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Effect of gas bubbles on the sea bed behaviour
by
S.Nageswaran

St.Catherine's College, Oxford.

A thesis submitted to the University of Oxford
for the degree of Doctor of Philosophy.

Trinity 1983.

This thesis examines the effect of
undissolved gas bubbles on the geotechnical
properties of marine clayey soils. A large

portion of the work is devoted to study the effect
of gas bubbles on the volume change Dbehavicur of
clayey 3so0ils under KO conditions.

Chapter two describes the technique used to
introduce controllable amount of gas bubbles into
reconstituted clayey soils. One dimensional
volume change behaviour of gassy s8Soilils with
different degrees of saturation is compared with
that of the saturated soil in chapter three.

A theoretical model is developed in chapter
four +to describe +the consolidation behaviour of
soils containing a compressible pore fluid and is
compared with the experimental results. The pore
water pressure response 1in gassy soil for
undrained total stress changes under Ko conditions
is also analysed in this chapter.

A differential piezometer *to measure the pore
water pressure response 1in a gassy sea bed for
tide and wave action was designed and tested.
Chapter five describes the features of <this
instrument and the results obtained in two field
trials.

Finally in chapter s8six, the effect of gas
bubbles on the undrained shear strength of soil is
examined.
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CHAPTER 1

INTRODUCTION TO GASSY SOIL

1.1 INTRODUCTION:

rRecent offshore activities in connection with
petroleum and mineral exploration, platform and pipe line
installation, nuclear waste disposal etc, have resulted in
numerous challenges for marine engineers. Marine
geotechnics must be defined in relationship to +the state
of art on land because geotechnical engineers are familiar
with onshore soil behaviour and design procedures.
Certainly there are special problems and physical or
ecopomic  constraints  that make offshore engineering
Aifferent, but 1t is8 reasonable to expect the same general
principles, such as the principle of effective stress, to
apply offshore as onshore. Thus the total stresses and
the pore wvater pressures may be high in the sea bed due to
high water depths, but the magnitude of the shear
strength, which i1is still governed by the effective stress,
the difference between total stress and pore fluid
pressure, 1s the same as onshore for a given depth of

~

21

The problems encountered in the marine environment
divide into different categories:

(1) Natural forces and conditions which do not arise

on  land cause problems when the engineer tries to

interact with sea bed construction.



come: of these problems are:

Erosion of sea bed: Scour protection is necessary to
praevent erosion of +the sea bed near off shore
structures since most of the foundation designs assume
that the underlying soil remains in position. Erosion
rrauses damage to pipe lines and they should ideally be
laid on a stable sea bed, avoiding likely erodable sea
bed formation such as sand ripples, sand waves, dunes

or unstable slopes.

Dynami~  loading: The magnitudes of +the stresses
induced by the repeated action of wave or storm
loading and the effect of +these loadings on the
behaviour of soil (eg- the pore water pressure
generation caused by repeated shearing of soil) are

very difficult to estimate.

Rapid deposition of sediment: Rapid sedimentation
canses navigation problems (frequent dredging is

necessary) and 1f the sedimentation rate is high and
continuous, the soil remains under consolidated.
Under consolidated so0il is a soil in which the pore
water pressure is greater than the hydrostatic
pressure, so that full consolidation has not been

achieved for a given overbhurden pressure.



Gas in seabed: The presence of undissolved gas in
w11l makes the fundamental behaviour of the soil
different from that of the fully saturated soil. It

has the effect of making the pore fluid compressible,

causing volume change for undrained loading
conditions, Most of the gassy sediments are known to
be under consolidated and have very low shear

strengths (Bea and Arnold 13973).

(Z) Difficulties in tackling problems due to inconvenience

o f environment:

Sampling: High quality undisturbed soil samples are
difficult +to obtain and expensive. The reduction in
pore water pressures involved during sampling offshore
i much greater than that onshore due to the high
water depth and as a result the dissolved gas
reappears, expands and disturbs the samples. Even if
the sample 13 saturated in-situ, gas may appear in the
samples when brought back to the surface. The
reeduction in effective stress due to the removal of

the overburden adds to the effect.

In-situ measurement and data collection: Existing
ir-vitu probes for onshore testing have to be modified
to cope with +the high water depths and the
environmental conditions. Weather is a crucial factor

for offshore s0il investigation and causes problems in



positioning drill ships. Remotely controlled wire
line probes (remote vane, cone penetrometer) are often
used and comparatively 1little high quality data are
available for designers due to the high cost involved

in hiring ships and equipment.

Irn ategory (1) a better understanding of the natural
process, with changes +to +the s80il model or 1in the
sarecified boundary conditions will be needed and in
category (2) the main hopes of tackling the problems will

lie in mechanical developments.

The author is focussing his interest on the effect of
Jgas bubbles on the behaviour of sea bed because it is not
well understood and has important consequences in some

specific areas,



1.2 BACKGROUND

1.2.1 THE PRESENCE OF GAS IN MARINE SOIL

The presence of gas in marine soil and the special
features associated with it have been identified in many
parts of the world. Gas is very easily detectable in
bogs, swamps and marshes as the bubbles apppear on the
surfaces. Marine geological surveys carried out in the
Gulf of Mexice, utilizing side scan sonar, have identified
a4 variety of subagqueous land slides which appeared +to be
caused by very low angle (0.2-3.0deg) slope instability.
Ceochemical analysis of cores taken from these very soft
sedimants  showed the presence of gas, mainly methane, in
the sedim=nt (Whelan et al 1876) . The mechanism for the
alope instability and the large sea floor movement is not
w1l established but is believed +to be caused by the
combined effects of the presence of undissolved gas

Lbubbles, the rapid sedimentation and storm action.

The presence of gas has been detected also in the
North Sea by the Institute of Geological Science (I.G.S)
during the course of regional geological mapping surveys.
Their investigations detected special features known as
"pockmarks" PockmAarks are cone shaped depressions which
QCCur in fine sediments on the sea floor. Pockmarks can
vary in size and shape, but in the North Sea (in the I.G.S
3tudy ares) they are typically oval in form with length to
breadth ratios of 1.4:1. These features have a depth

range of 2-8m with an approximate density of 35 per square



kilometre (Fannin 1974) . Such features are also observed
off the wast coast of Canada, Barents Sea, Malaysia,
Thailand and Borneo. It is now generally accepted that
pockmarks are an escape phenomenon and model experiments
have sheown  that gas bubbled through soft clays will
produce «a  shallow depression. In addition to pockmarks,
;s bubbles filling voids in the sediment are common in

many parts  of  the North Sea (Fannin 19874) and Gulf of

1ig (1.1) shows & flow chart demonstrating a wide
range of mechanisms capable of producing pockmarks or

vther sca bed slope failures (Prior and Coleman 1977) .

1.2.2 THE ORIGIN OF GAS

Gas 1n marine soil arises mainly from three sources.
(&) Gas produced from biogenic degradation of organic
matter - referred to as biogenic gas
(t:) Gas diffusing upward from depth where it has been
produced by thermal cracking of the complex organic and
inuvrganic compounds - referred to as thermogenic gas.
(¢r) The gas produced by submarine volcanic or geothermal

procesgses - referred to as wvulcanogenic gas

Biocgenica gas 1s the most widespread of these gases,
Tt 13 derived mainly from organic matter in the sediment
and  mostly found in delta areas and on continental

shelves, Methane is the important biogenic gas produced
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and it is achieved by the action of bacteria on organic

matter under anaerobic conditions.

—ig (1.2) shows the Dbiological processes and the
diszolved species in a typical sedimentary column. The
first metre or two of +the sediment contains dissolved
oxygen in the pore water and only aerobic reductions take
place. In the zone Dbelow, the dissolved oxygen is
completely reduced (anaerobic), sulphate reduction starts
and the organic matter is transformed into Dbiocarbonates

and sulfides.

P[CH O] 4+ so“' = 2HCO_ + HS  + H

Methane first appears in the sediments below the sulphate
reducing zone, The presence of dissolved sulphate is less
favourable +to methane production. There are various
pathways capable of producing methane, and the only one
ciapable of producing methane in sufficient quantities +to
corrvelate with the observed data is biological reduction

c

of carbon dioxide by biologically produced hydrogen.

o0+ 3H = CH +2H O
4 2

to

As the depth increases the amount of methane
production 1is 1limited by +the availability of organic
matter. Methane production can be expected only 1in a
sedimentary environment in which organic matter has been

deposited at a rate exceeding the supply of dissolved
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oxygen and where dissolved sulphate is not present. In
most ¢ircumstances sulphate is reduced before methane 1is
produced, Oxygen, hydrogen, hydrogen sulfide and carbon
nonoxide are also found in marine sediments in small

gquantities.

1.2.3 IDENTIFICATION AND MEASUREMENT OF THE AMOUNT OF GAS

IN MARINE

SEDIMENTS :

The presence of gas in marine sediments is often
indicated by geophysical methods due to the distinctive
acoustic properties., Seismic profiling is part of a
geophysical survey and 1is carried out wusing acoustic
devices (sparker, boomer, pinger or side scan sonar) in
order to study the sea bed strata variations. An acoustic
signal 15 transmitted from a source above the sea bed and
the signal is reflected from various interfaces within the
zea bed and monitored. The reflected waves are associated
with a change in the acoustic impedance, defined as the
product of density and sound speed. However 1if «gas
bubbles exist, then they will have three effects: (a)y if
the acoustic signal has a frequency below the resonant
{frequency of +the bubbles, then the sound speed is
substantially reduced and an acoustic interface is
recorded, (b) the attenuation of the signal is increased,
limiting the penetration, and (c) due to the changed
compressibilaty, the return signal is out of phase with

the transmitted signal. If the sediment is saturated +the

10



return signal is in phase with the transmitted signal.
The effects of gas in the sediments appear as dark patches
(known as acoustic blanking or acoustic turbidity) in the
seignic records because the gas bubblesg absorb most of the
energy and reduce further transmission of the signal. The
presence of gas is confirmed by the phase shift uniquely
assoeciated with 1t Even though the presence of gas in
marine so0il can be detected using acoustic geophysical
instruments such as boomers or sparkers, the amount of gas
present 1in the sediments has not been prredicted

succeasfully.,

The technique which is used to quantify the amount of
g&as in the sea bed is by direct sampling (coring). The
cores are normally brought to the surface from the sea bed
for analysis and as a result the sample undergoes very
Jarge reductions in total stress and pore water pressure.
Ary gag bubbles that existed in-situ expand while the
dAissolved gas present in the pore water reappears and adds
to  the total gas volume, Sample growth and escape of gas
bubbles along the core liners have been noted in many
instances, These samples are then analysed for gas
content at atmospheric pressure and the in-situ gas
concentration is calculated, based on the following
asvumptions:

(a) No gas escapes during the sampling and recovery

stages

(1) The amount of gas is experimentally determined at

11



atmospheric pressure, and the in-situ gas content is

calculated using Boyle's and Henry's laws.

The gas analysis carried out using standard core
samples indicates +that in-situ degrees of saturation of
Missiusippi Delta sediments vary between 90% and 100%
(Esrig and Kirby 1977). The above figures matched
reasonably the values obtained from independent
measurements of the sulphate deficit, the reduction in the
amount of sulphate in the sediment by comparison with the
sulphate inp normal sea water, since the amount of methane
produced is proportional to the sulphate deficit (Whelan

TIT 1976) .

T™he above method of finding the in-situ degree of
saturation is not very accurate because of the loss of gas
during reaecovery and the assumptions involved in the
calculations, Various attempts have been made to avoid

gas escape during sampling using pressurised core samplers

where the  samples are sealed at in-situ pressures and
brought to the surface. However these techniques are very
axpensive and not used very often. Instruments for direct

in-oi1tu measurement of gas content are not available,

Tig 1.3 shows some of the different forms in which
gas may exist in the soil. Depending on the amount and
the disltribution, gas exists as (a) i1nter-connected voids,
() discrete large Dbubbles of irregular shape making

solid-gas and water-gas interfaces, (c) small spherical

12
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bubbles comnpletely surrounded by pore water in the voids,
and (d) dissolved in the pore water. The higher degrees
ofF  saturation (>90%) in marine soils suggest that gas
axiclts as discrete bubble form in-situ (ie. (b) and (c)
in f£igl.3) which is confirmed by the acoustic attenuation

ir these sediments.

1.2.4 PARTIALLY SATURATED SOIL AND GASSY SOIL:

The term “partially saturated" is often wused in
geotechnical engineering. Partially saturated soil
consists of solid soil particles, pore water and pore gas
(often air). The top few metres of land soil is often
partially saturated due to the evaporation of water or due
to a lowered water table, The soil above the water table
hv:lds water by capillary action and +the pore water
pressure  can  be below atmospheric pressure, causing pore
suction due to the curvature of +the air water menisci.
The pore gas pressure 1s the same as atmospheric pressure
whiery air  voids  are interconnected and exposed to
atmospbere, Some type of partially saturated soils swell
(2g.zotton clays) or collapse (mostly in silty soils) when
the water table rises, wetting the soil and damaging the
s0oi1l structures. A large amount of research work has been
carried  out to study the behaviour of partially saturated
soi1ils which contain high proportions of air voids to water
vaoirds (Bishop et al 1960, Jennings and Burland 1962,

Matyas and Radhakrishna 1968, Fredlund 1978) .

14



The so0il beneath the water table (eg. marine soil)

can  also  contain gas voids, typically with high water to

gas volume ratio. As the water depth increases, the gas
volune decreases ard interconnected gas voids become
discrete gas voids. The degree of saturation is generally

comparatively high (30%-100%) and the pore water pressure
is above atmospheric pressure (positive pore water
pressure) . Marine soils containing gas bubbles fall into
this special category of partially saturated soil and the
term "Gassy Soil" is used by the author.

" A GASSY SOIL I3 A PARTIALLY SATURATED SOIL WITH
SUFFICIENTLY HIGH DEGREES OF SATURATION FOR THE GAS TO
EXIZT IN BUBBLE FORM. The bubbles may be spherical or

irregular in shape."

15



1.2.5 EFFECT OF GAS ON THE GEOTECHNICAL PROPERTIES OF

[0}
!

DIMENT

-

The pore tluid of the sediments containing
undissolved gas bubbles is compressible and the soil
undergoes volume changes during undrained loading, unlike
saturated soil. The pore water pressure increment (Auw)
in a soil due to the principal total stress increment
(Acl, Aoz, Aoa) is given by

Au_= b [Bp+ a(AToct) ]

where p=(ol+02+03)/3
and Toct=[E(Oi—0j)2]l/2 fori,j=1to3
a,b are constants
b=1 for saturated soil
and b<l1 for gassy soil
For one dimensional (K_,) undrained 1loading conditions
(such as water depth changes in the sea bed)
Au = B [on]
the pore pressure increment will be less than the vertical
stress increment in a gassy soil, leading to an effective
stress change. The undrained behaviour of gassy soil 1s

different from that of saturated soil due to the

compressibility of the pore fluid.

Fsrig and Kirby (1977) suggested that +the pore
pressure generation in gassy soil would be small during
the application of shear stress (B<l), so that the failure
undrained shear strength would be high when compared with

saturated soil at the same state (stress and history).

16



But +the measurements on gassy soils show that the shear
strength is very low for a given over burden pressure ([Bea
and Arnold 1973]. Gassy sediments in the Mississippi
Delta area have been observed to be very unstable and this
results in large sea bed movement. In-situ vane shear
tests carried out in this location show a typical profile
fig (1.4), indicating low shear strength and this profile
seems to match the insitu gas content profile. It is also
observed that these sediments were underconsolidated since
the preconsovlidation pressure measured in the oedometer
test 1s less  than that of the in-situ vertical stress.
The mechanism for low shear strengths may be due to the

underconscolidation of the gassy sediments.

The in-situ pore pressures in a gassy sea bed in the
Mississippil Delta area were measured [Project

SEFASWAB-1977] in order to understand the behaviour (low

shear strength and underconsclidation) of the gassy
sediments. Pore pressure measurements were obtained from
piezometers. The initial driving pressures and the

subsequent dissipation behaviour of the of these pressures

wers moniltored. Fig (1.5) shows the measurements obtained
in two field tests. The driving pressures dissipated and
reached equilibrium at higher pressures than the

hydrostatic pressures, indicating the existence of the
high @quilibrium excess pore pressures, Sudden increases
in pore pressures were also observed instead of smooth

disgipation curves, This behaviour may be caused by the

17
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presence of gas, continuous production of gas or a rapid

rate of sedimentation.

Shear strength tests carried out on core samples
taken from +the acoustically impenetrable zones using a
miniature vane, showed low values of shear strength and
very small increments in strength with increasing
overburden pressure (Whelan III 1876). In normally
consolidated sediments, the shear strength typically
increasaes with depth of burial. Even though the shear
strength tests were performed as soon as the samples were
on board ship, sample growths due to gas expansion were
observed. As a result it was difficult to come to a
conclusion as to whether the low shear strength was due to
the presence of undissolved gas bubbles in the soil or due

to the sample distubance caused by gas expansion.

In summary, measurements on gassy marine clays or
£ilty clays indicate;
(a) Very low shear strength for a given over
burden pressure.
(b) Underconsolidated, unstable sea bed slopes.

and (¢) Positive equilibrium excess pore pressures.
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1.2.6 EFFECTIVE STRESS LAW FOR PARTIALLY SATURATED SOIL.

Terazaghi (1923) showed experimentally that the
stress controlling the changes in volume and the strength
of a soll containing a single pore fluid is defined by the
ditference between total stress and pore fluid pressure,

)

mThus O = J-u (1)

where 0= total stress

u pore fluid pressure

g

effective stress

If the soil is saturated with water o =0-u_, where
u is the pore water pressure and the degree of

W

saturation(S) is 100%

Al

If the soil is perfectly dry o =0-u_ ., where u is

the pore gas pressure and the degree of saturation is 0%

For partially saturated soil which contains both gas
and water as pore fluids, Bishop (1859) proposed a
nmodification of Terzaghi's classical expression for

nffective stress to the following form

1

o] =(0—ua)+x(ua—uw) (2)

The degree of saturation (volume of water/volume

of wvoids) is Dbetween 100% and 0% where X is a parameter

(0<x<1l) which depends only on the degree of saturation for

a given soil.



Bishop (1960) carried out triaxial drained tests
on Braehead silt to examine the validity of equation (2)
by observing the effect of change in the values of o, .
and v, on the shear stress-strain curve. He varied o3 .
u and U independently, keeping os-ua and u_-u constant
throughout the test and observed no changes in the shape
of the shear stress-strain curve. When oa-ua or u_-u . was
changed in the test, he noticed sudden discontinuities in
the stress-strain curve. Fig (1.86) shows +the shear
stess~-strain curve for a partly saturated silty so0il in a
drained test. The discontinuity occurred when (o3—ua)is
changed from a constant value 30 p.s.i to 45 p.s.i.
Therefore he concluded that the form of equation (2) was
correct since the shear strength was controlled by o-u,
arnd ua—uw. Using the equation (2), Bishop calculated
values for the parameter X for different degrees of
saturation (20%<8<100%) assuming the failure shear stress
of the saturated soil and the partially saturated soil are
the same at the same failure voids ratio. He measured
pore water pressures and pore gas pressures separately in
the unsaturated sample during testing. Pore water
pressure  was measured using high air entry wvalue porous
stones at the base of the sample and a null indicator
whioh  onsured no flow of water from the sample to the
meraury manometer., Pore gas pressure was measured using a
similar system but with low air entry stones (glass fibre

Aiscs) and air in the measuring system instead of water.

™his hag been accepted as a standard technique to measure
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(This illustrates the dependency of shear strength
and the volumetric strain on the pressure difference

(g—Ua) when the water content is kept constant)
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pore gas and pore water pressures. The measured gas
pressure was assumed to be the same as the pore gas
pressures in the voids. This may be +true when the gas
voids are largely continuous, but when +the degree of
saturation is high the gas may form occluded bubbles and
the gas pressure measured may not represent the mean pore
gas pressure., Therefore measurements of pore gas pressure

in partly saturated solils can be difficult to interpret.

Bishop stated that the parameter X obtained from
the drained shear +test depended only on the degree of
saturation and suggested that equation (2) was a valid

expression for the effective stress.

However, Jennings and Burland (1962) pointed out that
in order to describe the behaviour of partially saturated
so1il by a single stress parameter 0° given by the
equation(2), it was necessary to prove that the soil
behaviour was not affected by changes in (o—ua) and

)

x(u_-u_) such that their sum (equal to 0 ) is constant.

w

Bishop had shown only that soil behaviour was unaffected
. a _ _

by changes in o, u, and u_ where (0 ua) and (Ua uw) were

separately constant in the shear test. They carried out

oedometer tests on compacted silts to examine the validity

of equation (2) gualitatively for volume change behaviour.



Whien the gas voids are expcsed to atmospheric
prevssure the pore gas pressure becomes zZero. Therefore

the equation (2) become

)]

o = g-Xu_, (2)*
€

where u is the pore suction (u_ is negative due to the
Wi w

Ll

surface tension effect (uw:ua~2T/r) and ¢ 1is greater than
Q. When the dry silt was saturated using back pressure
under constant load, a large reduction in voilids was
observed (Fig 1.7). During saturation the value (qu}
increases from a negative value to a positive value. This

twplied from equation (2)* a reduction in effective stress

Loy 30 that +the voids ratio would be expected to
increase. However this contradicted +the experimental
coservationg so that ecquation (2) is not a valid

expression for effective stress. They stated that the

str=ase  given by the eguation should not be termed as an

cffective stres

kO]

Effective

i
0

tres

5]

1s the stress which
tentrols the behaviour of the =01l (both shear and the

volume chandage)

Bishop and Blight (1963) re-examined equation (2

y triaxial dArained tests on clays (using the same

technigues used by Bishop 1960) . They carried out drained

triaxial shear tests on different compacted clays, with
Aifferent stress patho,

{1y keeping the water content constant and varying

(3~ )

[
ol
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(2) keeping (o3-ua) constant and varying the

initial compaction water content and (ua—uw).
Fig (1.8) shows the correlation between x and the degree
of saturation for different type of soils. Although the
relationship between X and the degree of saturation 1is
different for ©ach soil, all the curves follow a similar

trend.

They calculated values for +the parameter X for
different stress paths (using Bishop's method) and found
that the parameter X was path dependent. The changes in
(u —uw) were almost invariably accompanied by significant
changes in X values. This implied the parameter X was not
a unigue function of +the degree of saturation. They
concluded that equation(2) could be succesfully used to
predict the failure shear strength since it is controlled
by the inter granular stress at the time of failure, but
not  the volumée change behaviour where the stress path is

primarily important.

Matyas and Radhakrishna (1968) suggested that
volume change behaviour can be expressed as a function of
two independent stress components (O—ua) and (Ua—uw)l

forming a three dimensional constitutive surface rather

than by a single effective stress equation (2).

e=F[(o-u ), (ua—uw) ]
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and

s=¢[(u—ua),(ua—uw)]

They confirmed this by isotropic compression tests
on unsaturated clays. They followed different stress
paths (including the stress paths Jennings and Burland
(1962) had followed) and interpreted their results in
terms of a unique three dimensional constitutive surface

i o g- and (u_-u space.
in e, (0 Ua)r ( a w) P

Fredlund (1978) showed that the above stress
parameters (o—ua), (ua—uw) could be used to describe the
shear behaviour as well as the volume change behaviour of
the soil. He expressed the Dbehaviour of +the soil

mathematically as follows:

Volume change behaviour of soil:

S - + -
€ ~l+ A 1In(o ua) B ln(ua uw)

where A,B are constants and e is wvoids ratio
1

of the soil at unit stress.

Shear behaviour of the soil:

)
= _ + —
T= (0 ua)tan¢ (ua uw)tan¢b+c

where ¢ 1is the angle of friction from
drained triaxial test on saturated soil.
@b is the friction angle with respect
to changes in (ua—uw) obtained from

triaxial tests on unsaturated soil for

known (u _-u ).
a w
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The gassy solls encountered in the marine
environment appear to exist at degrees of saturation from
about 80% upwards. The pore fluid pressures are high and
gas may exist in isolated bhubble form. The pore presgsure
raeasuring esystems are expectied to register only the pore

bt

i

r  pressurse inn these gassy solls since the pore gas
continulty 1s poor (Fredlund 1978) . In order to apply the
eaieting theories for unsaturated soil to the soils of
hiagh degrees of saturation, 1t 135 necessary to measure the
Dore gas pressure which i3 difficult +to achieve.
Theraefore some assumptions have to be made 1in  order to

predioct the behaviour of the gassy soil 1n terms of

i
=+
-

ective stresses. 1e. an alternative approach, with
Sossunptions that obviate the need for measurement of the
pore gas pressuare, Total stress 0 and pore water pressure

u _ Aars measurable while pore gas pressure u is difficult

to obtain.

