

suction is both controlled and measured independently. The results are new and highly

innovative. They provide valuable insights into the elastic-plastic behaviour of

unsaturated soils.

8.2 Installation of High Pressure Specimens

Installation of specimens for the controlled suction testing generally took one half-day

with the assistance of the lab technician. The first stage of installation was to compact

the specimen using the procedures outlined in Chapter 3.

Following compaction, the top of the specimen was drilled to allow installation of the top

cap psychrometer. For specimens with two psychrometers, the top cap was installed at

this point since the intemal psychrometer lead wire had to be threaded though the porous

stone and sealed in the load cap. Figure 8.1 shows the specially designed load cap and
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indicates the connections for the necessary instrumentation. The top cap has three leads

in total, one for the top cap psychrometer wire, one for the internal psychrometer wire,

and one for the copper drainage line (where vapour exits the top cap). The top cap was

positioned so that disturbance of the soil specimen and the top cap were minimized. The

specimen could then be placed on a dry porous stone located on the cell base. Figure 8.2

is a photograph of a specimen at this stage of the installation. The five compacted lifts

are visible in the photograph along with the top and bottom porous stones. The two

psychrometer leads and the copper drainage line can are also shown in the figure.

Prepared geotextile strips were then applied vertically around the circumference of the

specimens, ensuring that they overlapped the top and bottom porous stones for drainage

continuity. Masking tape was used around the circumference of the specimen just below

the top and above the bottom of specimens to hold the geotextile strips in place

temporarily while preparing to install the membranes. Figure 8.3 is a photograph of a

specimen with the geotextile strips applied around the specimen. Two membranes were

held in place by eight viton O-rings (four per membrane, two top, two bottom). Lateral

LVDTs were then installed at mid height, taking care that their plungers were not in a

location that would reflect the compressibility of the geotextile strips. Placing the

geotextile in strips allowed spaces to be made where the lateral LVDTs would be located.

Finally the load cell and axial LVDT were installed. Figure 8.4 is a photograph of a

specimen at this stage ready for the cell sleeve to be installed. The desiccator, pump and

flow meter were then connected to the triaxial cell drainage lines.
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All internal instruments were then connected and checked on the data acquisition system

before installing the cell sleeve. Once it was established that all instruments were

functioning properly, the cell sleeve was lowered in place and fastened with the cell top

template. The reaction beam of the load frame was then lowered in place and secured.

The entire assembly was moved vertically so that the load ram is nearly touching the

reaction beam to minimize the gap for shear loading. It is important to note that if

suction decrease is planned for specimens then sufficient gap should be left between the

load ram and the load cap of the specimen to account for expansion under suction

decrease conditions. The cell is then filled and the test initiated.

After the test was finished, specimens were given 24 hours to equilibrate at zero external

applied stress. Specimens were then removed and measurements of mass and dimensions

taken. Figure 8.5 is a photograph of a specimen immediately following removal of the

cell sleeve. A ductile failure mechanism is apparent in this case and the lateral LVDTs

appear to have been measuring the displacement at the point of maximum lateral strain.

The inferred volumetric strains are highly dependent on the point measurements of lateral

displacements, and these in turn are influenced heavily by the failure geometry. This

point is discussed in a later section that examines the volumetric response of specimens to

external stress application. Figure 8.6 shows specimen J8108 following removal from

the membrane immediately prior to measurements of its final geometry following

compression, suction increase and shearing.
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8.3 Triaxial Testing with Controlled Suction

Following sections present results of the controlled suction triaxial testing. The first

section presents results of consistency confirmation tests used to build confidence in the

testing method. Sections following the consistency confirmation test results have been

broken up into the three series of smaller subprograms described earlier. Each

subprogram examines one aspect of overall material behaviour.

8.3.1 Consistency Confirmation Testing

The first specimens tested using the high pressure triaxial apparatus were used as

consistency control specimens to compare results with previous work by Tang (1999).

The goal of these preliminary tests was to reproduce results obtained by Tang (1999) and

to gain confidence that the author's testing procedures and specimen preparation were

consistent with previous researchers. This process provides continuity between research

programs. Results of successive programs can be compared directly, thereby allowing

for additional contributions to be built onto previous work.

In the consistency confirmation program, non-contacting transducers described briefly in

Chapter 5 were used to measure displacements and a load-hanger system was used to

apply the axial loading. These instruments were the same as those used by Tang (1999)

in his program. All electronic instruments were recalibrated prior to testing.
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Specimens used in the consistency confirmation testing program were compacted to

RBM parameters using the technique described in Chapter 3. Table 8.1 shows the initial

conditions for specimens compared in the consistency confirmation testing. The author's

specimens have JB in the specimen identification and Tang (1999) specimens have T in

the sp ecimen identification.

Specimen

T16533

Tt6534

JB05O

w.c. (%)

t9.54

19.65

Initial Conditions

Table 8.1 Consistency confirmation series specimens initial conditions

t9.36

Figure 8.7 illustrates the stress path followed in the three tests compared. Isotropic cell

pressure was applied in increments (0.2 - 0.5 MPa) up to 3 MPa and the resulting

suctions and volume strains measured. Specimens were then unloaded in increments to a

mean stress of 1.5 MPa to give an overconsolidation ratio of 2.0. Incremental shear

loading was then applied with dead weights using the hanger system discussed in Chapter

4.

s, (%)

84.0

81.0

y¿ (Mdm')

85.5

1.658

r.661

t.629

V

r.628

Figure 8.8 shows the suction response to mean stress application for Tang specimen

T16533 and Blatz specimen J8050. The results show good agreement, indicating that

psychrometer calibration and installation appear consistent for both programs. Figure 8.9

illustrates the volume strain with increase in mean stress for T16533 and J8050. Again
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good agreement is seen, indicating that inferred volume changes taken from point strain

readings are consistent for both programs and adding conf,rdence in the testing equipment

and methodology. Figure 8.10 compares the shear strength of specimens T76534 and

J8050 under application of deviator loading. Specimen T16534 was used for comparison

of the shear stress application since specimen T16533 did not follow the same shear

loading stress path. The results compare reasonably well in terms of the peak strength

however the stiffness of the elastic portion of the stress strain curve does not compare

favorably. Table 8.2 below summarizes the comparison of results from Tang (1999) and

Blatz for the stress paths indicated.

Specimen

T16533

T16534

JB05O

-0,936

c.

-0.778

0.r07

Table 8.2 Comparison of results from Tang (1999) and the author's

8.3.2 Dual Psychrometer Series

cri

0.098

0.008

Once confidence in the installation and testing methods had been established for the high

pressure triaxial cell, modifications were made to improve the apparatus. In order to test

buffer specimens in a constant strain test with controlled suction, suction equilibration

would need to be proven for all stages of the testing. To achieve this goal, a second

Crul

0.005

0.008

p"'(MPa)

0.011

0.92

qo (MPa)

0.87

0.94

t.250

t.2Il
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psychrometer was installed in the center of specimens as discussed in Chapter 4. The

second psychrometer provides confidence that suction measurement at the top cap

location is representative of the suction throughout the entire specimen at all stages of the

testing. The most important benefit of using two psychrometers was to evaluate suction

equilibration following suction increases during the controlled suction tests. Figure 8.11

(a) and (b) show examples of the psychrometer profiles following increases in suction.

The top cap psychrometer provides a measurement of suction at the top center of the

specimen whereas the internal psychrometer measures suction at the center (both in terms

of height and radius) of the specimen which is the furthest point from the edge of the

specimen.

Immediately after starting the drying system, the top cap psychrometer readings appear

erratic and high. This variability is due to the circulating air which causes the

psychrometer reading to be unreliable. Condensation on the tip of the psychrometer is

unstable due to moving air within the steel shield of the psychrometer. The internal

psychrometer in both cases shows a lag time and then an S-shaped breakthrough curve.

This is expected because the vapour pressure at the edge of the specimen imposes a

potential that pulls water into the vapour, thereby causing migration of water from the

center of the specimen to the outer edge. This gradient takes some time to develop fully

to a stage where water begins to move away from the center of the specimen. This is

indicated in the lag time on the plots. Having both measurements (top cap and internal

psychrometer) gives a comparison of suction readings at the center and edge of the

specimen. ln most cases, the suction has been taken as equilibrated when changes in
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suction over a 24 hour period were less than 2Yo of the total suction. This criterion

generally resulted in a drying time of about 15 days. This is less than the 30 day

equilibration period for drying in the desiccators. However in order to maintain a

realistic timeframe for the tests, the quicker equilibration criterion was used, which at the

same time it was recognized that a small suction gradient remained in some specimens

following the 15 day equilibration period. The larger the suction stress applied, the larger

the difference after 15 days. The maximum difference was 0.8 MPa over a total suction

of 7.5 MPa, that is, about 11olo.

Since the controlled suction equipment was newly developed, the first tests followed

similar stress paths to Tang's (1999) specimens with an added drying component to

identify the capabilities and range of the system. The maximum cell pressure that would

still allow vapour movement through the geotextile strips was 3MPa. Cell pressures

higher than 3 MPa pinched off the geotextile strips, causing suctions to be imposed only

at the ends of the specimens. An appropriate strain rate for constant-strain rate shearing

was determined to be 0.002Yo per minute. At this strain rate, the suction in the specimens

at the internal and top cap psychrometers showed similar response. Figure 8.12 shows a

normalized suction response with time during the shearing phase of specimen J8106.

