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" ABSTRACT

» .

This thesis examines the\mechanlcs of qes {i%\ Lments.
‘The term mechanics" is used in its classkqul\f ﬁi tq tefer
to the study of the behavxour of a system wﬁbn sﬁBT'bted to

x the‘ectlon of external forces or stresses.

\v : ' A gassgy soil (or sediment)

\  of solidléarticles,

\

———

large amount of gas,

is defined as an assemblage
\ phase,
L ¢

imbued with a pore.fluid which contains a
¢ .
either dissolved in t

[

Or existing in the free state.
i

he pore liguid
which. are
\

There are two grossly ooservable-tran51ent processes
normelly Operative in a gassy soil. o
consolidation, which is due to the movement of the pore fluid
through the solid»matrlx.

\

One 1is

The other is gas exsolution, whlch
is deflned 1n a macroscoplc sense as the observed aolllty of
the gaseousephese to move
liquid phase.

into or out of solution in the
At the microsdooic level gas exsolutlon must
comprise sevefal'processes, amongst whlch ‘are gas sorotlon
and bhbble'nucleation. i L
'Gassy

soil behaviour 'may be
general categories,

subdivided
equilibrium
Equilibrium behaviour

into two
and
is

non-equilibrium.
that behaviour
.become)

1ndependent of

which 1is (or hes
time. Noh—equilibrium beb%viour
includes both translentAprocesses and is time-dependent
behaviour may be
undrained

The

d or

further described by thé terms draine
referring " to the flow of pore fluid through the



soil, and bv immediate or iong tiarm, referring to

!

exsolution process, /

i

[}

"The theory concerning ne undrained eqguilidbrium

behaviour of gassy soils is digcussed, and its wprpdiclive
. \
. \ y
capabilities verified by laboratory tasts. Usipg this
. ; ) (\ . |

theory, a distinction between gaésy soil and unsatur,tea soil
. . . / | \“\ «/ N
is made on the basis of: / SN / x \

(a) the amount of gas in the pore Spéceix j

(b) the observed behavyéur of the soil.

The gas exsolutiod/ process XS Observe in. the
flaboratory, both for unFrained and tot;%ly dfain d boundary
conditions. A macroscopic theory of' gas exSolution is
proposed for the drained case, which is compared to theories

_describ%ng the behaviour of simple modeIs su jected to the
single_proceééeé of gas é&rption and bubbl nucleation; A
finite difference4solution (bgsed on the madfoscopic.theory)
is then developed for the undrained case, and \its predictions

are compared to observed behaviour.

Thé consolidation and gas exsolution rdcesses are
combined into  one general theofy, of transien behaviour,.
which incorporates a linear elastic constitutive elationship
for the soil. The.resulting differential equati®n is non-

s

linear, for which a finite difference solution is presented.

vi



%!
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* \\ ‘ “ -
Vo . \ |
Pore. fluid s%uro changes around a shaft or borenolm in o
A
gassy soil axk then examined, for the case of changing fluidi

pressure. at the boundary, and for the case of changggg total

strpsé at the\ Boundary, (the soil response durlng the

\

undnalned unloadlng phase ‘is modelled 1in an elastic -

perfectly plastlc\manner)‘, The response of the shaft wall is

characterized by a\ground reaction curve for the soil,.

I N b

\ ‘\ . vii
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RESUME

)

N e

Le sujet de cette thése est L‘étﬁde de la mécanique
des sols riches en gaz. Le terme "mécanique" est employé
dans le séns classique car il réfere a 1"étude des
comportement d“un systéme soumis & l“action de forces ou de
contraintes exterieures.

Urn  sol riche en gaz comprend un assemplage de
Particules solides et un liquide intersticiel contenant une
grande quantitd de gaz soit a 1”état libre soit dissouc:s.

En  général, on peut distinguer deux processus
transitoires dans les sols riches en gaz: la consolidation et
1”exsolution. La consolidation résulte} du mouvemént du
liquide ,intersticiel a traver ia' ‘matrice solide.’
L”exsolution définie au sens macroscopique comme 1la quantitsé
de la phase gazeuse,se_dissélvantvou s’évaporant de 1la éhase
liquide. Au niveau microscopique ce proceésus d”"exsolution”

englobe pldsieurs procédés physiques tels- l’absorption

[
\

gazeuse et la nucleation des'bulles.
, , | ;
Le comportement des sols riches en gaz . peut se
subdiviser en deux categories : 1”état d“équilibre et 1°&tat
de non-équilibre. L’ &tat d’equilibre est caractérisé par un
R ’ ) - 7
comportement independent du temps.: Le comportement de 1 etat

de non—équilibre inclus l‘éﬁat trhnsitoire et la dépendence

N
\.
b
i
L

1724

- - ’ 3 'l +
du teps. Ensuite cet etat de ‘non—équlllore“ peut bre
, ; - :
décrit en terme de comportemeTt draine ou non drainé
i

viii



concernant 1 ecoulement Liquide A travers le sol ot on terme
de comportement instantanné ou différd lorsqu’il 3 agiz  iu
nprocessus d exsolution,

La théorie décrivant le comportement d“équilibre nron
drainé des: sols "gazeux" est disclhtee et sén potentiel est
vérifié par la simulation de tests en laboratoire. Cette
théorie permet de distinguer les sols "gazeux" des sols non
saturés suite a ‘

{a) 1la quantité de gaz dans les pores.

(b) le comportement observé du sol.

Le processys d”exsolution est observé en laboratoirs
" pour les conditions aux limites non drainé et drainé. on
propose une théorie macroscopigue d“exsolution des gaz pour
le cas vdrainé et on la compare a des modeles simples
déérivant le processus d'absorption des gaz et de nucleation
en bulles. Une solution par la méthode des différences
finies est aussi développe pou} le cas non drainé et les
_résultats sont comparés aux comportements oﬁéervés.

La consolidation et 1le processus d“exsolution éont
combinés dans une théorie générale de comportement
transitoire incorporant une loi de comportement élastique et
linéaire pour le sol. L“éguation ‘différehtielle résultante
est non linfaire et la solution est obtenue par la méthode
des’ aifférences finies.  Le éﬁangement des pressions
intersticielles: autour des puits ou des forages dans les
Sédiments gazeux est analyséa. On examiné également les
changements de prggsions'auk limites et les changements de

}

ix



%
contraintes totales aux limites en simulant lae COMPOrtament

rdu sol pendant le chargement non draind par une loi olairo-
plastique parfaite., Le comportement de la parot du puin st

N 4 I3
caracterise var une courbe de reéaction du sol.
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"Now the Lord nad shown unto me, Abraham,

the intelligences tbat were Organized

i

A

before the world wag;
and‘among-all these tﬁere'were aény“ ‘
of.the néble and great ones;

-And God saw these souls that they were:goqd,

and hé'stood in the midst of them... |

and he said Qnto'those who were wiﬁh himi‘

We Qill go down,. ﬁof there - is space there,

and we will take of these materials, |

and we will make an earth whereon these may‘dweil;-
And we.will provevtﬁem herewith,

to see if théy,will do all\things

whatsoéver the Lord their God shall,COmmanq:them...

.

Abraham 3: 22-25
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CHAPTER 1 - INTRODUCTION

1.1 GENEBAL

Soil mechanics is the study of the fluid conductivity,

volume' change and strength behaviour of an assemblage of. -

[~

}particles; and may be rightly thought of as particulate

mechanics.’ It is normally subdivided into three broad

groups: dry spil, wet soil with no flow or constant flow'

(undrained and fully drained cases) and wet soil with

transient flow.
Initially, the study of wet soilsA was confined to

soils saturated vwith water. Terzaghi s hypothesis of

' \
"effective stress" was based upon the observed deformation

and strength behav1our of saturated soils. ‘It is saturated

soil that the-praétlsing engineer in temperate climates deals

with in the majority‘ofksoil'mechanics problems.

However,; there are also two classes of unsaturated

soil whlch have been recognized. - The flrst class 'is related

to the construction of earth. flll dams, road beds, airport

runways and backfill for earth retaining structures, "using

remolded compacted material which is partially saturated; or

to many dry areas of the earth that have not experienced_
actlve erosxonal or dep051tiona1 processes over recent
geological time, and have developed deep layers of re51dual

soils which are partially saturated. In both these'

instances, the practising engineer has developed methods of

designing structures built of or on such soils, and the

R



theoretical engineer hds conducted research into .wavs of

extending classical soil mechanic¢s theories to incorporace

e —

these_materials.

This class of unsaturated 5011 which is now commonly
recognlzed and understood reasonably well, has been descrlbed
as a three phase system con31st1ng of solid partxcles, water
and air. The'pore fluids have a distinct characteristic, in
that the gas phase is only slightly.solublé in the 1ligquid
phase.  This has al profdund effect on the observed soil
behayiuurl | |

‘More recently,ldeever; and'moStly associatéd with the |
éxploration fur‘ and explOLtatlon of new energy resources,
another class of unsaturated soxl has been recognlzed This
‘class poSsessesltwo characteristics which ddminate the soil
behaviour; | | |

'(a) There is a largetamdunt uf gas dissolved»in the

porejfluid, either because: |

L
i J

(1) the,gas is very'soluble, sucn as is the case
for methane or C02 in water or bltumen, or

(11) the ;n51tu fluid pressures are initially very
hlgh so that ‘even with low solubility the
reduction to near atmosphetic'pressures uauses.the‘

production of large volumes of gas.

. In both of these instances, it is not urcommon to have
the potential -of producing & volume of gas several to
tens of ‘times larger than the initial volume of voids

in the soil. -



(b) Tﬁg soii exhibits a low hydraulic conductivity,
either because: | |

I(i)f the absolute permeability is low, such as is
seen in lacustrine and marine deposits, or

(ii) one?br éevefalrof the pore fluids has-a high
.viscosity. The oilsands found in the Athabasca,
Cold Lake and Peace Ri&er ﬁreas of Alberta are
typical.of this class df.material. They compr ise
a denée aggregate of coarse silt to fine‘sand size
particles, of véry uniform grading. Watef
satutated - samples may exhibit ‘hydraulic .
conductivitieé'vin. the order of 10-3 to LO‘4
cm/sec.,(Agar,I'l982)et  H6Qever, :the exploitgble
oil;;ich‘Samplesihéve hYdrauliclconductivitiéZ as
low as .10f8 to 10’9" cm/sec. at in-situ

i

temperatures, (DusSeauit, l980).

‘As a consequence of the large volumes of dissolved gas

Tin such materials, undrained pore pressures are nigh, and are

.only :educéd Eo‘near atmospheric values if either:
(a) é long time is available vfor consolidation and
diffuéioﬁ of gas from the system, or |
(b) effective stresses ‘are reduced -to ~3ucﬁ a small
value that actual disruétion of the soi;‘fabric occurs,
'Qith an increase éf permeability and a.venting”of the

gas phase.



' Commonly for such soils,. the pore size, the poore
- pressure and the gas saturation are high enough that
diﬁfereﬁces‘in fluid pressure‘in the gas and liquid phéseS'
are'insigﬁifiqant and can be igﬁored. This idea Qill be -
;addressed further in Chaptér 2. | |

This class of material will be referred to as a
"gassy" soil. The term  "gassy" is meant té héve a lvery.
specific meaning in the context of-this thesis, which will be
devéloped furthér in this chapter, and in Chapter~2. The
following section discusses several instanceé where such a
soil has been récognized in the literature, and the‘obserVed
behqviour' correctly attributed tb the phenoménon of large

volumes of dissolved gas.

1.2 A NEW CLASS OE SOIL

1.2.1 Oilsands

'The oilsands of-the Athébasca reéion'ih‘Aiberta have
been under étudy b§ enéinéers and scientists since the early
1920’5. Ells(l926) reported _on the escépe 'of gas fromr
oilsands during drilling-and’excavation. Hardy ahd Hemstock
{(1963)  were the -firét to recognize the significant
geotechnicéi implic;tions of gas in thé'oilsands, deScribing
both thé"loss - of strength and change in .deformation
propertiesAaccompanyiné,gas éxsolution. Sample disturbance,
and insi;u vs disturbed strenéfg in the oilsands has been

discussed thoroughly by Dusseault (1977,1980).



Insituy, 'oilsénd 'is an extremely dense, uncemented
fine-grained sand. .,It exhibits low compressibilitiés and
high strengths (Dusseault & Morgenstern, 1978a,b). Ag
mentioned above, hydraulic conductivities for samples with no
" bitumen are on the order/ of 10"4 cm/sec. Ho&ever, the
presence  of a highiy viscous bitumen reduces -the hydraulic
cdnductivity. of oil-rich sambles‘ to 10'8 to 10‘10- cm/sec.
Hardy & Hemstock reported é bitumen viscosity of,i.3 * 105
-mPas (lmPas = 1 cehtipoise; and Carrigy (l967f reports insitu
viscosities from several hundred to several tens of thousands
of Pascal-seconds.

Upon reduction of confinigg stress (and thus pore
pressure) disséived gas téﬁds to come out 6f sbluﬁion in
~ large qﬁantities. Both methane anci'_vCO2 are vpresent in
substantial amounts in the pore water and bitumen.. In the
undrained case, this leads to the maintenance bf‘ insitu
pressures or alterna?ively to the production of large wvolume
changes, whiéh cause a loss of strenéth.and an inctease in
compréssibility. -

Particular observations of this phenomenon ’have
included:
| (a) dis;urbance of coré samples: swelling, splitting

longitudinally and diametrically,. effervescence, and
cofrugatidn (Hardy & Hemstpék,‘l963).
(5) excavations for féundations: excessive swelling

(heave) and softening of materials at the base of :he

excavation, followed by settlement on reloading.

.
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(c) slopes:  swelling, softening and ‘Surficial
"slabbing" of material leading to retrogression and
overall flattening of steep slopes in oilsand.

(d) pore pressures within slopes: initial decrease in
pore v‘pressures due to unloading followed by

time—dependént.increases in part due to gas exsolution.

1.2.2 Deég}Sea Deposits . |

Okumura (1977) reported on the disturbance‘of samples
‘taken just below the sea floor, but subjected to initial pore
pressures equivélent to 100 to 10,000 meters of errlying
water. These marine sedimepts were of low permeébility and
‘saturated with water and diséolved air. Although the
Solubility of;ai; in water is small, he calculated thaf the
‘larggféﬁcreaseslin préséure on fetrieval of the sample would
lead to substantial decteases in effective stresé.»

1.2.3 Geopressure Reservoirs

A conference was held on ‘the "Geotechnical and
Environmental Aspects"of Geopressure Enetgy“ in 1980
(Saxena, 1980) wﬁich~diécussed the possibility of‘exploiping
aéeply buried gas reserves in the Gulf Coast.

These reser&es are found 1in upper Cretaceous and
Tertiary sediments, buried to depths of 3300 to 4400 meters.
_The teservoirs' are wedge-shaped and féulted, and contaip.
saline Qétefs with dissolved methane 'gas; Reductioﬁ” of

insitu fluid pressures (57 to 80 Mpa) "to atmospheric would



produce 20 to 30 SCF of gas per barrel of water, a volume i

to 6 times the insitu void volume.

1.2.4 Alto Lazio Ndclear.Power Plant, Italy

From 1978 to 1981, excavations were made at the sites
for ENEL VI & VIII Nuclear Power Plants in Alto Lazio, Italy
(D“Appolonia, 1981). The excavation was approximately 320
meters by 380 meters in size and prog:essed‘in stages to a
depth of approximately 10 meters.

The site 'is 'ﬁndérlain by about .25 m of sands and
gravels (unit II),véo m of silﬁy clay (unit'III), 15 m of
silty sand (unit IV), and at least 130 m of clay (unit V).
Units III and IV were foundf%o contain CO, gas in solution in
the pore £luids, which e#solved with afreduction in total
stress and pore water pressure. Unit IV was relatively
vermeable and Showed little pore preséuré response to either
unloadihg or dewatering processes. Unit"III, howeverTJwas
relatively imper%eable and pore pressures in this ‘zone
responded well té_chénges in. total stress due to .excavation.
During the early part of the excavation, beforeﬁthe upéer
aquifer (Unit II) was dewateréd,‘Unit ITI showed an immediate
response tgv unloading. B values (Skggpton, 1954) 1in the
order of 0.4 to 0.6 were measured, | The initial water
saturations in this layer were greater than 55%, and based on
measured soil cqmpressibility, B > .90 was:  expected. Hence
there was an indicatioj ﬁf a less sensitive pore pressure

response due . to the éﬁ%olution of gas during the excavation

period. The measured heaves were. limited to about 15 cm



W

(total) and 5 cm due to units ITII & IV, since the reduction
in effective stress at this depth was not large. The
development of this deformation in laver III may have been

o~

speeded up by the exsolution of gas, however. .

1.3 NOMENCLATURE

It is necessary at this point to mention several items

of nomenclature to avoid future confusion.

Saturation -
| In soil mechanics, tﬁe term saturation has been used
exclusively to describe the proportion of the pore space
occupied by a pafticular fluid. For example, a- sample of
oilsand may have a void volume of 100 cm3, distributed as
Cx

5 cm® of free gas, 75 cm3 3

bitumen and 20 cm” of water.
The terms 5% gas saturatioﬁ, 75% bitumen!saturation'and 20%
water saturation . are then appiicable. If © the term
"saturation" is not moaifiéd by some adjective, it is
understood to imply saturation of water in‘the voids.

- In speaking of mixtures of iiquid and gas, however,‘it
is also éoséible to use the term saturation in réferring»to
the amount of bgas dissolyed ‘ini the liquid ‘diViaed by the
~maximum amount dissolvable, at a 'pafticular pressure and
Jtemperature. Thus, watef is saturated with airrat atmosperic
pressure‘and room temperat&?e when it contains two per’cent
by voiume of dissolved éir. It is possible for the wéter to
bé undersaturéted, and if it is at equilibrium, no frée gas

will be present in the system; or 1f there 1s some free



gas pre;ent, it will be dissolving in time and 'a state of
disequﬂ&;brium will pre;ail. It is also possible for water
to be momentarily oversaturated with air, which again is a
disequilibrium state.‘ |

ﬁThe térms~ "saturation", "gas saturation", - "water
saturatiog", etc. where used alone in this tﬁesis will refer
to the former meaning, (i.e. the condition of the pore

spaces), whilst use of the terms in referring to liquid-gas

equilibiium will be indicated by appropriate modifiers.

Liquid-gas saturation pressure

An additional term, the "ligquid-gas saturation
pressure”, (Pr/g) will bé  used in reference to a closed
system of .liquid and Qas. It will mean that pressure at
which the liquid in the system is just saturated with gas -
no free gas exists and the system is‘at équilibrium. This is
equivalent td the term- "bubble pressure” uSea in petroleum
éngineering.(

It is clear  “'that for an undrained system**the

“liquid-gas saturation pressure 1s dependent upon only two

variables, the ratio of volume of total gas to volume of
liquid, and ;he temperature. = For ‘any natural soil,  the
insitu (equilibrium) conditions may be of ﬁhree/types:

(a) liquid and free 9asi p < py o |

(b) liquid saturated with gas; p = pf/g

(c) undersaturated liquid; p > pl/g



Undrained, Drained, Short and Long Term Behaviour

The terms "undrained" and "drained", "short" and
"long" term -behaviour also need clarification. It is common,
when evaluaﬁimg a problem in soil mechanics, to bognd th?
anticipated behaviour of soil by looking at the extremes of
undrained: and drained boundafy conditions. An undrained
condition refers to that situation where no pore fluids are
pvermitted to move across theuboundaries of a soil element,
and is praéﬁically only achievable éither where the boundary
condition can be imposed (such as in a laboratory test) or
where the permeability of the soill is so 1low that no
measurable drainage may occur over a specified time interval.
Total stress'changes at the soil boundary result in both pore

and effective stress changes in the soil element, and

depending on the relative compressibilities of the soil

skeleton and the pore fluid, some volume change may occur.

For most saturated soils, it is a reasonable assumption to.

say that the volume change is zero and that the total stress
chahges are almost completely transformed into changes 1in
pore fluid ©pressure. At the other extreme, "drained"
behéviour refers. to the soil element which provides no
hindrance to movement of pore fluids, so that any changes in
total stress at a boundary are 'Qgpported completely by

changes in effective stress. Any intermediate condition of

partial drainage is also possible.:

10



For saturated golls, 1t 13 common Lo equate tnhe terns
"undratned"” and "short term" benaviour, and "drained™  ndd
"long term" behaviour, since the only operative tiansient
process 1is consolidation, Tor a gassy soil, however, thev
are not equivalent. [t is most important to recognize that a
second transient process of gas exsolution exists, which will
also cause changes in pore pressure with time, so that 1t 1is
possible to have both short and long term undrained
responses, 1f the exsolution process 1s much faster than the
consolidation process, or if the undrained boundarv condition
1s enforced.

Gas, Exsolution

The term gas exsolution, introduced above, will be
used in a general way in this thesis %to refer to all those
processes going on at a microscopic scale that lead to our

macroscopic observation that gas 1is either "dissolving" or

"coming out of solution". These microscopic processes

‘include, (but are not limited to), gas sorption, (i.e.

absorption or desorption), which refers to the transfer of

gas from the free (bubble) state to the dissoluwed state
A

across a ligquid-gas ‘interface (or vice versa); and bubble

nucleation, that physical phenomenon which determines where,

'hqw many, at what size and at what rate gas bubbles will form

in the-soil. The concept of gas exsolution is discussed in

more detail in Chapter 5.

,fﬁ‘



()
Gassy Soils-

' Lastly, the term "gassy soil” will be used throughout

~ this thesis_(to refer specifically to that material which

‘contains a relatively large volume of gas either dissolved in

I

the pore  liquids or existing in the free state. The

determ;natioﬁ of what constitutes a "large" wvolume  is
somewhat,subjectiQe; but for general purposes may be defined
.as @& volume which;’measuréd at atmospheric pressure, 1is at
1easF severai'times the saturated void volume.

|

i The definition of a gassy soil is fairly complex. The
/ , ’ N

concepts are treated further in Chapter 2, and a practical

means of distinguishin between "gassy"™ and "unsaturated"
‘ g Y

soils is given in Section 2.7.

|

!

l
inherent in the word "gas-saturated", which already has

several specific meanings.

\ .
1.4 SCOPE OF THESIS
T
\

It is the ‘purpose of this thesis to discuss the
‘mechanics of the behaviour . of gassy soils subjected' to
chanqéé in'boundary-stresses. This behaviour may be divided
into two groups, equilibrium and non—equilibrium.

Equilibrium behaviour is the‘ simplest to formulate

»

analytically, as there are no rate processes involved. The-

pﬁféiqi describing the pressure-volume relationship for free

gas and‘tﬁe\gelationship between volume of dissolved gas and
~ ' .

— \

pressure is -~ well understood and has been treated

| The word’ "gassy"™ 1is used to avoid the confusion

12
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theoretically in the literature. This information will ze

summarized in Chapter 2. .

Although the equilibrium behaviour has been discussed
and modelled to expiain field behaviour, it has not (Eor
gassy soils) been'verified quagtitatively,in.the laboratory.
Chapter 3 will describe the laboratory investigation
undertaken to provide such verificatibn,Aand the results wil%
- _be discussed in Chapter 4. |

Less is known about the non—equilibriﬁm case, and no
attempt'haé.been made ‘to formulate a proper theory. There
are several reasons for this, Although it is possible. to
speculate én the micgoscbpic processes responéible for gas
exso;ution; these are not completeiy ‘cataloguea nor wéll
understood for soils. Those processes which are thought to
have a dominant roie, gas sorptioh and nucleation, can be
modelled énly for the simpleéf of boundary conditions, and
indeed currently form the frontiers for research in several
fields of meéhanical and chemical engineering. Application
of these ideas to soil problems is difficul£ because of our

incomplete knowledge of the complex boundary conditions in

-soils.

Hence this research approaches the non-equilihrium

behaviour from an observational point of view. Laboratory
investigations of the ‘transient behaviour for both the
undrained and drained cases are presented in Chapter 3. A

thsical "law" 1s postulated for the exsolution process on

13



the basis of the observed (macroscopic) behaviour in Chapter

"5, and an attempt is made to support this hypothesis oy

considering‘the dominant. microspopic processes,

»Thé laboratory results for non-equilibrium behaviour
afe<analyéed in Chaptér 6, first for the drained case, on
‘which the macroscoplc gas exsolutlon hypothesis is based and
then for the undralned case. | |

A gene:al theory of partislly—arained behaviour is
then developed in Chapter 7 which inc9rporates consplidation,
gas éxpansion'andfgas exsolution. Finally, this is applied

to the-=problem of fluid pressure responses around a botehole,

shaft, or tunnel in Chapter 8. fmmediate pofe fluid response

is determined in the plastlc Zone surroundlng a. shaft, -and

then the transient response ‘due to consolxdatlon/exsolutlon

is examlned. The determination of ground reactlon curves for

a shaft in a gassy soil is also dlscussed.

14



CHAPTER 2 - EQUILIBRIUM BEHAVIOUR OF GASSY SOILS

-

2.1 GENERAL

It is the intent of this chapter to providé a general
introdhction to the physicai ‘behaviour of unsaturated and
gassy édils; ’Ohly the equilibriumtbehaviour of such soils
will be ‘coﬁsidered,‘ which meahs‘ that behaviour which is
governed by.prOcesses which are-ot have become independent of
ﬁimé. |

Consider an element of soil (Figure 2.1) which has agl
uﬁdrained bbundary and which 1is subjécted to known toﬁéi
strésses along that bounaary: _The soil itself consists of

- solid particles which are in contact yithreach other and’ form -
a con£inuous, 3—dimensionalbnetwofk referred to as the "soil
skeleton”. 'The- interstices, or pores, are‘occupied by one or
se;eral fluids, which may be either a.gaS‘or a liquid or
mixture of se&eral gases and/or liquids.

The total . stress applied at the bouhdariéé 6% this
element are carried‘internally.by a'stress écting in the soil
skeleton.and a'étress acﬁing in the bore fluid. The latter

is referrea to as the pore pressure; the former is
characterized by the "effecpive - stress",  which "is that
portion of the average.inte;granula; stress in excess of the
.pore pregsure multipiied by the areal porosity;‘

Any change in total stress on the boﬁnda;y‘of this

element will be accompénied by a change in both the pore

pressure and the effective stress, and also by a change“iﬁ

15
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the volume of the element. ‘Iﬁ will be,desireble to describe
this behaviour both in the short term, before gas exsolution
procésses have time tobact, and in the long term, after gas
exsolution isicomplete; (The discussion of ,the tran51ent or
'non-equlllbrlum response 1s left untll Chapter 5).

The standard 5011 mechanlcs termlnology will be

‘applied in descrlblng the volume and weight relationships for

this element of SOll (Figure 2. 2)
First, a review of the litetrature on the strength and
volume changes in unsatuieted*soils will be made. This will

) , \ ,
be followed by a brief ,discussion "of the physical laws

governing free -and dissolved gas behaviour and ~how this

_influences vthe compre551b111ty of pore - fluids. Fredlund
(1973) has treated this subjectlln detail, end,only a.summery
of the important points-will be given here. /The implioations
of such undrained behav1our w111 then be lnvestlgated for an

“element of gassy soil.

2.2 LITERATURE REVIEW

Engineers have long .appreciated the fact that in the

absence of dralnage,”con31de:able pore pressures'may,dévelop

in compacted-earth fillsvand dams. The soil comprising the

fill is remolded and thus unsaturated due to 1its. initial

excavation and handling. . The magnitude of the pore pressure

response is dependent mainly upon the degree of compaction,

the initial water content, and the self-weight of the soil.

17
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Several early publications from the 'U S. Bureau of
Reclamatlon, appearlng in the II International Conference on
Soil Mechanlcs and Foundation Englneerlng, (Hilf, 1948;
Walker and Daehn, 1948), emphaSized this fact. _ In
particular, Hilf developéa an expression relating pore fluid

ﬁ'\\

pressure after compaction to initial pressure, volumes of air

and water, Henry s constant for SOlubllltY' of a gas in a

liquid, and the volume change in the soil. These 1deas_were
further developed by Bishop and Eldin (1950) , and by Bishop

7:(1957), who examined the influence of free and dissolved gas

_ v ¢ ,
on pore fluid compressibility, and noted that "the pore

pressure set up by an increase in total stress under

undrained conditions is  a function of the relative
compressibilities of the so0il structure and of the flu1d
occupying the‘pore space"; BlShOp also derived an expre551on
reiating change ’in pore pressure. to initial pressure,
saturation, Henry’s constant, porosity and Volume change. He
noted'that.this relationship‘was Oniy valid as long as some

free gas remained. When the pore fluid became saturated,;the

fluid compressibility would decrease drastically and B,

(= Au/Ac), would approach 1.
During. the 1960°s, a number of ' researchers
investigated the behaviour of unsaturated soils, working

primarily with  clays having small air -saturations.

Bishop et al. (1960) and Bishop & Blight (1963) looked at the .

effective shear strength of partly saturated soils and were

‘the first to propose a modified form of the effective stress

19



equation, incorporating both pore air and water pressures,

and later to use two sepafate stress state variables,

(7 - u and (u., - u In the same period, Jennings «

a) a W) *

Burland (1962), Biight (1965), Burland (1965), Matyas &
Radhakrishna (1968) and Barden et al. (1969) were examining
volume changes in unsaturated soil ‘and propoSing the use of
these seme stress variables. Research in this area

culminated in extensive PhD.theses by Fredlund (1973), and

Verma (1976), and a number of papers elaborating on the

volume change, strength and consolidation of unsaturated:

soils followed: Fredlund '(1976); Fredlund . & Morgenstern
{(1976); Fredlund & Morgenstern (1977) ; Fredlund (1978) ;

Fredlund; Morgenstern & Widger (1978); and Fredlund (1979).

]

£

During this period, a significant paper was given by

Schuurman (1966). l "He discussed the compressibility of

unsaturated soils (0.85 < S < 1.0) "containing occluded gas

bubbles, taking into account the difference between air and.
. 3 ‘
water pressure due to suré%ce tension, and developed an

expression both for fluid compressibility and for the air and

" water pressures. .Fredlund (1973) questioned ﬁhe validity of
Schuurman”s equation beCause‘he (Fredlund):felt that surface
‘tension ‘effects were only operati&e in ‘the presence of a
solid, and that therefore the pPressure in an occluded gas
bubble would be equal Ato' the surrounding 1liquid pressure.
Fredlund~s criticism,was ill—founded. Schuurman’s‘ideasvwere

correct, as far as his assumptions allowed. If anything,

they needed only to be mocdified to refleét real gas behaviour



¢~

at high' pressures (Epstein, 1975), and to incorporate
concepts of critical bubble radius (Mori et al., 1977). A
discussion of these ideas will be ‘postponed wuntil the

literature review *in Chapter 5.

A further interesting contribution to the subject of

fluid compressibility in unsaturated soils was made by Black

& Lee (1973). They investigated the saturation of laboratory

samples by back pressure and presented several equations

relating saturation to the pore pressure response parameter

B, for no gas solution and for total gas Solution. However,
they were more interested in thetnon—equilibrium behaviour of
the so§1,> and their discussion of eQuilibrium conditions
offered no new physical hypotheses. |

An excellent review of the development of the concepts
discussed above has been provided by Wood (1979).

All of this work was performed as part of an on901ng

research effort into the equlllbrlum behaviour of- unsaturated‘

" soils. By the m1d-l970 s, both the laboratory investigations

-and the theoretlcal concepts were well developed but they

had only been applied to soils with small amounts of gas
dissolved in the pore fluid, The logical extention of the
concepts to gassy soils awaited the actual observation and
recognition of these 'soils in nature. The first applioation
was made by Harris & Sobkowicz (1977), wno investioated the

geotechnical implications of such behaviour. 'They gave a

>



physical rationale for the behaviour of a gassy soil, and
extending the anélytical concepts, developed:
(a) an expression for the compressibiliég of the total
pore ﬁluid\as a function of preésure ana temperature,
and |

(b) a closed fofﬁ solution relating the change in pore

pressure to the change in total stress. This solution.

incorporated aylineaf\gonstitutive felationship”for the
soil.

DusSeau;t (1979) also investigated and modelled fhe
equilibrium bghéviour of gassy soils. He develcped a
differential/eéuation for the relationship between du/d¢, and
u and g inéorporating‘a'non¥linear cénstitutive law, whiéh
was thenfsglved by a finite difference techniqﬁe. As will be
discusgﬁé later, there is a-distinct advantage to retaining
the‘liéear fofﬁ.of the constitutive law in this solution, as
the / concepts may be applied in a tractable way to the
t;ansient problem. The behaviour of non-linear materials may

gBe treated by a step-wise linear analysis.

2.3 BOYLES & HENRY”S LAWS

Pore fluids may be _tbtally miscible, totally
immiscible;.or a combination of the two. That is, if several
liquids are present, they may foim a complefe solution, and
act as one ligquid, or they may be mutually insoluble (as is

the case for water and bitumen in the oilsands): If several
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gases are present, they will be completely miscible. For
simplicity, in this thesis we will deal exclusively with the

case of a single liquid and a single gas. The gas will be

soluble to some extent in the liquid, and depending, upon the
weight ratio of gas to liquid in a soil element and the pore
pressure, there may or may not be any free gas in the pores.
% If the pore liquid is undersaturated or just saturated
with ‘gas, ‘the pore fluid compressibility will be low and
close to the compressibiiity of the pure 1liquid. Frédlund
(1973) presented some experiméntal data which confirmed/that
the diééolved air only’inqreased the fluid compressibility

slightly. » , “ o

However, if there is both free gas and liquid present, 

the pore fluid compressibility may be much higher (by several

orders of magnitude), and will be pressure dependent. If the

gas and 1liquid are immiscible, the physi;al laws governing-

compression of gas will determine the fluid compreésibility,'

whereas 1if the gas is soluble to some extent in the liquid,

the fluid compressibility will also be influenced by the’

solubility relations%ip.
The two physical laws governing these volume and
pressure relationships are Boyle“s law and Henry's law: -

(a) Boyle“s law: If the temperature of a given gas is

held constant, 1its density is proportional to the
. | '

absolute pressure. For the undrained case, where the

mass of gas does not vary, this is equivalent to

stéting:

23



P=absolute pressure, V=volume, kK=constant.

(b) Henry”s law;i The weight bf gas dissolved in a

fixed quantity of a liquid, at constant temperature, is
directly proportional to the absolute pressure of the
gas above the solution. Thié may also be worded in
Another way. Supposé there is a fixed quantity of

liquid subjected to a constant temperature and to a

confining pressure P. The volume of dissolved gas is

constant when the volume is measured at P (sec..2.4.4).
Vag = H * v, (2.2)

Vdg = Volume of dissolved gas, V, = Volume of water,

H = Henry”s constant.

Henry“s ~constant varies for different gas/liquid
combinations. ggFo;. air/water, H = 0.02; .for Coz/wgter,
H = 0.85; for methane/bitumen, H = 0.25. |

H is’temperaturé dependent, - and over a wide range of
pressures is " also pressure dependent, -particularly for
natural gases in hydrocarbons (Burcik, 1956). (Verma (19760
discusses the possible deviations from Henry“s law, as it
~applies to .a gés in a frge'liquid, for géSes‘and liquidsvin

the pore space of a sbil.)



For the pgr?oses of this thesis, it will be assumed

that H 1s independent of pressure. The variation of H with

temperature for both Coz_and N, in water is given in Figure

2.3.

2.4 COMPRESSIBILITY OF THE PORE FLUIDS

Pore fluid compressibility, g¢, is defined as follows:
dg = —l/Vf * de/de

where V. i5 the volume of the pore fluid ‘and Pg is the

absolute pressure. Assuming that P. = p_ =
it ’1 P

g = then
8g = -1/Veg * dVg/dpP (2.3)
2.4.1 Compressibility of a gas
The compressibility of a gas is defined as:
5 = --l/Vg *»dvg/dP y , : (2.4)-

But from Boyle”s law,

V. o=
g k/P
dVg/dP = -k/P"2

2g = -P/k * -k/P"2 = 1/P (2.5)
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It is also useful to develop the finite difference form of

this relationship, from:

PI*V) = Pp*vy

Vg = P1*V1/P,

=V, - V) = V; * (P/Py-1)

aVg = Vi * (=aP) / (P+4P) (2.6)
B8g = ~1/Vg * LVg/AP = 1/ (P+iP) “ (2.7)
;n the limit, as AP approaches 0, Sg approaches 1/P.

N ,
2.4.2 Compressibility of a pure liquid

The compressibility of a liquid is defined as:

3y = -1/Vy * avp/dp S (2.8)

2.4.3 Compressibility of an immiscible gas/liquid mixture

In a similar  manner, the compressibility of an

immiscible gas/liquid mixture may be defined as follows:

SE

-1/Vg * dVg/dP = -1/Vg * d/AP(Vg+Vp)

—l/Vf‘* (=Vg/P - VL*BL)'
(1-8) /P +.5*g. o (2.9)

2.4.4 Compressibility of a partly miscible gas/liquid mixture
This relationsbip may be conveniently developed’as a

finite difference formulation, Consider first the
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compressibility of the gas due to free gas compression and
solution.1
- Let the initial volumes of gas and water in an element
of soil be:
O ’ .
Vfg and Vw

Then the total volume of ‘free and dissolved gas is:

0 0 -
Vpg = Vgg * H XV,

&

It w1ll be assumed that the compressibility of the water is
small enough that the volume of water can be con51dered
constant insofar as determining the amount of dissolved gas
is concerned. Fredlund (l973)rdemonstretes ﬁﬁat.Boyle’s law
;ﬁor' free gas and Henry“s . law vfor  dissolve§. gas may be
combined'by applying Boyle’s‘law to the total volume of gas
‘in the system, both free and‘ diséolved. Thus, for an

increase in pressure from Py to py, we have:
1 - 0 x _ 0 * '
Veg = Vpg ¥ Po/Py = (Vg * BNy ¥ py/py

The volume of dissolved gas is still'H * Vw (meaéured now at

P,; the total weight of dissolYgﬁ gas Pas incteased according

to Henry”s law), so that the ﬁéé volume of free gas is:

— ?

. ) o ‘
%The subscrlpts fg, dg, and Tg will be used throughout the
text to denote free gas, dissolved gas and total gas

rg $pect1vely S
1‘ »

“‘;\L x-.
B M K

b

B



1 . 1 _ 1= 0 *
Vfg vTg Vdg (Vfg.+ i VW) * PO/Pl - H*Vw

and then
| Weg = Veg - Vfg = (V] + BYV) * (=1P)/(Pg+iP) (2.10)
-and : = ‘
4
Bg = -1/vfg 2V, f£g/ 0P = (vf +H*V>x ygg *l/(P0+AP) (2.11)
Then f AN
8g = ~1/Vg* vf/ P - |
= =1/Ve % (- (Ve JHHRY,) / (Pg40P) - vp* 1]
= (1-S+S*H) /(Py+4aP) + S*g@p, : (2.12a)
. ) -,:.? .
whieh, "ffit(as AP approaéhes 0, becomes:

29

L U1-S+S*H) /P + S*8 | (2.12b)

2.5 THEORETICAL PORE PRESSURE RESPONSE

Let us return to consider an element 0f.gasey soil,

(Figure 2.1). With an application of a change ‘in total

stress Ac on the boundarles of this element, what will be the

change in the pore pressure, Au,%,and the change in effective

stress’ AG~? As previously noted by Bishop (1957), the

2Throughout this thesis, a differehtiation will ~be made
between the gauge pore pressure, u, and the absolute pore
pressure, P, such that: ” ’

P % u Patmospheric

©
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magnitude of the pore pPressure response will depend upon the
relative values of the pore fluid and soil skeleton
compressibilities,. énd ‘may be computea. by invokiﬁg strain
compatibility between the pore volume and the total soil
volumé. |

The response of thé soil (skeléton énd pore fluid) may
be physicaily modelleéxby a set of)springs'as‘illustrated in
Figuré ‘2.4. - For 'saturated soils with no dissolved gas,
‘Bf << BT,3 so that for éll préctical purposes the total
stress. change is Eaken up wholly in the pofe .fluid. - For
unsaturated soils, where some free gas is present but where
there is Veryvlittie dissolved gas, 8¢ = B, and the change
in total stress is roughly, équally'distriﬁgted between the

pore fluid and the soil skeleton. For gassy soils, however,

" not only is the saturation less than 1, but there is a large

volume of gas dissolved in the pore ligquids, so thaﬁ with

§

"decreasing , ‘Bf >> Bmp.  The tbtalvstress change 'is aiszt
. . ‘ \ "’h) .

\

‘entirely taken up in the soil skeleton and the pore preéshre

change 1is very small. ‘This phenomenons will be examiped
. O ’

\

quantitatively in the next section. A

Se— . , ; _
:i:\\*‘\\ Harris & Sobkowicz (1977) developed a closed-form

sélution, for Au in tefms of Ag and AT, assuming a linear
constitutive relationship for the soil skeleton. . The
temperature—independent sdlupibn‘is elaborated below, (notice

that finite differences are used in this analysis).

B is the comﬁressibility of the soil sgkeleton, i,e.lthe
co%pressibility of the soil in the totally drained mode.
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Figure 2.4 - Spring analogy for unsaturated soils

(After Dusseault,

1979)
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Consider again the element of‘gassy soil. (Figure 2.1)
subjected‘to’a change in total stress Ag. va we allow that
there will be a corresponding chahge in pore pressure Au and

in effective stress Ac”, tHEn we have that:

Ao = Au + Ao~ ‘ ‘ (2.13)
.The relationship - between Au and Ag may be developed by
examining the volume changes in each of the phases.

From equation 2.10:

AV

(vfg+H*VL)*(-AP)/(pO+AP)

(1

(Vfg+H*VL)*(¢Au)/(u0+pa+Au)
and from equation 2.8,

If we define an overall element compressibility Bp (soil
skeleton compressibility) such thats

8p = -1/Vp * dVqp/do” ‘ 2 (2.14a)
then '

AVp = -Qf * Vp * Ao’_ - (2fl4b)



33
Substituting for »5”° from equation 2.13,

AVT ;-'BT *.VT * (AT - Au). (2.14c)

But for compatibility of volume change, (assuming the volume

cbange of the solid particles is negligible),

AV

T = AVE = AV + Vg : N 7 (2.15¢c)
such that
-BT*VT*(AO—AQ) = —BL*VL*Au-Au*(Vfg+HfVL)/(uo+Pa+Au) (2.15a)

Rearranging, a quadratic equation is found for 2tu,

A*Au?2 + B *Au +C =0 o (2.15b)
where |
AA=BT+D*S*>BL

B = 8p * (Pg-20) + n* (3 *S*Py+1-S+S*H)

C = -Bp * a0 * Py

~and n, S and Pd are initial values taken at the beginning of
the stress increment. Thisssolution assumes that the element
is at equilibrium both before and after the stress change is

_applied, and is an exact solution as long as ET = constant. . .

1
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A modified solution to account for disequilibrium at the

beginning ,Qf the stress increment will be presented in
Chapter 4, during the evaluation of the labohatory tests.
Thus 'a closed form solution for su has been found
which is dependent only on the total stress chenge on - the
element, the soil skeleton and liquid compressibilities, the
initial element porosity and_saturatien, the initial absolute

pore pressure and the sblubility (Henry‘s) constant for the

gas in-the liquid.

The behaviour of this gassy element of soil subjected.

to a decreasing total stress path will be examined in the

'fbllowing’section.

2.6 EQUILIBRIUM UNDRAINED PORE PRESSURE RESPONSE

Harris & Sobkowicz (1977) examined the behaviour of a
foundation on’ a gassy soil during excavation and reloading,

. o ! .
and the response of a tunnel excavated in the same material.

‘Dusseaule‘(l979) investigated the.pohe pressure response and
volume change in an element of gassy soil upon total stress
unloading from 1n1t1al conditions of S <1, i.e, for a sample
whose pore flu1d was initially saturated w1th gas and in
whlch there was also some free gas in the pore space.