The development of the effective stress laws over the

Dpast years can be summarised as follows:

(1) Terzaghi:- 0 =0-u_ for saturated soils
T=0 tan®‘+C
e:eO+Aln(ol)

(2) Bishop:- e} :(O—ua)+X(ua—u")
only for shear strength of partly saturated

soils

(3) Matyas:

!

volume change behaviour of partly

saturated soil could be described

30



(4) Fredlund:-

in terms of two independent stresses
- d - a th
(o ua) an (ua uw) rather an
by a single effective stress.
e=ze +Aln(o-u_)+Bln(u_-u_ )
o a a w
= (0- + - +
T= (0O ua)tan@ (ua uw)tanQb C
¢ ~angle of friction from drained
triaxial tests on saturated soil.
@b—friction angle with respect to
changes in (ua—uw) obtained from

triaxial tests on unsturated soil for

known (u_-u ).
a w
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1.3 PURPOSE AND OUTLINE OF THIS THESIS:

Field tests on gassy marine soil indicate that these
gassy sSoils are very soft, frequently under consolidated,
unstable, compressible and possess low shear strength and
positive excess equilibrium pore water pressures. It is
not known whether these characteristics arise only from
tlie presence of gas or are due to other events such as
wave or storm loading, rapid rates of sedimentation or a
comhination of all these factors. A study of the effect
of these factors individually on the marine sediments 1is
valuahle in order to understand these phenomena associated

vithi yassy marine soils.

This thesis 1is devoted +to an examination of the
=ffaect o©of gas on the behaviour of a estuarine soil. Most
~f the testing is performed on reconstituted soil (clayey
silt) which contains artificially produced gas bubbles,
rather +than on core samples from a gassy sea bed due to
the difficulties ipvolved in obtaining undisturbed
samples. The recongstituted soil is consolidated from a
suspension under 1its own weight or by external loads to
examine the following properties of gassy soil:

(a) Do these gassy samples attain £full consolidation

for a given stress as does the saturated soil?

() Do gassy samples possess edquilibrium undissipated

excess pore water pressures? How does the gas affect
the dissipation of pore pressures and settlement rates

and magnitudes?
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) What form of effective stress law 1is appropriate
for gassy s0il?

(dy Do gassy soils possess very low shear strength?

In addition to answering the above questions which
arose primarily from the field measurements in gassy soil,
a field instrument has been developed to study the pore
water pressure behaviour of gassy sediments for tide and
wave action. This instrument can also be used, in certain
conditions and  with the measurement of the stress-strain
properties of the soil, to assess the 1in-situ degree of

saturation of the marine soil.



£

[\]

V]

"

oY)

CHAPTER 2

PREPARATION OF RECONSTITUTED GASSY SAMPLES

Introduction

Method of preparation of partially saturated
samples

Technique used to prepare gassy soil
Properties of zeolite

Gassy so0il preparation

Calibration of gassy soil for degree of
saturation

The appearance of gassy soil

Effect of zeolite on the properties of soil



PREPARATION_ OF

CHAPTER 2

RECONSTITUTED

GAS3Y SAMPLES

2.1

INTRODUCTLON :
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to the normal

the soi1il will

is reduced, causing
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containing a
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of gas then a

bhe undertaken to discover the effect of

se identical samples on

Tharacteristics such as compressibility and shear
strength. From this comparison, 1t should then be
pesslble to develop theoretical models for gassy soil
behaviour, and to determine when these models must be used
imn design calaulation. This chapter describes a
sucoess ful method of laboratory preparation of
reconstiltuted gassy soil.
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2.2 THE METHODS USED FOR THE PREPARATION OF PARTIALLY

SATURATED SOIL:

some of the techniques that have been used to prepare
three phase soil samples consisting of solids, water and
gas in order to study the behaviour of onshore partially

saturated soils are:

(a) Compaction: Bishop(1960), Matyas and Radhakrishna
(1968)

The specimens for +triaxial tests were prepared by
mixing dry soil (silty clay) with a known percentage
of water and statically compacting the mixture to an
arbitrary density. This was achieved by compressing a
predetermined weight of soil into one inch thick
layers in a compression machine at a steady rate of
2.0mm/min. This method provided a close control of
dry density. The specimen 1is sealed after mounting on
the triaxial base and left for 10 hours for the pore

water pressures to reach equilibrium values,

(b) Drying saturated soil: Jennings and Burland
(1962)

The soil at its liquid 1limit was placed in moulds and
left 1in the atmosphere to dry. At various stages in
the drying process +the samples were remoulded and
placed wunder sealed jars for 7 days to allow time for

molsture equilibrium in the samples.,



(<) Application of suction pressure: Bishop (1960)

The initial degree of saturation of the triaxial
samples (prepared by the compaction method) was varied
by adjusting the pore water and pore air pressures.
The degree of saturation 1is calculated from the
measurements of the air and the water volume changes

during the application of initial suction.

The above methods yield largely interconnected air
volds and pore suctions (uw is less than atmospheric
pressure) in the soil. Therefore a different technigque is

used to prepare gassy soil with bubbles.

2.3 TECHNIQUE USED TO PREPARE GASSY SOIL:

Methane wags selected as the gas medium in the soil to
duplicate the field condition by matching the solubility
and surface tension effect. Blowing pressurised methane
gas into saturated so0il through a fine porous stone or
chemically producing methane by mixing aluminium carbide
with saturated soil were tried initially to produce gassy
so0il, with little success because these methods create
Jerge  bubbles rapidly in the soil which escape from the
s:il while mixing it to obtain wuniform distribution of
rubbles., However an alternative approach using an inert
synthetic substance called Zeolite which 1is wused as a

molecular sieve in the chemical industry to absorb gas



selectively and recycle it wags successfully wused to

introduce methane bubbles into saturated soil.

The zeolite has the ability to take up gas molecules
with smaller diameters than its pore size into its crystal

structure, and then let them out in favour of polarised

compounds such as water. When zeolite containing methane
ia mixed with saturated soil, methane gas Dbubbles are
formed as the water molecules replace the methane. The

release of methane from zeolite takes place over a period
of some hours, hence allowing time for a thorough mixing
of the zeoclite with soil and remoulding into sample
preparation moulds. Fine zeolite powder ensures good

Aistribution of small methane bubbles in the soil.

2.4 PROPERTTIFS OF ZEOLITE:

Zeolites have a three dimensional framework with
~hannels and inter-connecting cavities forming pores which
normally contain water of hydration. A property unigque to
zeolite crystal is that the water of hydration can be
Ariven off by heating without causing collapse of the
crystal, which remains unchanged and robust with empty
cavities or pores. The zeolite is then able to take into
its c«arystal molecules of a suitable small size, and hold
them until the opp2rtunity arises to replace them.
Synthetic zeolites developed by Union Carbide Linde

Division (1985%4), have a regular crystal structure and
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uniform pore size, and absorb only a narrow range in size
of molecules emaller than its pore size. In this
application, the dehydrated zeolite is impregnated with

methane under pressure.

The choice of zeolite is made by comparing the
molecular diameter of methane, which is 4.0 Angstrom, with
the pore sizes available in different zeolite crystails.
Calcium alumino silicate,Caﬁk%(Ang.Slb¥ﬁxﬂ:O has a pore
diameter of 5.0 Angstrom and can be obtained in powder of
particle size not greater than 6u4m so that it mixes easily
with clay size particles in a natural soil. Its mineral
composition 1is not dissimilar to natural sediments, and
its specific gravity of 2.41 is acceptably close +to
typical soil values between 2.60 and 2.70, so that adding
a comparatively small proportion to a soil should not

greatly affect the soil behaviour.

Zeolites have a very strong affinity for polar
molecules such as water. when the methane impregnated
zeolite is mixed with a soil slurry, it takes wup water,
which replaces the methane. The quantity of methane taken
up by a given amount of zeolite, and subsequently expelled
w1ll depend on a number of factors, including the
temperature, pressure at which the methane is absorbed,
the tirne tor methane absorption, the 1length of time
elapsed since the zeolite encountered water and the
ambient pressure during this time. It will also depend on

the soil itself, since the solubility of methane in clay



soil is probably lower than its solubility in water. In
particular, the relative importance of absorption pressure
and time on the production of methane was examined, using

the experimental procedure as follows:

O
The zeolite was dried at a temperature of 105 C for

2 for 8

24 hours, and then held in a vacuum of -100 kN/m
hours in a sealed cylinder. This procedure makes the
largest possible pore volume of the zeolite available for
occupation by methane. The zeolite is then pressurised by
methane at different pressures and for different periods
in the same cylinder without exposing it to the atmosphere
to Aavoid air absorption by the zeolite. Subsequently 25g
of cseolite is mixed in water and placed in a 250ml Dbeaker
(fig 2.1) which is then filled with water. The beaker is
fitted with a rubber stopper and a drain tube. Water from
the bheaker 1is displaced through the tube as the gas 1is
genarated and its volume is monitored wusing a measuring
cylinder., The volume of water displaced is a measure of
the volume of gas released from the zeolite. The effect
of water pressure on the release of gas is also studied.
The water pressure (back pressure) is varied by placing
th2 beaker and the measuring cylinder 1in a separate

container which can be sealed and pressurised.

Fig 2.2 shows the effects of varying the time allowed
for absorption of methane at an absorption pressure of
200kN/m2. The longer the time allowed for absorption, the

larger the ultimate volume of methane produced. Twenty
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four hours of absorption is considered a suitable time of
absorption for the subsequent work. Similarly, fig 2.3
shows that, for a constant absorption time of 24 hours,
the higher the absorption pressure, up to 100 kN/mZ, the
larger the vultimate volume of methane produced. The
actual gas volume produced in soil may be some what higher
due to differences in methane solubility. Both figures
show that the time taken to release practically all the
captured methane lies between 7 and 12 hours. This will
normally &llow time +to prepare the reconstituted soil
cortaining the zeolite for testing without too much 1loss
wf gas. The effect of back pressure on the production of
methane 1is also examined. Fig 2.4 shows the evolution of

aqas from 25g of zeolite (saturated 1in methane at a

pressure of ,-’zookN/m2 for 24 hours) in water under
pregsure. At the highest back pressure of 3OOkN/m2 , the
volume of gas is about 11 ml: on reducing the pressure,

this volume increases immediately +*o about 43 ml at
atmosperlc pressure. This value is close to the maximum
value obtained in the experiment where no back pressure is
applied , indicating the replacement process of methane by

watzr is not affected by the water pressure.
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2,% GAS3Y S0OTIL SAMPLE PREPARATION

A1, estuarine clayey silt taken from the river Parrett
at Ccombwich 1in  Somerset, England is used to prepare the
gassy $oll samples. A typical particle size distribution
1s shown in fig 2.5. The liquid and the plastic limits of
the soil are 2% and 31% respectively. The scoil is mixed
with water +o obtain a slurry at a moisture content of
150% (corresponding to a unit weight of 12—13kN/m2, at a
density 1.2-1.3g/cc) and treated zeolite 1is added and
mixed thoroughly for a few minutes before being placed in
a specially designed consolidation cell or in a sample
preparation mould, The suitable water content for the
slurry wwill depend on the specific soil, but the aim is
for the lowest value consistent with uniform mixing of the
zeolite (very wet mixture will result in loss of gas

bubbles while mixing) .

The degree of saturation achieved in the soil sample
will depend on +the sample preparation process, the
treatment of the zeolite and the soil type. In order to
obtain a repeatable degree of saturation for a given
amount of zeolite, the following processes are strictly
chserved.,

(a) The zeolite is dried for 24 hours at 105°C.

(b) The zeolite is evacuated for 8 hours at —lOOkN/mz.

(<) The zeolite is pressurised by methane gas for 18

hours at 2OOkN/m2.

(dY The zeolite is mixed with soil slurry (at a
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moisture content of 150%) for one minute.

(¢) The resulting slurry is transferred into sample
moulds without further delay.

(£ The slurry is allowed to stand for 24 hours for
all +the gas bubbles to develop before any testing is

carried out.

2.6 CALIBRATION OF GASSY SOIL FOR DEGREE OF SATURATION.

Gassy so0il prepared by the method described is
calibrated for degree of saturation against the amount of
zeolite used to prepare it. This will allow the
preparation of a gassy so0il sample of the required degree
of saturation by adding the required amount of 2zeolite

obtained from the calibration curve.

The measurement of degree of saturation is performed
onn consolidated soil samples rather than on the slurry due
to the Jdifficulties involved in handling the slurry
without loss of gas during measurement. Consolidation 1is
carried out in a 38 mm diameter and 100 mm high perspex
mould using porous pistons on both ends and dead weights.
Roth wvater and gas flow out of +the sample during
consolidation, changing the degree of saturation and all
the calibration samples are consolidated +to 35 kN/m2
vertical stress. The degree of saturation measured from

these samples will correspond only to +that particular

6}

stress level at atmospheric pressure.

a7
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measured gravimetrically.
wet

of saturation 1is
the total volume of =

The degree

The wet weight of +the sample,
sample., the dry weight of the sample and the specific
gravity of the soil/zeolite mixture are necessary for the

ot saturation. The total wet

of the degree

+

TAalculation
measured by measuring the weight
mos

o f the

18
by the sample and this causes
2.6 shows

sample

cf the dizsplaced water
o £ -he uncertainties in the calculation. Fig
the relationship between the measured degree of saturation
o X samples consolidated to 35 kN/m2 and the amount of
The repeatability of the measured degree of

2% .

zeolite used.
zeolite 1s *2%

amount of

saturation for a given

THE APPEARANCE OF GASSY SOIL.

2.7
of gas bubbles on the appearance
Fig 2.7,

The effect
501l sample can be seen clearly in

texture ot the
All these photographs show soil samples that
a soll/zeolite

an oedometer from

consolidated in
pressure

consolidation

have been
slurry and dried. In fi1g 2.7, the
RS IS HNS and the gsample thickness was 30 mm with a
degree of saturation of about BO% The bubbles appear to
the sample. In fig2.g,
2
35 kN/ m

be nmiformly distributed throughout
saturation at

the soi1l  has 80% degree  of

consolidation pressure, but was consolidated under a total

strass of SSOKN/mz and has a final thickness of 1Smm.
well distributed, although the

Again . the bubbles are



Degree of saturation S percent

Methane absorbtion pressure 200 kN/m?
Absorption time 16 hrs

Expt.no. SN 10

~J
)]
1

5+ oy
O v 2 3 4 5 6 7 8 9 10%

Proportion of zeolite by weight in slurry at 150%
moisture content

Fis 2.6 Relationship between zeolite content and
denree o»f caturation of soil achieved at
Atmospheri.~ pressure




Y- vy

! it ti%e X 00 g C,
S ARG X

. s N Rd
. ..v -‘v'\)‘l&\

v
(74
PRar .

R, P VA ¢ Tl X St w200 5 BN £

Compressed to 35 kN/m

Fig. 2.7 Appearance of gassy soil, magnified X 6
Degree of saturation 80%

~
A W h

| 2

T CRAE TP T

: > e o
), » 4 .”yn\»- el d

Degree of saturation 807, Compressed t0O 560 kN/m

Fig 2.8 Appearance of gassy soil, Magnified X 6,



compression of the sample has squeezed some gas bubbles
out of +the sample and flattened the remaining bubbles.
Fig 2.9 shows the same soil, consclidated wunder 560kN/m2
without any gas bubbles, with a final thickness of 15mm.
This photograph is therefore directly comparable with

fig 2.8,

Fig 2.10 shows the appearance of gas bubbles in a
very soft soil (voids ratio between 4.5 - 5) which has
been settled from a slurry of density 1.05g/cc in a 1long
perspex tube. The bubbles are generally spherical due to

the low stress level in the soil.

2.8 EFrFrECT OF ZEOLITE ON THE PROPERTIES OF SOIL.

The addition of large quantities of zeolite +to the
soil 1s not desirable because of its thixotropic nature.
Thixotropy is defined as the property of a material that
enables 1t +to stiffen in a relatively short time of
standing, bhut upon agitation to change to a wvery soft
consistency. The 1lowest degree of saturation obtained
using this method is limited to 80% and this slurry will
contain zeolite of weight equal to 7% of the slurry
welgbt., This corresponds to a zeolite proportion of the

total solid phase of the so0il of about 17% by weight.

Fig 2.11 shows the effect of saturated zeoclite on the
stress-strain (voids ratio-effective stress) curve of
saturated so0ils. These plots are the results of oedometer

texsts on saturated so0ils with different amount of water

51



52

magnified X 6

b

Eated soil
to 560 kN/m

Fie 2.9 Apnearance of fully satu
Compressed



[T

Fig 2.10 Appearance of gas bubbles in soft sediment.
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saturated zeolite. The void ratios are calculated from
the final moisture content obtained by drying the soil
samples at 105%c for 24 hours. Drying will remove not
only the free water 1in the voids, but also the water
absorbed by the zeolite since it absorbs water as it
liberates gas and this water can not be expelled by
consolidating the soil. Therefore the moisture content of
the soil sample containing zeolite will be higher than
that of the soil sample without zeolite, but conscolidated
to the same pressure. The shift in the voids ratio -
effective stress curves results primarily from the error

caused by the measurement of final moisture.

When comparing the properties of gassy samples (which
contain zeolite) with those of the saturated sample, it is
necessary to eliminate the effect of zeolite on the
properties of soil. This could be achieved by adding
water saturated zeolite to all the samples in order to
make the +total zeolite content the same. Control samples of
saturated soil are prepared by adding 7% water saturated
zeolite, By comparison, an 80% degree of saturation gassy
soil contains 7% methane saturated zeolite. Dry zeolite
normally contains air and water vapour, therefore full
saturation of zeolite 1s achieved by soaking it in water

for 24 hours.
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CHAPTER 3

EFFECT OF GAS BUBBLES ON THE CONSOLIDATION BEHAVIQUR OF

SelL

3.1 INTRODUCTION

Marine sediments containing undissolved gas bubbles

are frequently underconsolidated and possess excess pore
water pressures under equilibrium conditions. Several

facrtors such as wave action, rapid sedimentation, presence

nf  gas bubbles or a3 combination of all these may
contribute  to the above state. The <contribution of gas
bubbLles to these effects 1s examined in  this chapter by
TRrYyaAnag out onne  dimensional consolidation tests on a

(I%;
-’" t
il
5]

)

sy 8011 startving from a very soft slurry stage. This
17 A Aappraximation of  the formation of the sea bed by
deposition of sediment The consolidation of the secil 1is

carried oubt by settling the soll from a suspension (self

)]

woight consolidation) or by applying external stresse

{

(oedoneetoy teots) . The surtability of the effective
stress law for predicting volume change behaviour of gassy

2011 13 alooc oxamined,
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2,7 SFLT WEIGHT CONSOLIDATION OF GASSY SOIL

me: effect  o0f  gas bubbles on  the consclidation
behaviour of wvery soft s0il consolidating under its own
w2 lghk is  examined in  the following experiment. h:Y
COomMparison is made between soils with degrees of
saturation 80% and 390%, with the fully saturated soil
(100%)Y .
3.2.1 Experiment:

A soil water slurry at a density of 1l.l1g/cc  1is made
from a natural estuarine clay slurry by adding water to
obtain the regquired density. Different quantities of gas
bubbles zre introduced in the slurry by the addition of
drfferent amounts of zeolite treated with methane
(ref.chapter twoy . The amount of zeolite added to 800ml

R2ell 2lurry 13 ags follows:

Taegqr=s of saturation% Amount of zeplite

30 60g treated

30 30g treated + 30g saturated
Saturated s011(100) 60g water saturate2d

The above figures are obtained from the calibration curve

showing degree of saturation against the amount of zeolite

usaed. f14(2.%y, =venn  though +this curve i3 strictly
applicable +to a soil of density 1.5 g/cc. Each sample 1=
mixr=2d witihh  the required amount o©of zeclite and the

allovwed +to settle in perspex columns of 50mmm

e
1

SUBDenILOM
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diamet-2xy ., 490mm helght The process is performed qguickly

to avoid gas escap+s from the suspension. The samples were

4

allowed +to settle until they reached equilibrium and the
final Theilght of the scamples and their dry solid weights

- R |
P MUY e,

2.2.2 Obeservations:

Except 1in the saturated soil, gas bubbles started +to
appear in the suspensions as they settled. Fig(3.1) shows
the settlement time Dbehaviour of these samples. The
suspensions with gas bubbles did not start to settle
immediately because the settlement was hindered by the
rzleagse  of tas  bubbles from +the zeolite, The final
heights were measured after two months when all the
movements had stopped and were different in each sample
aever though the dry solid volume of the samples were the
S Aames The settled  sample thickness increased with the
incredase in the amount of gas in the samples as shown in
the  photoegraph  fig(3.2) . The table below shows the
variation in voids ratio (measured at the end of the

cxperiment) with the gas content.

Torc of 5011 Average voids ratio
(Decgree of saturation) (=)
Q2% 6.1
B399, 5.2

saturated (100%) 4.2
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Settlement (mm)

40

36

32

28

24

20

16

Oegree of saturation%

S
—
S
S

I A I S B

2 4 6 8 10 12 14 16 18 20 22 24 26
Time { hours)

Fig 2.1 Surface settlement vs time, Experiment No @SN



07 gas content————- 1007 degree of saturation
10%Z gas content—-———- 907 degree of saturation
207 gas content———---— 807 degree of saturation

Fig 3.2 Effect of gas bubbles on the settlement
behaviour of soft soil.
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L2 Effect

SECTION 3.3

TES

TS _ON GASSY

CONSQLIDATION

the oedometeasr .,

LDescription of

—

2 Prelimainary tests,

of porous stones or

of pore fluid pressur
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SCRIPTION OF THE OEDOMETER.

.1 A bxac 0f the ocedometer

(o
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application o©f one dimensional stresses (K
studied 1v: a special oedometer which =2nables
consolidated from a  slurry stage to a sti

desi1ygr: and the 1nstrurmentation of
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develop without applying any external load on it

(particularly the weight of the piston).

The piston is instrumented with a total stres

13

transducer and a pore pressure probe. It is guided by a
ram carrying the signal cables from +the +total stress
transducer and the deformation of the sample 1is monitored
by measuring the movement of the ram by a displacement
transducer . A plain Dbush seated in the base 1s used to
raide the ram for a cmooth and linear movement. The part
of the space in the cell underneath the piston is filled

with water vhich connects through the base to an external

[t
<
{
"
7]

sure source used to drive the piston.

T™he space above the paiston 1is filled waith soil slurry
and 4 highly porous bronze disac (air entry value 10 kN/mz)
is placed on top of the cell which acts as the drainage
face, A  domed shape top platen is placed over the disc
and secured in place by three <clamping rods which are
threaded to the Dbase. The above arrangement allows the
sample to drain conly from the top face. The Dbottom face
remaing uvundrained and the total stress and excess pore

fluid pressures are measured on this face.

A diagram of the oedometer is shown in fig (3.4) in
which each part has been numbered for identification.
These numbers will be referred to 1in brackets when the

corresponding parts ar2 described in the following
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4. 0- ring 14. Base 24 . Pressure port
5. Pore pressure port I5. Table 25. Piston
6. Porous stone 16. Drainage port
7. Tlange seal 17. Total stress transducer
8. Ram 18. Bleeding nort
9. Plain bush 19. O-rine seal
0. Rracket 20. Tie rods
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paragraphs. A photograph of the complete assembly 1is

shovn in £fig(3.5).

The C¢

W

11¢(25) is made out of a stainless steel tube of
100mm internal diameter with 10 mm thick walls and 250 mm
high. Three brackets (10) at 120O to each other are welded
near the lower end of this, and these are used to bolt the

cell on to the base in the initial assembly.