The normalized suction is taken as the suction measurement during shearing divided by

the suction at the start of the shearing phase after initial isotropic loading and suction

loading. Normalized suction was used in the plot to eliminate small differences in the

suction at the beginning of the shearing and permit any differences in suction to be easily

identified. At large-strains, the top cap shows a lower suction relative to the internal
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psychrometer. This can be attributed to the barrel-shaped geometry of the specimen at

this stage. Since the cross sectional area at the center is larger than at the ends of the

specimen, the mean stress is lower and therefore there is less suction decrease than at the

ends of the specimen. Five specimens were tested under varying stress paths to

determine the suction increase capabilities of the equipment. Results from only one

specimen are shown for brevity.

8.3.3 Development of the Load Yield (LY) Curve

The first newly-planned series using controlled suction tests examined stress paths that

could be used to determine the shape of the Load Yield (LY) curve as defined by Alonso

et al. (1990). These stress paths are shown schematically in figure 8.13. The original LY

curve noted in Figure 8.13 represents the yield surface (or potential) that is associated

with the stresses applied to the buffer material during specimen compaction. The LY

series included specimens JB104 and J8105. The initial conditions of the specimens are

listed in table 8.3 below.

Specimen

JB104

JB105

w.c. (%)

19.43

19.47

Initial Conditions

s, (%)

Table 8.3 LY Series specimens initial conditions

90.40

84.10

y¿ (Mg/m')

r.709

1.664

V

1.580

r.623

So (MPa)

119

3.7

J.t



Specimens were compacted at RBM parameters giving them an initial suction of

approximately 3.5 - 4.0 MPa atzero mean stress (A). Following installation, specimens

were loaded isotropically in increments (0.2 -0.5 MPa) that were small enough to ensure

yielding could be interpreted from the test measurements. Specimens were loaded to a

maximum of 2 MPa (B) and then subsequently unloaded to 1 MPa (C) using the same

procedure. This created specimens with an OCR of 2. After equilibration at I MPa,

specimens were subjected to a suction increase using controlled suctions (J8104, C-D

and J8105, C-F). Equilibration was interpreted from the psychrometer readings as

discussed in the previous section. After equilibration had been reached following the

suction increases, specimens were again loaded isotropically in increments to examine

the new yielding point (J8104,D-E and J8105, F-G).

Figures 8.la (a) and (b) illustrate suctions as a function of time for different stages in the

testing for the two specimens. The suction readings in both the internal and top cap

psychrometers for J8104 were relatively consistent for the majority of the testing. The

graphs in figure 8.14 show initial suctions decreasing with time (A-B) as the mean stress

was applied up to the 2 MPa maximum mean stress. The suction then increased (B-C) as

the specimens were unloaded to give an OCR of 2. Suction was then increased which is

recognized on the plots as increasing suction with time at constant mean stress (Figure

8.15 (a) and (b)). The magnitude of the increase depended on the applied suction level.

After equilibration, the suction again decreased as loading was again applied along D-E

and F-G. The top cap psychrometer in specimen J8105 was damaged on installation and

did not produce a response for the duration of the test. Considering the time required for
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preparation and installation it was felt that it would be prudent to continue the test, taking

the single psychrometer reading as the specimen suction. This is reasonable considering

that equilibration times and the shearing rate had previously been established.

Figures 8.15 (a) and (b) show test data illustrating the stress path followed in p-S space.

This Figure corresponds to the stress paths shown schematically in Figure 8.13. The S / p

ratio is similar for both specimens and does not appear to be appreciably affected by

suction increases. Figure 8.16 shows both specimens J8104 and J8105 on the same plot

to facilitate comparison. Figures 8.17 (a) and (b) show graphs of volume strain yersus

log mean stress for both specimens. During the initial isotropic compression phase of the

test (A-B), specimens show an initial stiff response to applied stress followed by yielding

and hardening. Unloading (B-C) shows an unload line with a slope consistent with the

initial portion of the isotropic compression line in the initial stiffer section. The yield

point under the isotropic compression can be interpreted from the plots using the

empirical Casagrande construction technique. Following unloading to achieve an OCR

of 2, an increase in suction was applied to the specimens (J8104, C-D and JBi05, C-F).

The shrinkage associated with increasing suction is shown as volume strain segments at

constant mean stress (C-D and C-F) on the curves. Following equilibration of the

suction, specimens were again loaded isotropically. The initial portion of the reloading

curve again shows a stiff initial response followed by yielding and hardening. The new

yield point can be interpreted using the Casagrande construction. The second yield point

indicates a new yield pressure level attained due to the increase in suction. Figure 8.18

shows both specimens on the same plot to indicate the repeatability of the measurements.
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Overall, the slopes of the elastic portions of the curves and the plastic hardening portions

appear consistent. although the volumetric strain at the maximum initial compressive

loading is approximately 3o/o different. This is most likely due to the way that volumetric

strains were interpreted from point measurements of radial and axial strain. This shows a

need for better strain measurements to achieve more accurate calculations of the volume

strain. Figures 8.19 (a) and (b) show the same relationships with void ratio instead of

volume strain.

Figures 8.20 (a) and (b) show the shear strain versus mean stress for the two specimens

shown in the previous figures. The observation that mean stress changes produce shear

strains indicates that the specimens are initially anisotropic and this is consistent with the

method of preparation. A similar observation was found by Oswell (199I) in saturated

buffer. Upon unloading and reloading the shear strains are negligible. It is also

important to note that while the suctions were increasing, the shear strains are also

negligible. This indicates that the suction stress generates isotropic volume strains as

already mentioned in Chapter 6.

8.3.4 Constant-r1 Tests

A series of tests were conducted with constant-r1 (where n = S/p) to examine yielding

behaviour under shear loading. The program was designed to verify features presented in

models by Delage and Graham (1995) and Tang and Graham (2000) that describe the

behaviour of unsaturated buffer material. Interpretations of the results in terms of the
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Delage and Graham (1995) and Tang and Graham (2000) frameworks are presented in

Chapter 9.

The stress paths followed in the constant-r1 tests are shown schematically in Figure 8.21.

Three specimens (J8106, J8107, J8108) were tested in this series. All specimens were

compacted to RBM parameters (Table 8.4).

Specimen

JB106

JB107

JB108

w.c. (%)

t9.22

19. 18

lnitial Conditions

t9.62

Following installation into the triaxial cell, specimens were loaded isotropically to 2}l4Pa

cell pressure (A - B) using the same procedure outlined in the previous section.

Specimens were then unloaded to 1 MPa resulting in an OCR of 2. The controlled

suction apparatus was then used to increase the suctions in specimens JB106 (C - D) and

J8107 (C - F) to higher values. Following equilibration after the suction was increased,

specimens were again isotropically loaded to values of mean stress and suction

corresponding to the target r'¡ value of 2.7 (E and G). Specimen J8108 followed a similar

stress path as J8106 and J8107 but without the suction increase. It was loaded to a

maximum mean stress of 2MPa and then unloaded to lMPa (A-B-C) before shearing.

s, (%)

Table 8.4 Constant-q series specimens: initial conditions

85.50

84.90

y¿ (Mg/m')

85.20

1.681

t.676

1.664

V

t.607

1.61 1

56 (MPa)

t.622

3.7

4.5

4.5
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Once the target point had been reached, (C, E, G) specimens were sheared while holding

q constant. The points noted on following figures correspond to the points identified in

Figure 8.21.

Figures 8.22 (a), (b), and (c) show graphs of suction versus time for these three

specimens during all stages of the testing, while Figures 8.23 (a), (b) and (c) show the

stress paths followed in p and S space. Figure 8.24 shows the data for all specimens

combined in one plot. It also identifies the line of constant-T : 2.7. Once more, the

suction increase appears to have had minimal influence on the slope of the S / p

relationship.

Figure 8.25 combines the data of both the earlier LY series and the constant-q series.

This plot indicates that the slope of the S / p relationship is consistent for all pressure and

suction levels examined. Figures 8.26 (a), (b) and (c) shows mean stress, volume strain

relationships for the isotropic compression component of the constant-r1 tests. The

results are consistent with the LY series since all specimens were loaded up to 2 i|;4.Pa

mean stress to develop the same LY curve before unloading, suction increase, and

subsequent shearing. Figure 8.27 combines the data of both series showing the

relationship of volume strain to net mean stress. The slopes of the unload reload lines

and the initial elastic portion of the loading curve appear consistent. The slopes of the

volumetric hardening law also appear to be consistent in these tests although the volume

strains at the 2}4Pa maximum pressure are not consistent. Again, as suggested earlier,

these differences can be attributed to the relatively poor accuracy of inferred volume
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strains from point displacement measurements. Figures 8.28 (a), (b), and (c) show

relationships for specific volume as a function of mean stress.

After reaching the target values of mean stress and suction for the constant-r'¡ value of

2.7, specimens were sheared while still under constant-r'¡ conditions at constant mean

stress. This represents a new level of testing capability for unsaturated soils with high

suctions. ln order to maintain constant mean stress at the constant-r1 point, the cell

pressure was adjusted. Figures 8.29 (a), (b) and (c) show graphs of suction versus

deviator stress for the three specimens tested. The high level of control of the mean

stress should be noted. Figure 8.30 summanzes the results on a single plot for

comparison. The graph also indicates the increase in peak strength with increasing

suction level. This relationship indicates that suction increases have increased the shear

strength of specimens. This is considered to be a unique contribution that can only be

generated for high plastic clays using the technique developed by the author for

controlled suction. Similar data have been shown by Cui and Delage (1996) for lower

plastic clays. ln their tests, suction equilibrium was inferred from volume strain

equilibration after osmotic suctions were applied. As far as the author is aware, suction

within the specimens were not measured directly.