However, the pore- fluid of many gassy soils is

undersaturated (with- gas) insitu. It is lnstructlve,’ in

con51der1ng the total response of such soils, *o 1nvestlgate
the undrained equilibrium behavrour of a soil element whe it

is 1n1t1ally saturated with water, and when the - pore liquid

-
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is undersaturated with respect to gas. The soil element

illustrated in Figure 2.1 will be used, and subjected to a

continually decreasing total isotropic stress along 1its

boundaries. Initial soil properties are shown on Figure 2.1

and are représentative;of one of the laboratory tests, which
will be discussed in more detail in Chapter 4. The analysis
will use the theoretical felationships established in section
2.5, but will assume the éoil-is.non—linear elastic, the void
ratio (e) being a linear funétign of log s°. The analysis is
made with step decrements in o of arbritiary size. For
each Ao there is an iteration for Au, due to the fact
that BT is a function of u, but is also a term in equation
2.15. |

Two responses of the soil will be examined, the
immediate (short term) and the long term ones. Immediately
after the step decreaée in total stréss is appliéd to the
801l element, there will be some change in poté pressure and
in effective stress. The fluid compressibility will be
influenced by the compressibiiity of the‘free gas, but not by
any gas exsolution. Strictly speaking = this 1is not an
~equilibrium response for the soil unless the gas 1is totally
insoluble in the pore liquid (H = 0), but even for paftly
miscible fluids it is worthwhile examining this behaviour as
it is observasle in the laboratory and in the field. The
‘true ,equilibrihm résponse of ‘the soil 1is Vthat( behaviour

observed after all gas exsolution has been compléted.



In summary, the theoretical undrainea.pore pressure
response of a soil element, subjected to a number of step
decreases in total stress, will be predicted. For each
decrement, both the short and long term behaviour will be

calculated before the next decrease in +total stress ;é

/ o
. applied. / /

The response of the soil is summarized in Table 2.1
and presentéd graphically in Figure 2.5. Starting with an
imitial total étress of 1600 KPa and a pore pressure of 850
KPak(Figure 2.5, Graph A), the pore liquid\is undersaturated

with gas (Py/g = 650 KPa). sSmall decreases in total stress

produce- nearly equivalent decreases in pore pressure, since

ét << &p, and thus B = pu/Ag s+ 1. As soon as the pore

pressure drops below 650'KPa, however, several changes in

behaviour may be observed:

(a) Gas begins to exsolve and thus the saturation of
the element decreases. | |

(b) With decreasing saturation, ' the immediate pore
pressure response becomes less than the change in total
stress, i.e. Bst < 1. This is due to increasing fluid
.chpresSibility. Note however that there is a limiting
value for Bg,, below which it will not drop. With
continued decreasing saturation, B,. increases because
43° is approaching zero.

(c) Initialiy, ¢c” is quite high .and thus 3p is. low.
For equilibrium at the end of a time interval

associated with one total stress decrement, P = Pl/g-
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TABLE 2.1

THEORETICAL UNDRAINED EQUILIBRIUM PQORE PRESSURE RESPONSE

FOR AN ELEMENT OF

GASSY

SOIL SUBJECTED TO AN

ISOTROPIC TOTAL STRESS DECREASE ON ITS BOUNDARY

(.987)

(.790)

= 0.86, C_ = 0.0073)
STEP AUST AULT
T ~ 1

NO. BST BLT Nend Send Uend J Jend
0 .3228 100.0 652.34 1403.31 750.97
1 —95.% -.82 .3230 99.91 651.51 1303.31 651.79
2 -84 .68 -.96 3232 99.80 650.56 1203.31 552.75
3 ~-77.76 = -1.14 .3235 99.67 649.42 1103.31 453.89
4 -73.71 ~-1.41" .3239 99.50 648.00 idb3.3l‘ 355.30
5 -70.92 -1.86 .3244 99.29  646.14 903.31 257.16

~70.61  -2.72 .3250 98.98  643.43 803.31 159.88
7 -74,25 -5.14 .3263 98:40 638.29 703.31 65,02
7a -40.89 -6.46 .32789 97.692 631.83 653.31 21.48
Aog=-50 ) i '
7b —18.13 -5.78 .32944 97.008 626.06 633.311 7.253
AG?— 20
7c -4.78 -2.43 .33006 96.735 623.63 628.31 4.68
Ag=~-5 )
7d -3.88 -2.37 .33067 96.469 621.26 624.31 3.05
-4 (.969) (.593) '
-3 -2.93  -2.05 .33120 96.238 619.21 621.31 2.10

(.978) (.683)
‘_2. -1.97 . -1.49 .33159 96 .067 617.72 619.31 1.59
-1.55 -1.53  -1.22 .33192 95.927. 616.50 617.76 1.26
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IMMEDIATE & BQUILIBRIUM B

EQUILIBRIUM PORE PRESSURE (KPA)
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(for initial soil conditions, see Table 2.1) __

Figure 2.5 - Theoretical undrained equilibrium pore pressure response

NOLILRININS
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Because the so0il is so0o stiff, and because there i3 350
much gas in solution, relétively little gas need be
generated to maintain high pore pressure; (Graph a) .
Thus BLt is close to zero. As 17 decreases, however,

BT increases and thus greater volumes of gas must bhe
génerated to achieve equilibrium. As a consequence, P
decreases slowly to a value slightly less than pl/g'
(d) For a real soil, ° at some point reduces to zero,
since - is decreasing but u is not. For this example,

this occurs when “p = u = 600 KPa. Any further

decrease in Jp will produce an equivalent decrease in

u, hence B, = g, = 1. Significantly larger volumes

of gas will be produced in the soil element, leading to
a disruption of the soil skeleton and eventual venting

of the gasa

<&

“«,COmbuterwin BASIC. The prograﬁlis located in Appendix A.

ke -

]

2.7 UNSATURATED OR GASSY?

A correct understanding of the ideas discussed in this

'71chapter is crucial to the recognition of the peculiar

behaviour of a gassy soil. It must be understood that this
behaviour is attributable to large volumes of gas dissolved

ipfthe'pqre fluid. It may be argued that the distinction

e L

between an unsaturated and A gassy soil is one of degree, and

that the transition between Ehe two is gradational. However,

o  The analysis described above was coded foﬁua.gand—held'



4§

the concept unifying the « o, i.2. the solubiiity of the pora

gas in the pore 1liquid, is for -a particular soil and a

particular problem, unique. The soil behaviour usually,

confopms to oneyof the two categories. It is. thus useful to
consider the extremes\ of behaviour, and to make the
distinction between two different types of soil.

"For example, con31der Table 2 2 and Figure 2. 6, which

,1llustrate the response of an unsaturated soil (H = 0.02,

typical of air in water) given ‘the same 1n1t1al condltlons as

3

for the prev1ous analysis. Recalling from Bishop that th

pore pressure response 1is a function of the relative-

o

compressibilities of the pore fluid and the soil skeléton,

and examining equation 2.15, it is clear that the distinction

between g Sy and unsaturated soil is 1ntens1f1ed not only by

~a higher fiuid compre551b111ty but also a lower soil skeleton

compressibility in the gassy soil. Thus the example in

| Flgure 2.6 also uses a relatively high compression index (and

porosity), representative of a clay soil.

Figure 2.6 illustrates the behav1our that is normally

_ assoc1ated with an unsaturated soil, (eig. Skempton, 1954),_

~and which may be ’contrasted- with gassy soil behaviour in

40 -

Figure 2.5. The soil element is initially - completely

. ' , /’
saturated at a total stress of 1600 KPa and a pore pressure
of 850 KPa, and behaves that way under sreasing total
stress. (B = 1) unt} = P At this point, gas begins to

1g-
exsolve from the pore fluid and the soil becomes unsaturated.

I
t

Oy



« TABLE 2.2

THEORETICAL UNDRAINED EQUILIBRIUM PORE PRESSURE g*SPONSE
FOR AN ELEMENT OF UNSATURATED SOIL SUBJECTED TO, AN
ISOTROPIC TOTAL STRESS DECRESE ON ITSyBOUNDARY '

(B = 0.02, Cé = 0.47) B

STEP

NO. s LT N S u e
0 .4300  100.0 652.34 - 1403.31. 7%0.97
1 _99.88 -99.20  .4307 99;72 566.14 1303.31 7%3.17
2 -98.53 —90.074," 43158  99.358  470.07  1203.31 733.24
3 -96°36 -87.09  .43275 98.86  382.98. 1103.31 720.33
s -92.83 ‘%%g.84' 4343 98.25  300.14  1003.31 7@3;17
5 -87.17 ;76.83' .4365  97.38. 22331 90331 680..00
6 -78.53 -68.60  .4396 95.19 ~ 154.70 803 31 648.61
7 56.70 -58.20  .4438 94.55  96.50 703.31 506 .81
'8 -53.00 -46.65  .4495 92.37  49.85° 603.31 553.46 .
9 -39.92 -36.70 ,45?0 89.65  13.15 503.31 490.16
10 -30.30 ~27.70 .4664°  86.31  -14.54  403.31 ~  A417.85
11 -22.52 -20.95 .4584 . 82.28  '=35.49 303.:1 | 538.80
12 -17;18‘ -16.23 .,.4537 77.39  -51.72  203.31 J 5255.03
113.76 £13.19 5145 71.19 -64.91  103.31 ¥l68.22

14\_ -12.14 -11.80  ,5478  62.28  -76.71  3.31 80.02



o 8 ' Immediate response . ‘ Pore fluid is

5 - {no gas exsolution) A / undersatursted, ]
> ' : |3 =1
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S 6 /' long term response ’ -
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Figure 2.6 - Theoretlcal undralned equlllbrlum pore pressure response
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However, because the soil skeletqn is quité“compressible,'and
because there is not'much’gas in solution, the pore fiuid
compressibility does n§£ increase too drastically and remains
of the same order of_ﬁégnitude as BT' With decreasing.fofal
stress and saturation, B_i and By, gradually decrease from 1
and become asymptotic to a value cléss to 0, (0.13 in this
case) . Note that ‘B does not level out and theﬁ‘increase at
lower total stresses, as ip the gassy'casé. This is because
J° remains greater than zero. D;ring the unloading process,
the pore prsssure décreases montonicalli, becoming negative

at some ﬁéint, }for this example, when Jdp = 450 KPa), and

becoming asymptotic to ésvalue of 0 atmosphere absolute or -1

atmosphere gauge, o H

There are some important differences,xthen, between

- the gassy and the unsaturated soil behaviour. For decreasing '

total stress,

(a) Bétr and' Bry ménotonically decrease for ' the
unsatufated soil, whereas for the gassy soil, they
decrease, level off, theﬁ increase_back to s value of
1.

(b) The pore pressure decresses moﬁotonically and oftsn
becomes negative for an unsaturated soil, whereas for’a
ugassyrsoil, it lévels of f at a value close to Pl/g’ and
only begins to decrease when the effsgtivéi stress

approaches 0.
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(c) Effective stress remains positive for an |

unsaturated soil, and oftentimes is larger than the

" ¥

total stress at the end of the unloadlng sequence For

a gassy soxl, the effectlve stress reduces to zero at

an 1ntermediate point in the unloading process, when .

g > 0 and 'u = 07, Any further unloading causes the"

generation of large volumes of gas .and a disruption of

"

the soil structure.

(d) Saturation decreases monbtonicaily for both soils,

-

but at a quickerxrate for the .uns@turated soil. This

is mainly a function of the higher soil compressibility

used for the unsaturated soil.

It is tempting to tryr to develop- an analytical
expression which would define the bouhdary'between'gassy and

undersa&urated soils, perhaps in terms of the gas s@lubllltj

constant, H, and the soil compressxblllty QT or compre551on

“index Ce. An examihation of Figﬁre 2.7 will illustrate that
this is a futile endeavor, however. 'This figure demonstrates
diagramatiéally the relationship between the two types of
soil beheviour,‘end the location of their mutual  boundary.
It is evident that the soil respenseAfo; behaviour,ﬁear the
transition zone is not just a function of  the
compressibilities g, ang B¢ , and thus also of Cq, £, , and

H, but is also a function of the insitu state of stress o

and Uy, and of the liquid/gas saturation pressure Pl/g' The
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Figure 2.7 - Relationship between gassy and unsaturated. scil behaviou




exact u - o stress path followed by an element of soil on
uﬁloading is a complex function of these variables and may
only be defined analyﬁically“ in a step-wise manner. Thus
phere is no simple anal$ﬁ}pal expressidn defining the
Epunﬂéry betweeﬁ the two typégfof soil behaviour.

o

2.8 SUMMARY

This chapter has defined the general behaviour of

unsaturated and gassy soils, discussing the distinction to be

made  between the two classes in terms of undrained

pOre-pressure response. A review of the concepts and
analytical work on unsaturated soil has been presented. This

was followed by a discussion of the physical laws governing

gas, expansion and exsolution, followed by a’ derivation of the

eXpressions for compressibility of each of the phases in an
element of unsaturated soil. The theoretical pore pressure
‘,re;pqnse for an undtained element of soil was  then derived
for decreasing Eotal stress on the element'boundafy, and this
.behaviour.was egamined and compared for both the unsatutéped

and gassy soil.
' /
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CHAPTER 3 - THE LABORATORY ‘INVfJSTI ION

3.1 GENERAL

" The laboratory investigation fo:med an essential part
of the study of the behaviour of gassy soils, ,both in
confirming and extending currently'unde;étood theory, and in
providing hypotheses for the developTent’ of new tﬁeofy.
Several. objectives were set at the beginning of the
investigation to provide Y an overall and continuing
perspective to the work:v |

‘(a) The first objective was to demonstrate the

equilibrium behaviour of gassy soils in the laboratory,

and to verify that the predicfive models developed.

(Section 2.5) wére quantitatively accurate, |

(b) The second objective was to observe the transient,

or non~quilibrium behaviour of a gassy.soil, and to

de?ermine what initial soil conditions or boundary
conditions had an influence on this behaviour.

(c) It was planned to initially follow a simple

isotropic stress path using undrained bdundary

conditions so that thére .were as few variables

’c0mplicating thé soil respénse a;'possible. As thié

simple response was defined, other undrained stresé

paths were also envisioned, for example, a constant.
ratio of effective principal st:esSes “1/33, and

several stress paths to failure. ‘It was recognized
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that for the.theoretical work on Eonsolidation in gassy
soils to p;oceed, Ehe drained behaviour of a laboratéiy
sample would also have to be observed. The manner in
which thié was achieved was soﬁewhat'fortuitgus, and

certainly propitious, as will be discussed in section

3.4.

(d) It was desirable, 1in addition to observing the

gassy soil behaviour, to determine if the exsolution
process itself had any direct influence on the strength
or stress-strain response of the soil. As discussed in

section 2.6, an undrained test on a gassy soil .is very

similar to a drained test on a saturated soil, at least

'

during the initial stages of ‘unloading, (i.e. pore
pressure approximately constant, _;oil volume change
responding to changes 1in effeéﬁive stress) . Thus
conventional drained teéts were planned fo! saturated
soilé using similar initial conditions and stress
paths, to establish this fact.

The choice of soil materials for ﬁhe test‘Was made
mainly by considering the observed. natural soils exhibiting
gassy behaviour (Section.l.Z), and also partly on the basis
of testing ‘conﬁenience. The dense nature f(and  low
bcompressibility) of the Athabasca oiléands could be modelled
well by densely compacted cohesionless samples in the
labdratory. ' Using a reasonably permeable cohesionless
material ensured ease of7proper éofé pressure measurements

during the undrained tests.  Good sample permeability was
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also important in the initial stages of eaéhstest to first
allowltotal saturation of the pore space with water, and then
later total saturation with water and dissolved gas.

A large volume of dissolved gas 1in the pore fluid
could be achieved by either using high pore pressufes and a
gas with low to moderate solubility, or low pore pressures
and a highly soluble gas. Since the cdmbination of Qater and
carbon dio#ide gas had been encountered at Alto Lazio, Italy,

it was decided to use this combination of pore fluids. They

~

had the advantages of being ngn-corrosive, easy to handle,
easy to control during sample preparation, and CO2 had a high
solubility in water which‘ permitted working at low test

- pressures.

3.2 CONSIDERATIONS FOR THE DESIGN OF TEST EQUIPMENT

Experimentai work bn the behaviour of unsaturated soil
was pursued"quipe. intensively during the 1960°s 'and early
1970°s. F:leuhd (1973) reviews the experimental aspectslof
tpis work in detail. Particular attributes of previous
,workers’ equipment that have proven useful in the study of
gassy soils will be discussed in the follow1ng séction.

Before doing this, however, ‘it is worthwhile
- considering several general problems which were encounteréd
in the design of the laboratory equipment. Two
charaéteristics of gassy soils provide special design

consideration:

*
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(a) low skeleton compressibiliéy, and

(b) large volumes of gas in the sample

The low soil skeieton Cohpressibility_ results 1in
extremely small strains and volumé changes, with changes in
stress. A typical, densely packed sand has al volumetric
compressibility of 5 to 10 * 10~% Kpa~L in the 100 to 500 KPa
stress range. Dusseault (1979) reported compressibilities as
low as 0.1 to 1 * 109 Kpa'1 for "locked" sands, (i.e. sands
- with an insitu relative density much greéter Fhan 100%),
which 1is nearly equivalent ‘to the compressibility of pure
water. THe desire to test dense materials in the laboratory
exists because of a ﬁéq@ tolfurther exacerbate the;gassy soil
behaviour, but it muéz\ be temperedv by an ability to
accurately méasure small sample strains.

The large volumes of gas to be initially dissolved;in
the pore fluid present seve;al problems:

(a) How is this fldid brought into the soil in a

controlled fashion? -
(b) How is the gas confined to the éample?
(c) What influence will gas leakage or diffusion have

on the measurement of pore pressures and volume

changes?

3.3 DEVELOPMENT OF EQUIPMENT

All- of the laboratory tests were performed 1in a
triaxial cell, with several modifications, as described in

the following sections.
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3.3.1 Membrane & cell fluid considerations

It is difficult to separate the design considerations
- for the membrane and cell fluid from those for measur ing
volumé change, because the two are so interdependent.
However, because of gas-diffusion restrictiohs,\the,choice of
membrane aﬁd cell fluid is the more impobtant one.

A typical laboratory sample held 1100 cc o@, gas,
v(measured at 1 atmosphere pressure), dissolved in‘250 cc of
pore liquid, (S =1, py,g = 510 KP). A correct observation
of undrained soil response required:dontaining this gas in
the soil for the dura;ion of a test, which waévseveral days
to 1 week. Becau5é> of high digférences in dissolved gas
concentration between the pore liquid and the cell 1liquid,
hOWéver, there Qas & tendency for gas to diffuse out of the
soil sample, through the membrane and into the cell.

“

Limiting diffusion

This diffusion process can be limited in one of th
ways:

(a) by providing a membrane that is nearly imﬁermeable

to the gas, 1i.e. one that has a low aiffusivity

ccefficient, 6:'

(b) by surrounding the membrane with a liéuid in which

the gas has a low solubility. Even if the gas can

diffuée,quickly through the membrane and possibly also .

through the cell liquid, the mass transfer process will

stop when the cell liquid becomes saturated with gas.
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izydorczyk et.al. (1977) discuss the diffusion of CO2
gas through thin polymer membranes into a closed volume
of liquid, and present a solution (after Holstein,
1951) showing that the time rate of change of CO,
concentration onﬁ uhe liquid side ‘of the membrane
becomes asymptotic to zero at infinite time.

If there are free gas bubbles in the cell liquid,
(as may occur in later stages of an incremental
unloading téeg), the argument is slightly more complex
but the conclusions are the seme. There 1is still a
stable equilibrium volume.of gas that can exist both in
the free and dissolved etates in .the cell liquid, and

~ .
hence there is a limit to the amount of gas that can be

lost from the sample. The rate of diffusion of gas

tﬁrough~the membrane is then limited both Ey the gases’
solubility and its diffusivity characteristics 1in ghe
cell liquid. (biféysiom ~f gas tﬁkough liquids and

»f%to bubbles‘ié_discussed further in Chapter 5).
Bishop and Donaid (1961) and Fredlund (1973) both used
methed b) to prevent gas diffusion. They constructed a
triaxial cell which had a double perspex wall. The inner
wall contained a velume of mercury, wnléh surrounaed the

sample and prevented gas diffusion through the membrane. The

mercury was initially placed to a level just above the top

cap on the sample, and the remaining cell volume was filled
with water. Sample volume changes were monitored by

measuring the vertical displacement of a steel ball floaﬁing

-



on the surface of the mercury with a cathetometer. Dunn

(19645 emplaoyed method aj to prevent gaé@diffusion, &%ing a
double vlékéx rubber membrane,- with two sheets of slotted

aluminum foil sandwiched between @hem, and lubricated with

silicone grease. ‘ -

Secondary design reqguirements

Besides prevehting loss of gas from the sample, the
membrane and cell fluid ha?e several other design
requirements:

(a) The membrane should be as thiﬁ as possible to

"

minimize error in mgésuring the lateral strain, if a
direct contact strain indicagbr is used. If‘volumetric
and verticél strainé - only are measured, this
requirement‘is not as‘étringeng. In fact, the mgmbrane
then needs #ome aﬁilityAto resist penetration of the
pore spaces at the boun@ary of the soil gample (under
high. cell presshqes)nﬁd mihimiie errors in the volume
change:readings.  y } | |
(b) The membranel'éﬁould beVlétretchablé. During‘ the
early portions-of an‘undtaineé test, &he lateral and
axial stréids,are small; but as ¢~ approaches zero (or
the sample approachés féilure) gtrains of 10 to 15% may
occur. '

(c) The membrane must resist being punctured by the

N '
soil grains at higher cell pressures.



(d) The cell fluid should be- non-conductive, in the

event'that any strain-measuring tran$§ucers are used

inside the cell. |

(e) It is also preferrable that the cell fluid be

non-corrosive to aay of the materialslcomprising the
-interior of the cell and rhe trahaducersp that it be

safe to work with" (non-volatile, non-toxic), and be

.. easy to handle during éample preparation-.

The search for an acceﬁﬁable membrane/celi £luid ‘combination

A study of the literature on meﬁbrane science

’(e;g. Izydorczyk et.al., 1977) provided.someﬁinformationkoh,

;he"relative""permeabiliey"‘ characteristida of various
'membranes to CO, gas, but it was clear to thelauthor thar an
,acceptable comblnatlon of membrane and cell lquld would have
to be found by dlrect testlng in the laboratory. A tentatlve
decision had been made to tll;;e ‘direct contact tranaduceré
inside the cell ror measuring lateral and axial deformations
(see 'section 3.3.3 following) so that, because of its
Qelectrlcal conduct1v1ty, the‘use.of meroury,as a cell fluio
was not feaSLble. Mercury is not an ideal celi fluid,

(independent of its electrical -propertiesy, as it is

T

corrosive to aluminum, difficult to handle properly, and

potentlally danqerous to health if ‘used over extended perlods

of time in. the ltaboratory.
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The search for an acceptable membrane/cell ' fluid

combination then proceeded .in both . directions mentioned

‘previously. The work by Dunn(1964) suggested several ..

modifications that could be made to the standard latex

membrane to restrict gas diffusion. A thin fiim of known  low

diffnsivity material could be used between',two latex

membr anes, although it was thought that thls material would

need to be continuous and properly sealed, both at its

overlapplng SeCtlon and at the end caps. = SeVeral possible
‘materrals were\alumgnnm foll,,polyethylene; and mylar. This

arrangement would have the disaavantage'lof' drastically.

reducfhg membr ane stretéhability, and thus would orobably
only be useful durlng the eanly stages of testlng : Some
volume change could be accommodated by the movement of the

£ilm at 1its overlapping section if this were  ©properly
lubricated, but the seal at’ each end cap would restrlct this

oy . b'\’ ‘ "‘

movement, and it was not llkely that movement along »tne

overlap was compatlole w1th the objectlve'of preventing gas
diffusion. ” o

Law (1975) discusaes the use of 1/32" thick neoorene
membranes to preﬁent diffusi&nfof air, which sdggested the

R,
testlng of other rubber- llke materials for fabrlcatlon of a

membrane. It  was dlscovered  that  the physical

characteristies necessary to inhibit gas diffusion also
resulted in ‘a less stretchable membrane, although this was
not as serlous a restrlctlon as with the uase of foil or

plastic films. TwO such membranes were tested for use, a



/ w

1 mm th&ék neoprene membrane used by Sterne (1981) for hollow
cylind%r'tests on Qilsands at the Unive;sity'of Alberta, and
a 1.5 mm“'thick butyl rubber membrane, (ﬁab:icated /from a
’large Eraqto; sgre inngr tube) . - |

Du;ihg‘ this same pgriod, sevéﬁal cell fluids were
‘teStedl\for their. ability to inhibit gas "diffusion. Both
water and mercury were‘ unacceptable beéause‘ of their

electrical conductivity, Law (1975) mentions the “use of a

non-conductive hydraulic fluid, and the use of non~conductive

_ /
. /o %
oils ' manufactured for .cooling transformers vyas also a:

Fea

.possibility. The)author héd’previously had experience in the
use of a ngg—cbnducti&e, " chemically stéblé fluid,
trifluoroprppylmethysiloxane” (tradé name "Silicone'Léil“).
All three of these fluids,were-unacceppable because they had
too high a solubility for.co,, (é.g. Wedlaké-é Robinson, 1979

for solubility of CO, in silicone oil). The discovery of a

fluid that sati8fjed both conditions of low affinity for CO,

and’ low electrical\”conductivity proved elusive. Several

-
/

compilations of solubility data"Were consulted, (Gerrard,
1976;,Stephen"& Stephen, 1963), and.it,was‘iound-that there
was one liquid with a solubility constant for co,

<

significantly lower than that of CO2 in water. This liquid

was glycerol, (or glycerin, CjHgo3), with H = 0.03 at T = 25

degrees C. - Glycerol also proved to have an electrical
conductivitf much lower than water. Using a Beckman RB3
SoluBridge and a = GOl conductivity cell, the volume

conductivity of glycerol was ‘hpt‘ measurable on the scale
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provided, and.from the equipment sensrtivity must have been
less than 0.1 micromhoS/om. This may be compared to measured
values of 250 micromhos/cm for tap water, 7 micromhos/cm for
distilled water, and 4 micromhos/cm for a 50/50 mixture of

glycerol and:diStilled water. .

Prellmlnary tests on sample membranes

Table 3.1 summarizes the results of tests to measure
.gas dlffu51on through various combinations of sample membrane

and cell fluld Unless otherw1se spec1f1ed the tests were

performed bv settlng up a dry sample of sand ‘in the triaxial.

g:rane and cell fluid,
*fﬁthen turning off all
valves to the sample so that it wa///ndrained 1 The cell
fluid was malntalned at . a hlgher p/éssure, and the pressure
diop in the sample was mon1tored/w1th time, Some oﬁ the
pressure drop in the sample may/ have been doe‘ to leakage
elther through the valves or ?hrough the seal between the
membrane and the end -caps. Thesi are dlscussed below. Both
effects proved to be negligible ompared to mass transfer by

gas diffusion.

RS

lSince the compre581b111ty of a liquid/gas mixture g =
(1-S+S*H) /P + S* 31+, and since for CO, in water H 7 1, B1 70,

F 1/P. The pressure drop due to gas diffusion from the
sgmple will then be approximately the same for a dry or a
oartly saturated sample. For this reason, dry samplés were
used in the d1ffus1on tests.
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The plots of pressure vs time for all.these hesas are
" located in Appendix B. An attemptftovcélouléte an effective.
diffusivity for each»membrane/cell:liquid combination could
‘be pursued using the early. time ahilysis outlined by
Izydorczyk et.al. (1977). However, due to an uncertainfy
about the boundary conditions for his method compared w1th
those in the test, as well as the uncertalnty concernlng the
influence of diffu51on in the cell llquid this was not donK‘“»
Instead, the relative merlts of the various membrane}ulﬁi?

\‘ fSy &
fluid combinations - was assessed on = the basis? of ¢

guasi- steady rate of pressure drop estaﬁ

hours of obsenvatlon.
gas diffusion

tests. A  pegy indicate several

vsal ,of‘ this table w1ll
important poinﬁ‘.
(a) Both the neoorene and the double latex with
aluminum foil membranes proved to be unagg%%fable.
They leakéd'at‘the seal with the end caos,‘snd alSo
ripped with only a small expansion‘of the sample. The
neoprene membrane sealed properly at the end caps, but
allowed modergieﬁfg%%s/Gf gas diffusion. This would
significantly influehce the results of a single phase
Jof a soil test, conducted ove; 1 to 3 hours, and would -
'introduce a latge cumulative e}}or to a complete’test

lasting several days. | %@
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(b) Some problems were also‘ encountered with the
membrane/end.cap seal  for the'latei and polyethylene
film combination (M19a), but 'sevefal such membranes
were tested successfully (M19f, M20a & b). ‘%hé‘ability
of this membrane to.prevent diffusion of air éppea;éd
to be good, but its ability to inhibit co, aiffusion
was only ‘msaerate (Mzoa), similar #o the népprege

membrane. An anisotropic undrained soil test (Test

*

No. 20) was conducted using a latex and polyethylene
film membrane, but was  aborted due to a leak which
developed during stress cycling of the sampfé.v The

) ability of- the polyethylene film to stretch or $lide_at
its ovérlap, instead of rippihg, was oniy ma:ginsily
better than the aluminum foil.

(c) The butyl rubber membrane fabricated in the

laboratory performed satisfactorily in 1limiting the
diffusion of both air and,CO2 gas (Ml7a & b). Extreme

3; are was 'neCessary in establishing a proper seal
<::Zetween the end caps and that pprtion of the'membranel
that had beeﬂ er;lapped and joined. This part of the

] membrané was filed and feathered Qith a power wire
brush to préduce a smooth joint and a constan£ membrane
thickness,vand‘was smeared with a vacuum grease prior

to installation. An isotropic undréined soil _test

(Test No; 18) was performed uéingrthis membr ane, butV

-1 Cyo problems developed:



3

, A

(i) The horizontal strain response was poor due

ﬁo membrane thicknesé and compressibility. Figure

3.1 illustrates the axial (vertical) and l%teral
(horizontal) strain response of Sample la‘vwhen

e subjected to "a drained isotropic «cycling of
.o stress. It is obvious that the lateral strain
measurement suffers a response lag on stress
reyefsal which has led to a larger hysteresis loop

and a loss “6f ‘accuracy. The superior. performance

of a double latex mémbrane in transmitting lateral .

strain to the strain-sensing device is shown in’

Figure 3.2 for éomparison.

(ii) puring the course of the«tést the membrane
developed aileak at the end cap seal, and so thé
‘test was abérted.

(d)'The'doﬁble latex membrane used with glycerin proVed

to be the mdst reliable membr > tell - fluid

combination. During 19 separate test: nly 1 leak

e RL] fﬁg o ;‘w . - . . .
e “ég%%eloped,-whlch was due to a punctured membrane. The

double latex membrane alone (without the glycerin as a

cell £fluid) ©provided moderate inhibition of air

- diffusion but.yas extremely poor in limiting diffusion

of CO, gas. Combined with the glycerin cell fluid,

pressure drops ip the sample due to gas diffusion were*

proportional to the gas pressure (and hence

concentration) inside the sample and ranged from -0.7

KPa/hr at- 400 KPa to -1.5 KPa/hr at 800 KPa. The
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Isotropic stress cycling using Butyl rubber membrane.
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effects of gas diffusion on test results will be
examined in Chapter 4,

(e) Tests Ml0a and b were performed to compare mass
transfer rates due to gas diffusion and due to leakage
through the external valves to the sample. The
pressure drop for test Ml0a for a sample totally
saturated with water and no gas was -0.5 KPa/min.
Using a compressibility for water of 4.5E~7 KPa~l, this
can_  be converted ﬁo‘ a rate of ioss of mass,
(1/m * dm/dt) of. 2 * 10‘5 hr‘l.nghe equivalent masé
loss rate for Coz'diffusion, (test M10Ob), at dp/dt =

-0.7 KPa/hr is'2 * 10-3 hr‘l; or 2 orders of = .gnitude
faster. Thus, during an undrained soil test, the los'
of gas by diffusion through the membrane would be the
more ihportant sou;ce of error in the fluig pfessure
readingé. | \

(£) Oné gas diffusion test (M1l5b) was performed,‘using
water and CO, as the pore fluid, to confirm the idea
expressed in the 1last footnote, that the pressure
response in the sample due to gas diffusion was
ihdependent of water saturation (since H ¥ 1. The
measﬁred rate of presSure drop was -0.9 KPa/hr for‘p =
450 KPa, which coméares' favourably with tﬁe gas'
~diffusion(%ests run on dry samples. It is interesting
ﬁo note the stréng ‘temperzcure -ependence of this
response, (Figdte 3.3; this wi11 be discussed further
in section 3.3.5).

[y
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Figure 3.'3 - Gas diffusion from sample, for Test No. 15



As a result of the gas-diffusion tests outlined above,
all undrained tests on gassy soils were executed with a
standard double latex rubber membrane surroﬁnded by glycerol.
The glycerol, 'in addition to its low CO, solubility and low
electrical conductivity, was non-toxic, easy to handle,
non-volatile, non-corrosive, and totally miscible with water.
This last attribute made clean-up much easier, but required
that certain care be exercised in not contaminatfﬁ§/€;e cell
£luid with waper and thus raising its- conductivity (section

3.3.6)

3.3.2 Measuring strains or volume changes

| Axial and lateral sample strains could be measured in
"one of two bésic ways:
(a) By measuring ﬁhe axial load ram displacement, ané
converting this into a verﬁical straiﬁ, measuring the
volumetric ss/gin‘of the sample, aﬁd then calculating
: A \
the horizontal strain. The volumetric strain could be
measured by the surface displacement and cathetometer
method (Bishop &  Donald, 1961) or by‘ measuring the
volume of liquid entering or leaving the cell.
(b) By meésuring‘ thei vertical and horizontal strains
independently, inside the cell, using either direct
‘coptacf‘or non-contact transducérs. |
Tﬁoiééﬁé? a strain-meaéu;ing dFviéé'is somewhat
waéjloné as it meets the constraints of accuracy

and stability.- Accuracy requirements were assessed du#ing an
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initial drained isotropic test on a sample of dense Ottawa
‘sand. The yertical strain in the sample was meQSQLgd with an
LVDT (Linear Voltage gisplacehent ‘Transducer), monitoring
displacements. of the sample top cap inside the cell.. An
extremeiy. sensitive model  24DCDT-100 (Hewlett-Packard)
transducer was used, with an operating range of + 2.5 mm.

Over .this range the maximum non-linearity is + 0.5%, (a

"least-squares" fit of transducer calibration data typicallv

gives a correlation coefficiegt, r, of '0.99999). This
transducer is a sealed unit with built-in signal conditioning
equipment. Full-scale displacement is given by a + 10¥DC
signal. Equipment'sensitivity allowed signals to be measured

reliably to + 0.0005 Volts, giving a displacement accuracy of

+ .00013 mm (or + 5 * 106 inches).‘ Using this transducer, a.

volumetric compressibility of 6 * 10~6 kpa~1 (for o”= 300~-700
! .
KPa) was measured, or Cl = c3 =4z /AT = 2 % 10*6 K?a“l. For

a sample height of 100 mm, a minimum displacement of .00025

mm would correspond to a strain of 2.5 * 1076, whﬂéh for this -

!
-

material’ would be the response ta a change in stress of -~ =
/ , _ . ‘

4e/c] = 1 KPa. The undrained soil tests Qgrefperformedfin
increments of Ag” = 20'to 50 KPa; hencekthié‘bfangducer gave
an accebtablevaccupacy for measuring vertical strains.
Fredlund (1973) repdrts an accuracy for vblume change
measuréments of + .09 cc,l or for ’Xolumetric strains of
+ 6 *KIO'S, us ing a;sfeeliball and a Cathetomeger. This is
an order of magnitude lesé'accurate than the LVDT mentioned

above, and was unacceptable for use with low compressibility
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soils. It was decideisnbt to use this method of measuring

tptal yolume change becaase of insufficient accuracy, and
also because theiméasurementSIhad to be collected manually.
The measurement of'the volume of liquid leaving or entering
the cell by“use of an exéerqai Eurette\system suffered from

the same limitations of accufacy, and also needed to be -read

manually.  In addition, the cell fluid possessed a high

compressibiiity'becaase-of the presence of'tiny gas bubbles.
These were caused by gas whlch diffused out of the sample and’

“then exsolved upon a decrease in cell pressure;‘ - The

!

measurement of cell fluid ‘volume change, and thus sample

- volume change, was impossible.

Both Fredlund (1973) and Law (1975) had also used a

caliper-operated, direct contact mechanism for measuring

lateral deformations of the sample. ‘Law reported measuring

lateral deformations ﬁo“‘ap accuracy"of 0.00004 inches (or

0. 001f mm) . Menzies (1976) similarly' repdfted measuriﬁg'

lateral deformatlons to 0.003 mm. ‘This is still an order of

magnitude higher than the accuracyLdlscussed above for ‘the

vertical LVDT. However,.both Law . and Fredlund used'a model;

24DCbT-500, whlch has 1/4 of the sen51t1v1ty of the model

24DCDT 100 transducer. A prellmlnary test was therefore

, £ ’
performed u51ng the more sen51t1ve transducer with the.

¢aliper-arm direct contact mechanism. R

' Figure 3.4 illustrates the first generafion_ of

defbrmation' transducers tested, (Figures 3.5 and 3.6e are
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cl&seués of  the vertical and horizontal transducers,

respectively) .’ Several detalls of constructlon which reduced_

~the lateral strain 1nd1cator accuracy are worth notlng'

Y

. (a) The lateral strain indicator con51sts of a pair of °

circular-shaped calipers which rest against the sample

at their midpoint,-are hihged_at_the'back, and joined

at the front by an LVDT *mechahiSm‘h(not shown

-

completely).

(b) The hlnge-p01nt at the back of the callpers is a

source of small but measurable error on strain:

reversal.

(c) The loriginal mechanism‘ for, establishing' contact
between the callper and the sample was flrst a 2 S cm
square and then a 7.5 cm square brass plate (Flgure
3. 6) attathed to the callper by a hinge and glven a
curvature of about 12 cm, sllghtly greater than'the

samplew -This proved to be a major source of 1naccuracy

in the méasurement.

(d) The LVDT mechanism (Figure 3.6) consisted of an

LVDT mounted vertiCally-onfbne,caliper. ' The core of
the LVDT was attached to the opposite caliper by a thin

. steel wire'and was spring—loaded. ’Again, thlS method
introduced 1naccuracy into the measurements.

Isotropic dralned_tests on dense;samples'of sand were

performed to establish the accuracy of the lateral strain

. indicator, uéing a 24DCDT-100 transducer. It was found that
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the poor ‘level of accuracy reported by Law was due mostly to

ways:

the céliper mechanism.: This mechanism was improved in two

'(a)_The“ contact point between the sample and the

ealiper was redesigned.‘ The hinge and brass-plate was

,replaéed py a 'solid point-contact. To prevent

indentation of the sample, a 2.5 cm square'brass plate

(curved)' was heldaagainSt'the sample on each side until

the caliper. mechanlsm was set in place (Flgure 3.7) .

" (b) The LVDT was mounted horlzontally,vw1th the body

attached directly to one- callper and the core attached

e

‘dlrectly to”’ the other, (Flgure 3.8). The core arm had.

to be bentvsllghtly and the.bodyqadjusted to the proper

“angle to allow the caliper arms to move freely. Using
this érrangement, movements of 10 - 15 mm were possible
- before the mechanism was restricted by non-compatible

‘angular dis@lacements of the core . and transducer

housing. The calipers were spring loaded at the front,

parallel to the LWDT, as well as at the rear hinge.

point.

’

The improved lateral strain indicator 4provided' an

accuracy comparable to the vertlcal LVDT, except for some

hystere51s 1n the stress straln curve upon ‘stress reversal. .

¢

This wasemalnly due to the caliper prQt, (F;gure 3.2).
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A test was also performed to measure t:\\"stiffness".

of the straln -measuring system itself. Typlcally} this 1is

. done with an incompressible sample, »snfthat the deformations
fx.

measured are those of the syst c dnts, i.e. the top
cap, porous stones, membrane,rua&$é§t ,h etc. The system
compressiblllty was 4 * 10~7 Kpa~ 1 v:;t cally, and was too
small to measure horizontally. - The.‘vertical system

compressibility may be attributed to deformations of the

‘metal porous stone against the (steel) sample. It was felt

that these deformations were not representative of ' the

&
g

behaviour of the strain-measuring system in contact with a
real, and considerably more compressible sample, and so they

were not used as corrections for .the laboratory test dataA

Avcomparison'of the performance of the verticai and

horizontal stra1n indicators may also be made by examining
the measured stralns in an isotropic test. Flgure 3.9 is a
plot of axial strain vs volumetric strain for the isotropic
~ M " . I3 ) '// ' K —
stress-cycling portion of Test No. ?l. Slnce Euols = cvert +

2* Sorize if €vert = E'ZhorJ.z' then eyq) = 3*€vert' The good

_correspondence between vertlcal and horizontal strain
suggests that the vertical system'compressibiiity correction
mentioned above was indeed .peculiar to the use of an
Jlncompressible sample.’ B

 The modified direct-contact Lateral Strain Indicator
then provideo an acoeprable accuracy of'i -00013 mm. The
design of  the LsI inherently — possessed one mlnor

A

disadvantage, however. Since the caliper arms were attached
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to - an external post (Fiqure 3.4), any translation of the
xsample in a direction away from this post would cause
qurious laterel strain readings. ;his disadvantage could be
overcome by‘des}gning a LSI which was attached to the sample
.onlyg. It would necesserily need to be light, as it would;be
held in place by frictional resistance at the point contacts.
A light LSI was designed, éonsisting of two lengths of curved
spring steel, attached to pads which contacted the sample,
(Figure 3.10). Strain gauges were mounted on the sprlng
steel. Tests on this device reveaied a sensitivity of + .01

N

mm. In addition, long term drift b{oblems associated with

+

this model limited the accuracy to + 0 % mm. Eveh assuming

the problem of drift in the readings could be overcome, the

\

maximum accuracy of + .01 mm was unacqeptables\

The caliper arm LSI could be used Ebr measuring
strains in the laboratory samples if sample trenslaticm was
not large. Since all preiiminary isotropic, testsR had
demonstrated excellent' agreememt between meeéured vertical
and horizontal strains,’this horizontal LSIﬁwas chosen for
\\\all the subsequent testing.

.

: : , |
3.3.3 Measuring pressures

N

Cell and sample pressures were measured using CELESCO

0 to 300 psi, kO to 2000 KPa), Strain—gauged diaphragm

transducers, exhibiting an accuracy of + 0.1 KPa. "The

transducer for monitoring sample pressure was mounted in the-

base of the cell, as close as possible to the bottom of the

E3

sample. when all valves to the sample were closed,

\\ |
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Figure 3.10 - Light-weight Lateral Strain Indicator
(illustrated from El-Ruwayih, 197%)
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approximately 20 cc of fluid were contained in the lower
porous stone, lines, and praéaure transducer, and
approximateiy 25 cc of fluid were contained in the upper
porous stone and lines. This may be compared to a void
volume of 250 cc for’ the 100 mm high .samples énd 500 cc for
the 200 mm high samples.

The pore pressure transducer was connected to the
sample via a coarse metallic filter stone. Although the use
of coarse stones is associated with the measurement of pore
gas pressures, it is likely that at the saturations measured
during most of the tests, the air phase was occluded and the
pressure measured Qas that of the liquid phase. The typical
bubble radii for the material tested (see Chapter 5) probably
lie in the range of 0.03 to 0.07 mm, and using an interfacial
tension between CO, and H,0 of 70 dynes/cm, this’implies a
difference between the gas pressure and the liquid pressure

of:

P =2 * TS / r Ty = interfacial tension
r = bubble radius
= 90,000 dynes/cmz

= 4 to 9 KPa ‘ e

3.3.4 Measuring Deviator Stress

All tests performed were stress-controlled. Deviator
stresses were applied using a diaphragm-operated air cylinder

(trade name Bellofrqm) and measured with_an exéernal load
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cell placed in-line with the cell loading ram (Fiqgure 3.,11).
Cell ram friction was initially measured with two load
transducers, (one mounted external and one internal to the
testing chamber), at a series of cell pressures. The
calibrations applied to all test results are shown in Figure
3.12.

The application of these calibrations was somewhat
uncertain when, during the course of the test, the sample
underwent a vertical strain reversal. In this case, the
plots of deviator stress appear to take a step incgease or
decrease, whereas the changeover from positive to negative
ram friction (or vice versa) was actually more gradual.

