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ABSTRACT

The consolidation behaviour of gassy soil has been studied in a programme
of experimental and theoretical research.

This research is of particular importance to the offshore geotechnical
industry as the presence of gas in the seabed can have a dramatic effect on the
material properties of a marine sediment. Initial numerical modelling based on
existing unsaturated soil theory combining the gas and the water phase into a
compressible fluid in the pores of a compressible soil skeleton failed to
simulate the soil behaviour previously observed experimentally at Oxford.
Therefore, there was scope for further study in this field.

Chapters 2 to 4 describe the experimental preparation, consolidation
technique and experimental results of the two series of tests on artificially
prepared gassy soil samples. The results of these tests indicated that the gas
appeared to be affected by the total stress rather than the pore water pressure,
with the saturated soil matrix outside the gas voids being controlled by the
consolidation stress.

Chapter 5 presents the one-dimensional numerical modelling of the
experimental results. Poor simulations were again made using compressible fluid
theory. Treating the gas as compressible solid inclusions embedded in a
saturated soil matrix, however, resulted in excellent simulations of the
observed pore water pressures and settlements. Chapter 6 attempts to explain
the results of the experimental and numerical modelling in terms of elastic and
plastic soil behaviour. This includes the introduction to the double
compressibility model in which the deformation behaviour of the saturated matrix
is governed by changes in consolidation stress, whereas that of the gas is
governed by changes in total stress.

Chapter 7 presents the development of the governing gassy soil
consolidation equations under both plane strain and axisymmetric conditions.
Chapter 8 describes the approximation of the governing consolidation equations
using the Galerkin finite element method in terms of nodal displacements and
pore water pressures. The resulting finite element approximation is
subsequently formulated for rectangular elements under plane strain and
axisymmetric conditions in Chapter 9.

The remainder of the thesis describes the structure of the finite element
model DCFEM2 and the constitutive relationships that are required for such a
model. The code is verified with existing analytical solutions and then is used
to simulate the observed gassy soil behaviour under laboratory and field
conditions.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Gassy Soil

The dramatic increase in offshore activity in recent years has led to the
demand for further understanding of marine soils and the specific engineering
problems related to such soils. These problems include high rates of sediment
deposition or scour producing possible different soil profiles before and after
construction, dynamic loading effects due to tidal or storm loading and
recently, the discovery of undissolved gas in the seabed. The presence of free
gas in the seabed poses a difficult problem to the soils engineer, for although
a particular design criterion may be based on undrained soil conditions, due to
the compressibility of the gas, this undrained process cannot be assumed to be a
no volume change condition as is the case for a fully saturated soil.

Although unsaturated soils are present onshore, the pore gas is almost
always air with the pores generally connected to each other and continuing in
this state to the surface of the soil, therefore producing a uniform atmospheric
pore gas'pressure throughout. In unsaturated marine soils, however, the gas is
most commonly methane and originates from within the soil rather than from a
source outside the soil domain. In addition, the degrees of saturation of an
unsaturated marine soil normally lie in the range of 0.85 to 1.0. Under these
conditions the gas exists in discrete occluded bubbles with no connection
between them. Nageswaran (1983) describes this type of soil as a "gassy soil",
a definition limited at present to marine sediments.

The structure of this type of soil can vary significantly depending on the
relative sizes of the gas bubbles and the soil grains. Wheeler (1986) presents
two extreme cases of the possible structure of a gassy soil. Figure 1l.la
depicts the case in which the pore gas exists in numerous small bubbles within
the pores of the soil matrix, whereas Figure 1.1b presents an alternative soil
structure in which the fewer gas bubbles are much larger than the soil grains.
Terzaghi (1944) terms the gas in the second of these options "gas voids"--as

opposed to "gas bubbles" for the first case. The structure of the soil in this
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second instance (termed "the large bubble model"™ by Wheeler), somewhat resembles
that of a Swiss cheese with the discrete gas voids surrounded by a saturated
soil matrix. From photographic and experimental evidence produced at Oxford, it

appears that a gassy soil takes the form of the second type of unsaturated soil.

1.2 The Behaviour of Unsaturated Marine Soils

The gas found in the seabed may come from three sources. The first is
vulcanogenic gas which is produced by submarine volcanic or geothermal
processes. The second is thermogenic gas which is produced by the diffusion of
gas upward from a depth where it was originally produced by thermal cracking of
the complex organic compounds. The vast majority of the gas in the seabed,
however, is methane, which is produced by biogenic bacterical activity on
organic matter under anaerobic conditions. The gas produced by this process is
known as biogenic gas. In general, there is a depth belov the surface of the
seabed where methane does not appear as the sediment in this region contains
dissolved oxygen in the pore water, thereby allowing only aerobic reduction to
occur with no production of methane. Claypool and Kaplan (1974) observed that
this depth can be up to two metres below the mudline. However, Kanwisher (1962)
stated that although there can be up to a one metre depth where aerobic
reduction takes place, the dissolved oxygen is ultimately used up allowing
anaerobic reduction to take over. This would leave only an aerobic layer in the
order of 1 cm below which anaerobic reduction could occur allowing methane
production in sufficiently large quantities for an unsaturated marine soil to be
formed. As the depth increases, however, the amount of methane is limited by
the availability of organic matter. This process is described in more detail by
Nageswaran (1983) and by Claypool and Kaplan (1974).

Therefore, from the above description of the origin of marine gas, it is
not surprising to find that unsaturated marine sediments occur in regions of
high organic deposition such as the mouths of rivers, river estuaries or river
deltas. A good example of a region of an unsaturated marine soil caused by high
organic deposition is the Mississippi Delta where much work has been carried out

on the behaviour of the unsaturated sediment in that area (Whelan et al., 1976).



However, there have been reports of other areas of gassy sediment not
immediately associated with high organic deposits such as the North Sea (Fannin,
1979). Other regions of gassy marine sediments include offshore areas of
British Columbia, New Zealand, the Thames Estuary and the British Channel.

Apart from direct sampling, the presence of gas in marine so0il can be
detected using acoustic measurements (Anderson and Hampton, 1980). Bubbles of
gas in a soil produce a dramatic attenuation of acoustic signals so that regions
of gassy sediment appear as dark patches in the seismic records. The phenomenon
is known as acoustic blanking or acoustic turbidity and is caused by the
absorption of most of the energy by the gas bubbles.

The measurement of the quantity of the gas on the seabed, however, is more
difficult than the detection of it. The technique used at present to quantify
the amount of gas in the seabed is direct sampling or coring. Unfortunately, as
the core is brought to the surface from the seabed, there is a large increase in
the volume of the sample. This is due to the large reduction in total stress,
pore water pressure and pore gas pressure which causes not only expansion of the
gas, but also the exsolution of dissolved gas from the pore water. This
increase in volume can be seen as the samples appear to "grow" out of the core
liners, followed by the escape of large volumes of pore gas to the atmosphere
(Esrig and Kirby, 1977). In order to evaluate the in situ saturation of the
soil, it is necessary to minimize the loss of gas during sampling as the
measurement of the saturation of the recovered sample is critical to the
calculation. To calculate the in situ gas content from a combination of Boyle’s
gas lav and Henry’s law of solubility, an estimate of the in situ gas pressure
must be made. The normal estimate made is that the pore gas pressure is equal
to the pore water pressure. This technique was used by Esrig and Kirby (1977)
on standard cores in the evaluation of the in situ saturation in the Mississippi
Delta. They found that the sediments ranged in saturation from 0.9 to 1.0.

This method of evaluating the in situ gas content is not very accurate due
to both sample disturbance resulting in the loss of gas and the assumptions of
in situ gas pressures. However, acoustic work is presently being undertaken at

Oxford University by Gardner (1987) who has developed a method of evaluating the



saturation of a gassy soil from the measurement of sound speed and attenuation
in the laboratory. The ultimate aim of this research is to produce an acoustic

probe for the evaluation of in situ gas content.

1.3 The Volume Change Behaviour of Unsaturated Soils

Terzaghi (1923) showed experimentally that for a saturated soil, the stress
controlling the volume change and strength behaviour can be defined by the
difference between the total stress, o, and the pressure of the pore fluid, u.
This controlling stress became known as the effective stress, o', defined as

o/ = o -u (1.1)
where u is the pore water pressure when completely saturated with water and the
air pressure when completely dry.

Early research on land based unsaturated soils assumed that the gas exists
in the so0il within the pores of the soil matrix. A typical assumption of the
structure of an unsaturated soil was presented by Orlob and Radhakrishna (1958)
as illustrated in Figure 1.2, where it can be seen that the position of the soil
grains do not significantly change with the amount of gas that is present. On
the basis of this assumption, it is clear why Bishop (1959) extended the
Terzaghi equation to produce an effective stress equation for unsaturated soils

of = o - X u, - (1—x)ug (1.2)
where u, and ug are the pore water and pore gas pressures respectively, o is the
total stress and o’ is the effective stress. The parameter X is known as
Bishop’s coefficient which is assumed to vary with the degree of saturation.

The above equation is based on the fact that the water and gas pressures,
differing due to surface tension effects, act over different areas of soil
grains when the soil is partly saturated.

This equation appeared to be confirmed when Bishop and Donald (1961)
evaluated values of X from measured strength values of a Braehead silt at known
soil saturations under drained triaxial conditions. The parameter X was also
evaluated from undrained triaxial tests and one-dimensional consolidation tests.
The values of X from the three different series of tests were plotted

against the water saturation, Sw, as illustrated in Figure 1.3. Bishop and



Donald took this series of tests as confirmation of the unique behaviour of X
with Sw for this particular soil.

Jennings and Burland (1962), however, illustrated that the volume change of
an unsaturated soil may not always be linked to the single effective stress as
defined by Bishop (1959). Nevertheless, it was found that this equation may be
applied to soils with degrees of water saturation above a critical saturation.
This critical degree of saturation may be as low as 0.2 for coarse granular
materials, 0.4 to 0.5 for silts, while for clayey soils the critical saturation
is upwvards of 0.85. Bishop and Blight (1963) confirmed this behaviour and found
that the parameter X was path dependent. They also suggested that the void
ratio was dependent on the parameters (c—ug) and (ug—uw), wvhich were more
appropriate to describe the volume change behaviour of partly saturated soils.
However, these authors show that the relationship between shear strength and
Bishop’s single effective stress is less sensitive to the stress path.

Matyas and Radhakrishna (1968) abandoned the effective stress concept and
suggested that the volume change behaviour can be expressed as a function of two
independent stress components or state variables given as (c—ug) and (ug—uw).
Experimental tests by the above authors found that both the porosity, n, and the
degree of saturation, S, were related to the above two state variables. VWhen
values of n and S were plotted against the state variables, a unique three-
dimensional "state surface" was obtained for each case as illustrated in Figures
l.4a and 1.4b. The uniqueness of the void ratio and saturation versus the two
state variables was verified experimentally by Fredlund and Morgenstern (1976)
with a series of tests under isotropic and one-dimensional conditions.

In a following paper, Fredlund and Morgenstern (1977) considered a three-
dimensional representative element of an unsaturated soil containing a large
number of particles such that it qualifies as a continuum. A typical element is
illustrated in Figure 1.5a. The authors treat this unsaturated soil as a four
phase system, the phases being (i) soil particles (ii) water (iii) gas and (iv)
contractile skin. The contractile skin is the thin layer that separates the

vater and gas phases. A free body diagram of the forces on the element of

unsaturated soil is given in Figure 1.5b. The equilibrium equation for this
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element of soil can be written as

90, . ou 3 3p
5;;] - 5§¥ 6ij = chj + chj + prj + ng 3x§ Sij (1.3

where chj and chj are the components of the drag of water and gas on the
contractile skin, prj is the component of the drag force of the water on the

soil particles and p_ is the capillary pressure (u_ - u_).
c g W

Although it is possible to define the equilibrium conditions by the one
tensorial equation 1.3, the authors state that the strain is governed by the two

independent state variables (Gij - uwsij) and (ug - uw)sij' Therefore, it is

not possible to write a single constitutive equation governing the behaviour of
this material as the strains are not controlled by a single stress variable.

The total strain can be evaluated by summing the individual strain components as

£.. = !, + g2 )]+ £yl - )8 ] (1.4)

ij ij ij = f1[(Gij -

u 8, .
woij

where eij and eij are the strains caused by the two independent state variables.

1.4 The Consolidation Behaviour of Unsaturated Soils

The governing equation for the consolidation of a saturated soil was first
derived by Terzaghi (1944) as described at the end of Chapter 5. He combined
the conservation of volume of an element of saturated soil with Darcy’s lawv of

flow through a porous medium in one-dimension to produce the equation.

2
3 v’/ du’
v g;iw = 3V (1.5

c

vhere u& is the excess pore pressure and cy is the coefficient of consolidation,

k
Cc =

v m
YW v

(1.6)

k is the soil permeability, Yy is the specific weight of water and m, is the
coefficient of volume change in the vertical direction. This equation was
subsequently solved analytically by Taylor (1948) who used a Fourier series to
produce a series solution for the case of one-dimensional consolidation of a
homogeneous soil due to the application of a single increment of total stress
with drainage allowed from both faces or a single face of a soil sample.

When an analytical solution is not available for the modelling of a
particular engineering process, other more flexible, although more approximate

methods of solution may be used. These are known as numerical methods. Two



popular methods that are extensively used are the finite difference method and
the finite element method. Both methods involve splitting up or "discretizing"
the solution domain into smaller subdomains which may be analyzed separately.

In the following section there follows a survey of the numerical modelling
developed to solve the equations governing the consolidation process of
saturated and partly saturated soils.

Abbot (1960) developed a one-dimensional non-linear finite difference model
to solve the Terzaghi consolidation equation for a multi-layered saturated soil
system using small strain theory. This approach was extended by Schiffman and
Gibson (1964) to include the non-linear effects of the variation of permeability
and compressibility.

Gibson, England and Hussey (1967) extended the consolidation theory of a
saturated soil to include large strain behaviour in which an elementary unit of
mass and not volume is considered. This theory correctly evaluates the Darcy
velocity with respect to the soil skeleton rather than to the volumetric
coordinates as inherent in the Terzaghi derivation.

Barden (1965) presented the equations governing the one-dimensional
consolidation behaviour of a partly saturated soil. The equations presented
govern the flow of water and a compressible gas through the pores of a
compressible soil. To simplify the overall behaviour, Barden subdivided the
general consolidation process into five subprocesses. Each subprocess is
dependent on the degree of saturation of the soil. For soils of saturation in
the range of 0.9 to 1.0 Barden assumed that as the bubbles were in occluded
form, the two fluid phases could be combined to produce a single compressible
fluid. The gas and water pore pressures were assumed equal, from which the
effective stress principle could be used. Based on this assumption, the
Terzaghi consolidation equation was produced in modified form which included the
compressibility and solubility of the gas. This modified equation was then
solved using the finite difference method and utilizing the same approach as
Schiffman and Gibson (1964).

A major step in the development of consolidation theory was made by Biot

(1941) wvho coupled the equation governing the deformation of an elastic solid



with the equation governing the flow of a compressible fluid through a
compressible porous medium. Also incorporated in the equations was that the
Darcy velocity could be correctly described by the average fluid velocity
relative to the solid velocity. The equations were developed under three

dimensional cartesian conditions and can be written in tensorial notation as

2 2 2 .
? ¥y 2 V3 T3 3u 3a!
Caax, * " v Mwmm., T omb o= ™ - T (1.7)
bR i 1773 i j
and
9 [dw,
9 k., (du du i .
Sii[?;J(&J?‘*fej]] = Cffg 3l ¢ 5?{'&1] i,j = 1,2,3  (1.8)

where A and G are the Lamé elastic constants, LA is the displacement vector, Ue
is the pore fluid pressure, ne is the soil porosity, Ce and Yg are the
compressibility and specific weight of the pore fluid, ej is the unit
gravitational direction vector, kij is the soil permeability tensor, Fi is the
body force vector and ;ij is the initial effective stress tensor on the soil.

Booker (1972) developed a numerical method for the solution of Biot’s
equations under plane strain conditions. The basic equations are made
independent of time by the application of a Laplace transform. The finite
element analysis is then performed in the Laplace transform space, and the
approximate transforms inverted to obtain the solution. Ghaboussi and Wilson
(1973) used the finite element method in space and the finite difference method
in time to solve the Biot equations under two-dimensional plane strain and
axisymmetric conditions.

Carter, Small and Booker (1977) extended small strain Biot consolidation
theory to include the effect of finite deformation. The three-dimensional
formulation allows for the occurrence of finite geometry changes and finite
elastic strains during the consolidation process. The governing equations are
subsequently solved using the finite element method for plane strain conditions.

The formulation and numerical solution for problems involving finite
deformations of an elasto-plastic material was developed by Carter, Booker and
Davis (1977). This work was extended by Carter, Booker and Small (1979) to the
development of a theoretical formulation and numerical solution method for the

problem of time dependent consolidation of an elasto-plastic soil subject to
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finite deformations. The soil is assumed to be a two-phase material with a
skeleton which may yield according to a general yield criterion with plastic
flow governed by a general flow law, and whose pore fluid flows according to
Darcy’s Law.

A comprehensive review of many available numerical models for the analysis
of soil consolidation can be found in Britto and Gunn (1987).

There has been much work over recent years in the development and simulation
of the flow of multiphase fluids in a porous medium. The flow equations for two
immiscible incompressible fluids with equal pore pressures in an incompressible
porous medium become the highly non-linear equations given by Buckley and
Leverett (1942). Settari and Aziz (1975) modelled these equations using a one-~
dimensional finite difference model. The continuity equations governing the
flow of two fluid phases in a porous medium have been formulated into finite
element approximations by a variety of authors, including Settari, Price and
Dupont (1977) and Lewis, Verner and Zienkiewicz (1975).

A comprehensive description of the flow equations describing the movement
of compressed air and water in an incompressible porous medium is presented by
Meiri and Karadi (1982). The equations consider the individual fluid flow of
each phase under their respective pressure gradients, the compressibility of the
air phase, the solubility of the air in the pore water as a function of the air
pressure, and the transport of water vapour in the air phase. A finite element
formulation of the governing equations is presented in which--due to the sharp
fluid fronts that are present in such a process--an upstream weighting technique
is used rather than the normal Galerkin weighted residual method.

A three-dimensional integrated finite difference model (IFDM) was developed
by Narasimhan and Witherspoon (1978) to simulate the fluid flow in a partly
saturated porous medium which can deform only in the vertical direction. The
difference between the gas and water pore pressures, known as the capillary
pressure, is a function of saturation from which Bishop’s equation is used to
evaluate the effective stress. The resulting model is appropriate when solving
problems due to desaturation, pumping and fluid injection, but not for problems

due to surface structural loading or soil excavation.
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Lloriet and Alonso (1980) applied a one-dimensional finite element
formulation to the equations governing the consolidation of a soil containing
two immiscible fluids. The authors appear to be the first to abandon the
effective stress concept when developing a numerical model and chose to define
void ratio in terms of two independent state variables as described by Matyas
and Radhakrishna (1968). The state variables chosen were (c—ug) and (ug—uw).

Chang and Duncan (1983) treated the consolidation process using a coupled
flow and stress analysis. A Modified Cam-Clay model is used to simulate the
behaviour of compacted soils. The water and air phases are treated as one
homogeneous pore fluid with the compressibility evaluated from a combination of
Boyle’s law, Henry’s Law of solubility and surface tension effects. 1In
addition, it is assumed that the two fluids remain as a mixture and do not flow
independently. The equations are formulated using the finite element weighted

residual method for two-dimensional plane strain and axisymmetric conditions.

1.5 Research Performed at Oxford

1.5.1 Early work

Research into the behaviour of unsaturated marine soils was begun at Oxford
in 1978 by Dr. G.C. Sills and her research group. The work commenced with a
series of field tests designed to measure the pore water pressure response in
the seabed in areas where gas was known to exist in the marine sediment. A
differential piezometer was used for this purpose which measures the difference
between the pore water pressure at a point below the mudline and the hydrostatic
pressure at the same point. For a saturated marine soil, the pore water
pressure and the hydrostatic pressure are identical throughout a complete tidal
cycle. In areas of unsaturated marine soils, however, it was found that any
increment of total stress on the seabed due to the change in water depth, did
not produce the same increment of pore water pressure response. This was
interpreted as being due to the partial transference of the total stress
increment to the soil skeleton in the form of effective stress caused by the

compressibility of the pore gas.
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These early results indicated that gas in the seabed could have a
significant effect on the geotechnical behaviour of the soil. As a consequence,
this has so far resulted in a further nine years of research on gas bearing
marine soils which is still in progress at Oxford University.

1.5.2 The work of Nageswaran (1983)

Nageswaran (1983) spent three years studying the effect of gas bubbles on
the behaviour of the seabed and performed some field tests in areas in which gas
was known to exist. Due to the extreme difficulty in obtaining undisturbed
samples of gassy soil for laboratory testing, however, an alternative approach
to experimental testing was required. Consequently, Nageswaran developed a
successful technique for producing a soil sample containing a uniform repeatable
distribution of gas bubbles in soft estuarine silt. This was performed by
introducing methane slowly into a soil slurry via the chemical zeolite. This
process became known as the "zeolite molecular sieve technique" and is described
at a later stage in Section 2.2. A typical unsaturated soil sample prepared
using this technique is presented later in Plate 2.1. It can be seen that
rather than existing in the original pore structure of the soil, the gas appears
to form discrete occluded bubbles surrounded by an otherwise saturated soil
matrix. Nageswaran then termed this type of soil "gassy soil", which he defined
as "A partially saturated soil with sufficiently high degrees of saturation for
the gas to exist in discrete bubble form."

Nageswaran also developed an oedometer which was capable of consolidating a
gassy soil from a slurry, measuring the stresses and pore pressures in the
sample and separating the drained gas and water phases.

In order to understand the behaviour of gassy soils, Nageswaran performed
four series of one-dimensional consolidation tests in this specially designed
oedometer. The first series of tests (test series A) involved consolidating
gassy soil samples with water saturations ranging from 0.8 to 1.0. The samples
were drained from the bottom face through the piston with pore water pressure
measured on the undrained top face. Figure 1.6 presents a typical settlement
time plot for one-dimensional consolidation. It can be seen that for the gassy

samples there is an initial instantaneous settlement due to the compression of
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the gas. It can also be seen that the higher the initial gas content, the
higher the initial settlement. The behaviour of the pore water pressure
measurement with time on the top undrained face is illustrated in Figure 1.7.
It can be seen that for the saturated soil the undrained face pore pressure
almost reaches the increment of vertical stress. This figure also illustrates
that as the gas content becomes higher, the increment of pore water pressure
becomes lower. Nageswaran interpreted this behaviour as due to the compression
of the pore fluid causing the applied increment to be shared between the pore
pressure and the effective stress. At this stage this would appear to be a
reasonable assumption. It should be noted, however, that although any
collection of gas in the top cap may be removed, there is no provision for the
removal of gas that may have drained from the bottom face of the soil sample.
Therefore it may be possible that if any gas were trapped in the drainage lines
or the porous disk, this would also cause a slight drained response producing a
lower measured pore water pressure increase.

Test series B involved the one-dimensional consolidation of gassy soil
samples with drainage occurring from the top face. Due to the problems caused
by the gas entering the porous stone on the piston face, no pore water pressure
measurements were made on the undrained face during this test series. Instead,
this series of tests concentrated on the measurement of the volumes of the gas
and water that drained from the sample. It was assumed that the pore gas
pressure was equal to the pore water pressure at all times, which in turn led to
the assumption that the volume of gas lost from the soil sample was equal to the
volume of the gas that was collected in the top cap at the end of each step of
loading. From this assumption it was possible to evaluate the saturation of the
gassy soil after each stage of the test. Figure 1.8 presents the total void
ratio for all tests plotted against the vertical consolidation stress at the end
of each stage. It can be seen that there is no unique relationship between
these parameters. Wheeler (1986) pointed out the inapplicability of the Bishop
type effective stress approach for soil containing gas bubbles. He illustrated
this point by considering the results of the fully saturated test SNB1l and the

88% saturated test SNB3 as illustrated in Figure 1.9. From this figure, for the
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same void ratio of 1.25 the value of (cv—uw) for SNB3 is 200 kPa whereas the
effective stress from SNBl is actually 100 kPa. VWheeler rearranged Bishop’s
effective stress equation to give

o = o - u, - (1-x) (ug—uw) (1.9
which, with a value of X of about 0.9 (obtained for a saturation of 88% from
Figure 1.3) substituted in the above equation, suggested a pressure difference
(ug-uw) of about 1000 kPa. This is most unlikely and was shown to be impossible
by Wheeler who considered the minimum possible radius of curvature of the
meniscus forming the interface between gas and water. After some theoretical
work, Wheeler suggested to Nageswaran that the results of the consolidation
tests may show better correlation if the product of the water saturation and
void ratio (Swe) are plotted against (cv—uw). Figure 1.10 presents the results
of Nageswaran for the soils containing discrete bubbles (Sw>0'85)' It can be
seen that plotting the results in this way brings the results closer to a unique
line. Nageswaran also plotted (1+e)Sw versus (av—uw) as shown in Figure 1.11.
This also produces a unique, although purely empirical relationship.

Test series C concentrated on consolidation testing of gassy soils under
low consolidation stresses (<100kPa). The same type of void ratio versus
consolidation stress behaviour was observed as test series A. Nageswaran also
reported that for soils with a water saturation above 85% there was little
change in the degree of saturation. For soils below this critical degree of
saturation, however, the water saturation increased as a higher proportion of
gas than water was lost. The findings of this test series were consistent with
the saturation behaviour of tests series B, as illustrated in Figure 1.12.

Nageswaran interpreted these results in terms of the relative
permeabilities of the water and gas. He suggested that for soil of 85%
saturation or higher, the water and gas flow from the sample in the same
proportions, a possible explanation being that the gas is carried in the form of
small bubbles from the sample. For soils below 85% saturation, Nageswaran
suggested that the gas voids become interconnected and the gas permeability

becomes higher than the water permeability.
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Finally, test series D consolidated gassy soil samples using top and bottom
face drainage both under atmospheric_ back pressure and under a back pressure of
50 kPa. These experiments illustrated that an increase in back pressure reduces
the amount of free gas in a gassy soil.

In order to simulate the consolidation behaviour of gassy soil in the
laboratory, Nageswaran developed a theoretical model based on the large strain
continuity expression given by Gibson, England and Hussey (1967). Nageswaran
assumed that the water and gas could be combined to give a single homogeneous
compressible pore fluid. He also assumed that the pore gas would flow in the
same proportion as the pore water with the gas being transported as small
bubbles in the pore water. To model the deformation behaviour, Nageswaran
assumed a linear relationship between (Swe) and loglo(cv—uw).

Based on these assumptions, a one-dimensional finite difference program was
written to model this large strain theory. Simulations were made of the
consolidation tests producing time dependent values of settlement and undrained
face pore pressure. Figure 1.13 compares the experimental with the simulated
pore water pressure on the undrained face for test series SNA. The initial pore
vater pressure response is fairly well simulated. This is followed by both
experimental and numerical values of pore water pressure dissipating to
atmospheric pressure, although the shape of the dissipation curve is not well
modelled. It must be noted here that this experimental result would also occur
if there were slight drainage due to gas trapped in the porous disk on the top
undrained face or in the drainage lines in the piston. Figure 1.14 compares the
observed and simulated time dependent settlement of a series of gassy soil
samples. Again the initial behaviour is well modelled. However, as any
displacement is divided by the final displacement, Nageswaran is forcing the
final experimental value to unity, so it is not surprising that the remainder of
the simulation also appears to be well modelled. A more suitable comparison
would be to compare the total settlement normalized with the initial thickness
of the sample, as this would compare the total amount of drained displacement.

This model was also used in the simulation of gassy sediment subjected to a

sinusoidal stress variation. A gassy soil slurry is consolidated under self
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weight in a perspex tube. A sinusoidally varying head is applied to the sample
and the difference in pore water pressure between the top and bottom of the
sample is measured. This behaviour was modelled successfully by the theoretical
model of Nageswaran. A comparison between the experimental and theoretical
results is presented in Figure 1.15.

1.5.3 The work of Wheeler (1986)

Wheeler performed a rigorous programme of experimental and theoretical
research into the behaviour of gassy soil under triaxial conditions. The
experimental work was performed on samples of gassy soil which were prepared in
the laboratory using the zeolite molecular sieve technique. The majority of the
experimental work was concentrated on obtaining values of undrained shear
strengths for gassy soils with a range of gas contents and consolidated to a
variety of initial consolidation pressures. Although the main aim of the
research was to obtain values of shear strength, values of undrained shear
modulus and undrained bulk modulus were also obtained. In addition, as the
samples were initially consolidated isotropically to a required cell pressure, a
value of void ratio was obtained for each test which corresponded to a known
value of mean consolidation pressure.

The experimental procedure used by Wheeler involved first preparing the
gassy soil slurry using the molecular sieve technique, then pouring the soil
slurry into 38 mm diameter perspex moulds for initial one-dimensional
consolidation. The load was applied in two stages, the first load being applied
as soon as the slurry was poured into the cell. The samples were consolidated
for three days under an applied load of 50 kPa, which was the lowest stress
level at which the gassy soil samples could be extruded successfully from the
perspex moulds. The samples were then trimmed to the correct length, surrounded
vith a rubber membrane and then set up in the triaxial cell. The inner and
outer cells were then assembled and the sample was isotropically consolidated to
the required cell pressure which removed the effects of any one-dimensional
stress history. In the series of tests performed by Wheeler, the samples were

consolidated isotropically to stress levels ranging from 100 kPa to 400 kPa.
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After completion of the isotropic consolidation, which was effectively
accomplished within three to four days, the sample was then sheared by applying
a further uniaxial displacement of 0.02 mm/min under undrained conditions.
During this shearing stage, values of axial load, piston displacement, pore
vater pressure and sample volume change were monitored with time. The cell
pressure remained constant during this stage. Unlike a saturated soil sample,
there is a volume change of the gassy soil sample under undrained conditions due
to the compression and dissolution of the gas. This volume change is measured
in the triaxial cell by the volume of water that enters the inner cell from the
outer cell in order to maintain the prescribed value of cell pressure.
Wheeler’s sample was sheared to failure with the test terminated at a strain of
157 or at 2% higher than failure strain, whichever was the greater. In order to
evaluate the saturation at the end of the test, the sample, if not already
saturated, was subjected to an increase in cell pressure by an amount of 200 to
300 kPa. Thus all the free gas would be forced into solution producing a fully
saturated sample. As the total volume change was recorded throughout the test,
it was then possible from the knowledge of the volume of the saturated sample at
the end of the test to evaluate the free volume gas at all times.

Although the main purpose of Wheeler’s work was to look at the shear
strength properties of gassy soil, he also attempted to produce a theoretical
explanation for most of his experimental findings. The theoretical modelling
vas found to have a variable degree of success.

As the gassy soil samples were consolidated isotropically to a known
consolidation pressure from which the volumes of the solids, water and gas
phases could be calculated for each test, it was possible to evaluate the void
ratio at this point. Implementing his own suggestion that Nageswaran had
followved, he plotted the matrix void ratio against the mean consolidation
pressure on a log scale. This is illustrated in Figure 1.16 which shows that
the relationships between the mean consolidation pressure and the matrix void
ratio (em = Swe) are brought closer towards the saturated soil relationship.

The theoretical approach in the modelling of this behaviour involved

treating the saturated soil matrix that surrounds the gas voids as either an
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elastic solid or as a perfectly plastic medium. Both these analyses of this
material produce a theoretical matrix void ratio slightly lower than the void
ratio of a fully saturated soil under the same consolidation pressure.
Combining both these theories, Wheeler suggested that the matrix void ratio for
a gassy soil for isotropic conditions would most likely fall in the region just
below the saturated soil line as illustrated in Figure 1.17. It must be noted
that in this analysis, however, the gas pressure is assumed to be equal to the
atmospheric back pressure. From the equation of local stress produced by
Wheeler, the gassy soil matrix void ratio would become closer to the saturated
soil void ratio at the same consolidation pressure if the gas pressure were
higher than the pore water pressure.

During the early stages of the shearing process it is possible to obtain a
value of undrained shear modulus and undrained bulk modulus. These moduli are
found from the slopes of the curves of deviator stress versus deviator strain
and deviator stress versus volumetric strain respectively. These moduli are
defined by Atkinson and Bransby (1978) as

G
u

Aol/(3Asl - ASV) = Acl/3s (1.10)

and

Ku = Aal/BASV (1.11)

For both cases, Wheeler computed the secant modulus at a deviator stress of
half the failure value. The moduli were computed for each of the triaxial
tests. In the theoretical analysis of elastic moduli, Wheeler treated the gassy
soil as an elastic medium containing a number of spherical inclusions. Wheeler
used the mathematical expression derived by Hill (1965) for the elastic
behaviour of a composite material consisting of a volume fraction, fo’ of
spherical inclusions (shear modulus G’, bulk modulus K’) embedded in a
continuous matrix (shear modulus G°, bulk modulus K°).

Wheeler evaluated the combined elastic moduli under a variety of
conditions, including instantaneous undrained moduli, long term undrained moduli
and drained moduli. Figure 1.18 presents the experimental measurement of the
shear modulus of a gassy soil normalized with respect to the shear modulus of a

saturated soil at the same stress level. The moduli are all plotted against the
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initial gas volume fraction. Also plotted on the same axis are Wheeler’s
theoretical predictions. Similarly, the experimental results of bulk moduli are
plotted against the initial gas volume fraction and compared with the
theoretical prediction in Figure 1.19.

The main aim of Wheeler’s work concentrated on the shear strength behaviour
of a gassy soil. Figure 1.20 illustrates this behaviour at various stress
levels from his triaxial tests. The shear strengths in this figure have been
normalized with the shear strength of a fully saturated soil at the same stress
level. It is interesting to note that the presence of gas bubbles reduces the
strength of the soil in some circumstances, but increases it in others.

WVheeler presents a lower and upper bound theoretical solution for the shear
strength of a gassy soil. The lower bound solution is based on the work by
Green (1972) who developed a detailed analysis of the yield behaviour of a rigid
perfectly plastic von Mises type material containing empty spherical cavities.
This lower bound solution produced a reduction of shear strength due to the
presence of gas bubbles. The upper bound solution is based on the fact that
during the shearing process it is possible that a certain volume of the pore
vater could drain into the gas void. This would result in an overall slight
drained condition in the soil matrix producing compression of the soil, which in
turn produces an increase in shear strength. This process was termed by Wheeler
"bubble flooding". Figure 1.21 compares the experimental results with the upper
and lower bound solutions. It can be seen that the various experimental curves

all fit neatly within the theoretical upper and lower theoretical bounds.

1.6 Engineering Definitions Associated with Gassy Soils

At this stage it is necessary to introduce various definitions pertaining
to a gassy soil that are used throughout this thesis. The work of Wheeler and
Nageswaran illustrated that the gas exists as discrete gas voids sufrounded by a
saturated soil matrix. Consequently, the void ratio of this saturated soil
matrix can then be found from

e =

v vw/vS (1.12)

where vy and v, are the water and solid volumes in a given element of soil. 1In
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addition, the volume of the gas voids may also be normalized with respect to the
solid volume to give the gas void ratio as

ey = vg/vs (1.13)
vhere vg is the gas volume in a given element of soil. The addition of these
twvo equations yields the total void ratio given by

e, = (vw + vg)/vS = VW/VS + vg/vS = e, + eg = e, (1.14)

Furthermore, for a saturated soil, properties such as void ratio and shear
strength are dependent on the effective stress (o - uw). From the experimental
wvork of Nageswaran and Wheeler, the matrix void ratio also appears to be related
to the parameter (o - uw). This should not be called effective stress, however,
as this is not necessarily the stress that controls the soil behaviour as it
does a saturated soil. Nevertheless, this parameter does appear to govern the

consolidation behaviour. Consequently, (o - uw) is termed the "consolidation

stress" such that

66 = o, - u, (1.15)
defines the vertical consolidation stress, and
dl’n = o'm - uw (1.16)

defines the mean consolidation stress. It must be noted that this parameter

becomes the effective stress for a fully saturated soil.

1.7 Aims and Objectives of Research

The original aim of this research was to develop a theoretical model, based
on previous experimental findings, to simulate the consolidation behaviour of
gassy soil under laboratory and field conditions. The theory could then be
formulated into a numerical model which could simulate more complex problems
associated with changing material behaviour and irregular geometric conditions.

The first objective was to simulate a typical settlement-time response from
the experimental work of Nageswaran (1983). Figure 1.6 presents the family of
settlement-time curves produced by the application of a 100 kPa vertical stress
increment on 20 mm thick samples of gassy soil of varying degrees of saturation,
all under an existing consolidation stress of 100 kPa. The following section
describes the theoretical approach and the subsequent numerical formulation used

to simulate such soil behaviour.
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1.8 Initial Numerical Modelling

Barden (1965) presented the general equations of gas and water flow in an

unsaturated soil in one-dimension as

d du d

oz [ ey My 3z ] = 3t [ n, ey Sy ] (1.17)
for the water phase, and

3 du du 9

37 [ pg Mg 328 H ey Mw 32" ] = 3% [ ng pg (Sg + st) ] (1.18)

for the gas phase, where Mw and Mg are the mobilities of the water and the gas

phases respectively as defined by

k k
M = e = —W M M = -— = —_ (1.19)

wvhere ki is the intrinsic permeability, p is the phase viscosity, k is the soil
permeability and vy is the specific weight which apply to both phases.

This research is concerned with gassy soils which have a degree of
saturation in excess of 0.85. Under this condition, the value of the combined
fluid compressibility is not high and can be treated as slightly compressible,
from which the spatial derivative of density is neglected with the time
dependent derivative remaining. In addition, Figure 1.12 illustrates that for
soils greater than 0.85 saturation, there is very little change in the
saturation of a gassy soil during the consolidation process. As it is well
documented that for a given soil the difference between the gas and water
pressure, known as the capillary pressure, is dependent on the degree of
saturation (Collins, 1961), it would then follow that the capillary pressure
(ug—uw) would also change little during the consolidation process. Based on

these assumptions, the equations given by Barden can be modified to give

) du du 9S _

3z [ Mw 32" ] = (mV + nwcw) AR v (1.20)
for the water phase, and

d du Ju as

.. [(Mg + H Mw)ﬁg] = (my +ne XS, + BS)Rw - n Sow (1.21)

for the gas phase.
These two equations were approximated using a one-dimensional Galerkin
finite element formulation. The two dependent variables in this formulation are

the pore water pressure, U and the water saturation, Sw. Linear finite
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elements were used for the approximation in the spatial domain, with the finite
difference method used in the time domain.

The FORTRAN code developed from this formulation, named PHASE2, was first
verified by solving the Terzaghi consolidation equation in one-dimension for a
soil containing either an incompressible or compressible fluid. By modifying
the saturations and the phase compressibilities, it was possible to verify both
equations 1.19 and 1.20. To test the coupled effect of the model, PHASE2 was
used to solve the non-linear Buckley-Leverett equations for which an analytical
solution--for a simple permeability-saturation relationship--was given by
Collins (1961). Excellent comparisons between PHASE2? and all analytical

solutions were obtained.