The Base:

The base(l14) is machined from a 2%mm thick stainless

]

teel plate to an overall diameter of 200 mm. A SOmm hole
is cut in the centre of +this to accommeodate a plain
bush (9) . Further out there i1s a concentric groove(ll) cut
to act as a recess to  accept the cell and an O-ring
groove (12) 1 also provided within this to seal against
the cell pressure. Duteside this groove there are three
threaded holes to which the cell can be bolted, and there

are also thres= larger threaded holes(23) which are used to

balt  the top platen to the base. Two outlets have been
rrovided i1n the base, one for connecting to the cell
pProessure (24) and the other to the pore pressure
transducer (13) . The base 1s bolted to a main frame which

18 fixed to the floor.
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pliston(26) 1is

srass  to  give

machined

a radial clearance of O0.5mm *o

lock of

from a seolid

the wall of

the well Sealing of this piston is achieved by +the uzse
of an T-ring(19) . On the speacimen side of the piston
there ie a centre hols +to house a total 2trezs
transduce: (17) and an accentric recess +o house a 3pan

thick porous stone (6) . A
the centre of the pilcoton

to provide an outlet for

signal cable from the total stress transducer. Threaded
Tonnections Are provided in the cell pressure side of ths
piston for connecting the ram(8) and the ©pore pressure

S=aling between the

Dy &« flange(7) with O-raings.

ram and the piston is providead

Thiee Ram arnd the Plain Bush:

The ram(8) 1s made out of stainless steel tube of
19mne outside dirameter with 3mm thick wall and an oversll
length of 2200nun. This is guided by &a plain  bush (%)
machined from a solid block of brass. Sealing against the=
well pressure 1s achieved by an O-ring in the bore(21) and
anothey Ch-r 1 (22) pressed between the base of the bush
and the base of the cell.
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The Top Platen:

mhe o top platen(2) 1is made ocut  of 3%5mm thick 150mm
diameter perspex disc. The side facing the =specimen iz
machined to provide a 100mm diameter and 15mm deep hollox
space. The top surfacs of the hollow space 1s domed a¥t

(9] .
1% to horizontal., T"Three outlet connections, +two from the

{

s3le (5, 16) and one from the top(l). at the centre. ar=s

provided,

3.2.1.2 Inctrunmentation.

measurenent

-3
i)
s
Sy
'—J
Ja
fnd
]
T
o]
103

The load applied to the piston by the <ell pressurs

1 not transferred fully to the so0il specimen due to the
C-raing friction. Therefore the total stress acting on the

sample 18 directly measured by a total stress transducer
mounted in ths piston., It 1is an integrated silicon <chip
Presanre transducer (10mm diameter active face?}

ranufactured by Druck Limited, with a range of O—TOOkN/m;.

1s 1 1 +than

The combined nonlinearity and hystere

6]
0}
D

0}

3

£10.1% of best straight line.

Pore vressure measurement:

The por at +the undrained and th=

1
h
}_.J
[
|...|
[0}
o}
2}
1}
[0}
0
c
=
]
"0

drained faces of the sample are alsc

0]
J
3
1}
j\1]
]
<
=
D

Q

a3
<
]
b

et
"
)
N
4

chip pressure transducers manufactured by Druck Limated.
2 . .
Both transducers have a range of 0-350kN/m”, with combined

nonlinearity and hysteresisz less than 20.1% of bheast
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n

straight 1line. They Aare housed 1in perspex blocks and

connected to the pore pressure ports in the oe2dometer by

vater filled nylon (4mm) tubings,

Total and poro pressure transducers are calibratesd
Gring  a Jdigital calibrator manufactured by Druck Limited.
The output of each transducer is amplified in such a way
that the  electrical outrput iz <onverted directly into
appropriate enginegering units (using the Talibration

approprrate o each transducer), so that 1Imv glectrical

T

)
output 13 equal to 1XKN/m™ The above procedure allows *the

chart recorder output to be read directly in engineering
units. The signals are also checked by a digital

voltmeter

Displacement nieasurement:

The csample displacement is measured by an induction

Tty dirsplacement transducer manufactured by sSangamo
Limited. It has a range of 10mm travel, with £tC.1%
nonlin=arity. It is <alibrated by a precision micromsatsery

and the cutput 15 again converted to engineering unit

]

{lvolt=1lmn) by a differential amplifier.

"y

low reasurement

T13 (3.6) shows the arrangement used for the separate

measurement of volumes of water and gas flow from th

I

gassy soil. A water filled domed shaped transparent top

cap  1s used on top of the sample to trap the gas flow out
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during consolidation, A highly porous stone (10 kN/m” &air
2nitry value) is used o top of the sample to allow
and gas flow into the top cap. The top port(A) 15 <losgs=3

v ordey to  trap gas during consolidation and the 3id=e

57}
()
9]
~
5
i}
9]
+
D
[o)
-+
C

port (B) 1: -0 a burette which measures the total
flow (hoth i rater and gas volume) . At the end of <ach
load incremont when aAll the consolidation 1s over port (A

L3 openad arnd th=e gas 1s flushed out by allowing the water

from thee borstite £to flow into the top cap. The pert (A) 1is

Tlosed as soon as 4ll the gas 1s flushied ocut. The drop in
hurette readings gives the volume of gas and the

Alffer2nce 1n th2: finial and the initial reading +vwill give
the water volums, The above method will not provids 2
contivwous  reading but  does measure the total water an
gas flow ouat of the sample during each load increment,

ST M 310Y STne Tt 1

O]

nsed  +to  calculate the degres of

2aturation at the end of the consolidation corresponding +

2ach Stress 1ncr=sment

Dregoanrs  3vs baimn:

Compressed alr pressure with a pressure regulator i
used  to  pressurise the cell. The cell 1z filled with

water and an air water interface i1s used in the pressure

line, The MAax imum pressure obtainable with this
2 . .
arrangement 15 I1000KN/m”™ with a pressure regulation of
2
L3RN/m The total stress measured by the transducer
drops s coon as the drainage wvalve 1s open and *then

gradually rises back to the initial valus as  th

)]

14



Adeformation rate reduces. The error caused in the

U

arpplication of total stress to the sample to

) 2 : . . .
predetermined value 1s +5kN/m which is due to the
friction of the O-ring in the piston and the sensitivity

of the regulator.

3.3.1.4 THE INITIAL FREPARATION FOR A TEST

Preparation of the oedometer:

The plston is adjusted to give an initial  sample

1)

thicknecss of 3smm and prevented from further downward

nmovement by resting the guide ram on the head of a lead

SCrew fig(3.3)y, which can be raised independently from a
base bhelow the ram. The sample space 1s initially filled
vith deaired water which i1is used to transfer the porous

0
las
ol
3
{

(deaired by boilling under vaccuum) under water to
the  undrained face pore pressure port on the piston. A
fine tilter paper is placed over the piston to prevent
coil particles alogging  the stone and to facilitate the

removal of the final sample. The deaired water 1is then

gl

It

yphoned from the sample space until 2mm depth of water is
left over the piston to prevent the porous stone from

Arviny.
h: .

Preparation of the soil sample:

The gassy and saturated samples are prepared by the
nzthodl  described 1in  chapter +wo. The amount of zeolite

added to the so0il +o obtain the required degree of

15



saturation i1e calculated from the calibration curve given

in figy 2.% in chapter tvro . 45%0g of the se2l slurry
fincluding t e se0lite) 1s poured in to the <cell as soon
35 the required amount of zeolite has been mixed in. The

T Tevel of the slurry i1s traimmed by a pallette knife to
make 1t flat with the cell top. A greaced O-ring (% .4mm

thiaack) whioh 1s subsequently used to seal the toup cap and

A

the cell 1s placed on top of the cell and deaired water iz

od
A+
oa
T

spacs

1w

soured to £11 above the slurry. A filter paper
and the +top porous platen are placed over the sample. The

spacye above the platen and the O-ring 1s again filled with

Jeaired  water to prevent the porous plate

3
Y
s}
)
I
-

t

Tainally thoe top percpex cap 135 placed and secured to the
hace of the ocell. The top cap 18  deaired by flushing
cater from  the side port and the deme shaped top enakbles

complets dealring.,

The sample 15 allowed to stand for 24 hours for all
the gas  Dbubbles 1o dJdevelop before any testing is done.
The top dralnage port 1s open and the volume of the sample
1o kept  Tonstant (using the lead screvw to prevent the
piston movement) dur ing this period. As  the gas 13
generated 1 the sample, free water from the sample voids
1¢ drisplacsd since the total volume of the sample 13 kept
unchanged. If +the drainage port is closed during this
re-rtod, a pore  pregacure increase 15 registerd in the

c2ample Jlus to the gas relcease from the zeolite and this as

noermally avolded by draining the sample.
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3,7, TPRELIMINARY TESTS.

The samples are consolidated in
4HHHN/mJ total stress from a sliurr
vertical stress increments. The fi
applicd after allowing 24 hours for th
released from the zeolite, The gtress
0, 140 . 350kN/m2 and for 2ach st

sampl=2 1= allowed 24 hours to attain £

The deformation ¢f the sample, the pore

the drained and undrained faces of th

v lume af £1ow ars  moniltored during

“rement and during the <o

At +the end of the 250kN/m’

ariloaded 1in stress decrements of 100KkKN/
from the cell a

sample is removead

welght, molsture content and the degree

measured.,

The deformation measurement:

The Fig(3.7) shows the observed de

samples  with different degrees of satu

2
1ncrements of 60, 140C, 250kN/m° are app
betvweoen to allow sethtlement to occur.
an initial deformation as soon 3s the

and then  they consolidate to 3differ

thickness) even though all the samples

thickness ., The  higher the gas

increment,

the ocedomester to
y stage 1in three
rst increment iz
e gas bubbles to ke

increments used ar

1]

increment th

¥

ress

n

ull consolidation.
fluid pressures on

e sample and th

L}

the application of
nsolidation stages.

the sample i

01

2 .
n” and finally
nd 1ts height, wet

of saturation

formations of the
ration.

lied. with time ivi

Gassy samples zshow
stress i3 Applied
=2nt heights {(sample

started with +h

1]

contant . the larger
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12 zample  thickness. The saturated so1l  showed no
im1tial deformation, but reached the smallezt sample
thickneas after Cconsolidation. The =#0lid volumes are

slightly different in the samples

+

herefore compariscn of

the  gcampleas  with Jdifferent degrees of saturation i3

[Uo]

CrEY r1end out in terms of voids ratio change {(deformation

foor unit ¢coulid height) instead of the deformations of  the

camples . Flg(2.8) shows the changes 1n voids ratic for
different total stress increments., The gassy soils are
asscvtated with high voids ratio (greater sample

fthickness) when compared to saturated soils at the same
total stress level. This observation confirms +the
hehaviowur observed 1in the settling experiment inn the

Drevious section.

The pore fluid pressure measurement:

Ther pore  fluild pressures are measured at the
undzained and  the drained faces of the sample. Th=

Arained face pore pressure transducer monitors the back
pressurse which is zero for most of the +tests. The

undrained face pore pressure  transducer measures the

LnCr2ase L1t pore fluild pressure during the application of
stress inarement (undrained stage) and the subsequent
di1ssipation during the consolidation stage. The pore
tluld pressure 1 3 gassy soll hias  two components, pors
cater pressore and pore gas pressure. The undrained face
poors pressure me2asured by a no  flow type pressur=

tyanadacor
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with A completely deaired porous stone

4)]

ystem
(incompreassible system) was initially believed to measure

orly the pore water pressure for the following reasons.

In order to measure pore gas pressure there should be

a rvhysical link between the transducer and the gas inside

the bubbles The gassy soil used here 1is believed to
Tontain discrete gas Dbubbles and the pore pressure
mEasurinag system 13 initially gas free. The only direct

lirk to the +transducer is with the pore water, which would
therefore bg expected to measure pore water pressure.
Diir 111 the consolidation stage, gas flow can occur into
the peasuring system and provide a 1link between the
tuabihles and the transducer but  this possibility was
considaered  to be  comparatively unlikely since the
direotion  of fluid flow 1s away from the undrained face.
In the experiments carried out 1in partially saturated
3a11 3 (Fishup 1964) pore alr pressure 1s measured by
TYearing a direct link between the transducer and the air
volds by filling the measuring system with air instead of
water. Moot of the voids are connected 1in  partially
caturatad so1ls and flow of air to pressurise the
meeasur ing System 15 provided through a low air entry value
Jarsl Muibic: stone, Sel«cting a high air entry stone and

initially filling the measuring system with deaired water

enabled the measurement  of pore water préessure in
parti1ally saturated soils, However, in the gassy soils,

hero>  the gas continulty 1s poor, the water saturated

€1



stage for
ssy soils with approximately 95%
miti1al degrees of saturation. The undrainsd
pore pressure  measured in the saturated =oil
tncreasas Jhen the stress increment 1s applied {the pore
pressure increment 1: egqual to the total stress incremasnt)
21v) duosipates tao the back pressure level (zexo) 53 the
fluid drasios In +the case of a gassy sceil, the pore
pressars agaln increases during the application of the
toetal cthress inecrement, but the pore pressure increment 1=
leswes thao  the total 3tress  1ncrement due to +the
compr2ssibility of the pore fluid. The pore pressure thern
diszpates ko a4 value  which 1s  higher +than the back
JERNERERRATS ol This3 excess pors pressure remalins at this level
for 2t 1least for four days even after no  further sample
Ad=formation 13 toted.
The ndissipated excess pore pressure  value depand:s
> the  gas content and the total stress level in the
SAamples . The higher the gJgas content and
toutal otress lJevel, the higher
registered,

LoYre

arguments

g system
1 f the above
Fial

1SN

Ara duaring the
saturated scil and
300

and 830%

18
T™he aar

Pl aire

mesurement is

10

entry value of the stone

1s likely to

ardc

correct.

ahoao

the

measure

pore

water pre

m

measured undrained face

pore
: . 2
following a particular load increment (140KkN/m™)

the

the excess

used
kN/mz.

L10)

fluid

consolidation

higher

the

pore pressure

for the

shows
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0]

t+he measured excess pore pressures in aszy soils  ith

tnitial degrees of saturation 95, 380, 80% and at different

+otal  stress  levels (60, 200, 450  kN/m”) . These

o

undissipated  equilibriun excess pore pressures associats
with gassy =201l are consistent with the similar field
obhesrvations 1indicating the existence2 of excessz pore
pressures in a4 gassy s0a  bed (Fig 1.5, SEASWAB 1377) .

Howrever +hv: pore gas pressure 1n the gassy s3c1l 13

(e}
=
D
u
+
WD
~

nsiaon

tlian the por= water pr<ssure due to  surface +e

ﬂ_l
i

wffectz and this  suggests that the measured pore fluid
prossure could comtain sows part of  pore gas pressur=
~herass the pore water pressure has dissipated o the back
pressurs level as in the case  of saturated soil. The
rep=atabil ity of the experiments and the effect of porous
etone on the measuarement of pore fluid pressure are

examlingd heforse any conclusion 13 reached.

ST Q7 PORQUS STONES ON THE MEASUREMENT OF PORE GAS

PRESSURE

The pore tiuid pressure 1s measured on the undrained

tace  or  the sample at two different locations in this

eXpErim=nt (SNAS1l) using two different air entry ralue
2 .
porous stonao (100, 250 KN/ra™) in order to study the

effect of the air entry value of the stones on  the pore

fluid pressure measurement . Fi1g(3.11) shows thi=
arrangemant used 1n the oedometer +to mount +the porous
stones, Apart from the air entry value, the two measuring

vataets are i1dentical. Gassy soil with 380% initial degre=

€5



Orainage
l_ﬁ SNP1,2,3,4
/ / //// 20mm
SOI sampte L’-——’{
Top cap = em T B
Piston 3mm
- Gas bubbles are able
/ L to bridge between
Porous stone fA0] . gassy soil and transducer
0 pore pressure
Deaired water Transducer

[Air entry value kN/mZJ

Measuring system used in the preliminary tests.

rDruinage

SNAS 1,2

Soi{sample //
Top cap S . !
| tomnf A )0
/ | Piston A T

Porous stone |71
[100] 1 L s
Deaired water
Porous stone 0O pore pressure
[250] transducer
SNAS 4 56

fomn C;J\o

Tig 3.11 Pore pressure measurement using
differeunt air entry stones.
Om

Gas bubbles are unable
to span pdassage




Sf saturation iz consolidated in the ¢ell with 40, &C, 10C
zn? 200 kN/mJ total stress increments, This experiment i3
rapeated (SNAS2) keeping &all the variables identical to
the previous test to  examine the repeatability of the
mea aury ementsa, Pore fluid pressures using the +two
different stoneszs and the deformations are measured for the

Sompay Laen .

*13(3.12) shows the measured excess pore pressures in

Both tests using different air entry stones (100, 250

) . . . .
KN/ m™) i1 a gassy sample of 90% i1nitial degres o f
saturation, For the first two increments (40,60 kKN/m™}

all the pore pressure:s dissipated to the back pressure
level {atmospheric pressure) . During the following

2
Tnerament (100 kKN/m™) the pore pressure measured by both

stones dissgipated to the back pressure level, but +the
pressure behind the low air entry stone started +*o

increase slowly +to  a higher level, indicating an exXIoess
pore preasure . whereas the high air entry stone remained
at the bhrock pressurs- level., After +the final 1load
1 ncrprement (200 RN/mz) the pressures associated with both
stones showed the same undissipated excess value.
Repeated experiments showed similar behaviour (high air
entry stonée shows the excess pore pressure later than the
l1ow alr entry atons), but the magnitudes were not the same
(& maximugn difference of BSkN/mz was recorded) . when the
deformations in terms of voids ratios of the samples area

compared, both +tests showed very good repeatability =ven

&7
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Lhouagh the pore pressures were not the same. Fig(3.13)

showe the voida ratio-logarithimic stress relationship of

the sample in thooe tests. The stones were found dry at
the end of the test, having 1initially been carefully
deaired, suggesting gas movement into the stone. 1f gas

movement 18 possible into the stone, the measured pore

D
g
0N
[
Fe

0

pr = may represent the pore gas pressure. The
movement of gas into the pore pressure measuring system is

investigated in the folloving experiment.

The direction of drainage is reversed., thus the

cample 13 drained  from the piston end and the undrained

-

a

0

e 18 now the top cap. The undrained face pore pressure
1= therefore measured through the top cap. The
transparent perspex top cap enables the movement of gas
through +the porous top platen to be seen f£ig(3.14). The
top perapsx cap is deaired and a pore pressure transducer
1 mounted in the side port. Gassy soil with an initial

degree of saturation of 90% 1s consolidated in the cell

(thus repeating the earlier tests) and the undrained face

D

pore pressur and the deformation of the sample are
el A sy g, Tag(3.15%) shows the observed excess pore
or=zassure for each stress increment. For all the stress
incorement s (40, 60, 100, 200 kN/mz) the undrained face
pore  pressur<e  dissipated to back pressure level,
1mdicating no excess equilibrium pore pressure unlike the

earlier experiments. But gas appeared in the measuring

systern (inn the top cap) initially at the end of the first

89
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Gas collected
//Deuhed water

/
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porous stone 3 :-:
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Orainage

Fig 3.14 Pore water pressure measuring svstem in gassy soil
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Soil sample

T-Surface tension
AB -Solid-water intertace

BC -Solid-air interface
BD - Air-water interface

Pore water pressure (pw)

o RER

i i NG p ‘
t { e X 77 ,A{{{/

N
AN N~

~ | Porous stone

? Measured pressure (P

- 1.1
R 2 g, rrn)J

Fig 3.16 A mechanism to register poresas pressure.



atresa irncrement., At +the end of +the final stress
1oy emer t about 14ml gas volume was measured in the top
T&p. This experiment suggests that gas could diffuse 1in
the initially incompressible pore pressure measuring
sys+tem =vaen though the direction of water flow 1is away

from 1it.

Therefore a mechanism to register the undissipated
Dore  pressure in the tests <could be proposed as follows.
If a sufficient amount of gas enters the stone and makes
the water link between the transducer and the soil
discontinuous as  shown 1in fig(3.16), assisted by the
narrcs  oponing  behind the stone, the +transducer will
register a higher pressure than the pore water pressure.
Considering the equilibrium of the gas bubbles in the
stone fig(3.16), the pore pressure (pm) measured by the
transducer 13 given by
S S (2*T/ rsb) - (E*T/rm)
where pw is the pore water pressure in the soil,
T- surface tension
rsbﬂ radius of curvature of menisci
inside the soil which is of the order
of a few microns in size.
rm~radius of curvature of the bubble in the
measuring system which is a few millimeters

in size.

r <<< Y Hence >
sb m’ PP



The above equation suggests that the pore pressure
registered by the transducer is higher than the pore water
pressure in- the soil because of the surface tension
effects due to the small radii of curvature of the bubble
menisci in the soil. In the experiment where +the pore
fluid pressure is meaured at the top end, the gas bubbles
were able to pass through the stone because of +the high
porosity (lokN/m2 air entry pressure) of the stone and the
nature of the housing which allow the gas to be collected
in the top cap, leaving a continuous water passage between
the transducer and the soil fig(3.16). If the water
passage 1s discontinued at the soil-stone interface gas

pressure i1s measured.

One of the factors assisting the collection of gas in
the stone 1in the earlier experiments is the narrow path
behind the stones fig(3.11), which enabled the collection

of gas in the stone and discontinued the water passage

quickly even for a small quantity of diffused gas. An
experiment carried out with an enlarged opening increased
from 3mm diameter to 10mm, using 90% saturated soil,

showed complete dissipation of measured pore pressure.
But this arrangement failed with 70% saturated soil,
registering an excess pore pressure at the end of the
consolidation as shown in f£ig(3.17). In 70% saturated
soil the amount of gas diffused into the stone 1is
sufficient to make discontinuous water passage whereas in

the 90% saturated soil only a small amount of gas

95
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entered the stone. Diffusion of gas is a slow process and
depends on  the gas content 1in the soil, but cannot be

prevented by using a high air entry stone.

A modified arrangement shown in fig(3.18) 1is used in
the following experiments in order to measure the pore
water prezsure in the soil. The pore water pressure 1s
merasured  at the top cap end of the sample using the domed
shape perspox cap. This time a smaller diameter (20mm
diameter, 2mm thick) low air entry (lokN/mz) stone 1is used
imstead of the larger diameter porous plate which was
initially designed to act as a drainage stone. Using the
smaller stone the amount of air entering the perspex cap
15 reduced. The pore pressure transducer 1is connected to

th= s1d2 port of +he +top <cap. Fig (3.19) shows the

i

wrasur-:d  pore woter pressures using the above arrangement
1 s01ls vith degrees of saturation 95, 30, 80%. All the
@ycaas pore pressures  dissipated to  the back pressure

level at the end of the consolidation, indicating the

abaencs of undissipated excess pore pressures in gassy

seorle, This system 15 satisfactorily used with different
FAaoBY 30113 The gas coeollected in the top cap is flushed

out before 2ach stress i1ncrement is applied in  order to
obz2rve the undrained pore pressure response of the sample
for the following stress increment. The presence of gas
bubhles in the +top cap (pore pressure measuring system)
gaves very Jow B values shere B 1s equal to the ratio of

PXCRES pore pressure to the total stress increment.

97
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Bubbles are flushed out #@ collecte
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Fig 3.18 Pore water pressure measuring svstem in gassv soil
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Th= meansurement of pore water pressure in a gasoy
i d i AiffFicult, Gas could diffuse into the measuring
cyetein o even 1f 1t 1s initially incompressible, Onoe
zafficiernt amount of gas has entered the stone te break

the water link, the measured pressure is influenced by th=

presence  of the gas., It 1s possible that it may be in
sonve way representative of the pore gas pressure, The

S SISV A exper iment s indicate that there are no real =xcess

saullibrtum porse water pressures in the gassy soil, but

thhe influence of gas pressure, which is higher than the

ot watey pressure may glve rise to misleading
interoretatrion of the resulte. The pore pressure

rmeasur ing systemz with high air entry stones do not always
S rrSuree the  megsurement of pore water pressure. I£f the

ctorve JE left in contact with the gassy soil for 3  long

per iod, the readings are likely to be influenced by the
Gés mavomant anto the stone., The measured high gas

ar<  not zssumed  to  be the pore gas pressure

tnaarde the hubbles due to the non-repeatability of these

meafir ementa, Therefore the pore water pressures only are
s g r e 1 the following experiments using the

ary Angemeeznt showp 1 f1ig(3.18)
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Section 3.4.

Exporimental observations in the modified oedometer.

3.4 .1 S5ingle face drainage tests
3.4.2 Two ftace drainage tests
3.4.3 Effect of back pressure on the

volume change behaviour of gassy

0
o]
ke
]

3.4.4 Structure of gassy soils



TABLE OF EXPERIMENTS

Series A:- 1007, 957,907, 807 degrees of saturation sampes were one-
dimensionally consolidated by 25, 25, 50, 100, 200kN/m?
stress increments using single face drainage. Undrained
face excess pore pressures and deformation of the samples
were monitored. Voids ratio-stress relationships of gassy
soils were derived from these experiments.

Series B:- 1007, 957, 907, 85%, 807, 707 degrees of saturation samples
were consolidated by 25, 25, 50, 100, 200kN/m? stress
increments using single face drainage. Gas and water
flow from the samples and deformation of the samples were
monitored. Degree of saturation - stress relationships
were derived from these experiments.

Series C:- 1007, 907, 807, 707 degrees of saturation samples were
consolidated by 35, 25, 50kN/m? stress increments using
single force drainage. Gas and water flow from the
samples and the deformations were monitored. These results
were used to check the relative position of voids ratio-stress
curves obtained in Series A.

Series D:- 100Z, 957, 907, 807, 707 degrees of saturation samples
were consolidated by 25, 25, 50, 100, 200kN/m? stress
increments using double drainage. Samples were unloaded
and reloaded at 100kN/m? stress level to study the swelling
behaviour of gassy soils.



