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SUMMARY 

In this thesis the yield envelope of a claystone from Ocean Drilling Program (ODP) Site 1151 

is explored from a range of laboratory tests on undisturbed core samples. The claystone 

samples tested were obtained from a depth of about 1.1 km below the seafloor, landward of 

the Japan Trench. During this Ocean Drilling Program (ODP), Leg 186 in the Japan Trench   a 

geophysical observatory consisting of two seismometers, one tiltmeter and one strainmeter 

was permanently installed at a depth of 1084 to 1095 meters below seafloor (mbsf) near the 

base of Hole 1151B to investigate the occurrence of silent earthquakes at this portion of the 

subduction zone.  

 

This study provides information of the effective yield stress and mechanical behaviour of 

sediments near the depth of geophysical observatory. The analysis of the mechanical 

properties of these cores will provide insights on the deformation processes that occur in this 

subduction zone particularly the forearc of the Japan Trench. Ask and Kopf (2004) conducted 

an earlier study in which the physical and mechanical properties of sediments from Sites 1150 

and 1151 were analysed and compared. 

 

Besides the yield envelope other mechanical properties of the claystone such as the Young’s 

modulus, the bulk modulus and the effective yield stress were also investigated and obtained. 

The knowledge of the yield envelope and the mechanical properties form an important aspect 

to understanding how the sediments may behave during natural consolidation and 

deformation in this type of geological environments. 
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Table 1: List of common symbols and relationships used in the text 
 
Symbol Definition and unit Equation 

g gravitational acceleration = 9.8 m/s2  

z burial depth, mbsf  

ρg grain density, g/cm3  

ρw seawater density= 1.035 g/cm3  

ρb bulk density, g/cm3  

η porosity, % 
wg

bg

ρρ
ρρ

η
−

−
⋅= 100  

u pore water pressure, MPa  
σ’ effective stress acting on the sediment, MPa u−= σσ '  

σv total vertical stress acting on the sediment, MPa  

σ’v effective vertical stress acting on the sediment, MPa uvv −= σσ '  

σh total horizontal stress, MPa   

σ’h effective horizontal stress, MPa uhh −= σσ '  

q differential stress, MPa hvhvq '' σσσσ −=−=  

p’ effective mean stress, MPa 
3

'2'
' hvp

σσ ⋅+
=  

σ’y effective yield stress in tests, MPa  

εvol volumetric strain, %  

εv vertical (axial) strain in tests, %  

εh horizontal (radial) strain in tests, %  

ΔK0 K0 stress ratio vhK σσ ΔΔ= /0  

E Young’s modulus, MPa 
v

vE
ε
σ

Δ
Δ

=  

K Bulk modulus, MPa 
vol

pK
εΔ
Δ

=
'

 

Ccη Modified compression index .
'log v

cC
σ

η
η Δ

Δ
−=  
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1 INTRODUCTION 

The mechanical behaviour of sediments and rocks can be very complex and highly variable, 

mainly due to their varying deformation histories.  These complexities evolve mostly from the 

physical nature of the rocks and sediments as well as the effective in situ stress conditions. The 

effective in situ stress field is governed by complex interactions on various scales between the 

physical and mechanical properties of sediments and rocks, gravitational and tectonic loading 

conditions and time (Ask 1998). Adding to these complexities are the yield mechanisms 

involved at different stress levels and encountered in different tectonic settings. These in turn 

will have significant effect on the stress-strain-strength relationships and the mechanical 

responses of the sediments. Gaining an understanding of these stress-strain histories is an 

important aspect of many investigations in the earth sciences, ranging from petroleum 

recovery to hazardous waste disposal. 

 

Over the past 15 years, the understanding of the nature of stress and of stress paths that 

produced deformation of sediments has advanced remarkably from in situ stress measurements 

and from laboratory experimentation (Karig & Morgan, 1994). Mechanical properties of 

sediment and rock can be determined in laboratory deformation experiments. For clay-rich 

marine sediments the porosity and yield stress can be sensitive indicators of stress and stress 

history if testing of these sediments is done carefully and results are ananlysed with an 

understanding of sediment mechanical behaviour (Karig 2004) 

 

Despite the complexities mentioned above the mechanical behaviour of sediments and rocks 

has been described on the basis of elastic and plastic theories. Elastic-plastic models are used 

to describe the stress dependant response of the deformation of sediments and rocks. In these 

models a yield surface known as a yield envelope marks the boundary between the elastic and 

the elastic-plastic behaviour (Ask, 2004). The yield envelope (Figure 1) is determined by yield 

stresses from a wide variety of stress paths (i.e. triaxial tests at different constant differential 

stress to effective mean stress, q/p’ ratios) (Ask, 1998). It is usually presumed that yield 
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envelopes in general are symmetric about the stress paths used to create them, at least if those 

paths have constant q/p' ratios (Graham et al., 1983;  Jones, 1994). A different q/p' ratio during 

consolidation will generate a yield envelope with a different orientation on the q-p’ plane. In 

isotropic compression the effective horizontal stress equals the effective vertical stress which 

means both stresses are changed at a constant rate in this stress path producing a yield 

envelope that is symmetrical about the p’ axis (Figure 1).  

 

In this thesis the yield envelope of a claystone from Ocean Drilling Program (ODP) Site 1151 

is explored from a range of laboratory tests on undisturbed core samples. The samples tested 

were obtained from a depth of about 1.1 km below the sea floor, landward of the Japan Trench 

The ODP has installed a geophysical observatory to investigate the occurrence of silent 

earthquakes at this portion of the subduction zone (Sacks et al., 2000).  

 

This study provides information of the effective yield stress and mechanical behaviour of 

sediments less than two meters below the depth of permanently installed strainmeter, tiltmeter, 

and seismometers. The analysis of the mechanical properties of these cores will also provide 

insights to deformation processes that occur in the forearc of the Japan Trench and also in this 

subduction zone. Ask & Kopf (2004) conducted an earlier study in which the physical and 

mechanical properties of sediments from sites 1150 and 1151 were analysed and compared. 