To simulate the gassy soil consolidation behaviour as observed under
laboratory conditions, three different modelling approaches were used which all
employed the code PHASE2. These are presented in the following sections.

1.8.1 Model 1

The first attempt at simulating the consolidation behaviour of gassy soil
assumed that the gas exists in small discrete bubbles within the pores of the
soil matrix. This is the modelling approach used by Barden (1965) for soils of
low gas content. He assumed that the gas and water can be combined to produce a
single compressible fluid. He also assumed that due to the small proportion of
gas present, the Terzaghi effective stress equation would still hold. Based on
these assumptions, Barden presented the consolidation equation for a soil

containing small bubbles of gas in the pore water as

9 k 3du u
ET [ ;: A ] = (mV + ngcg) T

(1.22)
It was then possible to solve this equation using PHASE2 by assuming that the
soil is fully saturated with water of compressibility ngcg/nw. More
specifically, if the gas pressure is equal to the pore water pressure, then from
Boyle’s gas law the compressibility can be related to the pore pressure from

c, n, = cg ng = nw(l - Sw)/(uw + ua) (1.23)

for a zero value of Henry’s coefficient of solubility. PHASE2 was run for five

different soil saturations ranging from 0.8 to 1.0. Figure 1.22 illustrates the
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settlement versus log time adapted from the results of Nageswaran for a series
of gassy soils. All samples have an initial height of 20 mm, a permeability of
3 x 10_8 m/min and a coefficient of volume change m s of 0.6 MPa_l.

The resulting settlement versus the log of time for the series of
saturations is presented in Figure 1.23. It can be seen that the initial
displacement behaviour is modelled quite well. Whereas the experimental results
all produce different final settlements for each degree of saturation, however,
the numerical results all produce an identical final settlement after all pore
pressures have dissipated. Figure 1.26a presents the type of void ratio
behaviour of a gassy soil for saturations of 90%, 95% and 100% that have been
observed experimentally. In Model 1, it is assumed that the gas and water
combine to form a single compressible fluid which saturates the soil.
Consequently, irrespective of the degree of saturation, a soil begins with a
void ratio at Point A. On application of a load of 100kPa, the gas will
compress producing an undrained void ratio and effective stress change leading
to Point B. This point will depend on a combination between the saturation and
compressibility of the gas, the soil compressibility and magnitude of the
applied load. On drainage, the pore water pressure will dissipate resulting in
the final value of the consolidation stress reaching a value of 200 kPa.

1.8.2 Model 2

This model onces again assumed that the pore water and the pore gas combine
to form a single compressible fluid. It was also assumed that the soil will
deform due to changes in vertical consolidation stress. However, from the
experimental results of Nageswaran (1983), it appears that the soil has a
different void ratio-consolidation stress relationship depending on the initial
saturation of the sample. Therefore, for this model the assumption was made
that there is a separate e:log a& relationship for each of the tests with a
different initial degree of saturation. The resulting settlement versus log
time result is presented in Figure 1.24. Figure 1.26b illustrates the
undrained-drained void ratio change for a 90% saturated sample. For undrained
conditions the void ratio moves from Point A to Point B. For drained conditions

the void ratio continues to move down this same 90% consolidation line to the
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final Point C, when all pore water pressures have dissipated. Although it
appears from Figure 1.24 that the settlement behaviour has been modelled
successfully, it must be realized that the void ratio versus consolidation
stress relationships are those obtained from the experimental results. It is
therefore not surprising that the simulation appears to be successful.
1.8.3 Model 3

The third model treated the gas and water as having two separate phases.
Under these conditions the degree of saturation may change depending on the
changes in both the water and the free gas. Therefore, although the same
empirical e:log u; relationships are used to describe the gassy soil compressive
behaviour as Model 2, this model chooses a relationship based on the current
value of saturation and not the saturation at the start of the test. 1In
addition, Model 3 does not assume that the gas and water flow in the same
proportions as was the case for the previous two models. Instead, PHASE2 is
able to allocate a permeability, or mobility, to each phase. Mobility is simply
the soil permeability divided by the specific weight of each phase. The gas
mobility is normally related to the water mobility by the term "mobility ratio"

Mr = Mg/Mw (1.24)

Figure 1.25 presents the settlement-log time curve for a gassy soil of
initial saturation 0.9 for mobility ratios of 0.0, 0.1, and 0.2. It can be seen
that the final settlement is highly sensitive to this parameter. To illustrate
the change in saturation during consolidation, Figure 1.26c presents the void
ratio path during the consolidation process for a gassy soil of 90% initial
saturation. Under undrained conditions the void ratio moves from Point A to
Point B, with no flow of either of the fluid phases. Due to the compression of
the gas phase, however, the saturation will increase and the void ratio will
move from the 90% line to the 95% line. On drainage, both water and gas will
leave the sample, and for this particular case the void ratio will rejoin the
90% line at Point C.

To illustrate further the effect of the mobility ratios, Figure 1.27

illustrates the paths taken in e:log o, Sspace for the three different mobility
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ratios, 0.0, 0.1 and 0.2, used to evaluate the results of Figure 1.25. Again
under undrained conditions, there is no flow of either fluid, only a compression
of the gas phase causing both an increase in saturation and consolidation stress
resulting in the path A to B for all mobility ratios. For the drained stage,
however, a low mobility ratio (Mr= 0.0) produces a high final gas content (low
saturation) and will end up at point C. As the mobility ratio increases
allowing more gaé to leave the sample, higher saturations will be produced

resulting in a final Point D for Mr = 0.1 and a Point E for Mr = 0.2.

1.9 Summary

This introductory chapter describes the presence and origin of a gassy
marine soil and also looks at some of the problems associated with the presence
of such soil to a marine geotechnical engineer. The low gas content of these
naturally occurring gassy soils produces a situation in which the gas is in
occluded form within the soil. It is possible, however, that the gas could
exist as small bubbles within the original structure of the soil skeleton, or as
large bubbles surrounded by a saturated soil matrix.

A review of the theoretical and numerical modelling of the consolidation
behaviour of unsaturated soils is then presented, where at one extreme the water
and gas were treated as a single compressible fluid, while at the other extreme
the unsaturated soil was described as a four phase material. This is followed
by a description of the gassy soil research that has taken place at Oxford
University over the last nine years, with the main emphasis on the work of
Nageswaran (1983) and Wheeler (1986).

Finally, based on the theory obtained in the literature, an attempt iékmade
to simulate numerically the experimental consolidation results of Nageswaran.
Three types of theory are utilized ranging from a single compressible pore fluid
to a fully three phase theory, with all three models formulated using the finite
element method. Unfortunately there was only limited success using these
theories, and in general the simulation could only be described as poor.
Consequently, it was decided that there was insufficient information available
to model gassy soil consolidation adequately and that further experimental
consolidation tests on this material should be performed.
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CHAPTER 2

SAMPLE PREPARATION AND EXPERIMENTAL APPARATUS

2.1 Introduction

The previous chapter illustrated clearly that the approach normally taken
in the numerical or theoretical modelling of unsaturated soils fails to simulate
the consolidation behaviour of gassy soils as observed by the experiments of
Nageswaran (1983). Therefore, in order to produce any successful simulation of
gassy soil consolidation behaviour, it is first necessary to comprehend the
physics of the problem and to obtain an understanding of the processes that
occur during such consolidation. The work of Nageswaran (1983) gave an insight
into the consolidation behaviour of gassy soil and illustrated the problems
associated with the testing of such a material. It is felt, however, that there
is scope for improvement in both the experimental techniques and the
interpretation of the results to warrant further experimentation.

The primary purpose of this experimental work is to understand the
consolidation process and the behaviour of each of the three phases in a gassy
soil. A further aim would be to obtain constitutive relationships between the
soil properties and soil parameters, such as stress and pore water pressure.

The secondary purpose of this experimental work is to produce physical responses
vhich can be simulated using any subsequent theory that may be developed.

This chapter describes the laboratory preparation of a gassy soil sample,
followed by a description of the apparatus used for the formation of a soil

sample from a slurry and the subsequent consolidation testing on this sample.

2.2 Sample Preparation

Both Nageswaran (1983) and Wheeler (1986) performed their respective
experimental tests using Combwich mud, a clayey silt from the estuary of the
River Parrett at Combwich in Somerset. As this experimental work is intended
not only to extend the understanding of gassy soil behaviour but also to enhance
the results from previous experiments, Combwich mud was also chosen as the soil

in this research.
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The Combwich mud was collected from below the high water line from the
River Parrett. The mud was then sieved using tap water through a standard 63 um
mesh. After allowing settlement to take place, the soil slurry was then
transferred to a five gallon container. All the experimental tests were
subsequently performed on samples of soil taken from this same container.
Density tests were then performed on this soil producing a solid density of
2.637 g/cc. The particle size distribution of Combwich mud, as obtained by
Nageswaran (1983), is presented in Figure 2.1.

In order to produce samples of gassy soil in the laboratory, a technique is
used termed the "zeolite molecular sieve technique" which was developed by
Nageswaran at Oxford University. This technique enables a controlled
distribution of methéne gas bubbles to be introduced into a sample of otherwise
saturated soil. Methane gas is chosen as it is the gas most commonly found in
marine sediments. The above technique is described in detail by Nageswaran
(1983), Sills and Nageswaran (1984) and recently by Wheeler (1986).

The zeolite molecular sieve technique involves first removing the water of
hydration from a zeolite powder (Type 5A, solid density 2.41 g/cc), followed by
the impregnation of the crystal structure of the zeolite with methane. When
this "methane charged" zeolite powder is then mixed with a soil slurry, the
zeolite--which has a natural affinity or preference for water--will take up the
vater from the slurry into its crystal structure, thus releasing the methane
gas. This released gas in turn forms bubbles in the soil slurry.

In order to impregnate the zeolite with methane, the zeolite is first oven
dried at 105°C for 24 hours. This removes the water of hydration. The required
weight of zeolite is then placed in an evacuation chamber and subjected to a
vacuum to remove the air from the zeolite crystals. Two lines are attached to
the evacuation chamber, a vacuum line and a line to a methane bottle. After the
zeolite has been under vacuum conditions for 24 hours, the vacuum line is closed
folloved by the opening of the methane line. In this way, no air can then re-
enter the pressure chamber. The zeolite is then subjected to a methane gas

pressure at 200 kPa for a further 24 hours.
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As the experimental testing programme involves examining the consolidation
behaviour of soils of different gas contents, it is necessary to vary the
initial volume of methane that is introduced into the soil slurry. This may be
achieved by changing the volume of methane charged zeolite. Due to the fact
that the physical properties of the soil and the zeolite are not identical
(Nageswaran, 1983), however, it is important that the proportion of total
zeolite volume to total solid volume remains constant for all tests despite the
difference in gas content. In all the tests performed in this research, 16% of
the total solid volume is made up by zeolite. If for example 12% of this
zeolite is to be methane charged, then 4% by volume must be made up of water
saturated zeolite. Water saturated zeolite is prepared by stirring a zeolite
slurry for 24 hours in an orbital shaker whilst subjected to vacuum conditions.

At the same time as the zeolite is prepared, the Combwich mud is prepared
to a bulk density of approximately 1.3 g/cc. This is performed by adding water
to the slurry while mixing using a mechanical mixer. The required mass of the
soil slurry is then poured into a mixing bowl and hand mixed with any water
saturated zeolite. It must be noted that it is the volume of solids that is
important, and therefore a water bottle may be used to ensure that all the
zeolite slurry is mixed with the soil. Gentle hand mixing ensures that the
minimum of air enters the soil slurry.

The methane charged zeolite is then emptied from the opened pressure
chamber into the soil slurry, and again it is important that all the zeolite is
incorporated. This mixture is then stirred by hand until no white traces of
zeolite powder can be seen. The slurry, bowl and mixer are then weighed and the
slurry is poured into the awaiting consolidation cell. The remaining slurry,
bowl and mixer are then reweighed so as to evaluate the exact weight of slurry
that entered the cell. A sample of the remaining slurry is then taken to
evaluate the moisture content, from which the weight of solid entering the cell
can be calculated.

The test is designed so that the slurry is poured into the consolidation
cell leaving approximately 50 mm clearance between the top of the slurry and the

top of the cell wall. This space is then carefully filled with de-aired water.
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WVhen the water is just level with the top of the cell wall, the filtering system
--consisting of a millipore filter, a stainless steel mesh and a perforated
steel plate--is then placed in position over the top end of the cell, followed
by the perspex top cap, aluminium ring and the holding down bolts.

The sample is then subjected to a stress via the piston of approximately 3
kPa. This is enough pressure to start moving the slurry slowly towards the top
face. Thus the water placed on top of the slurry emerges from the steel plate
and gradually fills the top cap. In this way no air becomes trapped in the
filtering system, as is the case when the top cap is flooded from above. When
the top cap and drainage lines are completely saturated, the loading stress on
the piston is increased to 35 kPa, with the water permitted to drain from the
summit of the top cap. This immediate application of stress follows the
procedure of Wheeler (1986), but contrasts with the procedure used by Nageswaran
(1983) who waited 24 hours for all the gas to be released before applying any
load to the soil. Wheeler found, however, that a more uniform distribution of
gas bubbles is produced if the load is applied immediately so that the soil is
consolidating as the gas is being released. For soil tests requiring an initial
sample thickness of around 20 mm, settlement and dissipation of pore water
pressures wvere found to be completed in under 24 hours.

To illustrate the relationship between the initial generated gas volume and
the proportion of methane saturated zeolite used, it is first necessary to
define the normalized gas void ratio as

* =
eg (eg + H ew)(l + cv/ua) (2.1)

wvhere eg is the normalized gas volume, eg is the free gas void ratio, H is
Henry'’s coefficient of solubility (H=0.0333 for methane in water, Yamamoto, et
al., 1976), e, is the water void ratio, s, is the initial total vertical stress
and uy is the atmospheric pressure. This normalized gas volume takes into
account both the free and dissolved gas that is present in the soil and the
different initial consolidation pressures. Figure 2.2 presents the initial
normalized gas void ratio for two series of tests performed in this research

versus the solid fraction of methane saturated zeolite. This figure illustrates
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that a general trend exists between the volume fraction of methane saturated
zeolite and the initial normalized gas void ratio, although it can also be seen
that the relationship between these two parameters is very unpredictable.

The gas bubbles that are produced by the zeolite molecular sieve technique
have been found to be in the range of 0.02 to 2 mm in diameter (Gardner,
1987). As stated by both Wheeler and Nageswaran, comparison with the particle
size distribution--as presented in Figure 2.1--illustrates that the gas bubbles
are considerably larger than a typical soil particle. This can be quite clearly
seen from the photograph of a gassy soil produced by Nageswaran as presented in
Plate 2.1. The sample in this photograph has a saturation of approximately 80X
and has been consolidated to a one-dimensional stress of 35 kPa. This gassy
soil structure is in marked contrast to a saturated soil consolidated to the
same stress level as shown in Plate 2.2. It is clear from these two photographs

that the gas voids are much larger than the individual soil particles.

2.3 Description of Apparatus

The apparatus used to form and consolidate the gassy soil samples
consisted of a specially designed ocedometer cell. This cell required not only
specifications normally encountered when consolidating a saturated soil, but
also a number of increased specifications due to the presence of undissolved

gas. The specifications required for such a consolidation cell include:

o The measurement of total vertical stress on the soil sample.

e The measurement of pore water pressure on the undrained face.

o The capability to consolidate a soil from a slurry.

e The capability to separate the free gas from the pore fluid that drains from
the sample on consolidation.

e The independent evaluation of the volumes of each of the three phases (solid,
water and free gas) throughout the consolidation test.

e The option of evaluating horizontal total stresses.

The cell used during this research was initially developed by Nageswaran
(1983). Although there have been several modifications to this cell for the

purpose of this research, the main structure of the cell has not been altered.
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Plate 2.1 Appearance of Gassy Soil. Magnified x 6
Degree of Saturation = 0.8, 1-D Consolidation to 35 kPa
(Nageswaran, 1983)

Plate 2.2 Appearance of Saturated Soil. Magnified x 6
Degree of Saturation = 1.0, 1-D Consolidation to 35 kPa
(Nageswaran, 1983)
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A schematic description of the oedometer cell is presented in Figure 2.4,
illustrating the cell, the piston, the base and the top cap. At the start of a
consolidation test, the gassy soil slurry is poured into the cell above the
piston. The top cap and drainage filters are bolted down into the top of the
cell by an aluminium ring and three holding down bolts. The soil slurry is then
loaded from the bottom undrained face. Drainage of pore fluids occurs from the
top face, which for drained conditions is maintained at atmospheric pressure.

The piston, which is machined from a solid block of brass, contains a total
stress transducer such that the face of the transducer is in contact with the
undrained face of the soil sample. The transducer’s power supply and received
signal leads continue through the piston and guiding ram to emerge from a hole
at the end of the hollow guiding ram. These leads are then connected to the
power supply block, which also receives the return signal from the transducers.

Also embedded in the piston is a porous stone for the measurement of the
pore water pressure on the undrained face of the soil sample. A coiled water
filled nylon tube is connected at one end of the passage directly beneath the
porous stone. The tube then passes through the water filled cavity beneath the
piston to be fixed at the other end to a passage that leads through the base of
the oedometer. A second water filled nylon tube connects the outside of this
passage to a water filled perspex block containing a pressure transducer. This
arrangement produces a direct water link between the pore water and the
transducer face, so that any change in pore water pressure can be measured by
the stress transducer.

The cell is made from a stainless steel tube of 4.25 inches (107.95 mm)
inside diameter and 10mm wall thickness. The cell is bolted to the stainless
steel base with the aid of three brackets which are welded to the outside of the
cell wall at 120° to each other. The piston is then able to slide unobstructed
throughout the entire height of the cell, thereby permitting large strain
consolidation of a soil slurry. The cell is easily separated from the base and
piston by removing the three outside bracket bolts and lifting the cell so it
slides off the piston.

The piston has a radial clearance of 0.5 mm with the cell wall and is sealed

vith the use of an O-ring. The piston is held in position with the use of a
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guiding ram which consists of a 200 mm steel tube of 19 mm outside diameter and
3 mm wall thickness which screws into the underside of the piston onto an H-ring
to seal this joint. The use of PTFE tape around the ram ensures a good seal.
The ram is guided by a plain bush which is machined from a solid block of brass
and embedded in turn into the stainless steel oedometer base.

For the test series B, described later, two miniature horizontal stress
transducers are threaded into the side of the cell wall at a distance of 10 mm
from the top. These transducers are sealed using a silicon sealant which is
also used to produce a smooth surface which is in contact with the side of the
soil sample.

The cell and base are bolted down to a rigid frame which is fixed to the
floor. Clamped to the guiding ram beneath the base and frame is a displacement
transducer which measures the displacement of the ram relative to the rigid
frame, thus measuring the displacement of the piston relative to the cell.

The top cap is machined out of a solid 35 mm thick perspex slab. The
underside or inside of the cap is hollowed out to give a coned cavity pitched
15° to the horizontal in order to collect any gas that may enter the top cap
from the soil. There are three outlets from the top cap. One is at the top
centre of the cap where a tap valve is connected. Another leads to a water
filled perspex block connected to a pressure transducer so that the water
pressure in the cap can be measured. A third outlet connects the top cap to a
volume change burette which measures the water volume that leaves the top cap.

The top cap is held in position by an aluminium ring which is bolted down
to the base with the use of three holding down bolts spaced at 120°. To prevent
the soil from entering the top cap, a sintered bronze disk and a millipore
filter are initially used to drain the pore fluids from the soil. This
filtering layer is held in position between the top cap and the cell wall. The
assembled cell, top cap, base and frame are presented in a side view in Plate
2.3 and from above in Plate 2.4. A view of the inside of the cell with the top
cap and filtering system removed is presented in Plate 2.5. TIllustrated in this
photograph are the total stress transducer and pore water pressure port on the

piston face and the horizontal stress transducers in the side wall of the cell.
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2.4 Calibration and Modification of Oedometer

The calibration of the oedometer was performed by first saturating the
cell, top cap and sintered bronze disk with de-aired water. The cell was
pressurized in steps up to 500 kPa by applying an increase in the water pressure
beneath the piston. The object of this calibration was to evaluate the
compliance of the apparatus due to an increase in the cell pressures. Early
calibration illustrated an initial bedding in of the top cap on the 0O-ring
seals. Rigorous tightening of the holding down bolts, however, meant that this
bedding in stage could be virtually eliminated.

The resulting calibration between the total volume calculated from the
piston displacement and the pore pressure inside the cell is presented in Figure
2.3. Also presented in Figure 2.3 is the volume change that would be caused by

7kPa_1

the compression of the water in the cell (cw = 4.58 x 10° Y. The net
volume change due to the expansion of the apparatus (which is almost exclusively
caused by the stretching of the holding down bolts) is then the difference
between the two lines of Figure 2.3, which can be approximated by

b,
Au
w

0.001 cc/kPa (2.2)
Thus for any measurement of total volume, the actual volume of the sample is Ave
higher than measured. Thus Ave must be added to any measured volume to give the
actual volume of the sample.

During the initial consolidation tests on gassy soil samples, it was
discovered that the sintered bronze disk--which forms the drained boundary to
the soil--became desaturated over the period of testing. Consequently, as the
technique used for the measurement of free gas volume would combine the gas in
the filter and the gas in the soil, it is impossible to separate these gas
volumes--with the result that an accurate measurement of the soil saturation is
difficult to make.

To overcome this problem, a filtering system wvas designed which not only
supported the soil allowing free drainage at the soil boundary, but also did not
retain any free gas. The design consists of a three layer system. The layer is

given strength by using a 3 mm thick stainless steel plate which is perforated

with 3 mm holes. A millipore filter is positioned so that it is in contact with
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Plate 2.5 1Inside View of the Oedometer Cell

Plate 2.6 Three Layer Soil Filtering System
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the soil surface, which is the layer that filters the pore fluid. The final
layer, which is sandwiched between the filter and the plate, consists of a fine
stainless steel mesh fabric of 0.2 mm in thickness (courtesy of G. Bopp & Co.,
London). This layer supports the millipore filter and prevents it punching
through the holes in the steel plate. This three layer filtering system is
illustrated in Plate 2.6. The perforated stainless steel plate can also be seen

through the perspex top cap in Plate 2.4,

2.5 Measurement of Sample Thickness

The displacement of the piston relative to the cell is measured using a
linear voltage displacement transducer (LVDT) which is clamped to the guiding
ram as illustrated in Plate 2.3. and Figure 2.4. The linear calibration of the
LVDT, made using a precision micrometer, was performed several times during the
testing programme. In order to evaluate the actual thickness of the soil sample
from the change in piston displacement, however, the transducer signal must be
known at a prescribed sample thickness. As the LVDT must be removed from the
guiding ram after each test in order to extrude the sample, the signal at a
prescribed thickness must be obtained before each consolidation test. This
initializing procedure of the LVDT involves placing a machined metal slab of
known thickness in the cell. The piston is slowly raised until the top of the
slab just comes into contact with a metal strip that is placed across the top of
the open cell. This procedure is repeated until three identical readings are
made by the LVDT. From the knowledge of the LVDT signal at a prescribed
thickness, the thickness of a sample can be evaluated at all times throughout a
consolidation test. The total volume of the sample can then be found by simply

multiplying the sample thickness by the cross-sectional area of the cell.

2.6 Measurement of Pore Water Volume

Unlike the measurement of the total volume of the sample which can be made
as the test proceeds, the measurement of the pore water volume can only be made
after the sample is oven dried so that the amount of water in the sample at the

end of the test can be evaluated.
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During the initial consolidation of the sample from a slurry to the
required consolidation stress, the volume of water that drains from the sample
is not measured. During this period, both the drainage water and any gas that
leave the sample are removed from the apparatus via a drainage line connected to
the summit of the coned cap. This drainage line is closed with the aid of a tap
valve at the end of initial consolidation. A water filled nylon tube is then
connected from a volume change burette to an outlet at the side of the top cap.
The top cap is then gently flushed through with water to remove any gas bubbles
that may have collected in the drainage lines. At this point, with the top cap
saturated and before any loading is applied, the first burette reading is made
which signals the start of the consolidation test.

During consolidation of a gassy soil sample, both pore water and gas are
expelled. The gas is seen to collect in the top of the coned perspex cap with
the water displaced into the volume change apparatus. As the burette reading is
affected by both water and gas volume changes, however, any gas present in the
top cap must be removed to measure the change in water volume. To remove any
build up of gas without the loss of any water, the tap at the summit is opened
and a small volume of air is gently forced into the top cap to remove any water
that is held above the accumulated gas. It is then possible to allow the gas to
flow from the sample until the water replaces the gas up to a predetermined
point just above the tap. A schematic description of this procedure is
illustrated in Figures 2.5a to 2.5c.

A shortcoming of this method, however, is that the burette reading only
gives a true measure of water volume change after each correction has been made.
Figure 2.6 illustrates a typical sequence of burette readings. At the start of
the test the volume change is zero, but as the consolidation procedes the
measured burette water displacement will be higher than the pore water volume
that drains from the soil. After each "release of gas", however, a true vater
reading is obtained. As this process is repeated a number of times during a
test, it is then possible to produce a reasonable curve through these "true"
points to give a corrected volume of drained water throughout the test as shown

in Figure 2.6.
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Figure 2.6 Evaluation of the volume change of pore water

Figure 2.5 Illustration of gas removal from top cap



This water measurement is made throughout the loading and unloading of a
soil sample. When the test is completed and a final burette reading is made,
the soil sample is removed from the cell and weighed immediately. The sample is
then oven dried at 105° for 24 hours and then reweighed. The difference in
weights is the weight of pore water present in the sample at the end of the
test. Therefore from this final weight of water, it is then possible to back
calculate the volume of water that was present in the sample at all times

throughout the consolidation test.

2.7 Measurement of Free Gas Volume

Again, the gas volume can only be evaluated after the test has been
completed. Although the total volume of the sample can be measured directly
throughout the test, the solid and water volumes can only be found at the end of
the test from the measurement of the wet and dry weights of the soil sample.

The volume of free gas can then simply be found from

vg = Ve - V-V (2.3)

The advantage of using this method is that no assumptions about the

pressure of the gas have to be made as for the method used by Nageswaran (1983).

2.8 Measurement of Total Vertical Stress

Due to the friction of the O-rings on the piston and on the guiding ram,
the pressure that is applied below the piston is not fully transferred to the
soil sample. It is therefore necessary to measure directly the stress on the
surface of the soil. This stress is measured using an integrated silicon chip
pressure transducer, manufactured by Druck Ltd., which has a range of 0-500 kPa.
This transducer is mounted inside the piston with only the face visible from
inside the cell. 1In order to produce a level surface with the soil sample, the
slight recess in the transducer is filled with a self levelling silicon sealant
(Dow Corning 734 RTIV). This is the same material that forms the main body of
the miniature stress transducers produced by Gaeltec Ltd.

The Druck transducer is then calibrated both inside and outside of the
cell. The calibration coefficient was the same in both cases illustrating that
all pressure was transferred through the silicon sealant, although there was a
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different zero offset caused by the different types of mounting between the

piston and the calibration block.

2.9 Measurement of Total Horizontal Stress

In order to measure the horizontal stresses on the side of the cell, two
miniature stress transducers are embedded in the cell wall directly opposite
each other. The miniature transducers used in the tests were both 3Ea
"specials" manufactured by Gaeltec Ltd., and were designed to screw into the
side of the cell from the outside to give a 0.5mm clearance between the
transducer face (4 mm diameter) and the inside face of the cell.

The transducer face is then sprayed with a fine layer of silicon grease and
the recess filled with self levelling sealant (Dow Corning 734 RTV). This
sealant is the same material that forms the main body of the Gaeltec
transducers. This technique simply extends the existing transducers to the
required location. Whilst the sealant is still fluid, the excess is wiped off
using a straight edge to produce a smooth curved face which matches the curved
surface of the cell wall. A horizontal and vertical section of the assembled
transducer is presented in Figure 2.7. These transducers are calibrated before
and after each test as the mounting procedure must be repeated before each

consolidation test.

2.10 Measurement of Pore Water Pressure

The pore water pressures on the undrained and drained faces of the soil
sample are measured using 350 kPa range Druck transducers. These transducers
are housed in perspex blocks and are connected to the pore water pressure ports
in the oedometer by de-aired water filled nylon tubing.

During the initial consolidation of a gassy soil from a slurry--despite an
early fall of the observed pore water pressure measurement on the undrained face
towards atmospheric--the measured pressure value would suddenly leap up, after
about 12 hours, to an inflated value with no further fall with time. This
phenomenon is certainly caused by the presence of the gas entering the porous
stone and causing a break in the connection between the water in the measuring.

system and the pore water in the soil. Trials were made using a larger diameter
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hole cut into the piston and saturating the porous stone with glycerine instead
of water. All cases produced an inflated value of pore pressure measurement.
It is not clear as to the exact mechanism that causes this gas intrusion.
Figures 2.8a and 2.8b, however, illustrate two possible scenarios that could
produce an increased pressure caused by the formation of a gas-water meniscus
over the neck of the hole cut into the piston.

In a last attempt to produce a true reading of pore water pressure, the
high air entry porous stone was saturated using a mild soap solution in the hope
that the effect of the surface tension, and thus the pressure difference between
the phases, would be reduced. It was found that this technique did allow a
dissipation of pore water pressure to atmospheric pressure. This pore water
pressure reading, however, could only be maintained for about three days before
there was a sudden leap in the pore pressure reading. This was assumed to be
due to the entry of gas into the porous stone suggesting that prior to this
event it was the pore water pressure that had been recorded.

The accuracy of the transducer measurements are specified by the
manufacturers to be in the order of 0.01%. However, on calibration of the
transducers when mounted in the cell, the cell pressure differed by up to 0.3%
vhen measured by the total stress and pore water pressure transducers although
typically the discrepancies were in the order of 0.1%.

Therefore before each test, the porous stone and the nylon tubing between
the stone and the pressure transducer were saturated with a mild soap solution.
Figures 2.8c and 2.8d illustrate two possible scenarios of using a mild soap
solution. It is possible that gas enters the stone but on contact with the soap
solution, the surface tension breaks down causing no pressure difference between
the water and gas phases. It is also possible that the soap solution enters the
gassy soil breaking down the bubbles in the sample and producing a localized
area of saturated soil for which it is possible to measure the pore water
pressure. Therefore, using the above technique there is a choice between
completing a test in three days in which pore water pressure can be measured on
the undrained face, and performing a consolidation test over a longer time

period in which pore water pressures cannot be measured on the undrained face.
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2.11 Arrangement of Apparatus and Processing of Data

A schematic description of the consolidation apparatus and the data logging
system is illustrated in Figure 2.9. Each transducer is powered from a power
block which also receives the return signal. The received signals are
transferred to the OUEL VAX 11/780 via a data logger and a Commodore 64 micro
computer. The file containing the raw data is then used as input to the data
processing program SOLTRAN which was written to convert this raw data to
engineering units. An option is also available to produce a graphical output of

these results either on the video screen or as a hardcopy.

2.12 Summary

This chapter first describes the method of producing a gassy soil in the
laboratory using the "zeolite molecular sieve technique". This is followed by
the description of the apparatus used to form a gassy soil sample from a slurry
and to perform a consolidation test on such a sample. This apparatus consists
of a specially designed oedometer in which both horizontal and vertical total
stresses can be measured. Pore water pressures can be measured on both the
drained and undrained faces, although the measurement on the undrained face can
only be maintained for about three days. In order to measure the volume of pore
vater that leaves the soil sample, the gas and water that drain from the soil
are separated using a coned top cap. The gas is carefully released from the top
of the cap while the water flows from the cap to the volume change burette. The
thickness and hence the total volume of the sample is evaluated with the use of
a displacement transducer which is clamped to the guiding ram beneath the cell.
From the knowledge of the total volume of the sample, the final volume of the
solid grains and the pore water and the changes in pore water volume throughout
the test, it is possible to evaluate directly the volumes of all the three
phases at all times during a consolidation test. Finally, the electrical
signals from the pressure transducers are read during the test byva data logger.
These results are then transferred to the OUEL VAX 11/780 computer via a
Commodore micro computer. These results can then be processed and a graphical

output obtained.
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CHAPTER 3

LABORATORY TESTING PROCEDURE

3.1 Introduction

This chapter presents the laboratory testing procedure that has been used

to give an understanding of the consolidation behaviour of a gassy soil.

3.2 Early Consolidation Testing

The first series of experimental tests was performed on samples of
saturated and gassy soil using the apparatus that was originally used by
Nageswaran (1983). The samples were prepared in the oedometer as described in
Section 2.3 and initially consolidated to the required consolidation pressure of
35 kPa. When dissipation of pore water pressures and settlements were complete,
the sample was loaded with an increment of vertical stress. This stress caused
an immediate increase in pore water pressure, and for a gassy soil, an immediate
displacement due to the volume change of the gas. This immediate compression
wvas then followed by a further volume change caused by the subsequent loss of
fluids from the soil and the dissipation of pore water pressure. At the end of
each stress increment, it was then possible to evaluate the total void ratio and
the total stress on the sample. Nageswaran (1983) used the technique of
measuring the volume of gas that collected in the top cap and assumed that this
volume had been lost from the voids of the soil. This would only be true,
however, if the gas pressure were equal to the pore water pressure. As it is
impossible to measure the gas pressure directly, this is not a wise assumption
to make.

In addition, on application of the vertical stress increment to a gassy
soil, there is an immediate settlement of the so0il due to the compression of the
free gas. Any time dependent volume changes that may occur, however, such as
local consolidation around the gas voids and the dissolution of gas into the
pore water, are difficult to separate from the volume changes caused by the
dissipation of pore water pressures under drained conditions. Therefore, this

type of consolidation test produced neither a good indication of undrained or
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drained conditions. On the basis of these early tests, it was then decided to
design different consolidation tests to highlight the behaviour of a gassy soil

under drained and undrained conditions.

3.3 One-Dimensional Consolidation of a Gassy Soil - Short Term Method

Due to the diffusion of gas into the porous element of the pore water
pressure measuring system, it was only possible to measure the pore water
pressure over a period of about three days. Therefore, to make use of this pore
vater pressure measurement, the consolidation test must be completed--from
pouring the slurry into the cell to removing the consolidation sample--within

this time limit.

3.3.1 Consolidation using a gradual increase in total stress

In order to complete a consolidation test within the time limit allowed for
a measurement of pore water pressure on the undrained face, it was decided to
apply the total stress gradually to the sample while allowing free drainage to
occur at the top face boundary, which is maintained at atmospheric pressure. In
this way it is possible to increase the effective stress gradually throughout
the sample, producing at the same time only low pore water pressures. In
addition, with the drainage boundary at atmospheric pressure, the gas that
leaves the sample can be taken into account throughout the test.

To compare the behaviour of the pore water pressure profiles between a
conventional stepwise consolidation test and a gradual increase in total stress,
Figures 3.la and 3.1b illustrate the response of the total stress, effective
stress and pore water pressure for both these loading conditions. It can be
seen that for a single incremental increase in total stress, there is an equal
increase in pore water pressure followed by the dissipation of pore water
pressures to atmospheric, whereas for a gradual increase in total stress, the
pore water pressure remains low with the effective stress increasing almost
uniformly thoroughout the soil domain.

If the total stress on a soil sample is not constant, however, then the

variation in the total stress with time must be included in the governing
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consolidation equation. Consequently, Terzaghi’s consolidation equation in one-
dimension, neglecting the effect of gravity, can be written as

k. 9du du
W

9
2 G %) T "aw T M oat (3.1)

s

wvhere kw is the soil permeability, Yy is the specific weight of the water, m, is
the coefficient of volume change, o, is the total vertical stress and u, is the

pore water pressure.

3.3.2 Consolidation using a linear increase in total stress

From the consolidation equation 3.1, it can be seen that if the total
stress varies linearly with time, with the assumption that the spatial variation
of permeability is small, the equation may be simplified to give

97 u auw
5 = 5 - A (3.2)

v
where the coefficient of consolidation, c, is defined as

¢, = kw/vaw (3.3)
with the rate of change of total stress defined as

A = acv/at (3.4)
The governing equation 3.2 is gsimilar to the equation governing heat flow in a
slab of conductive material with heat produced in it at a constant rate. The

resulting pore vater pressure distribution, assuming small strains, may be

adapted from Carslaw and Jaeger (1959, pp. 130-131), to give

N=® n
U=1-2 - ‘?i% L {(—‘—1—)— COS[@%)L‘:] exp[ ~ (2n+1)2n?e ]} (3.5)

n=0 \ (2n+1)> A
where
U - zchu/Ah2 (3.6)
¢ = z/h (3.7)
and
T - cvt/hz (3.8)

in which h is the height of the soil sample and 8u is the increase in pore wvater
pressure within the soil. The value of the pore water pressure at the undrained
boundary can be obtained by setting z = 0 to give

N=%® n 2
u =1-32 1 { GEY exp[ - nel)m T ]} (3.9)
n n=0 \ (2n+1) 4
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The pore water pressure distribution reaches steady state when t » « to give
2
Uu,=1-2¢ (3.10)
which is a parabolic distribution of pore water pressure. Figure 3.2
illustrates the distribution of the pore water pressure along the height of the

soil sample at various values of dimensionless time, T.

3.3.3 Approximation of linear increase in total stress

The problem which then arose was how to apply a linear increase of total
stress to the soil sample. Various types of flow restrictors were applied over
the lines between the water reservoir beneath the piston and the air-water
interface. All the restrictors produced a smooth increase in total stress with
time, but none gave a linear increase with time. Eventually, it was decided
that it was more important to obtain a linear increase in total stress than a
smooth increase. Therefore, it was decided to increase the total stress in
small constant increments every eight minutes. In this way, an overall linear

stress increase was obtained.

3.3.4 Comparison between solutions of linear and stepwise total stress increase

If a stepwise increase of total stress is represented by several
consolidation tests starting at different times, then if one increment of stress
on the soil is considered, there will be an immediate increase in pore water
pressure followed by dissipation over the following increment At. The change in
pore water pressure on the undrained face for this increment of loading has been

solved by Taylor (1948) and is given by

n=x n
Mu/bo = 1 - 3’% z {ﬂ— 3 exp [ —(2n+1)%1 } (3.11)
m° n=0 | (2n+1)
vhich may be expressed as
M/bs = £(bt) (3.12)

Thus if the stress is applied in increments of Ac after each time increment At,
then after one step the increase in pore water pressure on the undrained face is

bu = Ao - bo £(Ot) = OBo [1-£(01)] (3.13)
and after two steps is

bu = Ao[l-f(At)] + Bo [1-£(24t)] (3.14)
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and after N steps is
n=N
b = A I [1-f(nAt)] (3.15)
n=1
The resulting tooth-like pore water response is then plotted against the
results of equation 3.9 in Figure 3.3. It can be seen that even though the
increments of time are fairly large, if the continuous solution is started At/2
before the first loading increment, the corresponding pore water pressure at the
mid-point of the following time increments is almost identical.
In addition, if it is assumed that the pore water pressure has a parabolic
distribution over the thickness of the sample, then the average pore water

pressure u over the sample may be given as

u =

W (3.16)

(™
c
o
a
+
TN
1=

where Uou is the measured pore water pressure on the undrained face and Ud is
the back pressure on the drained face. The resulting average vertical
consolidation stress can then be found by subtracting the mean pore vater
pressure from the total vertical stress as depicted in Figure 3.4. It is then
possible to plot various soil properties such as void ratio, permeability and

compressibility against the vertical consolidation stress throughout the test.