3.4 CONSOLIDATION

+3
m
W
+3
0}

WITH PORE WATER PRES3URE

MEASUREMENT :

The tollowing experiments are carried out in the
modltfied oedometer allowing the measurement of excess pore
water proessures during the consolidation, The pore water
pressures disoipated to the back pressure level at the end

sf fhe consolidation in =11 thes

@

tests. The samples ar

D

consolidated from a clurry of initial thickness 40mm using
2 .
, 2%, 0. 100, 200 kKN/m atregcs increments and unloaded

) - 2
in steps of 100KN/m

0]

tress decrements. The back pr=ssure

in these tests wvas Kept at atmospheric pressure.

3.4.1 CONSOLIDATION WITH SINGLE FACE DRAINAGE.

Teegt _Series A Samples with 100, 35, 20, 20% initial
deygres of saturation

Thi  Consoldidation  behaviour of gassy solls ia
compared  with that of saturated scil by allowing single
tace drainage., samples are drained from the bottom face

through the piston and the excess pore water pressure in

the sample 1 om

T

a

"y

red at the top undrained face using the

configuration shown in fig (3.18) 1in these tests. Thie

1
1]

Aoformation of the sample, the excess undrained face pore
vater pressure and  the total stress on the sample are
measur~d during the test and at the end of it, the final
thickness of the sample, the +total wet weight of the
rample Aand the dogree of saturation are also measured.

Tach test took approximately 10 days.
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sipation of undrained face excess pore water
ith time 1ig shown in fig (2.19%a, 3.1%b) for

ifferent degrees of saturation. The ©pore

RO -y increases during the application of the

ment and digsipates when the drainage valve 1is
nitial increase in paore water pressures due to
reas incrazments depend on the gas content o f
The: ratioc of the pore water pressure increment

stress incremen (B value) 1= unity 1in the

so1l andc le#ss than unity 1n gassy soils. The

value, the lower the degree of saturation irn

In 411 these tests the undrained face exCcess
e digsipated to back pressure level indicating

ted excess pore water pressures,

.20) shows the displacement-time behavicur of

And a saturated soil. The vertical axis is
csample height. The sample heights of gassy
ecach cornsolidation are different from that of

-~

d so1l ¢ven though the initial heights and the
es  are the same, The presence of gas bubble:z
prevents  the samples <onsolidating to  the
he caturated soil. The higher the gas content
the sample height. An 1nitial elastic
olcurs 1ln gassy soils during the application
increment due to the compressibility of gas
the  s0i1l and this initial deformation 1is not

the zaturated soi1l. When the drainage valve
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1¢ open  deformation due to consolidation takes place &as
the oore Fluld drains 1n all the samples. The initial
elastic deformations as well as the total deformations of
the camples depend on the gas content, The higher the gas

content +hae higher the deformation.,

(ag

iy 2.21 shows the settlement-square root time curves

-

S garasy and zaturated soils for each stress increment.

Liarger deformations are measured in gasey solils compared

to that in saturated so1l. The total settlement increases
with the increase in gas <ontent., However the time taken

tor adchiseve 90% settlement from these curves for different
Jassy foi1ls shews no significant variation from that of
the saturatred  soil. The effect of gas bubbles on the
gettlenent rates (or on the coeffaicient of consclidation)
o f so1l i1s examined in chapter four and the rest of this
chapter ewxamines the effect of gas bubbles on  the voids

ratio-stress relatiornship of the soil.

Void ratio- logarithm of stress relationships are
shiowr: 1m0 fag (3.22) . The stress i1is taken as the difference

beetvean the total stress and the pore water pressure which
ig¢  the effoctive stresse 1n the saturated soil. The same
streecs parameter 1s used eéven in the gassy soil due to the
Adufficulties involved 1In measuraing the pore gas pressure
which 16 not repeatable and may vary from bubble to
bubble. T™The effect of gas bubbles in the e~ln(o—uw¥
relationship is remarkable. Void ratios assoclated with

gassy soils are higher than those of saturated soils for a
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given consolidation stress. The higher the gas content,
the higher the voids ratio. The shift in the e-logarithm

ot stress 11 ve s increases with the increase in gas
Tontent . The minimum  degree of caturation (maxlmum Jas
Tonterni) used in these experiments is 80%. In the
following experiments the voids ratice-logarithm of stress

carwven for camples of different degress of saturation  ar

[t

Tonpared instead of the sample heights or the deformations
sincd the Jatter depend on the initial thickness and the

initial density of the samples.

ot aeries B Zamples with 100,

D
N
o

90, 8%, 80, 70 %

anitial degree of saturation.

The measured tinal degree of saturation differed from
The initial degree of saturation (estimate froem the

zeolite <content) aindicating changes in  saturation during

the  consolidation  process, Therefore the correlation of
the above <convolidation properties with gas content
requires the wvalue of degree of saturation of the =oil
correasponding to that particular stress state. This i3

sohievead in  the following tests by measuring the gas and
water flovw separately as explained in section(3.2.1.3) of

this chapter | Thesec tests allowed a check on the

repeatabllity of the volds ratic-logarithm of atress
curves  obtained in the previous set of tests. The degree
of saturation at the end of each load increment iz

calculated from the final degree of saturation measured at

110



T

the =nd of the test using the measured gas volume and the
it el volume  outflow during each increment., The samples

re drained from the top end and the gas displaced 153

e lYlcted i bhe perespex cap. At the end ¢f consolidation
for «qach (nocrement, the gas volume 1s measured. It 1is
arogmeadd that all the gas displaced from the sample £flows
thrcagh +he high porosity disc without getting trapped.
A% moversnt  into the pore pressure measuring system 1z
avolided by sealing the pore pressure port so that no
measurement of  pore water pressure i1s made in these

experimenis.

13 (2.23) shows the displacement-square root time
curveas obtained  from  these tests. Gassy so01l undergoes

immediatre gettlement as soon as the load increment i3

apn:lied. ™his immediate settlement depends on the gas
content s well as the g0l stiffness., The higher the gas
corntent, tt.e higher the 1mmediate settlement. However,

b rime tealen to attain 90% of the total settlement irn

YD 1s similar to the saturatasd soil .

Settlement-time behaviour of gassy so0oi1il 1sg  studied in

detarl v chapter 4,

T13 {(3.24) shows the voilids ratio-logarithm of stress

u

curves  obtained for different degrees of saturation. The
repeatability of these curves 1s reasonable (compared with

test A) and shows agaln the higher voids volume associated

sithh gas  bubbles. The shift in e—ln(o—uw) curves

111
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Tes3t series C: Samples 100, 30, 80, 70% degree of

saturation.

The wvoids ratio e- 1n(o—Uw) curves for all the tests

(series A, B, C and D) are plotted from the final voids
ratio measured at the end of the tests and the
displacement measured for each stress increment. The

absolute position of the curves depends on the accuracy of
the measurement of  the final voids ratio. However the
aradient of each curve is not sensitive to the final voids
ratic  calcvlation and is found to be the same for samples
with the same degree of saturation. In order +to check the
abselute position of the e—ln(o—Uw) plots for different
degree of saturation, the following tests are carried out.
Instead of consolidating the samples to 4OOkN/m2 vertical
stress as in the previous tests, samples are consolidated
o lookN/m2 stress and then unloaded. Fig(3.26) shows the
e—ln(o~Uw) curve for the above tests which when compared
with that for the results of the earlier tests, fig(3.24),
show similar behaviour, 1ie.high voids ratio occur in gassy

soils.

Fig (3.27) shows the variation in degree of
saturation during consolidation. The degree of saturation
of the so01l1 with 90% initial degree of saturation remains
constant, whereas that of the so1l with 80% and 70%
1initiral  degrees of saturation 1ncreases with stress

Lrcremeants,
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3.4.2 DQUBLE DRATNAGE CONSOLIDATION:

L8eries Dk Samples waith 100, 95, 80, 8C, 70% initial

degree of gatruration.

SoLt samples with different 1initial degrees of

saturation were consolidated wusing top and bottom face

drainage. Fig (3%.28) shows the wvoids ratio-logarithmic
stress relationship for these tests, The behaviour i3
similar to that of the single drainage tests,

demonstr ating the shift 1n the curves depending con the
degreas of saturation. The shift in the curves (Ccompared

b the saturated s0il curve) increases with decrease in

deyree of saturatrion down to 80%. A further decrease 1in
thae Jdegree of saturation down to 70% shows a reduction in
the ahift, The swelling behaviour of gassy soils is  also

. 5 . 2
wxamined by unloading the samples at 100kN/m” stress level

J

ki
to 1C0kN/m” stress and then reconsolidating them to 40

D

(

kN/m2 stress level fig (3.28). No remarkable variation in

the swelling gradients 1s observed 1in  the scils  with

L

1t

It

¢ erent degrees of saturation evenr though the gradients

of the loading curves are different.

3.4.3 THE EFrTECT OF BACK PRESSURE ON_THE CONSOLIDATION

The above experaiments were carried out without back

préessure and  the amount o©f gas content 1s varied using

ditterent amounts of methane-saturated zeolite. In these
tests the gas content 1s  wvaried wusing different back

120
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122

Pressures, The following experiments  are carried  out
back pressure. The

s
e c 0 kN m>

back pressure i=
applied after the gas bubbles

have been released

from the
7ieolite The table below shows the changes in degree of
zaturatior due to the application of the Dback
calculated

pressurs,
using Royle's

and Henry's 1

AWS .

Dsggr e of saturation Degree of saturaticon
2t stmospheric pressure after the application
zotimata2d from zeolite of the back pressure

2
content, 50 kN/m
30% 27%
30% 3%
100% 100%

The fig (2.29) shows the voids ratio-logarithm of stress

relationship of the tfests with bhack pressure and thoss

without back pressure. The shift in the e-1n(0-u, ) curves
2
increases with the de

both

in degree of saturation
st

oY irT:
of experiments. The application
raduces the

of back pressure
amount of

shift when compared *o
+he

the test with
Same initial Aegree of  saturation at  atmospheraic
pressure Looause the armount of gas in the 301l is reduac=ad
by rhe hack pressure increase. These exp=ariments show
tliat Flaea irmiTrease . 1n back pressure reduces the

VL

shift

ratio-logarithm of stress relationship and  suggest
trhai thisz shift is Jdaue to $as volume,

HAATPRARES 4

3ot of 2uporiments are carried out to investigate
PR NTER N St Y fliz 2 Ino curve for a given degree of saturation
(=24 .80%) could bhe brought down to

colincide  with that s
the saturat=a4

so1l 1if sufficient amount of kback pr

essurs



~

W/ NY Aay..bv SS3J{S 9AI}I3}}3

¢ 00% 00t 002 00L 0608 0L 09 05 O 0€ 0 ol

P N |
— — O.r
— — ¢l
- — Yl
- < — 9l
| : g —

(7]
5
- =
— 005 08 B=—7+ £ 3INS z |0¢
— 0-05 06 *»—x ¢ 3INS N B
- 005 00l e———— | 3INS — 77
L 0-0 08 B — ——8 %VNS N —
- 0-0 06 ¥ ———x EVYNS 4 7
0-0 00l &= — —— LVYNS
- 94NssaJd ks
— e J1ldydsowyn }o) — 9
0 DJN4DS

l.m_:mmw,a »iog }J0 m%_@cww_fmﬂ_q_g :oN dx3 T
- g

T I | _ ] . | |

back pressure on the voids ratio-stress relationship.

Effect of

29

3.

Fig



Lo applie=d. In these tests the soilil samples with initial
dogree  of saturation of B80% are prepared and consolidated
+0 a particular vertical total stress (50, lOOkN/mZ) using
na  back pressure. At this stress state the back pressure
and the total stress are increased either by 100 or 400
KN/ (keeping 0-u_ constant) and then the consolidation
tests are carried out by increasing the total stress,
keeping the back pressure constant. Fig (3.30) shows the
e~]n(o-uw) curves for these tests. The increase 1n back
pressure  and the total stress either by 100 or400 kN/mz
show an immediate reduction in voids ratio as the bubble
s1ze  decreases. The shift in the e-logarithm of stress
curves for L0C and 400 kN/m2 increase 1n back pressures
becomes curves corresponding to a gassy so01il with degree

of saturation between 90% and 95% without back pressure.

The «<alculated degree of saturation, using Boyle,s and

Henry's laws, Jdue to the hack pressure increase of 100 and
)

400RWN/m"~ are 90% and 96% respectively. However the

<-Trn(o-u ) curve tor 400 kN/mz back pressure is closer to
a 9B0% saturated soil with zero back pressure. This curve

15 expected to fall between the curves for 95% and 100%

saturation, 1f the shift 1s due directly to the gas
volume, This unexpected behaviour may be due +to some
structuaral effects caus<ed by the presence of gas bubbles

i the so01l which are not removed by the reduction in gas

volume Iy the application of the back pressure.
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3.4.4 STRUCTURE OF GASSY SOILS.

<1y {(%,31) shows the photographs of the samples with
ditterent degreoes o saturation, consolidated to 400 kN/m‘
preassure 1in the test series A, The photographs provide a
£ix  tirmes magnification of oven dry samples. The bubble

zes ar2 cignificantly larger (1-3mm) than that <2f  the

a1
clay particle size. The bubbles sizes are estimated from
the phiotographs, A continuous structure 1s  seen in the
23tur ataed 3oLl even after drying 1t, since  the

not 2rnicugh to  reveal the water wvoids,

[0}

miagrnir Ficatiorn s

Thix 18 wuseful +*o separate the water voids from the gas
Ve lan, Gas bubbles are squashed to an oval shape during

conszclidation and these photographs shows the possibility
2 f Lubble interconnection when the degree of saturation is

Aas Lo oan HK0%
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2.5 DISCUS

(6]

ION OF THE RESULTS:

(2) Pore fluid pressure:

The measurement of pore water pressure in gassy soail
ig hindered by the gas movement into the measuring system.
Pore pressure measurement is affected, hihd sufficient
amount of gas enters the system and becomes trapped
between the porous stone and so01l as suggested in
fig(3.16) Positive excess pore pressures are measured 1in
thege circumstances and this can be avoided by allowing

the gas *to pass through the stone rather than be collected

D

in the pressure measurement system. Higher air entry

porous  stones may prevent the movement of gas in the form
ot bubbles, but do not prevent the gas diffusion. The
highest gas pressure registered in the experiments 1is
85kN/m® which is measured in 80% saturated soil at
4OOkN/m2 stress level. The fig(2.32) shows the voids
ratio-logarithm of stress relationship for gassy soil.
The stress parameter used in this particular plot is the
effective stress defined as:

0 =C-Xuy- (L-y)u ~-----oooo-(a)
by Bishop(1363)
and the factor X 1is assumed to be equal to the degree
of saturation (Xx=5/7100) and
ua is the pore gas pressure. The elevated pore pressures
registered in the experiments, SNP series, are assumed
to be the pore gas pressure in this analysis.

The 2-In(Q') curves are still different for different

129
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gassy so1l and this observation suggests that behavicur of
gassy soll can not be described by the effective =ztress
law(a) or that the measured excess pore gas pressure in the
exper iments do ot represent true pore gas Ppressure
values Theso rmeasured gas pressures were not found
clocely repeatable and hence are believed to ke
vrnreliable, A riodel to describe the volume <changs=s
behaviour of gassy soils is develeoped later which uses
only  the pore  watwer pressure and doves not regquire the
measurenent of pore gas pressure.,

The meacsured pore

meeanurany aystem fi1g(3.18)

of the stre

m

'S

application

arnd reachen the

back pres

The magnitude of

1unacresse depends on the

ga

=
=
5

stiftness and

studied on detail in chapt

Degpree: of sxgturation:

e saturat

degree of

water flow OCCurs

ancd

shows

water pressure using

during consolidation.

with 1nitial degree of

the modified

, increases during the undrained

increment and te

0]

O

then dissip
sure level in all the gassy soil

the initial pore water pressure

s content of the =01l as well =as
this undrained behaviour is

er four.

ion 1in the soil varies as gas

Fig(3.2%

csaturaticon 9%9% and

90% behave differently to that of 809% and 70% saturated
soils., hen the gas content 18 low  (85=9%, A0%) , larger
proportion  of water flow occurs compared to the gas flow.
This behaviour deareases the degree of saturation of the



i

3

Soa L, When the bubbles are interconnected at low degre

ot saturation (57

0

0, 709, the gas permeability 1s higher

4nd A larger proportion of gas flow occurs compared toe the

wrater Elow Therefore the degree of saturation of the
o1l increases. There 18 a transition stage betwesn 90%

2 B30 degrec of saturation where the proportion of the

vat e anmnd gas in the drainage fluid is the same as in the
RPN I The degree of saturation remains constant in thais

=1ag- crd for this particular solil 1t 18 around 85%.

Voide ratico-logarithim stress relationship:

Tier =ffect of gas bubhbles on the soi1il formation as
el lectad 1 the consolidation behaviour can be clearly

annd cConsistently seen in the voilids ratio-logarithem of
stress relationshaip. The relative position and the slop=
of the voids ratic-logarithm stress (O—uw) curves depend
ove the gas content in the soil. Gassy solls contalin high
void volumes compared  with  the saturated soil., This
causes greater sample  thicknesses for gassy than for
saturated soll witlh the sawrne so0olid volume, The shift in
volds ritio-logarithem  stress curves increases rapidly

ot irresse in  gAas  content up to B5% Jd=2gree s

-

taturation. Further i1ncrease 1n gas content 13 associated
~1th pntercorntecting yas bubbles and *the behaviour of
these soils Alffers from that of gassy s0il with discrete
Lubhles £1g(3.24) . The volid volume is increased in gASSY
2118 prawarily duer ko the trapped bubbles in the soil.

Moat of the 1solated bhubbles are unable to move out of the
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sl Applicatrion of the «oonsolidation stress expels

L~y g1 proportion of water due to its continuity and the

Lma S 1ng mabbhles are gquashed. The photographs in
figim. 21 show  the oexistence  of larger bubbles when

Comparaed o the water volids, even at very high streecss
levels. The exact mechanism  which enables the gas to
DS ROR 5 s Jarger  bubbles and to be asscociated with
1ocreased veilds  volume 1o not  known. However the

fallowing propoasals are useful to understand the behaviour

fay Structural effecto:

[

The tormation of the soll structure during the initia
ctage  of congolidation (first stress increment from
slurry state) 1s likely to be affected by the presence

of  gas sirce  the soi1l 1s 1n a very soft state while

the  bubhles are  released from +the zeoclite. The
Avrangement of the scil particles is therefore

controlled by the position and the size of the
bubbhlas. Bef re any load is applied a soil structur=

1* o formed to accommodate . these bubbles and  thas

structare 13 subsaequently broken by +the large
Tonselidation atrescses The collapse o0of the open
structures giveco large deformation 1n gassy socil
F13(3.20) compared 1o saturated soil. If the Dbubbles

ar= created 1n a very stiff soil, the open structure

cannot o

ciTur and the so01l structure may be less
1L feoted, Therefore an i1mportant factor is the stage

at «which the bubbles are created in the 3011, ie.,



before or after the soil structure is formed. The
open structures associated with the formation of the
bubbles at a soft stage cannot be completely broken by
decreasing the bubble volume by the application of the
hack pressure. Fig(3.30) shows the effect of an
increase in back pressure by 400 kN/mz, applied to a
gassy so0il with initial degree of saturation 80%.
Although the degree of saturation was 1increased +to
836%, the new voids ratio was more +typical of an
initial degree of saturation of 90%. However the
measurements of the degree of saturation are not exact
and these apparent differences may not be significant.
Nevertheless, it may be that the open structures
created in the very soft soil by the bubbles have not
been completely destroyed even though the gas volume
has been reduced,. Therefore the existence of possible
initial structural effects can not be totally
neglected in understanding the behaviour of the gassy

soil.

(b) Pore gas pressure:

The pore gas pressure in the gassy soil is higher than
the pore water pressure, hence the effective stress in
the soil is affected by it. The effective stresses in
the gassy soils are lower than those in the saturated
soil, for the same total stress and pore water
pressure, due to the higher pore gas pressure in the

gas voids. The parameter controlling the gas pressure
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is not the mean bubble radius, but the radii of
curvature of the gas-water interfaces in the soil
skeleton as shown 1in fig (3.17). This interface
inhibits the gas movement from the pores and increases
the pore gas pressure for each stress increment. The
magnitudes of these radii are very small (of the order
of the so0i1l particle size, 1ie. a few microns) and
these give very high pore gas pressures compared to
those calculated wusing the bubble radii. The table
below shows the difference between the pore gas and
the pore water pressures calculated from the typical

bubble radius and from the interface radii.

u =u + 2*T/r

g W
where T is the surface +tension and r the bubble
radius.

Bubble radius(mm) Pore gas pressure(kN/miL

2.0 0.07
1.0 0.14
0.1 1.4

Interface radii (mm) Pore gas pressure(kN/miL
0.06 (silt size) 2.33
0.006 23.3
0.002(clay size) 70

The interface radii are assumed to be the
same as the so0lid particle size.

Surface tension = 70 kN/m
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This high pore gag pressure

mAalntaing the gas voids

agains
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in the isolated

t the applied stressz.,

This model <¢an be explained by the following analogy

Let us assume that the Jassy

Fags contalining gas;
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than the clay particle size.
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0]

soil. wWhen soil i

strecscs, sSome of the rubber
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carry 3

of thi

The void vol ime

m

soll because of the volume

and reduction in effective

Suppose 1f

water, the voids occupied by

-

ac the water flows out

[0

the trapped gas bubble

show

aturated soil.

the

become

)

L)

the bubble

15 reached where the bubbles ars

the water., At this

shown in fig(3.24) The shift

@
0

es in the soil

0

a

i

decr

1)

when  compared  to  that of 309

with 70%



The higher voids volumes associated with gassy soils
can  bhe misinterpreted as underconsolidation (higher voids
cati1o due to excess pore water pressure) of the soil, but
the nonexistence of the excess pore water pressures
suggests  that +the gassy solils have attained full
comsolidation and  the effect 1s dAue to the presence of

trapped gas bubbles
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2.6 A _MODEIL T0O DISCRIBE THE ONE DIMENSIONAL CONSOLIDATION

BUHAVIOUR OF GASSY S0

—
:H

OTe glmensional stress-strain behaviour of a fully
3Aturated sol1l  under K conditions can be described in
o
terms of the total stress and the pore water pressure by
the ftollilowing ecquation.
2@ +Aln(0-u ) —-------- (3.1)
1 w
where e corresponds *o the voids ratio
1
at unit stress (O~uv)
¥

and A 13 a constant.

In order to describe the behaviour of a gass so1il &t
additional parameter 1s necessary and traditionally (in
partially saturated scils) the pore gas pressure 1s used
with total stress and pore water pressure. It i1is found

that the measurement of a meaningtful pore gas pressure to

ey esaent the gags pressures 1in  individual bubbles 1s
Jiffioult. Trterefore the degree of saturation which 1is an
IVEr Age pAarameter te  represent the whole soil sample 13

Ueed Inztead of the pore gas pressure and

The possibility of expressing the behaviour of gassy
so1l mathematically 1is explored by making a few

idealications. The

[
w

sey so0il used in the experiments
containg high water voids volume compared to gas voids

volume ginde the degree of saturation 1is above 809%.

1



Ther=fore it is reasonable to assume that the voids which

are saturated in a gassy soll to behave like the voids 1in

& fully saturated soil. This assumption requires the gas
vaords to be comparatively few, large compared to the«
s01] particles ar:d i13olated asz shown in f1g(3.33). The

volds ratio of the saturated part of the gassy so01l is

241151 O the volumetric water content (eS) where e is the overall
voids ratico of the gassy soil and can be determined 1f the
drgros of  saturation of the solil at each stage i1s Known.
This 13 measured 1n the  experiment. The behaviour of

saturated soil can be cxpressed by the equation(3.1)

modified to represent the saturated portion of gassy soil

TCse #Aln(J-u. ) (3.2

The validity of the above equation is examined from the

experimental results by plotting e3 agalinst ln(o—uy)

7

instead of e against In(o-u_ ). thus combining f£ig(3.24)

and fig(3.25). The curves for different gas contents are
much closer to that of saturated soil in e3-1n(0-U_ ) Space

fig(3.34), indicating that +the saturated portion in the

{

gassy so0i1l may well behave according to the equation(3.1).
I1: the case of 5011 with 70% initial saturation the curve
differs very much fron that of saturated scil suggesting

X
Py

the  asswption Qi

[}

not wvalid when gas content is high.
So:xl o -1th o a saturation grsater than 85% could bhe modelled
a3 cutlired above, This limit of 8%% may well be
Jiffares

Nt {for different sc1ls., The above equation

suggests that if the e-1n(0o-u ) relationship is known for a

W
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Total soil= Saturgted soil + Large bubbles
A
© Gassy soil
E
% -
2 - Safyrated
> - soil
- eS= f(o-y)
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Fig 3. 33 TIdealised gassy soil.