 

2 THEORETICAL BACKROUND 

2.1 Behaviour of sediments during burial and consolidation 

When sediments are subjected to stress changes in the laboratory and/or in the field, they 

deform in many ways depending on the physical and mechanical properties of sediments as 

well as their effective in situ stress states.  A brief explanation is given here of the changes that 

marine sediments experience during burial, unloading and reconsolidation. When sediments 

are buried, they are subjected to increasing vertical stresses imposed by the weight of the 
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overlying sediments (Morgan and Ask, 2004). The total vertical stress acting on an element of 

sediment at a given depth, z, is known as the overburden or lithostatic pressure. If the given 

layer is in hydrostatic equilibrium then the lithostatic pressure at a depth, z   is given by 

 

( ) uzgwbv +⋅⋅−= ρρσ      (1) 

 

where ρb and ρw are sediment bulk density and pore water density = 1035 kg/m3) respectively, 

g is gravitational acceleration (9.81 m/s2), z is the burial depth (meters below seafloor, mbsf) 

and  Pw is the hydrostatic water pressure imposed by the weight of the oceanic water column.  

 

In the sediment the total or lithostatic stress is related to the effective stress by the effective 

stress principle (Terzaghi, 1943), which is the most important concept in soil and rock 

mechanics. This concept is normally represented by (Terzaghi, 1943) 

 

uvv −= σσ '         (2) 

 

where, σ´v is the effective vertical stress, the stress supported by the grain structure of the 

sediment while u is the pore water pressure and σv is the total stress acting on the sediment. 

 

With increasing burial depth, the total stress in the sediment also increases. If the sediment is 

of low permeability the application of the surface load results initially in an increase in the 

pore water pressure (Powrie, 1997) giving rise to a hydraulic gradient. In response pore water 

flows out of the sediment and the sediments deforms. As water flows out of the sediment the 

pore water pressure gradually decreases until it reaches the equilibrium values again after 

which no further deformation takes place. This time related process of soils deformation due to 

the dissipation of non-equilibrium pore water pressures is described as consolidation (Powrie, 

1997).  
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If hydrostatic pressure is maintained in the pore spaces by the expulsion of pore waters as 

burial and the consolidation progress, the sediment is said to be normally consolidated. If 

sediments have low permeability and in environments with sufficiently high sedimentation 

rates the pore water pressure that develops cannot escape quickly enough, which leads to the 

generation of overpressures.  As time progresses, pore water pressures can exceed lithostatic 

levels and cause fracturing, affect local and regional slope stability, and induce flow 

channelling (Hart et al., 1995). Sediment is underconsolidated if its pore water pressures are 

higher than its hydrostatic or equilibrium state pressure. Thus; any factor that tends to prevent 

the flow of water through the sediment in such a way that excess pore water pressures develop 

contributes to underconsolidation. These factors include high sedimentation rates, low 

permeability, laterally applied stresses and physiochemical interbonding and cementation 

(Shepard and Bryant, 1980). In overconsolidated sediments, the pore water pressure is less 

than the hydrostatic pressure. This results from; slow rates of sediment accumulation, rapid 

drainage of pore water, erosion of overburden or cementation (Johns, 1986).  

 

The competing effects of consolidation and the digenetic processes on the sediment determine 

the porosity and the effective in situ stress states, which govern the deformation behaviour of 

the sediment. Interpretation of physical properties data is challenged by non-unique porosity-

effective stress relationships during natural consolidation which results from lithologic 

variations, time dependant consolidation effects ( Mitchell, 1993; Karig and Ask, 2003), or 

post consolidation diagenesis (Burland, 1990; Vrolijk et al., 1990; Jones, 1994).  

 

2.2 Experimental consolidation of sediments 

Experimental reconsolidation of sediments in the laboratory can provide a more direct measure 

of the yield strength of the sediment, which is commonly an indicator of in situ stress 

conditions ( Lambe and Whitman,1969; Jones, 1994). It also helps to clarify the pre-yield, 

yield and post-yield behaviour of the sediments, which are indicative of the in situ sediment 

behaviour (Karig, 1993; Karig, 1996; Karig and Ask, 2003). Furthermore, by comparing the 
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experimental yield strength with the applied vertical load the in situ pore fluid pressures can 

also be estimated ( Taylor and Leonard, 1990, Karig, 1993; Karig, 1996; Safer et al., 2001;).  

 

The effective yield stress obtained from uniaxial strain test of undisturbed and uncemented 

sample corresponds to its previous consolidation state, i.e. the in situ effective vertical stress 

(Karig and Ask, 2003). Uniaxial consolidation test involves the variation of effective vertical 

stress on a sample for which the lateral (horizontal strain is constrained to zero. Such tests are 

presumed to mimic aspects of deformation history in sedimentary basins where the lateral 

strain is assumed to be insignificant (Karig, 1996). The effective yield stress is obtained from 

the stress- strain relationships of the sample tested. Sediments, like sand and clay, will exhibit 

elastic deformation at small strains, but in highly compressible ones such as unlitified 

sediments, the range of elastic behaviour is extremely limited (Burland, 1990).  

 

During consolidation the deformation of sediments initially follow an elastic reloading trend, 

recovering the elastic volume strain they experienced upon unloading. This phase is followed 

by sediment yield at which point the sediment experiences renewed plastic deformation, 

increased volume stress and a return to the normal consolidation trend. The stress at yield 

reflects the maximum effective stress that the sediment had previously experienced known as 

the ‘pre-consolidation’ stress.  

 

Hence, a reconsolidation test will provide a means of obtaining estimates of the in-situ stress 

conditions. Often however, sediments will diverge from these idealized reconsolidation stress 

paths due to cementation and pore pressure effects (e.g. Karig and Ask, 2003) 

2.3 The yield envelope for sediments 

To define the yield surface, a stress state must be evaluated from the stress-strain curve.  The 

locus of the stress state at which yielding occurs can be represented by the yield envelope 

(Mitchell, 1993) which is determined by the yield stresses of individual samples being 

subjected to different stress paths. The shape and size of the yield envelope is defined by the 
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stress history and the material properties of the particular sediments (Crookes and Graham, 

1976).  

 

The concepts of yield envelope or yield surface can also be described based on the theories of 

plasticity (e.g. Hill, 1950). Here, a yield envelope marks the boundary between the elastic and 

elastic–plastic behaviour. If the stress state falls within the yield envelope then no plastic 

deformation occurs. Only elastic deformation occurs if the stress state of the sediments falls 

anywhere within the yield envelope while there is a combination of elastic and plastic 

deformation if the stress state of the sediments falls outside the yield envelope. Figure 1 shows 

an idealized yield envelope for sediments illustrating the principle components of a yield 

envelope. 