3.3.5 Validity of the average consolidation stress and void ratio

One of the main purposes of the consolidation test is to evaluate the
relationship between the consolidation stress and the void ratio of the soil.
The advéntage of a conventional consolidation test is that at the end of each 24
hours, all pore water pressures have dissipated and therefore, the consolidation
stress is constant throughout the soil. Hence there is no need for averaging
the consolidation stresses and void ratios. Using the linear increase in total
stress, however, the question arises as to how accurate the final relationship
is between the average consolidation stress and the average void ratio as
compared with the true consolidation stress versus void ratio relationship.

In order to simulate this effect, a one-dimensional finite element
program was written in which the Terzaghi equation for the consolidation of a

saturated soil, given by
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du Ju dc
W W v

8 =) = m_ ws— - Mm_ x—
9z v 3t v at

% ( (3.17)

<=

vas approximated using the Galerkin weighted residual method. Linear two noded
finite elements were used to discretize the domain. The elements also reduced
in length as the consolidation proceeded. The physical properties of the soil
included a non-linear relationship between the permeability and consolidation
stress and between void ratio and consolidation stress.

Using this program, it was then possible to simulate the consolidation of a
20 mm thick soil sample with an initial consolidation stress of 35 kPa subject
to an increase in total stress of 90 kPa/hr. At this rate of loading, a total
stress of 400 kPa could be reached in about four hours. Figure 3.5 illustrates
the simulated pore water pressure on the undrained face during the test. In
addition, the average pore water pressure found by the integration of the pore
pressure distribution after each time increment and also the average pore
pressure based on a parabolic distribution of pore pressure, are presented in
Figure 3.5. It can be seen that there is a discrepancy between the two averaged
pore pressures at early time, but that in general the agreement is very close.

Figure 3.6 compares the consolidation stress versus void ratio
relationships. The continuous line represents the relationship that was fed
into the numerical model as the actual soil behaviour. The solid circles
represent the relationship between the average void ratio and the average
consolidation stress based on a parabolic distribution of pore water pressure.
It can be seen that at this rate of loading, the average consolidation stress
versus the average void ratio is a very good approximation of the actual soil
behaviour, even though there can be up to 75 kPa difference between the drained

and undrained pore water pressures.

3.4 Test Series A - Linear Increase in Total Stress

This test series consisted of consolidating seven samples of soils of
varying gas contents. The initial saturation, void ratios and consolidation

pressure for each of these tests are presented in Table 3.1.
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Table 3.1 Specifications of Test Series A

69

TEST 08 Acv/At he e:' eioo e® ;00 a0 etoo S‘: s‘]';00
[kPa] kPa/min [mm]
sSDTAl 34.88 1.695 16.62 1.627 1.374 0.000 0.000 1.627 1.374 1.000 1.000
SDTA2 17.20 1.707 16.56 1.802 1.378 0.407 0.210 2.209 1.589 0.816 0.867
SDTA3 18.88 1.685 16.25 1.773 1.378 0.023 0.006 1.796 1.384 0.987 0.996
SDTA4 22.67 1.695 17.28 1.758 1.385 0.348 0.193 2.106 1.578 0.835 0.879
SDTAS 21.58 1.696 17.34 1.765 1.386 0.091 0.059 1.857 1.445 0.950 0.959
SDTAS6 24.49 1.695 17.28 1.720 1.377 0.385 0.200 2.105 1.577 0.817 0.873
SDTA7 47.75 1.696 17.97 1.530 1.390 0.000 0.000 1.530 1.390 1.000 1.000
Table 3.2 Specifications of Test Series
TEST SDTB1
-4 o ub ut a’ g’ [ g’ e e S
v h w W v h m m w t w
[kPa] [kPa] [kPa] [kPa] [kPa] [kPa} [kPa} {kPa]
51.7 37.0 0.0 0.0 51.7 37.0 41.9 41.9 1.445 1.445 1.000
106.8 91.8 49.7 48.9 57.5 42.5 96.8 47.5 1.445 1.445 1.000
100.6 79.7 9.9 0.0 94.0 76.4 86.7 82.3 1.318 1.318 1.000
201.3 181.9 105.0 101.3 98.2 78.8 188.4 85.2 1.318 1.318 1.000
191.1 141.6 2.8 0.0 189.2 140.6 158.1 156.8 1.156 1.156 1.000
408.7 355.2 197.9 196.6 211.5 158.,0 373.0 175.8 1.156 1.156 1.000
399.8 314.9 3.3 0.0 397.6 313.8 343.2 341.7 1.002 1.002 1.000
TEST SDTB2
t T
Uv Uh Um uw 06 oﬂ um ew eg et Sw
[kPa] {kpPa] [kPa] {kPa] [kPa] [kPa] [kPa]
67.1 55.2 59.2 0.0 67.1 55.2 59.2 1.415 0.228 1.643 0.861
102.5 83.7 90.0 40.3 62.2 43.4 49.7 1.415 0.172 1.587 0.892
112.7 89.1 97.0 0.0 112.7 89.1 97.0 1.296 0.172 1.486 0.833
202.5 185.4 191.1 111.3 91.4 74.3 80.0 1.296 0.091 1.387 0.934
197.0 170.3 179.2 0.0 197.0 170.3 179.2 1.143 0.099 1.242 0.920
420.8 380.1 393.7 227.7 192.3 152.4 165.7 1.143 0.016 1.159 0.986
375.9 315.66| 335.7 0.0 375.9 315.6 335.7 0.987 0.033 1.020 0.968
TEST SDTB3
[ v 4 ut o! g/ g’ e e e s
v h m Y v h m w g t w
[kPa) [kPa]) [kPa] [kPa] fkPa) [kPa] [kPa])
29.1 30.5 30.0 0.0 29.1 30.5 30.0 1.590 0.275 1.865 0.853
50.1 46.8 47.9 25.3 24.9 21.5 22.6 1.590 0.238 1.828 0.870
51.1 37.6 42.1 0.0 51.1 37.6 42.1 1.468 0.232 1.700 0.864
99.0 81.2 87.1 50.1 48.9 31.1 37.0 1.468 0.164 1.632 0.900
98.8 73.1 81.7 0.0 98.8 73.1 31.7 1.309 0.165 1.474 0.888
207.6 176.2 186.7 110.2 97.4 66.0 76.5 1.309 0.082 1.391 0.941
192.7 132.8 152.8 0.0 192.7 192.7 152.8 1.152 0.088 1.240 0.929
TEST SDTB4
4 -4 o ut a! of o’ e e e S
v h m w v h m w g t w
[kPa] [kPa] [kPa] [kPa] [kPa] [kPa] [kPa]
26.2 22.1 23.5 0.0 26.2 22.1 23.5 1.630 0.116 1.746 0.943
51.1 43.1 45.8 28.2 22.9 14.9 17.6 1.630 0.094 1.724 0.945
50.3 42.3 45.0 0.0 50.3 42.3 45.0 1.486 0.091 1.577 0.942
99.3 86.7 90.9 53.7 45.7 33.1 37.3 1.486 0.057 1.543 0.963
97.2 81.5 86.7 0.0 97.2 81.5 86.7 1.310 0.061 1.371 0.956
198.4 190.4 193.1 107.2 91.2 83.2 85.9 1.310 0.020 1.330 0.985
183.3 165.1 171.2 0.0 183.3 165.1 171.2 1.144 0.030 1.174 0.974
TEST SDTBS5
[ 4 4 4 ut ! c! o’ e e e S
v h m w v h m w g t w
[kPa]) [kPa] [kPal} [kPa] {kPa] [kPa] [kPal
32.7 24.9 27.5 0.0 32.7 29.1 27.5 1.641 0.013 1.654 0.992
61.0 48.3 52.5 23.5 37.5 24.8 29.0 1.641 0.010 1.651 0.994
58.5 39.3 45.7 0.0 58.5 39.3 45,7 1.501 0.010 1.511 0.993
100.3 75.1 43.5 34.7 65.7 40.4 48.8 1.501 0.008 1.509 0.995
104.1 65.73 78.5 0.0 104.1 65.7 78.5 1.360 0.006 1.366 0.996
201.8 159.1 173.3 82.3 119.5 76.8 91.0 1.360 0.000 1.360 1.000
195.0 116.8 142.9 0.0 195.0 116.8 142.9 1.203 0.000 1.203 1.000
TEST SDTB6
o 4 ub ut c! af o g’ e e s
v h w w v h m m w t \
[kPa] [kPa] [kPa] fkpa]) [kPa) [kPa]) [kPa] [kPa)
32.1 21.9 0.3 0.0 31.9 21.7 25.3 25.1 1.611 1.611 1.000
52.8 41.0 18.3 16.2 33.2 23.4 44.9 27.3 1.611 1.611 1.000
51.0 36.7 2.6 0.0 49.3 35.0 41.5 39.7 1.517 1.517 1.000
100.1 85.1 49.5 48.7 50.9 35.9 90.1 40.8 1.517 1.517 1.000
105.7 81.4 3.0 0.0 103.7 83.1 89.5 87.3 1.318 1.318 1.000
206.6 183.0 98.2 97.4 108.7 85.1 190.9 92.9 1.318 1.318 1.000
194.4 149.8 3.5 0.0 191.9 147.5 164.7 162.2 1.170 1.170 1.000



For each test, the sample was first prepared as described in Section 2.2.
The first day of the three day test involved the simultaneous consolidation of
the soil and formation of the gas bubbles. At the beginning of the second day
the consolidation test was ready to start. The gas that had collected in the
top cap was removed and the volume change apparatus was connected to the cell.
The data logging system was then started so that displacement, total stress,
drained and undrained pore water pressures were read every eight minutes. After
four minutes, the first increment of 14 kPa was applied to the sample by
increasing the air pressure supply to the air-water interface. This was
followed by a reading at eight minutes.

This process was then repeated such that the readings taken by the data
logger were at times 0, 8, 16, 24, 32 ... minutes, whilst the total stress was
increased at times 4, 12, 20, 28, 36 ... minutes. This was continued until the
average consolidation stress had reached 400 kPa. At this point no further
increase in total stress was applied. The total stress was kept constant for
about 1 hour, thus allowing further settlement and dissipation of pore water
pressures. This was followed by the unloading of the sample.

Due to the large negative pore water pressures that are set up in the soil
sample when the load is suddenly removed, it was decided to unload the soil
sample slowly so that the pore water pressure on the undrained face remained at
-10kPa. It was interesting to note that during the initial unloading, the load
could be removed quite rapidly, but after the consolidation stress had fallen
below about 50 kPa, the total stress had to be removed far more slowly in order
to maintain a -10 kPa undrained face pore pressure. After all load was removed,
the remaining pore water pressures were then allowed to dissipate overnight.

The sample was then carefully removed from the cell on the third day
ensuring that no soil was left in the cell. The sample was then immediately

weighed and placed in an oven at 105° for 24 hours.

3.5 One-Dimensional Consolidation of a Gassy Soil - Long Term Method

It vas next decided to perform a conventional series of consolidation tests

on samples of soils of varying gas contents. The technique used vas similar to
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that used by Nageswaran (1983), but had some important differences in order to
evaluate the volumes of water and gas throughout the tests. For this series of
tests, two additional stress transducers were incorporated into the cell wall in
order to measure the horizontal stresses during the consolidation process as
described in Chapter 2. As this test took seven days to complete, however, it
was not possible to make any accurate pore water pressure measurements on the

undrained face for reasons which are also explained in Chapter 2.

3.6 Test Series B - Three Stage Loading of Total Stress

This test series involved the consolidation of six samples of soil
containing varying gas contents. The preparation of the gassy and saturated
soil samples was similar to that for test series A. Due to the presence of the
horizontal stress transducers, however, it was necessary to produce thicker
samples so that the transducers were in contact with the soil at all times. The
initial saturations, void ratios, gas contents and consolidation pressures are
presented for each test in Table 3.2. Due to this increase in thickness, 60
hours were allowed for consolidation from a slurry to the required consolidation

pressure of approximately 30 kPa.

3.6.1 Undrained conditions

The consolidation test started with the application of an increment of
total stress. This was performed with the drainage lines closed. An immediate
volume change of the sample was observed due to the compression of the gas.
Settlement continued to occur after this initial load, however, even though
there vas no loss in pore water. This time dependent settlement could be due to
a number of reasons, including local consolidation around the gas voids,
dissolution of the gas into the pore water and the friction between the cell
wall and the sample. The last of these reasons would explain how the pore
pressure measured on the top face of the sample increased slowly to its eventual
final measured value. This undrained settlement was completed after about two

hours. Figure 3.7 illustrates a typical undrained settlement with time.
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3.6.2 Drained conditions

When there was no further increase in settlement, the data logging system
was reset and the drainage taps were opened. For drained conditions, this is
considered to be the start of the consolidation test. Readings of settlement,
total stress (vertical and horizontal) and the volumg change of pore water were
made as the test progressed. Readings were taken at equal increments of the
square root of time (0.25 min, 1 min, 2.25 min, 4 min, 6.25 min ...). The
readings were taken until there was no further change in settlement. Figure 3.8
presents the combined result of a typical time dependent undrained displacement
followed by a time dependent drained settlement. This process of undrained and
drained conditions was then repeated twice more so that three increments of load
had been applied to the sample. After no further loading was required, the
sample was then unloaded gradually to avoid large suction pressures. The
samples were then measured, weighed, dried and reweighed to obtain the volume of

the individual phases.

3.7 Summary

Due to the failure of conventional consolidation testing to produce the
required understanding of the consolidation behaviour of gassy soil, this
chapter presents the procedure for two consolidation techniques for the testing
of gassy soil. The first test can be completed in three days, during which it
is possible to measure the pore water pressure on the undrained face. This
enables the value of the average consolidation stress and the average void ratio
to be evaluated at many points throughout the test. Numerical modelling of this
procedure has shown that this resulting relationship is very close to the actual
void ratio-consolidation pressure relationship.

The second test separates the undrained from the drained conditions by
applying the increment of vertical stress whilst allowing no drainage from the
soil sample. After the completion of all undrained settlements, the drainage

taps are opened and consolidation is allowed to proceed.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Introduction

This chapter presents the experimental results from the two series of
consolidation tests performed on samples of gassy soil. Pore water pressure
response and settlement behaviour are presented for each test. These results
illustrate the consolidation behaviour of gassy soil and various soil parameters
are evaluated. These include the coefficient of volume change, ms the
coefficient of consolidation, S the soil permeability, kv, the coefficient of

earth pressure at rest, K,, and the compressibility of the gas, cg.

4,2 Test Series A

4.2.1 Compressibility behaviour of gassy soil

The previous chapter described the evaluation of the average vertical
consolidation stress and the average void ratio during a consolidation test in
which there is a linear increase in total stress. The average vertical

consolidation stress is defined as

o, = o, -0, = o - (2u o+ u,)/3 (4.1)

where ﬁw is the average pore water pressure, and Uy and u.q are the pore water
pressures measured on the undrained and drained faces respectively. The average
void ratio is defined as the total volume of the voids divided by the volume of

the solids, which may be written as

e, = (vw + vg)/vs (4.2)

where e, is the total void ratio, vy is the total water volume, vg is the total
gas volume and A is the total volume of the solids. Figure 4.1 illustrates the
relationship between the total void ratio of the gassy soil and the vertical
consolidation stress. It must be noted that S100 indicates the degree of
saturation of the soil at an average vertical consolidation pressure of 100 kPa.

It can be seen from this figure that there is no unique relationship between the

total void ratio and the consolidation stress. This result agrees with the work
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of Nageswaran (1983) and Wheeler (1986) which also found no unique relationship
between the total void ratio and the consolidation stress. On close examination
of gassy soil, however, it can be seen that the gas exists in relatively large
voids surrounded by a saturated soil matrix. The void ratio of the saturated
soil matrix is then equal to the volume of water divided by the volume of the
solid. This parameter was termed by Wheeler (1986) the "matrix void ratio" and

may be written as

vw vw vw + v
e = — = E|l - s e (4.3)
W v V. + Vv v w ot
W g s

wvhere Sw is the water saturation. Wheeler used the parameter en to describe the

matrix void ratio. As this parameter is obtained by dividing the volume of
water by the volume of solids, however, it is felt here that e, is a more
appropriate term of definition.

For the consolidation test series A, it was possible to evaluate the gas and
vater volumes at all times throughout the test. Therefore, at each point of
measurement of total stress and pore water pressure, it was also possible to
obtain the water volume and hence the matrix void ratio of the sample. Figure
4.2 presents the calculated matrix void ratio plotted against the logarithm of
the average vertical consolidation stress for tests SDTAl to SDTA7. This figure
illustrates clearly a unique relationship between the vertical consolidation
stress and the matrix void ratio. This unique line of Figure 4.2 can be
described by

e, = 2.557 - 0.589 log10 (cv - uw) (4.4)
The above result compares very well with the void ratio versus vertical
consolidation stress for a saturated soil as produced by Nageswaran. However,
the slope of the above relationship is about fifty percent higher than that

obtained by Wheeler for isotropic consolidation.

4.2.2 Pore vater pressure response

At this stage of the research it was believed that the gas and the pore

vater could be treated as a single homogeneous compressible fluid. The equation
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governing the consolidation of this material for changes in total stress can be
extended from equation 1.22 to give

9 k du du 30
3z [ ;x T ] = (mV + ngcg) FTAAR M v (4.5)
Therefore under undrained conditions, as there is no fluid flow in the soil, the
left-hand side of this equation can be set to zero, producing

du do

(mV + ngcg) T = ™ v (4.6)
thus
duw/dt duw mV
do /dt = do. - m_ +nc (4.7)
v v v gg

Consequently, any increase in total stress would cause an increase in gas
pressure, vhich in turn would produce gas compression. Simultaneously, the
reduction in the pore water pressure--caused by the gas compression--would
produce an increase in effective stress, causing an undrained settlement of the
soil equal to the volume change of the gas. If this were true, it could be
confirmed by observing the changes in pore water pressure at early time on the
undrained face of the soil samples. From equations 4.5 to 4.7, it can be shown
that for a saturated soil at early time the slope of the total stress and
undrained face pore water pressure curves versus time would be the same.

For a gassy soil, however, the pore water pressure slope would be
significantly lower. This can be illustrated by considering a gassy soil of
initial gas content, ng, of 0.1 with the initial gas pressure at atmospheric and
with a soil coefficient of volume change of 2MPa—1. Equation 4.7 shows that the
initial slope of the pore water pressure curve with time would be about two
thirds of the slope of the total vertical stress with time. Figure 4.3 presents
the pore water pressure response on the undrained face of the gassy soil sample
SDTA6 (initial saturation 82%) with time. Superimposed on this figure is the
increase in total stress with time. It can be seen that the initial slope of
the pore water pressure curve is almost identical to that of the total stress.
This was seen for all the tests, gassy and saturated soils alike. For all
samples, the pore water pressure response appeared to be that of a saturated
soil even though the gassy soils produced a settlement due to gas compression

and dissolution.
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In addition, it can be observed from Figure 4.3 that instead of flattening
out at late time to a constant value of pore water pressure--as suggested by the
small strain analytical solution depicted in Figure 3.3--the pore pressure curve
drops gradually towards the end of the test, even though there is still a linear
application of total stress. It is possible that this is the result of an
increase in the value of the coefficient of consolidation during the test due to
the increase in consolidation pressure. Later large strain numerical analysis,
however, illustrates that due to the settlement of the sample, the path length
of the drainage fluids is reduced over the period of the consolidation test.

The reduction of this drainage path length would speed up the consolidation
process, thereby causing a reduction in the pore water pressure on the undrained

face of the soil sample.

4.2.3 Gas volume response

If the gas and water were assumed to behave as a single compressible fluid,
it would be expected that the gas volume would initially decrease as the pore
water pressure--and hence gas pressure--increased. The gas volume would
continue to decrease until the pore water pressure reached its maximum value and
then began to fall. It would also be expected that the gas would start to
expand and that by the end of the loading period--when the pore water pressures
revert back to the atmospheric pressure--the final gas volume would be close to
its initial volume.

This scenario was far from the response obtained when the gas volume was
calculated, however. Figure 4.4 illustrates the decrease in total, matrix and
gas void ratios during the linear increase in total stress consolidation test
performed on sample SDTA6. It can be seen from this figure that the gas volume
does indeed decrease as expected at the start of the test. However, the gas
volume continually decreases--thereby illustrating a continuous increase in the
gas pressure--throughout the loading period of the test, even when the pore
water pressure begins to decrease. This behaviour occurred for all the gassy
soil tests and at this stage, it became clear that the initial assumption that

the pore water pressure and gas pressure were directly related was invalid.
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4.2.4 Gas pressure response

During the laboratory consolidation test it was possible to evaluate the
gas volume at all times. In order to obtain the gas pressure throughout the
test, however, it is necessary to have knowledge of the gas pressure at a
particular gas volume. This would effectively prescribe the mass of gas present
in the sample. From the knowledge of the gas volume change and the use of
Boyle’s gas law and Henry’s law of solubility, it would then be possible to
evaluate the gas pressure at all times throughout the test.

For the initial calculation of gas pressure throughout a consolidation
test, it was assumed that at the end of the test--when all pore water pressures
had dissipated to atmospheric and all total stress had been removed--the gas
pressure would also be at atmospheric pressure. This value was used to back
calculate the gas pressure throughout the test from the measurements of free gas
volume change assuming that Henry’s solubility coefficient was zero.

From this initial calculation of gas pressure response, it immediately
became apparent that the gas pressure has no relationship with the pore water
pressure. The most surprising result was that the gas pressure appeared to be
dominated by the total vertical stress. Therefore, these results suggested that
a much better estimate of gas pressure would be to assume that it was equal to
the total vertical stress at the start of the consolidation test.

Based on the above findings, the calculation of gas pressure was repeated
assuming that the gas pressure was equal to the total vertical stress at the
start of the test. In addition, the first series of calculations assumed that
either the gas is insoluble in the pore water, or that there is insufficient
time for the gas to move into solution. For both these cases, Henry's
coefficient of solubility, H, has a value of zero. Consequently, it is assumed
that all the gas in the soil sample exists as free gas with no discharge of the
gas from the sample either due to free drainage or in the form of dissolved gas
within the drained pore water.

The gas pressure calculation advances with time over each increment of load

such that the gas volume and gas pressure are known at the start of the loading
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increment. To illustrate this calculation a volume of gas, VgA, at a gas
pressure, ugA’ is considered at a point A, as illustrated in Figure 4.5a. After
a certain time and increase in total stress and gas pressure, the gas volume
becomes vgB at point B. Therefore, from Boyle’s Law the pore pressure at point

B can be found by

* = uk .
utp = ux, ng/vgB (4.8)
where u; is the absolute gas pressure
* =
ux = U+ (4.9)

and u, is atmospheric pressure. The calculated gas pressure is then used as the
starting pressure for the next calculation increment. In this way, the
calculation marches in time from the beginning to the end of the test.

To illustrate the results of this calculation, Figure 4.6 presents the
calculated gas pressures for the gassy soil tests SDTA2, A4, A5 and A6 based on
the assumption that H = 0. (SDTA3 is not included as it becomes saturated early
in the test.) The striking relationship of the gas pressure with the total
stress can be seen immediately, as can its apparent independence of the pore
wvater pressure.

The second method of estimation of the gas pressure assumes that the gas is
soluble in the pore water with a Henry’s solubility coefficient of 0.0333. It
is also assumed that the gas is instantly soluble in the pore water immediately
a change in the gas pressure occurs. This assumption, coupled with the
assumption for the first method of gas pressure estimation, should then produce
a lower and upper limit of gas pressure. Assuming that the gas dissolves in the
pore water, there are now three ways in which a loss in gas volume occurs during
the consolidation process. The first is the loss of free gas due to gas
compression. The second is due to the extra mass of gas that becomes dissolved
in the pore water, and the third is the loss of gas in dissolved form that is
transported from the sample by the drained pore water.

At this point it is helpful to explain the concept of Henry’s solubility
law and its effect on a gassy soil. According to Henry’s law, the concentration

of dissolved gas is dependent on the free gas pressure. The higher the gas
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pressure, Ug’ the greater the amount of gas that will be forced into solution.
This dissolved gas concentration, H, is termed "Henry’'s coefficient of
solubility" and has a value of 0.0333 for methane in water at 20°C (Yamamoto, et
al., 1976).

Fredlund (1976) presents a simple approach to Henry’s law by introducing
the porous stone analogy. This analogy stems from the fact that if the mass
concentration of the gas dissolved in the pore water is directly proportional to
the free gas pressure, then from Boyle’s law, it follows that the equivalent
volume concentration is constant and independent of the gas pressure. This
constant is Henry’s coefficient of solubility, H. Fredlund replaces the
physical problem of water, free gas and dissolved gas under pressure as depicted
in Figure 4.7a by free gas and a porous stone of porosity H as illustrated in
Figure 4.7b. Subsequently, instead of calculating the mass of gas that enters
the water due to the increase in gas pressure, the porous stone analogy simply
states that there is an additional free gas volume va available for
compression. Therefore, Boyle’s and Henry’s laws can be combined to give

(vg + va)(ug + ua) = constant (4.10)

Returning to the calculation of the gas pressures for test series A, an
example problem is illustrated in Figure 4.5b where the water and gas volumes
and the gas pressure are known at point A. After an increment of time and
stress there is a volume change of gas and a volume Avw of pore water that
drains from the sample. Thus from Boyle’s law and Henry’s law

ugA(ng + HVwA) = UEB(vgB + vaB) + Hug Avw (4.11)

It is then assumed that the pressure at which the gas leaves the sample, ug, may

be approximated by the average gas pressure (u*

oA + UEB)/Z' Consequently, the

above equation may be written as

+ va - HAvw/Z) = u* Hv _ + HAVW/Z) (4.12)

*
ugaVaa A e8(Vgn * By

from which the gas pressure at point B can be given by

ugB = uEA (VgA + va)/(vgB + va) (4.13)

where
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v, = (va + va)/Z (4.14)

Equation 4.10 is assumed to hold during the test when there is water flowing
from the sample. When there is unloading of the sample and water enters the
soil, it is assumed that this water contains no dissolved gas. Thus the
estimation of gas pressure during unloading conditions becomes

ugB = ugA (ng + vaA)/(vgB + vaB) (4.15)

4.2.5 Estimation of gas pressure for test SDTA6

Figure 4.8 illustrates the behaviour of sample SDTA6 under a linear
increase in total stress, followed by a transient stage where there is no change
in total stress, then followed by a decrease in total stress such that the pore
wvater pressure on the undrained face is held at -10 kPa.

Also plotted in this figure are the free gas volume, average pore water
pressure and the estimate of mean total stress throughout the test.

Superimposed on this plot are the results of the gas evaluation based on the
assumptions presented in the previous section.

It can be seen from this figure that the gas pressure, using either of the
estimates for the value of H, does not follow in any way the behaviour of the
average pore vater pressure. It appears instead that the gas pressure is highly
dependent on the total stress applied to the sample. Apart from the gradual
rise of gas pressure with total stress, the most convincing fact is that as soon
as the total stress ceases increasing, the gas pressure does likewise. On
unloading of the soil sample, however, it can be seen that the pore pressure
does not fall immediately the total stress is reduced. The pore pressure is not
seen to fall until some time after the start of unloading and where the total
stress is well below that of the estimated gas pressure. Thus it would appear
from Figure 4.8 that the gas pressure "lags behind" the total stress. An

interpretation of this behaviour is presented at a later stage in Chapter 6.

4,2.6 Empirical expression for gas pressure

Figure 4.8 illustrates that the gas pressure appears to lag behind the

total stress on the sample. This would indicate that there is a difference in
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these values by a certain amount, which could be either positive or negative
depending on whether loading or unloading conditions prevail. In addition, the
difference in the total stress and the gas pressure may not be constant and may
vary with properties such as shear strength or gas volume fraction. This

difference may be expressed as

| o - ugl < F(syy ng) (4.16)

where o may be the vertical or mean total stress, Su is the so0il matrix shear
strength and ng is the gas volume fraction. On observation of Figure 4.8,
howvever, it appears that the gas pressure is almost linearly dependent on the
total stress under normal consolidation conditions. Although this is a purely
empirical relationship, the gas pressure can be approximated quite well by the

expression

ug = ag (4.17)

where o may be the vertical or the mean total stress. The parameter o is the
proportion of the total stress that is transferred through the soil matrix to
the gas voids. This parameter has consequently been termed the "stress transfer
coefficient". It is this empirical expression that is used in the later

numerical modelling of the consolidation tests.

4.2.7 Evaluation of soil permeability

One of the advantages of the consolidation of a soil sample by applying a
linear increase in total stress is that for the majority of the test, the pore
water pressure distribution is close to parabolic. Based on this assumption of
a parabolic distribution, it is then possible to determine the pore water
pressure gradient at the drained face of the soil sample. This pore water
pressure gradient at the drained face, neglecting any gravity effects, can be
written as

I b = -2u,/h (4.18)

where U is the measured pore water pressure on the undrained face and h is the
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height of the sample. Therefore, as both these parameters are measured
throughout the consolidation test, then the pore water pressure gradient can
also be evaluated. 1In addition, Darcy’s law can be introduced as
T (4.19)
- A 7 Ywdz
wvhere Wz is the Darcy velocity--defined as the approach velocity of the pore
vater relative to the soil grains--Q is the total flow rate leaving the soil
sample, A is the cross-sectional area of the sample, Y, is the specific weight
of the water, duw/dz is the pore water pressure gradient and kz is the soil
permeability. It must be noted that the soil permeability, k, depends upon the
intrinsic permeability, ki——which is the property of the porous material only
--the dynamic viscosity of water, Mo and the specific weight of the water, Y,
This permeability relationship can be written as

i

k k
Y m

W w

(4.20)

Therefore in order to evaluate the range of permeability for this soil, it is
necessary to evaluate the Darcy velocity throughout the test.

This evaluation of Darcy velocity can be performed by separating the
drained water and gas. It is then possible to evaluate the volume of pore water
that drains from the sample with time. The velocity is evaluated from the
derivative of the volume of pore water discharge with time, divided by the
cross-sectional area of the sample. This is given by

dv
W

1
L (4.21)

where Vo is the volume of water that drains from the soil and A is the cfoss—
sectional area of the sample. The best method of evaluating the slope of the
vater volume discharge with time was found to be to use a best fit cubic spline
curve through the data points. This technique was provided by a NAG routine on
the OUEL VAX 11/780. This routine was also able to output the derivatives of
the slope at the data points. These gradients were divided by the cross-
sectional area to give the net water velocity at the drained face. Furthermore,

as the drained face is a fixed boundary in space so that there can be no solid
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movement across this boundary, all flow measured is that relative to the solid
grains. Therefore this calculated velocity on the undrained face is also the
Darcy velocity. The soil permeability may then be evaluated from

kz =, th/Zuwu (4.22)

This procedure was applied to the seven tests SDTAl to SDTA7. The
resulting values of permeability are plotted against vertical consolidation
stress in Figure 4.9. It must be noted that the abscissa on this plot is the
consolidation stress at the drained face and not the average consolidation
stress. For this series of tests the back pressure is atmospheric. Therefore
the consolidation stress on the drained face is simply the total vertical
stress. It can be seen from Figure 4.9 that as consolidation proceeds and the
consolidation stress increases, the soil permeability decreases. It might also
be expected that the permeability of gassy soils would be lower than that of
saturated soils. However, there appears to be no consistent variation of the
permeability due to the presence of gas.

Finally, to test the validity of this method of permeability calculation, a
large strain numerical model based on Terzaghi theory was used to simulate the
consolidation of a saturated sample. The model used the soil stress-strain
relationship presented in Figure 4.2, and a permeability versus consolidation
stress relationship similar to that in Figure 4.9. The resulting output from
the finite element program included the pore water pressure on the undrained
face and flow of water from the sample with time. These two parameters were
then used to evaluate soil permeability as for an experimental result.

Figure 4.10 compares the actual value of the permeability curve, used as
input, with the calculated value of permeability based on a parabolic
distribution of pore water pressure. It can be seen that the comparison is only
fair for the majority of the range of consolidation stress. The calculated
values of permeability are generally higher than the actual values. Therefore,
based on these findings, Figure 4.9 should only be used as a guide to the
permeability behaviour, as the actual permeability will lie somewhat lower than

calculated.
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4.3 Test Series B

Each consolidation test in this test series lasted a period of
approximately seven days. As explained in Chapter 2, it was not possible to
obtain any reliable long term undrained face pore water pressure measurements.
To obtain more information from this series of tests, however, two miniature
stress transducers were mounted on opposite sides of the oedometer cell in order
to measure horizontal total stresses. The specification of these transducers is
presented in Section 2.9. The testing procedure used in test series B is

presented in detail in Chapter 3.

4.3.1 Relationship between void ratio and consolidation stress

In the same way as for the tests of series A, it was possible to evaluate
the average void ratio at all times for the tests of series B. Unlike series A,
however, it was only possible to obtain the consolidation stress when the pore
water pressure became constant throughout the sample. This occurred only at the
end of a loading test when all pore water pressures dissipated back to
atmospheric pressure, and at the end of an undrained loading stage when there
was no further settlement and the pore water pressure was assumed to be at a
constant value throughout the sample. This pore water pressure could then be
found using the pressure transducer which measures the pore water pressure on
the top face. Thus under these conditions, the vertical consolidation stress
can be found from

a; = ¢ -u (4.23)
and the mean consolidation stress from

of = (o, + 23h)/3 - v, (4.24)
where Eh is the average value of the measured horizontal total stress.

Figure 4.11 presents the total void ratio versus the vertical consolidation
stress .for the six soil samples SDTB1 to SDTB6. Again it can be seen that there
is no unique relationship between these curves. As for test series A, hovever,
wvhen the matrix void ratio is plotted against the vertical consolidation stress

in Figure 4.12, it can be seen that the curves are certainly brought together to
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a unique band, if not a unique line. A least square straight line fit through
these points produces the equation

e, = 2.425 - 0.552 1og10 (av - uw) (4.25)

To compare the results of test series A and B, Figure 4.13 presents the
least square best fit lines for these two test series. It can be seen that the
compressibility index is fairly close, indicated by the lines being almost
parallel. Series B, however, produces a lower line than Series A. There are
two possible reasons for this. The first is that test Series B--as it is
consolidated over a longer period--may have a lower void ratio due to the
occurrence of secondary compression or creep. The second is that due to the
effect of friction between the piston and the cell wall, in some tests the total
stress on the sample was observed to decrease towards the end of the test. This
would cause part of the sample to be slightly over consolidated. Both of these
cases would cause the line to lie below that obtained from Series A.

Furthermore, as the horizontal stresses are measured in this series of
tests, it is also possible to evaluate the mean consolidation stress on the soil
sample. Figure 4,14 presents the matrix void ratio now plotted against the mean
consolidation stress. The resulting plot is even closer to a unique line than
Figure 4.12. A least square straight line fit through these points produces the
equation

e, = 2.412 - 0.565 log o(o_ - u ) (4.26)

4.3.2 Behaviour of the fluid phases during undrained conditions

After the soil had been consolidated from a slurry to the required
consolidation pressure of approximately 35 kPa, it was then possible to obtain
the vertical and mean consolidation stresses from the fact that all pore water
pressures would have dissipated back to the value of the atmospheric pressure.
The sample was then subjected to an increment of total stress via the piston on
the undrained face. As described in Chapter 3, an immediate displacement of the
sample followed due to the compression of the gas, succeeded by a time dependent
undrained settlement. After a period of about one hour, the majority of this

settlement was complete. The drainage taps were kept closed for a further one
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hour, however, to ensure that all pore water pressures were constant throughout
the sample. At this point the pore water pressure on the top face, the total
vertical and horizontal stresses and the thickness of the sample were all
measured. From these measurements it was then possible to evaluate the void
ratio and the consolidation stress. The drainage taps were then opened which
indicated the start of the drainage stage. Again, total stresses and soil
thickness were measured throughout the drainage period in addition to measuring
the volume of pore water that left the sample in the form of drainage fluid.

After each test was performed, it was possible to evaluate the volumes of
each phase during the entire test. For the saturated tests SDTB1 and SDTB6
there were no initial displacements and all volume changes were due to the loss
in pore water. Figures 4.15 to 4.18 present the void ratios of each of the
fluid phases for the gassy soil tests SDTB2 to SDTB5. It must be noted that in
these four figures, the time at which the test starts is actually the time at
vhich the drainage taps are opened. What appears to be an instantaneous change
in gas volume is actually that volume change which took place over the undrained
period of approximately two hours prior to the opening of the drainage taps.

It can be seen immediately from these figures that there is a consistent
behaviour for all tests. Considering Figure 4.15 which illustrates the
consolidation behaviour of gassy soil sample SDTB2, it can be seen that as
expected, the initial volume change is solely due to the volume change of the
gas with no change in the water volume. On opening of the drainage taps, it can
be seen that the total volume of the sample immediately begins to change due to
the loss of pore water. This volume change is evaluated from the changes in the
thickness of the sample. In addition, from the measurement of the volume of
pore water that leaves the sample, it is possible to evaluate the volume change
of the pore water that is present within it. The difference between the change
in volume of the soil sample and the change in volume of the pore water equals
the volume change of the gas phase. It can be seen from Figure 4.15 that the
change in volume during drainage conditions is almost exclusively due to the
loss in volume of pore water. The volume change of gas is extremely small

during the drained stage, even though there is a large change in pore water
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pressure. (Note that the gas void ratio axis in Figures 4.15 to 4.18 is
expanded to highlight any fluctuation in gas void ratio.)

Finally, it can be seen from Figures 4.15 to 4.18 that the gas volume
appears to be controlled once again by changes in the total stress. This agrees

with the conclusion made from test series A.

4.3.3 Measurement of K, for a gassy soil

For test series B, it is possible to evaluate the horizontal and vertical
consolidation stresses at the end of both the undrained and drained stages. The
measured values of the top face pore water pressure, vertical and horizontal
stresses and the water and gas void ratios are presented in Table 3.2.

In order to compare the relationship between the horizontal and vertical
consolidation stresses, these two parameters are plotted on logarithmic scales
in Figure 4.19. The first immediate observation from this is that there appears
to be no significant difference between the results of the saturated and gassy
soils, although producing a least square best fit separately through the
saturated and gassy results does produce a slightly different behaviour as
illustrated in Figure 4.19. In order to evaluate the average value of ¥, for
all the samples a least square best straight line fit is made through all the

data points to give

log (o} /u) = 0.988 log (o’/u ) - 0.1228 (4.27)
from which
Ko = of/c! = 0.754 (o7/u) 0012 (4.28)

This yields a range of K, between 0.76 and 0.74 for a&=25 kPa and o&:éOO kPa
respectively. Therefore, under this stress range, K, is approximated as 0.75.