Deviator stress is plotted versus axial strain in Figures 8.31 (a), (b) and (c). As

previously mentioned, peak deviator stress increases with increasing suction. Specimens

J8106 and J8108 at the two lower suctions show ductile behaviour with largely constant

deviator stress with increasing axial strain following failure. Specimen J8107 at the
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highest suction value shows failure at approximately 2.5 MPa followed by slight loss in

strength, possibly due to dilation, at large-strains. In all cases, unloading at the end of

shearing produced steep unload lines for all specimens. These strain-controlled tests

have provided much more consistent shear strengths and data for higher strains than were

possible using the earlier stress controlled hanger system. Figure 8.32 shows direct

comparison of qversus el for the specimens tested.

8.3.5 Stress Path Independence Tests

A series of three tests was designed to evaluate if the results of testing using the

controlled suction system depended on the stress path that was followed. Stress path

dependence in unsaturated soils has already been shown in Chapter 6 which illustrates

that the suction versus water content relationship (SWCC) is hysteretic. Since testing in

this research program only applied monotonic suction increase, hysteretic behaviour due

to cyclic suction changes is not a consideration. Chapter 9 presents the value of the stress

path independence testing with respect to the elastic-plastic modeling in more detail.

Table 8.5 lists the initial conditions for the specimens included in this series.

Figure 8.33 schematically shows the stress paths for specimens J8108, J8109, and J8111

in the stress path independence tests. Specimen JB108 was compacted to the same RBM

parameters as previous specimens, and then subsequently sheared. Specimens J8109 and

J8111 were initially compacted to RBM parameters. They were then subsequently

subjected to constant suction environments in desiccators using salt solutions to alter their
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initial suctions. A fourth specimen J8110 was compacted to RBM parameters and placed

in a constant suction desiccator atzero suction. The purpose of J8110 was to evaluate

the effect of wetting on the shear strength and compressibility of the buffer. After the

equilibration period specimen J8110 had expended 73.3Yo and had increased in water

content to 52.I3o/o. At this stage the specimen was much too large and soft to test in the

high pressure triaxial cell. The results of this test indicate that work needs to be

undertaken to evaluate the influence of wetting on expansion and strength of buffer.

Yahia-Aissa (1999) has introduced a "critical swelling curve" (CSC) concept which will

indicate the mean stress required to establish zero volume strains under expansive

conditions due to suction decrease. This concept needs to be examined for the buffer

material where collapse is clearly not taking place under suction decrease.

Specimen

JBl08

JBi09

JB110

w.c. (%)

J8111

19.62

r 6.90

Initial Conditions

t9.r7

s, (%)

Table 8.5 Initial conditions for stress path independence test specimens

19.2s

The difference between the LY development series and the stress path independence

series is that isotropic loading in J8109 and J8111 (stress path independence) occurred

following suction increase and in J8104 and J8105 (LY development) the suction

increase occurred following isotropic loading. In specimens J8109 and JB111 suction

85.20

80.80

y¿ (Mg/m3)

83.35

83.83

t.664

1.725

r.666

V

r.670

r.622

1.565

So (MPa)

r.621

r.620

4.538

6.628

5.206
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increase was the first phase (J8109 A - C, and J8111 A - E) followed by application of

net mean stress (J8109 C-D, J8111 E-F) to take specimens beyond the yield point.

The results show that the yield point increased due to the initial increase in suction

associated with the preparation stage. Figure 8.3a (a) and (b) show the stress paths

followed by the two specimens in p-S space. The volume changes associated with the

compression phase are shown in Figures 8.35 (a) and (b). Again the yield points for the

tests can be determined using the Casagrande technique.

8.4 Summary of Testing Results

This chapter presented results of new and unique triaxial testing with controlled and

measured suction. The results are a unique set of data that show the equipment

developed by the author can be used to obtain new data for development of elastic-plastic

models for unsaturated soil behaviour. To the authors knowledge, a technique of this

type that allows for independent measurement and control of suction (up to 8 MPa) in the

triaxial stress-state, does not exist. This Chapter is meant to serve as a factual description

and catalogue of the new and unique testing results. Chapter 9 brings together results

from Chapters 6, 7, and 8 in an evaluation of unsaturated soil behaviour in an elastic-

plastic framework. Both traditional soil behaviour parameters and new elastic-plastic

model parameters are presented and discussed.
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Figure 8.1 New load cap used for dual psychrometer specimens



Figure 8.2 Specimen installed with porous stones and top cap in place



Figure 8.3 Geotextile strips in place for constant suction vapour drainage
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Figure 8.4 Final stage of installation with membrane and LVDTs installed
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Figure 8.5 Specimen J8108 after shearing
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Figure 8.6 Specimen J8108 after removal from the triaxial cell
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ELASTIC.PLASTIC MODELING OF UNSATURATED

HIGH PLASTIC CLAY

CHAPTER 9

9.1 Introduction

Chapter 6, 7, and 8 presented laboratory testing results of unsaturated high plastic clay

(buffer) subjected to varying stress conditions. Summaries of the results have been

presented in the previous chapters and will be referred to in this chapter as necessary.

This chapter serves to bring results together into a rational approach for interpreting

unsaturated soil behaviour in an elastic-plastic framework.

A number of elastic-plastic models designed to predict the behaviour of unsaturated clay

soils have been conceptualized by researchers all over the world (Alonso at al. 1990,

Delage and Graham 1995, Wheeler and Sivakumar 7995, Cui and Delage 1996). As

discussed in Chapter 2, the models vary in detail but are consistent in the underlying

principle that soil behaviour can be separated into elastic and plastic components. This is
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a valuable way to view soil behaviour because the models incorporate strength and

deformation properties. This is a fundamental principle when dealing with soils as

behaviour of a soil can vary in ways that can be acceptable or unacceptable as

deformation takes place. Models serve to aid analysts and designers in predicting

deformations under specified loads and ensure deformations are within an acceptable

range. The question of what constitutes acceptable ranges for material behaviour is

beyond the scope of this document.

9.2 Elastic-Plastic Models for Unsaturated Soil Behaviour

An elastic-plastic constitutive model has one fundamental underlying principle, namely

that response of a soil to an applied loading will have an initial elastic recoverable

component followed by a plastic component associated with non-recoverable

deformations. The large number of models available based on this principle vary only in

detail. Extensions (or additions) are required to capture behavioural properties that are

for either specific soil types or specific loading conditions. The required complexity of a

model is based both on physical material characteristics and type of loading that is

applied.

The new unique testing results obtained in this research project have been used to

examine two conceptual elastic-plastic models for unsaturated soil behaviour (see

Chapter 2). The first model has been called the constant suction yield model (Delage and

Graham 1995) which conceptualizes two three-dimensional surfaces relating four state
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variables. This is the most widely accepted model at this time. The second model is

called the equivalent pressure yield model (Tang and Graham 2000) which attempts to

couple the influence of suction and external mean stress on soil behaviour. This model is

examined using two three-dimensional spaces relating four state variables. Both models

use water content as a fifth state variable which relates the suction to water content. The

stress and volume state surfaces do not include the water content variable directly.

For most elastic-plastic models, the conceptual framework can be broken down into five

basic behavioural components. Each of these components represents a feature of soil

behaviour that is necessary for developing a representative model for a real physical

system. Each component will be covered in turn for both models utilizing results from

Chapters 6,7, and 8 to develop a generalized model for behaviour of unsaturated buffer

subjected to isotropic, shear, and suction loading.

In cases where the Delage and Graham (1995) and Tang (1999) model differ for a

specific component, presentation of the data will be shown in both forms. In cases where

the models are consistent in the definition of a feature, the formulation will be shown

only once and the similarity will be noted in the text. Commentary and conclusions

regarding further formulation for the data in this program will be presented in Chapter 10.
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9.3 Elastic-Plastic Model Definition

The following sections identify five key features required for a general, but simple,

elastic-plastic constitutive model for unsaturated high plastic clays. it is important to

note that all parameters have only been developed over the stress ranges examined in this

research program. Predictions or extrapolations beyond the ranges shown is not

appropriate. Results have been compared with previous researchers wherever possible.

9.3.1 Elasticity

Elasticity is defined as the ability to spontaneously retain shape after contraction, dilation,

or distortion (Oxford English Dictionary). In soils, this describes an initial portion of soil

behaviour where displacements that take place under applied loading are fully recovered

upon removal of that loading. Since in the elastic-plastic framework both shear and

volumetric deformations are considered together, we need two parameters to describe

elasticity. The bulk modulus (K) and shear modulus (G) are generally used. This

requires an assumption of material isotropy that means shear displacements are only

caused by shear loading and volumetric displacements are only caused by isotropic

loading. For anisotropic soils a third coupling parameter is required to relate volume

strains to shear loading and vice versa. For the model presented, C, / (l+es) is used to

define elastic volumetric deformation and G the elastic shear deformation. Figures 9.1

(a) and (b) show a conceptual view of elastic parameters required for a traditional

saturated elastic-plastic model. These are also required in unsaturated models, although
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now some of the traditional parameters may not be constants, but instead functions of

total suction.