3.3.5 Saturating water with co, gas

Water was saturated with CO2 gas in a bubble chamber
(exterior to the test cell) apd then moved into the sample

under an appropriate back~pressure. A Linde commercial grade

C02 was used (99% pure) with the main contaminant being air.
The CO, gas was allowed to bubble slowly through the water in
the chamber under a controlled and measured back pressure for
a period of several hours to establish equilibrium between
dissolved And’free gas in the chamber.

3.3.6 General cell design considerations

Cell construction

The cell was constructed of aluminum and the drain
lines were of copper tubing. This allowed the possibility of

high pressure tests (up to 7000 KPa), although this facility
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For loading:. Ram friction =
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Ram friction in lbs
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Figure 3.12 - Calibrétion for ram friction



was nevér'exploited.. The metal parts were used mainly to

prevent gas diffusion from the lines o% from the cell itself.
. te

' Diffusion through the end caps

Fredlund (1973) discusses the problems associated with

the diffusion of gas from the sample, through the porous

- 82

plates and into the area around the pore preséure transducer.."

Due to the present method of sample preparation, not only the

sample, but the porous stones, end caps and . all lines are

initially filled with a CO,-saturated water. During thbe test

thére is no reason for. CO, concentration gradients to

develop, and so it is unlikely that diffusion,occurs'through

»

the porous stones, as encountered by Fredlund. However, with

decreasing pore pressure, gas will exsolve from the fluid =

' located in the lines, porous stones, etc. and.will contr;bute

to the;_sampie ‘vélume change méasured.'during the -undrained

test. This'has'an equivalent effect of testing a sample with,'

about a 5 to 10% (depenqing on sample size) increased
porosity over thét actuélly established in the sample. .

¢

Temperature control

Both the " pore pressure and the volume change

measurements were found to be temperature dependent. The .

pore pressure dependence on temperature was first recognized

at the end of Test No. 15. After completion of the test, the

0 .
sample was left in an wundrained state, and under constant

" cell pressure, for 10 days to monitor change in po:e'pressure

R



due to loss of gas by d1ffus1on through the sample membrane

(Test Mle) A general decrease in pore :pressure was'

‘observed, but superlmposed on thls was a dally fluctuation in

\

pressure (Figure'3.3). At the time there was. no. temperature

monitoring equipment on the sample, but the. pressure

fluctuatlons were thought to be. due to temperature changes.

Flgure_3.13pplots the outside temperature tluctuatlons for

‘the same-periOd of'time, and it may be observed that there is

.a good correspondence between the two, both in time and

amplltude. .

Problems o withy | temperature—induced , pressure
fluctuatlons had not been encountered in tests 1 te 14, since
these were performed over the w1nter “of 1979-80, vwhen
laboratory temperatures were maintained relatively constant.
Temperature monitoring was,carried out for subsequent,tests
inp_the‘ cell itself, and the test apparatus was = further

insulated against» temperature fluctuations.. These were

conflned to +° O 5 degrees F, and the temperatures changes for>

o

. any partlcular pPhase: of one test were limited to + 0 1

degrees F.

. It was also found that the volume change measurements

-were slightly temperatureh~dependent due hto temperature
sensitivity'of the'LVDTs. - Calibrations were then performed

at the test temperature.
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Sealing;the»electrical cables

j;5 - It was necessary to pass the wires for all 1nternal

Ay

' “ipansducers through the cell in some manner. Several me thods
.‘I ) -

pﬁ seal;ng the wires were llnvestlgated. All 'methods
attemptingﬁto-seal around the insulation onhthe wife proved
unsatisfactor?,“as inva:iably, in the‘eourse of preparing or
dismantlihg a sample, this insulation would be "damaged
.sliéhtly and the cell fluid would leak out between the-’v
1nsulatlon and the w1re., Finally, a bare-wire seal' was
,devised. Each yire was individually passed through a hole in
a short rod of teflonland-this teflon~was coﬁpreseed'by_a ,
standard tube flttlng at the base of the cell The methOd_
'suc%essfully sealed all wires leav1ng the cell, but requxred
,ex;ieme care in preventlng electrlcal leaks at the fitting.

The f1tt1ng was 1ocated at the base. of the cell, and on

dlsmantllng the cell, water was used to clean the\sample ‘and’

S

T~

cell 1nte:10rvof glycerln. It was 1mportant to properry\dry
around these fittings, so that electrical short c1rcu1ts\“

would not develbp"during the next . .test.

‘Assembly . | | oo .

- The‘celi Qas‘desighed’sb thatvthe\sample could be set up oh
the base and the transducers attached ‘and‘ checked for‘u
operational The top portlon of the cell was attached just
prior to startlng the test. ~ - " .

“ ‘Figure 3.14 shows the'jgeheral testlng equlpment,.

1nclud1ng the sample on the cell base, the CO2 cyllnder and
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bubble chamber, several back-pressure %tambers, 'a low and

high pressure volume change indicator| (not wused), -the

glycerin storage container, air . pressure regulators and

associated plumbing.
, ,

3.4 TESTING PROGRAM

¢ ¢

The laboratory program consisted of a series of

undralned tests on dense samples of Ottawa Sand (n = 0,.32).

- These samples . were 1n1t1ally totally saturated wlth water'

(§ = 1) which contained some dlssolved CO, gas, (and minor
' amounts of air). All samples were initially unloaded to low
effective confining pressures, and some experienced stress

cycling. - The stress paths investigated included isotropic

.quoading/loa#ing, anlsotroplc unloadlng/loadlng, decreasing

-

'p to failure, and 1ncrea51ng q to fallure. These stress
‘paths are illustrated in Figure 3.15. ’ |

All tests -were perforﬁed by applying several
-"gﬁcremehts of stress, 'aad‘,allowing the sample to come to

equilibrium between stress increments. Transient behaviour,

due to gas exsolutlon, typlcally lasted from 1 to 2 hours, so

that a. full test comprlslng 10 “to 15 phases, lasted from 1l
to 2 days.' Includlng sample preparatlon, 1n1t1al testlng for
gas diffusion and deformatlon propertles, the test proper,

~and dasmantllng, a test;could last up to 1 week.
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3.5 TESTING PRELIMINARIES

[

3.5.1 sample preparation

' The soil used in all tests was Ottawa Sand, presieved

" 850 that.90% of its grains were bétween 0.6 and 0.25 mm (ASTM

Cc109) ..~ Figure 3.16 illustrates a typical grain size
anélysis. _

A compaction test was performed for this sand, using

the actual sample mold and cell base from the test épparatus:

The result is shown in Figure 3.17. A maximum dry density of

1.73 Mg/m3 was obtained by this method, (or ‘a minimum

porosity of 0.353).

It was found, however, that a much denser sample could
be obtaihedA by placing the base and mold on a viﬁréting
téble,‘partially filling thg mold with water, and placing and
éompacting-the sand underwater. Dry densities of 1.81 Mg,/m3
(o; n = 0.322) were consistently achieved using this method.

The sample was then prepared by placing a double latex

membrane around the bottom cap and sealing with two O-rings.

LA 'split mold was strapped around the bottom ~cap and " the

sample compacted inside the membrane and mold as described

previously. The top c¢ap and top drainage line were attached
and then: a. suction was appiied to the sample and the
compaction mold was removed. Sample dimensions were recorded
ahd the strain indicators were attached and initial readings
were taken. Then the top of the cell was aSsembled: the cell
filled with glycerin, a ncminal cell pressufe;épplied, aﬁd
the vacuum removed. | " o o

~
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3.5.2 Saturation with water

Even though the sample was prepared by placing and
compacting under;ater, it was found that it was not fully
saturated due to the presence of entrapped air bubbles.
Black and Lee (1973) have demonstrated that, depending upon
the back pressure and initial saturation, the time to fully
saturate such samples could take from several hours to
several days (or even months).

A quicker and more consistent method of saturating
these samples was discovered, however. Part of the reason
for fequiring high pressures and/or long times for saturating
such samples éontaining air bubbles is the low solubility of
air in water.’ Approximately one atmosphere back pressure is
tequired to dissolve each 2% of initial gas saturation, since
“H = 0.02. The process of dissolution, at such pressures,
will only be complete at infinite time. One method of
increasing the rate of gas sorption, discussed by Black and
Lee, is to increase the back.pressure. Another method is to
increase H, and possibly also the diffusivity constant, by

replacing the air with a more soluble gas.

This was accomplished by displacing the water and air
in the sample with CO, gas, allowing the CO, to drain through
the‘ sample for approximately 15 to 30 minutes, and then
- slowly displacing and dissolving the CO, gas with distilled

water. This water contained some dissolved air, but all free
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air bubbles had been removed. Left under a minimal back
pressure for an additional 15 minutes, the sample would be
totally saturated.

3.5.3 Isotropic compressibility

While the sample was being totally saturated (the last
q&ep discussed above) an isotropic ‘compressibility test was
pérformed by subjecting it to several drained stress cycles.
This preliminary stress cycling further compacted the sample
and provided information on the performance of the vertical
and horizontal strain indicators. Thefresults from such a
test are shown in Figure 3.2. The volume compressibility for
the sample could then be calculated, (e.g. for Test No. 21,
Bp * 3.5 * 1076 RPa™1),

3.5.4 Test for full saturation

When the compressibility tests were completed, a
standard B-test was then performed by closing all drainage
lines to the sample, increasing the cell pressure and
measuring the pore pressure response. Black and Lee (1973)
present a formula for calculating the initial degree of

saturation in the sample knowing the pore pressure response

B (=du/do):

S;=1-2* (1 - B) (3.1)

i

Q = B*n*3,/8:; 2 = ¥/D; Y = gp*io/n; D = 1-(P/[P+1u])
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Equation J.1 may be obtained by solving equation 2.1%a in
terms of S instead of ‘u, (with H = 0, since no time is
allowed for gas exsolutfon). Calculations for initial
saturation at this stage of the test typically yvielded valdes

of about 99.98%.

3J.5.5 Saturation with water and dissolved CO, gas

The last step, prior to testing,’w;nd after full
saturation of the sample with water had been established, was
to replace the distilled water in the pore space with water
and a known amount of dissolved CO2 gas. This was
accomplished by slowly draining the fluid out of the bubble
chamber and into the sample. The displacement was done in 3
stages, using a volume of CO, gaturated fluid equal to twice
the pore volume during each stage, and letting the sample sit

for 30 minutes between stages to allow the new, and any

remaining old pore fluid to mix and equilibrate their
%

dissolved CO, concentrations. This movement of pore fluid

was driven by a low pressure gradient, of appfbximately 30
KPa, across the sample. The lowest pressure in the system
was maintained at about 300 KPa above the previously

established liquid/gas saturation pressure.

3.6 TESTING PROCEDURE

At the beginning of the undrained portion of the test,
all the preliminary work discussed in Section 3.5 had been
performed. The initial sample Stresses were then set, with

’3 usually about 1200-1300 KPa and u about 600 KPa. U was
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initially greater than the liquid/gas saturatlon pressure, soO

that the,asample was totally saturated with water. All

. > - .
drainage lines to the sample were closed and iaitial readings

»
¥

were taken for 03, Ops U, €, and e,.
_For the lSOtrOPlC tEStS’ 03 was then decreased by some
amount, typlcally about 100 KPa, readings of u, €y, and. Ey

were 1mmediately noted and then monltored with time untll‘no

.further change was measured. The next step decrease in 04

was then applied and the_measurement'sequence,repeated. 3

was- decreased until o3 was close to zero, and in some cases

\ equal to zero, and then 1ncreased 1n several stages back to

1ts 1n1t1a1 value.'

The anisotroplc tests were conducted -in a similar

. manner, except that both 03 and O were decreased (or

r

‘increased) together and<3D was further adjusted as u varied

with tlme to maintain a constant ratlo of ol/o

At the end of the isotropic and anisotropic testg, the

sample was falled elther by decrea51ng o3 or 1ncrea51ng Ip-.-

These stress changes were agaln applied in increments, and.

‘sample pore pressure and strain monitored with time during

each increment.

3.7 TEST RESULTS

The process of'gas”exsolution dominated the observed

behaviour in all tests " and produced some - general”

characteristics common to all, that .may be understood by

examining Figure 3.18, (Test No. 11).' The unloadlng portlon
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of "this' test was conducted in 9 stress decrements, (i.e..;

&

phases A - J). Initial stresses were~g3‘= 1394 Kpa,‘ll =

646 KPa, and the}pore‘fluid,Was undgrsaturatéd with respect
to gas, since the initial pore pressure was higher than the
liquid/gas saturation pressure of 510 KPa.

For the first»two phases of'the‘teSt; thg soil 'behaved

as if it were totally sat_ﬁrated,‘ with no gas ‘in the pore

space. For example, at the beginning of phase A the measured.

. . , N - - . %
pore pressure response was:

B=du/dog=-50/-72 = 0.69

Using n = 0.32, gy = 5.8 E-6 KPa™ L/ B = 4.5 E-7 Kpa L and

P = 746 tKPa~b(absolute), equation .3.lﬂ_giVes an initial

saturatiod of 99.5%. The theoretical response for a

fully-s&tdrated sbil using these dompressibilitieé would be:

B=du/do=1/(L+n%/80) (3.2)
" =0.976 | | |

It is apparent what a marked effect a small amount of gas can

- have on the pore pressure response. This effect is

particularly exacerbated in soils with a low compressibility,.

as was demonstrated by Black & Lee (1973).
The initial Saturation of 99.5% obtained in this test
appears. to be 'somewhat low in comparison" to other tests

performed. However, some care must be - exercised in
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calculating,a‘B-response in this'manneroat the beginning of
one phase of‘ the test( since a ’smali;:period of time has
: elapsedﬂ(15-—}30 seconds) during WHich the cell pressure was
decreased -and -the' initiai. readings taken; and hence some
exsolutionb may have roccurred already.‘ vThe B-response
calculated may then be too‘lowr This socrce of'error is

discussedfmore\fully in Chapter 4. Actual B-tests pecformed

above the liquid/gas satoration pressure for Test No. 11, and

before ~the commencement of phase A,-yieldede = 0.84, or

~Si = 99. 75%.
At the beglnnlng of phase C of the test ‘a drop in 04

from 1220 to llll KPa 1nduces an lmmedlate change in pore

qpressure from 551 to 482 KPa.2 Thls brings the pore pressure

below the COZ/HZO saturation pressure of 510 KPa and hence

CO, gas begins to exsolve. Note’ the dlstlnctlve shape of the‘

pre&sure—tlme exsolutlon curve for all- phases. ~The rate of

1

sglut1on is very h1gh at zero time and decreases steadlly

towards _zero as the. pressure becomes fasymptotlc to some

maximum value, P .. Pmax is the equlllbrlum pressure that
would be calculated from equation 2.,15b. usxng the appropriate
value of Henry”’s constant H. During the early_ portions of
the test, Prax is very close to‘Pl/g.' This is‘dhe to the
fact that 53 is large and hence Bp is low. ;’VOlnmetric

strains to the end of phase E of the test are only °0.25%

2For 51mp11c1ty, Flgure 3~ 18 does not show minor increases in
pore pressure during phase B of the test due to air
exsolution. This will be discussed in Chapter 4.
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(expansion). | Hence, thete .has been an . increase' in void
' volume, and thus - generatlon of - free’ co, gas,'of ~approximately
2 cc, compared to a- volume of dxssolved gas of 215 cc at this
samelpressure. As the test progresses through phases F to’ J,
.03 decreases from 375 KPa to 0 KPa, and the 5011 skeleton
compre351b111ty increases from 1 E—S to 1 E—3 “Kpa~l.
'Volumetrlc straln at the end of phase J is 1.1% (expans1on),

or 8.5 cc of gas have been produced . This increased soil

skeleton - compreSSLblllty and 1ncreased flu1d compre551b111ty-
(due to lower water saturatlon, 'S) cause Pmax to graduallyv

decrease (see equatlon 2. le). ThlS type of behav1our was

observed both in the lSOtrOplC and anlsotroplc tests, as Ol

.

and 03 approached zero and thus 8 p became larger, and in the

tests to fallure, as large volumetrlc straxns occurred whenv

the stress trajectory approached the failure envelope.,

3.7. l Isotropic Tests

The p:ev1ou5jsection has discussed the general‘nature(?}

‘ofball the undrained tests, and has used an isotroplc test
(No ll) to 1llustrate thls behav1our (F1gure 3.18L, ‘
Flgures 3.19 and 3.20 1llustrate the Stress—strain’
behav1our of the sample observed durlng Test No.vll{y The
- data Eor Flgure 3 19 were collected durlng the prellmlnary
| isotropic stress-cycllng phase, and the data for Flgure 3. 20

from- phases A ‘to M of the ‘test proper..

3A small portion of the decrease in P a with decrea51ng 3
during the test is due to the loss oE‘&és from the sample by'
diffusion through the membrane. This effect is discussed in
Chapter 4. : _ :
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‘The ttansient reséonseA of pore pressute (and hence
effective stress) and strain for each of the'phases.offthe
test are portrayed in more detail in Figures 3.21 to 3.32. |

~ltlyshould be -nbted - that Test No. ll, (and other
lsotropio tests), were* unloaded past the point of zero
effectiVe stress (phase K, Figure 3.30). Slnce‘o cannot
decrease below 0, a decrease in o forces an' equivalent
decrease in u, and u must remain at a value, equlvalent to o.
‘This causes the generatlon of large volumes of gas in the
sample, and the measured volume: change ‘vincreasesv
snbstantially. Actually,vonly'the f£luid behaviodr.iS'being.

measured'during this phaseg_but a fluid that is responding to

a change in 'extetnal' stress _in‘ the:_p;esence of the soil
grains. - Phase K is . thus a psuedo—drained jtest. 'The
vsignificance of these results will be discussed;further»in
Chapter 6.

The same data ﬁor the other isotropic tests‘perforned

is loCated'in Appendix C.

3.7.2 Anisottopic Tests

The isotropic stress-strain behaviour of sanple No. 21
during preliminary St:ess‘cycling has already been presented
‘in Figure 3.2. DUrlné preliminary tests the deviator stress

2

was also cycled (with 03 maintained at a constant“value)

' ‘The - straln response to this cycling is shown in Figure 3.33.
It can ‘be seen that the dev1ator stress alone has 1little

1nf1uence on ¢, and almost no influence on eh at low values_

of 01/03, (the maximum value of k in test‘ 21 is \2.0).
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Houlebec (1968) also reported this predominance of the strain
 response by the cell pressure and noted that it seemed to be

a peculiarity of the ttiaxial'test.
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] The: undralned portion of Test No. 21 was performed by .

'unloadlng from 1n1t1al stress - condltlons of oy = 041 KPa,

Y =-1676 KPa and"u‘ = - 435 - RPa, . and malntainingj”K

approximately constant"at a value' of 2. " Figure 3. 34

.lllustrates the stress path for the unloading and reloadlng

portlons of this test and Flgures 3. 35 & 3. 36 showv,the'

‘stress-strain behav1our of, the sample for a;l phases. Flgurew

3. 37 is a PlOtEOf OD/U3 vs €, for ‘the test, and glves an

1ndicat10n of how. good the control on constant K was. pr

K =2, OD/03 = 1. 0 ,I; can be seen that durlng the unloading-

portion of the test 1. 8 < K < 2.4, Durlng the reloading
portion, K. 1nitially seems to decrease to a value of 1. 2,

: Thls is a problem assoc1ated w1th applylng ‘the correctlon for

.ram frlctlon,’whlch changes 31gn on vertical strain reversal.
During this portlon of the testrwlt Lsnllkely that 1.6 < K <
2.0. - TR

Figures 3.38 to 3.43 iilusﬁrate the transient response
~of u, p7, Ehe €y, and Evol during phases A'tO'Fvof Test No.
'21, for both unloading and reloadlng. The behav1our is very
'31m11ar to that for the isotroplc tests. The variatlon of
pore pressure and strain with time is identical to that
discussed previquSIYIfor Test No. 1l. Note_the‘valne of p

for each phase of the test in comparison to the COZ/H2O

max -
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' saturation pressure of 510 KPa.

cp also varies during each

phase of the test. This adjustment was made manually in an

‘effort to maintain™ constant K, as u and.

B}

during each phase.

hence o3 varied

The results of other anisotropic tests are located in

Appendix D.

3.7.3 Tests to'failure,

Phases A to P of Test No,

125

21 followed an anlsotroplc,l

constant K stress path At the end of phase F, the sample

&

stresses were oy = 1251 KPa,

“The test was then continued as an undrained test to failure

Cl = 1135 KPa, and - u = 566 KPa.

during phases G to L. , At the beglnnlng of phase G, 01 was

increased to 1323 KPa, and then' 03 was decreased in steps

from 1250 ‘to 513 KPa over the remaining phases. During the

test op was set ‘to a .constant value.

Figure 3.44 is a q vs

is typlcal of all tests to failure,

P~ stress plot

for the test, and

Note that the test

proceeded for some distance along the failure envelope, i.e.

q decreased during phases

unexpected and unusual phenomenon,

the bellofram contfoliing

K and L.

7

This was a’ most’

because the pressure to

°p was ‘maintained at a constant

" value, (q is measured by a load transducer external to the

cell) . Although lt seems obv1ous that the stress path must

follow the fai;mnexenvelope,

23

the author is

unable to give a
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complete explanatiohvof'the'mechanism that ‘allows it to do

4 . The belloffam was well within its range of operation

so.
throughout the test,' SO that the ‘difference"betWeen }the
“épplied“ aﬁd'mea3ured loads cannot be attributed to energy
ldst in sEretdhing‘ the’ internalb diaphragm- in’-this deQice.
Liklewis&R the rate of deformation of the sample, whichv- 1s
controiled'by the~ratéAQf.gas exsolution, was much too slow
ﬁo‘ attributé »thev difference Eo an energyb assbciated with
sample acdeieratioh, . Andtherk possiBilityw is tﬁat vthe'
difference in "applied“ éﬁd meaéufedrloads, wﬁich is forced
to exist because'oﬁ an incombétibilit§'between_the bounda:f'
conditidﬁs of the test and the failﬁré‘pehavi@ur df.the'Soil,
ié used as enérgy'which modifies (i.e. incréése§3rthé naturai
_réte of gas‘ exsolution iq. the soil, 'and‘ thus slightly
increasésv Ehe rates of so@i, deformation. ~‘»This is {an'

interesting area for consideration, but it was not.pursded
B B : ) ! [
T

further during the ¢ourse‘of this ;esearch.l% “* \
Figures 3.45 & . 3.46 illustrate the stress-strain
“behaviour ofﬂkhelsample as it was failed. Note that the rate
-of dilation of the sample (»dgvol-‘/d?v, Fig‘ure 3_464) is'a]_mQSt

constant throughout ‘the test, and. partiéularly during

failure. ‘This constant‘rate of dilation was observed in all

4Castro (1969) reports .on a series of 1load-controlled
triaxial tests on saturated sand samples for an investigation
of liquefaction. As soon as the stress trajectory in one of
~his samples touched the failure envelope, and then travelled
down it, there was an immediate acceleration of the sample,
"due to the fact that the load on the vertical ram was not
balanced by a resistance in the sample. No such acceleration

of deformations was encountered in the present tests.
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the tests to fallure, that is, in both the gassy and gas-free
‘undralned tests, and in the drained test. | |

,Flgure 3.47 is a plot of «D/og VS £,
:value fOE Ip/93 durlng Test No. 21 was 4.5, indicating a
, strength of ¢° = 43.8 degrees. |

Flgures 3.48 to 3.53 show the transient behav1our of
the 5011 during phases G to L of the test. Note that the
stress path for the sample is moving closer to the failure
‘envelope both when a step decrease in 03 is applied and when

s
¥

u lncreases in response to gas exsolutlon

The maximum

129

Agaln, the form of the transient: response is similar -

to the 1sotrop1c and anlsotroplc cases, except that f6x Test
No. 21, w1th decrea51ng p° to failure, vertical strains are
compressiVe and‘4horizontal strains expansive, '(and, the
'overallivoiume change rs dilative).

The decrease in g with time during phases K and L,

discusSed previously, may be examined in Figures 3.52 & 3.53."

'Three tests to,failUre were performed on undrained,
gassy soils, two by decrea51ng 03 (Tests 21 & 12), ‘and one by

increasing Op (Test 22). For compar1son one addltlonal test

‘was performed on an undralned gas-—- free sample (Test 14) and
.
‘one on a dralned sample (Test 13) using 51m11ar stress paths

to Test No. 12. The test results were comparable, except

‘that Test 12 gave a sllghtly higher strength of ¢” = 44.5

degrees: compared to ¢° = 41.8 degr - or the drained‘test

The ultimate 'strength for the undra.ied test with no gas

(Test 14) could ‘not be determlned exactly, because the pore -
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pressure beczme negative before the onset of failure. The

results from all the tests to failure are located in Appendix

E.

3.8 SUMMARY

This chapter has reviewed the development of the

137

laboratory testing equipment and the performance of the

tests, and . has presented the test resultSz No analysis or

interpretation of these results has been attempted “beyond

‘those comments which can be made from visual 1nspectlon of

\

the'data, and those which are useful in understandlng the
general nature of the behaviour of gassy soils. |

The ex1stence and 1mportance of the 1liquid-gas

»saturation»‘pressure,. l/gr (or bubble point) has been

demonstrated in the observed pore pressure responses. .

An evaluatlon of the equlllbrlum response of the soil

and a prellmlnary analy51s of the transient response will be
,made 1n;Chapter 4. A complete dlscu581on of the tran51ent

‘5011 behaviour will be. postponed until Chapter 6, to allow

the theoretical considerations to-be‘developed in Chapter'5.

Al

It 1is .appropriate,fto note here, however, that an

@

1nd1cated that such behavico r is. identical to s0ils
contai no or little gas. The - presence «of large
quantitizs of gas in the saﬁple has only caused a change in

the nature'of the pore pressure response, and introduced a

.examlnatlon of the stress-strain behav1our of gassy soils has——///
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N

Y ) ) ) .
time-dependency of pore pressure and hence strain in the

undrained behaviour of such soils. A discussion of the

implications with respect to drained

) : S
\ . . .
- i

until Chapter 7.
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CHAPTER ¢ - EVALUATfsn\oF LABQ%ATORY TESTS

UNDRAINED EQUILIBRIUM RESUBTS

& v"

4.1 GENERAL

The theoretiCal consideratio;s for the equilibrium‘
,response Qf'a:gassf soil have beenﬁdjscussed in Chapter 2,
,ahd the iaboratory'tests, conductedfin»partqto‘demonstrete
’thlé behav1our,' have been presented ih:'éhapter )3;‘ : his
chapter focuses on the evaluation of the equ111br1um test
resolts,l in an _attempt to verify the' ‘theoretlcal
’relatiohships. | a

Variohs soilscohditions andxboundary conditions that
introduce "anomalies"r'intor the soil: behaviour are also
described and modelled. These include the influence' of
diffusion,of dés?from=the samp;e‘to‘the cell fluid, testlng
of the sample_’along non“isotrqgic stress .paths, non-
dequlllbrlum in the pore fluld at the start of one phase of

@%ﬁ
the test (when the change ln boundary stress is applled), and

R
modlflcatlon of the test results ‘due to the presence of
dlssolVed air. Either the theory or the analytlcal‘¢echn1que
is changed to incorporate these effects.

A typlcai test (No. 11) is analyzed and a comparison
is made between predicted and observedv pore pressures to
evaluate the accuracy of the undrained equilibrium modei.

t |

139
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A - preliminary assessment of ' the - observed . noa-

140

. : ] N ) i . :
equilibrium or transient behaviour will also be made, w&th

the objective of more closely 'examining the form of the

;

pbehaviour and of establishing a basis for the development of -

a. more precise or mathematical statement of the exsolution.

process. The. theoretical treatment of gas exsolutipn will

~ the observed transment response made in Chapter 6.

‘A summary of all the successful_ undrained tests is

given for reference in Table 4.1. .

4.2 EQUILIBRIUM BEHAVIOUR

For any particular phase’of the undrained isotropic

stests, the immediate - and the final pore pressure responses
may be predlcted using equatlon 2.15b- and the proper value of
Henry s constant, H. For the 1mmed1ste response, H =20,

since no time is allowed for gas exsolution. For the long

_ partlcular value approprlate for the gas and liquid 1nvolved

and the test temperature, (Flgure 2. 3)
An ~ability to predlct the - .pore- pressure 1s predlcated
upon a knowledge of the -~ liquid and - so;l skeleton

compressibilities, the iniiggf%porosfty and saturation, the

- initial pore pressure and. the chgnge in total stress The

~initial porosity, pore pressure, and change in total stress

are™ all measured - quantities. The soil .skeleton

compressibility may be obtained from :;the volume change

then be developed‘in Chapter 5, and a complete evaluation of -

‘term, ‘or equilibrium response,  H is 'set equal ‘to the



TABLE 4.1 - SUMMARY OF UNDRAINED TESTS

PSUEDO-

" 141

FAILURE

TEST NO. DATE STRESS
L | RATIO 'DRAINED ?
» PHASE?
07  XI/16-23/79 1 yes ‘no-
5 T /08-22/80 1 yes no
11 III/04-O7/80"‘ lv yes ‘no
12 IV/ll—ZO/SO' 3 - no yes
15 VII/4-20/80 1.5 no no
21 11719—20/813’ 2 no . yes
22 III)iO-lZ/Sl 2;5 no ves
23 1V/21-23/81 1 no

no



measurements. The saturation at the beginning of a test is

142

calculated from a B-test performed after the water and

dlSSOlVGd C02 gas is dralned into ‘the samble, but before the

commencement of the flrst phase of the test, and at a

pressure above the CO,/H,0 saturation'pressure..'Subsequent

saturations at the beginning of each phase of the test. are

calculated using the initial saturation plus the measurements

of volume change.

In these calculatlons the compre551b111ty of water is

assumed-to be 4.5 E-7 KPa"l (Fredlund 1973).

An example has been given prev1ously (Section 2.6) of-

the theoreticaljresponSeffor two samples with similar initial
stress conditions to Test No. 11, one using H = 0¢86 and one

‘using H = 0.02, and both assuming S3 = 100%.

The following sub-sections will investigate various

:aspects of'the testing technique, or of the sample itself

»vwhlch caused the behav1our of the soil to wvary from the

“1deal" case discussed in Chapter 2. Modifications tov

incorporate these offects are suggeSted.

4.2.1 Effects of gas dlffu51on and leakage"

It is to be expected that some gas will be lost due to,

dlffu51on through the sample membrane and into the cell filuid

(Section 3 3.0 . Loss of gas or l;quldvmayvalso occur due to

leakage; although tests to measure this source of mass los®™ &

"yielded rates several orders of magnitude less than that due

. v

to gas diffusion (Table 3.1, Tests M10a & M1Ob).




Evidence for loss of gas from the sample exists in all
tests performed. Each phase of the undrained tests was
typically monitored for 50 - 100 minutes, until the transient

e )
pore pressure»ﬁsgsponse was clearly .becoming asymptotic to

© 143

some maximum wvalue. Usually, the next phase was commenced

.

immeciately, but in a few cases the sample was left overnight

and the nexg}phase was started in the morning. 'An example is
phase G of Test No. 11 (Figure 3-27) which was monitored for
a period of 900 minutes. During phase F of Test No. 15

(Appendix D), the poré pressure was monitored for a total

period of 560 minutes. At zero time the pressure-wasv467‘

KPa, and this rose rapidly and then became asymptotic to a

- maximum value of 545.8 KPa at t = 125 minutes. 7Phe pressure

stayed at this maximum value until_tb= 200.minutes énd then
gradually decreased to 523 KPa at t = 560 minutes, for an
average dp/dt = -3.7 KPa/hour. A similar response at the end

‘df‘:Test 15 yielded a rate of decrease of pressure

dp/dt = -0.9 KPa/hour.

- A method of evaluating test results) allowing for gas

diffusion, will be discussed in section 4.4.

4.2.2 Evaluating non-isotropic tests

The application of a non-isotropic stress change to an

undrained sample of soil, such as in the case of the constant

'K tests or the tests to failure, requires the additional

consideration of sample 'gﬁge pressure. changes caused by
deviatoric stresses. This topic was first addressed by
Skempton (lééﬁ), who develogéd.the equation:

- BE

L . oo




Au = B * (AC3'+A* (ﬁ(}l—ACB)) (4.1)

where aAu comprises two parts, au the change in pore

.
. ped . .

-, pressure due to an isotropic stress change, and Llud, the
change in ©pore pressure due to a deviatoric étfess,
(Skempton“s discussion was oriented towards the triaxial

test, where Aoz = Ag3),\‘*

Thus:
Au = Aua + Aug {4.2a)
LUy = B * A0, ' ' (4.2b)
499 = A * B * (Agy - A0 3) (4.2c)

Skempton (1954) -also demonstrated that for ‘a soil
behaving in.a linear, elastic manner, (and fbrvthe "triaxial
- case"),

A =1/3

.so that any deviation of A from a value of 1/3 is a

measurement of the influence of shear stress on -volumetric

strain. As noted by Skempton, "from a physical point of

¥

view, the pore pressure equation is best written in the form:

au = B*'{l/3*‘(Acl+2*A03)+(3A-1)./3*(Aol—'AC3)} (4.3)

L2

since this shows that, for a mate;}a{\behaving in accordance

AN .
\\
.

144



with elastic theory, with A = 1/3,.the pore pressute depends

solely on the mean principal stress, whereas in soils with

A #1/3 the pure shear stress has a marked influence on the.

pore pressures".

145

Recalling that equations 2.15a & b were developed by

combining equations 2.8b, 2.10 and 2.l4c-in the form:

it is clear that the modifications necessary to -derive a
solution for Au lie. in the term'AVT' which depends on the
constitutive relationship for the soil skeleton. AV, and Avg
depend on Au only. and so are not affected by the stréss'péth

directly.

Harris & Sobkowicz (1977) pused  the approach of

modifying the normal constitutive relationship f&r an élaStic
seil in the manner suggested by'Skempton‘(op.cit.). Thus,

qu-the triaxial test,

aVp = Vp * £yo1 = -Vp * 245

= =Vp * ((1+)/E * 0433 - S33*v*okk/E)

Vo * (1-2V)/E * oxi |
! - / . J
/ .
| 933 \
/ /

= Vg % (1-29)/E A (03] + 2%033)

but since 025 = 2
/



146
and if BT = 3% (1-2.)/E

= Vg * 3p % (033 + 1/3% (0] - =33)

for the elastic case, or for the more general case:

= ~Vp * Bp * (033 + A * (011 - 033)  (4.4a)
Equation 4.4a is analagous to equation 2.14b (in terms
of effective stresses) and can be written in terms of total

stresses as:

aVp = =Vp * gp * ((Ao3+A*(acy-803))=Au) - (4.4b)
Combining quations -2,10,2.8b and 4.4b then produces a
solution for &h 1ndent1cal to equatlon 2. 15b,except that ac

L0

lS replaced by uu3 + A*(Aol_ﬁo3).
For thez stress path of"“ K = 311/333 = constant,

equation 4.4a can be simplified further to:

Wy = ~vp * 8p * (1+a*(K-1)) *(Ao3=su) (4.4c)

and agaln a solution for Au is- found equlvalent to equatlon
2.15b, but replacing gn by BT*(1+A*(K 1). The constant,x
tests can then be -analyzed in a similar manner to the

isotropic tests, but defining the compressibility as:



3p = Ap * (L+A*(K-1)

G
-3
[}

i

(=1/Vg) * (3Vp/ac3) ~  (4.5)

ivT ¥
that A is close to zero. For the tests to failure, A was

As discussed previously, for K < 2.5, 3 Bp, suggesting

significantly different from zero.

The above discussion is based upon a knowledge of the
parameter A. As has been_shown, A can be_méasuréd di?ectLy
during the constant K tests, and may also be determined as a
function of K'for the tests to failure.

An alternative and more sophisticated approach has
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beén‘takeﬁ\byiByrne et.al. (1980), who model the soil in a

non-linear elastic manner. Shear dilatancy is incorporated

by the wuse' of a 1linear relationship between plastic

-

volumetric strain and shear strain, for shear strains above

that developed for ‘¢cv' Undrained pore pressure changes

around a tunnel due to unloading at the . tunnel face are
solved using a finite element‘analysis add,iterating,on Au.

' For the purposes of this ﬁhesis, ‘a comparison of
bredicted ‘and observed pore pressure behaviour during the
labdratory tests wili be made using equation '2.15b, modif;ed
where neceésary to;inélude the parameter A. Non-linearity in
the soil compressibility 8y, can also be modelled. Tt will
bg COnvehient to use a linear e'vs‘log a3 felationghip, wigh
a constant value of C, for’any particular phase of the test.

This means that 2p will vary continuously with ¢3, and hence

indirectly with su. This effect will be included by assuming



a valué of 3rgr solving for Au, cbmputing ¢3 and i, and
then g.,, and then by comparing STO with STl' If the
absolute value of'the\difference between the two lies within
afspecified tolerance, the soiution will be deemed complete.
If not, the new value of ., will be substituted into the
equation for au, and the iteration on au coﬂtinued until the

convergence criteria is met. o Y,

4.2.3 Non éqgilibrium at the start of a test
The solutions discussed in sedtions 2.5 and 4.2.2 have

both assumed that the pore fluid is at equilibrium with

respect to dissolved gas concentration at the beginning of-

'thé analysis, when the tétal stress chénge is applied.» in
ipractiéal termé, this would requiré'that sufficiént time be
gives during oné phasé of a test, so that at the beginning of
the <ensuing phase, when a step decrease (or‘ increésef in
total stress was made, the exsolution process froh the
previous phaée would have  been completed. ,ThiS‘is not always
possible. Because of the asymptotic nature of the pore
pressure respdnse,‘this,would réquire a‘time interval df‘long

duration, which would not be compatible with the . nitations

 of the testing apparatus.

However, 1if the liquid/gas saturation pressure is

L

known for the pore fluid, .or if measurements of pressﬁfg/and
~saturation are made at some point of equilibrium, a soiution

to the expected equilibrium response can be found. The
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equilbrium. solution outlined in section. 2.5, and in
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particular the equation relating the change in volume of frge‘w 
gas (equation 2.10), is modified to include the effect of
initial gas disequilibrium. First, it is neceésa:y %to.
determine the total amount of gas in’the sysﬁem: ;
{a) If the pore fluid is at equilbrium with respect to
dissolved‘gas at some pressure P, and the saturation is

 S, then the total equilibrium volume of dissolved and

free gas at P is:

Veg = (1 ='S + H*S) * v, (4.6a)

(b) If therliquid/gas saturation pressure is Pl/g and
the volume of water in the sample is V4r then the toﬁal
equilibridml volume of dissolved and free gas at

Veg = H * Ty | R | (4.6b)

Since P * V = constant,.the constant K” is defined as:
K™ = Py g * H * V, = P * (1-S+H*S) * V, (4.6c)

Thus K* is the total equilibfium volume of dissolved and free
gas in the pore space aE pressurefP,rmultiplied by P;

Now, consider an element_of soil with initial volumes
| of free gas Vfg and water V; (as in section’2.4.4y£ 'Notice.
now, however, that: o | -

-

1a9' "

AT
i T
i

}
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0 0 ‘ = W
_Vtg A vfg + H * Vw ..

[

since the pore fluidgis temporarily either undersaturated or
oversaturated with gas. If the pressure in the pore fluids

is Py, then:

¥ 0 - .
Vtg K /PO_

and if the soil element is to undergo a change in boundary

B 1

stresses such ~ that the equilibrium. pfessure P is

established, -then:

1l . g~/p
Vtg K%/Pl

and‘therefofé»the change in volume of free gas in the system
is:

@

1 _ y-0

Aqu,= Vfg' fg .
' =,(K'/P1 - g*vw)‘— vfg - (4.7)

<

CQmSining equations 4.7, 2.8b, and 2.l4c (or 4.4b, or 4.4c):

o
3

‘K'/(Po+ﬁu)_- g*vw -'vfg - 81*Vy*au = o
- S TBp * Vp * (45 - Au) (4.8a)
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Again, a quadratic solution is found for Au:

A* 2+ B*au+c=0 . (4.8b)

<
A= oL +n* s f 81
B.= gT*(Po-Ao) + n*(Bl*S*P0+l s+s*Hx
C = Pg * (- BT*Ac+n?(1—S+S*H)}-K'/VT,
A comparlson w1th equation 2.15b w1ll conflrm that the

terms for A and B are equ1valent The term C ;is leferent,

because .it 'reflects the effect of ‘the 1n1tial fltid/gas

disequilibfium. Equatlor 2.15b may stlll be recovered from

(4.8b) byképeéifylng,equlllbr;um'at PO-‘ Then:‘

. and 3

the:

A
&

o
i

—'Pb*(—gf*gg+n*(1—s+§*ﬁ))-Po*cl-s+s*ﬂ{*v3/VT

= Tap* ’*Po

Not

in-genefal, however, that the terms n, 'S, and VT in

equation 4.8b refer to values measured at P = Py and t = 0,

whereas the expression for,K’ in equetion~3;6c incorporates

“g [ \-7

system' 1s at equlllbrlum. Hence the term K /VTvcannot in

o

general be 31mp11f1ed in equatlon 4.8b. In the specxaL'case

A N .
whereg‘" - ' 4 R L

Ay

erms S and Vo measklred at some pressure P when  the
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K =Pl/g*H*Vw_'.

since V, ¥ constant

» ) N .
K/Vg = n % 8 NE * By g

where n refers to the porosity and S the saturatigg at
' N . : . “ » :

R »
Lo

= . ’ ‘ R Y
P PO' : . o } Lo Q@

S

e

If the saturation is known at any pressure PO af'ghich

' the, pore #1luid and freé gas are in equilibrium, then the

liquid/gas saturation pressure can be found vfrbm ‘equation

H

‘ : 1 =0 and AV _ 0. .
2.10 Py_settlnglvfg O‘and Avfg = -Vgg’ to get:

"Pl/g =.PO.+ AP‘= PO *_(l-S+S*H)/(S*H) o | (4.9)

¥ ek

v 7

4.2.4 Modificat¥on of téSt.results due to dissolved air
It was found that the pore flaids used during the

tests .were also saturated with air; and that the _air/Hzo
saturation pressure was generally higher than the COZ/HZO

saturation préssqre: The introduction of air into the pore

152

R . -

 £luid occurred  in at  least two .stages of thé pore fluid- -

~

preparation: *e

(a) As the water was~being §atur$t¢dwwith Coz’in the

" bubble phamber, minor amounts of air were also being

BN

‘introduced, . because air was the main "contaminant" in  «

. the‘Foz.SOurce (apprgximatély lgfl Sihce Hair <§ HéO2r.

<y
h%)

%
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air
waterQ

C 0
B

L 4

‘This

|

P .

it is qnite likely that the water became saturated with
| - A _ |
both air and CO, in the bubble chamber.

(b) After the CO, saturation sequence was completed in

“the bubbley chamber, the pressure of this fluid was

normally raised‘,lOO to 200 KPa to keep the CO2 in

solution: and allow the'movement<of'gas-saturated water

153

into‘the Sample This pressure was applled u31ng a

-~ -

regulated air source, so that some time was avallable"

/

to . drive more air into. solutlonr “i.e./ to make

/

~ PH20/air > Pu20/c02-

The sample, then, at the beglnnzng of the undralned

in- water, and undersaturated with ‘respect to CO2 in

The pore pressure response on unloadlng w1ll be a

posite - of ‘that behav1our lllustrated in Flgures 2.5 and

d portlon of a test is llkely to be saturated with respect to -

As long as PCOQ/HZO < P < Palr/Hzo' the response is

s

PCOZ/H2O' the résponse. becomes that of a gassy soil.

phenOmenon was observed in practically,rali tests

performed "~ but was, partlcularly' notLCeable in Test No. 9,

(Flgure 4.2).

similar to that for ‘an unsaturated soil, whereas when |
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4.3 PORE PRESSURE RESPONSE

\4 3.1 Isotroglc tests

{

Plots. of pore pressurelvs total stress and the pore

pressure parameter B vs total stresskare presented for Test

“No. 7, 9, 11, and 23 in Figures 4.1 to 4.4 respectively.
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The reSults of Tests No. 'll and 23‘ are closely

1llustrat1ve of the gassy behav1our c1rcumscr1bed in Flgure

2.5. Test No. 7‘shows an apparent lncrease'ln long term

‘ pressure Wlth decreaSing total stress in ° the range

600 > ¢ > 450- KPa. ,‘This is ‘due to the" fadt that several

phases of the test were started a substantlal t1me before‘

' %llshed ln the prev1ous phase,'so

,that the plot shown 1s not a true equlllbrlum curve. - As

mentloned abGVe, Test

‘than CO, exsolution #4’the'first several phases of the test,

so that the u vs urve for 1200 9 o > 900 KPa does not Eerm

i N

a plateau, but sho s. a gradual decrease in pressure.