4.3.4 Undrained horizontal stress behaviour

In addition to the measurement of the absolute value of the horizontal
stress at the end of each test, information may also be obtained from the
increment of horizontal stress under undrained conditions. The increments of
vertical and horizontal total stress are presented in Table 4.1. Compressible
fluid theory would predict a horizontal stress increment lower than the vertical

stress increment due to the compressibility of the gas. The relationship
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between the vertical and horizontal stress increment can then be derived from
equation 4.5 to give

Ach = Acv (mV + K ng cg)/(mv + ngcg) (4.29)

where ng is the gas porosity, Cg is the gas compressibility and m, is the soil
vertical coefficient of volume change. From the above equation, the change in
horizontal and vertical stress would only be identical if either the gas volume
fraction was zero or K, was equal to unity.

Figure 4.20 presents the increment of total horizontal stress versus the
increment of total vertical stress. Also plotted is the relationship expected
for a saturated soil under undrained conditions. This corresponds to an
undrained Poisson’s ratio equal to 0.5. Figure 4.20 illustrates that for
undrained conditions, an increment of horizontal total stress can be assumed

equal to the increment of vertical stress for both gassy and saturated soils.

4.3.5 Pore water pressure response under undrained conditions

Although for this series of tests it was not possible to obtain reliable
readings of pore water pressure on the piston, it was possible to obtain a
genuine reading of pore water pressure on the top face of the sample under
undrained conditions. It was assumed that at the end of undrained conditions,
the pore water pressure would be constant throughout the sample. Again, if it
is assumed that the gas existed as small occluded bubbles in the pore structure
of the soil and acted as a compressible fluid, the pore water pressure response
due to an increment of total vertical stress, Auv, under undrained conditions
can be adapted from equation 4.7 to give

Auw = Acv mv/[mV + (ng + H nw)cg] (4.30)

where n, is the water porosity and H is Henry'’s coefficient of solubility.
Figure 4.21 presents the measured values of Auw/Aom versus initial gas volume
fraction for each undrained loading increment for tests SDTB1 to SDTB6. Also
plotted in this figure is the range of values expected using the compressible
fluid theory from equation 4.24. Despite the considerable scatter of the data,

it can be seen that for a gassy soil there is a definite trend which shows that
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as the gas volume fraction increases, there is an increased pore water pressure
generation above the value of the mean total stress increment. For Figure 4.21,
the relationship between the total stress increment and the pore water pressure

increment can be written in the form

Auw = BAcm(l + Ang) (4.31)

Ideally the value of B should be unity. However, it is virtually impossible to
saturate fully a piece of apparatus that is designed to contain a sample of
gassy soil. Thus on compression of the soil, there may be some compression of
gas outside the soil sample which in effect would lead to a slight drained
condition that would produce some increase of the consolidation stress on the
soil skeleton, resulting in a reduced value of pore water pressure. Therefore,
even a sample that is almost saturated may have a B value less than unity. A
least square straight line fit through Figure 4.21 produces the equation

bu, = 0.926 Bo (1 + 4.04 n) (4.32)

4.3.6 Relationship between gas pressure and total stress

Test series A illustrated clearly that the gas pressure was not related to
the pore water pressure, but appeared to be dependent on the total stress.
Under loading conditions for a normally consolidated gassy soil, the following
was suggested for gas pressure

U = @o (4.33)

where ug is the gas pressure, o is the stress transfer coefficient and where ¢
could be the vertical or mean total stress. In addition, Figures 4.15 to 4.18
illustrate that for test series B, the gas volume and hence the gas pressure
appear to be dependent on the total stress. Therefore in the same way as the
matrix void ratio is plotted against the logarithm of consolidation stress,
Figure 4.22 presents the total gas void ratio (eg + Hew) versus the logarithm of
total vertical stress for the gassy soil tests SDTB2 to SDTB5. It can be seen
that for each test there is a definite relationship between the gas void ratio
and the total vertical stress. Due to the different initial gas content of each

test, however, these curves are not unique. Figure 4.23 presents the same gas
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void ratios, but plotted this time against the total mean stress. Again, the
same type of behaviour is observed as in Figure 4.22.

In order to compare the behaviour of these four tests, the assumption was
made that at the start of the first application of undrained loading (after
initial consolidation) the gas pressure is equal to the total stress. This
assumption is based on the fact that the initial load is applied to the soil
wvhen the shear strength is very low, thus allowing all of the applied stress to
be transferred to the gas void. On the basis of this assumption it is then

possible to evaluate the equivalent gas void ratio at zero total stress as

o i i i
eg + H e, = (eg + Hew)(l + 0 /ua) (4.34)

wvhere u, is the atmospheric back pressure, the superscript "o" denotes the void
ratios at atmospheric pressure, and the superscript "i" denotes the initial void
ratios and stresses at the start of the first increment of stress. It is then

possible to obtain a normalized value of void ratio which may be written as
o o} i i i
(eg + Hew)/(eg + H ew) = (eg + Hew)/[(eg + Hew)(l + 0 /ua)] (4.35)

Figure 4.24 presents these normalized values of void ratio plotted against
both the total vertical and mean stress. It can be seen that by normalizing
these curves, they are brought together to almost a unique line.

Based on this result, the same principle was then applied to the tests of
series A. The resulting relationship between the total vertical stress and the
normalized gas volume is presented in Figure 4.25. It can be seen that although
the curves have been brought together, they do not produce such a unique
relationship as for test series B. It is interesting to note, however, that for
those soils with an initial free gas porosity close to zero (Tests SDTB5, SDTA3,
SDTA5), the resulting curves are at a higher value than the remainder of them.

To compare these experimental results with the simple empirical expression
given by equation 4.33, the gas pressure must first be evaluated throughout the
test. Therefore starting from the point ¢ = 25 kPa, the theoretical total

normalized gas volume may be found from

o o
(eg + H ew)/(eg + H ew) = ua/(ua + o) (4.36)
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where ¢ can be the mean or vertical total stress, u, is the atmospheric back
pressure and o is the stress transfer coefficient. The resulting theoretical
behaviour is superimposed onto the results of test series B in Figure 4.26, and
onto the results of test Series A in Figure 4.27. It can be seen that for test
series B (sudden application of total stress), a value of a« = 1.0 gives a good
representation of the resulting change in gas volume. For test series A (stress
increased linearly with time), « has to range from 0.4 to 0.7 to cover the
volume change behaviour. For soils of higher gas content, however, o = 0.7

gives the best representation of the data.

4.2.7 Evaluation of soil permeability

For the gassy soil samples in this series of tests, it was found that it is
not possible to obtain any reliable measurements of pore water pressure on the
undrained face. For this reason, it is impossible to produce a direct
measurement of the soil permeability as was the case for test series A.
Therefore for this series of tests, the soil permeability can only be found
indirectly from the coefficient of consolidation and the coefficient of volume
change.

The coefficient of consolidation is evaluated by considering the time at
which 50% of the total drained settlement has taken place. As there is an
initial undrained settlement, this time value, tSO’ has been defined as the time
wvhen 50% of the total water loss has taken place. The value of the coefficient
of consolidation can then be evaluated from (Scott, 1974)

2
¢, = 0.196 h50/t50 (4.37)

where h50 is the height of the sample at time tsge The evaluated values of ¢,
for all stages of tests SDTB1 to SDTB6 are presented earlier in Table 4.1 and
are plotted against the average vertical consolidation pressure in Figure 4.28.
This figure illustrates that there is no apparent consistent variation of the

coefficient of consolidation with gas content.

105



Q
N
*

oy
n
T

Q
f o
=

Q
W
T

T T T
Vertical
stress

Mean
stress

Test

Theoretical Curves

eq+He
9 w Uq

Qo
r
-

eg+Hel, ~ ugrac

Q
=

Total Normalized Gas Volume [(egoHew)/(e‘;+He?~)]

@
o

25

30 100 00

Total Verticai and Mean Stress (0., ) [kPa]

Figure 4.26 Theoretical versus experimental normalized gas volume for test series [

09 Y

0-8}-

‘;4 He, )]
Q = o
& o 3

Q
I~
T

@
ad
T

B Theoretical Curves

Q
N
T

eg’Hew uu

B eg+HeS,  ugrac

o
-

Total Normalized Gas Volume [(eg+He,)/ (€

e
o

A

Key

Test

25

Figure 4.27 Theoretical

Total Vertical Stress (o, ),[kPa]

50 100 700

40(

versus experimental normalized gas volume for test series

1C6



a
o
oy

N
(=}
T

~
(=]
T

Coefficient of Consolidation,[mm%/s]

©
wn
r

2/min]

Coetficient of Consolidation,(c,), [mm

n
o

N
o

©
n

=
o
T

0.2

Figure 4.28 Coefficient of consolidation versus consolidation stress

x10_8
200

100t

(mm/s)

SOf

Permeability

T

Soil Permeability {(m/min)

20

Soil

10

x10

100

50

20

10

@ v. ]
4
A a
A v
" L ]
o] o ¢ B
o v
Key Test
. SDT B1
8 v SDTB2 i
N sDT83
> . SDT 84
cy= 0.186h 50/1‘50 . sDTBS
o SDTB6
1 1 1
50 100 200 400
Vertical Consolidation Stress (o,,-u,, ) [kPa]

for test series

Vertical Consolidation Stress

m, c = |my,CyYw =
TEST vEyvYw v Eviw
ky vs. 0, | ky vs. Oy
SDT81 [ ] ©
sDTB2 v v
sDTB3 A A
~ SDTBL a o
~
4 SDTBS . o
~
~
- % ~ - SDTB6 o °
oA * ~
fe] ~
~
° ~ i
7N =~ ~ ©
o ~ o o
o 8o S mt
° v *('
] - 4
v v ~ ~
©
~ ¥
~ o
/ ~
Estimate of Permeability ™ -
~ 4
From Test Series A ~ -
~
it 1 1 1
50 100 200 400

(kPa)

Figure 4.29 Soil permeability versus consolidation stress for test series B

107



The next stage is to evaluate the coefficient of volume change. For a one-
dimensional consolidation test, this coefficient can be evaluated in the
vertical direction from

be

v 1 +e Ao’
t v

[
£

(4.38)

where m, is the vertical coefficient of volume change, e is the total void
ratio, 8oy, is the change in vertical consolidation stress and Aew is the change
in water void ratio over the increment of consolidation. The soil permeability

can then be found from

k = ¢ m ¥ (4.39)

Values of kv and m, for each increment of consolidation are presented in Table
4.1. Comparisons using the non-linear large strain numerical model indicated
that the evaluated soil permeability should be plotted against the average value
of the initial and final vertical consolidation stresses to produce a point on
the actual soil permeability versus consolidation stress line. Accordingly,
Figure 4.29 presents the calculated soil permeability plotted against the
average vertical consolidation stress.

In addition, due to the presence of two horizontal stress transducers, it
is possible to evaluate the changes in mean stress over an increment of
consolidation. Therefore, it is then possible to evaluate the mean coefficient
of volume change, m.s as

. _ 1 de

m 1 +e_ Og
t m

=

(4.40)

vhere Aa& is the change in mean consolidation stress. From this equation, it is

possible to obtain an alternative value of the vertical soil permeability from

lzv =% My Yy T TTre 8o’ = "1+ve. Bd’
t v t m

v Yy Aew v v Aew (1+2K°) (4.41)

1+2K°)
3

=% My Yy ( 3
The values of soil permeability calculated using a value of K, of 0.75, are
presented in Table 4.1 and are plotted against the average vertical
consolidation stress in Figure 4.29. Once again, this figure illustrates that
there is no apparent variation of permeability with gas content, although the

great deal of scatter of these results may obscure any trend that does exist.
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When the above results are compared with those of test series A (as
presented in Figure 4.9), the permeability values of test series B are lower
than for test series A. Figure 4.10 illustrates, however, that for test series
A the actual permeabilities would have been lower if the test had been carried
out at a slower rate, thereby reducing the inaccuracies in the calculation of
permeability. An estimate of the permeability behaviour of test series A is
then made with the help of a large strain numerical consolidation model. The
estimate of the permeability relationship for test series A is then superimposed

onto Figure 4.29 to give a fair comparison with the results of test series B.

4.4 Summary

The main body of this chapter describes the results of two series of
consolidation tests. The first, test series A, applies the total stress in
small equal increments so that drainage and consolidation can occur as the load
is applied. The second, test series B, applies the load in three daily
increments, each followed by dissipation of pore water pressures to atmospheric
back pressure. The results of test series A clearly show that there is no
unique relationship between the vertical consolidation stress and the total void
ratio for soils of varying gas content. When the vertical consolidation stress
is plotted against the matrix void ratio, however, a unique line is perceived.

To observe the behaviour of the gas, the gas pressure was calculated using
Boyle’s and Henry’s laws from the volume change behaviour of the gas during
loading and unloading. Under loading conditions, the gas pressure appears to be
dependent--almost linearly dependent--on the total vertical stress. The same
appears true for the transient period when there is no change in total stress.
Vhen the soil is unloaded, however, there is no change in gas volume or pressure
until the total stress has fallen well below that of the estimated gas pressure.
Results of soil permeability were produced which illustrated a variation with
vertical consolidation pressure, but no apparent variation with gas content.
Test series B illustrates once again that the matrix void ratio is

dependent on the value of consolidation stress, although for this series of

tests, matrix void ratio when plotted against mean consolidation stress produced
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a narrowver band of data than when plotted against the vertical consolidation
stress. Observation of the behaviour of the gas and water phases during the
undrained-drained consolidation tests illustrated that under undrained
conditions, the only volume change was that due to the compression and
dissolution of the gas. This was expected, but the fact that the pore water
pressure increment was larger than the total stress increment was not.

During drained conditions it was found that there was no significant change
in gas volume, the drained settlement being produced almost exclusively by the
loss of pore water from the sample. A method was then used to normalize the gas
volume changes during the consolidation tests by dividing by the equivalent
initial gas volume at atmospheric pressure. It was found that there was a
definite relationship between the total stress and the normalized gas volume,
yet it was not clear whether this should be the mean or vertical total stress.
This method was also applied to the results of test series A to produce again a
normalized gas volume versus total vertical stress plot. These results did not
produce such a unique behaviour as series B.

To compare the experimental results with the empirical expression for gas
pressure, values of ug = ao were superimposed on these plots for various values
of the stress transfer coefficient, «, with the additional assumption that the
gas pressure vas equal to the total stress at 25 kPa. (This being the average
initial stress for all tests.) It can be seen that even though the empirical
expression for gas pressure is very simple, the resulting comparison is very
good. In general, the results of test series B could be represented by o = 1.0
and test series A by a = 0.7.

Finally, the soil permeability results were evaluated for test series B by
first evaluating the coefficient of consolidation and then the coefficient of
volume change. The results produced a great deal of scatter, but compared very
well with the adjusted values of test series A. Again there appeared to be no

variation of soil permeability with gas content.

110



5.1

5.2

5.3

5.4

5.5

5.6

CHAPTER 5

ONE-DIMENSIONAL NUMERICAL MODELLING

Introduction

Numerical Modelling of Test Series A

5.2.1 Modelling of test SDTAl
5.2.2 Modelling of tests SDTA2 to SDTA7

Numerical Modelling of Test Series B

Interpretation of Numerical Modelling

The Consolidation of a Saturated Soil Containing Compressible Solid

Inclusions

5.5.1 Calibration of the compressible solid
5.5.2 Sample preparation and consolidation - Test SDTC1
5.5.3 Experimental results of test SDTC1

5.5.4 Interpretation of results

Summary



CHAPTER 5

ONE-DIMENSIONAL NUMERICAL MODELLING

5.1 Introduction

The next stage in the analysis of the consolidation behaviour of gassy soil
is to simulate the results of the test series A and B. The approach used at
this stage was to begin with the simplest analysis, bringing in extra
complexities only when necessary. Following this approach, the first step was

to simulate the consolidation behaviour of a fully saturated soil.

5.2 Numerical Modelling of Test Series A

5.2.1 Modelling of test SDTAl

In order to model the consolidation behaviour of a saturated soil, the one-
dimensional consolidation equation was used--as developed by Terzaghi (1944) and
presented in equation 1.5. The derivation of this equation is based on the
conservation of the mass of water flowing through an element of saturated soil.
This derivation is described in Note 5.1 at the end of this chapter. This
consolidation equation was approximated utilizing the Galerkin finite element
formulation with simple two-noded linear finite elements. The formulation was
then converted to FORTRAN code and written on a VAX 11/780 computer. The code
was named UNIFLOV as there is only one degree of freedom, U in this model.

UNIFLOV is a non-linear model as both soil permeability and water void
ratio are input as non-linear functions of the vertical consolidation stress.
The constitutive relationships chosen for these two soil parameters are
presented in Figures 5.1 and 5.2 for the logarithm of the permeability and the
matrix void ratio respectively, versus the logarithm of the vertical
consolidation stress. In addition to these non-linearities, it soon became
clear that due to the large vertical deformations that take place over such a
large stress range (50 to 400 kPa), it is necessary for this test to update the
size of the finite element mesh at the end of each time step such that each

finite element always contains the same mass of solid particles.
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Using both a deforming element mesh (which takes into account the large
strain behaviour of the soil sample) and a non-deforming mesh (which is
appropriate only for small strain conditions) with all other soil parameters
constant, UNIFLOV was used to simulate the one-dimensional consolidation
behaviour of a saturated soil subjected to a linear increase of total stress.
The resulting undrained face pore water pressure response and soil settlement
behaviour for both large strain and small strain assumptions are presented in
Figure 5.3. It can be seen from this figure that for these soil properties,
there is a significant difference between the pore water pressure and settlement
response with time. The pore water pressure on the undrained face is lower for
the deforming mesh as--due to the reduction in thickness of the sample--the
drainage path will be reduced causing a more rapid drainage of the soil. 1In
addition, the deformable mesh will always produce a lower settlement response
because of the reduction in the thickness of the sample. For each increment of
time, the increment of settlement is found by multiplying the calculated strain
by the sample thickness. Therefore, as the non-deforming mesh always assumes
that the thickness is the same as the initial thickness, the overall settlement
will be larger than for the deforming mesh. As a result of the above numerical
experiment, it was made clear that it was necessary to use a deformable mesh to
simulate the consolidation over the stress range encountered in test SDTAL.

In order to simulate the saturated soil behaviour of test SDTAl, it was
necessary to adjust the soil permeability-effective stress relationship so as to
produce a good match of the pore water pressure response on the undrained face.
Accordingly, it must be noted that Figure 5.1 presents an adjusted permeability
effective stress relationship to produce an adequate simulation of the pore
water pressure behaviour, whereas Figure 5.2 presents the relationship that was
obtained from the experimental series of tests. Figure 5.4 compares the
permeability-effective stress relationship that was used in the simulation of
test SDTAl with the permeability relationships that were obtained from direct
measurement. Unfortunately, these do not compare as well as one would like.
The required permeability is higher than the direct measurement of permeability.

The reason for this behaviour is not entirely clear. One possible explanation
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is that it could be due to the presence of air in the system causing slight
compressibility of the pore fluid. This would produce a lower value of pore
wvater pressure than that expected, and thus a higher permeability would be
required to model it. The most probable cause, however, is the fact that the
friction between the soil and the cell wall will prevent all the total stress
being applied to the soil. Again, this will produce a lower pore water pressure
response than that expected.

Nevertheless, using the soil permeability-effective stress relationship as
defined in Figure 5.1 and the void ratio-effective stress relationship as
defined in Figure 5.2, a good match of the pore water pressure on the undrained
face was produced as illustrated in Figure 5.5. The characteristic initial test
rise, peaking at a maximum followed by a slow decline in pore water pressure, is
due to a reduction in the thickness of the sample (see Figure 5.3) rather than
to any material non-linear behaviour. It must be noted that for all remaining
simulations of the tests in series A, the same soil permeability and soil matrix
void ratio relationships were used and no curves were "matched". The resulting
comparison of the decrease in void ratio for SDTAl is presented in Figure 5.6.
For this particular test, the sample was fully saturated. Therefore there was
no response in the change in gas volume, as can be seen by the gas void ratio

change lying along the time axis.

5.2.2 Modelling of tests SDTA2 to SDTA7

In order to simulate the consolidation behaviour of a gassy soil, test
SDTA6 was chosen to be modelled initially, as this was the test with the largest
initial gas porosity (ngo=0.091). The pore water pressure response measured on
the undrained face and the components of void ratio versus time were then
simulated using a variety of theoretical models.

The first attempt at modelling the pore water pressure response
incorporated the hybrid approach as used by Nageswaran (1983). It was assumed
that the pore water and gas could be combined to produce a single homogeneous
compressible fluid. At the same time, it was assumed that the water void ratio

wvas solely a function of the vertical consolidation stress. The derivation of
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the equation governing this process is presented in Note 5.2 at the end of the
chapter. The .same constitutive relationships of water void ratio and soil
permeability were used as for the saturated model. Assuming that the gas
pressure was equal to the pore water pressure, the resulting pore water pressure
response on the undrained face and the decrease in the components of void ratio
with time are presented in Figures 5.7 and 5.8 respectively. It can be seen
from these figures that the compressible fluid theory, with ug = U is not able
to simulate adequately the observed consolidation behaviour of a gassy soil
under laboratory conditions.

After giving much thought to the physical process and to photographic
observations of Nageswaran (1983)--[see Plate 2.1]--it was realized that on
undrained compression of a gassy soil sample, the saturated soil matrix simply
changes shape, without any change in volume, to accommodate the volume change of
the gas voids. Therefore, it is assumed that the volume change of the saturated
soil matrix only occurs under drained conditions when there is a change in
consolidation stress. The governing consolidation equation, based on such
compressible gas void theory, is derived for this case in Note 5.3.

The surprising result of this derivation is that the equation becomes almost
identical to that of the consolidation equation of a saturated soil. The only
effect of the gas content on the pore water pressure response is to increase the
thickness of the sample, which causes a higher drainage path length. The total
settlement is evaluated from the sum of the settlement caused by the drainage of
water from the sample and that caused by the compression and dissolution of the
free gas where the gas pressure is equal to the product of the stress transfer
coefficient, «, and the vertical total stress L

The first simulation was made with a value of o of 0.7 (taken from the
experimental results) and with the permeability-consolidation stress
relationship used in the simulation of test SDTAl. The results of this
simulation were immediately encouraging. The simulated pore water pressure on
the undrained face compared favourably with the measured result, with no further
change in any governing parameters. This comparison is presented in Figure 5.9

vhere the simulation of the undrained face pore water pressure response is
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presented as the lowest line of the upper set of lines. Also presented in this
figure is the undrained face pore water pressure normalized with respect to the
value of the total vertical stress at the same time. This simulation is
represented again by the lowest line of the lower set of lines in Figure 5.9.
It is well documented, however, that the presence of gas normally reduces
the permeability of a so0il due to the gas restricting the flow of water (Wycoff
and Botset, 1936, Orlob and Radhakrishna, 1958, Brooks and Corey, 1964). For a
gassy soil this would not necessarily be the case, as the water flows in the
saturated matrix where no gas is present. Nevertheless, the presence of the gas
would lower the overall soil permeability, as the water would have to flow
around these gas voids which act as impermeable obstructions in the matrix.
Appendix A presents a detailed theoretical development of the effect of a
fluid flowing through a porous medium of permeability k, containing a volume
fraction ng, of spheroidal inclusions of permeability k’ and aspect ratio, Ar'
For the case of impermeable gas inclusions, there is a reduction in overall
permeability which was found to be dependent on both the volume fraction of the
gas inclusions and the aspect ratio of the spheroid. The solution was produced

in terms of relative permeability, krw’ and can be written as

k

v = k—sat = l—ng/[l—Co(l—ng)] (5.1)

where k is the permeability of the gassy soil, ksa of an equivalent fully

t
saturated soil and C, is a function of the aspect ratio of the gas void.

The resulting values of relative permeability for a variety of values of aspect
ratio are plotted against the gas fraction in Figure A.4.

This relative permeability function was then programmed into UNIFLOW with
the dubious assumption that on consolidation of the soil, all particles moved
only in the vertical direction, with the width of a bubble therefore always
remaining constant. On the basis of this assumption it was possible to evaluate
the aspect ratio of the gas voids from the knowledge of the gas volume fraction

0
Ar = a/c = vg/vg (5.2)

vhere Ar is the aspect ratio of the spheroidal void, a is the width and c¢ is

the height of the void, and vg is the initial free gas volume when it is assumed
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that the void is spherical.

When this relative permeability function was used, however, the resulting
pore water pressure response on the undrained face did not give such a good
match of the data as when using the saturated permeability, as can be seen by
the upper line of Figure 5.9. In fact, there were no simulations at all in
which the relative permeability function produced a better result than when
using the saturated soil permeability. Although it was disappointing that this
theoretical study did not improve the modelling of the experimental results, the
fact that the gassy soil appeared to have the same permeability as 4 saturated
soil under the same conditions of consolidation stress compares well with the
direct measurement of permeability as presented in Chapter 4. Therefore, for
the remainder of the numerical modelling, it was assumed that all soils
possessed the same permeability-consolidation stress relationship which was
independent of the gas content.

In addition, it was found that increasing the value of the stress transfer
coefficient, «, to 1.0 brought the simulated curve closer to the measured pore
water pressure. Howvever, when the time dependent behaviour of the components of
void ratio were modelled, as illustrated in Figure 5.10, o = 0.7 was found to
produce a better simulation of the time dependent volume change behaviour.

Based on these simulations, the same parameters were used to model the
remainder of the tests in series A. The results of this modelling are presented
in Figures 5.11 to 5.16 for tests SDTA2 to SDTA7 respectively. All the
simulations (with the exception of the pore water pressure response of test
SDTAS) produced very satisfactory comparisons between the results of the

numerical model and those of the experimental tests.

5.3 Numerical Modelling of Test Series B

As it was not possible to measure the pore water pressure on the undrained
face for this series of tests, it was only possible to compare the settlement
behaviour of the sample as a function of time. To illustrate the behaviour of a
single increment of total stress applied to a gassy soil sample, UNIFLOW was

used to simulate the settlement-time response of test SDTB3 (as it has the
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highest initial gas content). The same saturated soil permeability relationship
wvas used as for the A series simulations, although a different matrix void
ratio-consolidation stress relationship was employed as shown in Figure 4.13.

The resulting comparison between the measured and simulated consolidation
behaviour is presented in Figure 5.17, from which it can be seen that a
satisfactory comparison of volume change behaviour is obtained for o« = 1.0.

In addition to this specific modelling exercise, the whole range of tests
was modelled using the Taylor’s (1948) analytical solution of the one-
dimensional Terzaghi (1944) consolidation equation. This analytical model could
be used in this instance as each stage produces a relatively small stress
increment. Based on this modelling, it was possible to produce values of the
vertical coefficient consolidation, Cy wvhich were presented as a function of

consolidation stress in Chapter 4.

5.4 Interpretation of Numerical Modelling

The numerical modelling of test series A and B, as presented in the
previous sections, has illustrated clearly that the gas present in a gassy soil
cannot be assumed simply to combine with the pore water to produce a single
homogeneous compressible fluid. It appears, both from physical modelling and
theoretical analysis of the pore water pressure and volume change response, that
the gas void takes the form of a compressible inclusion fixed in an otherwise
saturated soil matrix. It also appears that the gas void remains in one
particular location with respect to the position of the solid particles. During
the undrained compression of the gassy soil, there is no volume change of the
saturated matrix, only a change in the volume of the gas. In addition, during
the consolidation process--when there is no change in the value of total

vertical stress--there is no change in the volume of the gas.

5.5 Consolidation of a Saturated Soil Containing Compressible Solid Inclusions

To verify the assumption that a gassy soil appears to behave as a saturated
soil containing discrete compressible inclusions remaining in the same location

with respect to the soil particles, a laboratory test was conducted in which the
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gas voids were replaced by compressible solid inclusions. In order to maintain
the same soil matrix behaviour as that of a gassy soil, 15% by volume of water
saturated zeolite was also included. The compressible solid inclusions used for
this test were polystyrene balls with diameters ranging between 1 and 3 mm.

As test series B clearly illustrates the effect of the gas on the undrained
volume change and its non-participation during the drained behaviour of a gassy
soil, it was decided to perform a similar three stage undrained - drained
loading test on the composite three phase material of soil particles, water and
compressible solids. The results of this test would then show whether the

assumption that the gas behaves as a compressible solid is valid or not.

5.5.1 Calibration of the compressible solid

One of the aims of this test was to evaluate the stress that is transferred
to the compressible particles from the soil matrix. Consequently, if the
compressibility of the particles is known along with the initial volume and the
volume change of the solids throughout the test, the stress transferred to the
compressible solids may be calculated throughout.

Therefore, before any consolidation tests were performed, the bulk
compressibility of the polystyrene balls was evaluated by placing a known volume
of these solids in the oedometer. The apparatus was then filled with water
making sure that there was no trapped air. The mixture of water and polystyrene
balls was then compressed under undrained conditions. The increase in water
pressure and displacement were both recorded. Using this procedure, it was then
possible to obtain a relationship between the compressive strain (Avc/vco) of
the compressible solids versus the water pressure, where Avc is the volume

change and Veo is the initial volume of solids.

5.5.2 Sample preparation and consolidation - Test SDTC1

The required volume of polystyrene was mixed with a Combwich slurry of 1.41
relative bulk density. A higher relative density was used for this test, as due
to the bouyancy of the polystyrene, the movement of the polystyrene balls

relative to the solid particles prior to consolidation needed to be avoided.

127



From later observation of the sample after oven drying at the completion of the
test, the balls appeared to be evenly distributed and therefore the mixing
technique vas adequate. The water saturated zeolite was also added to this
mixture at this point. The contents were then poured into the oedometer,
carefully avoiding any entrapment of air. The oedometer was then assembled,
followed immediately by the application of a vertical total stress of 35 kPa to
the sample. A schematic description of the oedometer containing the composite
material of a saturated soil enclosing compressible solid inclusions is
presented in Figure 5.18.

This sample was allowed to consolidate for three days for all pore water
pressure to dissipate. The sample was then subjected to an increment of total
vertical stress under undrained conditions with the drainage lines closed. Even
though there was no gas present in this sample, the undrained displacement was
still time dependent. After no further displacement, the drainage lines were
opened and the soil was allowed to consolidate for 22 hours (2 hours were taken
up vith undrained compression), which was ample time for all pore water pressure
to dissipate to atmospheric pressure.

This procedure was repeated until three loading increments had been
applied. After dissipation of the last increment, the sample was then unloaded
slowly in order to prevent large suction pressures being produced in the sample.
After evaluation of the final weights and volumes of the three phases in the
sample, it was then possible to evaluate the void ratios of each phase

throughout the test.

5.5.3 Experimental results of test SDTC1
To illustrate the consolidation behaviour of this composite soil, the three

phase void ratios e e and e, are plotted versus the square root of time for

t’
each of the three loading increments. The void ratio of the compressible solid,
e, is given by VC/VS where Ve is the volume of soil particles. The three
components of void ratio are presented in Figure 5.19, which portrays the same

type of behaviour as for a gassy soil under similar loading conditions. It can

be seen that the undrained displacement is due to the compression of the
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polystyrene balls, yet during the drained stage, there is little volume change
of the polystyrene and the volume change of the sample is due almost totally to
the loss of the pore water draining from the sample.

From the measurement of the total stress at the end of each loading
increment, it is possible to plot both the total and matrix void ratio against
the vertical consolidation stress. This plot is presented in Figure 5.20.

To compare these results against those of a gassy soil, the matrix void
ratio versus consolidation stress of test SDTCl is superimposed on the same
relationship obtained from test series B, as shown in Figure 5.21. It can be
seen that the comparison is excellent. This shows that for a saturated soil
containing compressible inclusions, the soil matrix void ratio, e, as for a
gassy soil, is also related to the vertical consolidation pressure, o U,

Finally, as it is possible to evaluate the stress on the solid inclusions
from the volumetric strain, it is also possible to evaluate the proportion of
stress that is transferred from the external load to the solid inclusions.
Figure 5.22 shows the third (compressible solid) phase void ratio, e plotted
against total vertical stress for test SDTCl. The resulting linear relationship
wvas extrapolated to the void ratio axis to give an initial void ratio, e, of
0.26. In addition, from the knowledge of the initial volume of compressible
solids, it is possible to evaluate the volumetric strain of these solids. These
are also plotted against the total vertical stress in Figure 5.22. This
volumetric strain, plotted against total vertical stress, is then superimposed
on the theoretical volumetric strain for « values of 1.0, 0.9, 0.8 and 0.7.
These curves are evaluated from the calibration of the compressible solids. The
resulting plot is presented in Figure 2.23, where it can be seen that the stress
transfer coefficient « for this composite material is about 0.8, that is,

between the 0.7 and 1.0 values that were obtained for a gassy soil.

5.5.4 Interpretation of results

From this consolidation test SDTCl it can be quite clearly seen that the
consolidation behaviour of a soil containing discrete voids of a compressible

solid behaves in an almost identical manner to a gassy soil. The only slight
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difference in results is that the gassy soil test using a three stage loading
sequence produced a stress transfer coefficient, «, of 1.0, yet for the
compressible solid case the o value was approximately 0.8. This is most
probably due to the fact that for a gassy soil, the aspect ratio of the gas void
may be as high as 5, thus producing high stress concentrations in the saturated
soil matrix which results in most of the external load being transferred to the
gas void. Due to the higher stiffness of the compressible solid, however, the
highest possible value of the aspect ratio is 2. Therefore, lower stresses
occur in the saturated matrix surrounding this solid resulting in less of the

external stress being transferred to it.

5.6 Summary

In order to model the one-dimensional consolidation behaviour of the
saturated soil test SDTAl, a finite element program was written in which the
soil permeability and the void ratio were non-linear functions of the vertical
effective stress. In addition, it was necessary for the finite element mesh to
deform to take into account the changing thickness of the soil sample. By
modifying the relationship between the soil permeability and the effective
stress, satisfactory simulations of the time dependent undrained face pore water
pressure and soil settlement were obtained.

The initial modelling of the consolidation behaviour of a gassy soil was
based on the assumption that the pore water and gas combine to produce a single
compressible fluid. The first gassy soil simulation of test SDTA6 assumed that
the gas pressure was equal to the pore water pressure. The comparisons between
the simulated and observed responses of pore water pressure and volume change
behaviour were very weak. Finally, the gassy soil was treated as a saturated
soil containing discrete compressible solids. The resulting equation that was
produced based on this assumption turned out to be almost identical to that
governing the consolidation of a saturated soil. Using this equation in the
numerical model produced a good simulation of the observed pore water pressure
and volume change response for the majority of the tests of series A. This was

then followed by the simulation of the gassy soil test SDTB3 based on the same
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assumption of compressible solid inclusions. Once again, good comparisons of
volume change .behaviour with time were observed.

As the numerical model was based on the assumption that the gas voids acted
as compressible solid inclusions, it was subsequently decided to perform a
consolidation test--similar to the tests in series B--on a composite soil
consisting of a saturated soil matrix containing compressible polystyrene balls.
The resulting behaviour of matrix void ratio, undrained compression, drained
consolidation and transfer of stress to the compressible solid inclusions was
similar to the behaviour observed in a gassy soil. This experiment, together
with the findings of the numerical modelling, illustrates clearly that the gas,
rather than combining with the water to produce a compressible fluid, can be

treated as discrete compressible solid inclusions embedded in an otherwise

saturated soil matrix.
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Note 5.1 Consolidation of a saturated soil.

Outflow A[vwg—z(vw)dz]dxdy

dx dy

et =

Inflow [Vyy ] dxdy

Following the method of Terzaghi (1944), the rate of flow of water

above element is

k 3du
v, dx dy = - 7 32" dx dy

The net rate of flov from the element can then be written as

v 3 [ k du
|-

Moaxayaz = 3[- 53 ] dx dy dz

Vriting the volume of voids as

e
(crrey) o oy @2
Then the rate of change of the void volume is

) e _ dx dz dz 3de
It ((TI&)) dx dy dz = =iET gy

as dx dy dz/(l+e) is the volume of soil particles which is assumed

dz

entering the

(5.1.1)

(5.1.2)

(5.1.3)

(5.1.4)

to be

constant. Therefore, from the conservation of volume of the incompressible

vater and solid soil grains, it follows that

dx dy dz 2e

3 [ k 3u
(1l+e) at

A 32’ ] dx dy dz =

(5.1.5)

However, for a saturated soil, the void ratio is governed by the effective

stress, thus

Llea] . ook de i
zl v 3z = (I+e) do’ Tt
However,

o = g -u and m = - 1 de

N w v (I+e) do’

Therefore,

] k du u 3o

55[ Yy ez ] = Y - N

(5.1.6)

(5.1.7)

(5.1.8)
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Note 5.2 Consolidation of a soil containing a compressible pore fluid.

Outflow [pfvf + gz(pfvf)dz]dxdy

dz

dx dy

sl it

Inflow [prf] dx dy

Following the method of Terzaghi (1944), the rate of fluid mass entering the

above element of soil is

pdndy = oo K Wypay gy (5.2.1)

v Iy 9z

Pt
The net rate of flow from the element can then be written as

? 3 [ k au
Pe E( Ve dx dy ) dz = pg 3;[- 3 2t ] dx dy dz (5.2.2)

assuming that the pore fluid is only slightly compressible and that dx and dy

are constant. Writing the mass of fluid in the above element as
o (——g——) dx dy dz (5.2.3)
f (l+e) T
Then the rate of change of the mass of pore fluid is

as dx dy dz/(l+e) is the volume of soil particles which is assumed to be

constant. Therefore, from the conservation of mass, it follows that

3 [_k3u dx dy dz 3
b 5[ 3 St | drdydz - Btz 2 (o e (5.2.5)

vhich may be expanded to give

3

Al

3 [ _ k 3u, ] 1 3
Y

n
2 2 (1+e) st * %

f (5.2.6)

&

£
£ 2t

However, as the pore fluid has been made up of a combination of water and gas of

vhich only the gas is compressible and in which the saturation remains fairly

constant, the above equation can be written in the form

9 'k du _ 1 de dp
55[ v azf ] = T e t * T °g gff (5.2.7)
vhere cg and ug are the compressibility and pressure of the gas respectively.

If it is assumed that the gas pressure is equal to the pore water pressure and
noting that

_ 1 de
o = o - u, and m, = - e o (5.2.8)
the final form of this equation can be written as

a[gyw] 3u 30

R = (mv + cg ng TR (5.2.9)
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Note 5.3 Consolidation of a soil containing discrete gas voids.