  

 

Figure 1: Generalized yield envelope (Karig, 1996) 
 

Here, the progressive consolidation increases the stress range within which the sediment can 

behave elastically (Karig, 1996). For a given state of uniaxial consolidation, this field of elastic 

behaviour can be represented on a plot of effective mean stress, 
3

'2'
' hvp

σσ ⋅+
=  against 

differential stress, hvhvq '' σσσσ −=−=   (Figure 1). On this plane, the elastic behaviour is 
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restricted to within an approximately elliptical area with its major axis along the uniaxial 

consolidation stress path. This elliptical envelope is determined by yield stresses along a wide 

variety of test paths (e.g., triaxial tests at different constant q/p' ratios) and is assumed to be 

symmetrical along the stress path (e.g. Jones, 1994) used to create it. Uniaxial consolidation to 

a given state creates a single and unique yield envelope for all stress paths on that sample but 

is only a specific point on that yield envelope (Karig, 1996).  

2.4 Stress paths  

A stress path gives a continuous graphical representation of the relationships between the 

components of stresses at a given point as they change (Head, 1998). It is a convenient and 

easily understood means of investigating the changes in the states of stress experienced by 

each element of sediment and also provides a recognisable pattern which assist in the 

identifying of the mechanism of soil behaviour (Head, 1998). Many different types of stress 

paths, beside the isotropic and K0 stress paths shown in Figure 1 can be applied in the 

laboratory to study sediment behaviour.  

 

The stress field in oceanic basins and other tectonically inactive environments is assumed to be 

dominated by gravitational stresses. In such geologic settings where the sediment is subjected 

only to gravitational stresses, consolidation will occur where rates of sedimentation permits the 

effective stresses to increase. Due to the subsequent deposition of overlying sediments, there is 

significant vertical displacement within the sediment at depth but insignificant horizontal 

displacement. In the laboratory the K0 reconsolidation stress path is used to mimic this 

deformation process (Ask, 1998) in which there is no horizontal or lateral displacement. This 

stress path is assumed to dominate the stress state in deep sea terrace sediments (Carson et al., 

1982). 

 

Another relatively common observation in oceanic basins is over-pressured sediment 

formation, which are due to isotropic or nearly isotropic stress states (e.g. Breckles and van-

Eekelen, 1982; Yassir and Bell, 1994; Yassir and Robertson, 1994). The isotropic stress state 
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is when the sediment is consolidated under the influence of all round isotropic pressure in 

which the effective vertical and the effective horizontal stresses are equal and change at a 

constant rate. This deformation process is studied in the laboratory using the isotropic 

compression stress path.  

 

The deformation rate of the sediments in the laboratory however, is many magnitudes faster 

than that in situ. 

 
 

3 SAMPLING SITE AND DESCRIPTION  

3.1  Sampling site  

The Japan Trench roughly strikes north-south, and lies offshore the Honshu island of Japan 

where the approximately 130 m.y old Pacific oceanic plate currently is being subducted under 

the Honshu island in an east-west direction at an estimated rate of 9.1 cm/yr (DeMets et al., 

1994).  The drill sites, 1150 and 1151, are shown in Figure 2. Sites 1150 and 1151 are located 

approximately 100 km west of the seafloor of the Japan Trench, on the eastern edge of the 

forearc basin in the deep-sea terrace. Site 1150 and Site 1151, which lie 48 km apart, are of 

similar geological setting but contrasting seismic characteristics. Site 1150 was drilled in a 

seismically active zone, while Site 1151 was drilled in a seismically inactive zone. The latter 

means that the historical earthquake record is limited within the area near Site 1150 (Suyehiro 

et al., 2000).  
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(a)  

 
(b) 
 
Figure 2: Regional map of (a) study area (in red box) (adopted from Ask and Kopf, 
2004). (b) map showing Site 1151 (Sacks et al., 2000) 
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The Japan Trench system is made up of several topographic features as shown in the schematic 

cross-section of the Japan Trench in Figure 3. These include a deepsea terrace, inner trench 

slope, midslope terrace, Japan Trench and the outer trench slope. A forearc basin develops in 

the deepsea terrace and the trench upper slope and extends from the northwest coast of 

Hokkaido 600 km to the south (Suyehiro et al., 2000).  

 

 

 
Figure 3: Schematic cross section of the Japan trench-arc system (Suyehiro and 
Nishizawa, 1994). 

3.2 Sampling program 

Sampling was performed during the Ocean Drilling Program (ODP) Leg 186. The objective of 

the ODP was to install two permanent borehole geophysical observatories in Sites 1150 and 

1151, directly above the seismogenic zone of the subduction plate boundary to monitor active 

processes in the plate subduction zone ( Suyehiro et al., 2000; Sacks and Suyehiro, 2003).   

 

Data from Site 1151 is analysed in this study. The recovered sequences from Site 1151 range 

from Holocene to middle Miocene age (see Appendix 1). Figure 4 shows the major lithology, 

age and the accompanying sedimentation rates. The major lithology is diatomaceous silty clay, 

 10



interbedded with minor lithologies, for example volcanic clastic ash, pumice, silts and sand. 

Brittle deformation structures dominate below 400 mbsf and bioturbation is seen in most cores 

below 300 mbsf. Detrital glauconite occurs as sand-sized grains distributed throughout the 

section (Sacks et al., 1999) 

  

Figure 4: Lithology of the sampling area (modified from Kopf et al., 2003).  

3.3 Sample description 

The sediment used for testing in this study is a homogeneous glass bearing silty claystone 

obtained from the whole round core 1151A-108R-2, 68-106 cm, which corresponds to depths 

from 1096.48 to 1096.86 mbsf. This whole-round core was recovered from Hole 1151A using 

the rotary core barrel coring (RCB) system. This coring system is designed to recover core 

samples from firm to hard sediments and igneous basement. RCB coring began at a depth of 

78 meters below seafloor (mbsf) and continued to a depth of 1113.6 mbsf (Sacks et al., 2000) 

with 68.3% recovery. 
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The index properties of the cores obtained with respect to the depth of in Hole 1151A is 

presented Figure 5. These properties include water content and density of total mass and of 

solids, bulk density, dry density, grain density, porosity and void ratio. 

  

 

Figure 5: Index properties vs. depth in Hole 1151A. The calculation of index properties is 
based on in situ values of salinity and density of pore water. Solid lines = lithologic units, 
dashed lines = lithologic subunits. A. Water content of total mass (Wt

c/Wt
s) ratio, and 

lithologic units/subunits. B. Water content of mass of solids (Ws
c/Ws

s) ratio. C. Bulk 
density ( b

c/ b
s) ratio. D. Dry density ( d

c/ d
s) ratio. E. Grain density ( g

c/ g
s) ratio.   