4.3.2 Constant K fests

Similar pls)ts for Tests No. 12, 15, 21 and 22 are

given in Figqures 4.5 tb 4.8 inclusive. ©None of these tests

”» .

were taken to zero effectlve stress, (because_ the samples

were later to be falled), 50 that only a part of ‘the gassy

soil behaviour is portrayed. Tests’ 15 and 21 include the

results of unloading and'reloading the sample.

9 includes air exsolution ‘rather:
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4.3.3 Tests to failure

»

The variation of pore-pressure ahd'the parameter B can
be plotted against o3 in a(ﬁlmllar manner to the previous
tests, since failure was 1nduced by decreasing the cell
pressure, (for Tests No. 12 & 21). During the initial
portions of these tests, the influence of shear strain on
volumetric strain is small (A ¥ 1/3} and the behaviour is
similar to an isotropic test. As K increases, however, and
the sample approaches failure, shear dilation becomes more
important, and the\sampie'begins to undergo large volumetric
strains. This is a similar response, in terms of volumetric

' strain and pore< pressure, to when ‘a samp1e  subjecﬁed to
isotropic stress'changes approaches g~ = 0,”iPore pressures
begin to decrease and the Béparameter increases ewith
continued unloading,

- This behaviour is illustrated in Figures 4.9‘to‘4.10.

‘ A
4.4 COMPARISON OF OBSERVED AND PREDICTED BEHAVIOUR

Using the theoretical relationships for undrained,
gassy soil behaviour developed previously (Sections 2{5 &

4.2), it is possible to make a comparison between the
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predicted pore-pressure response and that observed in the

- laboratory. a typical undrained test (Test No. 1l1) will be

analyzed and evaluated in this . sectlon The examlnatlon of

11
othbﬂ test results w1ll ‘be postponed untll Chapter 6, where a
s

™

7
more comprehen31ve appraisal is made of the predlctlve

'l capabilities of both the equilibrium an& transient models.
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e

. The analysis cf equilibtiUm behaviour undertaken here
will usé the following two methods:- |
(a) Methcd #l,; The assumptlon w111 be' made that ngo gas
is lost bfrom the sample by dlffu51on through its
memptsne.' Given the initial condltlons of the test and
the change in total stress applled at the beglnnlng of
each phaser ~ the  analysis . can proceed ‘in a
seIf—con51stent manner, using computed values of pore
pressgfe,npor051ty and saturatlon at the end of one
phase as 1nput~psrameters for the beginning of the next
- phase. | | | |
> (b) Methoﬂ $#2 : This method attempts to: 1ncorporate the
effects of loss of gas from the sample (by diffusion
into the cell flu1d) « To do this, each Phase- is
analyzed separately, u51ng as input parameters for u, n
and S the values ;ctualiy“ measured kduring, the test;
Any loss of gas durlng a preV1ous phase of the test 1s"
.reflected in. lower porcsxtles and hlgher’saturatlons
‘thaq would normally pe expected. These _"adqutedt
values can be 'used for the analysis of the pore
pressure behstiour _dutiﬁg the .current phase of" tﬁe
test. o | |
Since tﬁe pressure at the beginning of a phase 1is
not agtueliyvan'equilibrium Pressure established from
the prevfous phase, but hss a value slightly lowef, the
Phax for the preceding phase is estimated by'using'a

non-linear "least-squares" analysis of the pressure-



time- data, {tﬁls'is'discussed in the next section).
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Then equation“4ﬁ9 is. applled to calculate the current

llqu1d/gas saturatlon pressure. (1£ gas "is being lost

from the sample, Pl/g w1ll decrease as’_the test-

proceeds.) Knowing u, n, S and'Pl/g"at the beginning

ofmthe phase, P_ for the end of the phase_can be .

max .
calculated using equation 4.8b. To be meaningful, the
calculated Pmax ’must' be compared to that value
extrapolated from the laboratory pressure time data

&

Anuappralsal of the success of the numerical model may

the blmmedlate pore pressure,“the' immediate " value” of
B (=Au/Ad), the'equilibrium‘pore pressure, the equilibrium

value of B, and for Method #1, the values of saturatlon and

N

spor051ty at the end of each phase.

e

=

then be - made by comparlng predlcted and observed values of

Table 4.2 was compiled to a551st in the analysxs of

«~ the test results. ' It summarlzes the 1n1t1al values of

porosrty, saturatlon, total stress and pore pressure observed

“for each phase of Test ll as well as the total stress change

applled at the beginning of the phase and the compressxon'

index measured durlng the phase. The 1n1t1al saturation for

‘phase A was obtalned from a B- test performed at a pore

pressure above the - llquld—gas saturatlon pressure, and for

subsequent phases was'calculated from the volume change.data.

B
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' TABLE 4.2 -

INITIAL bONDITIONS FOR TEST NO. 11

*H***INITIAL VALUES** %%k %%

N s
PHASE Cc (%) (%) OtKPa)  U(KPa)  AC(KPay
A BT = 9% , E ‘
10°% xea 32,28 99.75  1403.3  652.3 -81.3
B ;0233 32,30 99.67  1322.4  600.4 -101.4
: R . . ) f‘,; . :
c  .0159 32.33  99.54 T1220.5  s551.2 -109.3
D - .0138 32.36 ° 99.38 1112.1 506.8 -133.9
E  .00912 . 3242 99.11  978.2 509.6 95,2
P .00912 32.46  98.93  883.6  507.4 -117.7
G . .00766 32.53  98.62  766.4 505.7 -113.6
. - 0 - vv ‘ ) . .
H 00658 32.61  98.27  654.9 489.4 ~96.7
3 .00658 559.0 . 481.1 -101.7

32.69

97.90

168



Analysis #1 was then performed using the initial

conditions for ©Phase A of n = 32.28%, S = 099.75%,

‘ . [ o
o = 1403.3KPa, u = 652.3 KPa and 8, = 9E-6 Kpa~ 1. The

predicted Values of Au and B (immediate and equilibrium), as

3

. 169

well as all other calculated quantities for phases B through '

., J areé shown in Table 4 3. During Phases A & B, only.air,was
exsolving from the pore fluid and so a value of H = 0.02 was
used. .The sample was aSsumed to be'at equilibrium at the

beginning of phasei a, yielding a air/HZO = 746.7 KPa.

\

During phase C, Co, began to exsolve and it was found thatk

C02/H20 was close to 520 KPa, (this is slightly higher than

the backpressure of . 505 KPa malntained in the bubble chamber

during sample preparation). It was not possible to finish

the analysis of phase J, since the ‘condition of zero

effective stress was being approached.( It is'likely that the

actual‘compreSSibility of the soil skeleton during the latter\

part of phase J 1s not being adequately modelled w1th a

constant compre551on 1ndex.

The only ;additional input at the: beginning of each

phase in analysis $1 is the changing compression index, and
the applied total stress change.

Analysis #2 was performed and the calculated pore

pressure response is given in Table 4.4. " This table also

contains the measured pore pressures,. and those predicted

from analysis $1, for comparativeapurposes. The information

summarized in Table 4.4 is presented graphically in Figure

4.11. , {
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A perusal of Figures 4.1 to 4.10, discussed
previousiy, will have established élready tﬁe veracity of the
concept of gassy soil behaviour,ﬁandlwill have illustrated
the géneral c?rrespondence between the theoretical and the
6bserved responsés. A careful scruitiny of Tables 4.2 to
4.4, and Figﬁre 4.11, will éliﬁw A quantitativé assessment of
the accﬁracy of the theory. The followingvpoiht§,shculd be
: .noted: ;

(a) The prédictive" capability of the theory |is
extremely good, particularly for the eqﬁilibrium (or
. long termf response, - |

(b) Analjéis #1 predicts long term pressures slightly

on the high side towards the end of the test. This-

would be expected if the sam?le had accumulated a

measurable loss_of gas.l

{¢c) There Seems to be a better correlation for short

term pore préssures between Analysis #1 and the

observed ’values ﬁhah with Analysis #2.k Generally,
analysis #1 predicts values equivalent, to a little

high, whereas analysis 2 predicts values 7 = lOfoa

too low. :>The better correlation for —analysis #1 is

probably fortuitous, however. = From an,examihation of

Tables 4.2 and 4.3 it is evident that predicted values
of n are too high and of S are too low>fdr Analysis #1,

indicating that the sample has indeed lost gas during

lIn this discussion the loss of gas will be understocod to be
due to diffusion through the membrane into the cell fluid.



the test. The lower values of S input in analysis #1
" are what force the initial pore pressure response to be

higher than for analysis §2. It was expected, before

174

-any analyses had been undertaken, that the observed’

immediate pore pressures might be high compared to
predicted values, because there was a time lapse of 15
- 30 ‘seconds between reducing the total stress: and
taking the first ;eading at the begipning of a phase.
Sincevthe pressuré vs time &urve is qﬁite steep at t =
0, it was possible that the true "im;ediate" response
of the sample was notxbeing'accurately;recorded.

(d) The existencé of loss of gas from the sample has

been clearly demonstrated by direct observation, i.e.

the membtane—gas‘diffusion ﬁests, and those phases of

K3

the undrained tests monitored for more than several |

hours, in which the -pressure initially increases,
platéaus, and then decreases. This is also implied in
the observed values of Phax for each phase, which

progressively becéme smaller than the calculated

equilibrium‘Qalues as the test proceeds. (Analysis #2,

which partially accounts for gas loss, is more capable
of predicting this behaviour.) "This is reflected in a
decreasing value of Pl/g (column 2, Table 4.4), since

Pl/g is calculated,from Phax-



It should be emphasized that the above critique of the
theoretical model is not meant to detract from its remarkable
capability to predict the immediate and equilibrium response
of a gassy soil. The deviations of predicted from observed
behaviour are of ”5 secondary -nature and are adequately
explained by the peculiarities of the testing equipment and
technigue.

Analyses of the other 1isotropic tests, and of the
anisotropic tests (using a modified Sp,  as discuésed in
section 4.2.2), have been 1in complete agreement with the
conclusions and criticisms discussed 1in this section.
Recognizing as well that the theoretical model has
demonstrated the ability tb‘qorrectly assess the behaviour of

soils containing air or CO,, it is appropriate to state that

the laboratory program has confirmed the predictive accuracy

of the theoretical equilibrium model. This may seem to be a

mute point, as it has implicitly been accepted by many .

authors in their work on unsaturated soils. The extention of
the concepts frém unsaturated to gassy soils has preaicted
remarkablyidifferent undkained soil behaviour, howevér, which
has called for experimental verification in addition to field
. )
support. To the author’s knowledge, the experimental
‘approach adopted herein 1is the first direct method of
quantitatively assessihg the theory for either the

unsaturated or gassy soil.
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4.5 NON-EQUILIBRIUM BEHAVIOUR

While performing the equilibrium analyses for the
undrained tests, it became evident that a method of
estimating Prax for gach phase of the test was necessary.
Given a set of data relating the pore pressure u to time t,
covering an interval of time At = 60 - 100 minutes, what was
the value of u ai infinite time? Although the tests had been
performed for long enough intervals to establish the
asymptotic nature of the response, a visual estimation of
Phax was not sufficiently accurate for analytical purposes.

Engineers have a predilection for linear
relationships, and often in seeking a functional correlation
for two variables will first consider those functions that

can be reduced to a linear form. Such functions include:

(a) Yy =m®* x + b
(b) "y =m * In(x) + b, or a*x™ = eY
(¢) In{y) = m * 1In(x) + b, or y = a*x™

(d) In(y) =m * x + b, or y = e (M*X+b) = Hucx

Unfortuﬁately, these functions are not useful in the
analysis of the 1laboratory pressure-time data, since the
pressure becomes asymptotic to some maximum value, whereas
the functions (a)to (é) above are all continually increasing
with x. It is intefesting to note that for function (c),-if

0<m<1l, then

1 76



dy/dx = a*mrx(m-1)
‘ Lim(x ..) dy/dx = 0
However, the

lim(x+») ¢y = w /

80 that this function still' does not possess a true
asymptotic character. Attempts to fit the pressure-time data
of phase 11D with functions (¢) & (4) above, as well as to a
polynomjial, are illustrated in Figqures 4.12-14. It may be
seen that none of these functions produce a suitable fit to
the observed data.

Two functions that have an asymptotic nature were used

to fit the pressure-time and volumetric strain vs time data

for all the undrained tests:

s

(a) Hyperbolic Tangent Function (Figure 4.15)

(“‘umin)/(Bf-umin)=t§nh(t/5')

{b) "Quotient + 1" Function:

(U=up . n) /(B =upin) =t/ (t+A")

where u,t = current values of pore pressure and time

Unin = Pore pressure at time = 0

B -, = = ) . . N .
max pore pressuge at infinite time

A = scaling parameter

wA
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Figure 4.15 was generated to illustrate the nature of
the hyperbolic tangent funetion.\ The test results>cou1d not

be fit to either function (a) or (b) by this visual method,

because a goodness-of-fit criteria was lacking, and also

because B” needed to be specified.

It was possible to fit either of these functions to

the data using a non-linear _least-squares analysis, where

both A” and B” were allowed £o~va;y to establish ‘a "best

£it". This was accomplished using the program BMDPAR,

- Derivative-free Nonlinear Regression, which ig part of a

’statisticalw package' of . Biomedical' ' Computer Programs.

(P~ Serles, 1979) developed at the Health Sciences Computlng

Facility, UCLA 2

Figures 4.16- 24 1llustrate the best flt curves for

both functlons obtalned by this method for phases A to J of
Test No.- 11. 1t is clear that the “Quot1entx+ 1" function

‘ . : ; » : li
provides a better fit than the hyperbolic tangent, and in

most cases visually appears to have an almost - perfect

conformity»With the data. 'Except in the unusual case where

the agreement was notIgood (Phase D), 6: where the'data was

spurious (phase a), the "Quotient + 1" function was used'to,

estimate the value of u (i. e._B‘) (The values of umax:

max
recorded in Table 4. 4 were estlmated in this manner.)

2Program revision November, 1979. The Health Sciences
“Computing Facility was sponsored by NIH Special Research
Resources .Grant RR-3. :
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It is interesting as well to examine the value of A:\
throughout the test, as it 1is this parameter that controls

the 'steepness of the pressure-time curve, and thus - may

provide some information about the gas exsolution proceSs,

Discounting, for the moment, phases A & B (air exsolution),
phase C (Fransition” to CO, exsolution) and phase J (pore
_pressure response limited by o7 ‘approaching zero), a
remarkabie pattern is observed in the value of'A‘. For phase
D to H, respectively, A = 12.5, 4.8, 3.9, 3.2 and 3.1. As
A” decreases dufing the Lest, the pressure vs time curves are
_ steepening, that is, the initial_rates of gas exsolution are

increasing.

This pattern of change in A” was encountered in ali
the undrainéd tests, and. is summarized in Table 4.5. Since
the'curve—fitting technique itself makes no statement"about
the gas exsolution process, it is important to 6nly,compare
those phases with similar ‘boundary conditions. Table }4.5
thus- includes only those results for Cdz exsolution,'where

the Sample was saturated with gas and near equilibrium‘at the

beginning of the phase, where ¢” > 0 at the end of the phase, .

and for the reloading results, where ¢“ > 0 in all previous
‘phases. | |

As a process model is hypothesized in Chépter 5, and
the transient results evaluated in more detail'in Chaptef 6,

this phenomenon of rate of exsolution will be examined again{

~

0



TABLE 4.5
#

SUMMARY OF RESULTS TO FIT TRANSIENT
PRESSURE RESPONSE WITH "QUOTIENT +1" FUNCTION

\

TEST NUMBER

PHASE 7 9 11 23 12 15 21 22
B 4.4 5.1
c 14.1 3.4 5.3
D 14.8 ' 12.5 | 9.9 ,10.6 8.7 4.2 5.1
e 131 4.8 6.4 8.3 4.5 4.0
P | 3.9 10.0 7.1 3.0 5.2()
G 38.0 3.2 7.4 3.2
" i 22.7 3.1 | : 3.3(L)
I ‘ 9.8 ‘n/a . R n/a
;- 6.6 3.6 4.9(L)

(L) Reloading sample after cdmpletion of unloading‘sequence.
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4.6 SUMMARY

This chapter has reviewed the laboratory tests in

light of the thsory postulated for the equilibrium.behaviour

188

of gassy soils. An evaluation of the predictive éapabilities

of the model has been made, and this has been demonstrated to
be quantitatively accurate. Several vpeculiarities of the
test which have modified the boundary conditions, and thus
influenced the test results, have been discuSsgd. Where
ppssible, these changed‘ boundaiy coﬁditions have been
incorpérated into the theoretical model.

A cursory examination of the transient respod@%‘has
been made, prlmarlly to develop a method of predlctlng u |
from the pressure-tlme data, but also to 1nvestlgate the form

of the pressure-time curve.

|
|

max



CHAPTER 5 - GAS EXSOLUTION

5.1 GENERAL

n
The previous chapters in this thesis have dealt with
the characteristic - equilibrium, or timefindependent,
behaviour of gassy soils. A theoretical model has been
developed( and this has been verified by laboratory tests and
used to demonstrate the nature of gassy soil behaviour;
| Beginning with this chapter, an inVestigation is made
into the nature of the transient, or time—dependentwresponse
in gas8y soils. An introduction to a new macroscopic
,process, gas exsolution, iskgiven. The major objective of
the chapter is to deveiop a general mecroscopic‘theory of gae
exsolution, which mey then be applied to soil beheviour under
various boundary ccnditions in later chapters.y It will first
be necessarythJreview'the present state of knowledge cn‘this
subject, both within the geotechnical field, and from othér
fields of engineering, to eétablish a proper foundation on
which to build the ﬁtameworkrcf the propoSed'tbeory.
The term."gas exsolution" as applied to soils refers

to an observed or macroscopic behaviour. . As the pore

pressure in an element of gassy soil is reduced, the
saturation in the soil decreases due to the production of
gas. Gas 1is being trahsfe;red, in some manner, from ‘the

‘dissolved to the "free" state.

. o | 189.
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implication that a specific microscopic process is operative

In using the term “gas exsolution", there 1is no

in the pores. It is possible to observe, describe and even
predict that aspect of transi:;t soil behavio&r due to gas
exsolutioh, from a macroscopic perspective, without being
limited by any particular process model or by an overly

simple set of boundary conditions.

Gas exsolution may be attributed to several known.

microséopic processes, but  our Qnderstanding of the
processes, as well as the complex boundary conditions in the
pore space of a soil, is too rudimentary to develop a general
theory from them.‘\Moreover, it is uncertain that all of the
contribufing processes have been identified. However, this
shquld not preclude their study, as much of the general
observed behaviour can be explained qualitatively with very
little extrapéiation, from simple boundary conditions and
single microscopic processes. A study of the physical
proéesses can only increase our understanding of gas

exsolution. In addition, any general macroscopic theory

- proposed to fit the observed laboratory behaviour must also

be compatible with what is perceived to be the predominant
physical processes.
iAs a first step in the development of a general

macroscopic- theory, the physical processes that are thought

"to control -the gas exsolution behaviour will be examined.
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They are:
(a) sorption of a gas bubble in a  liquid (1.2,
absorption, or desorption, depending upon whether the

-

liquid is over- or undersaturated with gas). N

(b) bubble nucleation.

The gas exsolution behaviour observed in the
laboratory tests will then be examined, and a general theory
proposed which is dependent upon these observations only.
Lastly, there will be a comparison of the general theory with
the simple gas sorption and bubble nucleation models. ,

It is important to reiterate the distinction between
ghdrained and drained boundary conditions, insofar as the gas
exsolution behaviour is concerned. An undrained boundary on
an element o{ soil is one through which there is no mass flow
of gas, liquid, or soilvparticles. Consider'such an element
of gassy soil, whose pore ljquid is super-saturated with gas.
Over a period of time, gas will be produced, which will have
two inter-related effects: W

{a) The volume of the element will increase.

(b) The pore fluid pressure will increase.

Since a volume increase 1is caused by an effective stress
decrease in the soil skeleton, it is also governed by fluid
pressure increases. As discussed previously, for gassy soils

the volume increase will be small, and the pressure increase

‘relatively large.



Avdrained boundary is one across which an unhindered

et

mass flow of gas or liquid occhrs.l For a drained element of
gaséy soil with'a super—saturated pOre ligquid, there will be:
(a) an element volume change dependent on the boundary

stresses, i.e. if and u are constant, 0.

vol ©
(b) a pore fluid pressure which is \attempting to

192

~equilibrate with the fluid boundary conditions, -

(consolidation) .

(c) the production of large 'amounts df gas which will,

-

for a period of time, oppose the consolidation process.

5.1.1 Previous work on gas exsolution

There is a palcity of information on gas exsolution in

the geotechnical literature.: Most investigators have been

primarily concerned with the investigation of the equilibrihm_

behaviour of unéaturaéed soils. The appérent éomplexity of
gas exsolutibn, combihed with a lack ‘of figld problems
wacrénting its consideration, seems té have led to a lack of
research éffdéﬁ in this area. “ “
Barden & Sides (1970) have measured the diffusivity'of
&if in clay soils aﬁd discussed the marked difference ffom

air in water. However, the only attempt to study the

exsolution process seems to have been by Black & Lee (1973)

'in connection with establishing the time required to fully

saturate samples in the laboratory. Lee & Black (1972)

lThe element boundary is normally assumed to change shape
with the soil skeleton, so that there is still no mass flow
of soil particles, :



&

ligquid" problem contains poorly posed approximations, and

: \ : ' © 193

observed the time to dissolve a bubble of gas in a large

container of water, and in a tube of water, then (Blaék &
Lee, 1973) extended these findihgs, developing a model to-
predict the ﬁime neéessa;y to fully satpraté a soil samplé
using a back préssure.‘ As will be diécussed in Section 5.3,
Lee & Black”s solution to the'“singie bdbble-in an infinite
yet, somewhat fortuitously, is a reasdnablevsolutiqn. Their

work was preceded by 20 yéérs of research on that particular

problem, the pioneering péper of which provides a more
. ! r

satisfactoty approach.'
The extention of their ideas to gas exsolution i
soils of 85 to 100% saturation (occluded bubbles) will .also

be evaluated in sectfon 5.4.

5.2 GAS SORPTION

Gas sorption .is defined as the transfer of molecules
of gas across a gas~liquid interface. 'As stated by Davies &

Rideal (1961), "if a molecule passes across the gas-liquid

interface, it encounters, in general, a total resistance R

which is the sum of three separate diffusional resistances,
due respectively to diffusion in the gas“phése, across the
monomolecular region constituting the interface,vand through

the. liquid below (beyond) the interface. This 'may. be

. exXpressed as:

R = Rg + Ry + Ry



\

Oof these resistances, Ry is usually " the highest,

correspondlng to molecular dlffu51on of the solute through a
non-turbulent llquld layer adjacent to the surface "
Dav1es & Rideal are stating that the dlfquLonfprocess

is the measurement of the resistance to movement of a

molecule through a medium.  In the case of a gas molecule

~

moving through a 1liquid, across an interface and into a

bubble, diffusioﬁ in the liquid ;medium is usually the
governing factor. 'They quote'typical values of Rg, Ry, ahd
Rl,' e.g.

(a) For ammonia or €O, 'ip watet, Ry = 102 to 103

. sec/cm.
(b) For co, passing from water to air, Rg = 4 sec/cm.
(c) For most cases where no: contaminants are present at
the interface, ‘Ri is neg]_igible.z

Thus for the sor?tion of gases such as.CO2 in water, Rq

predominates. The problem is treated as that of a bubble of

spatially constant gas cOncentration,,(i.e. the gas density
or concentration does not vary with radius inside the
bubble), in a quiescent liquid, the sorption being controlled

~solely by the diffusion of gas molecules in the liquidkphase.

194

This is the iclassical- treatment of the problem in the

literature. As will be mentiohed later,'it has only beeh;

2Harvey & Smith (1959) measured ¢he absorption of CO
in a quiescent liquid and conclud that both R and R
were negligible for €0y in water, and that. R1 Yyas the
governing resistance. Manley = (1960) examined the
influence of an "organic skin" at the gas-liquid
interface on R.. o
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since an exact solutlon has been found -for the problem of a

v51ngle bubble dlssolv1ng (or growing) in an- 1nf1n1te llquld'
that the pOSSlblllty of- dlffus10n in the gas phase at small
bubble radll and hlgh gas pressures has been 1nvestlgated
Thls 1s of peripheral concern 1n thls the51s, the classxcal
approach will be applied in the»follow1ng discussions. .
| Gerrard (1976) has dlscussed the p0531b1e modlflcatlon‘
of 'the "normal™ sorptlon process by a chem1ca1 reactlon
"between the solnte and the solvent. In the case of Héo and’
ﬁgcoz( there is a relationShip that: | ’
Hy0 + Cop === mCo3 + HY

<]

Thls dlssoclatlon is very weak, however. Gerrard, states’that_

most of the CO,y dlssolved in the H0 exists as free molecules

and not as HCO3 1ons, (<1% of the C02 reacts to. form H5CO3),
ukand thus the chémlcal reactlon'.has llttle',ef§ect on the"
}?sotption process. For other gases and lidoids, the chemical'
'd155001at10n may have an equal or more - 1mportant effect than

dlffu51on in determ1n1ng the rate of gas exsolutlon.

5 3 SINGLE BUBBLE IN AN INFINITE MEDIUM

A convenlent startlng point for. the study of the gas
sorption process is the‘case of a single bubble growing i van
infinite»liquid medium. These ‘boundary conditions canno:\ee
.. directly applied to the pore space ln an element of soil, b

K%




they are worth ‘inVestigating "as they form the 'basis-,for

further hypotheses with more realistic boundary conditions.

RIS
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Before considering the sorption process, however, it

is necessary to study two related phenomena, the pressure
inside gas bubbles, and the‘concept of an equilbrium bubble
size.

5.3.1 Surface tension, pressure, and equilibrium'bubeQ'size

Terzaghi-(1943f devoted one chapter to the déscussion‘

of caplllary forces in soils and. the_ pressure of gas ‘in

bubbles and v01ds. He presented‘the.equation{

v

t

i
]

g=utPat2¥*Ts/x (5.
.Pa‘= atmdSpheric'pressure 5
T, = surface tension ° ‘
r = bubble radius = ' o ; e
“which 'was ‘already scientific doctrine.  He stated further

: (- 3.
that lf r approaches zero, the gas pressure Pg approaches

1nf1n1ty However, w1th1n the range of molecular dlmen51ons,
equation (5.1) loses its valldlty". The statement has
generally been accepted as an established fact‘ in the

geotechnical COmmunity.'

: Recently, however, Fredlund (1973) has taken exceptlonv

Y

to the idea of surface ten51on actlng on a bubble. He stated '

that ";,.alr and water ‘pressures cannot differ apart from the.

inclusion  ©f a solid’ medium...the capillary model is

pertinent only when a solid phase is in the presence .of the
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air and water. . The comprehension of this fact is imperative‘

to the study of the case under con51deration. -Its:om1551on°

‘from the research 'literature ‘has created considerable‘

confu51on (Hilf\ 1956; Schuurman, 1966). ‘The reasoning of

Schuurman leads him to, the conclusion that the air.in minute'

bubbles must reach extremely high pressures Just -prior to

COllapSing and disappearing.. This is absurd and contrary to.

observed behaviour." ,
It is this statement by Fredlund that is incorrect,
_and in fact contrary»to observed'behaviour. To demonstrate

'the validlty ot/tﬁe surface tension concept as it applies to

gas bubbles, “the follow1ng dlscu3510n/ will outling_ the

development'_and' laboratory dconfirmation"of the theory

regarding this subject.

There has been a continued attempt in the sc1ent1fic"

-literature _Since 1950 to ,solve the- differential ’equation
governing gas sorption for the ?ery simple boundary condition

discussed previously. All of the authors have accepted'the

' existence of surface tension, quite’ 1ndependent of any solida“

‘ substance,' and have dlscussed and observed the effects of
surface tension‘on bubble behaviour,

) Epstein‘ & Plesset (1950) developediman approximate
solution for a bubble grow1ng (or dissoluing) in.an infinite
liquid, ’solv1ng both’ for the case of T‘ =‘O, and Tg > 0.
vThey noted that for bubbles in a saturated solution, if T, =
o, the bubble should ‘be stable, if T >-o, the bubble would

dissolve because of surface tension effects. This idea was



198

reiterated by Plesset (Davies, .1964).. Keller XDaVies, 1964)‘

advanced this idea further by noting that:
(a) Bubbles in an underSaturated solution decay in.size
and disappear in a finite time.

(b) In  a supersaturatedf solution, - bubble behaviour

depends -on: its initial radius Ig.- For each

»concentratlon of gas co' (where cg > cg, the saturated

‘ concentration), there is an equilibrium radius L, such

that if r, = re,'the bubble is in unstable equlllbrlum.

FQF Iy < re the bubble decays and dlsappears in f1n1te

“time, (because of surface ten51on), whlle for rO > fe
‘1t grows 1ndef1n1tely

- {c) If the solutlon is Jjust saturated every bubble
will decay unless surface ten51on s absent in whlch
case it remalns in neutral equlllbrlum.

(d) Bubbles may form spontaneously around nuclell, such

as SOlld partlcles,a‘a hole in the. llquld (near the

sur face of a_solid)[ etc. An unsaturated solutlon is

:stable against bubble 'formatlon.‘ _ Supersaturated

sblutions vare 'also stable agalnst ‘bubble formatlon,
Aunless the bubble forms with Lo > re- ‘
Cable (1967) comments "finally, it - must be remembered that
‘the pressure inside a bubble 1ncreas:§\s‘gn1flcantly when it
,becomes very .small and th1s accelerates its ‘rate_ of
shrinkaqe.“" ‘?hese ideas are agaln reiterated_ by ,seyeral

other authors.



Tucker & Ward'(l975) report on research for a doctoral
dissertation by ‘Tucker (1974), ;ho investigated - the
measurement of diffusion coefficientS‘by-uSing the unstable
equilibrium state ofigas bubbles in supersaturated solutions
Their work confirmed experlmentally Keller s ideas, and they

presented an equation for the critical radlus I,

o

Te =2 %15/ (nfpvap+°2/CZS*P’"P‘) - 5.2y

N = expluy* (P ~Pyap) /K/T-c3)

where T_  p°, g, T and;cz-are.the_surface tension of the

liquidegas interface, the pressure, Boltzmann 1bonstant,
- - \,\ v : . ) .

P

temperature and ‘gas concentration (moles solute/moles .

.. solvent) in the solution surrounding the bubble Voo “and Pvap

are the specific volume and vapour pressure of the pure

 solvent; ‘and ¢, is the equilibrium saturation cOnéentration

of ‘the dissolved gas in the solvent when a flat surface of

the solvent is exposed to the gas only at P°, T.

The critical radius is deflned as that radius a bubble -

must achieve wupon nucleation to ensure its eontinued
existence. As previously discussed, there is a single
‘ equilibrium bubble size for an unbounded liquid' and that
state is unstable.__For the case of the 1nf1n1te liquid the

vequ1llbr1um and crltical radii are equivalent

¢

.



Keller had given an earlier version of equation 5.2,

but had neglected the term ”*Pvap' as he had not considered

the presence of the solvent vapour in the bubble as well as

the gaseous solute,

It .is clear that the concept of interfacial tension.

(the correct term for fluid/fluid contacts) in gas bubbles,
quite,independent of any solid particles, has been given both
: . , )

théoretical sﬁpport and experiméntal ‘verification, and in

fact has become the basis of a recognized method of measuring

gas‘diffusion’coefficientsVin liquids. The work of Schuurman ~

(1966) then is very pertinent to the expfession of fluid

rcompressibilikies. As récognized‘by Térzaghi, the postulated
;elationships may not apply aﬁ extremely small bubble radii.
At this level, modificétions may be neéessary not only in the
expression for  interfacial ~tension, but also “in thé
pressure—volume"reiétionships for a dense gas (Epstein,

'1975), and for inertial and viscous effects (Szekely &

Martins, 1971).

5.3.2 The time‘vériation'of bﬁbble,;ize

| .In 1950, Epsﬁein & Plésset presented an approximate
éélution to éhe pfobiem of é* single bubblé .érowinQ' {or
shrinking) in a super (or unaer)‘saturated, infinite liéuid.
Refinements.tb their appréximat}ons, and numericai solutions
‘to the more chpléte' differehtial4 equations have been

reported on by Birkhoff et.al.(lQSQ),,Scfiven (1959), Mahley

(1960), Barlow & LanglOis‘(l962), Davies (1964, including .

papers by Plesset, Keller, Wesfwater & Prigogine),'Bankoff



(1966) , Ready & Cooper (1966), Kreiger ec.al;(1967), Cable &

Evans (1967), and Cable (1967). Duda &° Vrentas (1969)

present an excellent list of references of previous work and

a good discussion on the accuracy of previous . approximate
solutions. Lacer work includes that of Roéner & Epstein
(1970), Szekely & Martins (1971), Duda & Vrentas (1971),
Fogler & Verma (1971), Rosner & Epstein (1972), Yang (1972),
Lee & Black (1972), Ward & Tucker (1975), and finally Tao

(1978, 1979). The lest pepers by Tao are significant in that

an exact solution is established for the problem, although

‘the solutions are mathematically ite complex.

Ae wiil be discussed yn section 5.4, the. solution to
the problem of a bubble growing in an 1nf1n1te liquid cannot
be applied directly to gas sorpticn in the pore space of a

- - . . . Q

soil. The model ~might be refined somewhat by considering a

31ngle bubble growing in a lquId of finite extent, but Stlll 

this 1s only part of a complex series of processes that

‘govern the gas exsolution behav1our.‘ Hence it 1is unlikely
that an extremeiy complicated exact soln;ion to either
problem will be useful in evaluating the generai ‘soil
beheviouf. | | H

A eimple approximate soiution; nsing vreasonaple
simplifying 'aesumptions, will later be developed ‘for the
finite problem. This w111 be based’ upon the method employed

by Epstein & plesset L1950), and so their paper will pe

201



discussed here. A consideration of the infinite liquid

202

problem will also allow a critiqde of the work by Lee and.

Black (1972).

3

Epstein & Plesset treated the problem of a single gas

~ bubble of radius Ry, placed at time t=0 into an infinite

liquid of initial saturatlon C. The solution is maintained

1.

at a constant pressure and’ temperature, and has a satutatéd

gas concentration of ¢

For any time t>0, the. concentration c at distance r

-from the center of the bubble must satisfy the diffusion

equation, which in spherical polar coordinates is:
Dc/Dt = K * (D2c/Dr2 + 2/r * Dc/Dr) (note)3 : (5.3a)

It is assumed that the term for convection associated with
bubble growth or shrinkage is small compared to diffusion,
and can be ommitted. The solution to this equation must

satiSfy the boundary conditionsvtﬂat§

c(r,0) = ¢, r >R
lim(ﬁ+w)¢(r,t)= Cir £ >0 ' o | (5.3b)
“c(R,t) = qs, t>0 -« -

3Th'roughout this thesis, the partlal. differential w1ll be
designated by a capital D and the exact dlfferentlal by a
small 4. _ v
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A transformation to the linear one-dimensional problem is

made by substituting g = r * (¢ - Cg), so that 5.3a & b
become:

Dg/Dt = K * D2g/Dr?

g(r,0)= £ * (c; - cg) (5.3¢)
g(R,t)= 0

A further shift in the r-coordinate by z

= r - R will make

‘the problem identical to the problem in heat conduction of a

semi—infinite solid ’w;@h an initial temperature T(z,0)

"(Z+R)*(Ci—c5) and with'T(Oﬁt)=0. The solution is provided by
Carslaw & Jaeger (1959): ‘ |

™

_ 9(r,€) = (5 - cq) /{2 [™R*t]".5} * (note)d

) (R+z)*{exp[—(z;zf)‘z/(4*x*t)1;exp[-(z+z‘)“2/(4*x*t)]}*dz‘
N 0 . “‘_\\ (5.4)
‘The concentra;ion gradiént at r = R is then:
(DI/DI) = (cj-cg) *{1+R/ (T*R*E)~. 5]  (5.5a)
. L : : \
or, substituting for g, o .
’ - \
§
. \ _
(DC/DI)R‘=‘(ci—cs)f{l/R‘+ 1/ (m*K*t)~.5} (5.5b)

4

Where the uée of a superscribtffor a power'notatiOn would be
confusing, the character """ will be employed instead.

/

203



or dm/dt = 4*n*R2*x*(Dc/or)R

= A% *RZKF(C i) *[1/R + 1/(1%K*t) *.5)  (5.5¢)
where m is the mass of gas.

Equation 5.5c is only valid for a stationary bubble boundary.
However, for prgblems in ;hich tﬁe bubble volume change is
small compared to the movement of the “diffusion front"
through the liquid, it is a reasonable physical approximation

to use (5.5¢) to predict the variation of bubble size with

time.

Then if .o is the bubble density,

'dﬁ/dg = 4*n*32fo*(dn/dt) | (5.6a)
so that

dﬁ/dt = K*(cirgs{/o * {1/R + 1/(m*K*t)~.5} |  (5.6b)

Epstein &.Pléssetbthén solve equation 5.6b for R for the
cases of undegsaturatéd and 6verséturated.solutions. Thgy
, ndte thaé at, smali times, the complete equation must. be
‘treated, but ﬁhat at .larger timés the term 1/(w*K*t)"~.5
bécomés negligible, and so a furthgr apprcximatioﬁ can be

bmade-by solving:

drR/dt = R*(cj-cg) /0 * 1/R (5.7a)

™



209

or R*dR = K'(Ci“cs)/w * qt . (5.7h)
whence

(R2-R,%) /2 = K*(ci-cgq) /0 * t (5.8)

It must be emphasized that this particular solution does not
include the iﬁfluence of surface tension. Epstein & Plesset
present and compare solution (5.8) with the solution which
includes the term 1/(7*K*t)~.)5, and also with the solution
which includes surface tension effects.

For a growing bubble only, Epstein & Plesset also note

that for:
. (s
q = R/Ro, and
x% = 2*K*(ci_cs)*t/(p*R02)

, and

v {icjocg)/(202m) } .5 u
that if both q and x were large, g varied linearly with x,
i.ce. g7 {wr(l+w?)",5)#x (5.9)

A éomparison of Epstein & Plesset”s work with that of
Lee & Blackn(l972) would be appropriate at this point, (using
the same hotation as above). 'Lee & Black derive the
following di%ferential equation for the bubble radius:

" | | \

dr/dt = —K*cs/(g*a) {5.10)
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Equation 5.10 lacks the l/(n*K?t);.S tefm of equation 5.6b,
and assumeS‘that c;=0. The absence of the time term is due
to the manner in whlch Lee & Black posed the problem. Rather
than conforming the diffusion process to Fick’s second law,
- as Epgtéin & Plesset did, Lee & Biack started ‘with a
qgaSﬁ—steady stdte solution for thé problem of a static
sphere diffusing into a liquid.' They assumed &hat Dc/Dr was

a function of radius only, and not also of time.

5.4 SINGLE BUBBLE IN A FINITE VOLUME OF LIQUID

5.4.1 Equilibrium Bubble Size
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A logical extention and application of Keller”s ideas '

on the equilibrium bubble size for ‘a bubble in an iqfinite

liquid, presented in section 5 3.1, would lead ‘to  the

hypothesis that there is a stable equlllbrlum size for a

bubble . in a lquld of finite volume. The reasoning for this

‘“hypothe31s might follow as below~

(a) GrS&th of a bubble in a supersaturated solution

will eventually result 1in the liquid becoming just
saturated because the liquid only has a finite volume.
If the bubble could somehow continue to grow, - the
iiquid must become undersaturated. Continued bubble
growth r(paét the point of saturation) . is - thus not
possible because ‘iﬁ is not a viabie process in

undersa;urated solutions. One would expect that the

bubble in the supersaturated solution would grow only‘
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unfilvthe solution became just saturated, and’Fhat‘the
rate of solution would . d?crease as - the aﬁoun; ofsi
’supersaturaﬁionldecreasedﬁ“

(b) A bubble placed in an undersaturéted sdiution would
tend to' shrink, which 'would 'causeJ an increase in

‘saturation. Depending upon_the volume of liquid‘and.

the original extent of undersaturation, the bubbléjmay

achieve ‘stability as the éoluti&n becomeé_ just
saturated, or it may ektinguish before the solution %@
reaches saturation.

* (c) A -small bubble placed in ; supersaturatedASQlution
may still shrink. and extinguish because of surface
tension effects.

? Mori; Hijikata & Nagatani (1977) conducted some -
experiments to obsérve this phenomenon. They introduced a
mixture of gaseous freon 21 with other,non;condensable gases‘
SUCh‘af N,, 0, and CO, into a container of glycerin. As the
pressu;e in the-glycerin was raised,vﬁhe freon ?l condensed
into a 1liquid droplet, which containéa a bubble of  the
non-condensable gas. Sipce the solubility of ﬁz; O, and CO,
are all much higher in freon 21 liquid than glyceriﬁ, they
had by this novel method isolated a fi-ed volume of solute
" (the freon 21) containing a bubble of gaseous solvent;‘

Starting at an equilibrium condition, Mori et.ai.
raised”  the pressure in the gl?cerin and hence also in the
freén 21 and the gas‘bubble, and monitored bubble radius with

time. They . found that for each pressure P, there was a:



stable equilibrium bubble hsizel r

er and .that ro varied

inverse;y with"P;. For a particular - éet of initi;l
conditioﬁs;, i.e. volume of freon 21  and ‘vdlume | éf
noh-condensable gas, thefe was a minimUm radius L, and
| maximum'pressure me FoéfP > Ph,"Ot r < rm} the bubble would
extinguish. Thus their experimental observations support the
heu;istié _arguments fof-;an equilibrium bubble size (given
abdve) extremely well. | |

Mori et.al. (1977) - also derived a theoretical

relationship between the equilibrium radius‘of'the bubble're

and. the pressure in the fluid surrounding the droplet

(glycerin) P***, as:

PT77-P] = =2%0/rg "-2*¢gl/rg1 +

“20/{(ﬁI+D§)*K +'(4*W/3/R/T)}/rg (5.17)
where P = Pressure 1l = liquid component 6f droplet

-0 = surfaée tension 2 = component of non--
r = radius - ~_‘condensable gas
n = mole number ' gl % gas-liquid‘interface
K = solubility ° = gas Phase P
R = gasrcdnstant o = éreon 21 phase

of 1 mole - ©*“4"1iquid phase of glycerin
T = temperature Nyg= nj + ny

This equation predicts a  decrease in Iy with increasing

A .

pressure P
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3

until some minimum radiu34rm is reached, at

o



4
which point Dr/DP = w . Any. furthe:“Qecrease in - r would

theoretiéally be acéompanied by a decrease in P“°“, but sin¢e

P°°“ is externally maintained at some (coFstant) value, the

bubble extinguishes. I - O

The agreement between theory and_obse:ved behaviour,

for both the>ré,vs‘P"‘ relationship and‘the &aiue‘of'rm, waé
excellent. ‘ |

The stability of gas ‘bubblés in fini£e  voluﬁes of
liquid was furthérvconsidéred‘by Tucker (l974)'and'later by
Ward et.al. (1981,82). | | -
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Tucker (1974) pointed out that equation 5.2 for_the'f

‘critical”radius of the bubble in an infinite medium was still

‘valid for the bubble in a finite 'medihm, because it was

"derivéd from a codsideration of the éqqality~of the chemical
‘potential of each compoﬁent.across the cur?ed“intérface at
the equilibrium Qonditionn. _ﬁdwever, the cH  iﬁ.boundary'
,coﬁditions cduld affect the nature of the stability of the
equilibrium state.  Tucker then examined. this stabilityh

further. His work was extended by Wa:d,vTikui§is & Venter

Fg

e
v

(1982). They present an equation for the critical radius

similar to (5.2),

2]
i

¢ = 2*Tg/{n*Pyaptcy/cg*P ~-P7} = (5.18a)

3
|

= expluy* (P"=Pyap) /K/T = ca/c1] . (5.18b)

where all wvariables have ' been defined previously (for

equation 5.2) except:
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(]
u

the .saturation concentration of the gas in the

liquid phase, and for a weak solution,

= cl*'P’/H
C; = the concentration of component i in the 11qu1d
phase.,. |

component 1 = liquid and its vapour’ e

component;Z = gas

Furthermore, for glven values of pressure, temperature,
and volume of lquld they £ind:
(a) If the total gas content 1n the volume is. less than

a certaln number, there are no. 90551ble equ111br1um

states for a bubble in the system.S

(b) If the total gas content is equal to this minimum

number there is oné equilibrium state.
(c) If the total gas content is greater than this

minimum number, there are two equilibrium states.