Outflow [VW+%(VW)dz]dxdy

dz

dx dy

—g— Tt

Inflow [V ! dxdy

Following the method of Terzaghi (1944), the rate of flow of water entering the

above element is

k 3u
Vw dx dy = - b T dx dy (5.3.1)

The net rate of flow from the element can then be written as
9 [ k 3u

v
Svdxdy dz - [ K3 ] dx dy dz (5.3.2)

Writing the volume of water filled voids as

S e e
v ot W
{ +et) dx dy dz = [( +ew+eg)] dx dy dz (5.3.3)

then the rate of change of the water void volume is

e
W

(1+et)

‘cv

dx dy dz de
=V

dx dy dz = ( *et) 3t

(5.3.4)

Q)
~

as dx dy dz/(l+et) is the volume of soil particles which is assumed to be
constant. Therefore, from the conservation of volume of the incompressible

vater and solid soil grains, it follows that

] k du dx dy dz 9de
EiE]ewe o e At (3:3-3)
or
(l+e )
] k 3u W 1 de
e ] - Tre,) Trey 3t (3:3.6)

Howvever, from the experimental evidence, it has been shown that the matrix void

ratio, e, is governed by the consolidation stress, o' = ¢ - u . Subsequently

(1-n_)

3 [k au de dg’

#2y#] - oy R (3-3-7)
Noting that

g’ =0 -u and m_ = - le—— gsw (5.3.8)
) v v *ev) do’ ' )

9 [k d

e (t-n) m, § - Qon) m 32 (5.3.9)
or

3 [k du _ g du g 30

Sz[ Yy 3z" ] = R T T (3.3.10)

where m% is the adjusted coefficient of volume change for a gassy soil.
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CHAPTER 6

INTERPRETATION OF EXPERIMENTAL AND NUMERICAL MODELLING

6.1 Introduction

This chapter attempts to understand the compressive behaviour of a gassy
so0il and to explain some of the results that were observed from both the
experimental and numerical modelling. At this point, the concept that the gas
and wvater combine to form a compressible pore fluid is completely abandoned.

The conceptual model that is presently used assumes that the gassy soil is made
up of numerous discrete gas voids randomly distributed in a saturated soil
matrix. Wheeler (1986) calls this the "large bubble model" which is
conceptualized in Figure 6.la and idealized in Figure 6.1b. Furthermore, it is
assumed that the position of the gas voids is fixed with respect to the
surrounding solid particles and that these do not flow with the pore water. The
initial theoretical analysis presented in this chapter uses basic elastic and
plastic solutions to illustrate qualitatively the behaviour of gassy soil using
the above conceptual model. No attempt is made to use these solutions to
simulate the experimental results directly. This is followed by the
introduction of a model which is based on the concept that a gassy soil deforms
independently due to both changes of total stress and consolidation stress, each
deformation mode having an independent compressibility. This "double
compressibility model"” can not only explain the results obtained in this thesis,
but is also able to model the triaxial results of Wheeler (1986). Finally, to
check the validity of the double compressibility model, a power input analysis

is performed to evaluate the work done on each phase of a gassy soil.

6.2 The Volume Change Behaviour of the Saturated Matrix

This section attempts to explain the fact that for a gassy soil, for
consolidation under either isotropic or K, loading conditions, the relationship
between the matrix void ratio and the mean consolidation pressure appears to be
the same as the relationship between the void ratio and the mean effective

stress for the same soil when saturated.
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6.2.1 The stress distribution around a hollow elastic sphere under isotropic

loading conditions

In this analysis it is assumed that a gassy soil can be idealized as a
single spherical gas void surrounded by a larger sphere of an elastic saturated
soil matrix. This gassy soil, idealized as a hollow elastic sphere, is then
subjected to an internal and external isotropic stress of Py and Py
respectively, as illustrated in Figure 6.2. The resulting stress distribution
in the elastic material of the hollow sphere, derived by Lamé (1852), is
presented by Timoshenko and Goodier (1970, pp. 394-5). The radial stress, L

and tangential stress, o,y may be written as

s - p B oa-a) a2 @) 6.1)
r o r3 (R3— a3) i (R3— a3)
and
R3S (2r3+ ad) a3 23+ RY)
% = P33 3. " PiT3 3 3 (6.2)
2r- (R7- a”) 2r~ (R7- a”)

wvhere a and R are the internal and external radii of the hollow sphere, as
illustrated in Figure 6.2, and r is the radial distance to a stress point in the
hollow sphere. If it is assumed that the volume change behaviour of the soil
matrix is governed by the mean normal effective stress acting on the soil

matrix, however, then this stress can be written as

o! = 0. - U = l[c + 0., + 0 ,] - U
- - 3'7sl s2 s3

sm sm W (6.3)

'
where 0 1r 9gp» Og3 are any three orthogonal stress components at a point in the
soil domain, u, is the pore water pressure, and the subcript "m" indicates

stresses in the saturated matrix. The mean normal stress may be found from the

radial and tangential stresses to give
o = §[cr - 20.] (6.4)

which on substitution of equations 6.1 and 6.2 may be shown to be

3 3

p R - p. a

o] 1

Ism = [ I B ] (6.5)
a

For a gassy soil of gas volume fraction ng, internal gas pressure u_ and

external applied mean total stress O the mean total stress in the soil matrix
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may be written as

[ o - u n ]
P = _m g 8
sm 1 - ng

(6.6)

Furthermore, the experimental work illustrated that the gas pressure may be

approximated by ug = oo, and thus the mean isotropic stress in the hollow

sphere may be written as

[ 1 -an }
6 =g9g | —E
sm m 1-n

g

6.2.2 Stress in the matrix of a gassy soil under anisotropic conditions

(6.7)

An alternative procedure in the evaluation of the matrix stress is to

consider a sample of gassy soil under a uniform but anisotropic loading

condition. If an arbitrary plane is cut across this sample as illustrated in

Figure 6.3, there will be a normal stress 95 exerted on this plane.

If it is

also assumed that this plane cuts a proportional area of ng of the gas bubbles,

then the stress acting on this plane may be written as

o, = osi(l—ng) + ug ng

(6.

vhere Esi is the average saturated soil matrix stress acting normal to this

plane. If two further cuts are made at orthogonal directions to this first

the same conditions will hold producing a total of three stress components

o, = osi(l—ng) + ug ng R
o5 = Esj(l-ng) + ug ng , and
o = osk(l-ng) + ug ng

These equations may be combined from the fact that

1 - 1 - - -
on = §(Ui+ dj +ok) and Om = §(Usi+ osj + Usk)
to give
¢ -u_n
s . Mm_ g¢g
sm 1 -n
g
Using the assumption that ug = a0

[ l-an ]
s = o | ——F
sm m 1 -n

g
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vhere Esm is the average mean normal stress throughout the soil matrix.

6.2.3 The effect of the matrix stress on the matrix void ratio

To illustrate the effect on the void ratio of the saturated soil matrix in
a gassy soil, the matrix void ratio versus consolidation stress is calculated
for a soil of 0.05 gas fraction. This corresponds to about a 90% water
saturation at 100 kPa. In this analysis, it is assumed that the relationship
between the average matrix void ratio and the average mean normal effective
stress in the soil matrix is the same as the relationship between the void ratio
and the mean normal effective stress would be if the soil were fully saturated.
Thus the average mean effective stress can be written as

B B l—ocng 1 -an 1l -«
LA— - - —_—2 ] _’____g ——
%m = %m " Y T %m| T = ng Y = %m| T = ng * nguw 1 - ng (6.15)

and can be seen to be a function of both the pore water pressure U and the
mean consolidation stress (om - uw). To illustrate the effect of the presence
of the gas voids using the above relationship, a case is considered where the
pore water pressure is assumed to be small compared with the value of the total
mean stress. For this condition, the last term in the above equation becomes

negligible producing

_ _ 1 -an 1 - an
%m = %m - % = (9 - U |7 n, = % T = ng (6.16)

This approximation would be valid for a test similar in type to test series B,
as the pore water pressures are at atmospheric when the consolidation stress is
evaluated. However, this approximation would not hold at early time for tests
such as those in test series A, where the pore water pressure is of the same
order as the total stress. Nevertheless, by assuming that the matrix void ratio
is dependent on the matrix mean normal effective stress, then from equation 6.16
it is possible to calculate the mean consolidation stress from a known value of
the mean matrix effective stress to produce a theoretical relationship between
mean consolidation stress and the matrix void ratio. Figure 6.4 presents the
corresponding matrix void ratio versus the average mean consolidation stress for

o values of 1.0, 0.8, 0.6 and 0.4. It can be seen that even for this large
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range in o values, the effect on the matrix void ratio is minimal. Thus for the
test series A and B where « values were found to be around 0.7 and 1.0
respectively, the above analysis illustrates that for all intents and purposes,
the relationship between the matrix void ratio, e, and the mean consolidation

stress, (om - uw), may be treated as unique.

6.3 Determination of the Gas Pressure in a Gassy Soil

It has been widely accepted in the field of unsaturated soils that the pore
gas pressure is related to the value of the pore water pressure, the difference
between them being known as the capillary pressure, Pe (Collins, 1961), as

ug - u, =P, (Sw) (6.17)
This relationship is well understood as the water and gas co-exist in the same
pore structure. It has been shown in this thesis, however, that the gas
pressure is not governed by the pore water pressure and furthermore, it appears
that the gas pressure is related to the mean total stress. The only restraint
on this gas pressure is that there would be a minimum and maximum value of the
capillary pressure as the gas must still be held in position by the menisci that
exist between the so0il particles on the wall of the gas void. Wheeler (1986)
presented a detailed analysis of this phenomenon. He stated that the capillary

pressure must lie within the bounds

-ﬁ_: <o -u) g +§E (6.18)
vhere Rc is the radius of curvature of the gas-water meniscus and T is the
surface tension between methane and water (0.07 Pa). Figure 6.5a presents a
three-dimensional view of the soil arrangement and analysis used by Wheeler who
obtained an upper and lower bound of the capillary pressure as 2/V3R_, where R
is the radius of each particle. Figure 6.5b presents the arrangement of three
different sized particles, where the radius of curvature of the gas-water
meniscus bounded by these particles is in the order of the smallest. Therefore,
as the particles in this soil can be as low as 0.0002 mm (Gardner, 1987), the

capillary pressure can be as high as 700 kPa before the water enters the void.

Therefore as long as the capillary pressure remains within these bounds, the gas
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pressure is not controlled by the pore water pressure. The capillary pressure
is simply an independent by-product due to the difference between the gas
pressure in the voids and the pore water pressure in the soil matrix.

The relationship between the gas pressure and the total stress is based on
the fact that the gas voids appear to act as discrete compressible solids
embedded in a saturated soil matrix. The volume change of the gas void will
therefore depend on the amount of stress that is transferred through the soil
matrix to the void. As an example of this stress transfer, Figure 6.6
represents the deformation behaviour of an individual spherical gas void within
a gassy soil sample which is subjected to an increment of undrained isotropic
pressure and uniaxial load. It can be seen from this figure that for undrained
conditions there is no volume change of the saturated matrix, but that it has to
deform to accommodate the changing shape of the gas void. It is therefore clear
that the amount of stress that is transferred to the gas will depend upon the

ease with which the soil matrix is able to deform in shear.

6.3.1 Single spherical cavity in an infinite elastic-plastic material

The compression of a gas bubble in a saturated matrix may be viewed as the
inverse problem of the expansion of a spherical cavity in the same saturated
soil matrix. Vesic (1972) considered the problem of a spherical cavity expanded
by a uniformly distributed internal pressure p;- If this pressure is increased,
a spherical zone around the cavity will pass into a state of plastic
equilibrium. The plastic zone will expand to a radius Rp’ where the pressure
reaches an ultimate value Piu Beyond that radius, the rest of the mass remains
in a state of elastic equilibrium.

During the compression of a gassy soil, it is the external isotropic
stress, p , that is increased causing cavity compression. The internal pressure
is increased to maintain plastic equilibrium. If it is assumed that the
saturated soil is a frictionless material with shear strength Syu? then the

theory of Vesic can be used to give the ultimate internal gas pressure Piy’ 2§

Pyy = Py - a5,llog (1) + 1] (6.19)
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wvhere Ir is known as the rigidity index and is the ratio of the shear modulus to

the shear strength, G /s .
u "u

6.3.2 Compression of a rigid-perfectly plastic solid sphere

If a gassy soil is idealized as a hollow sphere of a rigid-perfectly
plastic material as illustrated in Figure 6.2, then unlike the elastic-plastic
theory of Vesic, there will be no deformation until the entire material reaches
a plastic state. Figure 6.7 illustrates the plastic stress distribution in a
hollow sphere with external isotropic stress Py and internal gas pressure ug, as
presented by Wheeler (1986). Wheeler also produced an expression for the
difference between the external and internal pressures based on a constant

ultimate deviator stress qy given as

Ipo - ug| < F(su) = 2qu loge(R/a) = 4su loge(R/a) (6.20)

where a and R are the internal and external radii of the hollow sphere.

Based on this simple expression for the bounds of the gas pressure, it is
possible to produce a qualitative estimate of the behaviour of the gas pressure
for the loading - unloading tests as performed in test series A. Figure 6.8
depicts the path of the internal and external isotropic pressures under the same
loading conditions as test series A, with the assumption that the shear
strength, Sy remains constant throughout the test.

The test starts when the external pressure at Point A is F(Su) above the
internal pressure at Point G. As the external pressure increases with time
along the path A-B, the internal pressure also increases along path G-H. Along
these paths the difference between these pressures is maintained at a value of
F(su). At point B there is no further increase in either internal or external
pressure. The external pressure then follows the path B-C until it begins to
decrease at point C. The internal pressure also remains constant, only
beginning to fall when it is F(Su) above the value of the external pressure at
Point I. The internal pressure then begins to decrease and continues to do so
to Point J, when the total stress also becomes constant and follows the path E-
F. Again the internal pressure remains F(su) above the external pressure and

follows the path J-K.
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Although this is a highly simplified model for a gassy soil, it can be seen
that the resulting paths of internal and external pressure produce a fair
qualitative representation of the value of the experimental gas pressure and
total stress as illustrated in Figure 4.8.

In practice, however, the stress that is transferred via the saturated
matrix will depend on various factors--including the shear strength and shear
modulus of the soil, the shape, volume fraction and compressibility of the gas
void and the direction and magnitude of the external applied load. That is

IPO—Pilg(su,G,A,n,c,o..) (6.21)

u r g g 13

vhere Su is the undrained shear strength and Gu is the undrained shear modulus
of the saturated soil matrix that surrounds the gas void, Ar is the aspect ratio
of the gas void (width/height of void), ng and Cg are the gas volume fraction

(gas porosity) and the gas compressibility respectively, and Uij is the external

stress tensor acting on the sample.

6.4 Stresses Around an Oblate Spheroidal Cavity in an Elastic Material

Although the assumption of a hollow sphere of a perfectly plastic material
produces a good qualitative representation of a gassy soil, the difference
between the internal and external pressures predicted are much higher than those
that are observed. The fact that the soil has a finite shear modulus, and that
the external stress is not normally isotropic around a void, means that the
difference between the internal and external pressures will be reduced. One of
the main causes of the high pressure difference, however, is inherent in the
assumption that the gas voids remain spherical. On visual observation of a
gassy soil after extrusion from an oedometer cell, it can be seen that the voids
are not spherical but are significantly flattened. This shape of a flattened
sphere is known as an oblate spheroid (as opposed to an elongated sphere which
is known as a prolate spheroid). Although the mechanism of deformation around a
gas void is mainly due to plastic flow of the soil, an elastic analysis of the
material at least gives an indication of when the soil just begins to fail.

Thus in this section, an analysis of the stress distribution around an oblate

spheroidal cavity in an elastic material is performed.
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Edwards (1951) applied the theory of elasticity to solve the problem of the
stress distribution about a prolate spheroidal cavity in a stressed elastic
material. Terzaghi and Richart (1952) followed this work by transforming the
Edwards equation to apply to an oblate spheroidal cavity. Both methods evaluate
the stress field produced by the application of five possible loading cases.
However, only case 1 (uniform horizontal biaxial stress) and Case 3 (uniaxial
vertical stress) are required to obtain the stress field around a single gas

void in a gassy soil subjected to a triaxial stress field.

6.4.1 Analytical solution of the elastic stress field

The analytical solution, presented by Terzaghi and Richart (1952),
evaluates the stress components around the ellipsoidal cavity at any point in
the surrounding material from a given oblate spheroidal coordinate. Appendix B
sets out the step-by-step transformation of this coordinate system to one of
axisymmetric coordinates (r,z), and presents the stress calculations for a
uniform uniaxial stress field in the 2z direction and for a uniform horizontal
biaxial stress field in the r direction. These solutions may be combined
using the principle of superposition to obtain the stress components at any

point in the elastic medium which is subjected to any triaxial stress field.

6.4.2 Programming and verification of solution

The Edwards equations as presented in Appendix B were programmed in FORTRAN
producing a working interactive computer code named OBLATE. This code produces
both numerical and graphical output of the stress invariants around an oblate
spheroidal cavity due to an external triaxial stress field. The input of the
program is simply the aspect ratio of the cavity, the external radial and
vertical stress field, and the coordinates at which the stresses are required.

The computer code was first verified successfully with the results presented
by Terzaghi and Richart (1952) in which values of the stresses were computed
along both the vertical and radial axes outside an oblate spheroid of aspect
ratio 5.0 under a triaxial loading condition. A further comparison was then

made with the solution of Goodier (1933), in which the stress distribution due
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to a uniform uniaxial load was evaluated about a spherical cavity in an elastic

medium. The comparisons between both solutions were identical.

6.4.3 The stress field around an oblate spheroidal cavity

After the verification of OBLATE it was then possible to use the program to
view the stress distribution around an oblate spheroidal cavity in order to
understand further the stress behaviour and evaluate the areas of high stress
concentration. Various permutations of aspect ratio, Poisson’s ratio and
triaxial stress application were input to understand the stress field behaviour.
As an example of the use of the program, Figure 6.9 illustrates the (a) mean
normal stress, (b) octahedral shear stress, (c) radial stress and (d) tangential
stress in the vicinity of one oblate spheroidal cavity of aspect ratio of four,
in a soil matrix of Poisson’s ratio 0.5, caused by the application of a uniform
isotropic load. From these four figures it can be seen that the highest stress
concentrations occur at the equator of the cavity. To reinforce this further,
both the mean normal stress and the octahedral shear stress were evaluated along
the radial axis for cavities of a range of values of aspect ratio under
isotropic conditions--as illustrated in Figures 6.10 and 6.11 respectively. 1In
addition, the program OBLATE was able to evaluate the relationship between the
tangential stress at the equator and on the roof of a spheroidal cavity versus

the aspect ratio as illustrated in Figure 6.12.

6.4.4 Consequences of stress concentrations around a spheroidal cavity

On the basis of this elastic analysis it is clear that there is a
significant increase in stress concentration at the equator of the spheroidal
inclusion as the aspect ratio increases. Even under isotropic loading
conditions, it can be seen from Figure 6.12 that the tangential shear stress
increases seven times by changing the aspect ratio from 1 to 5. Consequently,
although this analysis does not evaluate the pressure transferred to the gas in
the void, it does illustrate that the soil will enter into a plastic state of
stress around the equator of the void at a much lower external stress than for a

spherical cavity. Figure 6.13 presents a possible scenario of the undrained
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compression behaviour of a soil containing a number of discrete spheroidal
cavities embedded in a perfectly plastic soil matrix. Figure 6.13a presents the
soil under a vertical application of load in an oedometer cell under undrained
conditions. At this stage there is sufficient load to produce a small plastic
zone around each void. However, no overall settlement has taken place as the
remainder of the soil is assumed to be rigid outside the plastic zone. Figure
6.13b represents the critical loading stage when the plastic zones are just
connecting. Nevertheless, there is still no settlement up to this point.

Figure 6.13c then presents the case after the plastic zones have connected,
producing a mechanism which will then deform plastically to allow load to be

transferred to the gas resulting in an overall settlement of the soil.

6.5 Introduction of the Double Compressibility Model

The experimental and numerical results that have been presented in this
thesis have illustrated clearly that there are two independent modes of
deformation of a gassy soil. The first mode of deformation is due to the local
shear behaviour and the compression and dissolution of the gas which accompany
changes in total stress. The second mode of deformation is due to the overall
drainage or shear behaviour of the saturated matrix and is caused by changes in
consolidation stress. The gassy soil appears therefore, to have a double mode
of compressibility or deformation. Accordingly, the model used to describe such

behaviour has been termed the "double compressibility model".

6.5.1 Definition of phase strains

The first mode of compression, caused by the volume change of the gas phase
from changes in total stress, may be written in terms of the gas void ratio as

Aeg = Avg/vs = F(o) (6.22)

where eg is the gas void ratio, vg is the gas volume and Ve is the volume of the
solid grains that are present in a given volume of gassy soil. Thus any
increment of total stress will cause a deformation of the soil which may be
translated into a soil strain. Figure 6.14 depicts the strain caused by changes

in total stress. To illustrate the components of strain, one-dimensional
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deformation only has been considered. Thus the strain caused by the deformation
of the gas--signified by the supercript °--can be written as

€® = O6h°/h, = o°/E° (6.23)
Similarly, the deformation of the saturated matrix due to changes in
consolidation stress--signified by the superscript ‘--has been found to obey the
relationship

e, = VW/VS = F(o - uw) = F(o’) (6.24)
wvhere e, is the matrix void ratio and vy is the matrix volume in a specified
total sample volume. Once again, the deformation due to changes in
consolidation stress can be represented in terms of soil matrix strain as
depicted in Figure 6.14 and can be written as

g = bh'/h, = o'/E (6.25)

Therefore if a gassy soil is subjected to changes in both total and
consolidation stresses, both gas and matrix strains will occur. Figure 6.14
presents three paths in which this behaviour can be viewed--all leading to the
same final result. If there is an increase first in total stress under
undrained conditions, there will be a change in the gas volume causing an
overall strain represented by stage la. If this is followed by the drainage of
the pore water causing increasing consolidation stresses, stage 1lb will result.

It is also theoretically possible first to apply a suction pressure to the
soil--producing consolidation stresses—-with no increase in total stress, thus
following stage 2a. If this is succeeded by an increase in total stress, stage
2b will result, ending up at the same point as when following the previous
procedure.

Alternatively, if the total stress is applied gradually with simultaneous
drainage of the sample, both total and consolidation stresses are applied--thus
producing stage 3 which will again end up at the same point as the other
procedures.

Consequently, the total strain caused by the combined loss of pore water

and gas volume can then be added to give

4h® Sh’ &h | ae (6.26)

[+] — —_ —
A + bg7 = b, + h, =k, =
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To illustrate the behaviour of the double compressibility model in multi-
dimensions, the initial approach undertaken assumes an elastic stress-strain
relationship for both the soil matrix and gas phases. Although it is fully
appreciated that in practice both the soil matrix and gas voids exhibit plastic
deformation behaviour, at this stage in the development of the combined
governing equations it is more effective to treat each phase as elastic so that
the effect of a soil having two apparent moduli can be fully realized. 1In
addition, if a plastic approach was undertaken at this stage, many of the
parameters required for such an analysis would be difficult to evaluate and some
would no longer be constants so that a more sophisticated plastic model would be
necessary. In this thesis therefore, the development has been restricted to an
elastic model for which the general three-dimensional form of the constitutive

stress-strain equations for a double compressibility material can be written as

— M o ] [} s s
95 = 2G eij + A ek Sij i,j =1,2,3 (6.27)
for the gas phase, and
oij = 2G’ eij + N Sk sij i,j = 1,2,3 (6.28)

for the matrix phase. It is important to note that 8gj

strain caused by the deformation of the gas, and eij are the components of

are the components of

strain caused by the deformation of the saturated matrix.

6.5.2 Definition of phase velocities

During the later derivation of the governing flow equations in a gassy
soil, it is necessary to understand the roles of the separate phase velocities.
Each of these velocities has two components, one due to the change in the volume
of gas (denoted by superscript °) and one due to the change in the volume of
water (denoted by superscript ’). The total phase velocity is the sum of the
twvo component velocities for each phase. Figure 6.15 illustrates the components
of velocity for each phase. The first section of the figure illustrates the
phase velocities resulting solely from the changes in gas volume, caused by both
compression and dissolution of the gas. Under these conditions all the phases
"stick together" and consequently there will be no relative flow between each

phase. Thus all velocities are the same. This may be written as
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V; = V; = Vg (6.29)

The second section of Figure 6.15 illustrates the phase velocities when
there is no change in gas volume, but when there is a loss in water volume
(normally due to flow of water from the soil). Under this condition the gas
phase will still "stick" to the solid phase to give

Vé = Vé (6.30)

The water velocity V&, however, will have a different value from the above
due to the water flow. The difference between the velocities in this instance

is related to the Darcy velocity, which may be defined as

WV = nw(V& - Vé) (6.31)

The third section of Figure 6.15 illustrates the total velocity of each
phase for a change in both water and gas velocity. The total phase velocity is
simply the sum of the two velocity components and can be written as

_ — [} ’ —_ [}

vV = V. = VS + Vs = Vg + Vé (6.32)

for the solid and gas phases, and

vV = V; + V& (6.33)

for the water phase. In addition to the above definitions, the Darcy velocity

can now be written as

vV = nw(VW - VS) = nw(V& - Vé) (6.34)

6.6 Theoretical Evaluation of the Elastic Moduli of a Gassy Soil Based on the

Double Compressibility Model

The one-dimensional consolidation tests on gassy soil samples illustrated
that the soil matrix behaviour appeared to be governed by the difference between
total stress and pore water pressure. The volume change of gas, however,
appeared to be related to the total applied stress. In fact, the assumption
that the gas pressure equals the total stress leads to very good predictions of
both the drained and undrained volume change behaviour of the gas. Although it

was not clear from the experiments if the total stress in question was the
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vertical or mean stress, later theoretical work illustrated that the gas is most

likely to be dominated by the mean total stress.

6.6.1 Mechanism of displacement

During undrained compression of a gassy soil, the volume of the saturated
soil matrix remains constant and therefore, any volume change of the gas must be
accompanied by a local deformation of the saturated matrix to accommodate the
gas volume change as already discussed earlier and illustrated in Figure 6.6.

As this saturated matrix distortion must be caused by local plastic failure of
the soil, it cannot be assumed that the local shear modulus around the gas void
is equal to the shear modulus of the soil matrix evaluated from a triaxial test.

In the following analysis, the gassy soil is treated as a double
compressibility material as depicted in Figure 6.14 in which the total
displacements are obtained from the sum of the displacement of the saturated

matrix and the displacement of the gas.

6.6.2 Undrained bulk modulus

During the undrained compression of a gassy soil--as the soil grains and
pore water are virtually incompressible--the change in volume is solely due to
the volume change of the gas. This volume change of gas may be caused both by
compression of the gas and by the dissolution of the gas into the pore water.
Therefore, if the simple assumption is made that the gas pressure is equal to
the mean total stress, then from Boyle’s law, the instantaneous or short term
bulk compressibility of a gassy soil of gas fraction, ng, is

Cus = 1/Kus = ng/(ug + ua) = ng/(um + ua) (6.35)

and the long term undrained bulk compressibility from a combination of Boyle’s
and Henry’s laws is

Cyl = l/Kul = (ng + Hnw)/(ug + ua) = (ng + Hnw)/(cm+ ua) (6.36)

wvhere Cus and c,1 are the short and long term undrained compressibility
respectively (not to be confused with c, wvhich is sometimes used as the notation

for undrained shear strength), K s and Ku1 are the short term and long term

u
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undrained moduli, H is Henry’s coefficient of solubility, o is the mean total
stress and u, is the atmospheric pressure.

Thus from the above equations, a theoretical plot of (cm + ua)/Ku versus
the gas volume fraction yields a straight line. Figure 6.16 illustrates the
results of Wheeler (1986) plotted on such axes. Superimposed on these results
are the short term solution (S.T.S.) for H = 0, and the long term solution
(L.T.S8.) for H = 0.0333 for the gassy soil compressibility. 1In order to compare
the bulk moduli, Figure 6.17 presents the values of normalized bulk modulus
plotted against the initial gas fraction. These results are superimposed on the
short term and long term theoretical values of bulk moduli. It can be seen that
although a very simple definition of gas pressure is used, a remarkably good

representation of bulk modulus has been achieved.

6.6.3 Undrained shear modulus

In the analysis of the one-dimensional consolidation behaviour of gassy
soils, the concept of a double compressibility model was introduced. This may
be extended to volumetric strains as

Av Av Av
Svt = V_t = V_g + TW = Cvg + va (6 . 37)
to to to

vhere €t is the total volumetric strain and Vio is the initial total volume of
the sample. The strain components Svg and g,y are caused by changes in gas

volume and water volume respectively. These strain components may also be

extended to vertical and radial strains to give

AL AL AL
Szt = —IZt = -—L-Zg + —LZW = Szg + SZW (6.38)
Zo Zo Zo
for the vertical direction, and
AL AL AL
Sr t = —Er t = —Lrg + —Lrw = Srg + Srw (6.39)
ro ro ro

for the radial direction, where Lro and Lzo are the initial width and height of

an arbitrary sample.
Values of the total vertical and radial strains can be evaluated from the
values of bulk moduli and shear moduli of gassy soil as presented by Wheeler

(1986). The definitions of bulk modulus and shear modulus used by Wheeler are
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- & - 4q
fo = e, ™ G = e, - Be) (6.40)

where p is the mean total stress and q is the deviator stress. The above two

equations may be rearranged to evaluate the axial and radial strains as

20¢ 2 1 3
88 _ 22 4 2 (6.41)
Bq 9[1(Ll Gu]
and
208¢ 172 3
2 <5 [Ku' au] (6.42)

for the stress path

fp = 4q/3 (6.43)
where subscripts 1 and 3 refer to the z and r directions respectively.
Therefore, by combining the above equation with the double compressibility model
equations 6.37 and 6.38, the inverse of the total shear modulus can be seen to
consist of two components given by

1 2 2 1
= == [8e, - Be,] = =[(de , - b ,) + (8g , - B )] =5 +
Gu 8qt 71 3 Oq gl g3 wl w3 Gug -

(6.44)

[

Figure 6.18 illustrates the inverse of Wheeler’s experimental shear moduli, over
the deviator stress range 0 to qmax/z’ plotted against the initial gas volume
fraction, together with a least square best fit through these points. It can be
seen from this figure that it takes the same form as equation 6.44 in which the
inverse of the shear modulus is related to the deformation behaviour of the
saturated matrix, [1/G& = Z(Aei - Aeé)/Aq]——which is given a constant value over
this saturation range--and by the deformation behaviour of the gas voids,

[1/GG = Z(Aei - Asg)/Aq]——which is seen to increase with increasing gas content.

6.6.4 Evaluation of Poisson’s ratio

For an elastic material, the shear modulus can be written in terms of the
bulk modulus and Poisson’s ratio as

G = 31;“ [1 - 2"] (6.45)

u 1+ v

Various analytical techniques to evaluate the Poisson’s ratio of a gassy soil
wvere attempted. The critical parameter required in the analysis, however, is

the local shear modulus surrounding the gas void. This shear modulus, due to
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the high local shear strains, would be very much lower than the global shear
modulus of a saturated sample. Consequently, all theoretical analyses produced
overall moduli that were far higher than those observed. Therefore, to obtain
the shear modulus from equation 6.45, it was decided to combine the theoretical
value of bulk modulus--as presented in equations 6.34 and 6.35--with an
empirical value of Poisson’s ratio. Thus for uniaxial compression,

de, = AHo,/E ; Qg, = —vAal/E (6.46)

1 1 3

and
Vo= —bey/te, (6.47)

Furthermore, by fitting a least square straight line through both the values of
the radial and axial strain versus gas volume fraction--as shown in Figure 6.19-
-values of egl and Sg3 can be evaluated at any gas volume fraction from which a

value of vg = 0.21 is obtained from equation 6.47. Substitution of this value

of Poisson’s ratio into equation 6.44 produces Gu = 0.7189 Ku, from which
2¢ 1.150 1.150 n*
=1g = A ——g (6.48)
Oq K, (cm+ua)
and
2¢ 0.241 0.241 n*
E3g = - Ku = - (—c_m:u—a—)g (6.49)

where ng represents ng for the short term solution (S5.T.S.) and ng + Hnw for the
long term solution (L.T.S.), and H has a value of 0.0333.

Thus using equations 6.48 and 6.49, Figure 6.20 presents the prediction of
the axial and radial strains superimposed on the strains derived from the
experimental results of Wheeler (1986). It can be seen from this figure that
the strain behaviour can be modelled quite well using an empirical value of
Poisson’s ratio and the theoretical value of bulk modulus.

Figure 6.21 depicts the prediction of the inverse of the shear modulus,
found from the addition of the above equations 6.48 and 6.49, superimposed on
Wheeler’s experimental results. Once again the behaviour is well modelled.

Finally, Figures 6.22a, 6.22b and 6.22c present the experimental and
theoretical values of axial and radial strain for the triaxial tests of Wheeler

with initial isotropic consolidation stresses of 200 kPa and 100 kPa (for an

atmospheric back pressure) and 200 kPa (at a back pressure of 100 kPa). 1In
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general, the behaviour was modelled well for the tests in the higher stress
range but not so well at lower stresses.

It can be seen that the assumption that the gas pressure is equal to the
mean total stress, combined with an empirically derived Poisson’s ratio of 0.21,

produces a fair representation of the undrained shear moduli of a gassy soil.

6.7 The Work Input to a Gassy Soil

This analysis follows closely the work performed by Houlsby (1979) on the
work input to a granular material. Houlsby states that for a single-phase
material, the power input per unit volume is simply the product of the stress
and the strain rates. For a multiphase material, however, the stresses on each
phase and the velocities of each phase may be different. Consequently, the
total power input per unit volume to a multiphase material must therefore be
derived by considering the rate at which the work is done within each phase.

The analysis presented by Houlsby considers stresses and strains in three-
dimensions and includes gravitational effects. The analysis presented here only
considers stresses and strains in the vertical direction with the gravitational
effects neglected, as the aim is to evaluate the principal effects of the work
input to a gassy soil.

The first stage is to evaluate the compatibility equation for the gassy soil
during consolidation. From the experimental results and subsequent numerical
modelling, it appears that the volume change is due to two independent
conditions. One mode of volume change is caused by the compression and
dissolution of the gas, whereas the other mode results from the drainage of pore
water. As these modes are completely independent, only the compatibility
equation due to the flow of water is required to simulate the gassy soil
consolidation behaviour, as given by

v W
%2t 3z =0 (6.50)

wvhere W is the Darcy velocity and Vé is the velocity of the solid particles

solely due to the drainage of water with no change in gas volume.
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Now consider an arbitrary horizontal section across a sample of gassy soil
cutting gas, water and solid particles. To maintain equilibrium across this
cut, neglecting surface tension forces, the sum of the stresses multiplied by
their respective volume fractions must equal the total vertical stress on the
sample. Consequently, the resulting equilibrium equation may be written as

6. = n_u + n_u_+n_u (6.51)
v g g W oV s s

vhere np is the volume fraction and up the vertical stress for each phase p.

The power input across any arbitrary section can then be obtained from the
sum of the products of the various forces with their respective phase
velocities. If the power input at any particular point z in a gassy soil sample
of cross sectional area A is P, then the total power input over an arbitrary

sample height h can be written as

A
n J; Pdz = - L J [ ng g g +onoug Vw + DU VS ] dz (6.52)

wvhere the negative sign arises from the compression positive convention for the
stress used in soil mechanics. For a gassy soil, however, the gas void always
has the same velocity as the solid particles, as it is assumed that the same
soil particles always "stick" to the gas void. Thus by assuming the gas

velocity equals the solid velocity, the power input equation becomes
J Pdz = - J [y, +n,u v uV wun, (Vv ] a2 (6.53)
h h g g VoW s s’’s v ow S WS

Thus by substituting in the equilibrium equation 6.50 and introducing the

definition of the Darcy velocity as

Vo= on (V- V) (6.54)

the power input equation becomes

J; Pdz = - Jh[ (aV VS +ou W ] dz (6.55)

As the height, h, is arbitrary, this expression may be written in local form by
differentiating the above equation to give

v oW u
P = - [ o, 355 *t Y, 3z * W 2" ] (6.56)

assuming that the total vertical stress is constant over the arbitrary height.
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The solid velocity, VS, in this above expression can be separated into the
two independent modes of velocity, with V; caused by the volume change of gas
and Vé caused by the drainage of pore water, to give

- o 14
V. = VS + Vs (6.57)

which when inserted into equation 6.55 gives

ov?e v’ v Jdu
P = - [ Uv EES + Uv EES + 4 5; + W EEW ] (6.58)

Substitution of the compatibility equation 6.49 then yields

Ve v’ oV’ du
P = [ 9, 3zS *t 9, 375 - Y, 3, * W 32" ] (6.59)
or
ave av’ Ju
P = - [ o, 3;S + (cv - uw) Fraii v 35Y ] (6.60)
At this point, the strain rate of each phase is introduced as
o ave ac’ V!
sf = - EES and 5{ = - EES (6°61)
and the definition of vertical consolidation stress as
o/, = o - u, (6.62)
from which the work input into a gassy soil can be written as
P = o dg° ag’ du
Vs{ + G& 5? - W EEW (6.63)

Following the discussion of Houlsby (1979), if the movement of the soil skeleton
is controlled by the consolidation stress (av - uw), it is observed that the

total rate of work input per unit length of the soil is given by the three terms

( o, %%o ] ’ [ o; %%l ) and ( v %%w) (6.64)
Clearly these may be interpreted as the rates of work per unit volume to the gas
voids, the soil skeleton and the pore fluid, and there is no coupling between
these three processes as long as the behaviour of the soil skeleton is
controlled by the consolidation stress (av - uw).

In addition, if the above assumption is true, it follows that the gas
pressure is controlled by the vertical total stress. It is interesting that
this expression is produced in this analysis for which no assumption of the gas

pressure was made.
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Previous analyses in this chapter, however, indicated that although the
void ratio of the saturated soil matrix of a gassy soil appeared to be dependent
on the value of (cv - uw), it was shown that the gas pressure could vary
significantly and have very little effect on the position of the corresponding
matrix void ratio-consolidation stress plot. Conversely, a small deviation on
this plot from the saturated line would theoretically produce a large change in
the value of the gas pressure. If we consider the average vertical stress on
the saturated soil matrix, oy, @S defined by

Oy = 9y (1 -« ng)/(l - ng) (6.63)

and assume that the behaviour of the saturated matrix is dependent on the
average effective stress in the matrix

Gév = (USV - uw) (6.66)

then the work equation 6.57 can be written as

B av? (1-a) 3V av/’ Ju ]
P = - [ Uv ——azS - ngcv "(Tg) _aZS + (USV— uW)_aZ + W EW (6-67)
from which
) 30 (1-0) 3¢’ , dg’ 3u
RS RS 2 = RS A T (6-68)

This equation illustrates that if the gas pressure is not equal to the vertical
total stress, the total power input is not determined by the three terms as
presented in equation 6.63. In general, however, gassy soils have low gas
contents, and as observed from the experimental tests of gassy soil, have «
values in the range 0.7 to 1.0. Under these conditions, the second term of the
above equation becomes small compared with the remainder of the coefficients

resulting in the approximation

W =w (6.69)

6.8 Summary

In this chapter an attempt has been made to interpret the experimental and
numerical observations of the behaviour of a gassy soil under both drained and
undrained conditions. With the concept of a compressible fluid phase abandoned,

the gassy soil is idealized as a saturated soil matrix containing discrete
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compressible gas voids. The first analysis on this material illustrates that
for gassy soils of the type considered in this research, the theoretical average
stress on the saturated matrix is very close to that of a fully saturated soil
under the same external stress conditions. Consequently, the relationship
between the matrix void ratio and the mean consolidation pressure is very
similar to that between the void ratio and effective stress of a saturated soil.