F. Porosity ( c/ s) ratio. G. Void (ec/es) ratio (Sacks et al., 2000) 

 

Four vertically oriented cylindrical test samples were subcored and trimmed from the 

undisturbed whole round cores from Hole 1151A. The test samples had average diameters of 

20 mm and average sample heights of 55 mm (~2.5 times the diameter). Between the time of 

coring and testing the samples were stored in a humid refrigerator, sealed in saran wrap, wet 

towel, aluminium foil and wax. The descriptions of the samples are shown in Table 2. 
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At the base of Hole 1151A close to where the whole-round core was obtained, the porosity, 

bulk density, and grain density values are 49 %, 1.75 g/cm3 and 2.46 g/cm3 respectively 

(Sacks, Suyehiro, Acton, et al., 2000). 

 

13

Shipboard smear slide analysis proposed that the whole-round core composed of glass bearing 

silty claystone with 4 % sand, 36 % silt and 60% clay with a very low CaCO3 % (Sacks et al., 

2000) and shipboard grain size analysis shows that 41.9% of the material was of clay size (<2 

μm) indicating that the material was rather clayey siltstone (Ask and Kopf, 2004). 

 

The initial bulk density, ρb is calculated from measurements of the wet volume and weight of 

the sample using the equation
t

t
b V

M
=ρ . The shipboard porosity (η) is calculated using the 

pore water and the total volume according to the equation 
t

pw

V
V

⋅= 100η . Shoreboard 

calculation of porosity uses the bulk density value together with shipboard values of grain and 

pore water density, ρg and ρw respectively using the equation 
wg

bg

ρρ
ρ

η
−

−
⋅= 100

ρ
 . 
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Table 2: Descriptions of the samples 

TEST NO. T111 T115 T120 T116 

TEST TYPE Isotropic Compression K0 reconsolidation K0 reconsolidation 
Triaxial constant load, 

constant strain  

Sample Identification 1151A-108R-2, 68-74 cm 1151A-108R-2, 74-80 cm 1151A-108-2R, 74-80 cm 1151A-108R-2, 74-80 cm 

Depth (m below sea floor, mbsf) 1096.48 - 1096.54 1096.54 - 1096.60 1096.54 - 1096.60 1096.54 - 1096.60 

Lithology Glassy silty claystone Glassy silty claystone Glassy silty claystone Glassy silty claystone 

Age (Ma) 16 16 16 16 

Median grain size (μm) 3.79 ± 1.27 3.79 ± 1.27 3.79 ± 1.27 3.79 ± 1.27 

Bulk density, ρb  (g/cm3) 1.63 1.65 1.67 1.65 

 

 
 

 



4 METHODS 

4.1 Principle behind the test method 

A triaxial test generally consists of applying principal stresses upon a cylindrical sample of 

soil or rock by changing the major and minor principal stresses, σ1 and σ3 respectively. The 

sample is enclosed by a membrane and placed inside a triaxial cell where it can be subjected 

independently to the principal stresses. 

 

In the triaxial cell used for all of the tests performed, the cell pressure, provides the horizontal 

(radial) stress, σh which is the minor principal stress (i.e. σ3 ). The axial (vertical) stress,  σv 

acting on the sample which is the major principle stress, σ1  is calculated using the equation; 

 

31 σσ +=
A

Faxial       (3) 

 

where, σ1 is the major principal stress (i.e. vertical stress), Faxial is the axial force acting 

through the piston and A is the cross-sectional area of the sample and  σ3, the minor principal 

stress is the cell pressure applied on the sample by the cell fluid (water). 

 

Figure 6 illustrates the principal stresses acting on the sample. 

 

 
Figure 6: A schematic view of the test sample and the principal stresses applied. 
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For a vertically oriented sample the confining pressure is comparable to the horizontal stress 

while the axial piston loading corresponds to the vertical stress. The differential stress also 

known as the deviator stress is the major principal stress, σ1 (i.e. σv) minus the minor 

principal stress (σ3), which is σh in this case.  

 

The principal stresses are applied until failure or yielding of the sample occurs. The stress at 

which the sample yields is known as the yield strength of the sediment. It is assumed that for 

clay-silt sediments, the effective yield stress approximates the in situ effective vertical stress 

if the stress path used in the test mimics the natural stress path the sediment had been 

subjected to (e.g. K0 reconsolidation in oceanic basin). In light of the above assumptions the 

effective yield stress is a common indicator of the in situ stress states ( Lambe and Whitman, 

1969; Jones, 1994). By comparing this experimental yield strength with the applied vertical 

load, the in situ pore fluid pressures can often be estimated ( Morgan and Ask, 2004). To 

obtain this however, the structure of the soil must not be altered before it is sheared in the 

laboratory apparatus. 

 

The principal assumptions made in the stress analysis of the triaxial test are that the sample 

deforms as an upright circular cylinder with stresses and strains uniform and continuous and 

that the principle stresses are axial (vertical) and radial (horizontal). In practice the sample 

may barrel or rupture, invalidating these assumptions. The onset of rupture will unavoidably 

invalidate the continuum analysis because stresses and strains are no longer uniform 

throughout the sample. However, inaccuracies resulting from this effect can be minimized or 

eliminated by the measurement of strains over a short gauge length at the centre of the sample 

using instruments mounted on the sample inside the cell (e.g. Barnes, 2000).  

4.2 Test Apparatus  

The sample is first enclosed in a latex jacket and is then placed in a triaxial cell (see Figure7), 

which is mounted on a computer-controlled servo-hydraulic INSTRON 1324 load frame.   

The latex jacket, in which the sample is enclosed, is sealed at the top and the bottom by 

platens to prevent cell fluid (water) from entering and altering its moisture content.  
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As illustrated in the schematic view of the of the triaxial testing equipment set-up (Figure 8), 

the load frame employs four controllers namely; the stroke, load, confining pressure and pore 

pressure controllers. These controllers can alter the effective stress state in the triaxial cell. 

The stroke and load controllers affect the vertical deformation of the sample with the 

difference between them being that, the stroke controller regulates the vertical displacement 

of the load ram while the load controller regulates the vertical force of the load frame. This 

load frame, which has a maximum axial force capacity of 0.5 MN, subjects the axial force on 

the sample. The confining pressure controller, which has a maximum capacity of 200 MPa, 

controls the change in the confining pressure, which provides the radial stress on the sample. 