In unsaturated models, an additional elastic parameter is required to describe recoverable

strains that occur due to suction loading. Figure 9.2 shows a conceptual view of an

elastic parameter that describes elasticity under suction loading (note that Figure 9.2 is

conceptual and not based on experimental data). For generalized loading where isotropic,

shear, and suction stresses vary simultaneously, an equivalent combined deformation for

any stress path can be determined by taking the vector sum of the three independent

deformation components. This is only possible in handling the elasticity for truly

isotropic soils. For anisotropic soils, coupling parameters need to be determined through

extensive laboratory testing.

Assuming isotropy for simplicity, testing data presented in Chapter 8 can be used to

determine elastic parameters for compacted buffer. Results are tabulated in Table 9.1.

Figure 6.16 from Chapter 6 showed that volume strains generated by suction loading (at

zero applied pressure) were fully recoverable in the suction range of 5 to 30 MPa. The

graph in Figure 6.15 showed a bi-linear relationship that can be used to define the suction

versus volume strain relationship. Figure 9.3 shows the Figure 6.15 data plotted again

with a bi-linear relationship indicated including the elasticity parameter C. / (l+es). A

transition occurs at approximately 20 - 25 li4Pa indicating that a material characteristic is

changing the bulk behaviour of the material at higher suctions. It is postulated that at the
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transition suction, peds in the microstructure are nearing their shrinkage limit causing

bulk shrinkage of the specimens to reduce.

Figure 9.a @) illustrates volume strains measured during suction increase for controlled

suction specimens during testing. Figure 9.4 (b) combines data from both series showing

that the slope of the deformation relationship in controlled suction testing under 1 MPa

mean stress is consistent with shrinkage data from the constant suction testing under zero

mean stress. For modeling purposes the modulus value used to describe volumetric

deformation due to suction increase is assumed to be independent of mean stress. Table

9.1 lists elastic parameters taken from experimental test results.

Specimen

JB104

JB105

JB106

JBl07

G

JB108

JBl09

C,/(1 +es)

J8111

trt.2

275.8

0.004

0.00s

Where C./ (1+ee) represents the slope of the initial elastic portion of the isotropic loading

line, Cu1 / (l+ee) represents the slope of the isotropic unloading portion of the curve

following plastic hardening to the highest load level.

C,1/ (1 + e6)

0.009

Table 9.1 Elasticity parameters measured from testing results

0.007

0.007

0.008

0.002

0.006

0.004

0.001

C,/(1 +eo)

0.005

0.009

0.1 00

0.008

0.100

0.004

0.060

0.060
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9.3.2 Isotropic Yielding

The previous sections presented parameters for the elastic components of the elastic-

plastic model for behaviour of unsaturated soil prior to yielding. Yielding is defined as

the point beyond which material has a component of permanent non-recoverable

deformation. This section describes yielding behaviour observed in the controlled

suction tests. The results permit identification of the Load Yield (LY) line defined by

Alonso et al. (1990). This curve has not previously been identified for high plastic clays

in the triaxial stress state. Cui and Delage (1996) show the shape of the LY (defined as

LC in the reference) line for a silt material at lower suction). Along with the LY line, the

Suction Yield (SY) line (Alonso et al. 1990) forms the yield locus that separates the

elastic and plastic regions of behaviour. Testing was targeted at identifying the LY line

along with the SY line to fully define yielding behaviour of buffer material. Results

presented aÍe an original contribution to the field of unsaturated soil mechanics and

specifically elastic-plastic constitutive modeling of unsaturated soil behaviour.

The LY series testing and the stress path independence (SPI) testing series were the two

main testing programs that targeted the LY line shape. Following earlier sections, Figure

9.5 illustrates a conceptual LY line and how it translates during yielding and plastic

hardening. The graph shows one stress path (B-C-D) which causes yielding under

increased mean stress, and one path (B-E-F) which causes yielding under increased

suction. It is important to note the LY subscript values are just indices for this conceptual

example. ln later sections, the subscripts represent the highest mean stress applied to a
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compacted buffer specimen (initial total suction of approximately 4 MPa). The only

exception being the LY line associated with stresses due to compaction which is denoted

as LY¡.

The first path starts with an unsaturated specimen at some suction (A) under zero mean

stress. Mean stress is increased from A to C at which point yielding occurs. This is the

first point along the path (A-C) where the combination of suction and mean stress fall on

the LYr line. The LY1 line represents the current yield state in p-S space for the

specimen. As mean stress increases from C to D, plastic hardening takes place,

increasing the plastic potential out to LYz which is the maximum mean stress applied.

Plastic hardening and translation of the LY line from LYr - LYz also results in an

increased elastic region and therefore increased elasticity.

The second stress path starts at the same initial stress state (A) followed by a mean stress

increment (B). From that point, the specimen is subjected to increasing suction.

According to the conceptual model, the specimen should reach a yield point (E) along the

SYr line and then plastic harden under further suction increase to SY2 (F). One

fundamental question that has been posed concerns coupling of the LY and SY lines.

Coupling would be shown if yielding and hardening by mean stress (LYr - LY2) also

caused a corresponding shift in the SY line (SY1 - SYz). It has not been possible to

perform the tests needed to examine this concept.
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9.3.2.1 Yielding by Mean Stress

ln the LY series, specimens were compacted to the same initial conditions and therefore

they had similar values of initial suction. Specimens were then isotropically loaded to

about 2 i|l4Pa where yielding was observed on the LYt line. Further loading produced

isotropic hardening and established the structure that led to the location of the LYz line.

As mentioned in this section, the subscript on the LY variable identifies the maximum

mean stress in MPa that an RBM compacted specimen has been subjected to, either due

to its original compaction (LY¡) or to loading in the triaxial cell. Once the maximum

mean stress had been reached at D, the specimens were unloaded to B. They were all

then within the elastic unloading surface LYz in p-S-V space. Specimens were then

subjected to a suction increase and subsequently isotropically loaded to find a new yield

point on the previously established LY2 curve.

Since the material was elastic on unloading, the position of the LYz curve is stress path

independent. Figure 9.6 shows the yield points under initial isotropic loading which

correspond to the points on the LYi relationship developed by laboratory compaction.

Data in this figure were taken from all testing series (including those by Tang 1999) since

specimens were in all cases loaded beyond their initial LYt line into the plastic hardening

region. Figure 9.7 shows the second yield points determined through the LYz

development specimens. Figure 9.7 also shows a comparison of results with Tang

(1999). The LYi andLYz yield points are tabulated in Table 9.2.
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Comparison of LYi yield points with

that measurements of yielding follow

Specimen

Tang (1999) is favorable. This builds confidence

a consistent approach to previous research.

JB104

JB105

JBl06

JB107

p, (MPa)

Initial (LYi)

JB108

JB109

0.96

J8111

0.97

S, (MPa)

0.97

The stress path independence tests reached the same final points in q-p-S space as the LY

testing series specimens however, suction increase for the stress path independence tests

was applied before isotropic loading as opposed to after it. When stress path

independence specimens were loaded following initial suction increase, yield points

measured represent points on the original compaction LYi curve. This assumes that

specimens have not yielded under initial suction increase. This assumption has been

accepted based on results presented in Chapter 6 showing reversibility of volume strains

under suction loading up to 20 - 25 li4Pa. However, considering Cui and Delage (1996)

show evidence for yielding under suction above the compacted value, further testing

1.1

2.87

1.1

Secondary (LYz)

Table 9.2 Yieldpoints for LY development testing

2.83

p, (MPa)

r.9

2.72

t.45

3.62

3.49

S, (MPa)

6.64

2.7

3.63

3.2

2.0

2.32

4.2

2.9
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needs to be undertaken to verify the assumption accepted for this work. The difference

could be related to the broadly different materials used (silt and high plastic clay).

9.3.2.2 Yielding by Suction

During the triaxial tests in which suction was increased under controlled mean stress,

yielding was not clearly observed. Suction only varied from 4 - 8 MPa in the triaxial

testing series due to limitations of the thermocouple psychrometers used for measuring

total suction. For this reason no evidence of yielding under suction increase is shown in

this testing program. With no evidence of yielding under suction increase, coupling of

the LY and SY lines cannot be examined. This is disappointing considering knowledge

of the coupling for high plastic clays is of considerable interest. Recommendations on

how the equipment limitations can be overcome in future research are outlined in Chapter

10.

It is postulated that 8 MPa suction is not large enough to reach yelding or that the change

in stiffüess between elastic and plastic behaviour is small, as in heavily overconsolidated

saturated clays. In order for yielding to occur, non-recoverable deformation must take

place within the soil structure. ln their as-compacted state, reference buffer specimens

posses an internal suction of approximately 4 MPa. At this state, water in the soil may be

occupying only the microvoid spaces, within the peds themselves and may be largely

absent from the macropores. Under suction increases, water is pulled from the peds

causing the clay particles to move closer together under increased surface tension forces
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at soil-water interfaces. From 4MPa to 8 MPa, the water content only decreases 3% (by

mass). Under these relatively small changes, it may be postulated that the peds may only

be shrinking elastically, with no pennanent shifting and re-ordering of clay particles.