(1

W/NY ("h-p) SS3JES aAI§IR44]
¢ 00%  00€ 00z 00,0608 OL 09 05 O7  Of

rtre ot ' L Irrr=r T

——

9GNS
S NS

7 9NS
EGNS
CENS

L9 NS

o/, UOIIDJN,DS J0 8aJbap |D1}10]

L

10N "0x 3

80

0-1

¢l

N

91

8-l

0-¢

¢

K/

9-¢

0IJDJ SPIOA J3{DM

(S?)

Water volds ratio = stress relationshin.

Fig 3.34



il

aturated soil, the str

iy

train behaviour of & gassy

SS-

1%
It
0]

5011 with a Kknown degree of saturation <an be predicted.

Howevar & single representation of the <curves for
an1ls  with different degrees of saturation can be better
wetablisha2d, 1f the points are plotted in vS—ln(a—uw)
space shere v-is the specific volume of the scil, as shown
it fig(3.36). The Sjustification for this type of
modelling is as follows. The  behaviour of +the so011
particles surrounding the gas bubbles is expected to be

controlled by the =2ffective stress which locally is the

difference baetween the +total stress and the pore gas
pressure inst2ad of pore water pressure. Similarly the
bzhavioor of 5011 particles surrounded by water is

controlled by the saturated effective stress (a-u ).
Y

Therefore the gassy soil is divided into two phases, one

being saturated soill (solids and the water voids
aszociated with them) and other being gassy soil (bubbles

and the 30lids surrounding them) as shown in fig(3.3%) .
In th2 <arli-=r model all the solids are associated with
viater voi1ds withh the second phase being the bubbles. The
zeaumptaion madse 1n the zecond type of model is that the
Aivision of so0lids asscociated with gas bubbles and the
sater Lo based on the same ratio as  the gas +to water

N Vi { 100-5 +5).
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Specific volume (v)
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Considering a unit volume of solids , the volume of
voids ascociated with 1t 1s by definition the wvoids
ratio(e) . The water volume in this so1il is eSs and
according to the proposed assumption the solids associated
with the water 1is S. Therefore +the volume of the
saturated solil controlled by the saturated effective
stre=ss (gauw) is (1+e)S which is equal to vS. Then  the
modified equation is as follows:

VS=V1+A ln(c~uv) (3.3)

-

1g(3.36) shows the curves for different gassy soils
when plotted in vs, ln(o~uw) space. The curves for
different gas content are much closer to that of saturated
soil inn this space than those plotted 1in e85, ln(o—uw)
space. However the soi1l with 70% 1initial degree of
saturation does not obey the above model. Therefore the

model 1s restricted to gassy so0il with high degrees of

saturation (for the soils with degrees of saturation
greater than 85% for this type of clayey soil). As the
degre<e of saturation deacreases, the gas Dbubbles are

interconnected and no longer discrete and the behaviour

annot be modelled by this simple model.

A ~hoice of a suitable model (eg 3.2 or 3.3) largely

i

L=

depands om the accuracy in the measurement of the degr
¢f gaturation in the exXperiments. Therefore both models

can e considered, with reasonable accuracy, to represent

the behaviour «of gassy soils.
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3,7 CONCLUSIONS:
T aftect of  gas  bubbles on  the
hehavrour o £ so1l, including the formation

consolidation

of the =oil

structure 1gs examined in this chapter. The gassy sSo0ils
have  higher equilibrium voids volume than those of a fully
smzturated o1l under the same vertical stress ir: one
dimensional zonfined conditions. The voids ratio of the

UAaRSSYy so1)l at & stress

given consolidation

Za
.1
-
ﬂ;\
gl
)
1]

in degree of saturation up

Soils with lower degrees o

than  85%) behave Jdifferently to =o
discrete gas  bubbles  since the bubbles
Lntorcorrnected and can move  more freely.
docres of saturation will depend on the soil
thii e type of  clayey soil it 1s around

ilncreases

wwith
te a critacsa
b saturation
il containing

are then
The critical
type and for

85% degres of

Satursation. The volume change behaviour of a gassy so0il
with a degree  of saturation higher than the critical
degree of saturation, can be modelled using the followiling
ST o

=OEe 4+ Al (0-31, )
1 i

where the constant A and e are
1

test on a fully saturated soil and e 1s the

of the saturated soil at unit stress (0-w ) .
LJ)

obtained from

an oedometer

volds ratio
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CHAPTER 4

COMPRESSIBILITY AND DEFORMATION OQF GASSY SOTLS

4.1 INYRODUCTILION

In the majority of engineering calculations involving
so1ll behaviour, the soi1l can be idealised as a two phase
material, a porous skeleton saturated with incompressible
water . The initial, undrained response of the soil to a

stresa increment occurs virtually without volume change.

Howosver 1f the so0il contains undissolved gas bubbles,
ther this 1nitial incompressibility no longer exists and
the undrained response 1s a compressible one. A simple

thoeore2tical model 1s  developed to predict the 1nitial
undrained rosponse and the subsequent consolidation

behaviour following total stress increment for soils

Q)

i
0
4]
|..1.
o
]
i)

contailning & Jompr pore fluid. The validity of the

ezl is axamined

o}
w

comparison with laboratory

cwperimental observations in this chapter.

The above model 1s  then applied to analyse a
practical problem. In harbours and estuaries, the
Adeposition of  cohesive sediment can cause substantial

maintenance Jdredging programmes, based on a requirement
for a minimum navigable depth. The presence of gas
bubbleas here could cause sufficient compressibility to
vharsges the elevation of the sea bed measurably during a
tidal ¢ycle, with the mud surface moving as the gas bubble
voelumaes change with the changing total water pressure. An

upnp=2r  bound wvalue for the changes 1n seabed surface
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2levation for ayclic water pressure changes (eg. a tidal
Tyoled 1s prodicted using the theoretical model and
comparsd with  small scale laboratory slow cyclic

cxperiments on gassy soil i1n the KO condition.

4.2 THEORETICAL MODEL:

4.2.1 INTRODUCTION:

A theoretical model +to describe the undrained
response and the consolidation behaviour of gassy so1il
under KO conditions 1s developed. This model 1s then used
to predict the behaviour of gassy soil for the following
cases:

(a) The undrained soil deformation and pore water

pressure  changes for a one dimensional total stress
increment 1in the Ko state:

when a gassy soil is subjected to a total stress
increment under undrained conditions, the volume of
the soi1l changes i1mmediately. This 1s not observed in
a saturated soil. With the volume change, there is an
immediate effective stress change in the gassy soil
and only &a part of +the total stress increment 1s
carri=d by the pore fluid sothat the B wvalue (defined
as the ratio between pore pressure increase and the
total vertical stress increment) 1s less than unity.
Th> amount of 1nitial sample deformation and the
w«ffective stress changes are calculated wusing the

model .



(h) The  pore water pressure dissipation and the
consolidation behaviour of gassy soils, simulating an
oedometer test: The bubbles expand, changing the pore

fluid density as the pore water pressure dissipates

dur ing consolidation. The traditional consolidation
theories assume: <constant density for the pore fluid
during <consolidation. Therefore a suiltable model

which accounts for the changing pore fluid density is

used to study the <¢onsolidation behaviour of gassy

(¢) Deformation of a gassy sea bed for a cyclic water
pressure change: This simulation combines the effects
studie=d 1n the two previous cases and has some
practical importance: . The sea bed elevation changes
when the undissolved gas bubbles are compressed in an

undrained loading when the water pressure over the se=a

Lad varies. The por« fluid pressure c¢change will Dbe
Jeos than  that of the water head change. This
imbalance 1n the fluid pressures induces fluid

movement and consolidation (or swelling) 1in the soil

during a tide <cycle. Sea bed movement and the
offective atress  changes are calculated for the
changing water 1levels over the bed. This one

dimensional analysis is suitable only for tide changes
“1nce the change i1in water head over the sea bed 1is
required to occur slowly and over a large area so that

only mean normal stress changes. No excess pore
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generated due to shear forces as in

the
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Notations
a Coefficient of compressibility of +the saturated
v
soil skeleton -3e where 0'=(0-u_)
do - W
avg Coefficient of compressibility of the gassy soil
Cvs Coefficient of consolidation of saturated soil

Cvf Coefficient of consolidation of gassy soil

o av
Cg Compressibility of gas =55
Cgo Compressibility of gas at P=Po
eg Overall voids ratio of the gassy soil
eS Voids ratio of the saturated soil
n Porosity of the gassy soil
kw Permeability of water
kg Permeability of gas
kf Permeability of gas water mixture
P Absolute pore fluid pressure
Po Initial absolute pore fluid pressure
S Degree of saturation at fluid pressure PO
@ Gas volume to water volume ratio at pressure Po
2

T Time factor =C t/H
vs

Au Excess pore fluid pressure



4.2.2 IDEALISATION:

Gas

67}

y so1ls can be generally modelled by a three
phase system, made up of gas, water and solid particles.
However, in the following analysis, further
simplifications are made. The idealisations used are as
follows:

(a) The gassy soil 13 modelled as a two phase

naterial, made up of incompressible solid particles
and a compressible pore fluid. The properties of the
compressible pore fluiad are derived from the

rroperties of the small compressible bubbles which are

well distributed in the soil and from the
incompressible water. Fig(4.1) shows the schematic
view  of the i1dealised soil with small and well
distributed gas bubbles compared with the

reconstituted gassy so1l prepared in the laboratory

with comparatively large bubbles (up to 2- 3mm
diameter) . The volume of undissolved gas will change
in two ways 1f the pore gas pressure changes. Thus

the amount of gas in solution will change according to
Henry's law, 1in direct proportion to the total gas
Preasure, while Boyle's law, stating that the product
cf absalute gas pressure and 1ts volume 1s constant
for a  given amount of gas, describes the gas bubble
behaviour, The effect of surface tension 1s neglected
AN that tha pore gas pressure and the pore water

prassure are taken to be equal., The main reason for

jo

U

no



55— Solids

Small gas bubbles

—Water

Idealised soil (compressible pore fluid)

Reconstituted gassy sail

——— Solids

+«~———Water

Large gas bubbles

— Water flow from
saturated voids to
gas voids during
undrained loading



thiz iz the difficulty in determining the pore gas
pressgr o, The effective stress is defined 1n terms of
pore water pressure. Thus o':o—uw

(b)Y T™he one dimensional stress-strain curve used for
+the analysis is derived from the experimental results
(chapter three) and it 1s expressed as
e = +A In(0o-u )
g 1 g W
and for small strain consolidation this is further
idealised as a straight line 1in e-0 space:

=-a —
Aeg VgA(o uw)

where eg’avg are the wvoids ratio and the coefficient

of compressibility of gassy soil respectively.

(c) The degree of saturation before the vertical

stress 1ncrement and the final degree of saturation at

the end of the consolidation corresponding to that
1NCY smen b 15 assumed to Dbe the same . This 13
reasonable for a gassy soll with a degree of

caturation above the c¢critical degree of saturation

fig(2.2%). If the 1naitial saturation 1s less than the
critical degree of saturation (85%) a larger
proportion of gas flows out of +the soil, thus
increasing the degree of saturation. The degree of

csaturation during consolidation is calculated from the
initial degree of saturation using Boyle's law and
Henry's law. The saturation i1ncreases as soon as the

load is applied (due to the pore pressure increase)
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and theorn decreases to the initial value as the water

nressure di1asipates,
T above tdealisations are wvalid for soils with
comparativaely high degrees of saturation, 1i.e. above 85%.
CToverning equations.
"The equations governing the one dimensional

consolidation of clayey soil with a compressible pore
fluid are derived by modifiying the eguations derived for
saturated soi1l by Gibson and Hussey (1967) . In the
derivation . an e=lement of soil skeleton of unit
cross-sectional arez normal to the direction of flow,
which at time =20 lies between planes embedded in the soil
skeleton at distances a and (a+da) from an embedded datum
rlane 1s considered, fig(4.2). At some subsequent time t
these gsame planes will be located at unknown distances
t(a,t) and ¢ (a+da,t) from this datum plane. This

co-ordinate system 1s known as a Lagrange co-ordinate

)
~
0
l’+
1]
3

The chosen co-ordinate element always encloses

solids.

3
o
0
g
)

The vertical equilibrium of the soil grains and the
fiuid currently occupying the cylinder ABCD fig(4.2)

requlres that

‘

)

3
t[npf+<1--n>ps]-a—§=0 (4.1)

i
!u

7}

&
where the total stress 1s d, n 1is the volume porosity and

Per Py are the densities of the fluid and the solid phase.
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The solid density is assumed to remain <constant in the
following analysis, while +the fluid density will change

w1th pressure.

The s0lid continulty requires:

0)]$ﬁ[1-n]%§ (4.2)

-~

=
-

1

-
=
-~
v

The fluid phase continuilty reqgquires
d

a At
i v -V —=1=
aa[npf( £ S)J+at[npfaa] 0 (4.3)

where Vs, Vf are the solid and the fluid velocities.

The fluid flow is assumed to obey Darcy's law which
relates the relative velocity of the pore fluid and the

s2il skeleton to the excess pore pressure gradient.

)e
np (V-v )y=-k B (4.4)

kf is the permeability of the pore fluid and depends
on the viscosity of +the fluid and the so0il porosity.
During consolidation, both gas and water flow out of the
suvil skeleton, so that the fluid permeability used in this
analysis should include both phases. When the gas voids
are interconnected the gas permeability is very high by
Compariacen with the permeability of water in  a saturated
sor?l due to the low viscosity of the gas. However in this
zrralysis the pore fluid permeability 1s  assumed to be
wiral to the pore water permeability. This 1s acceptable
for & comparatively hWigh degree of saturation (greater
than  85%) and ies &also necessary due +to a lack of

axprrimental evidence to modify the pore fluid

permeability +to suilt  the degree of saturation in clayey



'

j—d
N
¢

20115, Az the gas content increases the gas permeability
increases rapidly and the soi1il consolidates faster.
Therefore this analysis 1s restricted to degrees of
saturation greater than the critical degree of saturation

(a5,

wWhen the degree of saturation is greater than the critical
degree of saturatiion

Ko~k (4.5)

The pore fluid density varies with pressure and the
governing equation 1s obtained as follows:
pe= MM T/ (v +v ]
where Ve Vg are the water and gas volumes 1in the pore
fluid, Mg’ Mw are the mass of gas and the water in the
pore fluid and the mass of gas is neglected subseguently.
At time t=0, the degree of saturation is SO and the pore
fluid pressure is po
Uszing Boyle's law and Henry's law the volume of gas at
time: t, (when the pore fluid pressure 1is p) 1s given by
Vg={vao(a+H)/p]-HVw
where a=(lOO/SO)—l:Volume of gas/volume of water
and H=coefficient of solubility, and the dissolved gas
volumevaw
Therefore the pore fluid density:
fe= p/1+(a+H)pP_/P-H] (4.6)

When a and H are zero (no gas in the pore fluid)

pf:Pw



The above equation represents the change 1n pore fluad

density with pore pressure. 23 the pressure 1ncreases,
the volume of the gas decreases, more gas goes into
solution and the density increases,. wWhen all the gas

bubbles are dissolved the density approaches the water
density. The saturation pressures neceggary to disgsolve
all the methane gas bubbles can be obtained by eguating
the denominator of the equation (4.6) to unity. This
pressure depends on the i1nitial degree of saturation and
the solubility coefficient.

In addition, some simplification results from working in
terms of the voids ratio

e=n(l-n) ! (4.7)

rather than the porosity n.

The equations 4.2, 4.3, 4.4, 4.5, 4.6 , 4.7 and the

Stress strain relationship (e-0 ) are combined to give the
following equation which governs the consolidation

behaviour of the gassy soil,

32y __ 3u _ do
3az —A[EQ"B(§¥)] (4.8)
o (atll) e P, o
where A = 1+ 5 5 = -
vs P (L#E—FQ - H) vf
1
B=

( a+ 1) eg P

5

a p 2
a (l+=—+o0 ) p
vg p

—

O



k (]‘*‘80)2

and C is the coefficient of consolidation -~ =9/
Vs Pw a_ (1+e)

of the saturated soil.

The voids ratio and the slope of the e-0' curve of a
gassy soil are greater than those of the saturated soil.
From the experimental observations in chapter three

e =Se where S is the degree of saturation

threfore
a_ = a
eg/ vg es/ v
The parameter B contains a term eg/avg and this can be

replaced by es/av.

(a+t H) e, p_

a, (1+—ag-0) p2

The new parameter B now contains only the properties of a
saturated soil and the gas content of the soil. Therefore
the equation(4.8) can be solved for a gassy soil of known
gas content wusing the consolidation properties, i.e the
coefficient of compressibility and the coefficient of

consolidation, of a saturated soil.
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pressure increment to stress increment (the parameter B)
and the ratio of the undrained deformation to the final

deformation (6/6f) of the soil are as follows:
v

Ao e, { o+ H) PO and —_— = = (1-B)

a, P2 (1+a)

- 2
C = e /
g O(Q+H>Po/(l+a)/P
Therefore

B= 1/(1+cg/av)

The above set of equations suggest that the undrained
response of the soil depends on the gas compressibility
(Cg) and the soil skeleton compressibility (av). The gas
compressibility depends on the amount of gas in the soil

and th= current pore gas pressure which is assumed to be

same  as  the pore water pressure. The soil skeleton
compressibility decreases with the increase in the
consolidation  stress (ov'). As the so0i1il becomes stiffer
in a consolidation test

(av decreases) the B value
decreases for a given initial gas content as shown in the
fig(4.3). Duriniy the initial stress i1ncrement from 25 +to
50 kN/m2 when the coil 1s soft the undrained B value for

an 80% saturated so0oil is 0.8 and this decreases to 0.58

when the stress 18 i1ncreased from 100 to 200 kN/ml whern
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The B value depends on the gas content too. It
decreases with  the 1ncrease in gas content for a given
01l skeleton compressibility. These values of B match
reasonably well with the values obtained from the

exparimental results.,

4.3, 2 CONGOQLIDATION BEHAVIOUR:

The bebhaviour of gassy soil during consolidation also
depends on the soil stiffness as well as the gas content.
Thie bhehaviour of a soft so1l and a staiffer soi1l are
analysed to illustrate the 1importance of the so1l
stiffness in the comnsclidation behaviour of gassy so1il.

Tig (4. 4) and  fig(4.5) show the comparison between the

i

nuineyi1cal re

5
1y

ults obtained by solving the equation and the
axperimental observations made 1in the oedometer tests.,
ey coefficient of consolidation of  the saturated soil,
sample heighte, coefficient of compressibility of the soil
skeLoton and the degreegs of saturation for the numerical

ar-alyaiz are okbtained from the experimental results.

T (4.4 shows the dissipation of the undrained face

pore sater pressure inn gassy solls with different degrees
of saturation and with different so1l skeleton

compressibilities obtained by the previous consolidation
at Adifferent stress levels., The parameter a, given in the
dAiranrams indicates +the different soil compressibilities.
The initial undrained face excess pore water pressure for

4 parti~ular load increment decreases with the increase in
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352 content, but increases with the i1ncrease in  the soil
Zompressibility. The stiffer +the soil, the lower the B
valwvr for oA given gas content,

Tl (4.9 shows the deformation-time behaviour of

gacay  so1ls with different gas content and soil skeleton

comprossibilities., The deformation of the soil (at time
3 1 normalised by dividing i1t by the total deformation
attained by the soil sample. This 1is done for the
forllowing  reason., The ratio of the initial deformation

{at t=0) to the total deformation is equal to (1-B) which
provides an alternate method of determinig the value B.
The gradient of the deformation-square root +time curves
decreases  with the increase in gas content indicating the

lover settlament rates in gassy soils. However the

aored gt e settlement increases with the increase in gas
content, These two opposing effects results in similar

ottloment  times to achlieve 90 to 95% settlement in gassy

(2

A1 saturatoed soils. Defining a coefficient of
congoelidation for a gassy soil 1n the traditional way (eg.

from "time fitting method using tgo) is meaningless. The
equation(4.8) suggests that the coetficient ot

consolidation of a gassy soil

1
vr = Cys (@+ H) e P
|+ o O
P2 L+-g£o - H
P
1+ )2
where c  — k_(1*eg

vs = p__a_ (l+e)
w v

loe6
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depends on the pore fluid pressure and 1t varies during
congsolidation. It decreases as the pore fluid pressure
decreases during consolidation by a large factor depending
on  the gas content and the soil stiffness (for 80%
saturated soil the factor 1is 1.8 as the pore £fluid
pressure  decroeases from 200 to 100 kN/mz) and this
reduction cannot be neglected. However the +traditional
saturated s01l1 consolidation theories assume a constant
corfficient of consolidation since the variation 1s small

for a small strain deformation.

Fiag(4.6) shows the effect of soil skeleton
compressibility (av) on the consolidation behaviour of

A

‘assy soll with different degrees of saturation. A soft

Vo]

so1l with a coefficient of compressibility 0.01 mz/kN and
a2 reolatively  stiffer sozxl with a coefficient of
compressibility 0.002 mz/kN are compared. The undrained
degree of settlement of a gassy soil increases with the
decrease 1in  souilil compressibility. However the following
settlement rate (slope of the curves) decreases with the
decrease 1n  the soil compressibility. Therefore the
consolidation  time to attain a particular degree of
settloment depends on the stiffness of the soil as well as

tha gas content.
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Deqnariie

The zottlement-time behaviour of gassy soil has two
different characteristics.
(4) The undrained settlement: This depends on the gas
corntent and the stiffness of the soil. For a given
stiffrnecs, the lower the degree of saturation, the higher
the settlement. No 1mmediate settlement 1s observed 1n
zaturated soils.
(3 The settlement due to pore fluid drainage: The
settlement rates due to fluid drainage are reduced as the
doegree of saturation decreases. This is reflected as
shallow gradients for gassy soils in sguare root time vs

soattlement curves.,

These two opposing effects give similar settlement
times to achieve 90-99%% of the total settlement in gassy

and saturated soil. The settlement vs time curves given

h

1N 1g(4.7) are useful to calculate the time to reach a

particular degree of settlement 1n gassy or saturated

so1ls The time factors used in these plots are
Taloualzated using  the coefficient of consolidation of
caturated soil. Each plot corresponds to a particular
31l skeleton compressibility and a non-dimensional

paramotar a P /e 1s& used to indicate the compressibility

effect. This 1s thus a relative compressibility term.

= sc0il compressibility/ Cgo

where Cgo denotes the coefficient of compressibility of
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a gas phase in a unit volume of dry soil (with a voids
ratio e() at at pressure pc.
] )
Frao Boyle's aw: pvV= v
rom DY law P po o
Therefore the compressibility of gas at pressure p
2
=-dv/dp= \Y%
/dp=[p_V _/P"]
The compressibility of gas at pressure pozvo/pO

If the volume of gas in a unit volume of dry soil is eo,

then the compressibility :eo/po

4.3.,3 SINUSGIDAL LOADING.

This analysis 1s to simulate the loading of a gassy
sea bed by a varying water head such as tide. Variation
in the water head (total stress) causes volume and
effective stress changes due to the compressibility of the
pore fluid. The pore water pressure change will not be
thaoe same as the water head change (B#1), so that water
flow (which 1s governed by +the consolidation equation)
ceccurs into and out of the sea Dbed. The pore water
pressure generated in the sea bed and the water head
change w3y also not be in phase due to this water flow.

I this analysis the pore pressures generated by the shear

sStresses are Lgnorad.

Avi= 3 o ]

& BlAp+ AAToct]
If wave loading 1is analysed instead of tide changes, the
above mentioned pore pressures can not be neglected. The

equation(4.8) 1s solved numerically with the following
boundary conditions as shown in fig(4.8).

(a) The variation in total stress and pore water
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DI eSIUure acting on the top boundary (water-soil

interface) 1s assumed to be sinusoidal.

() The bottom boundary of the soil layer of thickness

H 1is lected as a fixed datum and it 1s undrained.

]
D
D



A _SENSTTIVITY STUDY:

The deformation and the pore water pressure changes
of +the sea bed depend on the gas content, soil stiffness,

the magnitude of the tide amplitude, the water depth and

the permeability of the soil. Each of these factors is
varied, keeping the others constant, in the following
sonsitivity study. In this study the pore water pressure

generated at 5 m depth in a 10 m thick sea bed and the
surface deformation of this sea bed are calculated for the
comparison., The deformation of the sea bed and the excess
pore water pressures are non-dimensionalised by +the
thickness of the bed and the tide amplitude respectively.
This analysis relates to the wuse of the differential

plezometer described in chapter five.

{a) The effect of gas content in the soil (100,95,90,80%

degrees of saturation)

The deformation of the sea bed surface and the excess
pore water pressure generated at 5 metres depth in the sea

bed increases with the increase in gas content as shown in

fig(4.9). The curves are non symmetrical even though the
tide pressure is sinusoidal. This is due to the decrease
in bubble compressibility with the water pressure
increase.

PV=C (constant)

V== [C/P?] AP  ——m—mmmmmmmm e (4.11)

Bubble compressibility= C/P2
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where P,V are the absolute bubble pressure and the

volume.
(b) The effect of the soil skeleton compressibility (av).