(d) If the radlus of the equlllbrlum bubble descrlbed

in (b) is dendted rm then Cm does not depend on the
amount of gas in ‘the volume but only on the type of

gas, 1.e. on H.

SA dlstlnctlon must be made here between rc and Lye
For an infinite llquld For a finite volume
of 1liquid this 1is not the %ase i.e. r is not

necessarlly equal to Lo. ¢
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() The equilibrium state described in (b) is stable

agalnst ‘growth but unstable against dlssolutlon This

is referred to as a metastable equlllbrlum.

S There are two equilibrium states discussed in (c) .

\

The one W1th the smaller radius 1s unstable (sxmllar to|
the 51ngle equlllbrxum 31ze for an 1nf1n1te l1qu1d)

The one‘w1th the larger radius is stable. A bubble

1n1t1ally at the unstable equ111br1um radius can be V

vpredlcted to grow:  in size to the .stable equlllbrlum \

rad1u5' should fluctuatlon' perturb »lt ‘to a size \'
sllghtly larger ‘than its 1n1t1al value.

These results were conflrmed experlmentally.

" Ward et.al. also examine ‘the problem of a finite

volume

"equili

of" liquid:‘cohtainingl a number. of 'bubbles at

brium. They . flnd the same varlatlon of equilibrium

51ze w1th total gas content descrlbed in (a)-(c) above; the -

‘same modes of metastable, unstable and stable equilibrium

(e & f
'bubble

volume

),‘and also that I'm decreases with increaSing number of
s. '"For'example, for a. sihgle bubble in the closed

, the equlllbrlum radius must exceed approx1mately 207

'um for the bubble to . be in stable equlllbrlum in ¥ cc of a

“waﬂer-nltrogen solutlon malntalned at room temperature and

pressure,_ However, the equlllbrlum radius need only exceed

\
3. 47 U

m for the bubbles to be 1n a stable equ1llbr1um state

when the bubble number density is lO7/cc under the same

- conditions of temperature and pressure.”



This statement should have interesting implications

for what constitutes a stable bubble size in'the pore-fluids

. of a soil. W1th the presence of 1nnumerable soxl gralns, the

'number of bubble nucleatlon sites should also be extremely

'hlgh, and thus the equ111br1um bubble 51ze‘very smalL.

It 'shofld be noted that all of Ward et.al.
llnvestlgatlons a plled to the case of a "well-stlrred" fluld
i.e. one in Whlc_'cz was constant throughout

\ s

5.4. 2 Bubble size as a functlon of time

8

From equatlons 5. 7a and 5.8, the approximate solution

to the problem of a bubble grow1ng (or shrinking) in a>f1uia
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of 1nf1n1te extent can be used to predlct a rate of change of'b"

: bubble radlus,

dR/dt ™ 1/R ~ 1/(£)*.5 (note)® . (5.11a)
~or. dv/dt = 4*7*R2¥dR/dt ~ R ~ t°.5 o (5.11b)
O

Any. attempt to. model gasb sorption‘ ih pore” fluids byf\a
relatlonshlp of thls type cannot be successful beqaﬁ?g/tﬁev

 functional relatlonshlp does not possess an asymptotlc

‘characteristic. It is akin to the discussion in section 4. 5

of attemptlng to f1t asymptotlc pressure—tlme relatlonshlps”

“with 1mproper functlons.

6
to"

The character "™" will be used to denote "is proportional



Black &'Lee (1973) attempted to generalize the results

for a bubble in an infinite medium to a bubble in the oore

| space of a SOll by the relationship-

V. " t"x, or dv/dt ~ t"(x-1), 0<x<l (5.12)

‘ Their experimental data, which ‘was collected for periods up

to 50, 000‘ minutes (35 days), appear = to give a .good

straight—line fit on a log-log plot. However, 'this is
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someWhat misleading. As discussed preViously, although the .

limit as t approaches infinity of dV/dt is 0 for V the limit
is infinite.' Clearly, the amount of gas dissolved in the

pore fluid must be limited to a finite amount ‘determined by

the solubility coeffic1ent H _ Hence a relationship of the

form expressed by '(5'12) 1s theoretically unacceptable at

'longer times,. even if its use appears to be reasonable at
'shorter time 1ntervals - The "linear relationship observed
by Black & Lee must in truth deViate from linearity if taken
to a suffiCient length of time. {(An evaluation of the
. laboratory data obtained in this research USlng equation 5.12
. w1ll be made in section 5.6).

A more reasonable model for gas sorption in the pore

o

space is the Single bubble in a container of fluid of finite

size. An approx1mate solution to this problem for a: liquid

which is at constant pressure and temperature may be

developed in a manner Similar ‘to Epstein & Plesset s (1950)
v . .



solution for a  bubble in an infinite medium. This

development is presented belowf

Con51der a 51ngle bubble in the center of a spherlcal’

container of flnlte Slze, which is full of some flu1d The

container is completely flex1ble so that the fluid inside ig

malntalned at a constant pressure desplte changes in volume.‘

Equation 5,3a governing the dlffu51on process is still valid,

only now the boundary conditions become:

c(r,0) = c;, R<t<s o
c(Rit) ‘= ¢, >0 | (5.13)

Dc/Dr (S,£)=0  £>0

where 'S is the radius of the contéiner;‘
The substltutlon 9 = r*(c-cg) into (5.3a) and (5.13)

produces:

: \
Dg/Dt = K * D2g/pr?
. / »
g(r,0) = r*{cj-cg), Re<r<s . (5.14)
g(r,t) =0 . >0 "
Dg/Dr(S,t) = 0  , >0

which, again, is a 1linear 1(one—dimensional) problem,
'identical (with a coordinate"transformation) to the problem

of heat conductlon in a plate, where one side of the plate 1s

malntalned at a constant temperature and. the other 51de ofi

14
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the plate is insulated. Using the coordinate transformation

that:

}

the solutlon to this problem may be obtalned from Carslaw &

-

- Jaeger (1959) "as:

g(r,t) = 2%(c_oc;)/(s5-R) *

" ‘n‘z’o{exp[—x*'(szn»}l)Az*ﬁ*z*t/z;/(s-n)v'“z] >
~cos[(2*n+l) *m*(S- r)/2/(S -R)}] *

.jnr\*cos((Z*n+l)*Wf(s—; )/2/(sz))]dr‘}=

C 1 . (5.15a)

and if a = (2%n+l)*7/2/(S-R) | o

" then 5 g(f,t) = 2*(c5_ci)/(s_§) *

' - ' Z{exp[—R*a“Z*t] * cos[a*(S -r)] *

[cos(a*(S=R)) /a2 - R/a * s1n(a*(S -R))1}

(5.15b)
whence
Dg/Dr(R,t) = 2 * (Cg-cj)/(S-R) *
Zﬁ{exp[;K*aQZ*t] *
[51n(a*(s R))*cos(a*(s ~R)) /a -
R*sin” 2(a*(s R} _'] (5.15¢)

This is a soldtion for Dg/Dr at r=R, assuming the bubble wall
is stationary. If we,ihtroduce the same apptoximation as

ngstein & Plesset, namely that the increase in the size of
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the bubble rs smail“ in relation to the movement of the
diffusion front, then the solution for Dg/Dr may be used to
.obtain an expression for DV/Dt, and this in turn could be
integrated to .obtain an expression for v = v(t). This
requires that the solubility of the gas . in the llquld be low
to moderate in relatlon to the diffusivity of the gas in the
liquid. An additional stipulation must be added that the
~volume of the ‘container be relatively large in relation to
the Volgme’of the bubble (for the soil, say S, > 0.8) so that
as R increaees, and hence S increases} the form of c(r,t) is
not significantly influenced. |

Then, recognizing_that:

dav/dt = 1/p * dm/dt = K/p * 4*ﬂ*R‘2*(Dc/Dr)R
= 4*7*R¥K/p * (Dg/Dr)g
“and if ﬁ = Cg/P (Henry’s7c6nstant), and
£ = ¢;/cg, then |
dv/dt = 8*y*R*H* (1-f) *R/(S-R) *

g{eip[—K*a‘Z*t] *
[sin(r*(2*n+1))/2/a ~ R*sin"2(r*(2*n+1)/2)]]}
(5716)
A comperison of ’equation 5.16. with the infinite  fluid

solution may be made by rearranging equation 5.7a to giveé

dV/dt = 4*7*R*R*H* (£-1) . (5.70)
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The solution to the ease of a finite fluid then differs ftOhﬁ
the solubion to the infinite fluid pbqblem by: )

(a) the‘inclusion of the term (S-R), representing the
- container sise, |

(b) and more importantly by a spmmationygf exponential

terms which quickly reduces 4dv/dt to near zero values.

As will be demonstrated later, this form of the . ...

solution for dv/dt also gives an dsymptotic character

T
L

~to the volume-time relationship.

5.5 BUBBLE NUCLEATION

Although one might speeulate that sorption 1is the
"dominant process 1nfluenC1ng the gas exsolutlon behaviour, an
.attempt to generallze the theory of a sxngle bubble grow1ng'
in a finite volume to gas bubbles growing in the pore space
uof a soil encounters several’serieus questions, related to
our ighoranceiof the,problem'itself:

(a) In a particular soil sample,_bow many'gas‘bubbles
are there[ ob in other words, what is‘the‘volume of

. . .
pore fluid associated with these bubbles?

(b) What is the distbibubion»of pbrelfluid with5respect
to - the bubbles? 'What influence does \pdre shape abd
bubble location have on the volume~-time relatlonshlp°

(c) Are bubbles generated at any particular tlme in the‘

sorption process, or do they just contlnue to -grow

after some initial formation?



(d) How are bubbles formed? Are there preferential
nucleation sites?

(e) At what point does the gas phase change from
occluded bubbles to a continuous fluid? How does this

influence the sorption process?
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These questions are particuiarlyl important to the

investigator desiring to build a theory of gas' exsolution
from an Qnderstanding of the actual physical procésses.
'Uhfortunately, theyb cannot be answered in more than Aa
conjectural manner at present.
| fhe concept of critical bubble radius‘ha§»already been
introduced (5.3.1). To~réiterate,’it is that radius at which
a bubble must form in a particular fluid, so that its
continued existence will be ensured. Bubbles forming with
radii less than r_ wjl1 deéay and disappear, while bubbles
forming with radii greater than-rc will generally increase ih
size, either ihdefinitely (as in the case of an infinite
fluid) or'until’some sfable‘equilibfium size is achieved (as
in the case of a fluid,bf finite volume) . v

The formation of a bubble in‘alliquid is called bubble
nuCléation." There are various mechanisms which w111 cause

bubble nucleation. A bubble may form due to local

fluctuations in "pressure (e.g. due to turbulence in the

liquid), or at condensation ' nucleii, such as the
imperfections in the surface of some solid particle.
‘Nucleation in the latter case is due to gas adsorbed on the

surface of the nucleus, which provides a liquid-gas interface



to which dissolved gas can diffuse. Considerations of the
probability of a bubble of gas forming in a liquid in the
former case lead to the development of homogeneous nucleation
‘theory, which will be treated further below.

The rate at which gas will exsolve in the pore space
of a soil is clearly related to the number of bubbles in the
pore space and to the'rate at which addition&l bubbles might
form. Hunt & Berry (1956) discussed the problem of
non-equilibrium effects in an oil reservbir subjected to ;al
constant rate of pressure decline. They noted that both
bubble formation rates and %ﬁ{fu51on rates depend strongly
upon the degree o@ supersaturq&{on, that is, the difference

between the current and the gas/liquid

saturation pressure. They proposed a relationship from
homogeqeous nucleation theory relating the rate of bubble

formation J to P and Pl/g by:

log J =V - W * (P} /g=P) -2  (5.19)

where V,W are constants
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Hunt & Berry then predicted the variation of supersaturation ,

with time (after thg pressure depletion process was started).
They reasoned that at short times (Pl/g-P)_wo;ld‘be small,
the number of bubbles present would be small, and thus, since
diffusion could‘ not keep up with pressure depletion,.Athe
éupersaturation~would increase. As it did inérease, however,

so would J and N, the humber of bubbles. At some point the



influence of diffusion would just offset the rate of préssure

decline, so that the magnitude of the supersaturation would
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level off, and thqn' decrease. -Due to the functional’

relationship for J and '(Pl/g—P), a small decrease in

supersaturation would iead, practically speaking, to J = 0,

after which time the prbduction of free gas wouL& bé almost
exclusively by diffusion to existing bubbles, .with very few
new bubbles formed.

Ward, GBalakrishﬁan & Hooper (£97d)” studiad the
formation'of\gas-vapop/éuglei in‘liquid—gas solutions. I%
was éhown*that "a nucleué which ié'created as a result cf =a
”fluctuation must exceed a]dertain critical radius if i is to
grow to a macroscopic size, and...that this required radius
can be considerébly reduced by the presence of a dissolved
gas." Their expression for the critical radius of a
bsphe?ical nucleus in' wﬁich thé gas-vapour 'mixtﬁre is

considered to behave as a non=ideal gas is:

’

Fc = 2*Tg / (n*Pyap/Vi + Cp/Cpg*P”/v5 - P7) (5.20a)

where all variables have been defined previously (équation
N a .

5.2) except:.

i

modified activity coefficient of vapour

<
N
]

modified activity coefficient of gas .




This equation is very similar to equation 5.2. It is clear
thaﬁ an increased.améunt of dissolved gas (a higher C,) will
" decrease the value Qf the critical radius, ahd.hence expedite
the nucleation process.

The term ”*Pvap/vi is the partial pressure of the
- vapour inside the nucleate bubble, while.(cz/C2s)*(p‘/v§) is
the partial pressure of the gas, hence equation 5.20a can be

rewritten in the form:
r, = z*TS/(pé-p’) R | ’ (5.20b)

where:Pé is the pressure in'the‘bubblevat équilibrium.
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Ward et.al. (1970) also present  an e@uétion relating .

the rate of formation of nuclei per'unit’volumé, J, as:

J =2 *}exP[‘4*f*Ts*ch2/(3*K*T)] - (5.21a)

which’ Was_ developéd from statistical thermodynamics, by

considering the probability that a fluctuation " in the

thermodynamic proﬁérties of the system would occur at any

‘particular instant.’

7Note that this 1is the ‘correct expression 'déveloped from
homogeneous nucleation theory, and is ‘akin to Hunt & Berry“s
equation 5.19. @ This equation only considers the nucleation

of gas bubbles due to a random variation in  the thermodynamic -

properites of the gas-fluid system, and does not include the
equally important phenomenon of dissolved gas "nucleatiﬁ%%@gt

imperfections on included solids, as discussed previously®y S~

s
P -,

A
o BN



USing (5.20b) , equation 5.2la may be written as:

J = Z * exp[-16*T*T "3/ (3*R*T) / (P§-P") “2] (5.21b)

r

v

©

This equation causes some reflection on'the uSe'of the term
l/g' whlch has been deflned as that pressure at which gas
"begins to come out of solutlon“ Ignoring the influence of

the vapour in the gas phase for a moment, the expression for
70 would yield J = 0 only when ¢ = cjg. CAny cp > cpg will

i

Gependent on- the ratio cz/cés, Fortunately, the functional
‘relationshipv given in (S.Zlb)' produces‘ an extremely quick

increase in J with initial changes in C5, so that a pressute

.produce bubble nucleation, but the rate of formation is
| . . B .
! - ,

222

very close to Pl/g _will - cause observable rates of bubble -

nucleation.

'Equation (5.21b) may be rearranged to give _.an

expression for the "nucleation pressure" P”, as: .

P* = r]*Pvap/vi+ cp/Cag * P7/v3 -
[16*n*T_~3/(3*K*T*1n(2/J)) ] .5 , (5.22)

The first and last terms on the right-hand side are those for

a Apure ‘ liquid‘.' while the. middlev, term reflects . the

contribution 0£ a dissolved gas. As noted by Forest and Ward
“d

'(1977), "thlS >add1tlonali'term always dcts to s raise the

J _ A :
nucleation pressure"”, (for some assumed value of J), "and
SN .

ffom‘equation (5.22) it has been predicted that the presence

y\A
g

¥4



223

of a"diséoived‘gas can significantly change ﬁhe preésu;e at
which nucleation occurs." |
.Forest>& Ward (1977) reported on experimental work to
confirm this reiationship; They pefforﬁed severél‘iSOthefmal
decompfession tests to measure the nucleatioh pressure of
ethyl ether - nitrogen; and found close agreement with the
'predictiohs-from equafion 5.22. ,Consistent.with'the form of
(5.21b) they ?1so‘fbund;tha;‘"the nucleation event was'very

rapid and almost expl¢££@é*&ﬁfmature".
From the above discussibn of bubble nucleation theory
and observation; one must cOnclude1that‘the gas,eksolution
process in soils is influgnced both by the_ihitial volume of

freetgas in the pores and its distribution, (i.e. number of

,qubbles), as well as by the'magnitude of the supersaturation,

fé&?ressed~by the ratio Cz/céé'

'~ 5.6 OBSERVED BEHAVIOUR & A MACROSCOPIC THEORY OF EXSOLUTION

The study of gas sorption and bubble nucleation is an
" area of current research in the fields of chemical and
mechanical . enéineering. The solutions to problems of the
Simplést boundary conditions are quite complgk, and 1in most
cases onlykapprox;mate. Although a study of these proéesses“'
would incréase o@r comprehehSion of gas exsolution in soils,
it would be difficult. to build a general theory from the
known_prbcesses, given our present state‘éf ighpranée. The
intent of this section of the thesis is to examine a éortion‘

of the gas exsolution behaviour observed in,the‘labofatory



and’ 1ndependently postulate a simple descrlptlve model a
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"macroscopic" theory of gas exsolutlon. The dlscus51on in-

the previous sections has been largely to introduce |

“background 'material; ﬁthis 'section_ ls where the major
objective of the chapter ls addressedin Once the macroscoplc
theory of gas exsolutlon has been established, it will be
compared, in sectlon 5.7, to the.theories developed for uas
sorption and bubble nuoleation.l The ab111ty of the model to

predlct other test results w1ll be dlscussed 1n Chapter 6.

To be' properly appllcable to a number of -different,

problems, the model of gastexSOIutionfmust incorporate the

appropriate boundary conditions. It Shouldvbe independent of

the soil skeleton behaviour, so that the -undrained boundary«

condition, which is the easiest‘ tO“maintain~’in . the
vlaboratory, will not suffice. From a con51deratlon of how a
general, combined theory of consolldatlon and gas exsolutlon

N
might be developed, 1t is clear that ther proper boundary

conditions are those of full dralnage. _ The mode% must
consider an eiement of soil, with a constant void. volume (and
hence effective stress), and a constant pore pressure, an be
7 able to predlct the mass flow of fluld across the eleme t
boundary | .

If the model is to be developed emplrically, then this

fully drained boundary condition must also be.obtained in the

laboratory. Unfortunately,.this is not a simple task. The

case of a pore’fluid undersaturated with gas, such that the



bubbles in thevpores,are dissolving and water is flowing into
-the sample,-is'possihle."This is the problem addressed by
Black & Lee (1973), although their exper1mental method was

not ideal for studylng a sample with homogeneous condltlons.
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rThey prepared a sample ' of Ottawa sand at 100% relatlve'

tdensity, and allowed a measured quantity of ‘water to

percolate into "the bottom of ‘the sample, to reach - a

- pre~determined saturation. Then, after’closing ‘the bottom

'drain ‘line, a back pressure was applled to the top dralnt'

‘llne, Wthh allowed a further quantlty of water ‘to surge 1nto

‘the top of the sample. After 1 minute the top line was’

closed and ‘the back pressure and ' sample bdrainage -was

reapplied to the bottom‘drain.' This method can not -guaranty

an homogeneous dlstrlbutlon of gas and lquLG throughout ‘the

voids of one sample, and 1t cannot produce a ‘con51stent‘

distribution from"one sample to the next, nor can this

dlstrlbutlon ‘be determlned for any one sample "This 1is a

serious shortcomlng 'of the test technique, since the

dlstrlbutlon of pore gas and lquId must have an 1nfluence on
the test results.- |

This testlng technlque can be 1mproved by changlng the
method of sample’ preparatlon If 'a fully saturated sample
contalnxng dlssolved .gas was prepared in a manner similar |to
that described in Chapter 3, and unloaded ylth an undralned
boundary condition, then a relatiyelyfhomogeneous nucleation
of gas bubbles should occur throughouththe‘sample. hDrained

tests could then' be performed by adjusting .the external



-
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pressure to a value equivalent to the sample pore’pressure,\'

openlng a dralnage line to the sample, measuring an 1n1t1al

volume on an in- llne burette, applylng a step increase in

back pressure and then, monltorlng the' volume' of fluid

draining 1nto the sample with tlme.

The method stlll suffers at least two dlsadvantages,’

. \
the second one rather severe:

(a) Any flu1d dralnlng 1nto the sample would presumably
be bubble free and have a lower gas concentratlon than

the pore - fluid. Thrs would create a change 1in the

‘total gas concentration ‘in. the system, . whlch would .

»

change the equlllbrlum and hence transient pore volume

' response. 1In add1t10n, it 'would ‘lntroduce an
inhomogeneity'in the‘hubble distribution at the ends'of
thelsample,'which would fnrther modi fy the transient
kresponse. ‘ | |
(b) . The test technlque may work reasonably well for a

‘step increase in pore pressure, with fluid dralnlng

1nto “the sample, but would not be -amenable to a step

~decrease in pore pressurevwith‘flow of pore fluid,Out

of. the sample. ‘The latter would introduce problems of

two-phase gluid . flow as welli as bubble ‘nucleation

outside*‘the sample, both of 'which would not be
~controllable, and both of vhich 'would inflnence,
perhapsA drastlcally, _the > of the ‘transient
‘response. It would also be dit xcult,simplyjto‘measure

the volume of pore fluid‘expelled from thé sample.



Perhaps ‘the restrictions' .on monitoring the
behaviour of superSaturated pore fluids would not be so
severe if this behaviour were similar to the response
of a sample. w1th an undersaturated pore fluld.
However, in vthe former' case the bUbble nucleation

process has a deflnlte 1nfluence whereas in the latter

1t is probably not operatlve at all.

Fortunately: it is p0551ble to observe the dralned

behav1our of a gassy sample in another way. Thls,wlll be

referred to as the ' psuedo-drained"\ response, - for reasons

,whlch WLll be oresently apparent

Consgider agaln Test No. 11, Vhich, was described ‘in
"some detall in Chapter 3. Thls was'an.lsotroplc“undrained
test on an~~1n1tlally fully saturated sample, with initial
'co‘nditions of ¢= 1400 KPa, u ={650 KPa, and 0~ = 750 KPpa.

”The sample was unloaded in steps of Ao ¥ -100 KPa in phases A

to J of‘the test, (the sample response may be seen in Figures.

- 3.20 toa3.29). At the end of phase J,'o‘ had just reduced to
0 Kpa, o = :u = 458 KPa, and the sample had undergone a
4volumetr1c straln of approx1mately l% (expan51on) During
the next phase, K, a further step decrease in ¢ was applled
from 458 to 42 KPa. Because ¢° = 0, u also decreased from
‘.458 to 342 KPa (B = 1), and for the duration of that phase of

the test ¢ =0 and u = constant These args the boundary
. . : AW ) .
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conditions for a drained test, (even ‘though the sample

appeared to be undrained). Since there was no change ih
effective stress during this phase of the 'fest, the void
ratio of the sample mdsf also have remained constant.
‘Volumetric strains measured external to the membrane were due
solely to drainage of fluid out of the actual sampl{, which
acﬂgg\to4"balloon" the membrahe and top cap. During phase K
of Test 11, an additicnal 3.8% of volume expansion was

measured due simply to gas exsolution.

As an aside, it is ihteresting to note that during all

the psuedo—dralned tests, the: sample maintained its shape and
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'.dld not "liqu1fy“ or otherwise act in a v1scous manner. This

was true desplte measured volume changes of the pore fluid
equivalent to  up to 15% of the total sample volume, -and
elapsed tlmes of - several hours. . One mlght-speculate_on the
reason for'thls. One possibility is that a small positive
effective stress is malntalned in the sample due to surface
.ten31on effects despite the fact that pressures in both the
gas and llqu1d phases are high, and their difference is

relatively smaL

All the psuedo-drained tests (phases 7H, 11K, 9L, 9M,

.9N) were performed Jbefore‘ the development of the lateral :

strain indicator, discussed in éhapter 3, so that sample



deformations were measured only b? displacement of the top
cap. 8 Since the sample was unencumbered by the lateral
strain 1nd1cator, which was stiff compared to the pore fluid
compressibility at this stage of the test, the membrane was
free to expand in a relatively nnifotm manner. The measnred
vertical stralns may be expected to be sllghtly low due to a
"ballooning" of .the membrane at sample m1d helght, but. the
measured time varlatlon of VV is expected tO represent the
actual pore volume changes in form if not exaotly in value.

A comparison of measured cell and pore fluid pressures
when o = 0 also indicates a confining influence of the
membrane of 8 to 10 KPa. |

| The volumetric strain vs time plot for phase llK is
found in Figure 3.30, and 51milar plots for phases 74, and 9L
to 9N . are located in Appendix C. This data is summarized
also on a PlOt Of 109 :VOl vs log t in Flgure 5.1. The data
..1s presented'ln this fashlon to test the applicability of

Black & Lee”s (1973) relationship:

€yol = t7x,  O<x<l - (5.12)

8

to also measure sample volume changes using the volume change
of 'the cell fluid. As discussed in Chapter 3, however, this
was not p0551ble due to exsolution of gas ‘in the cell fluid
itself. v

It would have been useful, during these phases of the tests,
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As may be seen in Figure 5.1, this relationship is
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approximately valid for 10<t<100 minutes. For t<10 minutes,

the data is cbnsistehtly flatter (i.e. a smaller x)'than for
later times. For t>100 minutes, the curveS'agéin deviate
from a stréight line relationship. This is due pértly to the

asymptotic nature of the pressure-time response and partly

due to loss of gas from the sample by diffusion through the.

membrane.

The measurement of volumetric strain in  the

psuedo-drained tests is actually a meésurement of the volume
'of free gas, Vfé, produced in the pore spacé. The form of
the rela;idnshig | betwgen ; VEg and g is illustrated
diagrammatically in Figure 5.2. Ié is charac ﬁzed’by7an
initial volume V) at t=0; a relatively quick rate of increase

dv/dt at low t, diminishing to 0 at infinite time; and V

becoming asymptotic to some value V2- ‘For an.unloadiné phase

of ‘a ‘psuedo-drained test (e.g. phaée 'llK),_ Vi is the
equiLibriﬁm volume from the préVious'phase (11J) adjusted‘for
the pfessure' decrease _(acéording to ‘Boyle‘s-ylaw) at- the
beginning of phase K, and V2 is the equilibrium volume of
- free gas for the cur;ent phaSe calculated from Henry‘s law.
The Vfg vs 't response iéf similar to- the -p .vs t
.response in the undrained tests, and one 'might"therefore

postulate .a ‘similar relationship to that given in section

li/

4.2 ' ' _ ‘ : /
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(V-Vl)/(Vz—Vl) = t/(t+A")

or Vo= V) + (Vy=Vy) * t / (t+A7) (5.23)
A non-linear ”leaséhsquares“ fit usin% this function is shown
for tests 7H, 11K and 9L-N in Figures 5.3 to 5.7 (curve
labelled "quotient+l fit"). The agreement between observed
and predicted values is excellent,

‘This function suffers one disadvantage, bowever; To
de#elop the more general consolidation equation, it will be
necessary to provide @ an expression for DVfg/Dt.

Differentiating 5.23, we get:

DVeq/Dt = (Vp=Vy)/(t+A") - (vz-vl)*t/(t+A‘)“2
= (Vo-v1)*A"/(t+A”) "2

(Vo=Vgg) / (£4A%) 3 | (5.24)

o
Py

-

.. Although equation 5.23 provides a good fit to the data, it is

”faumbersome because (5.24) éontains t in the denominator. A

functional relatiénship of the form:

DVeq/Dt = E* (V) - Veg) (5.25a)

would be much more tractable. Equation' (5.25a) may- be
obtained from (5.24) by ignoring the t term in the

denominator and setting E = 1/A°. Equation 5.25a is a
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first-order ordinaryfdifferential‘equation that can be solved

to give: ‘ 4

v

£g = Vo = (V3=Vq) *exp[-E*t] e (5.25b)

‘rhe term't/(t#A‘) in'equatidn'5.23bhas thus. been replaced by'
’(l-exp[—E*t]) ‘A non-linear least squares fit for this
function on the observed data is also shown on Figures S 3-7,
(labelled "exponentlal fit" ). The agreement between observed
and predlcped points. is good, but not quite as goodyas>for
equation 5.23. As would be.expeeted; the aeglect of the term
t in the denominator of (5.24)'}ie1ds.a slightly higher value
Of.DVf /Dt at.larger values of t, with the result that the
exponentlal curve sllghtly over- estlmates the data for larger
i At lower values of t the two theoretical curves are a
nearly 1dent1cal o
The‘psuedofdrained test results, then,,kiil be deemed
to have been‘acceptabiy modelled by equations (5.25a & b).
The fit‘between obsefved'and predicted values is reasonabie,d
and the exprésSion for DV, g/Pt is 1ndependent of time, which
makes the functlon very useful in further‘ analyses.v The
advantages of using equation 5. 2Sa over 5.24 will -become
apparent as the combined theory of consolldatlon and gas
exsolut1on is developed in Chapter 7. |
‘The, ab111ty of equation 5.25 to predlct undrained tesf*‘

results will be discussed ‘in Chapter 6.
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5.7 AN EVALUATION OF THE GENERAL GAS EXSOLUTION RELATIONSHIP -
In the preceedlng ‘section an empirical relationship
has been proposed to model gas exsolutlon

1‘"

9\ {’ ’ . ‘
- Vgg = Vy = (Vy-V))*exp[-E*t] K (5.25b)
DVeg/Dt = E * (Vy - Vgg) -  (5.25a)
= E * (V, - V) * expl-e*t] ‘ (5.25¢c) -

It is interésting to compare the general relationship (5.25¢)‘

with the theoretical relationships previbusly derived for gas

sorption:

dV/dt = G*TMAR¥H* (1~ -f£) *R/ (S-R) *

, Z{exp[ K*a"2*t] * [sin and sin 2 terms]} (5.16)

4”and for bubble ndcleatién:

J =2 * expl-4*p*T_xr_~2/(3*k*T)] (5.21a)

* \,‘ - s

All three of these equations have - a similar form. The,

coriespondence between (5.25c) and (5.16) is‘.obvious.
Inaeed, for the case of aﬁ uhdefsasurated pore fluid >Where
the sorption process is probably the only ma]or contrlbutor
to gas exsolutlon, it would be very temptlng to- equate E w1t¥

gas dlfoSlVlty. Equatgpn 5.2la does not contain time
o , prs L o

explicitly, but it does’ contaln the magnitude of the

Supersaturation c, /¢, thﬁqggh the term r,.” For a higher &

—

B




degree of supersaturation, CZ“pé is large and hence r. is

small. The  smaller r, s, the larger is the bubble

nucleation rate J, which must have a direct influence on

increasing DV, /Dt. From (5.25a) DVgy/Dt is seen to be
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higher for higher supersaturations (i.e._for larger values of

Vz—vfg). "Another way to view this ‘correspondence is to
realize that at t=0, Ic is extremely small (due to a high

Ca2/c2g), but that at t approaches infinity, cz/czs‘approéches

: - ) . \ '
1 and henFe - also -approaches infinity. rc is therefore

directly proportional to t,
‘The intent of the above comments is not to sugges't

that (5.25c) can be derived from either or both of (5.16) and

(5;21a), ‘but to point out ‘that the observed behaviour

.corresponds in form to what is perceived to be the dominant

processes in the‘pore‘space.9

e
~

5.8 SUMMARY

‘A ‘definition' of gaé exsolution has ‘been presented,
which- is‘ that gas' exsolution 'in soils is the obsérved
éroductioh of gas in‘the.pbre_space upon’réductioh in fluid
pressure. Several contributinq;processeg, gas‘sorption and

.bubble nucleation, have been discussed. A general

_ It should also be noted here that the additional process of
bubbles forming at nucleation sites on included  solids has

yet to be modelled (mathematically) in a suitable way. This

contribution to bubble nucleation is also seen as important.

e e



relationship between the volume of free gas in the pores and

time has been proposed, based on observed béhéviour in the
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laboratory. - This relationship has been compared to the

theoretical relationships governing gas  sorption and bubble

nucleation, and found to possess a similar form.
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CHAPTER 6 - EVALUATION OF LABORATORY RESULTS

.UNDRAINED TRANSIENT RESPONSE

6.1 GENERAL

An appraisal has been made of the observed undrained
. §

equilibrium behaviour of a gassy soil in Chapter 4 in

relation to the théo:etical model presentéd in Chapter 2. It

is desirable to extend this evaluation of the laboratory data

to the undrained transient response. This may be
accomplished given an appropriate, non—equilibrium

volume-time relationship.
Transient behaviour in an undrained element of gassy
soil is due to gas exsolution. ‘An empirical relationship was

proposed in Chapter 5 of the form:
"vag/Dt'z‘E:* (VZ"Vfg). | (5.25a)

A finite diffefence solution to the transient
undrained respohse is formulated difectly in this chapter,
using the’ above, relatioﬁship plus  the theoretical

'developments of Chapter 2;, The results of some analyses are
then preSQnted; a comparison is made between predicted and
observed behaviour, and the ability.of the transient model to

converge on the equilibrium solution is assessed.

H
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6.2 THEORETICAL CONSIDERATIONS, TRANSIENT UNDRAINED BEHAVIOUR

The t;gnsient naﬁure of the undrained response in a
gassy soil is caused by gas exsolution. Exsdlution forces
the compressibility of the gaseous component of the pore
fluid to become time dependent. The compressibility of the
liquid‘comp;nénf of the pore fluid, as well as that of the
soil skeleton, is not influen¢ed.by gas éxsolution.énd so
remains independent ofvtime.

In deveioping,a thedtetical model for the undrained
responsg of an elemént of gassy soil; equation 2.15c must

then be %edified as follows:

\«
\\

Wy = 4V) + OVgq(4t) - - ' - (6.1)

- Equation 2.1l4c

AVT = -BT*VT*(AC-'AU)
and equétion 2.8b -

AVl = - Bl*vl* Au

are still applicab;e, but the expression for AV in (6.1)

fg
must incorporate the influence of: )
) N

(a) a non-equilibrium condition .at the beginning of the

time-interval for which Au is to be calculated, and

(b) a ﬁVfg which is a function of At.



Consider,. then, an element of gassy soil, with an
undrained boundary and with the boundary condition that:

\

1

0y = 03 = constant

At time t=0, there 1is a non-equilibrium condition with

respect to gas dissolved in the pore fluid, i.e. fthe pore
liquid is either undersaturated or voversaturated with

dissolved gas;'and hence some of the free.gas in the pore
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space will either dissolve or exsolve. This will result both

in a volume change in the element and a chénge'in the fluid

pressure.

Consider as well an increment of time, At, during

whiCh'there will be a change in volume of free gas, AVfg,“and

a change in pressure Au, (or AP = Au)% fwo methqu'will be
gsed to ga;culate AVfg, a simple approaqh which uncouples gas
compression and gas,exsoiut;on, and a more refined approach
which atteméts to account for ‘the infiuence of ffee gas
compression on .the néture - of ﬁﬁe dissol&ed_ gas
diéequilibrium, and thus on gas exsolution.

6.2.1 Uncougléd solution

The‘chénge in volume of free gas AV is assumed to

| g
occur because of two independent processes: o
(a) a compression or: expansion of the free gas
’acco;ding to Boyle“s law:

{aVeq)y = ~Vgg*aP/(P+OP) - . (2.6)



(b) exsolution. In calculating this' volyme it is

assumedvthat P = constant over At, (even though Avfg is
being derived to calculate AP),~i.e. that AP does not
affect‘either the rate or volume of gas produced dué to
-exsolution.  This aé;roximation becomes ekact in the

limit as At approaches 0, so that for small At it

should be a reasonable assumption.

Then:

MWeg/dt = E*(Vy - Veg) | (5.25a)

where V. = equilibrium volume of free gas at

pressure P.
Recalling from section 4.2.3 the definition of K”,
| | '

K* = the total equilibrium vplume of dissolved and
free gas in the pore space at any pressure'P',
‘multiplied by P”.
Then

V, = Total volume of gas - volume of dissolved gas

Vo = K°/P - H*V, I (6.2a)

3
)



so that, from equation 5.25a, -
e Ay

(AVeg) o = E*At*(K“/P - H*V, - Veg) (6.2b)
&

Combining (2.6) and (6.2b)

MWeg = (AVgg) 1 + (AVeq),
= ~Veg*aP/ (P+4P) + E*pt* (R7/P-H*V,~Vgq) (6.3)

Substituting equations 2.8b, 2.l4c, and 6.3 into equation
6.1, thefexp;e§§ion for compatibility of 'volume change in the
pore fluid and soil skeleton, gives (40=0):
0t
3p*Vep*au = ‘Bi*Vi*Au = Veg* AP/ (P+AP) +
?ﬁAt*(K‘/P - H*W - Veg) (6.4a)

‘ MUltlplylﬂg hobh 31des by (P+AP)/VT and collectlng terms for

'Au (=AP), a quadratlc equation is again found for Au:

A% au2 4 B * du+C =0 | (6.4b)
A= p + ns*a;

D = E*At*(K“/P/V, - n*[1-S+S*H])

B‘c“=’ n*(1-s) + P%‘A - D "

C=-p *pD



This is the uncoupled é%lution for Au over a time interval
At, given values of n, S, Vo and P at the beginning of the
intérval.l

6.2.2 "Coupled" Solution - e

The metbod ﬁuséd Eo codple the gas ICOﬁpféssion and
exsdlution effects in one time step may ap?earngo be sliéhtlf
arbitréfy. There is a logicél basis for it, ﬁbwever, which

leads fo a much more efficient algorithm for Auﬁf

Suppose, for a moment, that Ve was calculated in the

following manner: | , R -

s

(a) (Svfg)i was calculated on the basis of equation
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G-Zb; i.e. (AVfg)l = volume of gas genegated-over At

due to‘gas exsolhticn[ asﬁhming P = cqnstént;
(b)iAvp:essuFe change AP w;s app%ied'tq'(V%g+(ivfg)l).

4 3 P
]

' ‘This .proceduré“ would ‘modify“ (Avfé)l accbrding to the 

, \ . \ :
~anticipated pressure change,"(prlefs law),~ but would not

account for that portion of the'ghs exéolution process that
chaﬁges because of a changing solubility. imbalance (due to

- 4P). A further computationa¥ modification will incorporate

1

this effect. Suppbse'a pressure change is allowed in the

pore:fiuid,_With-no gas éksolution. The solubiiity imbalance
. ) -

at pressure P ‘is:

lIt is interestfng‘to compare this solution to equation 4.8b.
Referrings to coefficients in equation 4.8b with primes, it
may be seen that, (A6=0):. ' oo ‘ .

~A3A”,, B=B”-n*S*H-D, C=E* t*C’

i

N
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(Vp-Vegly = K°/P = H¥W, = Veg (6.5a)

The solubility imbalance at pressure P+ P is:
o

(Vo=Vgg) o = K7/ (P+4P) -H*V, ?;Vfg*P/(P+AE)
= P/ (P+AP) * {KR”/P _.(p+AP)/p*H*Vw - Veg) (6.5b)
. | | .. X

w““ - p . .
. ) -‘“ﬁy \ .1 ¥
If the computational procedure outlined in (a) & (b) abé%%,is

R S

*

used, then a modification that recognizes a changing
’ P . h

solubility imbalance could be ,introddcéd in  step  (a) 'by
defining”an average solubility imbalance for the intervél:
(V -vfg)av {(va-Veg) 1 + (Vo-vegial/2 - (6.5¢)

AG . ? RSl

However,351nceh;he 1nf1uence of changlng pressure [P/(P+@P )]
w111 be applled in step (b) this term,must_be-dropped from

the expression,for (szvfgjz, so that 6.5c beéomes:

(Vo-Veg) ay = (KT /P -H*V —Vfg)+(K /P- [P+AP]/P*H*V -vfg>}/2

L}

R“/P. -Vfg - H*Vw*(l+AP/[2*P] : | (6.5d)

~

Then at the end of‘Stéﬁ;Xé), the yolume'of free gas.in the .

pores is: S f?ﬁ':
¢

s

| = Veg + EXAE*(K"/P-Ve -HAV, *[1+4P/2/P]) (6.6a)

=
s

JRPRRER DN



. - | . S 250

andfat the.endfpf step'(b), the volume of free gas|ié:>‘

A (egdy = B/(PHAP) * (Veg+(aVeg)y) . (6.6b)

"so that

Veg = Weglz - Vg | | |
= fAP*vfg/(p+Ap) + P*(4Vgg) 1/ (PHAP) (6.6c)
Again, substituting equaliohs 2.8b, 2,i4c, and 6.6c

into 6.1, an expression for Au may be derived%

e

. Bp*Up*hu = -8 %Vi*iu - Au*Vgg/ (P+Au) +
| | P*E*At*{K’/Pfog-H#vg*[;+AP/(51P)]}/(p+Au)_ (6.7a)
A | | - /
or A .* Auz +B*Au+C=0 | - ‘ (é.?b)

- A,D,C as previously defined in (6.4b)

Bg B o= P*A + n*(1-S+S*H* [E*At/2])

Note that both equationVG.Aa and 6.7a give the same

w -

expression, in the limit (as Au, At approach 0) for:

du/dt =fE * {Kf/(P*VT) - nf[l—S+S*H]} /
{ o + n¥(s* ;+[1-51/P)} ' (6.8)
 A‘comparison of the computational efficigncy of the
uncoupled and "coupled" solutions rhas shown that for a

particular level of accuracy, equation 6.4b requires a time

-
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L]

solution is more-efficient{ However, it must‘be.understood
that, unlike the theoretical equations for equilibrium
behqyiour, both solutions aré approximate and only become

‘exact as At approaches 0. This is due to the assumptions

made in combining the gas compression and exsolution effects.

6.3 ANALYSIS

Equation 6.7b provides an efficient, but approximate
algorithm for calculating the change in .pressure in. an
undrained element of gassy soil over:a time iﬁtéryal At,

’"f_zlcgnditionq at the beginning of the

time interval.

i

Thisrwsoluti;7/_1s incorporated into a transient

s /. : - ,
analysis of the und/ained laboratory tests, in the following
: ' 4 s

manner : / *
- (a) At . the /beginning of the laboratory test, a sample’

b

step 1/4 the 'size of equation\ﬂ?.?b. - Thus the coupled

has been Q&epared which has a measured set of,iqitial‘

conditions, i.e.-yalueé of Vfg,*vl,‘vs, Ceor Byr H, E, P

and ¢ are k own. " The sample is at equilibrium, so that

no time-dependent processes are active.

(b) A decrease in boundary stress, Ac, is applied’ to
the element, causing an immediate change in Vfg and P
due to fluid compressibility.  This respdnse can be

modelled using equation 2.15b with H=0.
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'(c)’The pressure in the fluid has chan‘ged due to the

" change iu boundary stress, but immediately afte;watds,
the weight of dissolyed‘\gas is the same asvS¥
before _the stress change occurred. Since de ,is
proportional to P (at equilibrium), there’is uow an
imbalance of dissolved gas in the pore flu1d The pore
liquid is either undersaturated or supersaturated with
disSOlved ‘gas depending upou whether the boundary
stress (and pore pressure) hasé@&creased or decreased.

. The ‘amount - of solubility imbalance may also ‘be

1t was .

o ? . . .
.expressed by the term (V -Vfg)" where V2 is the

_equilibrium volume of free gas at the current pressure

e

and’ Veg is the actualivolume of free gas.