The pore pressure controller controls the pore fluid (water), pressure which provides the 

backpressure in the pre-consolidation phase for the entire test. When a stress path has been 

selected, the stroke, load and confining pressure controllers of the load frame are commanded 

by a software program to execute that particular stress path. 

 

An external linear variable displacement transducer (LVDT) measures the opening of the load 

frame, which allows for an external determination of the vertical strain (εv
e) of the sample. 

The change in water volume is monitored by a LVDT mounted on a fluid pressure intensifier 

cylinder, from which volumetric strain (εp
H2O) can be calculated.  Horizontal strains of the 

sample are measured by four radial LVDT aligned at 30-210ºN, 75-255ºN, 120-300ºN, and 

165-345ºN and placed in equal intervals across 4 diametrical points at the mid-height of the 

sample.  An internal load cell measures the differential stress inside with more accuracy than 

the load cell mounted on the load frame.  
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(
a)        (b) 
 
Figure 7: (a) sample mounted in computer-controlled servo- hydraulic INSTRON 1324 
load frame and (b) the triaxial cell  
 

 
 

Figure 8: The schematic view of the triaxial testing apparatus set-up (Ask, 1998).  
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4.3 Testing Procedure 

The testing sequence for all the tests consists of two principle phases, namely the pre-

consolidation phase and the reconsolidation phase. The pre-consolidation phase is further 

divided into the resaturation and equilibrium phases.  

 

The exsolution of dissolved gases in the pore spaces of drilled cores can cause them to be 

partly saturated, a state which would not allow the water volume to be used as a measure of 

the volumetric strain on the sample. Therefore, the claystone samples were resaturated to 

bring them to a fully saturated state. This was achieved by initially loading the test sample to 

a small confining pressure (0.69 MPa) for approximately one hour to ensure that all gases 

were in solution. Following the resaturation phase the confining pressure was increased to 

1.72 MPa and a pore pressure of 1.03 MPa was applied to the test sample simultaneously. In 

the equilibrium phase, the sample was loaded at a constant confining pressure of 1.72 MPa, a 

small differential load, and a constant pore water pressure of 1.03 ± 0.01 MPa. Equilibrium 

was assumed to be reached when this isotropic stress state reveals no further significant 

changes in sample dimensions within 24 hours of testing. The pre-consolidation phase lasted 

16-29 

 

The second phase, the reconsolidation phase lasted between 292 and 405 hours. It was started 

immediately after the pre-consolidation phase. In this phase, the test was run accordingly in 

the chosen stress path. All tests conducted are drained tests, with water being allowed to drain 

from the both ends of the sample. 

 

Five different computer controlled stress paths were applied during the four tests, isotropic 

compression (T111), K0 reconsolidation (T115, T120), increased load  (T116), constant 

confining pressure, (T116) and delta confining pressure, (T116).  

 

During the isotropic compression stress path test, the sample was subjected to a constant load 

of 13 MPa with an increase in confining pressure of 11.5 Pa/s. The test was run for 12 days 

with measurements being taken every 4-30 minutes before it was stopped. From these 
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measurements the change in the volume of the sample throughout the test is observed. The 

primary objective of the isotropic compression test is to obtain the isotropic yield stress while 

the secondary objective is to get elastic properties. 

 

The objective of the first K0 reconsolidation test T115 is to obtain the K0 yield stress and K0 

stress ratio over the effective axial stress range of 1 to 20 MPa. This stress path test was 

executed by sequentially increasing the vertical (axial) stress, σv at a rate of 11.5 Pa/s while 

the computer algorithm simultaneously changed the increasing confining pressure (horizontal 

stress), σh so that the cross-sectional area of the sample was kept constant at about 330 mm2 

(i.e. zero horizontal strain).  

 

Test 116 consists of three stress paths, the increased load, constant confining pressure and the 

delta confining pressure stress paths as shown in Figure 9. The objective of the increased load 

and the constant confining pressure stress path is to obtain elastic properties namely, the 

Young’s Modulus and the bulk modulus and also to obtain the yield stress. 

 

 

Figure 9: The effective vertical stress-time relationship of T116 showing the different 
stress paths executed in this test. 
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The increased load stress path was started immediately after the equilibrium phase and it was 

run in the load control mode. It was executed in three load-unload cycles at a constant load 

±0.004 N/s  (±0.05 lb/min) with upper load limit for the three steps at approximately 3, 4, and 

5 MPa (approximately to 220, 325 and 400 lb). The constant confining pressure stress path 

was applied immediately at the end of the increased load stress path. This stress path test was 

run in the stroke control mode and executed by increasing the effective vertical stress at an 

axial stroke rate of 0.1.10-6 mm/s while simultaneously keeping the effective horizontal stress 

constant. This stress path was run for approximately 137 hours, until it was interpreted to 

have reached the yield stress. The final stress path, the delta confining pressure stress path 

was applied for the remainder of the triaxial test T116. The delta confining pressure stress 

path was applied at an axial stroke rate of 0.1.10-6 mm/s and a confining pressure rate of 11.5 

Pa/s for approximately 74 hours before the test was ended. This latter stress path consisted of 

simultaneous increases in the effective vertical stress and the effective horizontal stress 

applied after the sample had presumably reached yield and was an attempt to collect data from 

the critical state line.  

 

The second K0 reconsolidation test, T120 was run as a repetition of T115 because in T115 the 

test was ended just as the primary consolidation curve was reached. The objective of this test 

was twofold.  Firstly to obtain the yield stress and the K0 stress ratio over the effective stress 

range of 1 to 25 MPa. Secondly T120 was conducted to test the repeatability of test results 

obtained from T115 and to show how well the sample survived as the sub core was stored in 

the refrigerator prior to testing after being cored. This test was run at a 2.3 MPa/s higher rate 

of increasing the axial stress compared to T115. 