The coefficient of compressibility of the soil 1is
defined as the voids ratio change caused by a unit
effective stress change in the soil. (eg. 0.01, 0.02,
0.04 mz/kN). The magnitude of +the excess pore water
pressure increases as the compressibility of the soil
decreases, but the deformation of the so0il decreases as

shown in fig(4.10).

(c) The effect of the magnitude of the total stress change

(tide amplitude 50,100,200 kN/m?)

The non-dimensionalised values for deformation and
excess pore pressures decrease with increase in tide
amplitude fig(4.11), but the absolute values increases.
As the tide amplitude increases, so does the excess pore
pressure response, However, the relationship is not
linear due to the non linear decrease 1in gas
compressibility (povo/pz) with the increase in the fluid
pressure. Thus, the non dimensionalised parameters are

not constant.

(d) The effect of the water depth above the sea bed. (eg.
10,15,20 metres)
The non-dimensionalised values for deformation and the

excess pressures are affected by the mean water depth of
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the sea bed tig(4.
rluces the deform

vAaluea,

12) . The increase 1in water depth

ation and the excess pore pressure

() The effect of the permeability of the soil.

The dissipation
the rermeabilaity
increaacss, the flow
=qualisation of po

shows the effect of

3
o
"l
)
L
p:
~
fas
M

pore pr
the perrmeability i1na
Pore pressur e an
permeahlility inoreas
tvpical values of <l
that sci1l behaves as

with mo water flow.

{f) Ther poro prassur

The: xXCcess pore

of excess pore pressure depends on
of the so1l. As the permeability
rate of water 1increases and faster
re  pressures 1s achieved. Fig(4.13)
permeability on  the so0il Dbehaviour.
essure and the deformation decrease as
reases. The phase shift between the
& the tide also increases with

=R No phase shift 1is observed when

Q!

y bermeabilities are used, suggesting

though subjected to undrained loading

e response with depth.

pressures measured 1n  a sea  bed

depend upon th2 depth at which they are measured. As the

depth increases the
increases since the
top few centimetres
virtually no excess
conteaent, @ince they

fmall flow path,

flow path to the sea bed surface
consolidation 1s one dimensional. The
of s0il in the sea bed will experience
pore pressures irrespective of the gas
dissipate very dJuickly due +to the

Fig(4.14) shows the excess pore
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pressures at different depths in the sea bed. As the
depth i1ncreases, the amplitude of excess pore pressure
variation 1lncreases. For clayey soils the phase shift 1is

observed only in the first few metres of the bed and the
rest of the bed experiences no flow of water, ie. it 1is

undrained.

Note:-Initially, the pore water pressure in the sea-bed is
assumed to be hydrostatic, with zero excess pore pressure
at time t=0. This condition causes some initial
oscillation 1in the pore pressure behaviour during the
initial computations, until the new stable conditions are
established after a few tidal cycles. The values plotted

correspond to the final equilibrium stage,

REMARKS :

The sensitivity study suggests that the pore water
pressure dJdeneration and the deformation of the gassy soil
for a varying water head depend on the gas content as well
as the so0il stiffness. The deformations and the pore
Pressure response are non sinusoidal and non symmetric
even though the water head change i1is sinusoidal. For most
of the cases no phase shift between the water head change
and the pore water pressure variation is noticed. The
phase shift occurs because of the fluid flow into the soil
(to equalise the pore water pressure differences) which
depends on the permeability of the soil. For clayey

soills, it 1s observed only on the top few centimetres of
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the soa hod., Az the: depth increases, the flow path
increases  and the so0il at greater depths only experiences
undrained loading as the tide changes. Therefore, the

pore  pressure  response of a gassy soll at greater depths
can e predicted using the  eguation(4.9) rather <than

sulvaing the consolidation equation(4.8).

4.3.4 THE EXPERIMENTAL VERIFICATION:

The pore water pressure varliation in the soil and the

total deformation of a 200mm  thick soi1il sample are
computed for two different so1l conditions, a soft
sediment and. a sti1ff soil and compared with the

corresponding experimental results.

Description of the experiments:

’

{a) Soft gassy sediment subijected to sinusoidal stress

variation:

The preparation of the soft soil samples is similar
to the settling experiment described in chapter three.
The soil slurry of density 1.1 g/cc 1is mixed with the
required  amount ot zeolite to produce gas bubbles and
Al ilowed to settle 3n a 50mm diameter, 500mm  long perspex
tube, Three differcent camples, of different initial

degress of aaturation (100%, 90%, B80%) are prepared and

2l

[

owed  to  settle until they reach an equilibrium state.
A =2inuscidally varying water head 1s generated by a

mercury  pot  attached +to a rotating arm fig(4.15) and is

applied o the samples, The mercury pot 1is rotated at
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sonatant angular speed with a cycle time of 32 minutes and
the deformatrion of the +top surface of each sample 1is
meacured, The excess pore water pressure at the bottom
undr ained face of the sample 1is also monitored. A
differeontial transducer (35 kN/m2 max range) 1s used since
the magnitude of the excess pore water pressure is very
small. The active face of the differential pressure
transducer measures the actual pore water pressure in the
s211 and the back face of the transducer diaphragm 1is
connectad to the applied water pressure, so that the net
s2utput of  the transducer gives the excess pore water

pressure. The deformation of the samples and the exXcess

[}

Pore ataor pressures are measured for a cyclically varying
cater head of ZCOkN/m2 amplitude, This is a 1:50 scale
mode] test to represent the tide action on the gassy
seqbed of 10 metre thickness. The cycle time should be
reeduced by a factor 2500 1f the scale factor is 50, however
due to the experimental difficulties 30min cycle time 1is

used to scale the tide cycle.

The  deformation and the excess pore pressures
measured 1in the gassy soils are shown in fig(4.16) . They
increase with the increase in gas content. A large amount

of deformation occurs in the initial part of the cycle,

showing non-symmetric behaviour even though the applied

water pressure variation  1s symmetric  sinusoidal. No
phase shift 18 measured. The measured deformation of the

sample for the Initial cycle is greater than that of the

1€8
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fallowing cycles, Tor the first cycle, soi1l follows the
virgin consoclidation line and for the subsequent cycles it
bhehaves as an over aonsolidated soil, with the effective

ctress moving up and down the swell back line.

Fig (4.16) algco shows the corresponding numerical
zolutior for this problem. The degrees of saturation used
1. the analysis are obtained from the direct gravimetric
measure2ments from the experimental gassy samples. The
Acformations and the excess pore pressure response are
—alculated and they match well with the experimental

shaervation.,

)y SPIFE SOIL SUBJECTED TO SINUSOIDALLY VARYING LOADING.

In this experiment, stiftt gassy soils ( of the order
of 200 times stiffer than the soft soil prepared in the
=3y ) ier experaiment) avre prepared with different degrees of
SAturation and tested 1in order to study the effect of the
so1l atiiftness (l/compressibilility) and the gas content on
the  Adeformation Aand the pore water pressure behaviour.
252 a3tiff gassy soi1ls are prepared by consocolidating a
scill glurry {«hich 15 mixed with zeolite to give the
required amount of gas content) in a 75mm diameter perspex
caell, fig¢4a.17) . under a vertical total stress of35 kN/mz.
The final thickness of the samples varies (depending on
tlie GAas content) , hbut is around 100mm. The pore water
pr=ssure2 at the bottom face of the sample and the +total

stress  are varied cyadlically using the rotating mercury
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pot system. This time two mercury systems are used, one

to change oyclicly the pore water pressure at the bottom
2

faice of the sample from rzero to 200kN/m” and the other +to

change the total stress from 35kN/m2 to 235kN/m2. Th

D

deformation of the sample and the pore water pressures at
the top end of the sample are monitored. This experiment
models an element of soil in the sea bed under 35kN/m2

total overburden stress and subjected to ZOORN/m2

tide
varitation, Fig(4.18) shows the experimental results of
thrae samples with deyrees of saturation 100, 90, 80%.

T"he deformation and the excess pore pressure increase with

increase in gas content and both are non-sinusoidal.

The maugnitudes of the excess pore water pressures
maeasured 1t the stiffer so0ils are higher than those
measured in the soft soils (fig 4.16) with the same gas
content However the sample deformation is lower in the
cstiffar s501.1ls. The above deformation comparison 1s
pozsible since the solid heights in the stiff and the soft
821l samples are the same. This experiment 1llustrates
the i1mportarnce of the soi1l skeleton compressibility on the
undrained behaviour of gassy soil gquite unlike saturated

01l behaviour .
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4.4 CONCLUSION:

The  above simple theoretical model predicts the
initial undrained and the subsequent consolidation
behaviour of the gassy soil reasonably well even though
some simplifying assumptions were made. The behaviour of
ganasy 801l depends on the gas content of the soil and the
soil ctiffnecss. Immediate undrained volume change occurs
ir a gassy =©0il as the gas volume decreases when the total

Stress is increased, but the subsequent consolidation rate

decreases as the gas bubbles expand. In saturated soil no
immedrate concsolidation is observed but subsequent
consolidation i1 faster than that of the gassy soil. The

corsolidation time (eg for 95% consolidation) for a gassy
soil with a degree of saturation above the critical

caturation at

!— .
s
1]
1y

gr r than 85% for this soil) and for
the saturated soil are nearly the same due to these +two
compensating effects. As the gas content increases (below

the oritical degree of saturation), the gassy soils

consolidate much faster than the saturated soil because of

the higher gas permeabilities. The above model could be
improved by using a suitable permeability-saturation

ra:lAationship.,

The behaviour of a gassy sea bed for tide changes 1is
alse  predicted and shown to cause surface movement. the
maanituds will depend on the soil properties and, as shown

in the next chapter, could be significant.
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CHAPTER S

IN-SITU PORE WATER PRESSURE MEASUREMENTS IN A GASSY

SEA_BED

5.1 INTYRODUGTION

In addition to the laboratory study on reconstituted

gassg so1l, an instrument +to measure the i1n-situ pore
pressures 1n a gassy sea bed has been developed. The
presence of gas bubbles, (a) increases the total wvoids

valume, (b)) reduces the shear strength (chapter seven) ,
and {¢) increases the compressibility of the soil when
compared to a saturated soil. Even small dquantities of
gat bubbles produce a significant compressible response of
the Jassy soil, affecting the pore water pressure changes
and the deformation of the s0il for an undrained total
stress inmroment., A differential piezometer to measure
ths  pore water pressure response in a gassy sea bed to
ti1de and wave action has been developed in order to study

the behaviour of the gassy sea bed.

The pore water pressure in the sea bed changes for

changes in external  applied loadings such as the water
hwad variation over the bed caused by tide or waves. With
pressure changes of long period, such as tide changes,
pore water pressure 1n a saturated sea bed varies exactly
the came way as the hydrostatic head changes. In the case
et owave loading, additional pore water pressures are

a#nerated Jdue to the shearing of the soil. However 1n a

j—d

n



gasay 30511 subjected to a hydrostatic pressure change, the
pore  water pressure change 1is less than that of the water

liwad zhanoe due to the compressibility of the pore fluid.

Fig(n.1). The difference between the pore water pressure
and the hydrostatic pressure 1s an 1indication of the

Foot ot undissolved gas in the sea bed and 1t 1is

Ty

measured using a differential piezometer. An estimate of
ths amount of in-situ gas can also be predicted, as
detajiled later, using the differential pressures measured,
1f the volume change-stress relationship of +the soil

s3keeleton can be measured.,

19



5.2 BRILCT DESCRIPTION OF THE INSTRUMENT AND THE MODE @]

T

This 1rnstrument 1s designed to measure the in-situ

pors water pressures in a Jgassy sea bed. The in-situ pore

water pre

w

sure changes as the water pressure gver the sea
bed <Thanges due, for example, to tide and wave action.
wWith a tide <change, the sea bed pore pressure and the
hydrostatic pressure wi1ill be different from each other if
the sesa bed contains gas, with the difference between them
Jependingy largely on the gas content, the magnitude of the
watar head variation and the soil skeleton compressibility
{vlhiante; fonar) . The difference 1in pressures can be
measured by subtracting the measured pore water pressure
from the water head change (hydrostatic pressure) using
teo weparate pressure transducera. However, the accuracy
i the estimated exceess pore pressure would then depend on

the measurement of two large pressures including the depth

S £ water, using transducers whose sensitivity would
neczacarilyv be roestricted by the high range required. The
highor the  range ot the +transducer, the lower the
sensitivity. As an alternative approach to increase the

accuracy, this instrument measures the difference directly
uzning & differential transducer, instead of subtracting

the two large pressures to obtain a small difference., The

active face of the transducer measures the sea bed pore

P ol o pressure ard the back face of 1t 1s connected to an

oo

a1ir filled rubber bladder which lies on the sea bed
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fig9(5.1) . The pressure 1n the Dbladder is
controlled by the water pressure acting on the sea bed

sy faay ar:dd the transducer output directly gives the

eWTess pore water pressure in the sea bed.

The piczometer consists of two such differential
transducers to measure the excess pore pressures at depths
af 2.25% and 3.45 metres below the surface of the sea bed.
In addition to the differential measurements, the total
water pressure acting on the sea bed 13 also measured.
The  i1nstrumsnt 15 2.5 metres long, 44mm in diameter and
has Lbeen pushed into the sea bed using lead weights which
qre removed  soon after the installation. The i1nstrument

i+ then supported by a large mud plate which 1is attached

o +the top of the instrument, to prevent 1t sinking under
1ta own weight in soft mud.

he plezometer 1s used to measure the excess pore
nrozsures generated by tide and wave in soft sediments in
tidal zones. The output of the transducers 1s amplified
anil  fransmitted wvia electrical cables to the ship or

rlatform for recording, so that the 1initial driving

pressures and the excess pore pressures due to wave and
t1de: actions after the dissipation of the driving
pr=ssures  can be measured. Undisturbed samples are also

osbtainod using a gravity corer and they provide the one
Aimeznsional stress-strain characteristics, 1.e.the

compresaibility of the soll skeleton, which 1s used *to

m

cntimate the in-situ gas content.
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THE DITTERENTIAL PIEZOMETER.

Vot plezometeoer consists of two differential
travesducers mounted in housings which are separated by a
hallow red, f£1g(5.2). The upper transducer housing 1is
connected to another hollow rod which brings the
2lectrical leads and the back pressure  line (from the
passive 3ide of the transducer diaphrams) to the surface
of the seabed. The top end of the piezometer has a larger

Aiawmeter hiollow cylinder in which all the transducer power

uplzly uvrnits and the signal amplifiers are mounted. The
whala instrument is sealed at atmosphieric pressure. The
Lack pressure lins 1s  connected to an  external rubber

Bladdar  via a golenocid valve and the pressure in the back
pressure line is monitored by a total pressure transducer.,
This  total stresse transducer registers the water head
variation acting on the bhladder when the solenoid 1s opern.
A praessure hransducer acting as a depth sensor 1s also

sttached £ the piezometer +to measure the water head

varitation, The whole instruvent 1s made out of stainless
st 2@l Lo prevent @xcessive Ccorrosion. The components are
umbired i fig(s5.2 and these numbers are used 1in the

following text vhen they are described.

The tip(l) 1s machined from a solid stainless steel

. . o
rod to an coverall diameter of 44mm with a 60 cone., The

2.0
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other end is threaded to connect to the female end of +the

porous stone housing(2) .

Porous stone housing(2)

The porous stone housing is machined to accomodate a
4 4ram outside diameter and 3mm thick porous plastic
annulus (4) with an air entry value of lOkN/mz. This
housing provides pore water connection from the sea bed to
the lower pressure transducer. A central hole of 30mm
diameter 1is drilled and both ends are threaded (female).
Four emm holes are drilled on the body of the housing to
allow pore water connection to the active face of the
transducer. One end is connected to the tip section and

the other end to the transducer housing.

Lower pore pressure transducer housing

The lower transducer housing(5) is turned out from
solid stainless steel to 44mm diameter. Each end is
threaded (male 33mm diameter) and a central 20mm hole 1is
drilled. One end 1is recessed to accommodate a 40mm long
and 15mm diameter differential pressure transducer
(PDCR22) manufactured by Druck Ltd. The transducer is
attached (axially) to the housing by a threaded 1lock nut
and the sealing is provided by an O-ring. This end is
connected to the porous stone housing. The electrical
connections and the 4mm diameter plastic tubing (connected
to the back face of the transducer) are taken from the

other end of the housing.
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Upper pore pressure transducer housing(7)

Unlike +the lower housing, this accommodates the
transducer and the porous annulus in the same unit. This
is machined to 38mm outside diameter to accommodate a
porous annulus of 44mm outside diameter and 3mm thickness.
Both ends are threaded (male 33mm diameter) and a 6mm off
centre hole 1is drilled to pass the electrical connection
and the back pressure 1line from the 1lower transducer
through +to the top end of the piezometer. The transducer
(PDCR 22) is mounted in an axial direction, but at an off
centre position. The pore water connection to the front
face of the transducer is provided by a 10mm hole which
connects with another 10mm hole drilled sideways. The

side hole is covered by the porous annulus.

Spacer rods.

The +two transducer housings and the housing which
accommodates the electrical components are separated by
two hollow stainless steel rods of diameter 44mm and
length 1.0m and 2.0m respectively. The ends are threaded
(female) and the sealing between the connections 1is
provided by O-rings on the male parts of the components.
The length of the piezometer and the spacing between the
transducers c¢an be varied by selecting different lengths

of spacer rods.
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Elzctrical component housing(g) .

This housing 1s larger in diameter than the rest of
the instrument due to the bulk of the electrical circuitry
arnid 18 machined from hollow stainless steel tube to give
G0mm outside diameter and 10mm thick wall. The continuity
frowm the 44w diametaer spacer rods and the electrical
haousing iz provided by a cone shaped section machined to
vary the djameter from 44mm to 55 mm in a  200mm length.
The  top end of the electrical component housing i1is sealed
by a stainless steel plug. The electrical leads and the
Liack pressure nylonn tube are brought out from the sealed

piezometer through watertight connectors.

Mud

|...J

3
r+.
i

<

A steel plate, 20mm thick and 500mm diameter, is

attached +to the top end of the piezometer, fig(6.3) in

order to support the piezometer 1n soft soil by
distributing the weight to a larger area. The mud plate

18 bolted to & flange welded on to the electrical housing.

Weiaght stand.,

The piezometer 1s driven into the sea bed using lead
wel1ghte (60mm diameter and 50mm thick cylindrical cast
units= with 20mm diameter central hole). The lead weights
are placed  on a steel tube stand of 30mm diameter (5mm
w&ll thickness) and 1m high. A flange 1s welded +to the

bottom end of the tube to support the weights. A lifting

205



—Weight stand
lifting rope

|
l

Weight stand

o Mechanical leaves
operated by the falling

17 weight stand

——Lead weigh's

Pnn used

WEl %ssemggq%d’rhg_
(removed Hefore

lowering)

Piezometer lifting rope

j| St
i 4Signul cable

M @h sensor

l
f/f////[_l_ F_’_TXTGDQ///f/

Amplifier
housing

Weight stand assembly

Fig 5.3 Weight stand assembly



(c)y Depth sensor
Type:- Druck PTX 110/D
2
Range:~ B600KN/m”, Non-linearity: * 0.1% of the best

straight line

5.4 CALIBRATING AND DEAIRING THE PIEZOMETER.

All +the +transducers used are calibrated in the
instrument before +the installation of the piezometer and
again after recovering 1t. The calibration of the
datterential pore pressure +transducers 1is carried out
atter the whole i1nstrument has been assembled. A pressure
tight co¢ylinder 1is placed over the transducer housing and

prea’znrised using a4 bicycle  pump. The +transducers are

Calivrated  agaarst a  Druck digital pressure indicator.

173{%.4a) shows the components used for <calibration.

Th= accuracy 1n the measurements largely depends on

the =2fficiency ot deairing of the porous stones and the

transdacer housing., The presence of a small guantity of
ERWS 1 the system changes the characteristic response of

ttie plezometsr, so that poorly deaired piezometer results

w11l szhow the =ff=2ct 0of gas bubbles in the sea bed even if
the sea bhad 15 fully saturated. The porous elements are
tnitially  deairsed by boiling them under vacuum. They are

agsenblad into the transducer housing after they have been
fillad with deaired water. However during the assembly of
the porous =2lerment onto the housing some bubbles may

tecorm:  trapped  in the system and the system 1s deaired
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ialirn wsing the following procedure. The plezometer 1s
placed in 3 water trough with the upper and lower
trancduccor  housings  submerged. A rubber membrane 13
vlac=d over each of the porous elements. A water filled

nylen tube e inserted through the rubber membrane using a

i

brass connection as shown 1in fig(5.4b) and the other end

of the tube 1s connected to a vacuum pump via an air wvater

intey fao=, The remaining gas bubbles from the housing are
dravn outr as +the vacuum is applied and they are collected
in the air water reservoir. The vacuum 1s released after a
vhile and water flows into the housing. The wvacuum 13
turned orn and  off wuntil no air bubbles appear from the
transducer housings. The brass connection and the tubes

Are removed and rubber O-rings are placed over the rubber
membr ane to Keep  the porous element saturated. These
membranaes are pushed away from the porous element, when

the piezometer oenters the sea bed

[

%.% DEPLOYMENT OF THE PIEZOMETER AND THE MEASUREMENTS:

The piezometer with the driving weights is lowered

1Yt o e ~a ped with the use of a derrick. The

0l

prezometer 15 hung vertically in the water, fully immersed
above the sea bed, for some minutes to obtain the zero
reading. The readings obtained from the differential
transducer Ao rot change as the water head changes as the
piezonster 15 lowered since  there 1s no excess pore
DY SN0 &, As the piezometer 1s lowered into the sea bed,

the oxcess pore pressure jncreases, measuring the driving
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P DrsSsures ., A tilt indicator (a mercury switch)
attAached +to the piezometer indicates whether the
plezomet2r is driven vertically. Slackness in the rope
which is used to lower the piezometer and a stable reading
from  +he depth gauge 1ndicate the end of the penetration.
Tho  amount of weights necessary to achieve full
nenetration 19 determined from a trial run, using weights

oo drive & gravity core barrel (40mm diameter) to obtain a

5.5 metre  lorg core  sample before the piezometer is
e ed . mhe depth obtained from an echo sounder in  the
ship 13 also compared with the depth sensor reading to

ensure the full penetration of the piezometer. The weight
stand with the weights 1s removed from the piezometer as

soon ag the rope becomes slack as the mechanical latch 1is

The signal output from the transducers and depth
Jauge are <continuocusly recorded using a six channel

analogue chart recorder and also by a Commodore Pet micro

computer ar digital form. During normal operation the
solenord wvalve 18 open to allow the changing water
preasure to act  on the back face of the differential
transduacer . The time taken for the pressure variation at

the leval of the seabed o be transmitted through the back
pressure line to the back face of the +transducer depends
on  the compllance of the air filled rubber bladder and on
tha magnitude of the preseure change. This lag 1s small

in the case of & ti1de change, since the sea bed pressure



~hanges slowly. Any taime the lag registered by the
piezometrer 1s therefore due to the presence of gas in the
sza bed. Sudden changes in sea bed pressures caused by
waves may not be transmitted through the back pressure
line Jmmediately, and hence a lag measured by the
viezrometer would be a relative gquantity. To avoid the lag
caused by the rubber bladder in  this dynamic case, the
solenoid valve 13 closed and a constant pressure( equal to

the head of water at the tinme the valve is closed) 1is

malntailned in the back pressure line during the
measurement of wave i1nduced sea bed pore pressures. The
rhase  shift obtained by this method i1is then the absolute

phase shaft »n the sea bed and may be attributed to the

pregaence 0of gas bubblea,

5.6 ORSERVATIONS:

The piliszometer has been used at two sites, Port
Talbot Harbour 1n South Wales and Holyhead Harbour in
anglesey. The presence of gas bubbles was suspected from
the depth measurements observed in Port Talbot Harbour.
The apparent sea-bed position at a given location varied
between high tide and low tide by up to half a metre and

this could be caused by the presence of gas bubbles.

The readings obtained using the piezometer 1n Port

Tzlbot Harbour are shown in fig(5.5) . The maximum driving
. 2 . ) . :

pressure obsearved 1s 14kN/m and its dissipation took 24

hoars, The tide amplitude is SOkN/m2 and the amplitude of
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the excess pore pressure measured at 3.45m depth into the
sea bed 1s about BkN/m2 and at 2.25 metre depth 1is 2kN/m2.
This indicates the presence of gas in the bed. The

riezometer is used to measure the wave induced ressures
F

for a short period. Fig(5.6) shows the chart recorder out
put obtained during *this measurement. Although the
areplitude of the wave pressures is very small, a few
Points may e notad,

{&) The cea bed surface pressure and the pore

pressures were all exactly in phase.