(d) The value of,K"for‘the Sampfe.may’be oomputed from.

the 1n1t1al conditions, an ihterval of trme At may be

g

ol
selected and equation 6 7b  applied to predlct the

change .in pressure Au for the time 1nterval.j Knowing
Au; ‘the initial conditions ‘outlined in (a) 'may be
adjusted to the end of the rtime interval wusing
eduations 2.8b ‘2.l4c, and 6.3.

(e) In this manner the analysis may proceed time step
by time step, until equilibrium conditions are again
established. |

(f£) The ‘equilibrium solutiop for u and ‘Vfg

~—

ootained

‘from the transient analysis, (at "infinite" time), may
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be.compared to the equilibrium eguation (2.15b, H#0)

and. an assessment made of the convergence of the .

transient analysis.
(g)'Beth solutions (equilibrium and transient) may then
‘be compared with the -actual sample response. It is

necessary to makev'the transient predictions' using

several values of E to bracket the observed behaviour.

This analytlcal ‘procedure was codaﬂﬁfbﬁvt;7 compyger,

\

‘and the program is - located “igure 6.1

‘provides a §lowchart of -t

A’ comparison between predlcted and Observed "pressure

&

ﬁh%s time" behaviour for Test Numbervll'will‘be presented in .- =

a8

.this section. The results of analéses for all the other »

1sotroplc tes%s and constant K tBSts were of a similar

nature., They are. located in Appendlx G, and summarlzed later

i

in thls section.

Initial]y, an analysis of Test No. 11 was performed

assumlng S 100% at the beyénnlng of the test, or §¥99.92% at’

/

the start of Phase B, where air eXsolution begins to occur.

The results of these analyses are presented in Flgures 6.2 to

6.11., A perusal of these figures will allow an evaluatlon of

the analytlcalquthod. The follow1ng points are noteworthy:



“
*

2

-

Input relevant data for b
of a test,:

le. Vfg' Ve’ v _, Cc, B

eginning of one phase
BIHIEIP&O

]

s
¥
Calculate immediate
response to Ao using
equilibrium EQNY H=0

A

\

Adjust Vfg’ Ve

, P according|

to predicted immediate
response

transient response %

Start calgﬁiation of T

y

e
[

Input an initial value for|
At', and a tolerance, "TgL"

Calculate Au'. for &ﬁ':/
Iterate on Au soln. If

Bs #\constant '*

o

\
I\
NS

v/

Divide At' by 2. calculate
Au for each of ‘the new
At" and then sum for Au"

g

Ean

:leculatelqu, Ve, D

‘at .end of time

“interval

1
Input actual data
plot observed and
predicted results

e

o : Figure 6.1 '
Flowchart for computer program to analyze ;
undrained transient response of gassy soil
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» due to diffusion of.gas through the sample membrane.

(a) The fit between observed and predicted results is
excellent, (except phases B & C, discussed below).
This is true of both the transient pfedictions and the
equilibrium prediction. For some phases (e.g. D or J),
the fit for the transient response is almost perfect,
but for most phases (E,F,G,H,L and M) the observed
behaviour 1is somewhat ‘flatter than ‘the predicted
response. Mathematically, this is attributable to the

use of: P

vag/Dt

E* (Vy-Vgg) (5.25a)

ingtead of:

DVgy/Dt = (V2=Vgg) / (£+A) | ' (5.24)

\

'~ Equation 5.25a ;ends to overpredict the rate of change

of free gas volume at longer .times, as discussed at the

end of Section 5.6,

(b) Physically, there. 1is no ‘reason to expect that

DVfg/Dt = f(t) unless some additional process is

functioning besides those of gas sorption and bubble
nucleation in the pore space. It is postﬁlated that
the inclusion of t in (5.24), which produces a better

fit to the psﬁedo~dfained test results than (5.25a), is

&+
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Thus, the tendency of the.observed sample response to,

become  ‘flatter than the piedicted response in the
undrained tests is also attributed to this cause. It
is also sgggestéd that eqﬁation 5.25a is ‘the more
- fundamentally correct expression for the "true" gas
exsolution response.
(c) The predicted curves for the“vtransient respdhse
become.asymétotic after a long time to the.gredicted
equilibrium preééure, indicating ‘that the transient
solution 1is converging properly. For the one analysis
where‘this was’not the case (phase L) the discrépancy
(or poor éonvergence) was found to be aue to an overly
large time step.
(d) Ask discussed in Sectionf 3.7, B-tests performed
before the commencement df pﬁase A, and Ehep‘at the
beginning of phase B of Test 11 indicated that the
initial saturations -were actually 99,]57 and  99.5%
~ respectively. The assumption, in thigﬁ analysis, of
- S=100% a;'the start of”phaée A, and of S=99.92%'at the
| start of phase“ﬁ, caused thé initial'pqte pressurés for
phases B and C to be markedly under—predicted; (Figﬁres
6.2 and 6.3). As ;he sample saturation decreased, this
effect éf an initial e;toriin S became less noticeable
‘(g.g.wphases D onward). 1Sinée the predicted value of
QPiswa; So low in phases B and’eh Eh; transient analy;ig
also produced a pbbr fit to the labofatory data.
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pAnalyses‘for phases B & C were rerun ueihgrs. = 99'5%
‘and‘the'results‘are 1llustrated 1n\Eugures 6.12 and
6.13. The f1t hetween observed ‘and predicted behav10ur
is‘remarkably 1mproved Thls underlines the lmportance
-of correctly determlning the 1n1t1a1 saturatlon, and
hence the value of P, for the transient analysis,
w1thout which the agreement between theoretlcal and
,actual behavxour w1ll be poor.

'_1(e)TA preiimihary comment WilL'be made here regardino

the'predicted‘behaViour iﬁ phase\L of the test. Phase

e

-

of o =0; A psuedo-dralned unloidlng test had been
performed in the preceedlng Phase (J).‘ The behav1our

\

of the sample was very dlfflcult to model at _the
hbeginnlng of phase L,.s1nce 1t was unce?iain\\hat.the
effectlve stress actually was. _U51ng a llnear-e vs
~log o"relationehip,.énd the known volume of gas in the
sample, an;. equivalent initial void ratio  was

caiculated and hence an initial small value of g”.

262"

The theoretlcal model predlcted the response shown.,

The unusual characterlstlc of this response 1s the flat

initial portlon of the P vs t curve, due to the large

volumes of free gas present at the beglnnlng of. thev

phase. It is s;gnlflcant that the actual P vs t
response shows no such distinctive behaviour. This

will be discussed further at the end of this section.
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(£) It might also be noted that the'agreement'betweenn

predicted and measured volumetric strains in the sample

was, excellent. A comparlson of the two is somewhat

v

artificial, however,, Was 4rthe measured volumetr;c

response of the soil sample has beeni'input to the

_theoretlcal analy51s via the soil compre551b111ty BT‘-'

Thus no presentatlon of these results is made ‘here.

6.4.1 An Evaluation of Henry s constant

'Having fully developed the analytical tools_torasseSS‘

the laboratory tests, it is appropriate 'here to investigate

the manner in .which ‘'Henry”s - constant for gas solubility‘

1nfluences the theoretlcal predlctlons. Up until this p01nt,4,

4a tacit: assumptlon has been made that the solublllty of a. gas_‘

in the pore llqu1d ls equlvalent to the solublblty of the

same gas 1n the pure solvent, at the same temperature. Thus

‘ m =

it has. been assumed that the exlstence of a partlcie matrix
has not affetted the solublllty of the gas. This may be a

_reasonable assumptlon for _relatlvely coarse-grained soils

VCOmposed- of Tehemically ~inert  particles, but will not

vnecessarlly be true of ' finer~grained Qr' more chemically _

actlve soils.
The analysis for phase" E of Test No. 11 was rerun

several times, u51ng an ‘initial saturatlon (99.03%) which

'would accurately predlct its. 1n1t1al pressure response, and

u31ng several different values of H’ ranglng_frOm'0.0Z (the



value for air in water) to 0. 68, (the value for CO, in water,
0.86, was presented in figureA 6.5). The results are
summarized 1n Flgures 6. 14 to 6.19.

It is obvious that thetassumed value for H has an

extreme influence on the‘magnitude of both the equilibriun

pressure and the transient response. For this particular

phase, judging byv*tbese criteria, an H < 0.5 would ber

unacceptable. AlthOUgb the curves for H = 0.5 give a
reasonable fit to the transient data at shorter times, they
underpredict'the equilibrium”pressure. ‘This value of H is

also of questlonable acceptablllty. It was this difference

in response that allowed a dlfferentlatlon between an a1r—’

’saturated pore £luid (phase. B) and a Coz—saturated pore fluid

(phase c). S R

.
2

The value of H used‘ in the analy51s also has a
_ 51gn1f1cant influence on the "beSt*flt" value of E. Con51der
Flgure 6.20, whlch is a plot for an analy51s of Test No. 11,

- Phase C,pua;ng H = 0.02; ‘As dlscussed above, the use of H =

265-

‘0;02 for . phase C, which involved - C02; exsolutlon, Cwill

serlously underest1mate ?ﬁe equlllbrlum pressure.' However,
Y

the predicted equilibrium pressure can be forced to match the

observed value by increasing the supersaturatlon at the.

beginning of the phase through the input parameter K”,  (KBAR

on Figure 6.20). Given the initial conditione of phase 11C

and assuming equilibriun, fdr»air as‘the pore gas, K = 3055

‘KPa-cc. K‘.must be increased to 4410 KPa-cc to force a fit

-

on the observed data. When this ‘is 'done, however, the
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"best-fit" value of E for phase C is incré;sed from 0.001 to
approximately 0.025. If E is akin to k, the diffuéivity of
gas in a liquid, then this dependence og E gn H can be easily
rationalized. If a lower value of H }s input in the

analyticai model, then a higher value of E must'be necessary

to match-the same observed behaviour. In other words, the
<

WS

" diffusion process has to occur more quickly to transfer the
same amount of gas from ‘the. dissolved to the free state,
because the gas must be brought to thé bubble from a greater
distance\in tbe liquid.

6.4.2 Variation of E with initial saturation

"It is clear from a survey of Figure 6;12 and Figures
6.4 to 6.11 tpat the gas exsolution "constant",' E, is
Actpa}ly avfunction of initial gés saturation. The value‘of
E ranges from 0.0012 (phéSe Cy to approximatei& 0.02
(phase 3). The larger values of E'towa:ds the end of the
test 'inaicate a quicker transient‘ responsé. This waé
'initially’noted in Section 4.5, where an assessment of the
transient behaviour was made purely on an empirical basis.

The "best-fit" vqlues:of the parameter E for all the

270

isotropic and Constant K tests are summarized in Table 6.1

and plotted in Fiqure 6.21. These were obtained by wvisual

inspection” of the plots, simil;f to those in Figures 6.2 to

6.9, for tests 7, 9, 11, 23, 12, 15, 21 and 22. The

variation in E with gas saturation is remarkably consistent

in all tests, except Test No. 9, where some problems. with

Y
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leakage of gas from the sample were encopntered during the
early stages of the test. At lower gas saturations (3q < 1W)
the E vs Sg relationship appears to be linear, but with the
inclusion of data from the last three phases of Test No. 11,
plus the psuedo-drained test results, it is clear that the
relationship is non-linear, and that at higher gas
saturations the exsolution proceas is even faster than would
be expected from the linear relationship.

A discussion of gas exsolution was presented in
Chapter 5, with mention of the two microscopic processes that
are thought to dominate the behaviour, gas sorption and
bubble nucleation. It is hypothesized that the increase of E
with Sg is due to an increased number of bubbles in the soil
sample, leading to both an increased surface area of
liquid/gas contact, and to a decreased length of diffusion
path. Both of these changes  will increase the observable
rate at which gas is produced in the soil. If such is the
case, this functional relationship between E and Sg should’be
more pronounced upon unloading, where both bubble nucleation
and growth are operative, than upon loading, where only
bubble shrinkaée, (aided by bubble extinction, eventually),
is important.

The dependence of E on Sg may also provide some
explanation for the behaviour noted in Figure 6.10 (Test 11,
Phase L). The predic&ed pressure-time response for reloadiné
shows an initial flat portion to the curve, indicative of the

time necessary to dissolve a large volume of free gas. The

—
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model, however, assumes an E which {s constant with gas
sa"!ation.' Since for this phase of the test there is a

large reduction in 8 there should also be a reduction in E,

g’
which would tend to remove the flat portion of the predicted
response.

* In tact, ghis change in E with Sg is operative during
all phases of the various teats, so that an assumption of
constant E is only an approximation. For phases where u is

relatively high and the absolute value as well as the change

in Sq is small, the approximation is reasonable. Where u is

low, and Sg and Sy high, such as in Phase L of Test 11, the

model is not as good at predicting the actual pressure-

response,

6.5 SUMMARY

2
In this chapter, the empirical relationship between

volume rate of free gas production and gas solubility
imbalance for the: drained element of soil has been
incorporated in an approximate maﬁner into a  finite
difference model for pressure change vs time in an undrained
soil element. The laboratory test results have been
reanalyzed using this model, and the model has shown
excellent predictive capabilities. A minor discrepancy
between observed and predicted values at longer times (the
latter half of each phase of the test) is attributable to the

form of the empirical relationship:
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DVey/Dt = E * \l(v_z—vfg‘) o (5.25a)

) | |

which was used instead of the more "accurate" equation;"7if

275

DVeg/Dt = (Vy=Vgg) /(t4R) | (5.24)

y
/
\

The éhoice of equation 5.25a over equation”5.24 was made for

~analytical reasons, but it is felt'that'equatién 5.25a is

actually mdre representative . of the true gas exsolution
response. Equation 5.24 is more accurate at predicting the.

laboratory results because it is capable of accounting for

diffusive gas losses from the sample.

" The transient solution was found to converge on the

theoretical equilibrium solution as t approached infinity, as

" long as,small'time steps were used.

The analysis of the undrained test results also

revealed a relationship between E and Sg, which is thought to

“be due to the nucleation of a large nuﬁber of bubbles in the

. soil element as gas exsolution progresses.

14
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CHAPTER 7 - A COMBINED, GENERAL THEORY

OF CONSOLIDATION AND GAS EXSOLUTION

7.1 INTRODUCTION

Pore -pressures in soil- that are time-dependent; or
transient, have traditionally been recognized as due to
consolidation. Consolidation is - that process by whlcﬁ the
,support for  an external load is transferred\from the pore
fluid to the 5011 skeleton. : Pore pressures are normally
educed and effective stresses increased as the water dralns
from the soil mass-and the volume of the soil decreases. The
form of. the pressure—tlme response is governed by the 1n1t1al
pore pressure distribution in the 5011 and the pressure or_’
flow boundary;conditlons. | | |
| With the recognition of gas exsolution as another
process that causes a transfén Qre pressure responSe in the
soil, and with an ability to model éhié process, it is of
interest to’  attempt °to . combine ‘gasv exsolution and
consolidation in one general theory. This is particuiariy so-

° '

when one recognizes- that for most problems of geotechnlcal

1

interest, these proéesses work to oppose each other. Forw

example, consider anyﬁprobiem.where a soil mass is unloaded,
\ .

such as in excavating a foundation or a slope, or tunnelling

in a soil mass. " Because the insitu total stresses are

9]
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-fireduced, the undrained and immediate responsel of a ‘gassy

s0il is. to cause a reduction in pore-pressure. Subsequent .

-pressure boundary:'COnditions usually »cause - a - further.

reductxon in pore pressure due to consolldatlon,rwhereas; if
the 1n1t1al undrained response is to decrease P below‘Pl/g,
then the tendency of gas exsolutlon is to cause an increase
‘in- pore pressure. At/}ﬁ%lnlte tlme, the pressure boundary

.condltlons must prev/il, but the 1nter1m pressure response

may prove to be qu1te unexpected partlcularly if the gas

exsolutlon process;occurs more quickly than.the consolidation

process.

One must recognize that in those problems where‘gas

‘exsolution and consolidation .~ are acting as  opposing

processes,,there'is a limitation in the. choice of'a model of
soil behaviour.  In weighing the relative contributions of

each process, the theory must consider an increase in o¢”,

(and decrease in volume), invone case and a decrease in g,

(and increase 1in volume), in the other/’so that the only
‘,method whereby the two can be comblned is by us1ng an elastlc
stress-straln model The model need not be llnear, but for

srmp11c1ty the linear case will be considered here. As will

be‘seenjnthe governing differential equation for the combined

~consolidation/gas exsolution theory is non-linear, and must

be 2§}ved by numerical tecnniques, so that the use of a

»

lRecall that in talklng of a gassy soil both of these %erms
are necessary. One does not imply the other.
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\non-llnear stress- straln relatlonshlp should not prove to be

an addltlonal burden.

7.2 A GENERAL THEORY

Im‘hisfexcellent text "Principiee of SoilrMechanics",
R, F. Scott (1963) presented a very thorough development of
the theory of consolldatlon, v out11n1ng - clearly _thei
assumptlons and 51mp11f1cat10ns that are made in arr1v1ng at
v_the cla551cal one—dzmensxoual consolldatlon equatlon~
% - |
c, * D2u/px2 = pu/Dt ‘ - (7.1

o
Scott'coneidered the effect of a'BoyLe‘s law expansion or
'contraction of gas, and of an immediate.exsolutioh of gas, on
the- compre551b111ty of the pore fluid. He foond that the
- former 1ntroduced a non- llnearlty ‘into the" consolidation
fequatlon. ~In develop1ng the theory further, these two
effects were lumped together lnto one llnear term, ‘and glven

relatlvely little attentlon. I ' -
Scott’s (1963) development will be, followed he é,

excep,t t'hatr the full, transient process of gas exsolu‘tion

will be ' introduced 'into the theory, and the dlfferentlal

equatlon will be left in its non—llnear form.

g



Contlnu1ty tonsiderations

Consrder a rectangular element of soil w1th 31des of

L)

length dx, dy and dz The contlnuaty equation for this soil
\

element states that the rate of change of water storage in

the element, (i.e. of the welght of .water in the element, W),

is equal to the net.flux‘of.water;flowing into or out'of.the

, @element:

"»Dw/Dt = [D/Dx(y *K, *Dh/Dx) + D/Dy(yw*K *Dh/Dy) R

"‘I_’ T e

ma

“a

,nl

dW/dt = [D/Dx(y *vxy+D/Dy(ywﬂvy)+D/ﬁz(yw*vz)]dxdydz (7.2a)'

Substituting Darcy“s law relating velocity to total head,

(IR

o ' .
. .

‘into (7.2a), one obtains:

i

.
~.

T

PR

.D/Dz(yw*KzﬁDh/Dz)]dxdydzv:‘ o o . *}122b)
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If the free gas "in the. pore space is assumed to be occludedv/

and 1mmoblle,,so that it does not form a part of the flow1ng
’flUld and if the soil mass is homogeneous W1th respect to-

then-'

DW/Dt = yw * [K *Dzh/Dx + K *pzh/Dy +

K *Dzh/Dzz] dx dy dz - _ s ’ - (7.2¢)

S R

Pl
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If the body is isotropic with respect to K, then

i

DW/Dt = YW*K*(DZh/Dx2‘+‘D2h/Dy2 + p%h/Dz?) dx dy dz  (7.2d)
‘The equation will be developedeQr the case of a shaft or
. borehole ({(z-axis vertical) with a hydrostatic vertical

distribution of pressure, so that Dh/Dz = O, ahd, using

R
)

cylindrical éoordinates,z
. DW/Dt = y_sg+(p?h/Dr? + 1/r * Dh/Dr)drdedz (7.2e)

Subétitptihg for h = hy + u/vy, Dh/Du=Dh/DP=1/y ,,"

?

. DW/Dt = K*(D2p/Dr2 + 1/r * DP/Dr) dr A9 dz = (7.2f)

Rate of change of water storage
Consider now how the weight of water in an elemental
volume of soil may vary in time:
C o . - &

IS

&F

pw/pt W *Dw/Dt = Wy * D/Dt(S*e*Yw/Ys)

Vs * D/Dt(S%e*y,) - (7.4a)

(assuming the soil grains are incompressible) -

Ly

2ThisVequétidnf which implies only radial flow, is only an.
approximation for a. shaft or borehole in a gassy soil. This
will be discussed further in Chapter 8. : :

t -
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_ \
The partial differentials of \void ratio, density of
water, and saturation’with respect to| time may be detérmined ' é
by ébnsideringvthe‘compressibilitiés of the soil skeleton,
'thé ligquid phase and.the4gaseous>§hés respectively. These

terms are developed below.

Void ratio \ :. 4 o

. . | ' .o
Using a linear elastic constitutive relationship for

" the soil, - , f S ' :th; %
De/Dt = -a_ * pg*/pt (7.5a) 1
ahd for the case where AQT =0, - S » , | §
, De/Dt =\§v * Du/Dt é a, * Dp/Dt‘ . (7,5b)
,‘\ ’
- . . \
Pore liquid
From equation 2.8,
~

gy = -1/Vy * dvy/dp

so that CL
‘Yw/= on -* (l + Bw*P) ) : ) . ] (7.66)
Dy,/pt = on*gw#ns/nt a S (7.eb)

B SRttt L i s
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Pore gas
The term DS/Dt, evaluated at constant e and %w, may be

derived from:

(DS/Dt), \ = 1/V, * DV,/Dt (7.7a)

For constant e and Yyr the only way that the volume of
water in the voids can change is if the free .gas- either

compresses or goes into solution. Thus:
h(DS/Dt:)e’Yw = -1/Vy * DVgq/Dt _ (7.7b)
where DVfg/Dt is composed of two terms,

DVfg/Dt = (vag/nt_),compress. + (vag/DF)exsol-..

’

This is the same relationship as given in equation 6.3, but

in the exact (rather than finite difference) form:

DVe /Dt = =Vg /P * DP/Dt +_Ef(y2—vfg)' (6.3b)
so that T | -

o

.(DS/Dt)e"Yw = (1-8)/P * Dp/ptv;/ﬁ;(vzevfg)/vv (7.7¢c)

The advantage of modelling the gas.exsolution'process with
the fully drained (o, u; '0’ all constant, and thus e =
constant) boundary éondition instead of‘ the undrained

boundary condition is now obvious, .as equation 5.25a can be

v
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used directly in formulating the general consolidation/gas
exsolution theory. As has been discussed in section 6.2.1,
equation 6.3 is only approxihate in its finite difference

form, but becomes exact in the limit as 4t approaches 0.

Equation for rate of change of water storage

Combining equations 7.5b, 7.6b and 7.7c, 7.4a becomes:

]

DW/Dt‘ Vs* (S*v,*De/Dt + S*e*DyY,,/Dt + e*y,*DS/Dt) (7.4b)

Vs* (S*Yy*ay*DP/Dt + S*e*y,q*B,*DP/Dt +

e*y *{[1-81/P * DP/Dt - E*[V-Vggl /Vy))  (7.4c)

Vg*yy* (DP/Dt*{e* [ (1-8) /P+5*B ] +S*a,} -

'e‘*E* [VZ‘Vfg]/Vv) (7.44)

Combined'equatioh for consolidation and gas exsolution
Récognizing that:

L . . -~

Vg = Vp/(l+e) = drdedz/(l+e) ' ‘ - (7.8)
eéuatidns 7.4d and 7.2f may be combined to give:

K*(sz/br2 +1/c*DB/Dr) = Yo/ (L+e) *
| {DP/Dt[e* ((1-8) /P + S*g,) +‘g*a§] _
e*E*(Vé-vfg)/vV} | - A (7.9a)
‘or . |
D/Dr(t*DP/Dr) + I*Yw*e*E/K/(lfe) * (Vy-Veg) /Yy = !

r*y /R/(1+e) * {e*((1-S)/P+5*B )+S*a,} * Dp/Dt (7.9b)
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/
This is the_general one~dimensional consoiidation/gas
exsolution equatipn for a shaft or boreholevin a gassy soil.
The equation is non-linear sbecause of the 1/P multiplier in
thelDP/Dt term (éHS).‘ It is referred to as being quasi-

P and Pt bccur

linear because the differential terms Pr! cr

only to the first power and are not multiplied together. The
equatibn*'is‘ parabolic, and in (7.9b) has been written in
self-adjoint form.

It is clear that equation 7.9b is conside;ably more
complex than :(7.1). Because of‘iits' non-linear nature,
solutions for different‘boundapy condiﬁions are not super-
posable. In general, theré will be no exact solution to
(7.9b), .and so' a technique for numerical solﬁtioh will be

presentéd,invthe following section.

7.3 NUMERICAL SOLUTION

Ames (1965) discussés numerical methods for solving
partial differential'equétions,’and in partibular,“presents
an impliéit finite difference solution to a - second-order
quaéi-linear. partiai ,differential equatibn in seif—adjoint

form.. For an equaEion of the form:

D/Dr (£[r,t]*DP/Dr) + qlr,t,P] = slr,t,P]*DB/Dt (7.10a)
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and defining a finite difference mesh with h'= Ar, k = At,

Ly = rg + i*h and tj = j*k, an impiicit finite difference

equation is:

\
1/h"2 * {flr0+<1+1/2)*h (j+1>*k1*(P1+1 54+1° P, L5+1)
Elrg+(i-1/2)*h, (J+1) *k]* (P, J417Pi-1,5+1) 1+
q{r0+i*h (j+1)*k Py J] =

’s[r0+i*h,(j+l)*k,Pi1j] (pi,j+l—Pi,j)/k (7.10b)

Since (7.10b) contains Pi,j+l only linearly, the algebraic
problem is linear and produces a tridiagonal matrix at»each
time-step. ' Convergence of (7.10b) to that of (7.10a) has
been proVen for‘boundary value problems, (Ames, 1965) . The

error is O[h 2 + k] and no restrlctlons on k/h”2 occur.

If equation 7.9b is rewritten as:

D/Dr(r*DP/Dr) + B*r = (F + D/P)*r*DP/Dt (7.9¢)

" where:

B = e*E*y /K/(l+e) * (vz-vfg)/v

o
]

S""Y,,,/K/(l-i-e) * (e*B, + ay)

D = e* Yw/K/(l+e) * (1-8)

then (7.10b) becomes:

(F/h+i-1/2)%B5 ) 541 = (£o/h+i)*¥(2+h°2/Kk* [F+D/P; 1) %Py 541

o+ (ro/h+1+l/2) P,

i+l,3+1 ~ - i‘
-n" %f}ro/h+1)*(F*pi’j/k + B + D/k) (7.10¢)
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The matrix form of this equation is given below for a
~ four-point finite-difference mesh to illustrate its

tridiagonal characteristic.

- - - - -
r
D B | ema] [aed e
% -(2+2) 1 |
w3 ) e P2y o (2+2) 2 0
:—hz —_
f -(3+%) R,Z u ' r
e AR Paniel (3+%) Cs 0
r :
’r,f'*'% ‘(‘“'r% Pas it (@+32) cy (&*2) *Ps, i1
.A‘J . h h 277
L2 L J L _ - .

17.104)

“where Ai = (2+h“2/k*[F+D/Pi’j])

C, = (F*P; 5/k + B + D/k)

and»PO,j+l and P5,j+l a:glthe pressures aﬁlthe boundaries of
the finite‘difference mesh.

- Equation 7.104d dan be solved by standard hatrix
methods, ’sgch ‘as Gaussian 'elimihation._ However, the
tridiagonal formqu the squareihatrix in (7.104) allows the
use of a‘more effiéiént method, referred to as the Thomas '
Algorithm.r This is summarized briefly bélow.

The general tridiagonal system of n equations can be.,

writtenkin the form:



w

dl'ui_l + bi*ui + Ci*ui_’_l - di ’ i-Z'n"l

Using Gaussian elimination this system can be transformed
into upper bidiagonal form, with ai = 0,(i=2,n); and b{ =

1l,(i=1,n); where:

1

C]l = c1/by dj = d1/by

-

Ci+1l = Cis1/(bjyr-ajer*ci)

4141 = (dy41-a341*d])/ (biy1-aj1*c]) 5 =1, (n-1)

The nth equation is now Up=dj, and working backwards with a

substitution:

u, = 4, - C;*Ui+l ; i=(n-1),1

The only restrictions on this method are that blfo and that

bi+l'ai+l*cz'# 0. 1If either of these are true, one can solve

for ui%Z and reduce the size of the system of equations.
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7.4 APPLICATION OF THE NUMERICAL SOLUTION

The application of equation 7.10c to dJdetermine an
approximate solution to a gas exsolution/consolidation
pProblem requires the input of a set of initial conditions (at
t=0) on the j=0 row of the finite difference mesh, as well as
a knowledge of the pressure (or flow) boundary conditions
with time. In equation 7.10d these are specified as the
pressures pO,j+l and P y41- In general, the initial

pressures will be determined either from:

(a) insitu conditions
(b) insitu conditions, modified by a change in boundary

total stress.

In case (a) the -«<consolidation/gas exsolution process is
initiated by a change in boundary fluid pressure. Case (b)
is wusually also accompanied gy a change in boundary fluid
pressure, but the consolidation/gas exsolution process 1isS
initiated by a change in insitu fluid pressures, which are
responding to a change in boundary total stress. An example
with further discussion of case (b) 1is givéh in Chapter 8.
Case (a) is discussed further in section 7.4.1. |

It is the intent of this section to point out several
practical considerations in the use of (7.10c). It should be
recognized that the input parameters Vw and Vfg' éand hence

V2, Vy, © and S), vary with fluid pressure, and thus also in

space and with time. Their use as constants over a time

JHH
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interval At @s only an approximation. Therefore it’ fs

el

‘necessary to adjust their values from the beginning of one

time step to the .next. . This is accomplished as follows:

i

Y

(a)' A set of initial conditionsris established on the

j=0 row using either the input values of Vw and Vfg' or

those values modified by an undrained and immediate

response to a boundary total stress changg. The values

of vsr B, K';Yw"éﬁd ay are

analysis. Values °f;V2,er; e/and S may vary gpaciélly
along the j=0 row. '

. (b) The pressures albng‘the'

j=1 row, (at t=0+At), Pi s

are calculated using (7.10c). :x

-

_(C) e;,1 are calculated fr m:

" (7.5b)

(7.11)
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ept constant during the
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(e) Having adjusted the. values of e, S, Vfg, and Vv as

input for the next set of calculatlons using (7.10c),

there remains only‘an adjustment for V2 in ehé'texm

"B", (equatlon 7.9c). V, is a measurementﬂ_of‘ the 7
curggn; amount of free gas that would exist in the

sample if .equilibrium conditioﬁs prevailed and thus,
indirectly, indicates the total volume of gas, both t

free and dissolved, . in the sample. Since over a time

interval At, the pressure in the sample'is changing, so

is VTg°l However, water 1s also dralnlng out of the

sample and removing some dissolved gas. »The assumptlon

LE

is made that for At, the volume of water AV, contains

an amount  of dissolveé\oas Avdg' where: .
Vg .= B * AV, ’\\ : a2
and H = (Vag/Vy) at the beginning of thertime‘interval.

H # H because the pore fluid is not at. equilibrium,;

(e.qg. for a supersaturated pore fluld H > H).
3

The total volume of gas in the sample at the end of

the time lntegval At will then be:
Vpg)i,1 = Pi,0/Pi,1 * ([Vpgli,g + B * 4V,) (7.13)
so that:

V)i, 1= (Vpg)i,1 = BY (V) y o ae



)

Using first equations 7.5b. and 7.11 to 7.14, the
values of e, S, Vfg, Vy and V5, can be adjgsted‘ at the

beginning of the time interval on the j=1  row, and then
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equation 7.10c¢ applied to caléulate the pressures Pi 2 at the
. . (4 .

end of the time interval. This process is repéated for each .

time‘siep\j.

One otherl modification is’ necessary during the
anaiysié to accdunt for gas venting upon decreasing pore
fluid 'pfessﬁre and ipcreasihg-. saturation. ' _Thisv“ié

accomplished by monitoring the”“éaturati¢n‘ at each finite

~difference grid point i, for each time step j. When S5 j <=
' . | . . '

0.85 (or some threshold value) then the terms "B" “nd "D" in

equation 7.10c are set equal to zeto, (at that grid point),

which - essentially 'reduces (7.10c) to a form equivalent- to

(7.1), and rendersvthe problém oné of 1iquid drainage only in
‘this zone,ﬂwith_no gas expansibn_of‘exsolution.

The ana;ysis desqfibed. above haé béen‘ coded for
computer, and a listing of this program is foundiin Apéendix
. _ ) . R

-7.4.1 Consoiidation/gas exSoiution around a borehole

The use of th§ consoiidation/gas exsolutién model will
be demonstrated by analyzing the problem of changé in pore

pressure with time around a borehole (or $haft) in a gassy

soil. The'fboundary conditions are somewhat artificially

himposed,.for the sake of simplicity. It will be assumed that

a vertical shaft or borehole has been constructed such that
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the surrounding stresses are képt within the elastic téngel

and thus no volumetric strains have occurred. Furthermore,

it is assumed that the shaft ‘has been ‘bdilt“SUfficiently_

quickly “that no drainage or gas exsolution occurs during

- construction. A o C .

Then at  the- begidning‘ of" the consoiidation/gas‘

exsolution problem, théré exists -a wvertical Dborehole

- surrounded by a medium containingra pore fluid at some insitu

pore pressure u,, vThe borehole i's filled with the same‘fldid:

to a paftiéula;'deéth, so that at any point on the bqreholev

vpoint sufficiently-below the free groundwater surface, Dh/Dz

= 0 botj.h' in the soil and in E‘he 'borehole.’, resulting in a

' purely*radia1 f1ow, and that also Dh/D ='b,.jFighré_7.l).
Insitu conditions are listed in Table 7.1. The finite

difference mesh’ employed is illustréted-in Figure 7.2.

%

~The convergence ,of the finite difference solution:

\(7.10c)i t6 the ‘proper solution',for‘ Pi-j may * be checked |
. : ’ o ‘ :

.against an exact solution for the casevéf;SO=1, E=H=0. 1In

. this case B=D=0 and. (7.9c) reduces to:
‘DP/Dt,=.K*(l+e)/Yw/(e*Bw+av)*(DZP/br2+l/r?bP/Di), k?.Qdff

Since 3w<<a§, - (7.9d) may be recognized as (7.1) in
" cylindrical coordinates. Solutigns_to‘this}equation for the
case of a hallow cylinder (a<r<b) with the 'boundary

Y

conditions:
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Figure 7.1 - Idealized‘problem for Consolidation/gas exsolution
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TABLE 7.1

INSITU CONDITIONS FOR FINITE DIFFERENCE

294

ANALYSIS OF CONSOLIDATION/GAS EXSOLUTION PROBLEM

Radius of'BOreholé

Radius of Influence of Consolidatlon/
-Gas Exsolution

Numbex of‘Points in F.D. Mesh
‘Timé of Analysis

Time Step ' .

4.5E-7 KPa

0.1 meters

'2.0 meters

191

50,000 seconds

- 100 seconds

-l'
240,000 KPa

0 -3 S

'10E-10 m/sec.

-0.47

0.86,0.90,0.95,1.0
0, 2E-5 sec.
0,0.86

2000 KPa

900 XPa

1500 KPa

800 KPa

900 KPa
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Figure 7.2 - lete difference mesh for consolidation/gas exsdlution '
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P(r,t) = Py r=a, t>0.

P}r,t) = P2 r=b, t>0.

-e

may' be found, by analogy with heat flow, from Carslaw &

Jaeger (1959), for the case of steady state flow, as:

P o= {?1*1n<b/r) + 5z*ln<r/a)}/ln(b/a) ‘ (7.15)

(t = infinte)

The finite difference ‘solution to (7.94) is then

compared to (7.15)5for the problem outlined in Table'7.l, and

~also for the case 65 a=100.1 m and b=102.0 m, ianigure‘7.3;

' There is an excellent agreement for both of these solutions.

It may be ‘noted that when (b?a) is small and both b and a

large, the problem approx1mates one dimensional flow between

two parallel planes. = It ‘is expected that the pressure

distribution WOuld " be linear between a and b, which 1is

supported by both the f1n1te dlfference and exact solutlons.

 Parametric studies

.FigureS' 7. 4 to 7.14 - illustrate the tran51ent and

‘steady state pressure response around a borehole for eleven

dlfferent analyses. The analyses investigate the influence

of varylng the values of 1n1t1al saturation, gas exsolutlon

,constant E, and Henry s constant H, as outllned in Table 7.2.

5
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Figure 7 -3 - Theoretical & F.D. solutions to consolidation problem
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TABLE 7.2
ANALYSIS OF CONSOLIDATION/GAS

EXSOLUTION AROUND A BOREHOLE

FIGURE ANALYSIS E

NO. NO. 5 H (sec.™h) COMMENTS
7.4 1 1 0 0
™~
7.5 2 .95 0 0
| .
7.6 3 /.90 0 0
7.7 4 1 .86 . 2E-5
7.8 5 .95 .86 2E-5
7.9 6 .90 .86 2E-5
7.10 7 1 .02 2E-5 e
7.11 8 ! 02 op-q Tpax = 50,000 sec.
'7.12 9 1 . .02 ) 2E-4 'Tmax= 150,000 sec.
T = 150,000 sec.

7.13 10 1 .86 - 2E-4 Tmax

7.14 11 .. .855 .86 2E-4 T = 150,000 sec.
| . . A
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v"All of the anaiyses (except Nos. 9-11)_were terminated at

50,000 seconds-(13;9'hours)kamd a fahily of 10 curves was

plotted zndlcatlng the tran51ent response at tlmes of 5000
10000 lSOOOVetc. seconds. ‘
The "steadyéstate" pressure profile may be determined

by a progre351vely closer spac1ng of curves plotted for equal
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time 1ntervals.‘ For the case of E=H= 0, (Flgures 7.4<6), thls'

closer spac1ng of curves indlcates that a true steady-state

pressure proflle 1s belng establlshed For E#H#0, (Figures’

7. 7 14), a grouplng of tran51ent curves may only represent an

1ntermed1ate, qua51 steady pressure proflle, whlch develops

’

because consolldatlon .and ‘gas exsolutlon processes are

temporariry&pf equal (and opposite) strength., With time,
. e, . o k _ : T r
these pressures again change towards their true steady-state

v

values because‘the'amount of gas’in.solution in the pore

fluid has beenAdepleted. For“eXample} in Figure 7.11, where

a slightly saluble gas (H=0.02) of relatively high

diffusivity (E = 2%10-4 sec'l) is”eXsolving, a steady-state

pressure profile appears to be formlng after 50,000 seconds.

If thlS analy51s is continued untll 150, 000 seconds, however,

(Figure 7.12) it is evident that there continues to be a drop

in the pressure profile'as*the exsolution process weakens‘and
the consolidation process becomes ﬁ@pe dominant. It has

taken this Soil 150,000 seconds to establish the same

steady state pressure profile that was reached after 40, 000‘”

seconds in Analysis #1, (H E= 0 “Figure 7.4).
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The‘.parametric study> shown in Figuies 7.4 to 7.12
indicates,the following'general behaviour:"

{a) -For E=H=0, a decrease in S, causes an increase in

1306

both 'the Steady—statev preséure.‘profile, and the o

‘.transient-profile at any time t, (Eig. 7.4 - 7{6).
'(b)»for the{ééhe initial saturétion, anfincrea§e in H,

~ (B=constant), or in E, (Hégonstaht), causeslan_increase
in‘the'transient preésure4profiie‘at any time t, (e.g.

compare Fig. 7.4, 7.10, and 7.7, or 7.10 and 7.11).

(c) For . E#H#O,' but constadt between ' analyses, a

decrease in S, causes an increase in the transient

pressu:e_profile'at‘shb;ter times;rbut appears to have
a negligible effect on the quasi-steady profile.

It should be recognized that in these analyses, the

pore fluid is initially"at_equilibrium With'respect,tobthe.
gas exsolution process, ianya it is the ;ini*«ion of
‘consolidation by a reduction of the boundary fluid pressure

that causes a solubility - disequilibrium. - Hence" ﬁhe

quasi-steady pressure profile isvalwayS‘léwer‘thah<the'iﬁsitu

Ed

‘pressure. The condition of an initial disequilibrium in both

' the consolidation and gas ‘exsolution processes will be

treated in Chapter 8. In this case; depending upon which

process dominates, the pressure at any particular radius may

increase or décrease,vand’the quasi-steady pfofile (if such
exists) may be higher .or lower than' the ﬁinitial pressure

profile.



7.5 SUMMARY

This  chapter " has presented~ the derivation of a

gene;al,>combined theory of consolidationiand gas ‘exsolution."

The theoty 1ncorporates a llnear constitutive law for  the

soil skeleton, a linear liquid compressibility, and a ga¥®

307

compre551bllity that 1s caused by both a free gas compre531on

~and a time- dependent gas exsolutlon. It has been cast in a
‘one—dlmens1onal.form, and the resulting differential equation
‘is qQasi-linear and parabolio.

An 1mp11c1t flnlte dlfference formulatlon has been

: glven for the governlng differential equation, and has been |

' applled to the case of determlnxng the tran51ent. pressurej

profiles around a borehole in ‘a ‘gassy 3011. - Parametric

studies have allowed_ the - effect of wvarying initial

saturation, Henry“s constant, and gasvexsolution tonstant, E,

to be evaluated.

oy



- CHAPTER 8 - FLUID RESPONSE AROUND A

BOREHOLE OR SHAFT IN A GASSY SOIL

8 1 INTRODUCTION

Hav1ng developed a’ general one-dlmen31onal theory of
consolldatlon/gas exsolutlon (Chapter 7), it is desirable to
1nvestlgate further practlcal appllcatlons of gassy“soilv
.behaviour.‘vThe response of . the so1l around a borehole or
shaftfhasrbeen chosen,“because of -the relatiVe simplicity of .
the - bOundary}nconditions) ‘and‘_the ‘appllcablllty of _the

. analysis to a numberi of problems. . For‘ example,r the

conStruotiOne of a borehole or shaft will usually be

-accompanied by the establishment of trensient‘pore pressures,;-
The volume ' of fluid flowing into the’ shaft is ‘often
: oalculated on‘the basisvof‘the steady state pressure profile,
and ‘yet for a ‘gaSSy soil, " the. initial flow may be .much N
| higher, 'Depending_uponvthe amount of/gasiin solutldn, the.
" rate of exsolution, and the consolidationlcheracteristiossoff'
the soil,lhigher fluid pressures:and'hiéher fluid floﬁs may
be maintained for some time after construction._ Other flow-
related considerations, such .as the response of a borehole;
during a drlll stem test, or the bulldup of fluld pressure
against an 1mpermeable shaft llnlng w1th»t;me, can alsolbe
‘modelled using the general theorf;‘ The problem of'shaft wall -
stability, including the determination of.well‘closure (or

ground reaction curves) and standup time may be investigated

308
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using this theory, although as will be discussed later in the

chapter, there are. some practical limitations in  the
application of the theory at present.
- The- general insitu andtboundary conditions shown in

Table 7.1 and Flgures 7. l -2, as they descrlbe a borehole in a

gassy_ soxl, will be cons1dered - in _thls chapter. ~ The

behaviour predioted by the model‘is‘equaily applicable to a .

'shaft, except for the difference in scale}'(both in space and

"time). Impllcatlons with respect to 5011 behav1our around a

tunnel may also be made, but lt must be reallzed that. the"

v,

'fluid flow is in this case at leaSt'tWo—dimensional It willwﬁ

be assumed that ‘the constructlon of the borehole or shaft 1s.5”

‘very: qulck in relatlon to both the gas exsolutlon andh

consolldatlon prOCesses;vso”that‘the‘soil,behaviour Can be

modelled'in two steps:

(a) an 1mmed1ate and undralned response, which 1is due—

to a total stress change ‘at the wall of the shaft or

bOfEhOlEf and whlch results in both pore pressure and

'effectlve stress changes 1n the 5urround1ng SOll.

(b) a trans1ent response, yhlch 1s due both to a change
in boundary fiuid pressure'and to'the_change rn fluid
pressure dlscussed in (a).

This analysls thus differs from the One preSented

previously, 1n that at time t= 0, the pore fluld may be in a

disequilibrlum 'state with ' respect to dlssolved gas. '

!

Depending upon which transient prOCeSsrdominates, the pore

fluid pressure at a point in the soil away from the borehole



wall may ‘initiaiiy,~increase or decrease. Eventgally a

steady—state pressure proflle must be establlshed, butvthis
-WIll only occur after the gas exsolution process has ended.
Intermedlate fluld, preSSures may be much higher than
expected, and may p:eVaii'for extended.periods of time.