The problem of pore gas pressure evaluation is also treated in this
chapter, with the gas first idealized as a spherical void in a saturated soil
matrix. Treatiﬁg the so0il as a perfectly plastic material produced a good
qualitative representation of one of the tests of series A. The representation
of a gassy soil as non-spherical or spheroidal cavities in an elastic matrix is
also considered with the help of a FORTRAN program, developed to observe the
stress concentrations around an oblate spheriod. Computer runs illustrated
that, with the same soil strengths, the soil around the spheroidal cavity would
enter a localized state of failure far earlier than for a spherical cavity. A
scenario of the settlement behaviour based on the formation of a plastic failure
mechanism is also presented.

Based on these findings, the concept of the double compressibility model is
introduced in which all changes in gas volume are due to changes in total
stress, whereas all changes in the so0il matrix volume are due to changes in the
consolidation stress.

Using the double compressibility model, theoretical predictions are made of
the undrained bulk and shear moduli to compare with the moduli obtained
experimentally by Wheeler (1986). Even though the definitions of Poisson’s
ratio and bulk compressibility were based on very simple relationships, the
predictions of the shear and bulk moduli were remarkably close to the
experimental values.

Finally, a one-dimensional power input analysis on an idealized sample of
gassy soil is performed. The resulting power input equation illustrates that
the work done can be approximated by the product of the total stress and the gas
strain rate, plus the product of the consolidation stress and the matrix strain

rate, minus the product of the pore water pressure gradient and Darcy velocity.
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CHAPTER 7

DCFEM2 —‘DOUBLE COMPRESSIBILITY FINITE ELEMENT MODEL IN TWO DIMENSTONS

DERIVATION OF THE GOVERNING CONSOLIDATION EQUATIONS

7.1 Introduction

It has been shown from experimental modelling on gassy soil that the
deformation of the soil takes place as a result of two independent processes.
The first is due to the compressibility and solubility of the gas in the water.
This is an undrained process, although not necessarily instantaneous. Without
any change in volume, the soil matrix surrounding the gas void deforms to
accommodate the reduction in volume of the gas. The second mode of displacement
is due to loss of pore water from the saturated matrix under drained conditions.

This chapter describes the step-by-step development of the equations
governing the consolidation behaviour of a double compressibility material. The
equations fully couple the deformation behaviour of both the gas voids and the
soil matrix with the flow of pore water through the porous material. The
equations are finally presented in a similar form to that developed by Biot
(1941) for the coupled fluid flow and soil deformation of a saturated soil. The
final equations are presented in terms of total displacements and pore water

pressure for both cartesian and axisymmetric conditions.

7.2 General Multi-Dimensional Stress-Strain Behaviour

In the following section, the total stress tensor acting on a gassy soil is
expressed as a general function of the total strain tensor, the pore water
pressure and the drained and undrained elastic moduli. 1In this development, the
gassy soil is idealized as an elastic medium that deforms due to changes in both
total and consolidation stresses. In tensorial notation, the stress-strain
behaviour may be expressed as

%5 = Dijk1 &1 (7.1)

for deformation due to changes in total stress, and

95 = %5 ~ 83% = Dijia &k (7.2)
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for deformation due to changes in consolidation stress. Due to the fact that it
is not possible to measure the two components of strain separately, it is
necessary to evaluate the constitutive material behaviour in terms of total
stresses and strains. This can be performed by first inverting the D matrices

in equations 7.1 and 7.2 to give

-1
0 _ <]
%1 = [Dijld] %5 (7.3)
and
-1 -1
1 = [Dijkl] 9% = [Dijkl] (55 - vy 85) (7.4)
The total strain which can be separated into two components (see Chapter 6),
Bl = &1t S (7.3)
can now be written as
-1 -1 -1
= o ’ ’
&1 = {[Dijkl] * [Dijkl] } 955 = [Dikjl] 8i5 Uy (7.6)

Rearranging this equation, followed by a second matrix inversion, produces the

total stress tensor in the form of total strains and pore water pressures.
-1 -1

-1,-1
ST (1291 ER LY B AR R TR BT, -7

7.3 Double Compressibility Model in Cartesian Coordinates

For an elastic material, the stress-strain behaviour may be represented by
Aaij = 2G Asij + A Aekk sij i,j =1,2,3 (7.8)
wvhere the Lame’s constants G and A for the material can be defined as,

G = E/2(1+v) and X = EV/[(1+V)(1 - 2v)] = 3Kv/(1+v) (7.9)
wvhere E is the Young’s modulus, v is Poisson’s ratio and K is the bulk modulus.
Using the additional fact that

A2G = M1-v)/v = 2G(1-v)/(1-2v) (7.10)
and

A = 2Gv/(1-2v) (7.11)

equation 7.8 may be written in matrix form as

Ao 1-v Y v Ae

11 2G 11
AUZZ = {179) v 1-v v A822 and Aaij = ZGAsij [i#i] (7.12)
Ao33 v v 1-v Ae33

from which
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Aell . 1 -V -V Adll

0822 = m -V 1 -V Adzz and Aslj = Z—GAO'IJ [1#]] (7.13)
As33 -V -V 1 bo

33

It is assumed that this stress-strain behaviour applies both to strains
caused by gas displacement and those caused by saturated soil displacement.
Thus noting that the superscript " ° " represents all values associated with gas
deformation, whereas the superscript " ' " represents all values associated with

the soil matrix deformation, the total strain may be written as the sum of the

gas and soil matrix strains to give

’ _\°
Aell Aeil Aell 1 v —v° ] Acll
- o . __1____ o
Aezz = Aezz + Aséz = 765 (1iv%) -v° 1 -v <Ac22>
-] ’ 0 ]
A%3 A%3 A%3 -v% v 1 'MWB,
1 —v -y ] Aail
1 ’
+ G (1) -v 1 -V <A022> (7.14)
-V -y 1 _\Acé3)
and
Begy = o3y v befs = [ g5+ ger | b0 [i#5] (7.15)
ij ij ij 2G° ° 2G’ ij
Now substituting the consolidation stress increment
Aaij = Aoij - Auw aij (7.16)
into equation 7.14 yields
Aell a -b -b Aall Auw 1
A€22 = | -b a -b Aazz - 3R 1 (7.17)
A833 -b  -b a Aa33 1

wvhere K’ is the drained bulk modulus for the saturated soil matrix, and the

parameters a and b are defined as

1 1 1 1
a = 72G°(1+v0) 2G7 (1+V7) Fe *t g (7.18)
and
\’0 \)’ \)0 V,
b = 2Go(1+v°) T 26T (1+v) Ee *t ®7 (7.19)

from which it can be shown that
a -b -b 1]-1 1 1 0 0 b 1 1 1
- -b = — 1 S A— 1 1 1 7.20
_2 2 a+b 8 5 ? @ E | ;o1 ] (7.20)

Substituting the above matrix inversion into equation 7.17 produces

Aaij = ZGAeij + XAekksij + BAuw Sij (7.21)
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However, as it is not possible to measure initial strains in a material, strains
can only be evaluated relative to its initial state. Consequently, with the
initial strains assumed to be zero, the current state of strain, sij’ has the

same value as the increment of strain, Asij. Therefore,

Gij = 2G€ij + Xekksij + Buwsij + 6*i<j (7.22)
vhere
G?j = [Oij - Aaij] - [Buw - EAUW]Sij = Uij - Euwsij (7.23)
-1
G - [ éo N é,] (7.24)
= v°/E°® + V' /E!
A o= 6 [ /R + 1/ ] (7.25)
B - [ 1 + K/ /K® ]‘1 (7.26)

-~ ~

in which Uij is the initial total stress tensor and u, is the initial pore water

~

pressure. For a saturated soil, °¥j becomes the initial effective stress oij.

7.4 Derivation of the Three-Dimensional Governing Displacement Equation for a

Double Compressibility Material

The distribution of total stress in a homogeneous soil sample is given by

395 . F, i,y =1,2,3 (7.27)

9, 1
J
where Fi is the body force vector per unit volume of soil. The sign convention
for the above equation is such that compressive stresses are positive (which is
the normal convention in soil mechanics). Substituting the stress-strain

equation 7.22 into the above equilibrium equation gives

= 9€, . ] Ju dok,

26 43 + X sggk + Bgv + $£4j = F, (7.28)
h i i

For the case of small deformations, the strain components are assumed to be

related to displacement via the following relationship

€ ___l gXi é!'
ij = 77 Jax: t axd (7.29)
3j i
vhere vy denotes the incremental displacement vector of the sample. Thus,
substitution into equation 7.28 gives
= 9 v, v, 9 v, u do¥.
G‘a}.[&% + 523.] + Xs&.[&!] - By o= owd - (7.30)
JL ] 1 il ] 1 ]
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which can be written as

32w. . Bzw. 2
i

1 & ]
o, 9x, | G . T X
J ] J 1

This equation is the required result in which the governing equation is in the

Y3 - By, L 995 - F, (7.31)

]
ax,. 9Ox. i
1 J

G

form of total displacements and pore water pressures.

7.5 The Flow Equation for a Double Compressibility Material

Considering a soil consisting of three phases--solid, water and gas--the

continuity equation of each phase may be written as (Barden, 1965),

d ]

§§i(ns Ve pg) + 3 (ngp) = 0 (7.32)
2 (n ) + L (n ) = 0 (7.33)
axi wi Py at v Py B *

a_ (n_V p_ +Hn V p) + 3 (n + Hn )y =0 (7.34)
axi g gifg v wi'g at ‘g Pg w Pg’ = )

where n, is the volume fraction, Vki is the actual velocity component and Py is
the density of each phase k. H is Henry’s coefficient of solubility, Xy is the
spatial cartesian coordinate and t is time. Barden applies the above equations
to unsaturated soils, ignoring the effects of solubility. For this gassy soil
model, solubility effects are not to be ignored because for low gas saturations
the effect of dissolved gas becomes very important.

Meiri and Karadi (1982) present the governing equations used for the
simulation of air storage in aquifers. Their equations assume no deformation of
the aquifer and hence only the water and gas equations are presented.

Due to the deformation of the soil matrix in gassy soils, however, it is
essential for the continuity equation of the solid phase to be included. The
above authors also include the effects of both solubility of the air in water
and the volatility of water in air. For a gassy soil of low gas content, the
effect of dissolved gas in the pore water is included, but the secondary effect
of the transport of evaporated water in the gas is neglected.

At this stage it is assumed that the solid grains are incompressible. The
assumption of an incompressible water phase is not made, however. Thus

expanding the above three phase equations produces
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] on

%, (Vs) * gps = O (7.35)
for the solid phase,
nV . n_ dp
L (nV .) + L BEw + EEW + XY _ o0 (7.36)
X, w wi ) X, dat p. ot
i \ i '
for the water phase, and
nvV . dp nV . dp
v, + BHE (v ) + EE B oy LW
i g g i pg i pg i
m% nga% mw Hnwe%
+ ﬁ + —pg ﬁ + H 5{ + —E'g— ﬁ = 0 (7°37)

for the gas phase. Substitution of equation 7.36 into the gas equation 7.37

then gives

nV Hn V. .} 3dp nV . dp
3 g gi v wi g wwli oW
% et e, e | wm, T P m=
i g g i W i
ang ng n, apg n, apw
+ _éT + ; + H ; —a—t - H ;— —a—t' = 0 (7.38)
g g W
Adding both the solid and water continuity equation to the above equation gives
nV ., +H V .} 3p nV . 3p
%; (nVgy +n V., +nV ) + [g £ ¥ ‘“] =5 ¢ () =
i £¢e pg i Py i
n_ + Hnw dp n apw
B8 L am Y =0 (7.39)
pg at Py ot

which is the general flow equation for any partly saturated soil.

At this stage all assumptions pertaining to a gassy soil will be
introduced. Firstly, due to the fact that in a gassy soil the gas exists in
discrete occluded voids (much larger than the individual soil grains) surrounded
by a saturated soil matrix, there is no relative displacement between the gas
and the solid grains. Thus the gas appears to "stick" to the surrounding soil
particles and will therefore have the same average velocity. Furthermore, each
phase has a velocity which consists of two independent velocity components.

The first velocity component, Vﬁi’ is a result of the change in the volume
of free gas due to both compressibility and solubility effects. During this
phase of deformation, there is no volume change of the water phase and no
relative movement between the solid, water and gas phases. Thus the phase

velocities are all equal and may be written as
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V.= V.= V.= Vo = Vo, = VO, (7.40)
si wi gi si wi gi

Thus the general continuity equation 7.39 becomes

o [ o _ [
EXSi . (ngVsi + Hnwvsi) Efg X (1 H)nwvsi Efw . n +Hnw Efg o (7.41)
e P X, o X, p at a :

i g i W i g
The second component of velocity, Vﬁi’ is due to the loss of volume of

water. This results in a change of volume of the saturated matrix without any
change in the volume of gas. The water volume change can be a result of the
water compressibility, but is chiefly due to the flow of water from the sample.
It is still assumed that the gas voids "stick" to the soil particles and
accordingly have the same velocity. Therefore, the phase velocities for this

condition may be written as

Vsi = Vgi = Véi = Véi (7.42)
and
Vwi = V&i (7.43)
Consequently, the general continuity equation 7.39 becomes
’ r _
Eysi N Ezi +(ngvéi + Hnwvéi)ifg N (I_H)nwvwi Efw N a H)nw Efw S0 (7.44)
axi axi pg axi Py axi Py at

where the relative velocity between the water and the solid grains is known as
the Darcy Velocity, Wi’ and may be written as

v, = nw(V"Ji - Véi) (7.45)

At this stage it is still possible to treat the gassy soil as having a
compressible pore fluid instead of discrete gas voids. This is obtained by
giving the water a value of compressibility corresponding to a mixture of gas
and wvater. For the volumes of gas present in a gassy soil (ng<0.05), the
overall compressibility is small. For fluids of small or slight
compressibility, Peaceman (1977) has shown that the term including the spatial
derivative of fluid density is negligible compared with the remaining spatial
derivatives due to changes in Darcy velocities. This assumption is used by many
authors in their treatment of unsaturated soils, including Ghaboussi and Wilson
(1973), Chang and Duncan (1983) and Meiri and Karadi (1982).

Furthermore, if the gas is present in the form of discrete gas voids which

move with the solid grains, not only is the spatial derivative of the density

term small due to the low compressibility, but also because the term is
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premultiplied by the solid velocity and not the fluid velocity as is the case
for the compressible fluid. In addition, as it has been shown in the previous
chapters that the gas pressure is dependent on the total stress rather than the
pore water pressure, the spatial variation of gas density becomes very small.
Thus, from the above explanation, the spatial derivatives of density in
equations 7.41 and 7.44 will be neglected producing the governing equations
av;i (n_+ Hnw) apg

——— + —
axi pg ot

for no change in water volume, and

= 0 ' (7.46)

BVéi awi (1_H)nw apw (7.47)

+ = 4 —" = 0
axi Py at

*x,
i

for no change in gas volume. It is interesting to note that the final term in
the above equation illustrates the fact that any change in water volume, Avw,
associated with the water compressibility, will be accompanied by a change in
gas volume, - HAVW, that is held as dissolved gas. Thus the net change in total
volume due to a change in water volume, Avw, will be (1—H)Avw.

Considering now a case in which there are simultaneous changes in both gas

and water volumes, the total phase velocities are the sum of the two component

velocities. This is presented for each phase as

V., = Vo, + V., (7.48)
S1 S1 S1
_ [}
Vi = Voi o+ V4 (7.49)
V. = Vo, 4+ Vr. (7.50)
gi g1 gi

vhich states that the total velocity of each phase is the sum of the velocity
due to changes in gas volume, V°, and that due to changes in water volume, V’.
Thus summing equations 7.46 and 7.47 and substituting equations 7.48, 7.49 and
7.50, the governing equation for combined conditions becomes

EYSi \ Eyi \ (ng+Hnw) Efg . (1-H)nw Bpw (7.51)
axi axi pg at L at

It can be seen, however, that the two component equations 7.46 and 7.47 are
totally independent and therefore may be solved independently. The first

equation equates the spatial change of velocities due to gas volume changes with
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the change in density of the gas. At this stage the density of the gas is not
required, thus it is not necessary to solve this equation.

The second equation equates the spatial changes of solid and Darcy
velocities with the change in density of the water. This equation governs the
flow of the water and will therefore be included in the solution process. To
solve equation 7.47 in terms of pore pressures and displacements, the change in
vater density may be modified to changes in pore water pressure as

1 oy 1 de, duy u, (7.52)

= St

Py ot Py duw at
where cy is the water compressibility. We now introduce Darcy’s Law for

unsaturated soils in the form

R N B A _ _ oy
L ves| = Vo) (7.53)

wvhere Wi is the Darcy Velocity, Yy is the unit weight of water, ej is the unit
gravitational vector and Rij is the permeability tensor for an unsaturated
soil and can be related to the permeability of a saturated soil, kij’ by

Eij = krw kij (7.54)

where krw is the relative permeability for an unsaturated soil. Substituting

equation 7.53 into equation 7.47 yields

V., v/, 9 k.. (3u v’ ., du
5;; + §§§1 = §§i[— —1J(§§Y - Ywej)] + 5§§1 = - (l—H)nwcw T (7.55)

Finally, velocities and strains may be written in terms of temporal and spatial

derivatives of displacement in the form of

ow! , ow!

Véi T and gy, = - 5;; (7.56)
Thus

v’ . 3 vl 3, dw! de!t .

w7 o, e 7 ow &P - - gt (7.37)

i i i

Substitution of the above velocity derivative into equation 7.55 yields

3 |k, [3u Ju acl . (7.58)

sii[Y;J[5§§ - Ywej]] = (l—H)nwcw 7Y - pid

7.6 Coupling of Flow and Displacement Equations

In order to couple fully the flow equation with the displacement equations,

the flow equation must be written in terms of pore pressures and total
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displacements. As the left-hand side of the governing flow equation 7.58 only
contains pore.water pressure as an unknown variable, it is only the right-hand
side that needs to be adjusted. The right-hand side of this equation may be
written in terms of total strains and pore water pressures by considering that
the total strain is the sum of the strains due to changes in gas plus water

volumes, from which

_ _ 0
811 = € el (7.59)

However, from equation 7.14 it can be shown that

[ 1 1 7 Uy
&1 < W rTW /% T © (7.60)
Thus
] u_ ] -1
% 1 1
%i = | &it ©@ [ K R ] (7.61)
And from equation 7.13
e = Lo v [ 1+ K'/K°]‘le - [ K® + K’ ]“1u (7.62)
ii & 3K’ Tii Kr - ii W .
Substitution into equation 7.58 then gives
3 513(3 - ve. ] ¢l . g3 (7.63)
3%, [ ax v - ot ot )
vhere
B - [1 ' K'/K°]‘1 (7.64)
and
el — [¢] l"'l
C - (I-Engc, -+ [ + K ] (7.65)

Substitution of the definition of strain given by equation 7.56 yields the final

form of the flow equation, which may be presented as
3 |k..(3u =~ du = 9 |aw, (7.66)
521[—13(ax - ¥ eJJ] = C T B 5?[5§1]

7.7 Derivation of the Governing Displacement Equations under Axisymmetric

Conditions for a Double Compressibility Material

The general equations for axisymmetric stress and deformation in a solid of

revolution may be written as (Timoshenko and Goodier, 1970, pp. 380),

aw ov W 1w v
Crr T T Bt P B2z T T 927V P T T YT Bpp T By T 2[82r * 5?2] (7.67)

(Note that a negative sign has been included which is the sign convention for

soil mechanics.) The equilibrium equations may be written as

182



dc 3o ] ]

FEIT + FpfZ o+ pIr - [0 = F_ (7.68)
and

ggzr + %gzz + grz = Fz (7.69)
For axisymmetric loading and displacement conditions, the stress-strain
equations may be written as

o = (2G + XN) €., * hN €, * by €9 * B u, o+ o?r (7.70)

O, = (2G + N) €, * X €gg * X e, * B u, o+ of, (7.71)

Sog = (2G + ) €09 * X g * X £, * B u, o+ 666 (7.72)

°., = 2G €., * OF, o, = 2G €. * 5. (7.73)

Substitution of the above into the equilibrium equations 7.68 and 7.69 yields

) = =9€E 2G
—E[(zc + Ne, + e, + Regy + Euw] v 203%2 + e - ey
- F - %, _ 3%, L % . To (7.74)
r r az r r
for the radial direction, and
) ~ = =J€ 2G
5;[(2G + X)Szz + Xsee + Xsrr + Buw] + 2G5;zr + T8,
do* do* ok
= Fz - g2 - 3z%% - T2 (7.75)

for the axial direction.

Finally, substitution of the general strain-displacement equations yields

2 2 2 2
(w26) ¥ (x+z(;)§;[‘;’r] D NP PR S R
ordr oroz 09z 3dr 9292
= %%tr + %gtz r T - T - F_ (7.76)
for equilibrium in the radial direction, and
2 2 2 2 = =
(7\+2(—3)a—-‘£z+(§§—wr+7\§—wr+(_;uz—§%w+ (—;%g)—g%r+%%¥z
9z9z draz dzar oradr
do* da* o*
= Fg2r + 3z%Z + Iz - Fz (7.77)

for equilbrium in the axial direction.

7.8 Equation of Flow in a Double Compressibility Material - Axisymmetric

Conditions
The flow equation in a double compressibility material was derived earlier

for a three-dimensional cartesian coordinate system and can be written as

9 k.. (3u 3 aer . o
gii |:;;J [i}zw - Y. e.)jI = (1—-H)l’lew KW - —a_fll i,j = 1,2,3 (7.78)

For axisymmetric conditions, the flow equation can be written as
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1 3 k.. (3u du ae! , —
X, %, [Xl 3 (G - Ywej]] = (-Bnge, zv - gt L3 =120 (.79
i \' j
In addition, it has been shown that
g, = [1 + K'/K°]_1s.. - {?° + K’]—lu (7.80)
ii ii W
from which the final form of the flow equation can be written as
1 3 k.. {du = du = 3 3w, . s
;1 sii [Xl ;:]J (5231 - ‘Ywej)] = C ﬁw + B ﬁ[&'i} 1,] = 1,2 (7.81)

where the subscripts 1 and 2 refer to the radial and axial directions

respectively.

7.9 Summary

This chapter presents the derivation of the fully coupled displacement and
pore water flow equations that govern the consolidation of a gassy soil. The
soil is treated as a double compressibility material in which the saturated
matrix deforms due to changes in consolidation stress, whereas the gas component
of the soil deforms due to changes in total stress. The equations are first
derived for a fully three-dimensional cartesian coordinate system. This is

followed by the derivation of the equations under axisymmetric conditions.
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CHAPTER 8

DCFEM2 - DOUBLE COMPRESSIBILITY FINITE ELEMENT MODEL IN TWO DIMENSIONS

NUMERICAL APPROXIMATION OF GOVERNING EQUATIONS

8.1 Introduction

The governing equations for displacement and flow in a gassy soil are
solved using the Galerkin finite element method. The numerical approximation

and solution procedure consists of the following steps:

e Discretization of the region into a network of rectangular finite
elements. The influence coefficient method is used to derive the
element stiffness matrices, which proves to be a highly efficient

technique.

e Formulation of the governing consolidation equations into a series of

algebraic equations describing the behaviour of each finite element.

e Assembly of the element equations into a global system of algebraic

equations and the incorporation of boundary conditions.

e Solution of the resulting system of algebraic equations and evaluation

of stresses, strains and velocities.

The last three steps are performed for every time increment. Initial
conditions are incorporated before the first time increment. If the elastic
moduli are linear, no iterations are required. If the moduli are non-linear,
however, the resulting system of equations is also non-linear and it is
necessary for iterations to be performed within each time step until
satisfactory convergence of the nodal displacement and pore pressure values to a

required tolerance is achieved.

8.2 Numerical Technique

Initially, a detailed development is presented describing the Galerkin
approximation of the governing equation for displacement and pore vater flow in
a gassy soil, followed by the derivation of a procedure for formulating element

matrices using the highly efficient influence coefficient method. As derived in
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the previous chapter, the governing fully coupled consolidation equations in

three-dimensional Cartesian coordinates can be written in the form

2 2 9
S UL T
G w.ax, t C 3%.0x. A . Ix. B A T o Fi (8.1)
J ] J 1 1] 1 J
and
9 [9w,
] E... Ju ~ Ju _ i o
§§i[§;3(5§¥ - Ywej)} = C 3t B gf{5§i] i,j = 1,3 (8.2)

vhere the symbols are defined in the previous chapter. To approximate these
equations using the finite element Galerkin procedure, the solution domain must
be subdivided into a number of finite elements in which trial solutions for any
parameter { are expressed in the form

W, ) = ¥ (g, ) = No (xp) w(t), I=1,2.....n (8.3)
The unknown parameter, y, which is a function of space and time, is approximated
by the product of the nodal values of the parameter, @I(t), which are functions
of time, and a basis or shape function, NI(xi), which is a function of space
only. The number of nodal points is denoted by n. To obtéin the approximated
form of the governing equations 8.1 and 8.2, it is possible to apply the
Galerkin procedure to these equations. It is felt here, however, that the
procedure is better illustrated if the Galerkin procedure is applied to the
original equilibrium and continuity equations. A more detailed description is
given in texts such as Huyakorn and Pinder (1983), Hinton and Owen (1979),

Zienkiewicz (1977) and Cook (1974).

8.3 Approximation of Displacement Equations - Plane Strain Conditions

If a trial solution to a governing equation is inserted into the equation,
there will be a resulting error. This applies throughout the solution domain.
Writing the equilibrium equation as

3 - Fy= 0 (8.4)
J

-

then if an approximating solution for stress dij is used, there will be a

corresponding error eg over the required domain such that

5;;3 - F o= e (8.5)
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The Galerkin procedure sets the integral of this error weighted with the
approximating shape function to zero for each element. Thus

90, .
Jﬁl ep dR, = J N [EQ%J - Fi} dR, = 0 (8.6)
Re Re J

where Re denotes the element domain. Applying Green’s Theorem to the above

equation yields

) oN
JNI % ny dBe - J5§¥ %3 dRe = N; Fy dR (8.7)
B R j R
e e e
where Be denotes the element boundary. From this point, the subscript e
indicating the integral over an elemental domain will be dropped, as all
integrals are assumed to take place over an element.
It can be noted that the first term of the above equation is the total

stress acting on the boundary of the element. To denote that this is a boundary

effect, the Cauchy surface traction boundary condition is used

S. = - o,, n, onB (8.8)
i ij 3 e

vhere nj is the unit outward normal vector to the boundary B, which leads to

aN_ ~ (8.9)
- N, S, dB - |5=I o.. dR = |N_ F, dR
BJ I7i RJaxj ij RJ R |

-

The stress Uij for a double compressibility material has been expressed in terms

of total strains and pore pressures in equation 7.22. Consequently,

~ - ~ - ~

% (8.10)

1

N
[p!
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[89)
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¥
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[rhy

(&)

+

[w)
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f
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where

- 1 [av, 3.
&y =3 [‘é;% + &J.} (8.11)
j i
Thus the approximating equation may be written as

an [~ (aw,  aw. v, = -
=1 |Glxzi + ——3] + [X——k - Bu ]6.. - u*.]dR = |N;F, dR + J& S, dB (8.12)
RJaxi[ [axj axi axk Wi ij ij r| T 1 B Ii

At this point the following approximations are made

&l(xi, £) = Nj(x;) vy, (8.13)
wz(xi, t) = NJ(Xi) Vg (8.14)
uw(xi, t) = NJ(Xi) Uy (8.15)

From which for i=1, equation 8.12 yields
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(hi26)Np Ny g ANy AN g, | [x N ANy, g N WG, g
. 3% 1J . 2J

1 ax1 ax2 3x2 axl axz axz axl
- BN N uw . drR= NS, dBdR + |[IN.F, o+ &1 oox.| ar (8.16)
R axl J “wl - B I R I°1 axj 1j

and for i=2,

x Ny Ny e N N ar s (e A AL (re2ey B Nl aR
N 1J N 3% 2J

ax2 Bxl axl 8x2 Bxl axl 2 axz
~ N aN
- BN, u .dR= |N.S, dB + N, F, + 21 of.| dR (8.17)
Rj 8%y J wd BJ 1°2 RJ[ %2 " Ky Uﬁj]

These two equations are the required results from the Galerkin approximation of

the displacement equations under plane strain conditions.

8.4 Approximation of Flow Equation - Plane Strain Conditions

In a similar procedure to that above, the flow equation 7.66 can also be

approximated using the Galerkin weighted residual method to give

oN = du 5 oN. dw,
RJ[ - 5;? WiJ + CNINJ §TWJ + BNI §§q 5¥1J]dR + J&Iwini dB =0 (8.18)
i i B
where WiJ is the nodal Darcy velocity of the pore water. Replacing the Darcy

velocity by the spatial derivatives of the pore water pressure yields

k.. 9N_ oN oN = du
=ij 5= s==J u_, - k,.e. ==I + CN_.N, =—wJ
RJ[YW axi 3xj wJ ijT3 axi I"J at
= aN _ Bw,

i
wvhere ag is a water flux boundary condition. Application of the finite

difference time stepping procedure then gives

[ on t+4t ~ k.. oN. ON_| t+at
N BNI 5;4 Vi + [CNINJ + @At?lj 5;? 3§q]qu ]dR = - J&IQBAt dB
JL 1 w i 3 B
[ N t = k,. aN_ oN.| t oN
+ N BNI 5§g Vig ot [CNINJ - (1—9)At;;3 5;% 5§§}qu + EijejAt5§§] dR (8.20)

where g is the boundary water flux, w; and ué denote the nodal displacement

vector and pore water pressure values at the old time levels, and @ is the time
weighting factor. (The use of © = 0.5 is recommended to obtain solutions with

second order accuracy in time.) The three governing integral equations 8.16,
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8.17 and 8.20 are presented in matrix form in Table 8.1. It must be noted that

symmetry is obtained by reversing the signs of the components of equation 8.20

8.5 Approximation of Displacement Equations - Axisymmetric Conditions

Following the same procedure as for a plane strain case, the equilibrium

equation under axisymmetric conditions may be written as

do., . o, g
5;;3 + §il - ;?9 811 - Fi =0 (8.21)

On application of the Galerkin procedure, the integrand must be multiplied by

2ux1 to account for the increase in domain size as the radius, Xy increases.

Thus equation 8.21 becomes

~ - A - -

9
Ny [$2i5 + Ji1 - Zee 6., Fi] 2mx) dR_ = 0 (8.22)
Re~ 7] 1 X1

vhich may be rewritten as

N 3 (x
R I
ev - J

- -

3 (8.23)
137 ~ %e%1 " %1 Fi] dR, = 0

Applying Green’s Theorem to the first term of the above equation yields

oN - -
5 JNleal n, dB - . J[§§§(deij) - NIceeéil - NyxgFy dRe =0 (8.24)
e e

From this point, the subscript e indicating the integral over an elemental
domain will be dropped, as all integrals are assumed to take place over an
element. Again it can be noted that the first term is the total stress acting
on the boundary of the element. To denote that this is a boundary effect, the

Cauchy surface traction boundary condition is used

Si = - Uij nj on Be (8.25)

from which

BJ&ISi dB + RI[ i(x1 1J) - N 668 1 NleFi dR =0 (8.26)

-

The stress Gij is expressed in terms of total strains and pore pressures in

equation 7.22. This leads to

-~ ~

%5 2G €1 + X skk ij * B u 8. ij * cﬁj (8.27)

where

- 1 [ow, 3. .
85 = -3 [az + 5¥i] for i,j = 1,2 (8.28)
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Table 8.1 Presentation of Approximating Equations in Matrix Form - Plane Strain

The plane strain gassy soil consolidation equations in their approximated

matrix form for each element may be given as

ary bry o1z |Mxg Ri1
T
bry d1y ep vost = { R
T T
B N B & SIS & Uy Rar
vhere
= RNSN oN = aN_ 3N
[[an. an o [[on. an
B F\NaN
Cry = <B> 521 NJ dx dy
~ [[on. an . aN. 3N
dIJ = <M+25> 5;1 5;3 dx dy + <G> JJ5§I 5§J dx dy
) ‘~8N
ery = <B> §§I NJ dx dy
f_ . = 9At<gxx> Eﬂl ggJ dx dy + @At(g y> éz\]—I EEJ dx dy
1J v, || yz 3y dy
k N‘GN oN k aN_ 9N =
+ @At<;$y> 5;1 §§J dx dy + @At<;§x> [szl 5§J dx dy + <C> JJ&I NJ dx dy

The corresponding elements of {RI} are

aN N
R1I = - BJ&I SX dB + J]&I FX dx dy + jj(gil Uﬁx + 5;1 c§y) dx dy
Rop =~ IN.S_ dB + ||IN.F dxdy + |[( ox + Br ox ) dx dy
21 B Iy Iy 90X~ ¥X 9y~ Yy
’Ir‘ ol ol
= oN t oN t
Ryp = <B> Np 7gd Wiy dx dy + <B> N; 5;3 Yy dx dy
E . [[an, ov, E . [fon. oan, ¢
- (1—®)At<;:x> 5§I §§J Uy dx dy - (1—®)At<;zy> §§I 5§J Uy dx dy
rr rp
k aN_ 3N t k oN. dN t
- (1—®)At<;xy> §§I §§J uog dx dy - (1—@)At<;yx> 5;1 5§J uog dx dy
v JJ w JJ
aN [ [an
+ At<Exxex+ Exyey>J[§§I dx dy + At<EyXex+ Eyyey> 5§I dx dy
= t
+ <C> J]ﬁl Njuogdedy o+ At Qp o+ ] Ny Ot q dB
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and where

- - ~

- :

®33 %00~ ~ x €13 = &3 =0

(8.29)

in which subscript 1 refers to the radial coordinate r, 2 refers to the axial

coordinate z, and 3 refers to the tangential coordinate 6.

Substitution of the above definitions of stress and strain into the

integral equation 8.26 then yields

[J[r——l[(X+2G) + A %!z + 22 ] rG %gl[%gr ¥ o

- -

+ N [(X+2G)—r + A awr + A ——z - B ;w]] dr dz =

aN oN
+ JJ[rNIFr + rﬁ;I °¥r+ r5§I o?z + NI“%G] dr dz

in the radial direction, and

JJ[r——I[(X+2G)awz + A awr + 1Y 7r - B uw]

~ ON_[av_  dw
+ rG E?I[§EZ + 5§r]] dr dz = BJ;NISZ dB

oN N
+ JJ[rNIFZ + rs;I agr + rs—I Uéz ] dr dz

in the axial direction. The approximations are then made that

V(X 8) = Ny(xy) g
\ (Xi’ t) = NJ(xi) Va3
u (x5, t) = Ny(x;) v g

From which, in the radial direction, equation 8.30 becomes

JJ[r(X+2G)aNI Ny, g Ny Ny

or~ or , 9z~ 9z
oN aN A+2G
exeny Ay, My AIC NINJ] dr dz
1 < an. o N 3N aN
+ [ X AT +—I 5—J 5;1 5?J FEDY NI EEJ]WZJ dr dz
- B[rEHI N N_N ] dr dz = r N.S dB
ar- g Yy (Yo B R ¢
oN oN

+ [r NIFr + rsEI °¥r+ 3—I o* + NI 666] dr dz
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and in the axial direction, equation 8.31 becomes

[ oN_ oN = oN_ 9N oN
J [['X 5—2'1 EJ + rG EI EJ + X —BEI NJ]WI‘J dr dz

+ J [r(X+2C)%§I %gJ + G %%I ggJ]wzJ dr dz - Jjﬁ[r %gl NJ]“WJ dr dz

r

aN 3N
- IF N, S dB + ”[r N F, +r ool ok 4 r 31 m;z] dr dz (8.36)

o

These two equations are the required results from the Galerkin approximation of

the displacement equations.

8.6 Approximation of Flow Equation - Axisymmetric Conditions

The governing equation for pore water flow in a gassy soil under

axisymmetric conditions can be written as

12 k.. [au } ] = ou 5 0 [aw.} .
= == |x, Sijlssv - v e. = C =W + B =—|5=1 i,j = 1,2 (8.37)
xlaxi[ 1 Yy, axj v j at t axi

After application of the Galerkin approximation and Green’s theorem, followed by

a finite difference time stepping procedure, the resulting integral equation may

be written as

n

[ (. R.. aN. aN.| teat aN
r[CNINJ + BAt ;13 5§I 5§§]u - ot k —~I] dr dz

-3
] v i wJ ij7] axi
'I'I(
= oN t+4t = oN t+At
+ \BLNINJ + rNI 5;J}er + B[rNI 5EJ]WZJ ] dr dz
N, t N, ¢t t
= B[rNI 5?J LA rNI 5EJ Vgt NINJer]] dr dz + r At OI
JJd N\
[ ( k.. aN. 9N
= . t
+ [rCNINJ - r(l—@)At;;J sii 5§§]UWJ] dr dz +BJr NIAt qde (8.38)
N‘\

The three governing integral equations for gassy soil consolidation under
axisymmetric conditions 8.35, 8.36 and 8.38 are presented in matrix form in
Table 8.2. Again it can be observed that symmetry has been produced by the

reversal of the signs in equation 8.38.