Under wetting conditions, water re-enters the pore spaces in peds reducing the surface

tension forces, decreasing the suction, and producing swelling. In order for plastic

deformation to take place, water would need to be removed from peds to the extent that

looser peds would be desaturated causing non-recoverable compression of the

microstructure. Further testing is required to verify this hlpothesis.

9.3.2.3 Definition of the LY Relationship

Figure 9.8 (a) shows yield points for the initial compacted yield envelope (LY;) and for

the yeld envelope (LYz) measured in the LY development series. The database is

limited, however the relationship appears non-linear, indicating an increase in isotropic

yield point with increasing suction al a decreasing rate. For modeling purposes, a straight

line fit and a second order fit have been used to define the LY relationship within the

range of suction that was examined.

As a first approach, a best fit linear relationship in arithmetic scale has been used to

define the initial LYi line and the LYz line. Figure 9.8 (b) shows linear regression

relationships through the data for the two curves (LYi and l-yz). The slopes differ by

only a small amount and therefore a model that assumes translation of LY yieldingmay

be approximately valid for the testing range examined. The difference in the slopes may
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be associated with the initial anisotropic structure of the RBM compacted specimens.

The LYz line is generated after isotropic loading past the yield point and this tends to

create a more isotropic structure. it is important to note that a linear relationship is only

valid for the range of data shown. It is clearly an approximation and has been used to

simplify the modeling. A later section will show preliminary results from second order

modeling.

From a fundamental standpoint, yielding stresses caused by suctions cannot increase

indefinitely. At some point, LY lines will reach a maximum value of mean stress and

will then possibly decrease. Further testing using the controlled suction triaxial

equipment will provide data needed to verify this idea. Yield points beyond the suctions

that have been measured in this project will be overestimated using the linear

relationships. Better determination of the functional relationship will come from further

testing over extended ranges ofsuction and pressure.

9.3.3 Hardening Law

Now that elasticity and yielding have been identified, the next relationship to be

examined is plastic hardening which occurs after yielding. A hardening law is a

relationship that defines the rate of volumetric compression associated with isotropic

loading beyond the yield point. It also measures indirectly the rate of strength gain and

the rate of enlargement of the elastic region with isotropic loading. Results of testing
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with applied isotropic compression beyond the yield point gives the shape of the

hardening law.

Plots of specific volume vs. mean stress presented in Chapter 8 showed a linear Y versus

log (p) relationship after yielding, indicating a semi logarithmic hardening relationship.

This is consistent with traditional definitions for the V - log (p) relationship in saturated

soils. Slopes of the test results were measured directly from the graphs in Chapter 8. The

values are tabulated in Table 9.3.

Specimen

JBl04

JBl05

JB106

JBl07

JB108

JB109

C./(1+e ¡)1

J8111

0.r47

Yielding due to suction loading was not observed, and as such, a hardening parameter has

not been determined to describe a transition from an initial elastic behaviour to a plastic

strain hardening behaviour. This fundamental feature of the material needs to be studied

in more detail.

0.1 19

0.1 18

0.t27

0.t52

Table 9.3 Hardening law parameters

0.r72

C./(1+e s)2

0.131

0.085

0.093
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Figure 9.9 (a) shows the variation of Ccr and Ccz with suction. The notation Cc

represents the slope of the plastic hardening line following yielding. The subscript value

denotes the occurrence of the slope in the loading sequence. For example in the case for

Figure 9.9 (a), Cç1 represents the slope of the hardening law after initial loading and

yelding. The parameter Ccz represents the slope of the hardening line after suction

increase and reloading beyond the second yield point (on LY2). The same notation is

used for the slope of the elastic loading portions of the stress strain relationship using the

parameter C,.. The slope of the volumetric hardening after isotropic compression beyond

LYr has been defined as Ccr. The slope of the volumetric hardening relationship after

yielding beyond LY2 (after initial yielding, unloading, suction increase, and re-loading)

has been defined as Ccz. Figure 9.9 (b) shows a graph of the variation of C.r and C,z

with total suction at yield. There does not appear to be a significant difference in Cc

although values of Cç2 are consistently less than Ccr for all specimens. For simplicity the

C" has been taken to be independent of suction.

Since suction yield has not been observed in the testing, no evidence has yet been

obtained that shows a coupled relationship between suction loading and mean stress

loading in buffer materials. In the discussion presented earlier in this Chapter on

yielding, evidence does exist showing that increasing suction increases mean stress

yielding (LY).

A three-dimensional yield surface showing the volumetric hardening surface can be

constructed using the parameters determined from the testing programs. An example of
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the mapped surface is shown in Figure 9.10. Parameters required for the model shown in

Figure 9.10 are listed in table 9.4. Volume strain and total suction are plotted using an

arithmetic scale and mean stress is shown on a log scale. The surface has a stiff initial

elastic plane representing the stress region where the material behaviour is elastic in

nature. As specimens harden, the elastic plane translates down the volume strain axis,

with an associated translation of the LY line. The elastic surface shown in figure 9.10 is

for a specified pyrot. The pysat value defines isotropic yielding al zero suction for a

specimen. The model was incorporated into a spreadsheet that calculates a three-

dimensional surface based using the parameters specified (Table 9.4).

Parameter

C, / (1+e ¡)

C, / (1+e 6)

C. / (1+e e)

Slope of LY

Pysat

The three-dimensional surface represents a behavioural model that describes volumetric

deformation of an unsaturated high plastic sand bentonite clay subjected to mean stress

and suction loading. The model is based on measured parameters and uses a log scale for

the definition of mean stress components. The largest weakness of the model is the lack

of evidence for suction yielding. Although it is simplified in many \¡/ays, it is a

functional three-dimensional model that describes constitutive volumetric behaviour

Table 9.4 Parameters for defining the p-S-V model hypersurface

Value

0.007

0.100

0.t20

0.600

2.370

Units

MPa
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based on physical experimental data. The model incorporates elasticity, yielding and

plastic hardening. Figure f.i1 shows the same model using a linear scale definition for

mean stress. This is presented for comparison with the traditional soil mechanics

relationships.

9.3.4 Yielding and Failure in Shear

Now that the volume state surface has been identif,red, the shear behaviour of the model

must be def,rned. The shear and volumetric surfaces are linked through definition of the

LY (and SY) lines which form the base for the stress state model in q-p-S space and the

elastic plane in the p-S-V space. The constant-q (where n:S/p) series was targeted to

specifically examine the shape of the yield envelopes and failure condition itr q-p space at

varying suction levels and at constant-r¡.

Constant-r1 stress paths were identified as part of the Tang (1999) model which was

introduced in Chapter 2. Constant-r1 stress paths attempt to combine suction and mean

stress into one variable which defines the yield behaviour under shear loading. The

concept has considerable potential when it is remembered that experimental evidence

shows similar material response to mean stress and suction loading. Combining the two

variables into one 'state variable' is a tempting concept since it would reduce the number

of state variables and allow material behaviour to be defined in one three-dimensional

surface. The constant-q tests described in Chapter 8 were targeted at evaluating this
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concept. Results from the experiments can be examined in terms of both constant-S and

constant-q models to find out which model best represents observed behaviour.

9.3.4.1, Constant Suction Yield Model

As described in Chapter 8, constant-r'¡ specimens were isotropically loaded to 2 MPa and

then were subsequently unloaded. Specimens were then subjected to suction increase and

reloaded to the target q-value. Figure 9.I2 (a) shows deviator stress versus total suction

for constant-r'¡ specimens and 9.12 (b) shows corresponding stress strain graphs. These

results were already shown in Chapter 8. Figure 9.12 shows the level of control that was

attained in keeping suction constant during the shearing stage. In the constant suction

yield model, yield loci have been assumed as elliptical based on previous research (Wan

7996, Delage and Graham 1995).

The initial elastic shear modulus Gt has been measured semi-graphically from a line

along the initial linear portion of each stress strain curve in Figure 9.12. The secant

modulus was taken from the point Qyierd (Figure 9.13). Another approach for determining

the shear modulus was to measure the slope Gul of the unload portion of the stress strain

plot. lnterpretation of shear modulus from stress strain graphs was difficult due to the

initial portion of the loading curve being affected by compliance and bedding of the

measurement system. Imperfect fit between the top cap and the specimen during

installation allows shifting during the initial shearing portion of the stress strain curve.
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Using these approaches, values of initial shear modulus, unload-reload shear modulus,

and yield stress were determined. Values are given in Table 9.5.

Specimen

JB106

JBTOl

JBl08

Gi (MPa)

TIT.2

275.8

Gur (MPa)

In order to define elliptical yield envelopes along constant suction lines, both ends of the

base of the ellipses must be identified. The LY line for a specific state sets the bound in

the positive mean stress domain. Since unsaturated buffer material can withstand tensile

stresses (Tang 1999) due to the suctions associated with unsaturation, the relationship of

tension strength increase with increasing suction defines a bound in the negative mean

stress domain (T-Line). A tension relationship for buffer was developed by Tang (1999)

using an apparatus developed at the University of Manitoba (Tang and Graham 2000).

Figure 9.14 shows bounding relationships for the base of elliptical yield loci in constant

suction planes. For simplicity in the mathematical model and considering the limited

data-set, linear approximations have been used here to define the tension boundary line

(T-Line), the initial compacted load yield line as akeady presented (LYi), and the 2 l4Pa

set load yield line (LYr).