Consideration of the soil  behaviour will then be
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treated'"in this chapter, in three parts. Thé first partv

" deals w1th the immediate and undralned response of the soil

due to the constructlon of a shaft or borehole A further
- development of . theory 1is necessary, as in general the:

v5tré$ses a:bﬁnd.the shaft or bdrehOle'will be high enough to-

inddde failure. Stress changes and Qolume,chahges in the
.%ailed zone will thus be derived, and related to the change

‘in éo;e fluid pressure. For the purposes of the undralned

analysis, the’ soil will ﬁbe treated as"elaStic—perfectly-

plastic, with a non assoc1ated flow rule and; a Mohr—Coulomb

(c”=0) failure criterion. The second part of the chapter

‘-w111 deal w1th the tran51ent response of the soil, apd w1llv

i

i'vapply the theory developed in Chapter: 7. ' Flnally,:_the

stablllty,of the bofehole wall will be discussed. Grbund’

'reactiow curves will be derlved for the immediate and the .

o]

long-term, undralned cases, and will be examined for ~the ~

transient case.



8.2 IMMEDIATE AND UNDRAINED RESPONSE

The undrained behaviour of a gassy soil with an
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elastic constitutive relationship has been treated previously -

(Chapter 2). These ideas will here be extended to the case
of an élastic - perfectly plastic soil, speCifically for the

boundary conditions of a shaft. or tunnel behav1ng in a plane

straln manner.' The condition of plane strain rather than .

plane stress has been chosen for the vertical shaft because

it is  felt that- ‘this boundary condition is more

representative of behaviour at depth in a real. soil, and .

because the stress strain formulatlon is equally appllcable
to a shaft, or to a deeply buried tunnel. ‘ ‘ ‘
| It is ‘the intentl in thlS section to develop a
utheoretlcal model which will allow the predlctlon of the
undrained (e;ther,shprt or long'term) poredpressure.profile

around a shaft, given Ehe change in total stress at the shaft

wall., = It will be"necessfry to deuelop expressions for

3 : ? B v | ‘ .
stress, strain and wall displacement .The'derivaticns are
given in sections ‘_2 1 and 8.2.2. Section 8.2.3 will

1nd1cate how these are combined to predlct the pore pressure

‘.response.

‘The‘ derivation of the appropriate stress-strain

*reiationshipsA follows that of Guenot (l979l with two

‘important exceptions:
(a) The 1insitu state of stress isp considered to be

isotropic, i.e. o] = o§'= g§'=vgﬁ'=tj"= g .



(b) The failure criterion is for a cohesionless soil,

(c” = 0),

e.qg. T = o;“* tan ¢ ©

or f = o‘é —‘m* O;:Q : (8.1)
m = (l+sin¢” )/(1—81n¢ )

(see footnote )

8.2.1 Stresses

8.2.1.1 Stfesses in the elastic zone

‘The stresses around a hole in an ‘infinite elastic

medium, with g, = g, = o_ and a stress SE (footnote?) s on

the_insideiof the hole, may be found in any standard text,

(e.g} Jaeger & Cook, 1979) as:

o, - R°2/r"2 * (o_~- ¢

0§ = 9, +/R"2/r°2 * (o - op) S (8.2)

lThroughout‘this chapter it will be assumed that all stresses
are effective, unless otherwise denoted by a superscript "t",
~and .hence the prime notation will be dropped. . In general,
subscripts’ following a symbol will refer to dlrectlon, (e.g.
of stress or strain), and superscrlpts will refer to whether
the variable being described is "elastic" or "plastic", or
"effective™ or "total". In unusual circumstances, double
. subscripting is necessary - e.qg. (o ) refers to a radlal
} plastlc (effective) stress measured aE %

2The subscrlgt "T" refers to stresses actlng on the tunnel
wall, 1n this case an effectlve stress. _
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where

~
[

distance from centerline of shaft

ps)
1

. radius of hole

8.2.1.2 Stresses in the Plastic Zone

For an elastic-perfectly plastic medium, (8.2) will
apply as long aé £ = 05 " m*gt < 0. If f = 0, then a plastic
zone will begin to develop, first at the borehole yall, and
then grow@ng in size as O ié éecreased. ‘Withih the plaéti¢
zone (8.1) will apply. -

The stresses within the plastic zone may bé»défivéd by
vcombining,the yieid relationship (8.1) with the eéuilibrjum
équation: | |

Do./pr + l/r*Drer/Dav+ (cp — 0g)/t =0 ' ) (8;3),
‘to obtain: |
'lag = O *_(R/r)”(l;m)

B =m*oPamro, x (R/r)" (1-m) | (8.4)

P

8.2.1.3 Radius of the Plastic Zone
The radius of the plastic zone I is ' foupd by
recognizing that at r=I, gg = o?, 03 =m * g?, and "also that

oé+qr=‘2*owg Then:

I =R* (2¢0 /logp*{m+1}])"~(1/(m-11) .  (8.5)

e g o 5 e e MR

e R
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The stresses in the elastlc region around the plastlc
zone are given by (8. 2), using R=I, and o =(o )r=I‘

= g *(l I 2/r"2 * [m~l]/[m+l])

oo

=g *(l+I 2/r"2 * [m-1]/[m+1]) | (8.6)

8.2.1.4 StteSS'in the z-direction

- The stress in the z—dlrectlon may be obtalned by

con51der1ng the plane strain condltlon that €, = constant, or

that Asz = 0. Then in the elastlc zone:

. AOZ ,\)*(AC"f +Aoe) ] (8-"‘73)
and sihce B - | |
Aoy = =Ac
Ac, = 0, hence g g ~ (8.7b)

and
! Gr‘<-°z;< 0‘8'

- To develop the expression for Og, it is neéessary to consider
the strains in the Plastic zone, tP. A non-associated flow

‘rule is used of the form:

Q
™
| e
-
[}
(w)
Vo]
~N
]
Q
)
*
fo})
>
!
Q
@
|
o]
*
Q

r (8.8)

from:which

dsg + a*deg = 0, deg = 0 ‘ . (8.9a)
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if‘ the wunloading stress path 1is monotonic (no stress

reversals) , and is located along the failure envelope, then:

ag + u*eg = 0, ;g = 0 | | (8.9b)

For a change in stress AOT, the total strains:
- p
Aez + Aez = 0

but since Adg = 0, Asg = 0, and hence the changes in stress

in the plastic zone are still related through:

805 = v*(acP + a0®) = ur(me1) *acP (8.7¢)
The largest Stress changes wiil always be experienced at the
tunnel wall, (i.e. a point on the tunnel wall will be further
along the stkess"pathfthan any point with r S_R). ‘Thus for

r = R,

of = v*(m+1)*o,1; + (l=2*y)*g . (8.10)
and hence to maintgin:‘

'Gg =0,,

op < '[l\)*(m+l)*‘oT + (1-2%v)*c 1 < m*oq B (8.11)




A
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The left-hand inequality is satisfied for any m > 1 and
0 < v <0.5. The right-hand inequality, however, oplaces a

restriction on S that:
op 2 (l—2*v)*0m/[m~v*(m+1)] (8.12)

At the onset of failure, (i.e. at r = R = I), the radial

stress is:

(Op)par = 2 % 7w / (14m)

For O =(gr)r,1, equation 8.12 igé lways satisfied. If oo

drops below the 1limithing value: s

¥

?en in (8.12), then I,

7
a
e

.

becomes the major principal stre r the purposes of this

thesis, (8.12) will be observed.: The development of separate

“ plastic zones with 5, # 5, is discussed further in Florence &

Schwer (1978).

.8.2.2 Strains

‘The elastic strains in the Plastic zone may be

calcuiated_from:3

= (1+v)/E*0T*YR/r)“(l-m)*(i—V*[m+l])—V*€W

€ z

(8.13)

. - 5

DD M ~g

€

= (14v) /E*BT* (R/T) ™ (L=m) * (m-v* [m+1] ) -v*e

3In this section only, the normal solid mechanics formulation
for constitutive relationships will be adopted. However, the

- sign convention of compressive stress positive. will be

maintained, which infers thdt compressive strain will also be
positive. ' . : .

-



The plastic St:ains ins the plastic zone are found by
COmbining;(8.9b) with the éompé%ibility‘equation for total

strains:’

r*dee/dr + €g ~ €, = Q S _ ' | {8.14)
then: |
"% -P  . ~Px = —(r%x3.© e _._e
r dEG{%F + 25 (1+a) '(r deg/dr +‘€9, ep)
. - = Co*(R/r)"(1-m) - (B.15p)
where: "
Cp = = (m=1) *(m+1) * (1-v) * (1+V) ¥oq/E

-

The differential equation 8,15b_can be solved for eg, using

~

the boundary condition that ef = 0 at r = I to give:

,Eg = cz/(m+a) * (r/R)~(m-1) * {l—[I/r]A(m+Qy}f (8.16a)

and recbgnizing that I is-also a function of o

TI
ef = Ky* (Ryrop {0411 /(1-m]} - op) o (8.16b)
Kl = (m=1)*(m+1)*(1-v)/(m+a) * (L+v)/E *
~ (x/R)"(m-1)
K2 = (R/x)"(m+a) * (2%0w/[m+1])"~{ (m+a)/ (m-1)}

P = _, % -
el = ~a vg

317
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8.2.2.1 Strains & diéplaéements due to unloading

The caléUlation of ¢ r-and €5 in the elastic and
piasfic zones around the'boréhole or shaft ate'bf'inter§5t'
insofar aé they’allqw a,célCQIatiqn of“the displacément at
thé borehole wall»dug to'unloadiﬁg, Ug. qu,4con§idet a
stfainAa‘, which is that amount of strain due to unloadihg
only. The ‘initial stress condition was éiven préviously’as‘
_0H1=0H2=0V=qm,' and - hence the ‘iniéiai_ strains}ﬂih all

directions are: = - -
aé =‘eé = ¢ = g * (1-2*v) / E
Therefore,

- P 4 e-ci
heg Teg T eg 7 g

= ?S‘J_*:(KZ*OTA{ [a+l.]/[l—m] }':OT) +

‘ ;kl+v)/E;oT*(R/r)“(l—m)*[m-v*(m+13].—,"
(149) * (1-2%y) * g, /B _ (8.21a)

v

Recognizing from the definition of tangential strain that:
= 1/r * (U + DV/D§)
and since DV/D¢ = 0,

£g= Q/t, "o; U=r * g4
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The displacement at the tuhnel kall, UR' due to unloading,

may then be expressed as:

= R* (140)/E * {(m=1) *(m+l) * (1-y) /(mba) *
[(2%0,,/ (m+1)) ~((mha) / (m=1) ) %o " ((@+1) / (1-m) ) =]

+0Ti[m1v#(m+l)];(l—2$V)*Om}f> - (8}21b)

.+°8.2.2.2 Volumetric strains

 The calcﬁlatibn7'of €, aﬁd'Ea ~also allows the
computation of"thé vdluﬁg;fic,strainIEQ, Qﬁich may be uSéd‘in

 the determination of the fluid pfessure response arédnd»the
bofgﬁole,' | . o

:Since Asz =0,

el

Aegy = beyp + Aey ' S ! (8.17a)

“But in the elastic’zOne; Aé; = ;Agel so éhat: E .
bey =0 .  (8.17b)

In computing strains,‘ then, and particularly in computing

volumetrie strain, iﬁ“is useful to redefine Ae as that amount

of straﬂn which ha&,occurred since the onset of fallure at S

- i the borehole opp shaft wall. Then,

s . ' %
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1

ne = o€ P -

) €5 * 3 ’(' )at onset of failure

) _. e ,.p _ e ! -
Aeg = e+ ep - (e) (8.18a).

at onset of fallure

and

i
L

beg = (1+v>/E*{o o* (R/T)" (1—m)*<m-v*[m+ll>} +

Ky [Ry*op ([a+11/[1—m1)-o b -
(l+v)/E*{o *(l ~2*y+R"2/r" 2) -R"2/r"2% (2*¢ /[m+l])}

Iy

Ae, = (1+v)/E*{aT*(nﬁ%;;Q1rm)*(1-v*[m+1])} -

VRN L ("

S a¥Kgs {Kz*OT (la+1]1/[1-n] -0} - |
(l+v)/E* g *(1 2*V—R 2/r 2)+R 2/r 2*(2*6 /[m+l])}

-

dey = (L4y) JE* (1=2%y) *{ (m+l) *gp* (/R) “(m-1)=2%g_} +
(}—a)*Kl*{Kz*oTA([qfli/[i-m])-gT} ,»,‘:  (a.lsb),

first .term' in the exéfession for Af‘ is the elastlc,
”brtlon and the second term is the plasth portlon. Thus 1t‘
«>sﬁclear.thatvfox v=0.5, AC = 0, anderrva=1, Ag€-=<0, which
is‘to be expécted. vFor v # 0.5, q”f-l, andiusing'the limit
that -

Op < 2%0,/(mbl) (8.19)

for a plastic zone to #xist, it can be shown that:

v

(a) for am =‘2*om/(m+1) and r=R,

or for r=1I, (or = 2*om/[m¥l]),

de, = O, and



(b) for gp < Z*Gw/fm+i)'ahd r < I,

Ae,, < 0

(whlch is expan51ve, using the SOlld
mechanlcs 51gn conventlon)

8.2, 3 Undralned, 1mmed1ate pressure response

In Chapter 2,

£A

a derlvatlon of the undralned pressure
response of a gassy’ 5011 was presented

constltutlve relatlonshlp,

using an
S 2. lSc)’

(equations 2 10, '2.8b,

~elast1c
2. 15c can be modified‘ for

2.14c and
Equation an elastic
perfectly- plastlc soil by malntalnlng the expre551on for AV

in the form (now usxng the conventlon that AVT 9031t1ve 15 an
increase in volume)

, IR |
By = vy e, o SRR A
- and using . (8.18b) for

.
volumetric

strains,
solution for Au (2.15b) becomes:

" s0 that \ the

A*Au2 +B*bu+C=0 (8.20)
A =n * g5 * 3 ,
B =n * (8;%S*Py + 1 - S + S*H) - ¢

v
v
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The immediate undrained pore pressure,tesponse'is calculated
with H=0. °~ If H#0, -however, (8.20) may 'élso be »nsed ‘to

predict  the equilibrium (long term) response in an elastic-
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perfectly plastic medium. ~ Unfortunately, the ‘transient

analysis described in the following section will not converge_

on this equilibrium response because the eiastic;perfectly
plastic constitutive relationship cannot be incorporated into

the consolidatidn/gas exsolutionfmodel, (see section 7.1).

8.3 ANALYSIS OF THE TRANSIENT FLUID PRESSURE PROFILE

Eight analyses were performed on ‘a borehole of 0.1m

'dlameter, us;ng the’ ;nput variables listed in Tables 8.1 and

8.2.

Undrained response
The borehole is first unloaded in the immediate and
'undralned mode by decrea51ng the total stress at the borehole

fwall, and applylng equatlons 8.18b and 8.20 to calculate the

. po:e fluld response. It is clear.‘from ‘(8.4), (8.5), and -

'(8,18b)bthat_once the effective stress at the tunnel wall,

;UT' is known, the radius of the plastic zone I, the stress

distribition o?(r)'and‘cg(r), and ultimately the volumetric

straln Aa (r) are all knewn.v_But since _ev)r =R determlnes

the pore flu1& response at R, and hence lndlrectly Trp the

~solution fOf OT 1s lteratlve A flow chart Lllustratlng the

iteration technique for Aey, is giveh in Figure 8.1.
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TABLE 8.1

INPUT PARAMETERS COMMON TO ALL o .
- . BOREHOLE ANALYSES’ L e

o = 1100 KPa

Ui = 900 KPa

: - Y
No. of F.D. Points = 191 - ‘
_Miﬁimumvradius ,_'= 0.1 meters.
Maximum raﬁius = (0.48 meters
Maximum time =:10,000 sec. (2.8 hours).
Time Step o = 20 sec. ‘ i
Bw. . ' - = 4.5 E-7 kpa !
E_ = 240,000 Kpa
young o ‘ ‘
oo | © =0.3 o o o
X o = 37
Kk v = 10E-10 m/sec. L -
e, S =0.47
i- » ,
E ' = 2,0E-5 sec.
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T
Op

Input values of gw, u. &
‘ ’ o .1

A

Caléulatebcgiat onset of failure
of = 2%0w/(m+l)
Estimate d =oT -u,
T =% T 74

YTS ,
Calculate Aey (8.18 b)
‘ ~and Au (8.20)

.at r=R

Y
uf:ui+Aui‘

Adjust
, o

Yes

;Calculate I, and
Aey; & Au throughout
' plastic zone

\

Proceed to transient'
analysis

Figure 8;1-—.Flow Chart for

iterative solution on 0T9<
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- Transient response

Once the undrained pressure profile is obtained the
fluid pressure at the tunnel- wall is modified to its long
term value and then the tran51ent analy51s is started. It is

generally assumed that U is slightly less than o7 i.e. that

T'
a Small»cT is necessary to prevent tunnel collapse.

As has been discussed previously, (Chapter 7)), the
-consolidatlon/gas exsolution theory of necessity assumes a
linear elastic constltutlve relationship for the soil.  The
trahsient‘ analysis cannot (at ﬁresentx incorporate the
perfectly plastic soil behauiour; For those areas around the
tunnel where consolidation predomihates, this 1is a good
model, since Athé éorevdpressure" is decreasing ’and the
effective stresses 'increasiud (isotropically). The stress
path moves away froﬁ; the failure envelopevvand the
elastic-perfectly plastic model.predicts elastic behavibur,

" (Figure 8.2). The opposing - contributions of the gas
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exsolution and consolidation processes are properly accounted e

i

for, since the volume increase due to gas exsolution, Vfgr
is independent of constitutive law, and the volumerdecrease
‘due to decreasing fluid pressurevls‘modelled correctly with
the elastic relationships. )

For those -areas _where gas 'exsoluticu ipredominates,
however; the contribution of the soil skeleton cannot be
properly predicted (using the .present' transient kmodel).

Increasing pore pressures. and thus decreasing effective

stresses require the stress path to move along the failure



2000

1600 [~

-

Elastic unloading /////

'STRESS (KPa)

1200 F N
P e Effective stress
'at>failure

Perfectly plastic loading

Consolidafigilstress path

400 ;(/ Modelled gas exsolutioh stress path
Propexr”gas exsolution stress path

’I'ANGENI‘IAL

0o 400 800 - 1200 1600

RADIAL STRESS (KPa)

Figure 8.2 - Stress path for point on borehole wall during

unloading
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envelope, whereas the elastic model causes the Staess‘path to
move parallel to the 01=0,=03 axis and thus beyond the
failure‘envelope. The model is limited in this manner at
present, Incidentally, a correct model for the soil

behaviour' would also have to account for some stress

redistribution. The stress path must lie along the failure

rl

-
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envelope, Witthoe = m*o _, and yet the dr1v1ng mechanism is .

an increase in u whlch implies ac = Ac
The stress paths followed during the immediate and
transient respohses are illustrated in Figure 8.2.

Parametric Analyses

Y

Plots‘of - pore flu1d pressure vs distance from. the

borehole centerllne, (for t=0,720, 1000, 2000, 3000 0000

seconds), for the analyses described in Table 8'2 are ivcated
in Figures 8.3-8.10. These are arranged to lllustrate the

1nfluence of decrea51ng initial saturation (F;gure3v8.3-.5),

decreasxng._total 'stress in the borehole (Figures >8.3;'

8.6-.7), decreasing H (Figures 8.7-.8), ‘decreasing Pi/g

(Figures 8.7 and 8.9), and increasing o (Flgures 8.7 and
8.10). A perusal of these' figures proves to be very
orofltable and indicates some 1nterest1ng results:

(a) It is pos51ble for the undralned unloadlng phase to

reduce pore pressures near the borehole wall to valueS"'

_below the actual fluid pressure 1n31de the borehole.,

This area then experlences an increase in pressure due

‘to both gas.exsolutlon and swelling. The processes are
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here worklng in tandem rather than 0@3051ng each other,
A

(e g Flgures 8.3 and 8 4)
(b) The size of the inltial plastigylzone may be
increased by:

(i) deéreasing_S.,

(ii) decreasing the total stréss at. the tunnel
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-wall,.cg. Note that even for values of O as'v

low as ZS»KPa,»the size of the plastic zone
is still relatively small, (I/R = 2.57).
(iii) decreasing a.

(c) With an increase in size of the plastlc zone, it is

p0551b1e for the pore pressures near the borehole wall)

to decrease so substantlally, that for a short period
‘oﬁ-time gas exsolution predominates. ThlS behaviour is

:seen in Flgure 8.7, where, between 0.- and 0.25 m, the

pore pressures increase for the flrst 3 4000 seconds,

and then decrease, whereas for r > 0.25 m the pressures

N @3

are continually decrea51ng. The‘extentfand duration of

this behaviour i also determlned @%ﬁ the relative

magnltudes of the gas exsolutlon and consolldatlon
parameters. | 7

. . T
(d) A decrease in H is seen to have a similar effect to
a decrbase in E (compare FiguresAS;B & 8.7), i.e.bthat

the consolidation process is more dominant.

~ (e) A decrease in Pl/g (Figure 8.9) is;accompanied‘by~

the formation of a zone where P > Pl/g' (r>0.2m). In

this hone, only the consolidation process is operative,
[ ) ) . .

/
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and consequently the - fluid ' pressures are ‘rapidly

depleted. Where P < Pl/g (r<0.2m) the gas exsolution,

,process 1s’also operatlve and the pore pressures are

1n1t1ally 1ncreased and then malntalned at a relatlvely'

'hlgh level, (compare Flgure 8.9 w1th 8.7).
(f) For analyses Nos. 3 - (Flgures 8 5 el .10),

continued gas exsolutlon led to fluid saturatlons less

than 0.85m near the borehole. This value had been.

)
L]

chosen as the threshold at which the gas phase becomes

-continuous, and after whlch the. gas exsolutlon process

is disabled. The size of the "contlnuous gas" ”zone for'

the’variousfanalyses is shown in the last column of

‘Table 8.2. A close examlnatlon of Figures 8.4 and 8.5

5 »will‘disclose a wider spacihg of the pressure profiles
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at 0.1 < r < 0.2 in Figure 8.5 after £ = 2000 seconds.

This is due to the fact,that the gas phase has become
continuous, and thus free draining The gas exsolutlon
—process was’ dlsabled in the analysls, and the pressures

near the borehole- wall decreased more rapldly

8.4 IMPLICATIONS OF . THE TRANSIENT ANALYSES

o The lnclu31on of gas exsolutlon in the analysis of the

tran51ent behaviour of soils. ‘has resulted in ~several

important 'changes in the expected,dpressure 'performance.
- B
Where the two . tran31ent processes oppose each other, pore

“fluid pressures may: - !



g
(a) decrease much more slowly than would be predicted

from a normal consolldatlon analysis, ‘and malntaln near

L

‘insitu values for prolOnged perlods.

ffa large solublllty dlsequlllbrlum 1n the pore fluid or

-
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' (b) cause ‘@ temporary increase in. pore pressures due to

a hlgh gas exsolution parameter E. For the case of a

lborenole, shaft, or tunnel, - thlsk me;ng/,that an
intermediate pressure distribution»may pré¢ve to be the

worst from a stability point of’view. ‘A consideration

of the ‘immediate,-undrained, and the steady-state

'responsesp‘,only is = insufficient for  stability.

evaluation.

This 11ne of reasonlng is just ‘as appllcable to other

problems 1nvolv1ng the unloadlng of a sorl mass, such as the
excavation of.an area for a foundation to a structure, or¢the

cutting d of a Slope. Dependlng | upen the ‘relative

contrihutionsﬁ'of»-consolldatlon and ‘gas exsolution,‘ an
Aintermediate.pressure profile may be the more critical design

¥

parameter,

" 8.5 GROUND REACTION CURVES §_STAND-UP TIMES
6 .

A ground reactlon curve ' is .a graphlcal method. of

lllustratlng the response of a tunnel wall to’ changes in ltS'

lnternal, or support, pressure. More prec;sely,'lt is a plot

(or determ1nat10n)~of_the functional relationship between the

support pressure and the wall displacement, ' U

rR- The ground
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reaction curve has also been referred to as the "tunnel

closure" curve, and the "convergence" curve. Ground reaction -

'curves'are‘useful’in the design of shafts or tunnels, in

determining the wall stability and standup time. Combined

with‘the-support-reactiqn curve (or "confinement" curve) for -

the tunnel lining or”suppozt system, and with information on

‘construction method. and sequence, -support pressures may be

"determined. The application of this design method to tunnels

in oilsand is discussed by Smith & Byrne (1980).

.Smith & Byrne distinguish'between shqrt ‘and long term-

convergenceucurvés,'stating that” these "will be a function of
Meny factors which will change ‘with' time and which must be
- evaluated for partiddla: situations. ...

(a) Time dependent stréins (éreep).-

p

e

(b) Changes in pore fluid pressure.

"(c) Changes in ground:témperature." A

The concepts involved in ground -and Support reaction curves

‘are illustrated in Fiqure 8.11, which is ékt:acted from Smith

& Byrne”s (1980) paper.

This section will focus mainly on.the second factor, a

change in pore fluid pressure, and will not deal with either

“item (a) or item (¢). Ajdisﬁinction must also be made, when

using the term "support" preSSufe, between an effective

stress or a total stress applied at the”tunnel'wall. This 1is

discussed further below with ‘the consideration of boundary

drainage conditions.
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8.5.1 D;ained, or undrained?

| Byfne et.a1, (1980) discuss®®he development of a two
dimensional finite element program (OILSTRESS), which
‘incprporates” a non-linear constitutive law, a non-linear
,failure,criterion; and shear dilatancy to model the behaviour
of oilsand. Their anaIYSis also includes the effects of

dissolved gas, but in a limited manner, in that the

exsolution process is considered to be instantaneous. . The

consideration of fluid drainage is also simplified to the

totally dreined or totallyf%ndrained boundary condition.

If the ~t§tally ‘drained }bbuhdary cqndition' is used,
then the présence of gas iﬁ the pore fluids is superfluous to
the dete;minatioh of the stress distribution: areund-‘tbe

tunnel, (although it will have a marked effectlon'the volumes

of gas and liquid draining into the tunnel or shaft). The

support pressure will be an effective stress acting on the

tunnel wall. In addition, if the unloading sequence 1is

monotonic,"and the strength of the material is not time

dependent, then there will exist only one ground reaCtion»

- curve, For .the elastic-perfectly plastic model of soil
behayiour used herein, this curve is defined by equation
~ 8.21b, and illustrated in Figure 8.12. |

| The totally undrained  boundary vvcbndition can
realieticaily still be subdivided further into immediate ana

long term responses, corresponding to no .gas exsolution -and

complete gas exsolution. This is a distinction not made by

Byrne et.al. (1980). By Consideringlthe exsolution process
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tolbe instantaneous, they have effecﬁively éoMprgssed the two
subdivisions‘into one. |

The derivation of the theoretical relatibhéhips for
the undrained behaviour was presented previously (Section 8.2
for a linear elastic—perfectly plastiC»soil; with a lineaf
‘failure envelope). Equation 8.20, used in conjunction with
équation 8.18b, allows. a calculation of the undrained
presshre 'profiie; The immediaté case is obtained using

H = 0, and the long term case with H#O0.
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The undrained, long term response is one that assumes

no drainage not only at the shaft boundary, but also.

throughout‘the soil mass éurrounding the shaft. Practically

speaking, this situation is attainable if the gas exsolution

process is.‘seve:al orders of magnitude quicker than the

conéoiidation process. ‘

pr the cdmpletely undrained bogndary condition,'the
suppo:tvpressure ié‘a total stress. Tabie 8.3 and Eigure
8.13 illustraté the ground reaction curves of a shaft‘in a
géssy .so0il fér . the immediate gnarained, and long term
undrained cases. |

At the end of the undrained, long.term»example, all of

'_the gas has exsolved from the pore £luid, but no movement of

fluid has occurred anywhere in the soil profile.' In both

cases, the pore pressure profile on a radial line away from
the tunnel is a non-equilibrium profile, and given sufficient
time, these pore pressu:es‘must,equalizé, even if the shaft

"wall is maintained as a no flow boundary condition,



| TABLE 8.3
UNDRAINED GROUND REACTION CURVES FOR A BOREHOLE
IN A GASSY SOIL (R = 0.1 m, o, = 2000 KPa, u, = 900 KPa)
TOTAL U(r=R) EFFEC. WALL  U(r=R) EFFEC. WALL
SUPPORT (KPa) SUPP. DISP.  (KPa) SUPP. DISP.
PRESS . PRESS. (CM) PRESS. (CM)
(KPa) {KrPa) (KPa)
= H = 0.86 ; .

1300 864 426 .0366 896 417 .0371
1200 789 399 .0385 878 333 .0459
1100 719 372 .0409 . 856 254 .0638
1000 648 342 .0446 825 184 .0993

900 581 312 .0494

800 513 - 280 L0563

700 447 248 .0658

600 380 215 .0799
500 317 184 .0993 i
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It is apparent from fable 8.3 that the ground reaction
curves for’ the undrained analyses are derived Erom"ﬁhe
drained ground reaction curve, and thus th& curves shown‘in
Figure 8.13‘are coincidental with tﬁe curve in Figure 8,12
when plotted with an "effective"™ support pressﬁre. d

Because of the model of soil behévipur adopted,
(c”=0), both the fully drained (Figure 8.12) and undrained
(Figure 8.13) _grouna reaetion curves indieate an unstable

wall at zero support pressure}

8.5.2 Time—dependent’ground reaction curves

The time-dependent nature of the ground reaction

~curves can only be properly modelled When one recognizes both
the drainage of fluid.end-the exsoldtion of gas as transient
processes. The'difficulty inherent in such a model may be
appreeiated by cbneidering the possiele categories‘of pore

pressure response with time:

- (a) If the consolidation process is more dominant than

the gas exsolution process, then it is‘likely that for
most "of the profile the pore pressures w1ll decrease.
This type of behav1our is 1llustrated in Flgure 8 g.4
If the pore pressures are decrea51ng, then the
effective stresses are increasing, iSOtropically, and

the stress path for any element of soil is moving: away

4Notice, however, that there is still a small zone near the
borehole wall  where pore pressures are temporarily
increasing. The size of this zone wlll be decreased by lower
values of either H or E.

L 4
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from the failure envelqpe, (Figure 8.2, "consolidation
stress path"). The bogépple wall wighl thenjexperience
a small elastic outward hovemept and the stability bf
the wall will inc§§ase.
(b) If the gas exsolutioﬁ process predominates, then
the opposite is true. Pore pressurés near the tunnel
wall inérease drastically, possibly for oné to.several
tunnel rsdii,‘ which forces a decrease of effective
. : : ,

stress and a loss of wall stability, (Figure 8.2, "gas

exsolution stress path").

The aifffcuigy arises 15 calculatlng just wﬁat the
volume changes and shaft wall displacements would be. Such a
calculation is beyond the capabilities of the present model;
because the AsSnSOIidstion/gas exsolution theory A only

lncorporates a llnear constitutive relatlonshlp for the 5011.

The problems assoc1ated w1th the ‘use of a more realistic

@

.stress-strain Law have been discussed previously

Predlctlons of tranSLent ground redction curves must await

v

the development of a more lnternally consistent

| consolidation/gas exsolution theory.
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¥ﬁ8.6/SUMMARY

.
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ThlS chapter has investlgated the appllcatlon of the

general/ﬂone-dlmen51ona1 consolldatlon/gas exsolutlon theory

to the problem of a borehole or: shaft in a gassy soll. It

) bas been p0551b1e to formulate the undralned (1mmed1ate or’

’long term),;luld pressure response for an elastlc-perfectly

- plastic soil, and to determine the wall stabilxty in the

\ undrained case. An approxlmate method of establlshlng the

tranSLent fluid pressure proflles has also been presented

I

but 1t has not been p0551ble to extend the theory to an

assessment of the tran31ent ground reactlon curves 1n more

-than a qualltatlve manner.



CHAPTER 9 - SUMMARY & CONCLUSIONS

9.1 GENERAL ' - , |
It is the intent of this chapter' to summarize the
highlights'of.this research work, and point out those areas‘

where further investigation seems warranted ThlS dlscu551om? o
. : '\\,“

is meant to focus on those aspects of the work that havé“mad?&z i,
-a unlque contrlbutlon ‘to our understandlng gf the behav1our

of gassy 50115 |

9.2 RESTATEMENT OF OBJECTIVES =~ - o h

Lt;has'been the purpose of 'this thesis ta examine and

~discuss the meohahicswof gassy soils.- GaSsy soil behaviour

has been davideﬂftyf ;. convenlence, into btwo gfougs, ”
equ llbrlun and non-— equlllbtlu@ h Both groups 'of behaviour

have been~ examined in the laboratory and been given
theoretioal conSidetation, and the resulting hypotheses have
been applied to field.problems.

o

9.3 HIGHLIGHTS OF THE RESEARCH . \
. ‘
(a) Based upon the obsefved equlllbrlum behav1our
of unsaturated soils, a dlst;nctlon .1s made between' the

“classical" unsaturated soil, and a gassy ' soil. The‘latter‘

. is characterlzed by a low hydraullc conduct1v1ty and a large-

volume of gas in, the pore. fluld
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(b) - Two.transient processeSvare identified which

A} |

1
contrlbute SLgnlflcantly to the behav1our of a gassy SOll

One 1s consolldatlon, ‘which is well understood and has been
modelled in the past. The other 1s gas exsolutlon, which is
deflned, in a mmcroscoplc sense, as the ability of gas to

- move into or out of SOluthn in the pore llqulds. Because of

the magnltude of the effects assoc1ated with gas exsolutlon,

the‘ exsolution .proceSs_ becomes‘ an ‘additional/ identifying

/
/

characteristic of gassy soils. ' o/

e

>exists, which has beenvapplied to unsaturated}soiis to model
behavieu:. The application of such a modeﬂ?to‘an element of
gassy soil, which is unleadedp with an undrained boundary
condition, Yieidsean ﬁnusualﬂpgedfction;qf,behaviour:
(1) As/,the total st;ess >on the element boundary
“’reaches the llquld/gas saturatlon pressure. Further
‘decreases in tptal stress result in the pxoductibn of
A gas in the pore space, an inq:easeAin element voluhe
and ‘a nearly constant pore pressufe.
(ii) The pore pressure remains at a value near the
liquid/gas saturét%on pressure, and only begins to
decrease when the effective stress in the sample

approaches zero. ¥

(I ‘A.theory‘chbining dele’s andeenrY’s laws

.decreases, the pore pressure decreases until it

34
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- « o
(iii) The pore pressure parameter B for this same

348

_‘stress range starts at a value close to 1, decreases'

to a value near 0, and then increases back to l when

the effective stress in the Sample approaches 0.

(d) The behav1our predlcted above for a gassy soil

was verlfled by laboratory tests. pAs a consequence of the

testlng‘program, several testlng techniques were developeo:

(i) The use of CO, to displace air in partly

‘saturated samples,’which.then saturated under a back

- pressure very qgickly.

(ii) The  usgkef direct contact LVDTS and a

specially developed

-6

‘measure . stralns to accuracy of + 1 *10 ~.

‘(111) The use o

6

by glyéerln (as @ cell fluid) to limit diffusion o%

'gas from the s mple, but'still permit accurate strain

readlngs and large sample deformations.

(1v) ~ The use of bare-wire seals to prevent leakaée
of the cell £§u1d through the electrlcal fittings 1in
the cell base. | B .

(e) | The_theoretlcal predictibns and'experimental

observations ‘have both demonstrated  the ex1stence and

1mportance of the llquld/gas saturatlon pressure,.Pl/g.

(f)ww. The - laboratory tests on undralned samples of

dJateral displacement monitor to

a double latex membrane surrounded

gassy soil all portrayed a typlcal tran51ent ‘Pore pressure'

‘requnse.' Upon a step decrease in total stress, the pore
‘ - ) : ; .

pressure initially decreaseé, exhibiting B-values,of close to
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or somewhat ' less rhan 1, ’deéending on the saturation. .
Decreasing 'pore  pressure causedr rhe pore fluid to ‘begeme
sdper¥saturered with' gas. As ehe gas exsolred,« the pore
pressure increased. The rare of increase was initiaily high,
_but decreased to zero as the flu;d pressure became asymptotlc

to some maximum value. For soils of low compre531b111ty, the

maximum value of thevpore pressure was only sllghtly less

A
i
St

than the liquid/gas saturation pressure.
- (9) The maximum value of pore pressufe obtained in

any one" }se #f an undrained unjoading test could best be

\determlned by flttlng a curve to the experlmental data which

had the form- | . ' o d' - | 7'¢

Wi
+

=t / et A{T'

.(u,—‘umith/ (B - Umin!

,
\

(h) . 1t was found that the volume change Vs tlme
' \ -

response of a gassy soil durlng a psuedo-drained test could

be mgdelléd by..a relationship similar to the one mentioned -

3

above:
‘V=Vl+(V2—Vl)*t/(t+A)

However, this relationship proved to be cumbersome to work
with (theoretically). A slightly less "accurate" equation:

v =v.v2 -V, - Vi)f*‘exp(fa * )

-~
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was preferred, because its dlfferentral w1th respect to time

- could be wrltten in a form that did not contain t expllc1tly g&

§

DV/Dt = E * (v, - V)

These two equations then formed the basis for a macrOSCOpic'

theory of gas exsolution.

(i) The microscopic processes of
‘bubble nucleation yere examined and mod &% . k thdt
theoretical relatlonshlps fQr both borge ' Yremarkable

resemblance in: form to the tw Efler equations. Although it

i 5
was not certain that the~i$ﬁ ,»;+processes were the sole

observed gas exsolution behav1our.

(3) 4 As an offshoot of' (1), the concept . of
1nterfac1al tens1on was examined and f%§a§ to have a viable
appllcatlon to the problem of occluded gas bubbles. This was

Y

contrary to recently publlshgd‘ information  in the

geotechnical literature.

E,
T

(k) . The macroscopic, theory of gas exsolutlon
derlved for the dralned ~case was further developed for the
undralned case. The resultlng model was found to predict the ‘
observed transient pore pressure behqv1our extremely well,

The model allowed an assessment to be made of the relative

" impor tance of such @arameters as 1n1t1al saturatlon, Henry s

constant, and the gas exsolutlon parameter E.

-
o
¢



(1) The gas exsolution parameter E was found to be

dependent/upon'the,initial gas saturation, (1-8). Tpis'was

attributed to the effect of an increaseé number of gas
. /

bubbles in the soil element.

(m) Using an elastic constitutive-relaéioﬁship, the
vCOBSOlldgtlon and gas exsolutlon Réocesses were comblned into
‘one general theory of tran51ent soil behaviour.  The
resulting oifferential equation. was non—lihear,'é&e to the
presence of.the'free gas compressibility term.‘ It was solved
using an implicit finite difference schemeQ}‘

. ‘:@&)c The problem of gassy Soii g@haviour around a
borehole or shaft_due-to a decreasing»poreéfluié'pressure at
‘the shaft wall was examined. In comparlson ‘to  the
consolldatlon only solutlon, the pore pressures for thg' assy
case were seen to decrease much more slowly. ngh vpore
pressures ‘were encouraged by low values of ‘the_;initial
saturatlon, or high value of H or E. - -«

(o) Further responses of a gassy soil'arouﬁﬁ’a

shaft due to total stress unloading at the shaft wall were
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examined. Both the immediate Soil response and the transient

response were mooelled. In the former case, an elastic -
perfectlyiplastic model of soil bepavioﬁr was used. In the
latter case, the model ,wasw restricted to an elasgic
constitutive, relationship, which was: safficient for those
ana;yses\whereuthe‘consolidation process dominated the soil

behaviour,



{p) - A parametric analysis of the shaft problem
indicated that:
(i) It was possible for pore pressurés near the shaft

wall to increase in the short term due to .a

.
predominance of the gas exsolutﬁfn process.
. ' ‘ .
(ii) The size of this zéne was influenced by Henry“s
-y . .~ constant, the gas exsolution parameter E, and the
liquid/gas saturation pressure P .
R ST Gas exsolution may lead to the formation of a

zone of continuous gas near the tunnel wall. = This

*

introduces two-phase fluid flow into Ehe problem,

which was incorporated in ‘the model in an approximate

" manner.  The pérmeability of the soil! to gas was

. : } ‘
assumed to be much higher than that for the water, so
that  gas pressures were ‘relieved almost
instantaneously.

(q) The behaviour of the . : t wall was examined in

light of the "ground reaction cu:ve" concept. It was
possibie to develop ground reaction curves for both the short

and long term undrained cases. The latter case was the least
. _ - o o : Sk
stable. Ground_reaction curves for the transient case were

-~

not deveibped due to the present 1limitations of the

consolidation/gas exsolution theory.
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9.4 SUGGESTIONS FOR FURTHER RESEARCH
(a) It was apparent to the author, after some time,

that the development Gf a general' model of gas exsolution

would have to be based on observed data and indirect

¢

theoretical inferences. This was due to the "immature"
development of the'theory for the gas sorption process, and
the near total.ignorance with regard to bubble nucleation in
eoils. It is believed that a'major step in modelling gas
exsolutlon 1n é01ls has been taken, in that an hypothe31s
descrlblng observed behav1our has been formulated. However,
much like the deVQLopment of the effective stress equatlon,
there is almost unilmlted potential for research to increase
our understanding of the fundamental processes. It is
suggeeted thae work should be pursued in studying the role of
bubble nucleation in.Soils. This is a vast topic, one th%t
could comfortably achﬁgdate the work of several researcher;,
,boﬁh in the experimental and the theoretical arenas;
| (b) Further work could elso be directed to fhe lesé

criticaldareas of:

(i) improvinq the model of gas sorption in soils.

(ii) identifying other transient pfocesses

contributing to-uges exsolution ' at Ehe( microcsopic

level.

(iii)  developing a'theo;y of gas exsolution from the

microScopic processes, rather than directly from the

observed behaviour.
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(c) The other major area of the thesis which needs
further development is the ‘qﬁestion of formulating a
consolidat;on - gas éxsolution‘thory which incorporates a
moré reali%tic model of soil behaviour. The elastic -
perfect}y klastic model seems to contain some inherent

: b .
disadvantages, and it may be that a non-linear elastic

constitutiv relationship could be more effectively used.

|
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. APPENDIX A

- GAS EXSOLUTiON IN AN "UNDRAINED ELEMENT OF SOIL

. COMPUTER PROGRAM

100: "B":USING:INPUT "POROSITY (3)=";N, "SATURATION(%)—" S:

. N=N/100:S=S/100 ‘
110: INPUT "HENRYS CONSTANT(CC/CC)=",H, "COMPRESS INDEX=",W
120: INPUT "INITIAL PP (KPA)=",U: E N/(l N):P=U+101.33:L=0
130: INPUT "INIT.TOT:STRESS(KPA)=",T, "DEL.TOTAL STRESS (KPAY«-
, . ", X:X==-ABS (X) : _

132: INPUT "BUBBLE PRESS(KPA)—"
135: Q=0:Y=4.5E-7
136: IF T>0 GOTO 140
137: Z=W: GOSUB 500: GOTO 210
140: R=T-U .
142: PRINT "EFF.STRESS="
143: IF R>ABS(X) GOTO 145
144: INPUT "DEL.TOT.STRESS (KPA)=",X: X——ABS(X)
145: 2=W*LOG(1l+.1*X/R)/(1+E)/.1/X - -
150: GOSUB 500 . .
160: O=X-U:D=W*LOG (1+0/R)/(1+E) /O: M=ABS (Z/D-1)
170: -IF M<=.05 GOTO 200
180: z<m GOTO 150
200: IF L=1 GOTO 250
205: IF H=0 GOTO 250
210: Q=H:L=1:G=U/X:PRINT "SHORT DELU=", U: PRINT "B—" G
211: IF T>0 GOTO 145
212: GOSUB 500
250: L=0:G=U/X:PRINT "LONG DELU—" U:PRINT "B=",G
- 260: P=P+U:U=P-~101.33:T=T+X }
261: IF T>0 LET F=E+W*LOG (R/(R+0))
2¢2: IF T<=0.LET F=E-(l1+4E) *W*O
270: .S=S/(1+(F-E) /E) :E=F:N=E/ (14+E) : Q=0
280: 'GOTOC 136
500: A=Z+N*S*Y:B=Z* (P~ X)+N*(Y*S*D+l s+s*Q)~c——z*x*p
501: IF I=0 GOTO %l0
"502: IF L=0 GOTO 510
503:° C=C+N*P* (1~ S)+N*S*Q*(P I-101.33)
510: J={(B*B-4*A*C) :U=(-B+J)/ (2*A) :V=(-B~- J)/ 2*37)
520: IF V>=X GOTO 550
530: RETURN ,
550: ‘PAUSE "TWO SOLUTIONS FOR DELU" :U=V:RETURN
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'-VARIABLES USED IN PROGRAM ;

Parameter A in quadratlc solution for Au

“Parameter B "

Parameter C in
New value of compressibility BT

Void ratio

New: void ratio

"B" parameter, Au/Ac

Henry's constant _ :

Bubble pressure. (If D=0, assume equilibrium at start)
Counter

Check value for tolerance for iterative solutlon on Au.
Por051ty

Change in effectlve stress, X-U

Pore pressure (absolute)

Current value of H

Effective stress

Saturation . :

Total stress. Also indicator for wWw. If T>0, W=CC

If T=0, W—B : '

On 1nput U is gauge pore pressure. o
Later, U is the change in pore pressure.