8.7 Alternative Formulation due to Non-Linear Behaviour

During the consolidation process of a gassy soil, many of the material

properties do not remain constant as they are often affected by other physical
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Table 8.2 Presentation of Approximating Equations in Matrix Form - Axial Symmetry

The axisymmetric gassy soil consolidation equations may be written in their

approximated matrix form, for each element, as

~ ~

ary  bry -cq Ve Rt
~T - - -
by 41y vepy 230 = | Ror
~r ~r - -
e IS A RS & UyJ “Rap
where
- = ([ oN_ 9N = ([ oN. oN
ary = O+26> r 5;1 ﬁ?J dr dz + <& r EEI EEJ dr
B I
ol oN oN
+ <X+2G> 'r- NI NJ dr dz + <o (NI -a—r—J + 3¢
- [ oN. ©oN = [ oN_. 9N
bIJ = <0 r §;I 5EJ dr dz + <B&> r 551 E?J dr
o = B o VN, 4 NN dr dz
I1J ar J I°J
. ~ [[ an. an - N, oN
- B o ol aN
ery = <B> r §EI NJ dr dz
£o-oeot<Errs e N Mygraz 4 ent<Kazy |[|r N Ay
1J Yy ar~ dr Y, 3z~ 9z
B [[ an. on K N, N
+ ®At<Y§z> r 5?1 5EJ dr dz + ®At<;:r> JJr 551 5;J dr
The corresponding elements of {RI} are given by
o oN oN
R1I = BJr NI Sr dB + Jj; NI Fr dr dz + [Jr(g?l °¥r+ 551 c?
o oN oN
R21 = BJr NI Sz dB + er NI Fz dr dz + JJr(s;I a;r+ 321 ag
-~ e N, t Nt t
R3I = <B> If(r NI EEJ iyt T NI EEJ Vot NI NJ er) d

{

(1—@)At<%rr> N

or
A\

Il
I

A<k e + ke >JJr
rr r rz z

(1—®)At<%rz> aN

ar
w

= t
<C> JJr NI NJ u g dr dz + Ot ry QI + BJr NI

=—1 EHJ u t dr dz - (1—®)At<gzz>
wJ Y,

9

9

t k
—I 5?J Uy dr dz - (1—®)At<;zr>

N
or

r

w J

N

w

J

Tdrdz + oOt<k_e + k_e>
zZr r. 2z Z
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parameters such as pore water pressure, total stress or gas volume. Therefore
in order to model such behaviour, it is necessary to modify the previous
formulation so that non-linear material behaviour can be incorporated. The main
modification to the formulation is that the governing equation is solved in
increments--the beginning of each time step is treated as a new problem with
updated material parameters and initial conditions. Thus, considering first the
stress-strain equation 7.22
cij = ZCSij + Xskksij + Euwsij + U{j (8.39)

then this may be rewritten in terms of increments of stress and strain as

Aaij = ZCAsij + XASkksij + EAuwsij (8.40)

Substitution of this equation into the governing equilibrium equation followed

by the application of the Galerkin finite element method, gives

a b -c Aw AR AB
$J 3 ~°1J Aw;j i 1|, 11 (8.41)
by dry -erg] By 8Ryp 4B, 1

which applies to both plane strain and axisymmetric conditions. For this method
the increment of displacement is set equal to the displacement that takes place

over an increment of time, resulting in

t+At t
AwiJ R Y (8.42)

from which equation 8.41 becomes

t+At t t
o PwoCw| Yl | Po Pmocw| Yl P
b d.. -e W Y 4 e ud R
o 915 —erg) Uy 0 Y13 ery] Mg 21
R11 t+40t B11 t BlI t+4t
. ) . (8.43)
Ror Bo1 B)1

Thus in order to solve the above equation, the nodal values and the right-
hand side vector from the previous time step must be stored. These values may
then simply be incorporated into the right-hand side vector during the assembly
process. The resulting stiffness matrix and right-hand side vector can then be

solved in the same way as for the linear elastic formulation.

8.8 Non-Linear Solution Method and Convergence Criteria

At the end of each time increment in the solution procedure, it is

necessary for the solution to converge to a required tolerance, otherwise the
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errors at the end of each time step will accumulate and result in a large error
at late time. There are numerous non-linear iterative methods--the two most
commonly used being the Direct method (sometimes known as the Picard method) and
the Newton-Raphson method. Both of these methods are described in detail by
Owen and Hinton (1980). In general, the Newton-Raphson method requires a lesser
number of iterations for convergence than the Direct method.

The Newton-Raphson method, however, produces an asymmetric stiffness matrix
wvhich in turn requires more computer storage and time for each iteration. In
addition, when modelling a gassy soil, it is possible that all the gas may
dissolve into the pore water producing a saturated soil and thus abruptly
changing many of the material parameters. This causes severe problems for the
Newton-Raphson iterative method. Consequently, for the purposes of this model
the Direct iteration scheme has been chosen as the problems treated are not
highly non-linear due to the fact that an incremental solution has been adopted.

During the iterative process, the solutions are updated but may be relaxed by

) i 141 i
A (8.44)

wvhere Rf is known as the relaxation factor which is introduced if it is apparent
that oscillations are present in a solution. Introduction of Rf has the effect

of damping the solution scheme enabling convergence to occur.

The convergence criterion used in this model is such that all variables at

every node must comply to
i+l i
M S O R (8.45)
i
Y1

where TOL is the tolerance criteria. TOL is normally set to about 0.01.

8.9 Summary

This chapter presents the approximation of the governing coupled
consolidation equations of a double compressible material using the Galerkin
finite element method. The formulation approximates the consolidation equations
for both plane strain and axisymmetric conditions. This formulation is

presented in general form such that any type of finite element can be used.
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CHAPTER 9

DCFEM2 - DOUBLE COMPRESSIBILITY FINITE ELEMENT MODEL IN TWO DIMENSIONS

RECTANGULAR FINITE ELEMENT FORMULATION

9.1 Introduction

In the previous chapter, the equations governing gassy soil consolidation
have been approximated using the Galerkin finite element method. This chapter
applies the general finite element approximation to one particular element so
that the governing consolidation equations can be solved numerically. The
resulting implementation of a particular element type produces a stiffness
matrix and right-hand side load vector for the element which is presented in
this chapter. A computer program can then be written to assemble the element
matrices and vectors into global form over a soil domain. This program can
subsequently be used to solve consolidation problems for which there is no
analytical solution. However, these approximated equations may be applied to
any type of two-dimensional finite element for plane strain and axisymmetric
conditions. The next stage is to choose the type of finite element that is to
be used for the discretization of the domain, and then to formulate the

approximated equations specifically to this element type.

9.2 Choice of Finite Element

The main purpose in the development of the finite element model DCFEM2 is
to simulate the consolidation behaviour of a gassy soil that has been tested
under laboratory conditions. At the present time, the apparatus used for such
testing has been limited to the triaxial and oedometer cells. Both of these
apparatus impose an initial cylindrical domain on the soil sample. Thus if an
axisymmetric formulation is adopted, both cases may be simulated using a
rectangular domain. Accordingly, one of the simplest elements required to model
this domain is a four noded rectangular element.

Another point to note is that at this stage of gassy soil research, the

main object is to test the validity of the governing consolidation equations
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that have been developed for a gassy soil. The purpose is not to test the
validity of the finite element method or to evaluate the performance of one
particular element. The four noded rectangular element has been used widely to
model the flow of multiphase fluids in a porous medium, and has also been used
successfully in the modelling of the fully coupled consolidation behaviour of a
land based unsaturated soil (Huyakorn, Thomas and Thompson, 1984).

Chang and Duncan (1983) successfully used 8 noded rectangular elements for
the simulation of the consolidation of a partly saturated soil. The soil was
treated as having Modified Cam-Clay behaviour and the water and gas phases were
combined to act as a single compressible fluid. In situations where there is a
high degree of bending or shear in a material, it is necessary to use a higher
order element. If the domain is dominated by compressive stresses, however,
lower order elements are sufficient. This is illustrated quite clearly by the
work of Ghaboussi and Wilson (1971) who used four noded isoparametric elements
to model the deformation and pore flow behaviour of a soil containing a
compressible pore fluid in a two-dimensional plane strain domain.

Huyakorn et al. (1984) applied a technique to four noded rectangular
elements in their treatment of the equation governing unsaturated flow in a
porous medium. This technique replaced the Gauss weighting integration method
with one of direct analytical integration. The technique was described as "the
influence coefficient technique". This technique was limited to the flow
equations under two-dimensional plane strain conditions. The work at Oxford has
extended this method to apply to pore water flow and soil deformation in a gassy

soil under both two-dimensional plane strain and axisymmetric conditions.

9.3 Integration and Matrix Computation of Rectangular Finite Elements

Due to the non-linearities associated with changes in the material
parameters during the consolidation of a gassy soil, the stiffness matrix and
the right-hand side vector must be computed after each iteration for every time
increment. Because the total number of repetitions of such a computation can be
up to several thousand in a long term simulation of a field problem, it is

desirable to minimize the computational effort required to obtain the element
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stiffness matrix and the right-hand side vector. One of the methods for
speeding up this process is to change the method of integration of the elements
from a numerical to an analytical technique.

For a linear four noded rectangular element, 2x2 point Gauss-Legendre
quadrature is required to produce an exact integration of the element under
plane strain conditions, with higher order quadrature required for axisymmetric
conditions. The following development, however, describes a technique where
numerical integration is not required in which the stiffness matrix and right-
hand side vector can be predetermined using a direct integration method. The
resulting matrices are presented in algebraic form such that the material
parameters and element geometry that influence the matrix can be simply inserted
as coefficients. This method is known as the influence coefficient method.

In order to perform integration of a finite element, it is often easier to
convert all global coordinates (x,y; r,z) into local coordinates (&,n). The
local shape functions and shape function derivatives are then identical for each
element in the domain. Once these have been found, it is a simple case of
converting back to a global shape function from the knowledge of the geometry of
the element. Table 9.1 presents the coodinate system, shape functions and shape

function derivatives for both local and global systems.

9.4 Stiffness Matrix and Load Vector for Plane Strain Conditions.

The integral equations governing the consolidation behaviour of gassy soil
under plane strain conditions have been presented in Table 8.1 along with the
components of the matrix. At this stage this matrix may apply to any type of
finite element. 1In order to produce the element matrix for a four noded
rectangular element, the shape functions and the shape function derivatives--as
presented in Table 9.l1--must be substituted into the matrix components of Table
8.1. This substitution produces the need for integration, over the rectangular
element, of various shape functions and their derivatives. Table 9.2a presents
all the integrals required for plane strain conditions.

Substitution of these integral definitions into the components of Table

8.1 results in the element stiffness matrix and the right-hand side load vector
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Table 9.1 Shape Functions and Derivatives for the Four-Noded
Rectangular Finite Element

L
4 n 3
t———-— M
¥,2
t & 2l
X,T

Dimensionless Coordinates

£ = 2(x - x4)/L
n = 2(y - yo)/M
vhere
Xo = ( x1 Xy 4 x3 + xa)/4
Yo = ( Yl + y2 + Y3 + YA)/4
Shape Functions
LOCAL GLOBAL
Ni=2(1-E)(1-n) = +2 (xg- x)(yq- y)
1°% =t Y3 = ¥
Ny =2 (1+8)(1-n) = -2 (x; - x)(yq- ¥)
2°% = Tt 3 = Y
Ny =5 (1+8)(1+n) = +22 (xp - x)(y - )
37 % =t 17 Y
N, =2 (1-8)(1+n) = 2= (x3- x)(y - )
473 S Tt Vi 7 Y
Shape Function Derivatives
LOCAL GLOBAL
3N 1 .ooN, 1 . Ny 1 . oON, 1o
i&l = = Z (1-n) ’ ﬁl = - 4 (I—E,) . axl = - 2L(1—n) y ayl = ZM(l E)
N 1 N, 1 CoaN, 1 N, 1
322 = + A (1-n) §ﬁ2 =" % (1+&) = aaz = + ZL(I—n) ’ anz ZM(1+€)
aN 1 .o 1 N 1 . N, .1
523 =+ 7 (1+n) 333 =+ 7 (1+&) 523 = + EL(1+n) ; 333 + 2M(1+E,)
oN 1 . oN 1 N, 1 N, 1 .
524 = -z (1+n) 5 §ﬁ4 =+ 7 (1-¢) : 524 = - g (1+n) 3n4 = + ZM(l £)
General Relationship between Derivatives
N, _ 3N, dE 2 3N : N, 3N, dn 2 N
3. = 38 dx © L aE ’ ayI‘anIdy‘ManI
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Table 9.2 Integrals Required for Rectangular Finite Element Approximation
- [+2 -2 -1 +1 [0 0 0 0
oN, ©oN M -2 +2 +1 -1 oN_ 9N 0 0 0 0
W oA XAy =er |11 L2 o 3t 30 4r dz = 0 0 0 0
e +1 -1 -2 +2 | L O 0 0 0 |
- '+2  +1 -1 -2 7 -1 0 0 +1
oN. oN L +1 +2 -2 -1 oN_. oN L 0 +1 -1 0
Wyl W mEm i1 sz a2 & 32l 327 9F 42 = gx | 0 -1 +1 O
A -2 -1 +1 +2 | +1 0 0 -1 |
np +1 +1 -1 -1 7 -1 +1 -1 +1
aN_ N 1 -1 -1 +1 +1 oN_ oN 1 +1 -1 +1 -1
w oy XAy =7 | 1 ETAE AR vl R R
v +1 +1 -1 -1 -1 +1 -1 +1
- +1 -1 -1 +1 -1 +1 +1 -1
aN_ oN 1 +1 -1 -1 +1 aN. oN 1 +1 -1 -1 +1
Wi XAy =7 11 1 a1 bl rdz =17 |1 ;1 a0
g9 -1 +1 +1 -1 | +1 -1 -1 +1
- = -2 -1 -1 [+2 -2 -1 +1
N M +2  +2  +1 41 N M -2 42 +1 -1
w Ny dxdy =37 17 L1 a2 2 Eapl Nydrdz=gp 7 7 2 2
v -1 -1 -2 -2 | +1 -1 -2 42
n e -2 -1 -1 =2 [+1 0 0 +1
oN L -1 -2 -2 -1 aN L 0 -1 -1 0
a—yI NJ dx dy - T2 [+1 +2 +2 +1 & _B-EI NJ dr dz = I2 |0 +1 +1 0
g +2  +1  +1  +2 ] -1 0 0 -1
- -2 +2 +1 -1 [+2 -2 -1 +1
N M -2 +2 +1 -1 N M -2 +2 +1 -1
Npad &y =17 |1 a1 2 22 ENppddrdz =g 1 0 2 2
v -1 +1 +2 -2 +1 -1 -2 +2
. -2 -1 +1 +2 +1 0 0 -11
oN L -1 -2 +2 +1 . N L 0 -1 +1 0
Npgpd dxdy =17 |11 2 42 a1 ENpgldrdz=93 15 1 1 o
v -2 -1 +1 +2 ] 1+1 0 0 -1
. +4  +2  +1 42 -2 0 0 -1
LM |+2 +4 +2 +1 LM 0 +2 +1 0
NI NJ dx dy = 36 |+1 +2 +4 42 £ NI NJ dx dy = 36 0 +1 +2 0
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(a) Plane Strain Conditions
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for plane strain conditions. These are presented in Table 9.3 and Table 9.4
respectively.. It can be seen that in both these matrices only material
properties, previous nodal values and element geometries need be known. There
are no further calculations involved. Thus for plane strain conditions, the

matrix equation may be written as,

ps ps ps ps
W R B
v S S BV G e (9.1)
Yy Ro1 Pa1
wJ a1 31

where [qz]ps is the 12x12 stiffness matrix for plane strain conditions (Table
9.3), and Ve wa and u,j are the x-displacements, y-displacements and pore
water pressures respectively at each of the four nodes of the rectangular
element. RI is the right-hand side loading vector (Table 9.4), and BI is the
additional vector due to boundary forces and reactions.

For convenience, Tables 9.3 and 9.4 contain terms that have lumped various

parameters together to give

k k k
K= At @ =xx ; K = Aot @ =yy ; K = 4Ot © =xy
x Y, y Y Xy Y,
KeX = At(kxxex+ kxyey) ; Key = At(kyxex + kyyey) (9.2)

9.5 Stiffness Matrix and Load Vector for Axisymmetric Conditions

The stiffness matrix and load vector for gassy soil consolidation under
axisymmetric conditions are presented in Table 8.2 along with the components of
the matrix. The 12x12 element stiffness matrix can be obtained by again
substituting in the definition of shape functions and the shape function
derivatives in the same way as for plane strain conditions. It can be seen from
Table 8.2 that many of the terms in the axisymmetric derivation have a radius
term premultiplying the integrand. It therefore becomes very useful to employ

the following equation which simplifies the integral

JJr i dr dz = Jj[roi + (r - ro)i] dr dz = rOJJi dr dz + % JJE i dr dz (9.3)

~

where X is any arbitrary function, r, is the radial distance to the centre of

area of the rectangular element and L is the radial length of the element.
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6/W1-7/ " 0+ 8T/WI10- 98 /W10-2/" 9 81/W1D-
£ % 9/14- 9/Ra+ £ X AVALE 9/KE- I X AVALL Z1/nE~ P X 9/18+ ZI/HE+
WE/T A-TE/W A~ HO/'L A-"TE /W M+ HO/T N419/KH N+ HE/T A+T9/R A~
TE/HD* TE/HI- T9/49- 19/H9*
9/14- v/ (9+)- Z1/18- v/(9-Y)+ /18- v/ (94 )+ 9/14- y/(9-X)-
WE/T(DTHY)+ HO/T(DZ+( )+ H9/1(92+Y)- HE/1(IZ+Y) -
HE/19+ H9/19+ W9/19- HE/TD-
9/HE+ v/(9+) - 9/Hg+ #/(9-Y)~ /R v/(9+)+ TL/HE+ 9/(9-Y)+
TE/R(DTHO+ TE/R(DZ+Y) - T9/R(9Z+Y) - T9/H(IZ+Y) +
Ax Ax
81/W10- 6/W10-7/ A~ 81/R10- 9E/HI0-2/ N+
A « [AVALE 9/HE+ A x 9/18- 9/Wa- £ x 9/1d+ Z1/Rg- £ % Z1/14+ Z1/HE+
H9/T W-TE/H A+ HE/T A-TE/R A- HE/T A+T19/H - W9/T M+T19/R N+
TE/HO- TE/HO+ T9/HO+ T9/HD-
/18- v/ (9-Y)- 9/14- /(9 )+ 9/14- 9/ (9-X)+ AVl /(94 -
W9/T(DZ+Y )+ HE/T(DT+Y )+ HE/T(92+Y) - H9/T(D2+¢) -
W9/19+ HE/T19+ WE/19- H9/719-
9/HE- v/(9-Y)+ 9/Nd- v/(D+Y)+ Z1/KE- v/(9-Y)- Z1/Wa- 7/(9+()-
TE/R(DZHY) - TE/R(DT+Y)+ T9/H(DT+HY )+ T9/R(DZ+Y) -
Ax Ax
9E/WID-2/ A- g1/H10- 6/W10-2/ "N+ 8T/W10-
I X /18- Z1/Wa+ 4 x 9/14- Z1/na- £ x 9/14+ 9/HE- £ X Zu/1a+ 9/HE+
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T9/HO- T19/H+ TE/HD+ /R~
Zi/d+ y/7(94)+ 9/19+ y/(9-¥)- 9/18+ %/7(9+) - /g i y/(9-X)+
H9/T(92+Y)~ HE/T(9Z+Y) - HE/T(DZ+Y()+ W9/ 1(DZ+Y)+
W9/719- HE/T9- KE/T9+ H9/T19+
Z1/Ha- 9/7(D+Y)+ AL 9/7(9-Y)+ 9/HE- 2/(9+¢) - 9/Hl- v/7(9-X)-
T9/R(9T+X) - T9/R(DZ+Y )+ TE/R(DTH()+ TE/R(DTHY )~
Ax Ax
B1/W1D- 9E/WID-2/ A+ 81/H1D- 6/WID-2/ "d-
£ X 9/14- A 4 . i/1g- Z1/Hd- £ « /e 9/HE- £ X 9/19+ 9/HE+
WE/T A+T9/H - HO/T A+T9/W A+ WO/T A-TE/H 4+ WE/T A-TE/H A-
19/HO* T9/HI- TE/RO- TE/HD+
9/14+ 9/(9-Y )+ z1/18+ v/ (94 )~ Ti/14a+ 2/(9-X)- 9/18+ v/ (94 )+
HE/T(DT+Y) - H9/T1(DZ+Y) - R9/T(9Z+Y )+ HE/T(DTH)+
WE/19- H9/T19- W9/19+ HE/TD+
T1/HE+ y/(9-X)- ZI/Rg+ #/(94Y) - 9/HE+ v/(9-Y)+ 9/Hg+ 2/7(9+()+
T9/H(9Z+Y )+ T9/RH(DT+) - TE/H(OTHY) - TE/R(DZ+HY()+
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Table 9.4 Right-Hand Side Vector used for Plane Strain Conditions
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Using the above equation, the matrix equation governing the consolidation

behaviour under axisymmetric conditions can be written as

ax ps ax S ax
L " r " :rJ - L gll +r gll + gll (9.4)
2 o zJ 2 RZI o RZI BZI

Yy 31 31 31

where [y]PS is the 12x12 stiffness matrix for plane strain conditions, [y]®* is
the additional 12x12 stiffness matrix for axisymmetric conditions, Ve Vg and
u,; are the nodal r-displacements, z-displacements and pore water pressures
respectively. Using the above information, it is possible to evaluate most of
the terms required for integration of the rectangular element under axisymmetric
conditions. These terms have been compiled and are presented in matrix form in

Table 9.2b. The only term that has not been included and requires further

definition is presented below.

' 2a 2c c a
1 M 2¢c 2b b c
Jj N Npdrdz = qp |70 Ty ap 2c (9.3)
a c 2c Z2a
where
_ r, -
a = (r1 - 3r2)/2L + (rz/L)(rz/L) 1oge L ;; (9.6)
[ 75 ]
b = (r2 - 3r1)/2L + (rl/L)(rl/L) loge EI (9.7)
_ r, -
c = (r2 + rl)/2L + (rz/L)(rl/L) loge ;I (9.8)

Substitution of the above integral definition and the integral definitions
of Tables 9.2a and 9.2b into the components of Table 8.2 results in the element
matrix and vector as presented in Tables 9.5 and 9.6 respectively. As for the

plane strain case, Tables 9.5 and 9.6 contain the following definitions

k k k

Kr = Ot O —rr H Kz = Ot O —zz ; Krz= At © —rz
Yy Yy Yy
Ker = At(krrer+ krzez) ; Kez = At(kzrer + kzzez) (9.9)

The total element stiffness matrix and right-hand side load vector for

axisymmetric conditions can then be found from substitution of the matrices
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Table 9.6 Right-Hand Side Vector used for Axisymmetric Conditions
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given in Tables 9.3 to 9.6 into equation 9.3.

9.6 Stress and Strain Evaluation in Rectangular Elements

During the solution procedure, the resulting values are in the form of
nodal displacements and pore water pressures. Due to the non-linear behaviour
of gassy soil, it is necessary to evaluate the changes in stresses at the end of
each iteration. The changes in total stress may be found from equation 8.39

which reads

Aaij = ZGAeij + XASkksij + EAuWSij (9.10)

If four point Gauss quadrature is used to evaluate the stiffness matrix,
then it is standard practice to evaluate stresses at those points. However, as
Gauss quadrature is not used in the influence coefficient method, the stresses
are evaluated at the centroid of the rectangular finite element. For such a
rectangular element used for plane strain analysis, this will be the centre of
area of the rectangle. For axisymmetric conditions, however, the centroid of
the element will be dependent on the distance of the element from the axis of
rotation. The position of the element centroids and the corresponding stresses
and strains are presented for both plane strain and axisymmetric conditions in
Tables 9.7 and 9.8 respectively.

These stresses and strains, evaluated for each time step and element, can
be written to a file which can then in turn be used as input to a plotting
routine. This will enable the stress and strain fields to be produced in the

form of graphical output.

9.7 Summary

This chapter sees the finite element approximation of the gassy soil
consolidation equations formulated for rectangular elements under plane strain
and axisymmetric conditions. An extremely efficient closed form solution
technique, termed "the influence coefficient method", is presented for the

production of the governing stiffness matrices and right-hand side load vector.
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Table 9.7 Stress and Strain Evaluation - Plane Strain Conditions

4 3
M/2
e -
L/2
y
1 2
. J
z
et -
L
X

The strains may be expressed as

Aexx = (wa1 - waz - wa3 + waA)/ZL
At = dw Ow - ow - i\ /2M
vy (Bigy + y2 y3 y4)
Asxy = (wa1 + waZ - wa3 + wa4)/2L

+ (Awy1 - Awyz - Avy3 + Avya)/ZM
Auw = (Auwl + Auw2 + Auw3 + Auw4)/4
Ag = Ag = Ag = 0
zz Xz vz
Askk = Aexx + Aeyy

From which the stresses may be written as,

8o, = ZCASXX + AAEkk + Bou

by = 2Goe, + AoFy + Bou,

Boyp = Aog,, + Bbu,

bo = (bo, . + Aayy + b0, )/3

BToet = %[(Aaxx— ba y)2+ (8o - Aazz)2+ (8o, - A“xx)z]l/z
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Table 9.8 Stress and Strain Evaluation - Axisymmetric Conditions
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CHAPTER 10

DCFEM2 - DOUBLE COMPRESSIBILITY FINITE ELEMENT MODEL IN TWO DIMENSIONS

CONSTITUTIVE RELATIONSHIPS AND STRUCTURE OF DCFEM2

10.1 Introduction

The following chapter consists of two main sections. The first section
describes the constitutive material relationships incorporated into DCFEM2 that
are available to the user of the model. The second section describes the
structure of the finite element program DCFEM2, including a brief description of
the main program and the various subroutines, followed by an illustration of the

arrangement of the nodal and elemental numbering.

10.2 Constitutive Relationships

The previous three chapters have described the development and consequent
finite element approximation of the governing equations of gassy soil
consolidation as idealized by a double compressibility material. These
equations contain material properties which affect the consolidation and
deformation behaviour of the soil. In most cases, however, these material
properties are not constant but often vary due to changes in other parameters--
such as total stress, pore water pressure, gas pressure or gas volume fraction.
The relationships between these material properties and their governing physical
parameters are known as constitutive relationships. This section describes the

constitutive relationships that have been incorporated in this gassy soil model.

10.2.1 Double compressibility model - Constant properties

This option of DCFEM2 considers a double compressibility model with
constant material properties. Both the soil and gas phases are given linear
elastic bulk and shear moduli, K’,G’ and K°,G° respectively, as defined in
Chapter 6. The permeability tensor and the water compressibility are also given
constant values. This option forms the basic skeleton of DCFEM2 and is used for

verification of the model with existing analytical solutions.
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10.2.2 Gassy soil model - Bulk modulus evaluation

During the compression and subsequent consolidation of a gassy soil, the
gas volume and hence the gas compressibility can change dramatically. The
volume of pore water will also change. This does not have such a marked effect
on the soil behaviour during consolidation, however, and for this reason DCFEM2
treats the saturated soil matrix bulk modulus as a constant material property.

This is not the case for changes in gas volume, as it can be shown that a
small change in gas volume can result in a large change in gas bulk modulus. To
evaluate the change in modulus due to changes in gas content, first consider the
volume of gas that is available for compression, Vo in a given volume of gassy
soil, v_. This is given by

t
v = v_ + Hv (10.1)
c g v

where vg is the volume of free gas, Vo is the volume of pore water and H is
Henry’s coefficient of solubility. It must be noted that the above equation
only holds when there is a volume of free gas present.

Considering next a volume of gassy soil subjected to an increase in total
stress--vhich in turn produces an increase in gas pressure--then assuming no

change in temperature, Boyle’s Law and Henry’s Law can be combined to give

(ugl + ua)(vgl + va) = (ugz + ua)(vgz + va) (10.2)

from which it can be shown that

v

g2 (vgl + va)(ugl + ua)/(ug2 + ua) - va (10.3)

where ugl and vgl are the initial gas pressure and volume, ug2 and v_, are the

g2
final gas pressure and volume, and uy is the atmospheric pressure. It can be
seen from the above equation, however, that in some circumstances, ng can
become negative. This condition is reached when all the gas goes into solution,
after vhich the negative sign indicates that the volume available for further
compression (or expansion) is less than va.

To illustrate this point, consider a 250cc volume of gassy soil containing
5cc of gas, 150cc of pore water and 95cc of solid grains, at an initial mean

stress of 100 kPa. Recalling equation 1.8 which relates the gas pressure and

mean total stress as
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u = oag (10.4)

then for the case of unit o, the initial gas pressure will also be 100 kPa. It
is also assumed that H has a value of 0.03333 and atmospheric pressure is 100
kPa. Figure 10.1 shows the path of the gas volume as the total stress is
increased slowly to 400 kPa. Point A is the initial condition where the total
volume available for compression is given by

Ve = Vv, o+ Hv o= 10cc (10.5)

As the gas pressure increases, so the gas volume decreases until reaching Point
B at which the gas pressure is 300 kPa and all the gas goes into solution.
Increasing the gas pressure from this Point causes no further changes in volume,
and the gas volume path proceeds to Point D. However, equation 10.3 produces a
path to Point C. Therefore, although the free gas volume is zero, the free gas
volume available for compression at 400 kPa is -lcc. This can be confirmed by
treating Point C as the starting Point for unloading from 400 kPa to 100 kPa.
This unloading path reverses the loading path CBA, ending at our original
starting Point A. However, if D is chosen as the starting Point--that is
working in terms of the free gas volume instead of the volume available for
compression or expansion--the resulting unloading path is DEF. This path is
incorrect as it does not follow the original loading path and results in an
increase in the mass of gas at 100 kPa at Point F from the starting Point A.

As DCFEM2 evaluates all parameters over a discrete increment of time or
stress, the bulk modulus will be averaged over such an increment. The bulk
modulus can be written as

o - = -
K = Aam/AeV = Aug/aAsv (10.6)

vhere g, is the volumetric strain. Thus if the previous example is plotted in
terms of volumetric strain, Figure 10.2 results. To illustrate the method of
evaluating the bulk modulus, consider an increase of stress of 100 kPa from 150
kPa (Point X) to 250 kPa (Point Y). The change in gas porosity can be evaluated
from equation 10.3, and hence the bulk modulus from equation 10.6.

Considering the next 100 kPa stress increment from 250 kPa (Point Y) to 350

kPa (Point Z), it can be seen that during this increment, all the gas goes into
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solution and there is an abrupt change in the slope of the stress-strain curve.
The same procedure of using equation 10.3 to evaluate the updated value of gas
porosity can be used, however, with the condition that if the value of
calculated gas volume is negative, the gas volume used in this bulk modulus
calculation must be set to zero. Figure 10.2 illustrates this bulk modulus

calculation.

10.2.3 Gassy soil model - Shear modulus evaluation

A typical deviator stress-strain curve obtained from a uniaxial loading,
unloading and reloading test on a soil sample under triaxial conditions is
presented in Figure 10.3a. This soil behaviour may be approximated using an
elastic-plastic relationship, as illustrated in Figure 10.3b, in conjunction
with a suitable yield criteria and flow rule. Alternatively, the stress-strain
behaviour may be approximated using a non-linear elastic relationship as shown
in Figure 10.3c. Although this does not model unloading or failure conditions,
this relationship gives a good approximation of the deformation behaviour of a
saturated soil for monotonic uniaxial loading under triaxial conditions.
Consequently, as the emphasis in this thesis is on the effect of the gas on the
behaviour of the gassy soil, at this stage the simpler non-linear elastic model
has been incorporated into DCFEM2. The stress-strain curves obtained from
triaxial tests by Wheeler (1986) can be approximated for monotonic loading using
the non-linear elastic relationship
£ - [—-ﬂ———]n (10.7)
€ pax ~ 4 .

wvhere q is the deviator stress, 0p - O3, € is the deviator strain, 2(81 - 83)/3,

q is the maximum value of the deviator stress and €5 is the deviator strain

max
at half the maximum deviator stress. This analytical function is programmed
into DCFEM2. From numerical experiments using this approximation, however,

convergence vas made far more stable by evaluating the stress from the strain

component. This may be obtained by rearranging equation 10.7 to give

X Inax ]
q = [ T7 X (10.8)
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where

]1/“ (10.9)

X = [ 8/850

Figure 10.4 illustrates the approximation to one of Wheeler’s experimental
results for various values of n. The code DCFEM2 requires the undrained shear
strength, Sy’ and matrix shear modulus, G&, as shown in Figure 10.4. From these

parameters, it is possible to evaluate the required parameters from

Gpax = 25, (10.10)
and
e 15 (10.11)
50 " 3 Sy :

Once the stress-strain curve has been defined in some way, the shear
modulus of the saturated matrix can then be evaluated by the same method as the
bulk modulus for the gassy soil. The value of the stresses and strains is
evaluated at the beginning and end of each time increment, from which the shear

modulus can be derived from

q, - q
3gr = 2 1 _ 4 (10.12)
82 - 81 Ae

where q and € denote the deviator stress and deviator strain respectively. This
procedure for evaluating the shear modulus is presented in Figure 10.3c.

In the evaluation of the bulk and shear moduli of a gassy soil in the
triaxial apparatus as described in Chapter 6, it was found that the shear
modulus due to the presence of gas was directly related to the gas volume
fraction ng. It was also found that the shear modulus due to the gas, G°, could
be approximated by a constant Poisson’s ratio, v°, and the non-linear bulk
modulus, K°, as given by

1 - 2v°]

26° = 3K°[1 —4 (10.13)

Thus within the code DCFEM2, the combined shear modulus--as derived in

Chapter 7--can be evaluated from

- 1 11-1
c - [ o+ E'] (10.14)
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10.2.4 Future extension to model

In the numerical model DCFEM2, the gas is treated as a compressible solid
where the bulk modulus is a non-linear function of the total stress with the
saturated soil matrix modelled using a simple non-linear elastic stress-strain
relationship. Therefore, to increase the applicability of this model, it is
recommended that the saturated soil matrix be treated as an elasto-plastic
material using the same approach as Carter et al. (1979). It must be noted that
if this approach is undertaken, the order of the finite element used must be
increased as the four noded element is not of sufficient order to simulate

adequately plastic deformation behaviour.

10.3 The Structure and Specifications of the Code DCFEM2

The following section describes the structure of the FORTRAN computer code
DCFEMZ, which includes the compilation of the complete model from the ten
subprograms, the specification of the nodal and element numbering and the choice

of boundary conditions open to the user.

10.3.1 Description of subprograms

The code DCFEM2 is written in FORTRAN for use on a VAX/VMS computer system.
Only the input and output file specification would have to be modified, however,
for the code to be fully compatible with any other machine. DCFEM2 consists of
a main program and nine subroutines. A simplified flow chart is presented in
Figure 10.5 which illustrates the roles of the main program and the various
subroutines. The functions of the main program and the subroutines are

presented below in the order that they are first called.

MAIN Performs the reading and writing of input data, generates the mesh and
numbers the nodes and elements. Initial conditions are allocated to
the domain. A loop is set up to perform the finite element analysis

for each time step.

EBFIND Computes the matrix bandwidths for the generated mesh and determines

the maximum bandwidth.
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This is the main driving routine that is called during each time step.
This subroutine calls all other routines to perform the finite element
analysis. If the solution does not converge to the required tolerance
the process is repeated until convergence is reached. The resulting

nodal and elemental values are then written to an output file.

Identifies the position of the Dirichlet boundary nodes within the
future global stiffness matrix in order to modify the matrix to take

these prescribed nodes into account at a later stage of the model.

Assembles the global stiffness matrix and right-hand side vector from
the element stiffness matrices and load vectors. The right-hand side
vector is then updated to take into account the prescribed flux
boundary conditions. Both the global stiffness matrix and the right-
hand side vector are then further modified to take into account the

prescribed Dirichlet boundary conditions.

Performs the assembly of the stiffness matrix and right-hand side
vector for each rectangular element using the influence coefficient
method. The element matrices and vectors are generated for both plane

strain and axisymmetric conditions.

Evaluates the elastic bulk and shear moduli and other non-linear

parameters that are required for the gassy soil model.

Computes the values of strain, pore water pressure, total stress and

consolidation stress at the element centroids.

Performs the solution of the banded symmetric system of algebraic

equations using the Gauss elimination scheme.

Updates the nodal values of displacement and pore pressure. It also

updates the element values of gas porosity, stress and strain.
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10.3.2 Element and node numbering

DCFEM2 has been written principally to solve problems associated with gassy
soil consolidation. This includes consolidation under both laboratory and field
conditions. At the present time, all initial soil domains for the experimental
tests that have taken place have a rectangular vertical cross-section.
Correspondingly, at this stage of development DCFEM2 is limited to a finite
element mesh to give a rectangular domain. It must be noted that an extension
to an arbitrary shaped domain is only a matter of modifying the mechanics of the
finite element program and not redeveloping the governing theory. A combination
of four noded elements is used to produce a rectangular grid, with element and
node numbering as illustrated in Figure 10.6. It is also possible to specify an
arbitrary value of the gravitational vector as a function of the unit weight of
water and the components of the unit vector in the X/R and Y/Z directions

respectively, as also shown in this figure.

10.3.3 Description of boundary conditions

The soil boundary conditions that were encountered under laboratory
conditions can be subdivided into two types. The first type boundary condition
is a prescribed value or Dirichlet boundary condition. For DCFEM2 this may
correspond to a prescribed horizontal displacement, vertical displacement or
pore water pressure boundary.

The second type boundary condition is a prescribed force or flux known as a
Cauchy boundary condition. Again for DCFEM2 this would correspond to a
prescribed value of vertical or horizontal stress, or the prescribed rate of
removal or injection of pore water. A special case of a Cauchy boundary
condition is when there is no boundary condition prescribed--which is also known
as a "natural" boundary condition. This takes the form of a no-stress boundary
when solving the equilibrium equation, and a no-flow boundary when solving the
flow equation.

In addition, as in both the consolidation and triaxial tests described in
this report, the boundary conditions on some occasions are time dependent.

Therefore, DCFEM2 also permits the boundary conditions to be time dependent.
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Figure 10.7 illustrates the boundary conditions that are available in DCFEM2 for
the simulation of the experimental tests performed on gassy soil samples where
both the stress and displacement can increase linearly with time. For marine
soils under field conditions, however, it is often the case that the soil is
subjected to a sinusoidal variation in total stress. This condition can also be

simulated by DCFEM2 and is illustrated in the next chapter.

10.4 Summary

This chapter presents the constitutive relationships incorporated in the
finite element model DCFEM2. Two basic options are open to the user of the
model. The first option is to assume that the elastic moduli are constant for
the two materials in the model, whereas the second option assumes non-linearity
of the bulk modulus of the gas phase as a function of the total stress and non-
linearity of the matrix shear modulus as a function of the shear stress.

Also described in this chapter is the structure of the computer model
DCFEM2. A brief description of the main program and the nine subroutines is
provided, along with a flow chart of the model and an illustration of the
element and node numbering of the finite element mesh. Finally, the boundary
condition choices are presented which include constant value, linear increases
with time and sinusoidally varying Dirichlet and Neumann conditions.

Recommendations for future work in the theoretical and numerical modelling
of the drained and undrained behaviour of gassy soils include the incorporation
of an elastic-plastic constitutive relationship governing the deformation
behaviour of the soil matrix. In addition, this model must include the increase
in pore water pressure due to shear and the reduction of the shear strength due

to the presence of gas voids.
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CHAPTER 11

DCFEM2 - DOUBLE COMPRESSIBILITY FINITE ELEMENT MODEL IN TWO DIMENSIONS

VERIFICATION AND APPLICATION OF MODEL

11.1 Introduction

After the approximated finite element equations and the governing
constitutive relationships have been programmed into computer code, it is
essential to verify this model with existing analytical solutions. Although it
is not possible to verify every problem that the code DCFEM2 could simulate, it
is possible to test the most critical areas of the model. Verification problems
are presented in this chapter which test the consolidation equations in both
coupled and decoupled form. In addition to the verification problems, three
case problems are presented at the end of the chapter which illustrate the

capability of the model to simulate field and laboratory conditions.