 

Table 3 presents the parameters that were measured during these tests as well as those 

calculated using the measured parameters, while Table 4 shows the sample parameters before 

and after the tests. 
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4.4 Software for data analysis 

For data plotting and analyses the software KaleidaGraph, Version 4, was used. KaleidaGraph 

is a scientific curve fitting analysis software developed by Synergy Software. It contains 

comprehensive toolset, including a suit of statistical functions, needed to get graphing and 

data analysis done quickly and easily. It also contains toolset for graph editing, text, colored 

backgrounds, and graphics as needed to achieve a professional result.  
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Table 3: Measured and calculated parameters 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

Table 4: Sample description before and after the tests 

Test # T111 Test # T115 Test # T120 Test # T116 
Parameter 

Initial  Final Initial  Final Initial  Final Initial  Final 
Mass, m (g) 31 27.16 29.36  N/A 24.49 27.16 27.97 28.12 
Height, h (mm) 56.95 47.85 53.73 51.4 51 47.85 50.45 50.25 
Radius, r (mm) 10.298 10.37 10.26 10.28 10.335 10.370 10.35 10.32 
Density, �b (g/cm3) 1.63 1.68 1.63  N/A 1.67 1.68 1.65  N/A 
Porosity, � (%) 57 N/A 58  N/A 56 55  N/A 57 

Measured Parameters Calculated Parameters 
Time, t (hr) 

Axial stress, 31 σσ +=
A

Faxial  

Axial strain (dimensional) (%) Effective axial stress, μσμσσ −=−=′ 1vv  
Radial strain (%), 0º, 45º, 60º, 90º  Effective radial stress (confining pressure),σ3 

 
Differential stress, hvq σσσσ −=−= 31  

Volumetric strain (water) 
Mean stress, 

3
2 21 σσ +

=p , since σ2 = σ3

Confining pressure 
Effective mean stress, 

3
'2'

3
'2'

' 31 σσσσ ⋅+
=

⋅+
= hvp , since σ’2 = σ’3

Differential load Axial strain (stroke) 
Cross sectional area 

Sample height (stroke) Volumetric strain (dimensional) 
Volumetric strain (stroke) 



5 RESULTS 

The analyses of the data from tests, T111, T115, T116 and T120 are presented in four 

sections. The elastic behaviour, yield behaviour and the elastic-plastic behaviour of the 

samples and the determination of the yield envelope of the claystone. The parameters 

measured in the tests are presented in Table 4.  Various relationships among these variables 

such as the effective horizontal stress versus the effective vertical stress and the effective 

mean stress versus the volumetric strain are used to estimate the effective yield stresses of the 

samples for the different stress paths in the four tests. Other material properties of the sample 

determined include the Young’s modulus, E, the effective bulk modulus and the K0 stress 

ratios,  ΔK0 for uniaxial strain as well as for the primary consolidation strain. The abstracted 

principal results are summarized and presented in Table 5. From these results, conclusions are 

made for the yielding characteristics of the claystone, which in turn are used in obtaining the 

yield envelope of the claystone. 

 
 

Table 5: Principal results 

Parameter Test Value 

Isotropic yield stress (MPa) T111 7.1 

Pore fluid pressure, pf (MPa) T115 8.1 

Effective vertical yield stress, σ’v (MPa) T115 8.0 

In situ vertical stress (MPa) T115 8.0 

Differential peak stress (MPa) T115 8.1 

Differential trough stress (MPa) T115 5.8 

Stress ratio for elastic uniaxial strain ΔK0 T115 0.7 
Stress ratio for primary consolidation strain ΔK0  T120 0.1 

Young’s modulus, MPa T116 6.1 

Effective bulk modulus, MPa T111 6.8 
 

 

 

Figure 10 highlights the general deformation of the samples and shows the different phases 

that will be discussed in the sections that follow. 
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Figure 10: The different phases of sample deformation  

5.1 Elastic Behaviour 

The samples exhibit elastic behaviour prior to yield as shown in the stress-strain relationship 

of the K0 reconsolidation test, T115, Figure 10. This behaviour is further divided into two 

deformational phases. Phase I begins with an initial exponential increase in σ’v up to 

approximately 4.4 MPa reflecting the transition from the mainly elastic isotropic to elastic 

uniaxial strain state whereby the samples undergo closure of pores and micro cracks as well as 

respond to the system’s compliance effects. Phase II shows a linear relationship between the 

effective horizontal stress, σ’h and the effective vertical stress, σ’v. This phase reflects the 

elastic reconsolidation of the sample at uniaxial strain conditions until it reaches the yielding 

point.   
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The slope of the curve Δσ’h / Δσ’v gives the K0 stress ratio, ΔK0. The slope of the curve is 

quite low in the phase I transition. Phase II shows a nearly linear Δσ’h - Δσ’v relationship with 

the K0 stress ratio,  ΔΚ0 = 0.7. Over this phase (Phase II) the curve relates to the elastic 

properties of the samples. Thus the K0 stress ratio, ΔK0, for the elastic uniaxial strain state is 

defined in this phase, Figure 10.  

 

The Young’s modulus of the sample is determined using test results from T116. The 

increased load stress path in T116 was executed within the stress range corresponding to the 

elastic deformation behaviour of the sample.  The unloading curve of the 2nd unload cycle is 

assumed to be fully elastic in the plot of the vertical strain versus effective vertical stress, 

Figure 11. This allows the determination of the Young’s modulus as well as the effective bulk 

modulus. Other sample properties determined for elastic behaviour of the sample include the 

bulk modulus, Figure 13. 

 

Figure 11:  Stress-strain plot of the increased load stress path (T116) showing the 
Young’s modulus. 
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5.2 Yield   

The effective yield stress determined from various relationships of the K0 reconsolidation 

T115, show good consistencies with effective yield stress value ranging between 7.7 and 9.5 

MPa.  Figure 12 shows the relationship between the vertical strain, εv and the effective 

vertical stress, σ’v. The effective yield stress is marked by a break in the slope where the 

linear relationship ends at 9.5 MPa. This point corresponds to the onset of contact failure.  

 

      

 

(a) 

 
 (b) 

Figure 12:  Effective yield stress determined from (a) effective vertical strain versus the 
effective vertical stress  (b) volumetric strain versus effective mean stress of the K
reconsolidation test, T115.

0 

 

In the plot of the effective horizontal stress, σ’h  versus the effective vertical stress, σ’v, Figure 

10, the effective yield stress is defined at the break from lower to higher Δσ’h / Δσ’v  gradient. 
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This yield point gives the most sharply defined effective yield stress value at 8 MPa and so is 

taken as the effective yield stress of the sample. Figure 12 (a) and (b) show the other 

relationships used to determine the effective yield stress. 

 

Figure 13 illustrates the effective yield stress at isotropic condition.  Estimated to be 7.1 MPa, 

the effective yield stress at isotropic condition is determined from the relationship between the 

volumetric strain and the effective mean stress of the isotropic compression stress path in test, 

T111.  The effective isotropic yield stress, not distinctively defined is picked as the point at 

which the relationship between the volumetric strain and the effective mean stress stopped 

being linear and started to be non linear.  