.Alternate solution for change in pore pressure

Compression index or compre551b111ty, depending on
value of T

Change in total: stress

Compressibility of water

0ld value of compressibility
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'PLOTS FOR GAS DIFFUSION |
THROUGH SAMPLE MEMBRANE
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ISOTROPIC TEST RESULTS

TESTS 7, 9, 23
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PROGM8 FEB 15, 1982. JOHN SOBKOWICZ
FINITE DIFFERENCE PROGRAM TO PREDICT THE UNDRAINED RESPONSE
OF A GAS-SATURATED SOIL DUE TO GAS SORPTION.

DIMENSIONING

REAL KBAR ,NO

DIMENSION TITLE(10),E(10),X1(500).Y1(500)

DIMENSION TIME(500.10),PRESS(500,10) . ATIME(100), APRESS(100)
INTEGER NSTEPS( 10)

REAL MAX , MIN

COMMON MAX MIN,PLOTSZ

PLOTSZ=S . v

READ INITIAL DATA

READ(S,16) (TITLE(I),I=1,tO) . .
16 FORMAT(10A4)
. READ(5,101)VGO, VWO ,VS ,H,KBAR ,KSTAR
101 FORMAT(SF10.2,110)

1 FORMAT(10F10.2)

VT12VGO+VWO+VS : .
VTI2=VWO+VS

READ(S.1)PO,TSO,DELTS

PQ=PO+101.3

READ(5,1)CC,CW

READ(S, 1)DELTM, TOL
READ(S5,2)NE,(E(1),I=1,NE)

2 FORMAT(I10,10F10.2)
READ(S,46)NRGS, (ATIME(I) ,APRESS(I),1=1,NRGS)
IF(NRGS.LE. 100)GOTO 50

46 FORMAT(12/(T27,F7.2.758,F6.2))
WRITE(6,51)
51 FORMAT(’ 1***ERROR*** ARRAY DIMENSIONS ONLY ALLOW 100 (MAXIMUM)’
1’ ACTUAL PRESSURE READINGS’)
STOP
50 CALL MAXMIN(O., 100. ,MAX,MIN,ATIME NRGS)
IF(MAX.GT.500.)MAX=500.

CALCULATE IMMEDIATE AND LONG TERM RESPONSE

IF(KBAR.GE.1.)GOTO 91
-KBAR=(VGO+H*VWO)‘PO 1
91 VVO=VGO+VWO o
SWO=VW0/VVO
SGO=1-SW0
NO=VVO/VTI
ESO=TSO-PO+101.3
VOIDR=VVO/VS
Ht=0.
CT0=0. 4342944819*CC/(1+VOIDR)/ESO
8 IFIRST=0
ISEC=0
CT=CTO
DELUC=0.0
NTRLS=0
14 A=CT+CW*NO*SWO
IF(HY . LE.O0.0001)C=~1.*PO*CT*DELTS ;
IF(H1.GT.0.0001)C=P0*(~-CT*DELTS*NO* (SGO+H1*SWO) ) -KBAR/VTI
8=CT*(PO-DELTS)+NO*(SGO+SWO* (H1+CW*PO))



{

OELUI=( -BrSORT(B*B 4+A*T) ). (2°A)
DELU2=(-B-SQRT(B*B-a*a«C)) . (2%A)
IF(HI LE.O 0001)GOTO 96
[F(KSTAR.EQ V)DELTS« DELTS
96 SIGN1=DEL TS*DELUN
SIGN2=DEL TS*DELU2
11 IF(SIGNT . LE. O 0O AND SIGN2 LE O 0)1GOTO 1)
[F(SIGNY. LE. O 0)GOTD 30
[F(SIGN2 LE.O.0)GOTD 8
‘98 DG=ABS(DELTS)+0. Ot

12 IFCABS(DELUt) GT DG AND ABS(DELU2) 4T 0DGIGOTO 4

98 [F(ABS(DELU!) LE DG.AND ABS{DELUZ} LE DGIGOTO

[F(ABS(DELU2) GT ABS(DELTS))IGOTO %
30 DELU=DELU2
GOTO 6
DELU=DELU 1
IF(H1.LE.O.0001)GOTQ 100
IF(KSTAR EQ. t)DELTS=-DELTS
100 IF (ABS(DELU-DELUC) LE TOL)IGOTO 13
IF(NTRLS.GT. 100)GOTO 66
ESF=ESO+0ELTS -DELU
IF(IFIRST .EQ. t)}GOTO 70
IF(ESF .GT 0.0)GOTO 65
IFIRST=1
NTIMES =1
71 ESF=0. 1**NTIMES
ALL =ESF
AUL =€SF
GOTO 65
70 IF(ISEC. EQ.1)GOTO 72
IF(ESF.GT . AUL)GOTO 73
NTIMES=NTIMES+ 1
GOTO 71
73 ISEC=1t
T4 ESF=ALL+0 . 1**NTIMES
AUL =ESF
GOTO 65
722 1F(ESF . GT.AUL)GOTO 75
NTIMES=NTIMES+{
GOTO 74
75 ALL =AUL
GOTO 74
65 CT=CC*ALOG10(ESF/ESO)/( t+VOIDR)/(ESF-ESD)
DELUC=DELU
NTRLSaNTRL S+
G0TO 14
66 IF(H1.GT.0.0001)GQTO 69
WRITE(6,67)
GOTO 13
69 WRITE(6,68)

[2 IV ]

37

67 FORMAT( O***WARNING***NO CONVERGENCE FOR SHORT TERM",

1° UNDRAINED EQUILIBRIUM RESPONSE’)

68 FORMAT( 'O***WARNING***NC CONVERGENCE FOR LONG TERM' .

1’ UNDRAINED EQUILIBRIUM RESPONSE ‘")
13 IF(H1.GT.Q.0001)GOTQ 7
DELUST=DELU
Hi=H
CTS=CT
GOTO 8
97 WRITE(6,99)
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117
118
119
120
121
122
123
124
125
126
127
128

129 -

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

148.
148

149
150
151
152
153
154

-

155 -

156

157 .

OO0

[eNeNe]

000

27 FORMAT(’ 1’ T10, 10A4//T10, 'TRANSIENT PRESSURE RESPONSE FOR E='

o Ce ) 4 9 7

99 FORMAT( ' 1STOP AT STATEMENT 98°)
sToP :
3 WRITE(6,9)
SToP
4 WRITE(6,10)
STOP
9 FORMAT(/1STOP AT STATEMENT 11’)
10 FORMAT(’1STOP AT STATEMENT 12°)
7 DELULT=DELU

CALCULATE END-OF-SHORT TERM QUAN#ITIES

P1=PO+DELUST
TS1=TSO+DELTS

"ES1=TS1-P{+101.3
VG1=VGD*PD/P1 : .
VWI=VWO*(1-CW*DELUST) . .
VT 1=(VTI)®(1-CTS*(DELTS~-DELUST))

PRINT QUT INFO ON SHORT AND LONG TERM RESPONSE

WRITE(6.,15)TITLE
15 FORMAT(’1',T10,10A4//T10, "SHORT AND LONG TERM PRESSURE RESPONSE ',
1//729, "INITIAL’ . T48.'FINAL'/)
WRITE(6.17)VGO, VG 1 ‘
17 FORMAT(’ VOLUME OF FREE GAS=’,T30.F10.4,T50,F10.4)
WRITE(6, 18) VWO, VW1 ’ ' -
18 FORMAT(’ VOLUME OF WATER=’,T30,F10.4,T50,F10.4)
WRITE(6, 19) VS
19 FORMAT(’ VOLUME OF SOLIDS=',T30,F10.4)
VIN1=VS+VG1+VW1
WRITE(6,20)VTI,VINt, VT1 .
20 FORMAT(’ TOTAL VOLUME=‘,T30,F10.4,750,F10.4/T50,F10.4)
BLT=PO+DELULT
21=P0-101.3
Z22=P1-101.3
23=PLT-101.3
WRITE(6,21)21,22,23
21 FORMAT(’ WATER PRESSURE=’,T30,F10.4,T50,.F10.4/T50.F10.4)
WRITE(6,22)TS0O, TS
22 FORMAT(‘ TOTAL STRESS=',T30,F10.4.7T50,F10.4)
WRITE(6,23)ESO,EST
23 FORMAT(’ EFFECTIVE STRESS=',T30.F10.4,T750,F10.4)
WRITE(6,52)CTS,CT
WRITE(6,24)H,CC,CW .
24 FORMAT(’ H=‘ ,E12.5,', CC=’,E12.5,’, CW=’,E12.5)

"52 FORMAT(’ COMPRESSIBILITY=',T28,E£12.5,T48,£12.5)

WRITE(6.25)DELTM,TOL,(E(I),I=1,NE)

25 FORMAT(’ DELTM='_E12.5,’, TOL=',E12.5,”, E=',10(1X,.F5.4.","))
WRITE(6,90)KBAR

90 FORMAT(/" KBAR=' E12.5)

START TRANSIENT RESPONSE_ CALCS

F1=(KBAR/P1-H*xVW1-VG1) P
00 26 I=1,NE

VOIDP=(VGi+VW1) /VS

WRITE(6,27)TITLE ,E(1)

tF7.5//' STEP TIME NO. OF PORE EFFEC. TOTAL GAS ',



158
159
160

161

162
163
164
165
166
167
168
169
170
174
172
173

173.

174
175

175.

176
177
178

181

186
187
188

189

180
181
192
193
124
195
196
197
198
199
200
201
202
203
204
205
206
207

208

209
210
211
212
213
214
215
216
217
218

220
22t

-

\

2(. WATER VoL . VOID AVERAGE'/* NO. (MIN;) SUB ',
6’ ~ PRESS.’
3’ " STRESS VOLUME VOLUME VOLUME STRAIN RATIO COMPRESS . '/,

4T 16, 'STEPS *+*BOTH IN KPA* **xsxspl| [N CMJ¥**kxx (). 782.
5'KPA(-1)"/) .
VSTRN=(VT1-VT12)/VTI2*100. ]
WRITE(6,40)22,ES1,VT1,VG1,VW1,VSTRN, voxop ’ 8
40 FORMAT(TS,'0 0.0’,T24, 2(F6 2, 2x) F6.1.,2X,2(F6.2,2X),
1F6.3,2X,F5.4) -
VG2=VG1
VW2=VW1
P2=pP{
ES2=ESt
VT2=VTH
NTSTEP=MAX/DELTM
IF(NTSTEP.LE.S00)GOTO 43 .
AZMAX=MAX /500
WRITE(6,44)E(1) AZMAX ‘
44 FORMAT('O**ERROR**FOR E=' F6.5,’, TIME STEP MUST BE’,
1/ GREATER THAN ' . F5.2)
STOP
43 DO 28 J=1,NTSTEP .
; F2= (KBAR/P2 H*vW2- VG2)
IF((F1%F2).GT.0.0)GOTO 3t .
60 WRITE(6,32)E(I),J :

32 FORMAT(’ FOR E=’,F7.5,', AND AT THE BEGINNING OF STEP NO.’,
114,’, GAS SORPTION COMPLETE.’).
GOTO 26

31 DELUC=0.0
DO 29 K=1.10
NITS=2*%*(K-1)

DM=DELTM/NITS
VG3=2VG2
VW3=VW2
P3=p2
ES3=ES2
VT3=VT2
DO 33 L=1{,NITS
VOID=(VG3+VW3)/VS
"F=(KBAR/P3-H*VW3-VG3)
CT=CC*ALOG10((ES3+10. )/Esa)/(1+voro)/1o
DUC=0.0
. DO 34 M=1,100
A=CT*VT3+CW*VW3
D=E(I)*OM=*F
=-1.*P3*D
B=VG3+P3*A+E (1) *DM*H*YW3/2
DU=(-B+SQRT(B*B-4*A*C))/(2+*A)

36 IF(ABS(DU-DUC).LE.TOL)GOTO 35
CT=CC*ALOG1O((ESI-DU)/ES3)/(1+VOID)/(-DU)
DUC=0U

34 CONTINUE
WRITE(6.37)E(1),U.NITS,L :

37 FORMAT(’ FOR E=’,F7.5,’, STEP NO.’,I4,’, NO OF SUBSTEPS=’,613
1, AND SUBSTEP NO.‘,I3/‘ NO CONVERGENCE FOR DELTAU AND SOIL,
2’ COMPRESSIBILITY’)
sTopP

35 VG3=(P3/(P3+DU) ) *(VG3+D-E( 1) *DM*H*VW3*DU/(2*P3))
VW3=VW3*( 1-CW*DU)

VT3aVT3*( 1+CT*DU) ) <

498




222
223
224
225

227
. 228
223

230

231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

247

2a8
249
250
251

253
254
255
256
257
258
259
260
261
262
263
264
265
266
276
277

277 .
277 .
277 .

278
279
280
281

282

283
284
289
286
287

—-

c
C
Q

48 CALL MAXMIN(MAX, MIN.MAX MIN, PRESS(1,1).NSTEPS(I))

499

P3=P3+DUf
ES3=ES3-DU
33 CONTINUE
DELU=P3-P2 ,
IF(ABS(DELU-DELUC) .LE:TOL)GOTO 38
"DELUC=DELU
29 CONTINUE
LWRITE(6,39)E(1) .Y . :
39 FORMAT(’ FOR E=’,F7.5,’, AND STEP NO.’.14,', THERE IS NO’,
2' CONVERGENCE ', :
1’ ON DECREASING DELTA TIME, EVEN WITH 512 SUBSTEPS’)
STOP . . ,
38 VG2=VG3
VW2=VW3
P2=P3 .
vT2=vT3 ‘ .
VOIDN=(VG2+VW2)/VS
VOIDAV=(VOIDN+VOIDP)/2.
IF(ABS(ES3~ES2).LT.0.1)GOTO 55
cT= CC*ALOG10(ESG/ES2)/(1+VOIDAV)/(ESS ES2)
GOTO 56
55 CT=0.4342944819*CC/{ 1+VOIDAV)/ES3
56 VOIDP=VO'IDN o
ES2=ES3. ) .
NSTEPS(I)=y
TIME(J,I1)=J*DELTM
PRESS{dJ,1)=P2~101.3
. VSTRN=(VT2-VTI2)/VTI2*100.
TJCS=J+DELTM
IJ=IFIX(FLOAT(J)/50.) %50 .
IF(IJ.NE.J)GOTO 41
WRITE(6,27)TITLE,E(I)
41 WRITE(6,42)J.,TJCS, NITS PRESS(J, 1), ES2 VT2, vsz VW2, VSTRN,VYDIDP,CT
42 FORMAT(1X,I4.2X.F6.1,3X,13.4X,2(F6.2.2X).F6.1.2X.2(F6.2. 2x),
1F8.3,2X,F5.4,2X.E12.S)
28 CONTINUE -
. WRITE(6,45)
45 FORMAT(’'O *WARNING* EQUILIBRIUM FOR GAS SORPTION HAS NOT BEEN',
1’ ACHIEVED AFTER %00 MINUTES‘)
26 CONTINUE -

PLOT RESULTS

CALL GPEPS(1,2.3)
CALL GPEP8(0.25,0. 3) ‘ . o : ,

CALL GRAPH(XA,XB, 1)

ZALL MAXMIN(O., 1ooo LMAX MIN, APRESS, NRGS)
Yi(1)=22.

¥Y1(2)=23 ot : 8

CALL MAXMIN(MAX,MIN, MAX MIN,Y1,2) e
DO 48 [=1,NE

“CALL GRAPH(YA,YB, 1) i,

CALL SORT(ATIME, APRESS ﬁ YB.NRGS,K,X1,Y1,0)

CALL PLOTIT(X1,Yi1,K, 1,1,1,1,XA,XB,PLOTSZ,YA,YB,PLOTSZ,7)
- NP=132

DO 49 I=1[NE ' .
CALL SORT(TIME(1t,Y),PRESS(1,1),X8,YB ,NSTEPS(I),K,X1,Y1,0)
CALL PLOTIT(X1,Y1}K,NP 1, 1,3 ,XA,XB,PLOTSZ,YA.YB,PLOTSZ,7)

NP =NP+ 1 o



288
289

280 -

291
292
293

293.
293.
293.
293.
294

295
296

297,

298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
1325

326
327

328
329

330
331
332
333
334
335
336
337
338
339
340
341
342
343

O~ N

49

-

10

CONTINUE

X1(1)=0.0

X1(2)=PLOTSZ*XB
vyi{(1)=23
Y1(2)=23.
CALL PLOTIT(X1,Y1,2,2.1,1,2,XA,XB,PLOTSZ,YA,YB.PLOTSZ,7)
Yi(1)=22 - : .
CALL PLOTIT(X1,Y1,1,12,1,1,1,XA,XB.PLOTSZ.YA YB,PLOTSZ,7)
Y1(1)=21 . .
CALL PLOTIT(X1,Y1,1,11,1,1,1,XA,XB,PLOTSZ,.YA,Y8,PLOTSZ,7)
CALL PLOTIT(X1,Y1,2,0.1.1,1,XA,XB,PLOTSZ,.YA,YB, PLOTSZ.7)
STOP N
END '
SUBROUTINE MAXMIN(SMAX,SMIN, FMAX FMIN Z.K)
‘DIMENSION z(soo) ,
FMAX=SMAX : \
FMIN=SMIN . .
DO t I=1,K . .
IF(Z(I).GT. FMAX)FMAX= (1) .
IF(Z(L).LT. FMIN)FMIN=Z(I)
CONTINUE
RETURN
END : '
SUBROUTINE FRAPH(ZERO SCALE,SINT,IDIR) |

REAL MAX,MIN,FAC(16)
COMMON .MAX , MIN,PLOTSZ
DIFF=MAX-MIN

SCALE=DIFF/PLOTSZ
Q=1. :

FAC(1)=1. . :
DO 2 I=2,12,5 :
FAC(I)=Q*2.

FAC(I+1)=0%*3.
FAC(I+2)=Q%4. .
i&c(1+3)=o*s. 8

AC(I+4)=0*10. : ] )
Q=0*10. - :
CONTINUE i 4
DO 1 I=1,16 - Lo
TEST=FAC(I)*SINT

" IF(SCALE .GT.TEST)GOTO f

SCALE=TEST
GOT0O 5

CONTINUE

ENTRY GRAPH2(ZERO,SCALE,SINT,IDIR,I)
SCALE=ABS(SCALE)

ICHECK=0

IF(IDIR.GT.0)GOTO 3

TZERO=MAX

IF(TZERO.GT.0.)TZERO= TZERO+SCALE
GOTO 4

TZERO=MIN
IF(TZERO.LT.0.)TZERO=TZERO-SCALE
M=IFIX(TZERO/SCALE) :

v

-ZERO=FLOAT (M) *SCALE

IF(IDIR.GT.0)GOTO &
SIMUL=ZERO-PLOTSZ*SCALE
IF(SIMUL.LE.MIN)GOTO 7
IF(ICHECK.EQ..1)GOTQ 8
M=IFIX(2.*TZERO/SCALE)

500



501

344 ZERO=FLOAT(M)*SCALE/2.
345 ICHECK = 1 ‘
346 GOTO 1 ‘
347 8 IF(1.LT.16)GOTO 9 _ ~ €
348 ‘ SCALE=SCALE*10. ‘
349 GOTO 5 :
, 350 9 SCALE=FAC(I+1)*SINT
351 - , GOTO 5
352 6 SIMUL=ZERO+PLOTSZ*SCALE '
353 ~ IF{SIMUL.GE.MAX)GOTO 7
354 : GOTO 10 -
- 3%5 7 IF(IDIR.LT.o)scq}E--SCALE
356 RETURN
357 END .
358 SUBROUTINE SORT(X,Z,SCALEX,SCALEY,ND,K,X1,Y1,IPLOT)
359 REAL X(S00),2Z(500).X1(500),Y1(500)
360 K= . : .
361 X1(K)=X(1) - -
362 YA1(K)=Z(1) _ . o
363 . , J=1
364 . 3D0 1 I=2,ND ,
365 IF(IPLOT.GE.1)GOTO 2
3686 IF(X(I).LE.500.)GOT0 2
367 : RETURN
368 2 A=(X(I)-X{J))/SCALEX
369 v B=(2Z(1)-2(J))/SCALEY
370 _ - DIST=SQRT(A**2+8**2)
371. [IF(DIST.LT.O.1)GOTO 1
372 K=K+ 1
373 J=1
374 X1{K)=X(1)
375 Y1(K)=2(1)
. 376 1 CONTINUE
377 RETURN
378 . END

End of file : : : ,



4 ' APPENDIX G
P vs t BEHAVIOUR FOR ALL UNDRAINED TESTS

COMPARISON OF ACTUAL AND PREDICTED BEHAVIOUR
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Pore Pressure (KPA)

Pore Pressure (KPRA)
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FINITE DIFFERENCE PROGRAM FOR CONSOLIDATION/GAS EXSOLUTION o
PROBLEMS. - THIS PROGRAM CONSIDERS THE ONE-DIMENSIONAL PROBLEM

OF FLOW TO A BOREHOLE OR SHAFT IN WHICH THERE EXISTS' A ’
HYDROSTATIC GRADIENT (RADIAL FLOW).

ALLOWANCE IS MADE FOR FREE GAS EXPANSION AND ALSO FOR THE
SORPTION OF DISSOLVED GAS.

THE GAS BUBBLES ARE ASSUMED TO BE IMMOBILE BUT TO CONTRIBUTE

TO THE COMPRESSIBILITY OF THE PORE FLUIDS.

THE PARTIAL- DIFFERENTIAL EQUATION GOVERNING THE PHYSICAL PROCESS
IS DEVELOPED IN A THESES BY J. SOBKOWICZ, U. OF ALBERTA, 1982.

IT IS QUASILINEAR AND OF SECOND ORDER.

FINITE DIFFERENCE APPROXIMATION IS DISCUSSED IN: N
"NUMERICAL METHODS FOR PARTIAL DIFFERENTIAL EQONS." BY :
W.F.AMES (1863, PP. 82-85)

THIS PROCEDURE IS IMPLICIT AND THE RESULTING LINEAR SYSTEM

OF EQUATIONS PRODUCES A SYMMETRIC TRIDIAGONAL MATRIX WHICH IS
SOLVED USING THE THOMAS ALGORITHM.

INITIAL STRESS DISTRIBUTION IS GIVEN ON THE BASIS OFf PLANE-
STRAIN UNLOADING OF A TUNNEL IN AN INITIALLY ISOTROPIC STRESS
FIELD TO A KNOWN INTERNAL TOTAL PRESSURE, MODELLING THE SOIL

AS ELASTIC, PERFECTLY PLASTIC, WITH A NON-ASSOCIATED FLow RULE .
AND ALLOWING -SOME OILATION IN®THE PLASTIC ZONE.

THE ELASTIC, PERFECTLY PLASTIC MODEL ONLY APPLUIES TO THE INITIAL
UNDRAINED RESPONSE, I.E. TO THE INITIAL DISTRIBUTION OF STRESSES.
THE CONSOLIDATION/GAS EXSOLUTION PROCESS BY NECESSITY INCORPORATES
AN ELASTIC MODEL FOR SOIL BEMAVIOUR. .
CODED IN APRIL 1982 BY u. SOBKOWICZ.

ALL RIGHTS RETAINED BY THE AUTHOR.

DIMENSION TITLE(20) R(200).U(200Q) /EV{200),5W(200) ,UEX(200)

DIMENSION B3(200),15(200),03(200)+F3(200) .84 ( oo) D4(200)
" DIMENSION \F4(200),TOTGAS(200),UGAS(200), DU(2

DIMENSION AS(800) :

REAL MAX ,MIN, HBAR(200)

COMMON MAX MIN,PLOTSZ

COMMON/ONE/DELX ,DELT,F3,03,B3,U0J1,UOJUN, RMIN

STATEMENT FUNCTION FOR THE VOLUMETRIC STRAIN IN THE. o
PLASTIC ZONE AROUND A TUNNEL

DELVI(A,B,C,D0,E,H,Z)=(1+A)/B*{ (1-2%A)*((E+1)*C* -
H(Z/H)**(E-1)-2*D))
DELV2(A,B.C,D,E.F.H,Z)=(1+A)/B*
1((1=F)*(E~1)*(E+1)*(1-A) /(E+F)*
2(Z/H)**(E-1)*((H/Z)**(E+F)*(2*D/(E+1) )=~
B((E+F)/(E~1))*C**((F+1)/(1-E))-C))

PLOTSZ=5.

PAT=101.33

READ IN INITIAL DATA -

READ(5 2) NPTS,RMIN,RMAX. TMAX,DELT, TOL
READ(5,2) NPLOTS
2 FORMAT(I10,5F10.0)
IF(NPTS.LE.200)4507!
WRITE(6,4)
o4 FORMAT(’1PROGRAM ONLY DIMENSIONED FOR 200 POINTS: )
ST0OP



©
[*2]

[eNeNe]

[eNeNsNe]

o000

noa

NSTEPS=TMAX/DELT >
DELX={RMAX-RMIN)/(NPTS-1)}
DO 7 I=1,NPTS P
R(I)-(I-1)'DELX+RMIN
CONTINUE ‘
REAo(s_s)compw,evounc;emu.pHx,ALPH
PHI=PHI/360.*2*3.14153

PM= (1+SIN(PHL) )/ (1~ SIN(PHI)) )
FORMAT( 10OF 10.0) .
READ(5,8)PERM,VOID, SAT
READ(5,8)EGAS,HENRY .

" READ(5,2)ISAT,SIGTOT . UINT . PTUN,UGASAT .UINTUN

SET

ponos VOID/(1+VOID)

INITIAL VALUES FOR LATER PLOTS
S

CALL GPEPS(1,2,3)

CALL GPEPB(O. 25 0.3)

MIN=RMIN

MAX =RMAX

CALL GRAPH(XA,XB, .1,1)

MAX =UINT

MIN=UINTUN

CALL GRAPH(YA,YB,1.,1)

CALCULATE INTE@NAL PRESSURE AT ONSET OF FAILURE

AND

40
41

38

ESTIMATE ACTUAL INTERNAL PRESSURE

HENRY { =HENRY

GOTO 41 |

HENRY 1=0.0

P1=SIGTOT-UINT

DI=2*P1/(PM+1)

DF=PTUN-UINT

DINC=1. | :

IPDIR=0 | ’ :
IF(DF.LT.DI)GDTG 37 :
WRITE(6,38) o
FORMAT( fOPTUN IS TOO HIGH : GROUND ARCUND TUNNEL ',

4/ STILL/IN ELASTIC RANGE.’)

IPLP =1
GOTO 100

CALCULATE MINIMUM EFFECTIVE INTERNAL BRESSURE
T0 MAXNTA]N SIGMAZ= SIGMA2

37

DFf= (DF+DI)/2
IF(DF(LE.D.0)GOTO 37
PMIN=P 1% ( 1-2%EMU)/ (PM-EMU* (PM+ 1))

ESTIMATE SIZE OF PLASTIC ZONE

10

RPLAS=RMIN= (2P 1/(DF*{(PM+1)))*=(1/(PM>1))

SOLVE FOR VOLUMETRIC STRAIN AT BOREHOLE waLL
THEN FOR PORE PRESSURE CHANGE, THEN CHECK THAT
PEFFICTIVE + POREPRESS = PTOTAL AT WALL.

IF NOT, ITERATE ON SOLUTION FOR RADIUS OF PLASTIC ZONE.

DELVT1=DELV1(EMU.EYOUNG,DF.P1,PM,RMIN,RMIN)

-

N



115

115,

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
S 134
132
133
134
135
136
137.
138
139
140
141
142

143 .

144
145
146
147
148
t49
150
151
152
153
154
155
156
157

157 .

158
159
160
161
162
163
164
165
166
167
168
169
170

170.

171

coa.

[sReNeNe XS]

w _ - . - 527

DELVT2=DELV2(EMU,EYOUNG,DF,P1,PM, ALPH, RMIN, K RMIN)
\ DELVTR=-(DELVT1+DELVT2) :

A=POROS*SAT*COMPW
B=DELVTR+POROS* (SAT*(COMPW*(UINT+PAT)- 1 +HENRY 1)+ 1)
C=DELVTR*(UINT+PAT)
DELU=(-B+SQRT(B*B-4*A*C))/(2*%A) .
IF{ABS(DELU) .LT. UINE)GOTO 20
DF=(DF+DI)/2.
GOTO 10

90 UFIN=UINT+DELU PR
PTOT=DF+UFIN
CHECK=ABS (1. —PTOT/PTUN)
IF(CHECK.LE.TO)GOTO "B - .
IF(IPDIR.NE.O)GOTO 91
IF(PTOT.GT.PTUN)GOTO 92
DF =DF+DINC
IPDIR=1
GOTO 10

92 DF=DF-DINC
IPDIR=-1
GOTO 10

9t IF(PTOT.GT.PTUN)GOTO 93
IF(IPDIR.EQ.1)GOTO 94
DINC=DINC/10.
IPDIR=1

94 DF=DF+DINC

' GOTO 10

93 IF(IPDIR.EQ.-1)GOTO 95
DINC=DINC/10.
IPDIR=-1

95 DF=DF-DING
GOTO 10

CHECK TO SEE THAT SIGMAZ IS STILL SIGMA2

"9 IF(DF.GE.PMIN)GOTOD {5
WRITE(6,13)

13 FORMAT (' 1***WARNING*** WITH CHOSEN VALUE OF PTUN, ’,
t* DF IS sO SMALL@%HAT SIGMAZ IS NO LONGER SIGMAZ. )

CALCULATE "VOLUMETRIC STRAINS AND PP CHANGE THROUGHOUT
PLASTIC ZONE AT F.D. NODES. AWCULATE NEW VALUES OF
VOID. RATIO AND SATURATION AS L.

K

:'15 IF(HENRY1 NE . O O)GOTO 40

IPLAS=IFIX((RPLAS- RMIN)/DELX)+1
JCS=NPTS/2
IF{IPLAS.LT,.JCS)GOTO {7
JCS=0.8*NPTS .
IF(IPLAS.LT. dCS)GOTO 12 N
WRITE(6,19)
13 FORMAT(’O***ERROR*** PLASTIC ZONE GREATER THAN ",
1 80% OF F.D. MESH SIZE. STOP.’)
sTop .
12 WRITE(6,18) ’ .
18 FORMAT ('O***WARNING***PLASTIC ZONE GREATER THAN'
1'HALF "THE F.D. MESH SIZE’)
17 DO 11 I=1,IPLAS Co
DELVT1=DELV1(EMU.EYDUNG.DF,P1,PM.RMIN.R(I))
DELVT2=DELV2(EMU.EYOUNG,DF ,P1,PM ALPH.RMIN,R(1))



171.5
172
173
174
175
175
177
178
179
180
181
182
183
184
185
186
187
188
189
190
181
192
193
194
195
196,
197
198
199
200
201 ,
202
203
204
208
206
207
208
209
210
211
212
213
214
215.
216
217
218
219
22
221
222
223
224
225
226
227
228
229
230+

aO0no0n

anon

C

C ESTABLISH PP FOR T=1 ROW:

C

100

16

200

201

DELVT=~(DELVT{+DELVT2)

EV(1)=VOID*(1+DELVT)+DELVT
SW(I)=SAT*POROS/(POROS+DELVT)
=DELVT+POROS*(SAT*(COMPW*(UINT+PAT)-1)*1)

C=DELVT*(UINT+PAT) :

DELU=(~-B+SQRT(B*B- 4'A'C))/(2‘A)

U(I)=UINT+DELU

CONTINUE

IPLP1=1PLAS+1

DO 16 I=IPLP1,NPTS

EV(1)=VOID .

SW(I)=SAT

U(T)=UINT

CONTINUE

U(1)=UINTUN

QMIN=MIN *

DO 200 I=1,NPTS
IF(U(I).LT.QMIN)QMIN= U(I)

CONTINUE

- IF (QMIN.GE.MIN)GOTO 201

MIN=QMIN
CALL GRAPH(YA,YB,1.,1)

CALL PLOTIT(R,U,NPTS,1,1,f,d.X&.XB.PLOTSZ.YA.YB.PLOTSZ.I)

CALCULATE FINITE DIFFERENCE ‘CONSTANTS’ FOR T=0 ROW

UOJ 1=UTINTUN+PAT
UOUN=UTINT+PAT .
ICS=NPTS-1 ) i p

PLANE STRAIN AV _ : ,

21

23

22

AVa( 1+VOID)*2 . *(1 -2 . *EMU)*( 1. +EMU)/EYOUNG
DO 20 I=22,ICS

A3=9. 807/PERM/(1+EV(I))
DA(I)=EV(I)*(1-SW(1))

D3(1)=a3*04(1)

FAa(I)=SW(I)=* (EV(I)*COMPW+AV)

F3(I)=A3*Fa(I)

IF(ISAT.EQ.1)GOTO 21

IS(1)=0

TOTGAS(I)= (SAT‘(HENRY 1)+1)*VOID‘(UINT+PAT)/(U(I)+PAT)
VDIFF=TOTGAS(I)/EV(I)-(SW(I)* (HENRY-1)+1)
GOTO 22

IF(U(I).LE.UGASAT)GOTO 23.

VDIFF=0. .

IS(I)=t

GOTO 22

1S(1)=0

TOTGAS(I)= HENRY*VOID‘(UGASAT+PAT)/(U(I)+PAT)
VDIFF= HENRV*((UGASAT&PAT)/(U(I)+PAT)—1 ) .
B4(1)=VDIFF*EGAS*EV(I)
HBAR(I)=VDIFF/SW(I)+HENRY ,

B3(1)=B4(I)*A3

20 CONTIMNUE

& F

NM2 NPTS-2

CALL THOM(U(2), UEX(2) NM2 DU(2) ,A9( 1), A9(201) A9(401).A9(601))

£



231

232 .

233
234
235
236
237
238
239

240

241
1242
243
244
245
246
247
248
249
250

251

252
253
254
255
256
257
258
259
260
261

262 .

263
264
265
266
267
268
269

270 -

271

. 272

273

274
1275

276
277
278
279
280
281
282
283
284
285
286
287

288" .
289

290

C
C
Cc

OO0

[eNeXKs]

o}
C
C

DO 50 I=2,ICS
SO U(I1)=UEX(I)-PAT .
CALL PLOTIT(R,U,NPTS,2,1,1,4 XA, XB,PLOTSZ,YA,YB,PLOTSZ,7)
_ NPLOT=NSTEPS/NPLOTS
NPP=3
NINC= NPLOT

ITERATE SOLUTION FOR EACH TIME STEP

IDRAIN=1
DO ‘33 I1=2,1CS i
UGAS(1)=UGASAT - ) . \\
33. CONTINUE ‘ '
DO 24 d=2,NSTEPS

CALCULATE VOID RATIO,SATURATION AND TOTAL GAS VOLUME
AT BEGINNING OF EACH TIME STEP

DO 25 I=2,ICS
i DMULT=1

o DVWw= DU(I) (DA(1)/(U(I)+PAT)+F4a(1))~B4(1)*DELT ‘w

_ EOLD=EV(I)
EV(I)=EV(I)+AV*0U(T)
SW(I)=(SW(I)*“EQLD+DVW)/EV(I)
IF(SAT.EQ.1.0.AND.EGAS.EQ.0.0O.AND . HENRY .£Q.O. 9};w+11:3fT
Ir(IS(I) £EQ.1)GOTO 26

NEXT 12 STATEMENTS ‘ALLOW FOR - LOSS OF GAS IF SG<.85

IF(SAT.EQ.1.0.AND.EGAS. EQ.0.Q.AND.HENRY .EQ.0.0)}GOTU 110
32 IF(L.GT. IDRAIN)GOTO 30
110 VDIFF=0.

DMULT=0. : o

GOTO 27 ‘ , 3
30 IF(I.GT.IDRAIN+1)GOTO 39

IF{SW(I).GE.0,85)G0TO 31

IDRAIN=T

VDIFF=0.

DMULT=0.

WRITE(6,35) J,I

" 35 FORMAT(‘OIDRAIN NOW AT POINT’,I5,’, AT STEP NO.’,IS5)

" GOTO 27
31 PNEW=U(T)+PAT
POLD=PNEW-DU(1)
RATIO=POLD/PNEW
TOTGAS(I)=RATIO*(TOTGAS(I)+HBAR(I) *DVW)
VDIFF=TQTGAS(I)/EV(I)=(SW(I)*(HENRY=-1)+1)
GOTO 27 ) .
26 IF(U(I).LE.UGAS(1))GOTO 28 . .
81 VDIFF=0. :
© GOTO 27
28 1S(I)=Q . '
TOTGAS(I)= HENRY*EV(I)*(UGAS(I)+PAT)/(U(I)+PAT)
VDTFF =HENRY* ((UGAS(1)+PAT)/(U(I)+PAT)-1.)

CALCULATE F.D..CONSTANTS FOR STEP
27 A3=9.8Q7/PERM/(1.+EV(1)) '

DA(I1)=EV(I)*(1-SW(I))*OMULT
D3(1)=A3*D4(I)

&
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291
292
293
2394

295
296

297

298,

299

301

302

304
305
306
307
308

309°

310
31
312
313
314
315
316
317
318

319

320
321
322
323
324
32%
326
327
328
329
330
331
332
333
334

335

336
337
338
339
340
341
342
343
344

345
346

347
348
349
350

OO0 [sNeXe!

0000

FA(I)=SW(I)*(EV(I)*COMPW+AV)
FA(I)=A3*F4(1)
B4(1)=VDIFF*EGAS*EV(I)
B3(1)=B4(1)*A3
HBAR(I)}=VOIFF/SW(I)}+HENRY

25 CONTINUE

PLOT VALUES AT BEGINNINF'OF STEP 1

“IF(J.EQ.NSTEPS)GOTO 36
IF(J.LT.NPLOT)GOTO 29
36 NPLOT=NPLOT+NINC

CALL PLOTIT(R,U, NPTS'NPP 1.1.4.

NPP=NPP+1

CALCULATE PP FOR END OF TIME 'STEP

29 CALL THOM(U(2) ,UEX(2),NM2,DU(2),A9(1), A9(201) A9(401), AQ(oO!))

DO 5% I=2.ICS
Uf1)=UEX(1)-PAT
. IF(U(I)Y.GT . UINT)IU(I)= UINT
51 CONTINUE ,
24 CONTINUE P
CALL PLOTIT(R,U,NPTS,0,1,1.5,X
STopP
END
SUBROUT INE THOM(U1 U2,N,DU.A.B,

TRIDIAGCNAL MATRICES

"DIMENSION Ut(N), U2(N) DU(N) ,A(

!

F DESIRED

XA .XB,PLOTSZ.YA,YB,PLOTSZ.7)

A,XB,PLOTSZ,YA,YB,PLOTSZ,7)

c.D)

'SUBROUTINE CODING THOMAS’ ALGORITHM FOR SOLVING

N) ‘B(N),C(N),D(N) T

DIMENSION 'F(200),03(200),83(200)

REAL K
COMMON/ONE /H,K ,F,D3, B3.X.Y,RO
PAT=101.33
00 1 I=1.N
A(1)=(2.:*1-1)/2.+RO/H
C(1)=(2.*1+1)/2.+RO/H
B(I)=-(I+RO/H)*(2 . +H*H/K*(F(1+
D(I)=-H*H* (I+RO/HY*(F(I+1)/K*(
1 CONTINUE
D =0(1)-Aa(1)*x
D{N)=D(N)-C(N)*Y
IF(ABS(B(1)).GT.0.0001)GOTO 2
WRITE(6,6) ‘
2 c(1)=c(1)/B(1) .
. D(1)=0(1)/8(1) -
DO 3 I=2,N
DENOM=B(1)=A(I)*C(I-1)
1F(ABS(DENGM) .GT.O. OOO1)GOTO 4
WRITE(6.6) -~
4 C(I)=C(I)/DENCM
D(I)=(D(I)-A{I)*D(I-1))/DENCM
3 CONTINUE
U2(N)=D(N) ’
NNN=N- 1
DO 5 L=1, NNN
I=N-L
U2(1)=0(1)-C(I)*u2(I+1)

1)+03(1+1)/(u1(1)+pAT)))

UT{I)+PAT)+B3(I+1)+D3(I1+1)/K)

¢
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531

351 - - S CONTINUE
3%2 DO 7 I=1,N
353 2~ DU(TI)=U2(1)-U1(I1)-101.33
354,& ﬁf 7 CONTINUE o » o
356 ril 6 FORMAT(’O%**WARNING*** THOMAS ALGORITHM : DENOMINATOR',
356 17 1S LESS THAN 0.0001’) : '
357 RETURN . o
358 . END
Is59 . SUBROUTINE GRAPH(ZERO,SCALE.SINT, IDIR)
360 REAL MAX,MIN,FAC(16)
361 COMMON MAX,MIN,PLOTSZ
‘362 DIFF =MAX-MIN
363 v " SCALE=DIFF/PLOTSZ
- 364 » Q1. ’ .
365 FAC(1)=1.
366 DO 2 I=2,12,5
367 FAC(I)=Q*2. )
368 ) FAC(I+1)=0*3. )
369 FAC(I+2)=Q*4. - - . . - .
370 FAC(1+3)=Q*5. ) ’
374 FAC(1+4)=0%10. _
372 : Q=Q*10. : ‘ .
373 2 CONTINUE ' , L
374 DO 4 I=1,16 '
375 i TEST=FAC(I)*SINT
376 IF(SCALE.GT.TEST)GOTO 1
377 SCALE=TEST .
378 ' GOTO § N '
379 1. CONT INUE
380 ENTRY GRAPH2(ZERO,SCALE,SINT, IDIR, 1)
a8 SCALE=ABS(SCALE) .
382 5 ICHECK=Q "
383 : IF(IDIR.GT.0)GOTO 3
384 . TZERO=MAX
385 IF(TZERO.GT.0.)TZERO=TZERO+SCALE ,
386 © GOTO 4 . o .
387 © 3 TZERQ=MIN . .
388 . IF(TZERO.LT.0Q.)TZERQO=TZERG-SCALE
389 4 M=IFIX(TZERO/SCALE)
390 ZERO=FLOAT(M)*SCALE
391 . 11 IF(IDIR.GT.0)GOTO 6
392 . SIMUL =ZERO-PLOTSZ*SCALE
393 IF(SIMUL.LE.MIN)GOTO 7’
394 10 IF(ICHECK.EQ. t)GOTO 8 3
395 . M=IFIX(2.*TZERO/SCALE) ’
396 ZERO=FLOAT(M)*SCALE/2. a .
397 ICHECK=1 ' -
398 GOTO 11 : ‘ T
‘399 8 IF(I.LT.16)GOTO 9 . : I
400 . SCALE=SCALE*10. - v : " '
401 GOTO 5 .
402 9 SCALES= FAC(I+1)*SINT 7
403 GaTo 5 ¢ )
. 404 6 SIMUL=ZERO+PLOTSZ*SOALE T o
405 . IF(SIMUL .GE .MAX)GOTO 7 ’ C el ’ ‘
406 60TO 10 p . \
407 ¢ 7 IF(IDIR.LT. O)SCALE——SCIEE
408 RETURN
409 "7 END

End of file . gl
. ' ,?“‘v(ﬁ

CR