(b} Examining a single wave, the pressure amplitude at
the bed surface 1is 1.SOkN/m2 with the resulting pore
pressure at 2.25m being l.OkN/m2 and 0.8 kN/m2 at

3.45m.

Fig(5.7) shows the observation at Holyhead Harbour.
No varyling excess pressures were observed in either

transducer, thus 1indicating a saturated sea bed.

5.7 ANALYSTIS OF THE RLESULTS:

The observations in Holyhead Harbour suggest that the
séea bed 1s fully saturated while the observations at Port
Tzlbot suggest the presence of gas. The sensitivity study
in  chapter four 1indicates that the following parameters
are mnecessary to «@stimate the gas content from the
measured  excesz  pore  water pressure induced by tide

chang2a:
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(#) the tide amplitude,

(b)y depth of water above the sea bed at low tide
or at high tide,

() the compressibility of the so1l, and

(d) the coefficient of consolidation of the soil.

The wvariables (a), ( b) are measured Dby the depth
sensor attached to the piezometer and the compressiblity
and the coefficient of consclidation of the soci1l are
obtained from laboratory oedometer tests on the core
sample. The table below shows the parameters used in the

calculations.

Voids ratio (eo)=2.3
Coefficient of compressibility (av)=0.004 mz/kN
(obtained from the swelling gradient, f£ig(5.8)
Total stress increment (Ao)zSOkN/m2 (tide amplitude)
Pore water pressure increment(Au)=47kN/m2 at 3.45 m depth
Initial pore water pressure(Po) =l44kN/m2

Peak pore water pressure (P ) =191}(N/m2

max
o -8 2
Coefficient of consolidation =5x10 ®m / sec

The degree of saturation is estimated from +the following

equation which 1is derived in chapter four for clayey

soi1ls.
A 1
b= = e (at i)y 7P
0 o)
1+ 5
a P70 (1+a)
v
and = -
where a (100/50) 1
1 o 1 - 1 1 1
T2 T T3 T ot
p P 2 - 2
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The estimated degree of saturation at Port Talbot is
around 939 . The maximum deformation of the surface of a

10m thick seabed 135 36mm,

5.8 CONCLUSTON:

Th: differential piezometer is a useful instrument to
measurse the pore water pressure behaviour in the sea bed.
™he  Accuracy in the  measurement 1is  higher than a

conventional total pressure piezometer because it measures

directly the excess pressure above the hydrostatic
DY ESsUre instead of measuring the total pore water
Lreasure anc the  Thydrostatic pressure separately to
evaluate the excess pressure, The reliability of the

instrunent largely depends on the efficiency 1in deairing

the instrument and keeping it saturated during deployment.

Thee measurement of excess pore water pressures due to tide
~hangea 1n Port Talbot harbour suggests that the sea bed
Tontains andissolved gas  bubbles with  a degree of

saturation of the order of 98% and the measurements in the
Holyhead Harbour suggest no gas bubbles. This 1nstrument

it wlazo  be used to measure the wave induced excess pore

Ssoures 1in a sea bed.
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CHAPTER &

UNDRAINED SHEAR STRENGTH OF GASSY SOIL

5.1 INTRODLUCYT LON

Unarained shear strength 1is one of the 1important
properties of +the soil used in geotechnical engineering.
The effect of gas bubbles on the undrained shear strength
of the o1l 1 examined 1in this chapter. The experiments
irn the previous chapter suggest that the soilil containing
gas  bubbhles has a higher voids ratio than that of a
saturated soil with the same consolidation stress. The

chegry strength of a soil at a given normal effective

J
-+
La
f
4
m
b
D]

largely dependent on the voids ratio (packing of
the coil particles), 2o that the structural differences
causaed by the presence of gas bubbles in the soi1l could be
expected to  change the shear behaviour of the soil. The
rresence of high pore gas pressures 1n the soil and +the
~omprezcibility of the pore fluid add to this effect. The
ardr ained shear strengths of soils with different amount

st gas contents are measured and compared with that of the

saturated soil using a shear vane. The vane 1s selected
as 4 megsuring device because most of the field data

available o gassy solls were obtained either from field
vave or laboratory vane tests., In addition to vane shear
tests z few unconfined compression tests and undrained
triaxial shear  tests  were carried out to supplement the

vEree chear mecasurements.,



Tho ehear strengths of normally consolidated samples
with varying degrees of saturation are measured using a
standard laboratory vane shear apparatus. Vane tests are
particularly suitable for soils such as soft, sensitive

clayse from  which 1t would be extremely difficult to

I

prepare undisturbed specimens  for other types of test.

The

19

asay solls are prepared in the laboratory by one

[

Airmencionally conseolidating a soil  slurry 1n a sample
freparation mould and they are tested for strength in  the

rmoald iteelf to aveilid sampling disturbance.

£.2.1 BRIEY DESCRIPTION OF THE APPARATUS AND THE MODE O

"

OUERATION:

(i) SAMPLE PREDPARATION MOULD :

The sample preparation mould used for the cyclic

Ltoading  tests 1n  chapter four is used again with a
modified top cap. Fig (6.1) shows a schematic diagram of
the preparation mould. This comprises a cell, a piston, a
hase and & top <ap. In +this <cell +the soil slurry is

placed betwesn the top platen and the piston and loaded
from underneath, The sc0il 1s drained from both top and

pottom ends and the resulting soil is tested for strength.

The new top <@ap is made out of 150mm diameter and
A0mm  thick aluminium plate. It has a 40mm diameter hole

2t the contre (whaich 1s sealed by a plug during the
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consolidation stage), through which the wvane 1is inserted
in to the sample to measure the shear strength without
unloading 1t. The +top cap also contains drainage ports
like the piston and radial and concentric grooves are cut
on both  of  them to facilitate +the drainage. A total
3tress transdiucer (Druck PDCR 22) 1s mounted on the top

cap, on the plug,to monitor the consolidation stresses.

5 2.2 THE VANE GSHEAR APPARATUS

A standard laboratory vane shear apparatus, fig(e.l),
i used and 1t consists essentially of the following
Ccomponents.

{a) FTrame and stand: the frame can be swivelled

through 1807 to accommodate long sample tubes and

counterbalance weights are added to the base plate.

(b) Vane mounting assembly

() Handle for raising and lowering the vane assembly

by means of the threaded lead screw.

(dy Vane with four blades, 12.7mm wide and 12.7 mm

Tong.

lexy Drive: motor to rotate the vane at a rate of 9 per

mimutes

(f) Craduated scales, marked in degrees, one on the

fixed vanc head and the other rotating with the wvane.

(g Rotation pointer

(h) Vertical shaft attached +to knob fitted with

pointer carrier on friction sleeve.

(3)Spring and the calibration chart.
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The wrinciple of operation of +the apparatus 1is as

follows. If the wvane is prevented from rotation as the

harndle is turned, the inner graduated scale 1in fig(6.2)

rotates through the same angle as the upper end of the
spring but the vertical cshaft and the pointer remain
starionary. SO that the pointer reads zero on the outer
scale and indicates the torsional rotation, or 'twist', of
the epring on the inner scale, from which the torque
appliezd 1o the spring can be calculated. Therefore at the
and o f the test, the pointer reading on the inner scale
gives the tergue and the pointer reading on the outer
scale egquals +the vane rotation provided +that at the
Legining of the test the reading on each scale is set to

FEURD AL N

£.2.3 TEST PROCEDURE: -

(1Y Preparation of samples.

“assy so1l slurries with different degrees of
caturation are prepared by adding treated zeolite as
described in chapter two. This so0il slurry 1is then poured
into the perspex sample preparation mould fig(6.1) and one
dimensionally consolidated from an initial thickness of
1S 0Omn. Three batches of samples with initial degrees of
sx+turation 100, 90, 80 % are prepared by consolidating
them to three different vertical stress levels (30, 50,
100 kN/mzﬁ. No back pressure is used in these tests, All

the samples are allowed to attain full consolidation by
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Araining them from top and bottom ends for 10 days. The
final thickness of the sample obtained after consolidation
vari=d hetween 75 and 90mm which provided adequate cover

for the vane,

12y Measurement of shear strength

e vane shear apparatus is mounted on a platform so

that. the vane is directly above the sample . The wvane
scales are set to read zero. The first measurement of
shear strenygth on each sample 1s performed without

unloading the samples (i.e maintaining the consolidation

th

tress acting on the sample) by removing the plug from the

1

contral hole on the top cap and inserting the vane. The
vange 1S inserted to sufficient depth to give 30mm cover

and rotated ot a rate of 9 degrees per minute by the drive
mohtaor ., The torque and the vane rotation angles are
racorded to the nearest 1/2 O. The torgque increases until
failure occurs and then decreases, but the pointer remains
in position indicating the maximum torque. At the end of

the tesot, the vane 1s raised steadily and as it emerges

from the zgzample, the soil i1s pressed gently around it to

porevent  oxcessive disturbance due to  tearing of  the
ar Face The top cap is then removed, exposing the whole
of the s0il surface and thereby unloading the sample. The

vane jo ocleaned and the test 1is repeated at different
locations on the samples as  shown in fig(6.3). The

effoective strees states of the samples before and

thmediately after the total stress removal are assumed to

226



Fig. 6.2 Angular

Fig. 6.3 Vane

knob on
vertlcal
shatt

pointer

rotating
scale

|
|

pointer |

carrier

43° R
outer 17
BEFORE TEST END OF TEST
zero setting deflection of spring = 260: a1
rotaticn of vane =172 i
rotation of spring me.nt g =43~
torgque = K9y Nmm

scale on laboratory vane apparatus.

e PR

test locations in 100mm diameter sample.

27



remain the same since the time interval is very small for
swelling of the unloaded sample. At the end of the test
the moisture content and the degree of saturation of the

samples are measured.

6.2.4 OBSERVATIONS:

The measured shear strengths before and immediately
atter the removal of the total stress were the same in
each sample, indicating no excessive sSwelling in the
unloaded sample., The fig(6.4) shows the shear strength
measured 1n the samples with different degrees of
saturation (80, 30, 100%) consolidated +to a vertical
effective stress of 1OOkN/m2. The shear strength is
plotted against +the angle of rotation of the vane. The
shear strength readings are obtained continuously until
the peak strength is reacheqd, after which the strain
softening behaviour is not observed due to the nature of
the wvane apparatus. However the final remoulded strength
is measured at the end of the test after shearing the
sample through 3600. The peak and the remoulded strengths
depended on the degree of saturation of +the soil. The
highest strength 1s observed in the saturated soil and the
strength dropped as the gas content increased., The
csamples for this strength comparison are consolidated to

the same vertical stress of 1ookN/m2.
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ig(6.%a) shows the shear strength of the samples
with different degrees of saturation (80, 90, 100%) after
being consolidated to different vertical stress levels
{30, 50, 100 kN/mi). The shear strength corresponding to
esch point in the figure i1s the average of four peak vane

shear strengths (one  before and three after unloading)

measured in one sample, The vane shear test suggests the
samples with gas bubbles have lower shear strengths than
the saturated cample. The shear strength drop in the

aamele  i1s  about 10% for 90% degree of saturation and 20%
for 80% degree of saturation, Further reduction 1in the
degree of saturation does not reduce the shear strength of
the ¢oil more than that of the so0il of 80% degree of
saturation. The moisture contents measured in the samples
are the scame even though the voids ratios are different
for <ach sample depending on the degree of saturation,
fig(6.9b) . The fig(s.5%a) also shows the unconfined
compression strength of three samples with different
degrees  of saturation (100, 90, B80%) which were
consolidated +to 100 KN/m‘. The test samples of 35mm
diameter and 75mm high were cut using standard sampling
tubes from the larger samples (100mm diameter) prepared in
the same mould used in the vane tests. The unconfined
compression  strengths also show similar behaviour to that
observed in the vane tests. The gassy soil strength 1is
lower than that of the saturated soil. The magnitude of
the shear strengths measured in  the unconfined test 1is

slightly different from that measured in the wvane test (35

30
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-

LN/ In the vane test and 32kN/m2 in the unconfined +test
for a saturated soil consolidated to 100 kN/mz). However
the similar behaviour observed in these tests confirms
that the presence of gas bubbles in the soil reduces the
shear strength. The magnitude of +the reduction varies
from 0%  to 3 maximum of 20% depending on the degree of

saturation of the soil.

6.7 UNDRAINED TRIAXIAL TEST ON GASSY SOILS.

In addition, undrained triaxial tests were carried
cut on gassy and saturated soils for comparison. The test
specimens were initially prepared by one dimensionally
consolidating a soil slurry under a vertical stress of
‘SORN/m2 in the large perspex mould (100 mm diameter, 150nmm
high) used in the vane test. Then two test samples of
3%mm diameter were cut from the big sample using standard
g0il sampling tubes and then isotropically consolidated to

3

120 KN/m™ mean effective stress for consolidated undrained

triaxial tests, The strain rate used for the undrained
test yras “mm/hour. No back pressure was used in these
tects, The pore water pressure at the base of the sample,

the final degree of saturation and the final meisture
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Contaent wer messured in addition to the normal axial
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~oan and strain measurements.

The fig (6 .6) cshows the stress-strain curves for
sample tested in an undrained state, The saturated sample
failed at a higher deviator stress than the gassy soil.
The deviator stress at failure measured in the samples
with degrees of saturation 100, S0, 80% are 120, 110, 100
}«:N/m2 respectively. The pore water pressures generated
and the final failure moisture content in the samples have
zimilar magnitudes, being respectively BOkN/m2 at failure

and 49%. The shear modulus (the gradient of the shear

[0}

traess-strain curve) of the soil 1s also less affected by

ths

il

presence of gas bubbles in the soill.

h.4 DISCUSSION OF THE RESULTS.

The undrained shear strength measured in the shear
vare and triaxial tests shows the reduction in strength
du to the presence of gas Dbubbles. This reduction in

undrained strength 1s linked with +the increased voids

ratico In the samples. The higher the initial voids ratio
{(the lower the degree of saturation), the 1lower the
undrained shear strength. The measured final moisture

Tontent in  the gassy and the saturated samples are the
same even though the voids ratios are different. The
r2duction in undrained shear strength can be qualitatively

explained as follows. The presence of gas bubbles in the

no
(2
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50il creates comparatively large hollow voids in the soil.
The gassy solil may be considered to be divided into two
components, saturated so1il and gassy voids as shown in
fi1g(6.7) . The above idealisation is the same one used to
describe +the voids ratio-stress relationship in chapter
three, ™herefore the undrained shear strength of the
gassy soill  can  be  assumed to be derived from the shear
strength mobilised in the saturated part of the soil. The
shenr ctrength associated with the gassy part of the soil
1o negligible since 1t 1s a large hollow structure. The
sheur ctrength mobilised 1in the saturated part in the
Jassy soil is assumed to be the same as that of the fully
saturated so1il since  both sol1ls have the same moisture
content (from the measurements) and have been consolidated
t+o the same: méean effective stress. Therefore the
undr sined strength of the gassy soil Tg

7T = 3T 1.00¢5<0.80
where S the degree of saturation of the soil
and TS is the undrained strength of the saturated soil
at the same moisture content as the gassy soil.
However the detailed analysis requires the measurement of
the degree of saturation and the volume change occurring
in the gassy s5o0il during the undrained shearing process
vhich are not measured 1n the standard tests. Detail

investigations are 1n progress at Oxford University.
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5.5 Conclusion:

The shear strength test using standard laboratory
zaquipment suggests  that the undrained shear strength of
zy sail 18 less than that of the saturated soil. The
maximum reduction in undrained shear strength 1s about 20%
which 18 observed in a soil with B8B0% degree of saturation.
Further reduction in degree of saturation does not reduce
the« shear strength below that of the 80% saturated soil.
The shear modulus [gradient of shear stress-strain curve
fig(s.6)] of the soi1l is also 1less affected by the
presence of gas bubbles in the soil. The significant
effect caused by the gas bubbles is in the volume change
hehaviour of the s50il (ie.bulk modulus) rather than on the

shear strongth behaviour.
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CHAPTER 7

IN CONCLUSION

7.1 Conclusions.
7.1.1 Preparation of gassy soil.
7.1.2 Effect of gas bubbles on the
geotechnical properties of soil.

(a) Volume change-Stress behaviour.
(b) Settlement-Time behaviour.
(=) The undrained response.
(d) Undrained shear strength.

7.1.3 Practical application,.

7.2 Recommendation for future work.



7.1.1 PKREPARATION OF GASSY SOIL.

rhe method ot preparation of reconstituted gassy soil

with @ controllable gas content has proved to be very

zuccessful . However there 1s a limitation on the lowest
dAegree of saturation +that can be produced using this
method., Soil with degrees of saturation below B0O% require
a large proportion of zeolite (more than 20% by weight as a

prroportion of the dry so0i1l) and the basic properties of
the s3o0il are Cchanged. Extromely careful preparation 1is
necessary to produce a sufficiently repeatable degree of
saturation and uniform gas bubble distribution in the

=011,

Rlthough only one specific soil was used throughout,
the above technigque and  the results of the experiments

should Le applicable to a wide range of clayey soils.



7.1.2 THE__EFFECT OF GAS BUBBLES ON THE GEOTECHNICAL

EROPERPIES OF THE

OLUME CHANGE BEHAVIOUR OF THE SOIL

The volume change behaviour o©of soils containing
unailssolved gas bubbles when subjected to one dimensional
sarress i1ncrements has been studied in chapter three. The
praesence  of  gas bubbles increases the specific volume of
the =201l vhen compared to that of the saturated soil
consnlidated  under the same vertical stress. For a given
vertical consolidation stress (O~uw), the specific volume
increases with the decrease in degree of saturation up to
a critical degree of saturation. Beyond this critical
value, a furtherxr reduction in the degree of saturation
does not cause any increase in the specific volume. When
the degree of saturation decreases below a critical value
the discrate gas bubbles hecome interconnected and the gas
flows as freaely as  the water., The critical degree of
saturation depends on the soil type and 1is around 85% for
the clay uvsed in  this experiment, At degrees of
caturation below the critical value, the soil behaviour 1is
Al fferent +o  that of +the soil containing discrete gas

Lubbhles.

T"he moisture content of the gassy soil with different
degrees of saturation above the critical degree of
satur«ation and that of the saturated soil subjected to the

same  consclidation stress are the same even though the
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specific velume of the samples are different. Using +the
above wexperimental evidence the voids ratio (or specific
volume) of & gassy so0il with a known degree of saturation
can e calculated from the voids ratio of the saturated

BsoLll . Thiss can bhe expressed as follows:

2522 +RAln(o-u Y-o—-- - (7.1)
1 W
23/G_=moisture content in a gassy soil.
wvhere e 1s the voids ratio of the soil with the
degree of saturation S (0.85<S<1.00).
Constants A and e are determined from the
1l
oedometer test on saturated soil.

el corresponds to the voids ratio of the soil at unit

cffoctive stress.

The above model does not require the measurement of
pore gas pressure, but requires the measurement of pore

water pressure and the current degree of saturation of the

soil. However the measurement of pore water pressure in
Jyassy sci1l 1o difficult and care should be taken. Using a
high ALY entry  stone alone is not sufficient to ensure

that, in a gassy soi1l, the measured pore pressure 1s the
pore water pressure, Provision shoud be made to remove
the g=as bubbles that pass through the stones as they

app=ar 1n the measuring system,
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(b)Y SETTLEMENT-TIME BEHAVIOUR.

The presence of gas bubbles in the 801l affects the
confined settlement behaviour of the so0il in two waysg.

(I) The immediate settlement:

An immediate settlement 1s observed in a gassy soil as
soon as the total stress increment 18 applied due to
the compressibility of the pore fluid. This
settlement can be calculated using Boyle's and Henry's
laws since it is primarily due to the gas volume
change. T"he amount of settlement depends on the
degree of saturation of the soil, the compressibility
of the so0il and the magnitude of the stress increment.
The ratio of +the initial settlement +to +the final
settlement at the end of the one dimensional

consolidation can be estimated from the following

equation:
A 1
— = (1-B) B = o __(7.2)
Ag (a+i) e p_
1 +
a_ (1+a) p

(IT) The settlement due to fluid drainage.

The settlement rates due to fluid flow in a gassy soil
depend on the permeability and the density of the pore

fluid. The permeability of the pore fluid depends on



the degree of saturation and the voids ratio of the

soil. The density of the pore fluid depends on the
degres  of saturation of the soil and the current pore
Flurd praessure, The  theoretical and experimental

studies  on  gassy so0il  with occluded gas bubbles
anugygest that the settlement rates due to pore fluid
drainage in gassy  sSolls are lower than those of the

sat

—

irated =so1l., However the degree of settlement

(47A ) at a given time 1in the gassy soil is greater at

f
the i1initial stage of the consolidation and becomes
equal to that of the saturated soil at the end of the
consolidation. The time settlement curves given in
fig(a.7) Are useful if the consolidation times for a
particular degree of settlement of gassy and saturated
so1ls are needed. The +time factors used in these

plots are in terms of the coefficient of consolidation

of  {the  saturated soil. As the degree of saturation

i
T
i)
e
15
o
)
s
4]

below the critical degree of saturation, the
~urves  are no longer useful. The permeability of the
S0o1l rapidly increases due to the free gas flow and
1ncreases  the settlement rates. The time to achieve
40- 75% of the final settlement in a gassy soil with

degreaes of saturation above the critical degree of

saturation and in a saturated soil are the same. The

de=1gn curves in fig(4.7) are sensitive to the

conpresasibility (a ) of the soil, hence the
v

appropriate design curves should be used.
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(<) THE UNDRAINED RESPONSE OF THE GASSY SOIL.

The pore water pressure changes caused by the
undratned total stress changes are lower in gassy soil.
The pors pressure change is equal to the total vertical
ztress 1ncrement under K conditions in saturated soil.
Some part of the total stress increment is transferred as
effective stress 1in the gassy soil and the volume of the
soil decreases at constant moisture content. The changes
in ©pore water pressure in a4 gassy soil for a one
dim=nsional total stress increment can be calculated using

e equation (7.2) .

The undrained response of the gassy soil depends on
the  dewree of gsaturation o©f the soil as well as the
compresslbility of the soi1l. As the so0il becomes stiffer
the B  value (pore  pressure  increment/ total stress
increment) 1ncreases even 1f the degree of saturation of
the <so0il remaings the same. The analysis in chapter four

suggests that a low B value measured in a socil does not

&)

necessarily mean that the gas content in the soil is high.

The R wvalue 1is a measure of the ratio of the
compressibility of the pore fluid and the compressibility
~f the soi1l skeleton. The compressibility of the pore

fluid depends on the dJdegree of saturation of the soil
wvhereas the volume compressibility of the soil depends on
the current mean effective stress in the soil and the over

cansalidation ratio,



{3y UNDRAINED SHEAR STRENGTH OF GASSY SOTIL.

The preliminary shear tests on gassy soil suggest
that the undrained shear strength of the soil is reduced
by the presence of gas bubbles. The undrained shear
strength, decreases by 20% of that of the saturated soil
vhen the degree of saturation decreases to 80%. However
further reduction 1n  the degree of saturation does not

decrease the undrained shear strength of the soil by more

tlian 20%. The undrained shear strength of gassy soils may
L expressed approximately as follows:

r = S5 C 1].0«<5<0.8

g u

where S5 1s the degree of saturation of the soil

and Cu is the undrained shear strength of the

saturated soil at the same moisture content.

Further detailed experiments are necessary to explain the

shear behaviour of gassy soil.

7.1.2 PRACTICAL APPLICATION:

The2 differential piezometer described in chapter five
i a useful insitu probe to study the pore water pressure
response 1n the sea bed during tide or wave action. The

accuracy of the instrument is higher than the conventional

+y

rviezometoers due its differential nature and suitable for
measurements in  deep waters. The effect of the presence
of gas bubbles in the sea bed on the pore water pressure
At by measured using  this  i1nstrument and the insitu

Aegres of saturation of the soil can also be estimated



with  the measurement of stress-strain properties of the

™he presence of gas bubbles in a marine sediment may
cause  vertical movements of the sea bed due to water head
changes and this may causoe difficulties in defining the
depth of the sca bed for dredging and navigation purposes.,
The gimple theoretical model described in chapter4 can be
uaed to  estimate the surface movement., The knowledge of

incitu gas content 1

431

necessary in order to estimate these
sur face novements, A very rough estimate of this can be
shtained from  the Jdifferential pore water pressure

measurement by the piezometer coupled with measurements of

the 201l skeleton stiffness.