263.6

418.5

Table 9.5 Parameters for constant-q specimens

q, (MPa)

t27.1

0.957

1.250

p, (MPa)

0.650

2.532

2.716

S, (MPa)

1 155

4.330

5.870

3.250
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Knowing the shape of the initial LYi line (see for example Figures 9.6 and 9.7), results of

quick undrained triaxial testing can be incorporated into this discussion of yielding and

failure. Not all specimens can be included and some assumptions must be made

regarding material behaviour. The initial LYt line was mapped in p-S space and p, and S,

values added from the quick undrained specimens described in Chapter 7. Figure 9.15

shows quick undrained data and the initial compaction LYi curve, here approximated by a

straight line. Specimens which had shear and suction M-values at yielding within the

elastic zone (indicated by the delineated region in Figure 9.15) were included in an

evaluation of failure and yielding behaviour for the elastic-plastic model. The data points

represent yield points in the IJU tests. This was deemed appropriate since their LYr line

was known (due to compaction) and the shape of the yield envelope could be assumed

using the criterion described earlier. Specimens with p, and S, values beyond the initial

LY¡ line would be in an undrained state undergoing plastic hardening and shearing during

testing. It is therefore inappropriate to make assumptions regarding volume states and

yielding of specimens outside the LYi.

The rate of loading was much faster in the quick undrained tests but this was not

considered in the analysis. In the quick undrained series drainage was inhibited by lucite

discs at top and bottom and in the controlled suction testing drainage was allowed

through porous stones at top and bottom. It is argued that this does not affect the material

behaviour unless the mean stress applied is sufficient to decrease the specific volume so

that the material becomes saturated. "Undrained conditions" in unsaturated soils must be

questioned since the air phase is compressible and specimens change in volume during
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testing even though drainage into or from the specimens is not permitted. Recently, these

tests at the University of Manitoba have been described as 'constant mass' tests, a phrase

that is more representative of actual physical conditions. The previous discussion that

yelding was not observed under suction loading is also noted in this connection as quick

undrained specimens were dried to high suctions prior to shearing. Despite these

assumptions, it was felt that the quick undrained testing results would provide valuable

insights for evaluating yielding and shear behaviour in the elastic-plastic model. Table

9.6 lists results from selected quick undrained testing used in developing yielding and

failure components of the models.

In summary, tws sets of data have been used for examining the yielding behaviour of the

unsaturated buffer material under shear loading. The first set is the constant-q results

which represent specimens at different combinations of suction and mean stress after

initially being compressed to a known yield level (LY2) and subsequently dried. The

second set of data consists of results from the UU tests for specimens not subjected to

mean stress beyond their compaction LY; value. ln order to map yield envelopes to

construct the three-dimensional hypersurface for yielding under shear loading, a

definition for failure must be developed.

9.3.4.2 Failure Criterion

The failure criterion defines the maximum strength at large deformations. This condition

implies that the strength of a material is not sufficient to carry applied external stresses
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beyond its failure value. Failure can be reached by a number of stress paths depending

on volume state, stress history, and loading conditions for a specific application. In the

saturated case, the critical state line is defined as a series of points at the tops of ellipses

that define yielding in p-q space. The concept of critical state in soils was discussed in

detail in Chapter 2. ln the stress state surface of the unsaturated modei, the failure

definition has three dimensions. This requires a surface (not a line) to define the failure

condition. The traditional formulation is given as:

M: (qrl pÐ

Specimen

JB039

JBO42

JB045

JBO49

q, (MPa)

JB061

JB064

3.7 50

JBO66

4.600

JBO6l

5.250

JBOTO

5.450

JBO73

p, (MPa)

1.160

JBO74

2.000

2.250

JBO75

2.200

2.533

Table 9.6 Yield parameters for the quick undrained test specimens

The parameter q, represents the deviator stress at yielding. The p, is the mean stress at

the interpreted q, value.

4.250

2.750

4.650

2.817

S, (MPa)

5.200

0.887

6.100

tL.225

r.t67

7.850

18.289

r.733

28.1 08

2.4t7

29.553

2.050

2.233

4.267

3.033

9.028

4.6t7

8.556

15.986

25.792

40.539

39.872

3 8.553
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This definition does not take into consideration the impact of suction (or suction changes)

on failure. Figure 7.10 in Chapter 7 demonstrated the problem with using this definition

for unsaturated soils. The traditional formulation for failure in saturated soils does not

include the suction stress variable. Since it is well established that suction affects failure

(Fredlund and Rahardjo 1993, Wiebe et al. 1998) the suction variable must be

incorporated into the definition for failure of an unsaturated material.

In the saturated case, taking points at the top of constant suction ellipses maps a critical

state line in both p-q and p-V planes. In a similar way, the critical state line can be

mapped for unsaturated soils through the tops of yield envelopes using two physical

properties M and Mb. The parameter M describes the increase in strength associated with

increasing mean stress and Mb describes the increase in strength associated with

increasing total suction (it was pointed out earlier that Mb is only constant for a limited

range of suctions, thereafter it decreases with increasing suction). The tops of the yield

locus are not known until M and Mb values are determined. Since the load yield line and

the tension line have been assumed to be straight, the tops of the yield locus occur at any

suction value at the midpoint between the two bounding curyes for a constant suction

value. Figure 9.16 shows the centerline of the distance between the T-line and the LYi.

This line is also the locus of the tops of the constant suction ellipses in p-S space for the

case where specimen behaviour is controlled by initial compaction.

A value of M : 0.5 has been taken from Oswell (1991) and Tang (1999) for saturated

buffer material. A value of Mb : 0.20 has been taken from UU results presented in
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Figure 7.9 over the suction range examined in the controlled suction testing (4 - I MPa).

The value of Mb from Wiebe (1996) is considerably higher than the value determined in

this program, but this can be attributed to different specimen preparation procedures as

discussed in Chapter 7. The parameters M and Mb are then used to generate data points

on the failure surface. A linear equation defining the surface can then be used to

calculate the failure strength for any p and S combination. Figure 9.17 shows the three-

dimensional large-strain failure surface that arises. The equation that describes this

surface is given by:

where q1, is taken as the large-strain strength which may or may not be consistent with

critical state strength. Cohesion is ignored due to a lack of physical data, though this is

not a concern considering the high strength of buffer material. The cohesion component

of strength is considered to be small in comparison to the total strength of the material.

Qls =0.5x P +0.2x,S

It is recognizedthat the surface is reallynot a linearplane (Fredlund and Rahardjo 1993,

Wiebe et al.I998) however for simplicity it has been defined as a plane. This assumption

is representative for the suction stress range examined in the controlled suction series.

The shape of the failure surface in the tension zone (mean stress < 0) has not been

separately considered and is simply taken as a linear relationship from zero strength at the

tension value determined by Tang (1999) to the strength value along the q-S plane at

mean stress equal to zero. This means that the failure surface is actually represented as a

[e.1]
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bi-planar surface where the slope of the failure surface in the zone of mean stress less

than zero is steeper than the surface in the positive mean stress region.

With large-strain failure defined, the traditional M value required for generating elliptical

yield loci is determined by evaluating the M value given by M : (qr I pr) at a specific

suction level incorporating the influence of tension strength. This M value has no direct

physical meaning and is only used for generating the yield loci. At this point it is

recognized that defining this variable using the traditional M parameter is misleading and

may create some confusion in terms of comparing unsaturated models to traditional

saturated models. The tops of the ellipses are defined where the ellipse intersects the

failure plane defined by M and Mb. For this reason the slope of q/p for determination of

the intersection of constant suction ellipses with the failure surface is defined as N.

Using the N value along with information regarding limits of the LYi line and T-Line,

constant suction ellipses can be defined at any suction level. Constant suction yielding

can then be defined using the equation for an ellipse taken as:

where p is assumed and q is calculated. In order for the equation to work properly, the

proper N must be determined for a specific suction level. Table 9.7 presents results of an

example calculation using ellipses at total suctions of 3,6, and 9 MPa, values which are

representative of the suction range examined in the test program.

p+çr)
(rr+(-r)) ( ^ ( .,2\

I ¡v' *[,-+ ^l' Il. \.(p * eD)) )

N2

le.2l
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Figure 9.18 shows N-values calculated from the model as a function of total suction.

Results of UU and constant-r1 tests are included for comparison. For the first time, the

variation of M observed by Tang (1999) can be explained using the model. The reason is

that the N value described bV (qr/pÐ is not the physical parameter M but is better

formulated as a new variable which incorporates M and Mb. Figure 9.18 demonstrates

how the model represents the variation in the N value observed in the lfU testing. The N

parameter depends on physical values of M, Mb, LY, and T at a specihc suction level.

For this case only the Mb parameter was taken from the I-fU tests. The rest of the

parameters were measured from previous research and controlled suction triaxial testing

results.

T-Line (MPa)

Assumed Total Suction (MPa)

p at centerline (MPa)

LY¡ (MPa)

9centerline

3 MPa Suction

N

0.22

9.3.4.3 Defïning the Yield Loci

r.02

0.40

6 MPa Suction

3.00

Preceding sections have defined the

ellipses. Yield loci along constant

0.800

0.26

Table 9.7 Calculation of N-values

1.29

1.84

0.79

9 MPa Suction

6.00

1.595

0.30

r.52

2.66

1.18

9.00

variables required to

suction planes can

2.39

1.61

generate the constant suction

now be generated using the
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calculated N-values and the locations of the LY and T lines. For this model, yield loci

have been taken along a constant suction path although it may be argued from testing

data that yield loci should lie along paths which show suction decrease proportional to

mean stress increase (dS/dp:l.2) under applied mean stress. Since data do not exist to

clarify this issue, yield ellipses have been taken along constant suction traces.