11.2 One-Dimensional Consolidation

In order to test the time dependent nature of DCFEM2, the model was used to
solve the one-dimensional Terzaghi (1944) consolidation equation as first solved
analytically by Taylor (1948). This problem may be treated in two ways by
DCFEM2. The first method treats the soil as a rigid porous medium, allowing the
fluid compressibility to take the same value as the coefficient of volume
change, my which is present in the Terzaghi equation. The pore water pressure
is assumed to be initially constant throughout the domain, with dissipation of
pore vater permitted from one end. The grid used is presented in Figure 11.1.
The resulting pore water pressure response on the undrained face, plotted
against dimensionless time, is illustrated by ringed solid circles in Figure
11.2. Also plotted on the same axes, shown by the continuous line, is Taylor’s
analytical solution to this problem, for which the comparison is excellent.

Alternatively, DCFEM2 can solve the Terzaghi equation by using the fully
coupled flow and deformation equations. The pore fluid compressibility must be
set to zero and the shear modulus of the soil set to a low value (G’ < K’/1000).

Under these conditions, the drained bulk modulus becomes equal to the
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coefficient of volume change. Running this problem produces identical results
to those obtained using a compressible pore fluid. Additionally, when the fully
coupled flow and displacement equations are used, the total settlement is output
and can be plotted against time, as shown by the points marked K°/K’=0 in Figure
11.2. This also gives excellent comparisons with the analytical solution.

The code DCFEM2 can also be used to test the flow and deformation of a
double compressible material. The previous test was rerun with the addition of
a gas bulk modulus (i) one-half (K°/K’=0.5), and (ii) one-quarter (K°/K’=0.25)
of the drained bulk modulus of the saturated matrix. For all the simulations
using a compressible soil matrix, the resulting pore water pressures on the
undrained face--illustrated by ringed solid circles in Figure 11.2--were almost
identical for each test. Again these agreed very well with the analytical
solution of Taylor. It must be noted here, however, that the analytical
expression given for the time dependent settlement behaviour of a double
compressibility material is simply the settlement evaluated for a saturated
soil, plus the increment of settlement that is produced by the compression of
the gas under undrained conditions. This is not the case, however, for the
procedure used by DCFEM2, as here the elastic moduli are supplied for each phase

and therefore a different set of equations is solved for each case.

11.3 Two-Dimensional Radial Consolidation caused by Pumping of Pore Water

To verify the fully coupled flow and displacement capabilities of DCFEM2
under two-dimensional plane strain and axisymmetric conditions, the problem of
the consolidation of a soil surrounding a well--pumping water at a constant
rate--wvas simulated. For the same soil conditions as above (G’ < K’/1000), this
problem becomes mathematically equivalent to a pump test in a confined aquifer
as depicted in Figure 11.3. The solution of this problem, which was developed
by Theis (1935) in terms of the pore water pressure u,, can be adapted to

incorporate soil material properties to give

S S - U T (11.1)
v T dmk/y |y Y T kv '

T

where the exponential integral is identified by the well function W(t), and
T = 4Ktk/yvr2 = 4et/r? (11.2)

225



Q/D=0.01m" /s

77 S ////AA%&A4464 SIS S S ST ST S S IS S
A R -
———————— - B e —
D
—— —— e e
I — -
7 IS S SIS Y

Figure 11.3  Schematic description of the well pumping problem

0=0.01/4n m3/s

Figure 11.4a Axisymmetric element mesh for well pumping problem.

10m

e 2 s
/
V

10m
y

7

AL, /W//W/7//////////;//7/’/ 0 2

Q=0.0025 @ /s
R

Figure 11.4b Plane strain element mesh for well pumping problem

226



where the coefficient of consolidation is defined as
c = Kk/yw (11.3)

and where Q is the volume of water pumped from the well per unit time per unit
thickness of the soil layer, r is the radial distance from the centre of the
well, K is the drained bulk modulus of the soil, t is time and k/YW is the soil
mobility. The analytical solution of the function W(t) and tabulated values of
the well function versus time are presented in Walton (1962).

DCFEM2 can simulate this problem in two ways. The first involves reducing
the problem to one-dimensional axisymmetric conditions. The total well discharge
must then be divided by 2n as the model only simulates one radian of the
axisymmetric problem. The grid used for this simulation is presented in Figure
11.4a. The problem may also be simulated by using a two-dimensional grid under
plane strain conditions. Again, as only a quadrant of the domain is required--
as illustrated in Figure 11.4b--the total well discharge must be divided by 4.

Figure 11.5 presents the change in the value of pore pressure with
dimensionless time at 1m from the centre of the well. Also presented is the
analytical solution from Walton (1962). The sudden divergence of the numerical
solution from that of the analytical at late time is due to a reflection at the
boundary of the finite size domain that the finite element method has to adopt.

Also evaluated in this simulation is the variation in pore water pressure
in the radial direction at a constant value of time. The comparison between the

numerical and analytical results is presented in Figure 11.6.

11.4 The Mandel-Cryer Effect

The previous two consolidation problems can be solved by considering solely
the flow of a pore fluid in a porous medium. This dissipation approach is
sometimes known as Rendulic theory (Rendulic, 1936). When the fully three-
dimensional coupled fluid flow and soil displacement theory is applied to some
simple problems, however, it is observed that in certain regions of the soil
domain the pore water pressure rises before it decays. This phenomenon is
called the "Mandel-Cryer effect" after Mandel (1957)--who demonstrated it for
the consolidation of a brick-shaped body loaded uniaxially under conditions of

plane strain--and Cryer (1963)--who demonstrated it for the consolidation of a
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uniformly squeezed sphere drained at its surface. Rendulic theory does not
predict the Mandel-Cryer effect because it treats the flow equation by pure
diffusion theory, producing a monotonic decrease in pore water pressure.

To illustrate this effect, the problem of a cylindrical saturated soil
sample initially loaded under isotropic conditions, followed by drainage from
all surfaces, is simulated by DCFEM2 using the grid for a symmetric quarter of
the problem as illustrated in Figure 11.7. Three test problems are run with a
drained Poisson’s ratio of 0.5, 0.333 and 0.0. The results of these are shown
in Figure 11.8. The Mandel-Cryer effect is clearly illustrated in this figure,
with pore water pressures rising first before falling for Poisson’s ratio less
than 0.5. The problem is also run using dissipation theory by giving the water
a finite compressibility and initial pore pressure. The results are identical

to those produced using fully coupled theory with a 0.5 Poisson’s ratio.

11.5 Surface Footing on a Semi-Infinite Elastic Porous Medium

In order to verify the behaviour of the finite element model DCFEM2 under
two-dimensional conditions, the problem of a surface footing on an elastic
porous medium having a semi-infinite domain was treated. Due to the nature of
the finite element formulation, both strip and circular footings could be
modelled. Simulations of surface settlement with horizontal distance from the
footing centre were made, as were pore pressures with depth below the footing.

The finite element mesh used in all these simulations is illustrated in
Figure 11.9. A 10x10 rectangular grid is used consisting of 100 four noded
rectangular elements and 121 nodes, each with three degrees of freedom
(horizontal displacement, vertical displacement and pore water pressure). On
the left-hand line or axis of symmetry and the lower boundaries, a no-flow and
no-displacement condition is imposed. The right-hand distant boundary also has
a no-flow condition, but it has a constant stress boundary imposed. The top
boundary has both pore water pressures and vertical stresses specified.

The solution for surface settlement due to the application of a strip or
circular footing on a semi-infinite elastic material is presented by Poulos and

Davis (1974). The solution gives the difference between the surface settlement
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at the centre of the footing and the surface settlement at some distance avay.
The Young’s modulus and Poisson’s ratio of the material are required, along with
the diameter of the footing and the applied distributed load. Simulations of
surface settlement were made at various distances from the centre of both strip
and circular footings for drained (v=0.0) and undrained (v=0.5) conditions, and
are compared with the analytical solutions in Figures 11.10 and 11.11.

The solution for the time dependent soil displacement and pore water
pressure in a semi-infinite soil caused by a circular or strip surface load was
treated analytically by McNamee and Gibson (1960). In the present simulation,
the pore water pressure versus time at a depth of one quarter of the width of
the footing was calculated using the finite element method for both central and
backward finite difference in time. These pore water pressures are plotted
against time for both strip and circular footings in Figures 11.12 and 11.13
respectively. It can be seen that for most of the curve, the comparison is very
good. The variation at early time is due to the initial oscilliatory behaviour

of the numerical method which could be reduced using a finer element mesh.

11.6 Case Problem 1 - Plate Test on a Saturated Soil

This example simulates a plate test in which a semi-infinite domain of
saturated soil is subjected to an increasing distributed circular surface load.
This loading condition assumes that the plate has a flexible surface in contact
with the soil. The soil is assumed to have a non-linear deviator stress-strain
behaviour. A schematic description of the problem and the relationship between
the deviator stress and strain are presented in Figure 11.14. The uniformly
distributed circular load is assumed to increase linearly with time. It is also
assumed that this load takes place over a short time period so that undrained
conditions prevail. To model this loading test, an axisymmetric finite element
grid is used as presented in Figure 11.15. To represent a semi-infinite domain,
the boundaries of the finite element grid are placed at a distance of fifteen
times the radius of the loaded area from the load centre so as not to cause any

significant boundary effects. DCFEM2 was run for eight time steps with the load
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increasing steadily from O kPa to to 800 kPa. VWithin each time step, about ten
non-linear iterations were required to converge to a tolerance of 0.001.

Figure 11.16 presents the results of stress and surface displacement
calculated by DCFEM2 at the loading stages of 400 and 800 kPa. Also presented
is the octahedral stress distribution below the loaded area. This shows that
the highest stress concentration occurs at a distance of approximately one
diameter of the loaded area below the soil surface. It can also be seen that
the stress reduces quickly with radial distance and that by four plate diameters
awvay from the central axis, little stress remains. To illustrate the stress
distribution with depth, the shear stress is presented along the centre line
below the load. Finally, for each loading stage, the surface settlement at the
centre of the plate is plotted against the distributed load.

Although this method of analysis proved successful in the simulation of the
stress and deformation behaviour of a porous elastic material, inaccuracies can
occur in problems that exhibit a high degree of shear strain. This particular
problem illustrates this fact as the maximum allowable distributed surface load,
as given by Cox, Eason and Hopkins (1961), is 5.69 su——which is 569 kPa for this
problem--whereas it can be seen from Figure 11.16 that the soil has not failed
at a distributed load of 800 kPa. A finer finite element mesh would possibly
reduce the inaccuracy at this high strain. However, the most likely cause is
the overstiff response in shear of the four noded elements illustrating that

higher order elements should be used in future for such problems.

11.7 Case Problem 2 - Triaxial Test on a Gassy Soil Sample

This example illustrates the simulation of a gassy soil under undrained
triaxial conditions for three samples of different initial gas porosities. It
is assumed for all three soil samples that the volume of water and solids is
equal and that all have been consolidated to the same consolidation pressure of
200 kPa. The three gas porosities are 0.00, 0.01 and 0.05. 1In addition, due to
the solubility of the gas in the pore water, it is assumed that for all three

samples the effective porosity of the dissolved gas, Hng, is equal to 0.02. The
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sample is assumed to be at an initial isotropic pressure of 200 kPa, with the
pore water pressure at an atmospheric back pressure. The sample is loaded from
the top surface by the application of a constant rate of vertical displacement
of 0.02 mm/min. Due to the vertical axis of symmetry and the horizontal plane
of symmetry, only a segment of this domain in the upper half of the sample need
be modelled. The finite element grid used to discretize this domain is
illustrated in Figure 11.17. As only half of the z domain is modelled, the rate
of displacement must then be reduced by half to 0.01 mm/min.

In order to compare the internal stresses produced in all three samples due
to the same rate of axial strain, the first simulation that was performed used
only one element and assumed that the surface of the loaded area was perfectly
smooth so that any radial displacement along this boundary was not restricted.
The three samples were all strained until they reached a deviator stress of
120kPa (75% of the ultimate deviator stress). The deviator stress versus
deviator strain is presented for each sample in Figure 11.18. It can be seen
from this figure that although the strain rate is identical for all three tests,
the saturated sample reaches failure far sooner than the gassy samples.

The second simulation modelled the laboratory condition that the top
boundary of the soil sample is fixed along the radial direction and is not free
to move horizontally. This corresponds to the prescribed zero radial
displacement boundary along the top face of the finite element grid as
illustrated in Figure 11.17. To evaluate the variation in the deviator stresses
under laboratory boundary conditions, the 25 element grid was then used to
simulate the triaxial test on the sample with a 0.01 initial porosity. Figure
11.19 illustrates the stress behaviour at element 1 and element 5 (illustrated
in Figure 11.17), along with the stresses obtained in the single element test.
It can be seen that the stress near the centre of the sample is very close to
the one element result, whereas the stress near the surface of the top boundary
--due to the restriction of radial displacement along that boundary--has a
significantly lower value.

An encouraging result was produced by this simulation when it was decided

to evaluate the average deviator stress by integrating the non-uniform vertical
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stress reaction on the top face of the sample and dividing by the cross-
sectional area. This average deviator stress could then be plotted against the
deviator strain calculated from the prescribed displacement of the top face. 1In
all the above runs, the resulting average deviator stress-strain curves wvere
almost identical to those obtained using the one element test. This indicates
that the procedure of calculating the stress-strain behaviour in the triaxial
cell has no inherent inaccuracies when testing gassy soil.

Also evaluated were the pore water pressures produced during loading. The
pore water pressures for the single element test for all three samples are
presented in Figure 11.20, from which it can be seen that the pore water
pressure is generated more rapidly for a saturated soil than for a gassy soil.
(Note that Auw = Aq/3 as an elastic model is used.) Figure 11.21 presents the
generation of pore water pressure using the 25 element grid for the sample of
0.01 gas porosity. Pore water pressures are plotted for the single element
test, node 1 and node 36. Node 1 corresponds to the bottom left node, which is
the centre of the sample, whereas node 36 corresponds to the top right node. It
must be made quite clear at this point that the generation of these pore water
pressures is solely due to elastic responses. The additional pore water

pressure generation due to changes in shear is not included in this model.

11.8 Case Problem 3 - Pore Water Pressure Response in a Gassy Seabed

Recent work at Oxford has led to the development of a differential
piezometer which has the ability to measure the difference between the pore
vater pressure at a depth in the seabed and the sea water pressure just above
the mudline. For a fully saturated soil, any increase in water pressure above
the mudline will cause an equal increase in pore water pressure in the seabed,
and no excess pore water pressures are generated. This response is observed by
the differential piezometer where the difference between the sea water pressure
and the pore water pressure remains constant throughout the tidal cycle.

Vhen the same piezometer tests were performed in regions of gassy soil,
however, it was observed that the increment of pore water was not equal to the

increment in water pressure above the seabed. This behaviour had previously
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been explained by the fact that any gas present in the seabed exists within the
pores of the soil skeleton. These gas bubbles can then combine with the pore
water to produce a compressible pore fluid. Therefore, if an increase in
vertical stress--caused by an increase in water depth--is applied to the surface
of the seabed, any increase in stress will be shared by increases in both the
pore fluid pressure and the effective stress due to the compressibility of the
fluid. This combination of pore fluid compression and effective stress increase
will then result in settlement of the seabed.

The experimental results presented in this thesis, however, illustrate that
although settlement of a gassy soil sample does take place under undrained
conditions due to an increase in total vertical stress, it is not necessarily
caused by an effective stress increase, as the measured pore water pressures are
seen to rise at least to the increment of total stress.

As a result of these findings, the double compressibility model was
developed from which it is possible to treat the gas voids and the saturated
so0il matrix as two separate phases. Each of the two phases has two elastic
constants, these being the shear modulus G and the bulk modulus K. In addition,
for undrained or fully drained conditions it is possible to produce combined
elastic moduli for a gassy soil from

1

R (1/K° + 1/K’)” (11.4)

It

and

1

G (1/G° + 1/G')" (11.5)

[l

vhere the superscript ° corresponds to the gas voids and superscript ’ to the
saturated soil matrix. For undrained conditions--due to the low value of the
compressibility of the pore water and the soil grains--the value of the bulk

modulus is dominated by the effect of the gas compression.

R = K° (11.6)
Furthermore, it is possible to obtain the combined Poisson’s ratio for a gassy
soil from a combination of equations 11.4 to 11.6 to give

vo/Go(14+v%) + V' /G (1+V")

Vo= I7E5(1+V0) « 1767 (14V7)

(11.7)

from which the change in mean total stress can be found from
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bo, 1 (1+9)

_ = = =TV (11.8)
ba, (1-9)

to give
Ao
S 1 [ 1/6° x 1/G/ ] (1.9
Ao 3 L(I-v®)/GO(T+V%) + (1-v)/G(1+Vv") )

If it is further assumed that for this elastic material, any increase in pore

vater pressure is equal to the increase in mean total stress, then for undrained

conditions (v = 0.5)
Ou
W 1 + G°/G’
do. T [ 3(1-v®)/(1+V°) + G°/G’ ] (11.10)

v
From the above equation it can be seen that the increase in pore water pressure,
normalized with respect to the total stress, is a function of the gas phase
Poisson’s ratio, v°, and the shear modulus ratio, G°/G’. The effect of these
parameters on the pore water pressure increment is presented in Figure 11.22.
It can be seen from this figure that for a shear modulus ratio less than 100,
and for v° less than 0.5, quite a significant reduction in the change in excess
pore vater pressure is predicted. Consequently, the double compressibility
model can offer an alternative explanation of the production of excess pore
water pressures in a gassy seabed to the concept of a compressible pore fluid.

Yet another approach would be to consider the possible localized stress
concentration around a piezometer, even when the shear modulus ratio was
sufficiently high that no changes in excess pore water pressure would be
expected. The possibility of stress concentrations came about when observing
that when the piezometer is pulled out of the seabed, there is a layer of soil
attached to it over the entire length. Therefore, if the soil were stuck in
position next to the piezometer, then for a gassy soil, this would restrict the
movement of the soil from moving up and down during the tidal cycle.
Consequently, this could reduce or increase the so0il stress around the
piezometer due to sinusoidal loading.

To analyze this problem, a finite element mesh was set up as illustrated in

Figure 11.23. It can be seen that the nodes adjacent to the piezometer are
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fixed in position in both the vertical and radial direction. The nodes below
the piezometer, however, are free to move in the vertical direction.

The sample was then subjected to a sinusoidal load of two tidal cycles
every 24 hours. The finite element model DCFEM2 was run such that the pore
vater pressures and soil settlements were output after each time step of 36
minutes. Figure 11.24a presents the variation of the excess pore water pressure
along the side of the piezometer, and continuing into the soil below. It can be
seen from this figure that at this point of highest total stress, i.e. at high
tide, there is a reduction in the excess pore water pressure along the
piezometer. However, due to the abrupt changes in the boundary condition at the
end of the piezometer, severe spatial oscillations are produced. Nevertheless,
the general decrease in excess pore water pressure along the piezometer can
still be seen clearly. 1In addition, Figure 11.24b presents the distribution of
the excess pore water pressure in the soil in the vicinity of the piezometer.

To illustrate the cyclic response of the excess pore water pressure with
time, Figure 11.25 presents the total increment of total stress and the
increment of excess pore water pressure plotted against time. It can be seen
that during the stage of increased total stress (high tide), there is a
reduction of excess pore water pressure, whereas the opposite is true at low
tide. Figure 11.25 illustrates the same type of response as observed by Sills
and Austin (1982), during their measurements of excess pore water pressure in
gassy sediments. This gives an alternative approach to the compressible fluid

model as used by Nageswaran (1983).

11.9 Summary

This chapter presents the verification of the finite element model DCFEM2
with a number of analytical solutions for the consolidation of a saturated soil
for plane strain and axisymmetric coditions. DCFEM2 is then used to predict the

behaviour of saturated and gassy soils under laboratory and field conditions.
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CHAPTER 12

CONCLUDING REMARKS

12.1 Brief Summary of Findings

This thesis describes both the experimental and theoretical work that has
been performed at Oxford University to further the understanding of gassy soil
behaviour. As a result of this research, it was discovered that a gassy soil
behaves as a saturated soil containing discrete compressible solid inclusions.
It vas subsequently found that the gas inclusions deformed due to changes in the
total stress on the sample, whereas the deformation of the soil matrix was
caused by changes in the consolidation stress. This discovery led to the
development of the double compressibility model for gassy soils.

A more detailed description of the work performed and the conclusions which

vere subsequently drawn is presented in the summary at the end of each chapter.

12.2 Recommendations for Future Work

12.2.1 Theoretical development

Under the experimental conditions described in this thesis, the equation

upg = ao, (12.1)
vas used to approximate successfully the gas pressure ug above atmospheric.
This equation would be unlikely to hold, however, for cases where a high back
pressure is applied to a gassy soil. That this is so can be seen by considering
a gas void one metre into the seabed under a total stress of 200 kPa and an
effective stress of 10 kPa. For « = 0.7, equation 12.1 then predicts a gas
pressure of 140 kPa--thus producing a pressure difference between the inside and
outside of the void of 60 kPa. Results presented in this thesis have
illustrated that the soil would have been consolidated to a pressure of 100 kPa
in order for the soil matrix to maintain such a pressure difference. This is
extremely unlikely at this distance below the seabed. From this example, it

would seem more appropriate therefore to relate the pressure difference between

the gas pressure and the total stress with the shear strength of the saturated
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soil matrix, as it is this parameter that is most likely to govern the amount of
stress that is transferred through the soil to the gas inclusion.

Furthermore, for a normally consolidated soil, the shear strength--for both
saturated and gassy soils--is a function of the consolidation stress.
Consequently, it would be reasonable to assume that the pressure difference
between the gas pressure and the total stress depends upon the consolidation
stress of the gassy soil, from which the following is suggested
g - u

m g

This equation takes into account that the experiments in this thesis illustrated

< Bl (12.2)

that the final gas pressure was also dependent on the method of consolidation.
For gassy soils described here, B was found to be in the order of 0.6 (for
H = 0.0333) for both sets of tests. This was in contrast to the « value which
was found to be in the order of 0.7 for continuous loading and 1.0 for step
loading. Based on equation 12.2, the gas pressure in the above problem would
have a value of 194 kPa which would be far more appropriate for this situation.
The above equation could then be extended to account for the behaviour of
~ overconsolidated gassy soils by relating the difference in gas pressure and
total stress to the shear strength of a saturated soil at the same value of
consolidation stress and stress history, to give

g - u

; < f(sy) = £(o', ol ) (12.3)

max

vhere Glmax is the maximum consolidation stress previously applied to the soil.

12.2.2 Experimental testing

This thesis introduces the double compressibility model, in which a shear
and bulk modulus are required for both the gas and soil matrix. As this model
produced a successful interpretation of the undrained triaxial results of
Wheeler (1986), it would be of great interest to design an experimental test
specifically to obtain these double compressibility soil parameters.

One of the methods by which this could be accomplished would be to use the
triaxial apparatus to apply an isotropic pressure increasing linearly with time
under undrained conditions. In this way, the sample will be under a uniform

isotropic stress at all times from which a relationship between volumetric
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strain and isotropic stress can be obtained. In addition, if the test is
performed slowly, then it may be possible to confirm whether there is an initial
stiff response due to the elastic behaviour of the soil matrix, followed by a
failure type response caused by the connection of the plastic envelopes in the
soil matrix around the gas voids as illustrated earlier in Figure 6.13.

This isotropic test could also be applied to a soil under drained
conditions so that the volumetric strain can be evaluated from changes in soil
matrix and gas volumes. A comparison of the bulk modulus due to gas compression
under drained conditions can then be made with that under undrained conditions.

The bulk moduli calculated from the application of an isotropic pressure
can then be compared to those evaluated using uniaxial compression tests.

During isotropic compression, the gas voids will remain approximately spherical,
but under uniaxial compression they will become flattened. From the analysis of
the stress distribution around a flattened sphere--or oblate spheroid--the
indication is that the soil matrix around an oblate spheroidal cavity would
enter a state of plastic failure before that of a spherical cavity.
Consequently, there would be a higher amount of total stress transferred to the
gas void than for the uniaxial loading case. This would lead to a higher amount
of gas volume change for the same increment of mean total stress, and hence a
lower bulk modulus than for isotropic compression.

It must also be noted that during triaxial testing, the uniaxial load is
produced by the application of a constant strain rate. A constant strain rate
applied to a gassy soil, however, produces lower stresses than for a saturated
sample for the same strain rate. This was observed in the triaxial experiments
of Wheeler and was modelled successfully in section 11.8. Therefore, to perform
a comparable test between soils of different saturations either the strain must
be applied such that the stress behaviour is the same between two different
tests or the tests must be performed slowly enough so that the strain rate
effects are not significant.

Recent enquiries from the offshore industry have shown that there is a real
interest in the problems associated with gassy soils. This research should help

to provide solutions to some of the problems encountered in this area.
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APPENDIX A

THE PERMEABILITY OF A GASSY SOIL

A.1 Introduction

Various research workers including Wyckoff and Botset (1936), Orlob and
Radhakrishna (1958), Brooks and Corey (1964) and Elzeftawe and Cartwright (1983)
have shown experimentally that any gas present in a porous material
significantly reduces the permeability of the material.

The reason for this reduction of permeability is due to the gas restricting
the water flow by blocking various drainage paths in the porous medium. The
effects of entrapped gas on flow through porous media is described in detail by
Orlob and Radhakrishna (1958).

All the above workers have produced empirical relationships between the
saturation and the relative permeability of the material (relative permeability
being defined as the measured permeability divided by the saturated permeability
of the same material). This is reasonable because in all the materials used by
the above researchers, the basic particle structure remains unchanged so that
although the degree of saturation changes with increased gas content, the void
volume changes very little.

A.2 The Effect of Gas Voids on the Flow of Water in a Soil

Work at Oxford on the structure of gassy soils has shown that the gas
exists in the form of discrete gas voids, these being on average two orders of
magnitude larger in diameter than the soil particles. Thus unlike a
conventional unsaturated soil in which the gas blocks the drainage paths, in a
gassy soil the water must flow in the soil matrix around the larger gas voids.

If the one-dimensional flow of pore water in a soil is considered--despite
the fact that on a microscopic scale the water follows a tortuous path around
the solid particles--the average flow paths will be approximately linear. For
a soil containing spherical inclusions that are much larger than the individual
grain size, however, the overall permeability will be reduced due to the
increased path length of the streamlines as illustrated in Figure A.la.

Furthermore, in addition to the fact that a certain volume of inclusions will
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reduce the overall permeability of the medium, the permeability may also be
affected by the shape and orientation of the inclusions. Figure A.1lb
illustrates the flow paths through a soil containing a number of oblate
spheroidal inclusions. It can be noted that although the volume fraction of
these inclusions is the same as for the spheres of Figure A.la, the overall flow
path length is increased due to the increased width of the inclusions.

A.3 Flowv Through a Composite Material

The equations governing flow of pore water through a porous medium are
similar to those equations governing heat flow through a conductive solid. For

example, the one-dimensional steady state heat flow velocity can be written as
vy = —Kt P (A.1)

where Vh denotes the velocity of the flow of heat, Kt is the thermal

conductivity and T is temperature. For fluid flow in a porous medium, Darcy’s

Law gives

Vw = -V 3 (A.2)

vhere Vw is the average velocity of the pore water, kw is the permeability
(as defined in soil mechanics) of the porous medium, Yy is the specific weight
of water and u, is the excess pore water pressure.

In addition to the above velocity equation, the continuity equations are
also similar. Therefore assuming homogeneity of the porous medium and linearity
of the various parameters, solutions to problems that have been solved for heat
flow in a solid may be used as solutions to the same problems of fluid flow in a
porous medium.

Carslav and Jaeger (1959, pp. 425-429) have presented solutions to various
problems of steady heat flow in composite media. They considered the flow of
heat around a single spherical or spheroidal inclusion of conductivity K’
embedded in a second material of conductivity K. This was extended to a simple
granular material consisting of a volume fraction, f, of spherical inclusions of
conductivity K’ embedded in a matrix of conductivity K. The following analysis

is performed in terms of heat flow as it is an extension of the theory presented



by Carslaw and Jaeger. However, the final solution may be transformed into

porous media flow parameters.

A.4 Flow In and Around a Single Oblate Spheroidal Inclusion

For the steady state temperature distribution in the z-direction in a
uniform medium of thermal conductivity K, the resulting temperature distribution
can be given by

T =T, - 2T’ (A.3)
where T’ is the temperature gradient and T° is the temperature at z=0 before any

4
.

1

Considering the steady state heat flow in and around a single oblate

inclusion is present. The initial temperature at z/c=1 is noted by T

spheroidal inclusion of thermal conductivity K’ embedded in the original
material of conductivity K, as shown in Figure A.2a, the temperature
distribution along the z-axis both inside and outside the inclusion can be
derived from Carslaw and Jaeger (p.427) to give

i

. 1
T = To - 2ZT [m:l—)] (A'A)

for inside the inclusion and

(8_1)CX ]

o

T (A.5)

=T°—ZT' [l—m

for outside the inclusion where £ = K’/K. The temperature distribution along
the z-axis for various values of € is illustrated in Figure A.2b.

CX is a spatial integral which for an oblate spheroid is given by

1/2
QA -e?) -1
C)\ = {X)\ - tan X)\}

e3 (A.6)
vhere
e? = (a? - c?)/a? (A.7)
X3 = (a?- c?)/(e? + N?) (A.8)
A2 = z? - o2 (A.9)
where C, is equal to C_ for X\ = 0. Thus,
A )
x{ = a’ ;zcz and x2 = a’ ;Zcz (A.10)
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vhich when inserted into equation A.6 yields

. 1 3
2 |2 2 T _ce?2|2 1 -1
Cx = {az E Cz] [32 f Cz] [a zzc } {;{'2(1 - ;(’ tan X)}
A A
ca?fl 1 -1
=z g o er R (A.11)
which also leads to
1 1

: 13 2 2 _ 2|7 1, -1
Co = [az (_: cz] [az ? c2:| [a czc ] '{1 T X tan Xo} (A.12)

It can be seen from the above equation that C, is purely a function of the

aspect ratio and can be rewritten for convenience as

x: + 1 1 1 1
Co = 1 -= tan = x,p where C, - 3 vhen a » ¢ (A.13)

vhere x2 = Ar2 - 1, in which Ar is the aspect ratio = a/c.

A.5 The Conductivity of a Medium Containing Oblate Spheroidal Inclusions

Consider a material consisting of a volume fraction, f, of oblate spheroids
of conductivity K’ embedded in a matrix of conductivity K. The inclusions have
width 2a and height 2c. Then consider a larger spheroid of width 2a and height
2c containing n of the smaller inclusions such that na?c = fa’c, as shown in
Figure A.3a. Following the method of Carslaw and Jaeger (p.423), if it is
assumed that the spheroids are so far apart as to have no influence on one
another, then from equation A.5 the temperature at great distances due to the n

spheroids in the linear temperature gradient is

_ mo _ , _ (K’-K) nca?
T, =T -2l |1 - 33 [RiCo (R B) ] (4.14)
and for great distances from the spheroid (z>2a)
1 x2
ca? A ca?
CX = —-z3 —xi (1 - 1 + —3 = ——-—323 (A.].S)
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Table A.1. Relative Permeability as a Function of Aspect Ratio and of Gas
Volume Fraction.
A, G ng =0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
1 0.333 1.00 .985 .970 .95 .941 .927 .913 .899 .885 .871 .857
2 0.527 1.00 .979 .959 .939 .919 .900 .881 .863 .845 .827 .810
3 0.635 1.00 .973 .947 .922 .897 .894 .851 .829 .807 .787 .766
4 0.704 1.00 .967 .936 .906 .877 .849 .823 .797 .773 .750 .727
5 0.751 1.00 .961 .924 .890 .857 .826 .796 .768 .742 .716 .692
The relative permeability is given by
kr =1 - ng/[l—C,(l—ng)]
vhere
x2+l
o
Co = 1x°] and x% = A2 -
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while, if K" is the average conductivity of the granular material, the
composite material may be treated as a single spheroid as shown in Figure A.3b

in which the temperature is also equal to

e (K" - K) Ca?
T, = T -1 - 5ee, (RB) (A.16)

Equating these two expressions gives

(K'- K) f (K" - K) (A.17)

KiCo(K'-K) =~ KiCl(K"-K)

which may be expanded to

K" £(R'-K)(Co-1) - (K+Co(K'-K)) _ £(£-1)(Co-1) - (1+Co(e-1)) (A.18)
K ~“CR-B(f1) - K = T Co(e-1)(E-1) - I

For a spherical inclusion, C, = 1/3 resulting in

K" 3K'f + (2K+K/)(1-f) _ 3ef + (2+£)(1-f) (A.19)
K = 73KF + (GKK)(IF) -~ 3Ff + (Z+9)(1<F)

This agrees with the result given by Carslaw and Jaeger (1959, p.428) for the
case of a granular material consisting of spherical inclusions.

For the case of gassy soil, it is assumed that the inclusions are gas and
that there is no flow of water through the gas voids. Therefore K’ may be set
to zero. Thus for a soil containing ng volume fraction of gas inclusions

K" _ ng(Co—l) + (1-Co)  _ (1—Co)(1—ng) _
r 1 - Co(l—ng) 1 - Co(l—ng)

< 1 - ng/[l-Co(l—ng)] (A.20)

where kr is defined as relative permeability of the composite material. It can
be seen from the above equation that the relative permeability, kr’ is a
function of both the shape and volume of the gas bubbles. This may be
illustrated by evaluating the relative permeabilities for gas fractions between
0.0 and 0.1 and for aspect ratios 1, 2, 3, 4 and 5. The results are plotted and

tabulated in Figure A.4 and Table A.1 respectively.
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APPENDIX B

THE ELASTIC STRESS DISTRIBUTION ARQUND AN OBLATE SPHERQIDAL CAVITY

B.1 Spheroidal Coordinate System

The axisymmetric oblate spheroidal coordinate system, as presented by
Terzaghi and Richart (1952), may be defined by the equations of transformation

R = cosh « sin B and Z sinh « cos B (B.1)

where

R? = r2/[a%-c?] and 72?2 = z?/[a?-c?] (B.2)
in which 2a and 2c are the width and height respectively of the oblate spheroid,
r is the radial distance from the axis of symmetry and z is the height above the
equator of the spheroid.

In addition, by considering any arbitrary point outside the spheroid, it
can also be shown that

1/2

2cos?B = [(R2+22+1) + 4221Y% _ [R2422-1] (B.3)
and that
o s oy A2 1/2
2sinh?a = [(R2+22-1) +422]1/2 _ [R?422-1] (B.4)

Thus by combining equations B2 to B4, values of o and B can be evaluated
from the cylindrical coordinates r and =z.

The following notation was used in the expression for the stress components
wvhere « and B are the spheroidal coordinates and Vv 1is the Poisson’s ratio
of the elastic body.

q = cosh a; p=cos 8

q = sinh o ; p = sin B b auxiliary position parameters for (B.5)
h? = - 1/(§%+p?) spheroidal coordinate system

Q=1-gq cot_l(ﬁ) }auxiliary harmonic function for an oblate spheroid.

The following sections describe the stress distribution around the

spheroidal cavity caused by two types of uniform stress fields.

B.2 The Uniform Vertical Uniaxial Stress Field

The boundary conditions are: as q > = o, 1.0; T oy, Txy’ Tyz’ Tez 2 0
from which
q3 1 2 q 1
as =B [ -o] ¢ R - -3 ] (B.6)
q 1 2 q 1
a3 = %_g [“' q2 - Qo] v Q33 = - 3 %o [2(1 - W) 'c_hz’ ] (B.7)
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Q, 2 2(1 - v)
- - 2 . _ 2 £, 8- - 7 B.8
D 2(1 + M+ 7 [4(1 V) + 6%] az * T a% 43 *-®
and
%, q? + h?q?q? ; o T 0 1
p (B.9)
= - q? - h?q2q? : - -
Bo d 4747 3 Tugy,= h2qapp
g = - h2q Dlz -1 ] o = - hZh?q \
oy 4 q*? ! B1s
T (B.10)
- 1 =
= - h? ['— ] H T = hZh?
0’813 q qz ] aB]_B &qg
1 - qr - 2v) - \
O, =~ - {3 - 2v) + 2Q[(v - 1) - g*(1 - 2v) qZ}
_ ahz{Z(l - V) - 2(1 - 2v)q?Q - h2g® - %2
- Haf - ami]) - avfaazre - - aan)
%. . - - 2%-20v - (1-29)@7 | + ah?{-2(1-2)a°Q - h*q* — (1423l (g 45
-1 _ 2_\’—(_1;7-2&3_) “hef1 _ 2y - 1
T {20 - BP0} a2 - 5
ToB,,= h2pp {_ % [1 -2y + hzﬁz] + 2(1 - 2v) qO}

- 2 +q? a } §§hz 3q°+5 _ 29 - 2

o e T ’ {— 3 + (2 + 3q2)0p + 2 3q2 3q%Q 3 hz}
- - q2 - éﬁﬁz - 2q - 2 pe

6533 = 2 {1 (1 + 3a )Q} ) {1 3q2Q 3 h }

b (B.12)

W

1 —~ h?
"a“-'g{az*"}‘q?ﬁ
- IR (1 _aqiq 4 E e
e~ *3BE {1-3¢0+%n }

Then Oy for example, under the uniaxial vertical stress field is found at any
3

point by:

g =0 - a,,0

- 833 Uaz — 83, °u33 (B.13)
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B.3 The Uniform Horizontal Biaxial Stress Field

The boundary conditions are given by:

as q > *; g = Gy 2> 1.0 and g,

, -
a = -5 52 {3-2v- a3 - aels - 2v - 3431}

a, = 5 L[ %% _2(1 - v)Q, + 2}
aaOl = - q% - h?q?q? 0801 = 1.0

%, = q? + h2q2q? TuBy,~ " h?ppqq
ra8°1_ 16601 =0

Uail = oai3 i=1,2,3

Uﬁix = cBi3 i=1,2,3

o0 T By =177

Taéil = Tas 3 1=1,7%2

zx’Tz ' T 9
Yy Xy

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)
(B.19)
(B.20)

(B.21)

The component stress o, at any point produced by the uniform horizontal

biaxial stress field is determined by

o =0 ~a,, ¢ - a,, o - a,,
oy %oy % %

B.4 Evaluation of Stress Components under Triaxial Loading Conditions

From the above solutions, the stress o, at any point produced by the

(B.22)

triaxial field is found by superposition of the stresses produced by each of the

two stress fields. Therefore,

g = [+ + [+
« = Pz o, Pr o,

(B.23)

where P, is the uniform vertical stress field and P, is the uniform biaxial

stress field. The determination of the other stress components is similar.

In addition to the four stress components % %’ gs and ras, it is

possible to evaluate the first two stress invariants, the mean normal stress and

the octahedral shear stress, from
1
Soct = 3 (oa + Og + 06)

and

Wi

Toct = 3 [(Ua - 06)2+ (aB - 66)2 + (o6 - oa)2
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(B.25)