7.7 RECOMMENDATION FOR FUTURE WORK:

The disturbance due to the presence of gas bubbles in the

DOoLL during sampling.

witern the core samples are taken from the sea bed and
brougnt to the surface a large reduction 1n total stress
socur s . The reducticn 1in the total stress in the
saturated soil can cause substantial negative pore water

pressures, keeping the effe

Q

tive stresses approximately
conostant dur ing sampling. If the saturated samples are
tested Jmmediately after the recovery, only a small amount
wf  strength 1s lost due to swelling. The total stress

raduction in the gassy sample causes gas bubble expansion

le]

ot
.
)

tha sampls and often gas escapes from the sample.
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rowvth in the core samples can be observed when samples
from the deep sea bed are brought to the surface. The gas
digsolved under high pressures reappears and the
undisaclved gas bubbles expand with the reduction in total
stress, Large amounts of structural damage are also

evident in gassy $soil samples.,

A study of shear strength changes due to sampling in
gAaAssy soil 1s useful in order to relate the measured shear
strength from core samples to the insitu strength. The
sample disturbance caused by the expansion of gas bubbles
can be modelled in the laboratory using the reconstituted
artificial gassy soil described in chapter two. The
fellowing experimental procedure could be used to study
the effect of sample disturbance caused by the gas bubble
expansion on the strength of soil.

(n) Prepare the gassy so0i1il slurry as described in

chapter bEwo,

(b) Consolidate the soil slurry one dimensionally in a
sample preparation mould fig(4.17) to prepare a
triaxial sample. Use high back pressures and total

stress during consolidation.

(<) Unload +the sample at the end of the one
dimensional consolidation by reducing the total and
the back pressures. Trim triaxial specimens from the
big sample. This procedure is equivalant to obtaining

samples from the sea bed and preparing triaxial
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samples for laboratory tests.

() Samples are tested after isotropic or KO
consolidation. Most of +the offshore samples are
tested under unconsolidated undrained conditions. The

cell pressure and the back pressure used for testing
are estimated from the depth where +the sample are

taker .

(e Load the sample axially to failure and calculate
the deviator stress at failure. Different
combipations of cell pressures, back pressures and one
dimensional consolidation pressures can be selected to
examine the effect of gas bubble expansion on the

shear strength of soal.

™is type o0f test should provide an improved
understanding when evaluating the in-situ strength of the

ssy samples from the strength measured on the core

o

)

samploes,



Appendix A

Fortran coding for finite difference calculations

(a) One dimensional consolidation

(b) Sinusoidal loading of a gassy sea bed



ONE DIMENSTIONAL CONSOLIDATION




C*‘k‘k‘k******‘k*‘k*‘A’**‘k‘k***‘k**********‘k*****‘k*****‘k‘k**‘k‘k‘k***

C

LARGE STRAIN CONSOLIDATION

c**‘k‘k**‘k*‘k*‘k*k***‘k‘k‘k*************‘k*****‘k****************

DIMENSION V(52,150)

DIMENSION U(52,150)

DIMENSION P (52,150)

DIMENSION H(52,150) ,DF (4000)
DIMENSION MV (52,150) ,EX(4000)
REAL T,TO,LA,GW

REAL VO,HO,PO,D

INTEGER I,J,K,L,M,N

o SRR E SRR SIS S S EEIEESES SIS SIS SIS I I I S I

C PLOT AXIS

o EEEREEEEEERESEEEESENESERSENREESEESEEESESEEEEERESE S

21

40

50

60

CALL T4010

CALL PICCLE

CALL SCALE2(0.025,0.2)

CALL SHIFT2(600.,-200.)

CALL MOVTO2(4000.0,730.0)

CALL MOVTO2(0.0,150.)

CALL LINTO2(0.0,900.0)

CALL MOVTO2(20.0,900.0)

CALL CHAHOL (10HPRESSUREY*.)

DO 21 J=1,8

CALL MOVTO2(0., (500.+450.*J))
CALL LINTO2(100., (500.+50.%*3J))
CALL MOVTO2(-400., (500.+450.*J))
CALL CHAFIX((.2*(J-1)),4,2)
CONTINUE

CALL MOVTO2(0.,550.)

CALL LINTOZ2(6000.,550.)

CALL MOVTO2(5000,,580.)

CALL CHAHOL (13HTIME FACTORY*.)
CALL MOVTO2(0.,900.)

CALL LINTO2(6000.,900.)

CALL MOVTO2(5000.,870.)

CALL CHAHOL (13HTIME FACTORY*.)
DO 40 I=1,10

CALL MOVTO2((600.*I),900.)

CALL LINTO2((600.*I),890.)

CONTINUE

DO 50 I=1,6

CALL MOVTO2 (0., ((I-1)*50.0+250.))

CALL LINTO2(100., ((I-1)*50.0+250.))

CONTINUE

DO 60 I=1,11

CALL MOVTO2(-600., (950.-50.*I))

CALL CHAFIX(((I-1)*0.1),6,2)

CONTINUE

CALL MOVTO2(-600.,0.)

CALL LINTO2(6500.,0.)

CALL LINTO2(6500.,930.)

CALL LINTO2(-600.,930.)

CALL LINTO2(-600.,0.)

CALL MOVTO2(20.,200.)
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CALL CHAHOL (1 3HDEFORMATIONY* . )

CALL MOVTO02(0.0,750.0)
C*kt‘k*‘k‘k‘k'k****‘k*‘k*'k‘k*‘k***************‘k*****************
C READING INPUT DATA
C UO-INITIAL PORE PRESSURE, T-TOTAL STRESS INCREMENT,
C CF-COEFFICIENT OF CONSOLIDATION, SR-DEGREE OF SATURATION
C VO-INITIAL VOIDS RATIO, D-INITIAL SAMPLE HEIGHT
¢ HC-COEFFICIENT OF SOLUBILITY, TI-TIME STEP
¢ LA-COEFFICIENT OF COMPRESSIBILITY
(:ttﬂ‘k*t*t**k*** KXXKEEXKEEXEEXTEKTEEEKEKEKETXETXKAXNEAXKXR XXX KRR KKK

OPEN (1 ,FILE='CONINA',STATUS='OLD"')

OPEN (2,FILE='CONINB', STATUS='OLD"')

OPEN (3,FILE="'CONINC', STATUS='OLD"')

OPEN (4,FILE="'CONIND', STATUS='OLD")

OPEN(5,FILE="'CONINOUT',6 STATUS= 'NEW')

DO 91 I=1,10

CALL MOVTO2((600.*I),500.)

CALL LINTO2((600.*I),880.)

CALL MOVTO2((600.*I),840.)

CALL CHAFIX((0.2*I),4,2)

91 CONTINUE

DO 700 M=1,4

READ (M, *) UO,T,CF

READ (M, *) VO,D,LA

READ (M, *) TI,SR,HC

R B RS S SR ESSS SRR S SRR S RERR SRR REEEESEEEEEESESEEEE

c SETTING THE INITIAL VALUES
C‘k'k*****‘k‘k*‘k*'k*‘A"k**********************‘X***‘k**‘k**

GW=10

AL= (1-SR)/SR

U(l,1)=U0

HO=D/50

DO 100 I=2,52

A= (HC+AL) *VO*UO/ (1+AL) /LA

U(I,1)=T/ (1+(0.5% ((A/UO/UO)+ (A/ (100+T)/ (LO0+T)))))+UO
V(I,1)=VO
P(I,1)=PO
H(I,1)=HO
100 CONTINUE
DO 200 J=2,11
U(1,J)=U0
200 CONTINUE

O EEEEEREESS SRS SRR ESE SRR ERSERSEREE RS S REEEEEEE;

c FINITE DIFFERENCE CALCULATION
C‘kt*‘k*‘k*t******‘k********‘k****‘k**‘k*‘k**************‘k
DO 500 K=1,40000
DO 400 J=1,10
TH=0
DO 300 I=2,51
U(52,3)=U(50,J)
R=1+ (A/U(I,J)/U(I,J))
Z=1-HC+ ( (AL+HC) *UO/U (I, J))
X=Z*TI*CF/ ((H(I,J))* (H(I,J)))/R
FD= (U((I+1),J)- (2% (U(I,JT)))+U((I-1),T))*X
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U(I, (J+1))=FD+U(I,J)
c*‘k*‘k*t*************'k************************‘k****
C UPDATING THE NEW CO-ORDINATES
C**‘k*****‘k*‘k*****‘k************************‘k******‘k

V (I, (J+1))=VO- (LA* ( (T+UO-U (I, (J+1)))))
H(I, (J+1))=HO- (((VO-V (I, (J+1))) *HO)/ (1+V0O))
TH=HO-H (I, (J+1))+TH
VF=VO- (LA* (((T))))
HF= ((VO-VF) *D/ (1+VO0))
300 CONTINUE
200 CONTINUE
WRITE ((5),*) (Z/R), (U(I,J)), (TH*1000), (HF*1000)
C**************‘k***‘k***‘k******'k*******‘k**************‘k***
C PLOT THE POINTS
C‘k'k“k***k‘k*‘k‘k*‘k*‘k‘k****‘k‘k*‘k‘k‘k**‘k*‘k****‘k**********‘k‘k******‘k*
DF (K) =— (TH) *250*2/HF
EX(K)=(U(51,11)-U0)*250/T
IF (TH.GT. (.99*HF)) GO TO 690
Y=K-1
DIl= (SQRT (Y*TI*10*CF/D/D)) *3000.
DI2= (SQRT (K*TI*10*CF/D/D) ) *3000,
CALL MOVTO2 ((DI1l), ((EX(K-1))+550))
CALL LINTO2 ((DI2), ((EX(K))+550))
CALL MOVTO2 ((DI1l), ((DF(K-1))+900.))
CALL LINTO2((DI2), ((DF (K))+900.))
DO 410 I=1,52
U(I,1)=U(I,11)
H(I,1)=H(I,11)
V(I,1)=V(I,11)
410 CONTINUE
500 CONTINUE
690 CALL MOVTO2(100., (400.~ (40*M)))
CALL CHAHOL (14HTIME FACTOR=*.)
CALL CHAFIX((TI* ((K-1)*10+J)*CF/D/D),10,7)
CALL CHAHOL (23HDEGREE OF SATURATION=*.)
CALL CHAFIX ((SR*100),10,7)
700 CONTINUE
CALL MOVTO2(10.,600.)
CALL CHAMOD
READ (*, ' (A) ') TALK
READ (*, ' (A) ') TELL
CALL DEVEND
CALL OXFHARDCOPY
STOP
END



SINUSOIDAL LOADING OF A GASSY SEA BED




Cxx
C
C*xx

(ORI SRR S I S Sk 2R R S Sk Sk 2k I I S SR Sk A I Sk Sh SR 2k S S Sk 2k SR A A b b b b b b 2 S Sk S b A 2 I S 4

C

CHKEXEAXEAXTXA XTI XEAKAXT XA XTI XX A AKX KX A XA A AAKR A XA XT AKX A AKX KN AN A XX

11

21

31

AARXEAXKXEAAXETETAA AT AAAAETAETAXTAXTETAAAARAE RN A TR A KK

SINUSOIDAL LOADING
AEXEAXAAAXTEAXEAAETEAEA XA AXETRAA XA AAKREIRNEARAAXTRNANRN XK
DIMENSION D (15)
DIMENSION F (15), AL(1S)
DIMENSION DF (500)
DIMENSION DW(500)
REAL W,AV,KT,DE,CF,H,KO,GW,EO,L,DH
REAL CM,CM1,CM2
DIMENSION P (15,150)
REAL DAO
DIMENSION EX (500)
INTEGER M
OPEN(1,FILE="'SEAINA',STATUS="'OLD"')
OPEN (2,FILE="'SEAINB', STATUS='OLD")
OPEN (3,FILE='SEAINC', STATUS="'OLD")
OPEN (4 ,FILE="'SEAOUT', STATUS="'NEW')

PLOT AXIS

CALL T4010

CALL PICCLE

CALL SCALE2(0.025,0.15)

CALL SHIFT2(600.,0.)

CALL MOVTO2(0.0,750.0)

CALL LINTO2(4800.0,750.0)
CALL MOVTO2 (4000.0,730.0)
CALL CHAHOL (11HTIME (HRS) *.)
CALL MOVTO2(0.0,150.)

CALL LINTO2(0.0,900.0)

CALL MOVTO2(20.0,900.0)

CALL CHAHOL (15HPRESSURE (Kpa) *.)
CALL MOVTO2(0.,1250.)

DO 11 I=1,8

CALL MOVTO2 ((600.*I),750.)
CALL LINTO2( (600.*I),760.)
CALL CHAFIX((l.*KO*I/2),6,3)
CONTINUE

DS= (SR) *100

DO 21 J=1,6

CALL MOVTO2(0., (600.450.*J))
CALL LINTO2(100., (600.+50.%*3J))
CALL MOVTO2 (-400., (600.4+50.*J))
CALL CHAINT ((50* (J-1)),4)
CONTINUE

CALL MOVTO2(0.,550.0)

CALL LINTO2(4800.,550.)

CALL MOVTO2 (4000.,520.)

CALL CHAHOL (11HTIME (HRS) *.)
DO 31 I=1,8

CALL MOVTO2((600.*I),550.)
CALL LINTO2((600.*I),560.)
CALL CHAFIX((KO*1.*I/2),6,3)
CONTINUE
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CALL MOVTO2(20.,600.)

CALL CHAHOL (28HEXCESS PORE PRESSURE (Kpa)*.)

CALL MOVTO2(O0., 300.)

CALL LINTO2(4800.,300.)

CALL MOVTO2 (4000.,280.)

CALL CHAHOL (11HTIME (HRS) *.)

DO 40 I=1,8

CALL MOVTO2( (600.*I), 300.)

CALL LINTO2((600.*I),310.)

CALL CHAFIX((KO*1.*I/2),6,3)

40 CONTINUE

DO 50 I=1,9

CALL MOVTO2 (0., (I*50.0+150.))

CALL LINTO2(100., (I*50.0+150.))

50 CONTINUE

DO 60 I=1,5

CALL MOVTO2(-600., (650.-50.*I))

CALL CHAFIX((10-I*5.),6,2)

60 CONTINUE

TA=W/5.0

DO 70 I=1,5

CALL MOVTO2(-600., (400.-50.%*I))

CALL CHAFIX((12.5-I%*6.25),6,2)

70 CONTINUE

CALL MOVTO2(-600.,0.)

CALL LINTO2(6500.,0.)

CALL LINTO2(6500.,930.)

CALL LINTO2(-600.,930.)

CALL LINTO2(-600.,0.)

CALL MOVTO2(20.,350.)

CALL CHAHOL (17HDEFORMATION (MM) * . )

CALL MOVTO2 (-300., (180.-50.*M))

CALL SYMBOL (M+1)

CALL LINTO2(0., (180.-50.%*M))

CALL SYMBOL (M+1)

CALL LINTO2(250., (180.-50.*M))

CALL SYMBOL (M+1)

CALL MOVTO2(250., (175.-50.%*M))

CALL CHAHOL (21H DEG-SATURATION)=*.)

CALL CHAFIX(DS,6,2)

CALL CHAHOL (32H COEF-COMPRESSIBILITY (1/KPa)=%*.)

CALL CHAFIX(AV,7,5)

CALL MOVTO2(0.0,750.0)
C***‘k‘k*‘k‘k****‘k*******‘k***********************‘k*
C READ INPUT DATA
C W- SINE WAVE AMPLITUDE, EO-INITIAL VOIDS RATIO
C AV-COEFFICIENT OF COMPRESSIBILITY
C DH-MEAN DEPTH OF WATER, CF-COEFFICIENT OF
GOMPRESSIBILITY
¢ H ~HEIGHT OH SEA BED, KO-CYCLE TIME
(C GW-DENSITY OF SEA WATER, SR-DEGREEOF SATURATION
C HC-COEFFICIENT OF COMPRESSIBILITY
C*‘k‘l‘k**‘k**‘k***‘k**‘k***********‘k****************

DO 3000 M=1,2

READ (M, *) W,EO,AV
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READ (M, *) CF,H

READ (M, *) KO,GW,DH

READ (M, *) SR,HC
C**‘k*‘k‘k‘k*‘k‘k***************‘k*****‘k‘k**‘k***
C SETTING THE INITIAL VARIABLES
c************‘k‘k‘k****************‘k******‘k

DOY0 I=1,12

AL(I)= (1-SR)/SR

P(I,1)=100.+ (DH*10)+ (H*10* (I-1)/10)

SO CONTINUE
CA XA IR I AR IR IR AR AT AT ARRKNATAXNNEAKAARKRN KN Kk &
C WRITE INPUT DATA

C‘R*‘k‘k‘k**************************************
WRITE (4,*) AL(S5),EO,AV
WRITE (4,*) CF,GW,H

(ORI I S S Sk Sk 20 S 2h 2R 2k 2h 2b 2h gh S 2h S Sk b 2R B S B Bk Sk 2 S SRk 2k S Sk Sk S Sk Sk B 4

c MAIN PROGRAM
C‘k*****‘A’*******k******************‘k********
PI=4.0*ATAN(1.0)
KT=KO/ 100/ 100
X=CF*KT/ (H/H/100)
Y=CF*KT/ (H/10)
DO 1000 K=1,400
DI= (K-1)*100
DO 100 J=1,100
Q=100+ (DH*10)
S=W+ (W* (SIN( (KT* (DI+J-1) * (PI/KO))+1.5*PI)))
P(1,J3)=Q+S
100 CONTINUE
DO 200 J=1,100
DE=0.0
DO 110 I=2,11
B= ((AL(I)+HC)/ (1+AL(I))) *EO* (100 .+ (DH*10) +
+(H* (I-1)*GW/10))/AV
L= (AL (I)+HC) * (100 .+ (DH*10)+ (H* (I-1) *GW/10) )
DCO1=100.+ (DH*10) + (H* (I-1) *GW/10)
DDO2=W+ (W* (SIN ( (KT* (J+DI*10) * (PI/KO) )+1.5*PI)))
DAO=DCO1+DDO2
DL1=100.+ (DH*10)+ (H* (I-1) *GW/ 10)
DL2=W+ (W* (SIN ( (KT* (J-1+DI) * (PI/KO))+1.5%*PI)))
DL=DL1+DL2
DK=1+(B/ (P(I,J3))/ (P(I,J)))
CM1=W* (SIN ( (KT* (J+DI) * (PI/KO))+1.5*PI))
CM2=W* (SIN( (KT* (J+DI-1) * (PI/KO))+1.5*PI))
CM=CM1-CM2
PO=P (I,J)+ (1*CM/DK)
D(I)=1+(B/ (PO*PO))
P(I,(J))=P(I,J)+(1*CM/D(I))
F(I)=1-HC+(L/P(I,J))
110 CONTINUE
DO 121 I=2,11
P (12, (J))=P (10, (J) )+ (H*2)
EN=P ((I+1), (J))-(2*P (I, (J)))+P((I-1),(J))
P(I, (J+1))=P (I, (J))+(EN*X* (F(I))/ (D(I)))
DEO1=100.+ (DH*10)+ (H* (I-1) *GW/10)



C
121
200

254

DFO2=W+ (W* (SIN ((KT* (J+DI)* (PI/KO))+1.5*PI)))
DBO=DEO1+DF02

DE= ( (AV* (DBO- (P (I, (J+1))))/ (1+EO) ) *H/10) +DE
WRITE (4,*) P (I, (J+1)),DBO

CONTINUE

CONTINUE

(ORI I I I I bk A I I S b b b I 2 J db 4h b Sk 2 20 b Jh IR 0k b 2 S0 b b 2 Sk S 0k 2k 2 2b SR b 2 3

C PLOT THE RESULTS

[oE BB ESEEE S S SRS LSS EEESESEEEEESEEEREESEEEEEESNES

300

DF (K) =- (DE*8000)

DW (K) =DBO- (50*H/ 10)
EX(K)=(P(6,101) - (DBO- (50*H/10)))*10
DIl=(K-1)*1200/100

DI2=K*1200/100

WRITE (4,*) P(6,101), (DBO- (50*H/10)), (KO*K/100) ,DE
CALL

MOVTO2 ((DI1), ( (DW(K-1))+650.- (100.+DH*10+5*H)))

308

310

320
400

500
1000
3000

CALL LINTO2((DI2), (DW(K)+650.- (100.+DH*10+5%H)))
DO 308 I=1,10

AX=40*1

IF (K.EQ.AX) THEN

CALL SYMBOL (M+1)

END IF

CONTINUE

CALL MOVTO2 ((DI1l), ((EX(K-1))+550))
CALL LINTO2((DI2), ((EX(K))+550))
DO 310 I=1,10

AX=40*1I

IF (K.EQ.AX) THEN

CALL SYMBOL (M+1)

END IF

CONTINUE

CALL MOVTO2 ((DI1l), ((DF (K-1))+300.))
CALL LINTO2((DI2), ((DF (K))+300.))
DO 320 I=1,10

AX=40*1

IF (K.EQ.AX) THEN

CALL SYMBOL (M+1)

END IF

CONTINUE

DO 500 I=2,11

P(I,1)=P(I,101)

CONTINUE

CONTINUE

CONTINUE

CALL DEVEND

CALL OXFHARDCOPY

STOP

END



REFERENCES

i
W
D
Q
m
S

and Arnocld, P. (1373) . "Movements and
Taoyrces Developed by Wave-Induced Slides in Soft Clays.”

T fapery No: 1839

., R.G. and Audibert, J. .M. E. (1980) . "Offshore

1
W
i
a

platforms and pilipelines 1in Mississippi River Delta.” J.

Gentach, Engng Div. Am, Soc. Civ., Engrs 106, ST,

)

Bishop, A.W. and RBRlight, G.E. (196 2) . "Some Aspeacts

=t Effective stress in saturated and partil

<
m
p_l
N
c
[at
v
+
T
o8

@y

=11, " Geotechnique 3. NO:3, 177-197

4, Birshoey, AW, and Donald, I.B. (1961) . "The

experimental study of partly saturated soils in triaxial

apparsatus.” Proc.Sth Int.Conf. SMsTFe Paris 1 1%-21.

<. Richop, AW, and Henkel, D.J. (1962 . "The
mrasura2ment of  20il  properties in  the triaxial test . "
William Arrnold, London (2nd ed). r-227.

S Rennmatt, R H. (1977) . "Pore water pressure
measurements: Migsissippi delta sediments."” Marine

Geotechnology Veol. 2, 177-190.

=

7. Break, D.W. "Teolite Molecular Sieves".

Wiley-interscience publication. John wWiley and Sons.

3. Burland, J.B. (1964) . "Correspondence: Effective



sLregses in partly saturated soils."” Geotechnigque 14, Vol

A Dunlap, A.W., Bryant, R. and Williams, G.N. (1980)
"Itorm wWAVES offects on deltatic sediments-Results of

STRAEWAR T and  TI™ The delta project report Vol 14,

10. Fesria, M.TI. and Xirby, R.C. (1977)Y . "Implications

)

of gas cocontent for predicting the stability of submarine

m

lopes, ™ Marine geotechnelogy Vol.2, 81-100.

11, Tannin., N.G.T. 11979) . "IGS Pockmark Investigations
1674-197%," TGS Report NO: a8

]

Fredluand, D.G. (1979, "Appropriate concepts and

technology for unsaturated soils. " Canadian Geotechnical

Journzal 16 121-139
1z =ibgson, R.E. and Hussey, M.J.L. (1967) . v The

theory of one Jdimensional consolidation of saturated

clays . " SGectechnique 17:261-2273.

4. Henkel, D..J. (19870 . "The role of waves 1n causing
submarine landslides.” Geotechnigue 20, Vol. 1, 7%-30.
1%. Hernkel, .7, 1982y . "Geology, geomorphology and

aeotechnics . " Goeotechnigue 32, Vol. 23, 175-194.

1. Hottman, E., Josph, Suhayda, N. and Garrisor, L.E.
(ia7ay "Shallow experiment to assess storm waves effects

orn the Lottom. " OTC 3169,



17, Jernings, J.E.B. and Burland, J.B. ((1962) .

"Limitations to the use of effective stress in partly

mn

csaturated soile . " Geotechnique 12, No:2, 125-144.

1. ¥aplan,. I.R. (1974) . "Natural Gases in Marine
Sediments.” Vo1.3, Plenum Press pages (2-4), (11-25%),
{99-129y .

14, Lee, K. (1979) . "An analytical and experimental
study of large strain consolidation.” D.Phil Thesis,

Oxford.

20, Matyas, E.L. and Radhakrishna, H.S. (1968) .
"Volume change characfteristics of partially saturated

301ls . " Geotechnidgque 18, 432-448.

21, Prior, D.B. and Coleman, M.J., (1977 . "SubmAar ine

landslides in +the Micsissippi River Delta.”™ 07TC, Vol

20, Skempton, A.W, (1854 . "The pore pressure

coefficients A and B." Geotechnigue 4, Vol 4, 143-147.

2%, Whelan, T.ITI.., Coleman, J .M., Suhayda, J.N., and
Garrison, L.E. (1975 . "The Geochemistry of Recent
Miscigsipi River Delta Sediments: Gas Concentration and
Sediment Stability"™. Offshore Technology Conference,
Paper Ma: 2342,

o4, Whelarn, T. ITTI., Coleman, J.M., Suhayda, J.N. and

RPoberta, M. (1976 . "Accustical penetration and shear