In order to compare the author's data with results presented by Tang (1999) (included UU

data and controlled suction data) a normalizing technique has been adopted. The

normalizing technique defines the length of the base of the ellipse in p-S space as the

normalizing parameter. The base length of the ellipse is defined by both the LY curve

and T-line as a function of the suction level being considered. It is not appropriate to

look only at the LY yield pressure as tension also affects the size and the shape of the

ellipses. Results from Tang (1999),lIU, and controlled suction triaxial tests are included

in Figure 9.19. The N value used to generate the normalized ellipse is 1.1 which is near

the center of the range for data evaluated. It is important to note that even though the

data are shown in a normalized form, the N value affects the results. This is due to the

fact that the shapes of the yield ellipses in this model are not constant with suction.

Results in Figure 9.19 show reasonable agreement and indicate that the constant suction

model works quite well for unsaturated buffer under the stress conditions tested. Perhaps

the most interesting component of the model is the IJU data, where yielding for the

specimens was taken to be the peak strength before strain-softening. The model is able to

reflect the peak strengths of tIU specimens that were overconsolidated and showed brittle

failure after yielding.
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Using the same construction procedure, constant suction yield loci have been generated at

three suction levels which enclose the q-p-S values for the controlled suction triaxial tests

(Figure 9.20). Data from the tests have also been plotted in this Figure. Again good

agreement is observed between the model and the data.

9.3.5 Equivalent Pressure Yield Model

The second model examined is the equivalent pressure yield model which was described

in the literature review and briefly at the start of this chapter. The volume change surface

is similar in form to the constant suction model with the exception that that LY and SY

yield curves are defined differently. Elasticity and hardening parameters are handled in

the same way.

The key difference in the equivalent yield pressure model is incorporation of mean stress

and total suction into one stress state variable termed the equivalent pressure called p"

(described in Chapter 2). Details of how the model works are outlined by Tang (1999)

who developed the concept. Data from the UU tests within the LYi curve and controlled

suction constant-q testing have been used to evaluate the model and to test the validity of

its conceptual formulation.

In order to determine preconsolidation equivalent pressure along constant-r1 lines, the LY

line for specimens must be known. For lfU data, the load yield line is taken as the initial

compacted yelding line (LY¡). The 2 MPA load yield line (LY2) has been taken for the
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constant-q specimens. Since the slope of the LYi and the LYz lines are similar, a third

LY¡ line for Tang (i999) specimens which were initially isotropically loaded to 3 MPa

was generated by moving the LY curve along the mean stress axis parallel to LYz.

Figure 9.21 shows the three LY curves defined for interpreting experimental data using

the equivalent yield pressure model.

The three data sets were then interpreted using the equivalent pressure model and

normalized with respect to the equivalent preconsolidation pressure. Figure 9.22 shows

all three data sets on one plot with the normalization applied. Results for the three

independent programs show good agreement. However, it should be noted that

interpretation is affected significantly by necessary extrapolation along the LY line

beyond the range of measured data. This produces the points in the low q, I p"" range

where the p.. values are very large due to high 11 values. More data are required in the

range of p.v / p"" near unity where material is close to equivalent preconsolidation

pressure. This will show whether or not material will have lower normalized yielding,

and indicate the possible closure of the normalized yield surface as presented by Tang

(L999). Closure of the LY and SY curves is also necessary to verify that the extrapolated

values ofpe. represent real values.

ln order to examine the author's constant-r1 tests along a single q line, the M value must

be known to generate the ellipse for the corresponding value of p.". Tang (1999) defined

a new formulation for M using the equivalent pressure variable (Mpr). The formulation

worked for small values of 11 and suction examined in Tang (1999). For the high suction
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levels and high r'¡ values in the author's IJU series, the Mp. formulation once again gives a

representation of the physical parameter M that is not meaningful. Figures 9.23 (a) and

(b) show the variation of Mp. with suction and r1 respectively. In both cases the Mo,

decreases with increasing values of suction and n. To define the tops of the constant-q

yield ellipse it is again better to define an N-parameter that is based on the fundamental

physical properties of M and Mb. However, since work is being compared using the

Tang (1999) model, the formulation of Mp, was used as developed to determine the shape

of the constant-r1 ellipse. Figure 9.24 shows the data graphed along a constant-r1 line.

Agreement between the modeling ellipse and the data is not particularly good. The data

shows increasing yield strength associated with distance along the 11 vector. The model

predicts ductile behaviour at high suctions and low mean stress but this is not observed in

the tests. This is consistent with results by Cui and Delage (1996) where they show

increasing brittleness with increasing suction at constant mean stress. More experimental

data are required to examine behaviour at different points along the 11 relationship.

Despite this rather unconvincing result, the tests are valuable since they represent the first

data produced by this form of suction control.

9.4 Summary

Two elastic-plastic formulations have been examined using experimental results

parameters required for simple mathematical modeling have been determined.
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The constant suction yield model has worked relatively well for the data from this

program. The equivalent pressure yield model has not shown the same success for this

data set however, the author suggests that this may be related to (1) fundamental

complexity in the material and (2) small suction ranges in the testing due to measurement

limitations. Further Conclusions and discussion regarding the models is presented in

Chapter 10.
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CONCLUSIONS AND RECOMMENDATIONS

CHAPTER 10

10.1 Review and Summary of the Work

FOR FUTURE WORK

This research program was targeted at identifying a new testing method to control suction

in triaxial testing. This advancement has led to a better understanding of elastic-plastic

constitutive behaviour of unsaturated soils. The program consisted of extensive

experimental testing of unsaturated soils in three related yet separate testing programs.

Each program was designed to examine behavioural features needed to def,rne an elastic-

plastic framework. The final stage of the program used these data to develop a

simplified elastic-plastic model for unsaturated soils based on existing conceptual models

proposed in the literature (Delage and Graham 1995, Tang and Graham 2000). Two

models have been examined in detail using data from this program and previous research.

The following sections summarize each of the experimental programs conducted as part

of this research.
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10.1.1 Volume Change Series

The volume change testing program examined volume change characteristics of sand-

bentonite 'buffer' subjected to suction with zero external pressure. A series of specimens

were compacted at Reference Buffer Material (RBM) parameters and subsequently

placed in constant suction environments prepared using salt solutions. Measurements of

shrinkage associated with increased suction were taken during and at the end of

equilibration.

Results provide understanding of relationships between water content, and suction and

volume strains associated with changes in suction. A simple model was developed to

predict volume strains caused by suction increase under unconfined conditions.

10.1.2 Quick Undrained Triaxial Tests

Specimens for quick undrained (UU) triaxial testing were compacted to RBM parameters

and subsequently subjected to suction increase using constant suction desiccators. After

the specimens reached equilibration, they were removed and sheared under undrained

conditions at various constant cell pressures. Specimens were tested with varying

combinations of suction and mean pressure. The results have produced a distribution of

failure strength as a function of suction and mean stress.
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The UU stress paths represent a simple stress path in an elastic-piastic model and are

useful for representing specific real applications. Results for peak strengths and large-

strain strengths were plotted in three-dimensional space to create a model that can be

used to predict undrained strength of compacted buffer material when the water content

and confinement in-sitø are known.

10.1.3 Development of a Triaxial Test with Controlled Suction

A new triaxial testing apparatus has been developed which can control suction during

testing. The method utilizes vapour equilibrium to control suctions while independently

measuring suction in the specimen using thermocouple psychrometers. This program

included development of a system in which psychrometers measure suctions at two

independent locations within the specimen. To the author's knowledge, this is the first

time suctions have been monitored simultaneously at two separate locations within a

single specimen using thermocouple psychrometers. Suction were measured at top center

and center mid-height of specimens. This provided added confidence that specimens

were at suction equilibration during testing.

Three testing series were conducted using the new test equipment with controlled suction.

The series were designed to examine some of the components of behaviour needed to

define an elastic-plastic model for soil behaviour. It is perhaps worth mentioning that

sand-bentonite is a difficult material to test with high particle surface activity, bimodal

particle size distribution, time dependant effects, and suctions much higher than are
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normally reported in research on unsaturated soils. The first test series explored the

impact of suction on isotropic yielding following application of mean stress. The second

series examined the increase in shear strength associated with increased distance along a

line of constant-q (where n=1S/p)) (Tang and Graham 2000). The final series examined

stress path independence (and therefore elasticity) associated with the stress paths used in

the first series. It is believed that results reported by the author are the first of their kind

that illustrate the influence of suction on strength and compressibility in triaxial stress

states. The results are a unique set of data that provide valuable information about the

behaviour of unsaturated high plastic clay.

10.1.4 Development of an Elastic-Plastic Model for Unsaturated Soil Behaviour

Results from the three experimental programs have been brought together to test and

partly calibrate two elastic-plastic models that were proposed by Delage and Graham

(1995) and Tang and Graham (2000). Simple mathematical formulations have been

presented which allow the first of these models to be calibrated and used to predict the

behaviour of unsaturated buffer. Further work is needed on the second model.
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10.2 Principal Hypothesis and Conclusions

The principal hypothesis examined by this research was:

Hvpothesis: Controlling and measuring suction in triaxial tests permits development of a

more general elastic-plastic constitutive model that includes the suction-yield behaviour

for high plastic unsaturated clay soils (see Chapter i).