 
 

 
 
Figure 13: The volumetric strain versus the effective mean stress relationship of the 
isotropic compression stress path showing the effective yield stress at isotropic 
conditions.  
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5.3 Elastic-plastic behaviour 

The relationship between the differential stress, q and the effective mean stress, p’, Figure 14 

gives a better perspective on the elastic-plastic behaviour of the sample in the post–yield 

deformational phase (Phase III).  Phase III is further divided into three sub-phases.  Phase 

IIIA starts at the yield point of the sample and is characterized by a steady increase in 

differential stress until the peak differential stress (peak strength) is reached at 8.1 MPa. This 

deformation phase corresponds to work hardening. Phase IIIB corresponds to cement 

breakdown where upon reaching the peak strength, there is a decrease in the differential stress 

until the trough strength is reached. In Phase IIIC the sample undergoes a transition to 

primary consolidation. Phase IIIC is better illustrated in Figure 15, the plot of effective 

horizontal stress, versus effective vertical stress, of the reconsolidation stress path test, T120.  

In this test the sample reached the beginning of the primary consolidation state. The K0 stress 

ratio, ΔK0 for the primary consolidation state is also calculated using this relationship.  

 

 

Figure 14: Plot of differential stress versus the effective mean stress of the K0 
reconsolidation stress path high lighting the elastic-plastic behaviour of the sample in 
the post-yield deformation phase. 
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Figure 15: T120- Effective horizontal stress versus effective vertical stress showing the 
K0 stress ratio for the primary consolidation state 
 

5.4 The Yield Envelope 

From the K0 lines of the two K0 reconsolidation tests, the K0 line for T115 is chosen over the 

K0 line for T120 to be used for the determination of the yield envelope. The reason for this 

being that in test, T120, the test was run at a 2.3 MPa/s higher rate than the other tests. Figure 

16 illustrates the determination of the yield envelope.  
 

 30



 
Figure 16: Illustration of the determination of the yield envelope using the K0  line and 
the yield points A, B C and D. 

 

The yield envelope of the claystone is defined using the four yield points of the four triaxial 

tests conducted on the samples. The yield points are marked A, B, C and  D on Figure 16 

Parallel lines that are perpendicular to the  K0 line are drawn with respect to yield points of the 

four tests to obtain the best fit geometry of the yield envelope. The yield envelope of the 

isotropic compression stress path, which is symmetrical about the x-axis, is used as a further 

guide in obtaining the geometry of the yield envelope. The yield envelope is the best-fit 

elliptical surface that encompasses the yield points and at the same time is symmetrical about 

the chosen K0 line. 

  

Figure 17 shows the determined yield envelope of the claystone. Considering the deformation 

behaviour of the samples it is reasonable to state that the yield envelope for the claystone 

determined is the best-fit yield envelope. The section of the yield envelope highlighted with 
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green dots is the section that poses some degree of uncertainty and would require further 

testing to confirm. 
 

 

 
 

Figure 17: The yield envelope of the claystone defined using the yield points from tests 
T111, T115, T116 and T120. 

 

6 DISCUSSIONS 

The transition between the elastic and plastic behaviour or the yield point of the claystone is 

reasonably well defined on plots of effective horizontal stress versus effective vertical stress, 

volumetric strain versus the effective vertical stress and the effective mean stress versus 

volumetric stress. The effective yield stress values estimated from these plots range from 7.9 

to 9.5 MPa.  The most sharply defined break is at 8.0 MPa on the effective horizontal stress 
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versus effective vertical stress curve of the T115. This value, although slightly lower, is close 

to the in situ effective stress value calculated by the OPD crew, which was 9.0 MPa.  

 

The K0 stress ratios of the claystone are estimated using the relationship between the effective 

horizontal stress and the effective vertical stress of the K0 reconsolidation tests, T115 and 

T120. Prior to yield the K0 stress ratio value is 0.13 determined in phase II, the phase, which 

reflects the elastic uniaxial strain state. The stress ratios of the sample increased steadily after 

yield until just before the primary consolidation state was reached when it became constant. 

The K0 stress value for the primary consolidation state is 0.7.  

 

The second K0 reconsolidation test gave a much lower effective yield stress value of 7.1 MPa. 

Due to time constraints this test was run at a 2.3 MPa/s higher rate of increasing the axial 

stress than the initial stress path test and the other tests. Besides that, the initial porosity of the 

test sample of the duplicate K0 stress path test was seemingly lower compared to the test 

sample of the initial K0 stress path test. This posed an uncertainty in the state of test sample, 

as the sample had to be stored for a longer period prior to testing after being cored. 

Consequently, most results of this test are ignored in the analysis and used only to estimate 

the primary consolidation state, as it was the only test to have reached that state.  

 

The initial porosities of the test samples, which, were in the ranges of 56-57%, were 

significantly greater than the adjacent shipboard measured porosities of 52-53%. This 

apparent increase in porosity from the shipboard measured porosity might reflect less 

saturated conditions for the test sample, which had been stored for some time. The water 

content of the test sample was not obtained so it could not be seen if the sample had been 

dehydrated over the storage period. 

 

7 CONCLUSIONS 
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• The yield envelope for the claystone from 1.1 km depth in the Ocean Drilling Program 

Site 1151 in the Japan Trench has been reasonably defined using the yield points from 

the isotropic compression, the K0 reconsolidation and the triaxial tests. Furthermore, 

the defined yield envelope of the claystone supports the assumption that the yield 

envelope of sediment is symmetrical about the stress path used to create them, the K0 

stress path in this case. Hence, the results support the earlier findings by Carson et al 

(1982) and Ask and Kopf (2004 )  

 

• The obtained yield stresses from the four stress paths applied provide information 

about the yield envelope at relatively high differential stress-low effective mean stress, 

and low differential stress - relatively high effective mean stress, whereas the high 

differential stress- high effective mean stress field is still unknown. Further testing 

would be required to fully define the geometry of the yield envelope of the claystone. 

 

• The yield envelope of the claystone suggest that the sediment had a stress history of 

gravitational loading (K0) since the yield envelope is symmetric around that stress 

path, K0 line and the projected yield stresses from one side (e.g. brittle side = K0, 

Triaxial) falls in the same area as existing yield stress (isotropic) on the ductile side, 

and vice versa. 

 

• Besides the yield envelope other important mechanical properties of the claystone, 

such as the as the Young’s modulus, the effective yield stress and the K0 ratios have 

also been obtained.  