The new equipment that was developed allowed testing of the hypothesis. Generalized

stress paths were examined and these in turn, led to development of a more general

elastic-plastic model for describing the behaviour of unsaturated high plastic clay.

Testing confirmed the existence of yelding associated with isotropic loading. Tests

demonstrated the shape of the LY curves and the increase in yield strength for shear

loading associated with increases in suction. Tests were also performed that attempted to

determine yield behaviour associated with increasing suctions. However, yielding was

not observed in these tests within the physical capabilities of the testing equipment. This

raises an important question as to whether suction yielding is a consideration for this

specific material. Previously, researchers have shown clear evidence of yielding in

surface-inert materials such as silts (Cui and Delage 1996, Sivakumar and Ng 1995).
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The following principal conclusions have been drawn from the research:

1. Suction, and therefore stress-strain behavior of unsaturated high plastic clays, is a

function of the current water content, the water content at the time of hydration, and

dryrng / wetting history. This can be shown with a soil water characteristic curve which

illustrates the saturation water content, the air entry value , and a family of curves which

define the hysteretic behavior of the dry-wetting process. This conclusion was drawn

from previous research by Wan (1996) and Tang (1999). A new component of this work

added by the author shows that the suction volume change does not appear hysteretic

even though the suction water content relationship is hysteretic. This is a very important

finding that needs to be explored further to better understand suction yielding in high

plastic clays.

2. Undrained behaviour of compacted high plastic clay subjected to suction loading is

affected by intemal suction and changes in density associated with changing suction.

Comparison of results from the author's program and those from V/iebe (1996) show that

the same suction value achieved by different methods does not produce the same

strength. The variance in the shear strength under these two conditions is due to

differences in the microstructure of dried specimens and specimens compacted at

different water contents.

3. The top cap psychrometer provides a reliable, convenient, and representative suction

reading for high plastic clay specimens. The reading is representative in both shear and
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isotropic loading conditions. For specimens subjected to suction changes, an internal

psychrometer is required for measurement of equilibrium time. Once the equilibrium

time is established, a top cap psychrometer can be used on its own to measure suctions

under suction changes.

4. The vapour equilibrium technique can be used to control suction in triaxial tests.

Three series of specimens were tested under generalized stress paths where deviator

stress, mean stress, and suction were all controlled independently while volume strain

was measured. This technique extends existing capability of suction measurement so that

completely generalized stress paths can be examined to verify and develop needed

mathematical relationships for elastic-plastic model development.

5. The constant suction model can be used to reliably predict behaviour of unsaturated

high plastic clay soils within the stress ranges examined in this program. The model is

based on the conceptual model proposed by Delage and Graham (1995). Linear

approximations have been used to simplify non-linear relationships. A total of nine

material properties are required for mathematical model formulation. All nine parameters

can be easily measured using the controlled suction apparatus developed in this research

program and the tensile test apparatus developed by Tang (1999). The parameters

including a brief description are listed in Table 10.1 on the following page.
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Parameter

Cc

C,

Cs

Slope of the hardening relationship following isotropic yielding

M

Slope of the elastic isotropic loading relationship

MO

Slope of the suction loading relationship

T-Line

Physical internal angle of friction in q-p space

LYt(2)

Suction strength parameter

The tension line relationship where T is a function of total suction

G

The load yield line, where LY is assumed

intercept (2 Variables)

Description

10.1 Parameters required for the simplified elastic-plastic model for unsaturated soils,

Shear modulus

10.3 Recommendations for Future Work

The fundamental work in this program was development triaxial test procedures and

equipment with controlled suction. This new apparatus will allow a number of stress

paths to be examined that have not previously been possible. The following points

outline fuither research that needs to be undertaken to extend current understanding of

the elastic-plastic behaviour of unsaturated soils.

to be defined by a slope and

1. V/ithout any modifications to the existing equipment, the following testing can be

undertaken to obtain further data required for model verification and calibration.
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a) Further LY development testing. Data should be extended to higher suction values

and more data should be obtained to define the non-linear mathematical relationship for

LY curves. The influence of mean stress on the shape should also be examined by

further testing of specimens initially loaded out to higher mean stress values and then

subsequently subjected to suction increase and reloaded.

b) Constant-q testing and constant suction shear testing should be continued to

investigate the shape and distribution of yield loci in p-S space. The program would load

specimens to a target LY value followed by unloading into the elastic region. The

suction could then be altered and shearing undertaken to determine the shape of the shear

strength envelopes. The flow rule could also be examined in this testing program with

the addition of improved volume change measurement described in a following.

c) Further tests for stress path independence before yielding to examine whether the

model developed in this program is dependent on the specific stress conditions that were

used. The stress path independence tests need to be targeted at identifying the impact of

stress path on both the shear yielding surface and the isotropic yielding surface.

d) An important aspect of material behaviour that has not been examined in this program

and previous programs is wetting and suction decrease. One specimen in this program

was subjected to suction decrease and showed exceptionally large swelling. This

swelling was due to the unconfined conditions of the test. Research needs to be

undertaken to examine the behaviour of high plastic clay under suction decreases in
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triaxial tests under isotropic pressure. This area is receiving attention intemationally in

programs where swelling has been studied by Yahia-Aissa (1999) who identify a critical

swelling curve (CSC). The CSC will no doubt provide a component of elastic-plastic

models for unsaturated soil behaviour as it shows the required mean stress conditions that

inhibit suction-induced swelling.

2. The movement of suction potentials through soils can be conceptualized using

formulations of water flow through porous media. The dual psychrometer specimens

give suction measurement at two separate locations, the top dead center, and specimen

mid-height. This allows for suction gradients to be measured across the specimen during

all stages of testing. For external stress applications, suction response time and

magnitude have been shown to be consistent at the two locations. The rate and suction

distribution during suction change has not been examined in detail as part of this

program. Since the triaxial stress state is axisymetric situation and suction is applied to

specimens around the outside edge and base of specimens, the boundary conditions for

the triaxial state are well specified. Using this information and measurements of suction

change with time, a model of suction potential movement including necessary parameters

could be developed for high plastic clays. This will permit evaluation of suction

diffu sion co efficients.

3. As mentioned earlier, a great deal of work can be conducted using the newly

developed apparatus in its current form. However, two modif,rcations would greatly

improve its current capabilities.
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a) Increase suction measurement capability to higher values. Suctions in soils can reach

values up to a limit of 1000 MPa. Currently however, suction can only be measured up

to 8 MPa in the developed apparatus. At this time thermocouple psychrometry is not able

to measure beyond this value with devices of a size that can be inserted into a triaxial

specimen. New methods capable of measuring high suctions need to be explored.

b) Volume changes in the vapour phase and liquid phase need to be separated and

measured. Some work with a trial apparatus was developed for this program but was

unsuccessful in measuring the necessary changes. Further work needs to be undertaken

to develop this equipment to compare measurements of air and water volume with point

strain measurements taken inside the triaxial cell.

4. Quick undrained (fU) tests are easy to perform and provide valuable insights into

elastic-plastic behaviour of unsaturated high plastic clays. These tests should not be

abandoned because of the limited number of variables they measure. V/ith the new

knowledge of suction response (including equilibrium times) to applied stress, IJU tests

can provide complementary data to aid in the development of elastic-plastic models.

Two changes to the testing methodology that need to be introduced are the following:

a) After suction equilibrium has been achieved in the desiccator phase, specimens should

be loaded isotropically to a known cell pressure to set their LY value. The loading

should be held constant for 48 hours to allow for equilibrium of suction and volume
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strains. Specimens should then be unloaded to the target OCR value and allowed to

equilibrate for 24 hours. After this point, the LY value is known for specimens.

b) Specimens should be sheared at the same strain rate as specimens being tested in the

controlled suction apparatus so that results can be compared. Since suction changes are

not applied in UU tests by drying or wetting, suction during isotropic loading and

shearing can be inferred from relationships observed in the controlled suction apparatus.

Porous stones should also be used at the top and base of specimens for consistency.

Use of GDS stress path controlled testing for the I-IU tests would provide considerable

flexibility in testing to obtain the amount of data necessary to develop mathematical

relationship s with statistical si gnificance.

5. The compacted buffer examined in this research and past research at the University of

Manitoba is a complicated material. The material is anisotropic in nature because of the

laboratory compaction procedure. The bimodal structure produced during the hydration

stage of specimen preparation is well identified (Wan 1996). The impact of these two

material complexities is difficult to separate from the influence of suction on observed

behaviour and is undoubtedly affecting the results. At this time it would be prudent to

consider a change of material to a slurried illite. This would reduce the microstructural

complexities, minimize anisotropy, and reduce the complexity of dealing with swelling

material. Using a simple material would better allow researchers to discover the

fundamental physical impact of suction on clay soils. Complexities due to anisotropy,
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material structure, and fabric could then be introduced as extensions to a fundamental

model as opposed to working backwards from a complex material and trying to separate

out each influence.

6. Finally, the suction yield behaviour of high plastic clays needs to be examined by

performing tests under unconfined conditions and in the controlled suction triaxial

apparatus where cyclic suction loading can be applied. The current work only examined

monotonic suction changes in the triaxial cell due to time limitations. In order to truly

understand suction yield behaviour, material response to cyclic suction must be

examined.
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