 

• The transition between the elastic and plastic behaviour or the yield point of the 

claystone is reasonably well defined in this study. The in situ pore water pressure, 8.1 

estimated in this study compared to the effective yield stress, 8.0 MPa obtained for the 

samples in the tests suggest that the claystone is normally consolidated. 
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• Interpretation of the stress-strain relationships and consolidation behaviour suggests 

that the mechanical response of the claystone during deformation is largely controlled 

by the in situ stress state and the mechanical properties of the claystone.  
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APPENDIX 1: SITE 1151 LITHOLOGIC UNITS 
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APPENDIX 2.1: PLOTS OF TEST T111 -ISOTROPIC 
COMPRESSION 

 Figure I T111: Stress-time plots 
Figure II T111: Strain-time plots 

 Figure III T111: Effective mean stress- strain 
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Figure I: Stress-time relationships for T111 –effective vertical stress, effective mean 
stress, effective horizontal stress and differential stress plotted simultaneously. 
 
 

 (b)(a) 
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(c) (d) 

Figure II: Strain-time relationship plots for T111 (a) strain versus time (b) volumetric 
strain versus time (c) vertical strain versus time (d) horizontal strain versus time 
 
 

 (a)
 

 
 (b) (c)

Figure III: Effective mean stress- strain relationship plots for T111 (a) effective mean 
stress versus volumetric stain (b) effective mean stress versus horizontal strain  (c) 
effective mean stress versus vertical stress  



 

APPENDIX 2.2: PLOTS OF TEST T115 K0 
RECONSOLIDATION 

 
 Figure IV T115: Stress-time plots 
 Figure V T115: Strain-time plots 
 Figure VI T115: Effective vertical stress- strain plots 
 Figure VII T115: Deformation phases of sample 
 Figure VIII T115: Porosity changes 
 

Figure IV: Stress-time relationships for T115 –effective vertical stress, differential stress, 
effective mean stress and effective horizontal stress plotted simultaneously against time. 
 
 

   
 
Figure V: Strain-time relationship plots for T111 (a) vertical strain versus time (b) 
horizontal strain versus time   

(b)(a) 
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(a) (b)

Figure VI: Effective vertical stress-strain relationship plots for T115 (a) effective vertical 
stress versus vertical strain  (b) effective vertical stress versus horizontal strain 
 
 

 
 
(a) (b)

Figure VII: Deformation phases of the sample in T115 (a) effective horizontal stress 
versus effective vertical stress  (b) differential stress versus effective mean stress 
 

   (a) 
    

(b)

Figure VIII: Porosity changes of the sample in T115 (a) porosity versus time  (b) porosity 
versus log effective mean stress. 



 

APPENDIX 2.3: PLOTS OF TEST T120- K0 
RECONSOLIDATION 

 
 Figure IX T120: Stress-time plots 
 Figure X T120: Strain-time plots 

 Figure XI T120: Effective vertical stress- strain plots   
Figure XII T120: Stress relationships  
Figure XIII T115/T120: Comparison of deformation phases of 

sample 
 
 
 Figure XIV T120: Porosity changes 
 

 

 
Figure IX: Stress-time relationships for T120 –effective vertical stress, effective mean 
stress effective horizontal stress and differential stress, plotted simultaneously against 
time. 
 
 

 (b(a) 

Figure X: Strain-time relationships for T120  (a) vertical strain and horizontal strain 
plotted simultaneously against time (b) horizontal strain measurements from 3 LVDTs 
versus time  
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 (a) (b)

 (c) 

Figure XI: Effective vertical stress-strain relationship plots for T120 (a) effective vertical 
stress versus vertical strain  (b) effective vertical stress versus horizontal strain (c) 
effective horizontal stress versus horizontal strain 
 
 
 
 

             (b)
(a) 

Figure XII: T120 stress relationships  (a) differential stress versus effective mean stress 
(b) effective horizontal stress versus effective vertical stress 
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 (a) (b)

Figure XIII: Comparison of deformation behaviour of sample between T115 and T120  –
(a) differential stress versus effective mean stress (b) effective horizontal stress versus 
effective vertical stress 
 
 

     (b)
 (a) 

Figure XIV: Porosity changes of the sample in T120 (a) porosity versus time  (b) porosity 
versus log effective mean stress. 
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APPENDIX 2.4: PLOTS OF TEST T116- TRIAXIAL TESTS 

 
Figure XV T116: Stress-time plots 
Figure XVI T116: Strain- time plots 
Figure XVII T116: Effective vertical stress- strain 
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 (a) (b)

 

 (d) 
 
 

(c) 

Figure XV: Stress-time relationships for T116 – (a) effective vertical stress versus time (b) 
effective horizontal stress versus time  (c) effective mean stress versus time   
(d) differential stress versus time 
 
 
 
 



       

 
(a) (b)

Figure XVI: Strain-time relationships for T116 –(a) vertical strain versus time 
(b) horizontal strain (measurements from 3 LVDTs) versus time 
 

 
 

 (a) (b)
 

 
Figure XVII: Effective vertical stress-strain relationship plots for T116 (a) effective 
vertical stress versus vertical strain  (b) effective vertical stress versus volumetric strain. 
 
 

 48



 

 49


	1 INTRODUCTION 
	2 THEORETICAL BACKROUND 
	2.1 Behaviour of sediments during burial and consolidation 
	2.2 Experimental consolidation of sediments 
	2.3 The yield envelope for sediments 
	2.4 Stress paths  
	3 SAMPLING SITE AND DESCRIPTION  
	3.1  Sampling site  
	3.2 Sampling program 
	3.3 Sample description 

	4 METHODS 
	4.1 Principle behind the test method 
	4.2 Test Apparatus  
	4.3 Testing Procedure 
	4.4 Software for data analysis 

	5 RESULTS 
	5.1 Elastic Behaviour 
	5.2 Yield   
	5.3 Elastic-plastic behaviour 
	5.4 The Yield Envelope 

	6 DISCUSSIONS 
	7 CONCLUSIONS 
	7  
	REFERENCES 
	APPENDIX 1: SITE 1151 LITHOLOGIC UNITS 
	7  
	APPENDIX 2.1: PLOTS OF TEST T111 -ISOTROPIC COMPRESSION 
	 
	APPENDIX 2.2: PLOTS OF TEST T115 K0 RECONSOLIDATION
	APPENDIX 2.3: PLOTS OF TEST T120- K0 RECONSOLIDATION
	 APPENDIX 2.4: PLOTS OF TEST T116- TRIAXIAL TESTS 


