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ABSTRAET
- ’)' ) : . ’ o : i
When the thermal vegime of permafrost is altered,melting of

/

4

the frozen gkound may ue”inddced; dMany.civi] engineerind prob]eﬁs are
coricerned with fhe stability and le” mation of such thawing so{]s.
Somelayaf1ab1e'so1utions to ?he heat transfer problem are\reviewed,
which facilitate the calculation of the:rate of melfingﬂ'kThe physics:
of consoljdation for.thawjng'eoijs are formu]ated_in terms df knownv
eqLétions for heat tranSfer and for Tinear conéo]idation; A moving
boundary eon§o1idati0n progdem resd?ts, and andiytica] solutions are
obtained for severa] cases of pract1c51 interest. The resd]ts'afe
Dresented as norma11sed pore préssure d1str1but1ons‘&nd sett]ement
_ratios, and it is demonstrated that both the pore pressures and
settlements depend primarily on the,thawécodsolddatidn ratiorR.
| An abparatus Was.fabricated to simu]ate»the requifed stress.
end therma] cond1t1ons in the thaw1ng soil. Samp]eé'df natural and

'reconstltuted frozen so11§ were tested to determ1ne the ¥Yalidity of :

the theoret1ea1 pred1ct1ons, and extreme]y_encoyrag1ng results were |

obtained.‘~The eoncept~pfnthe‘re$1dua1 stress fs introduced,.ahd/ifs
1mportanee-in thawrconso1idatioe @nd the undrained thawfstrength .
is discussed. v | A |

The versatiTity of the theory is gre&f]y increased'by
considering. several theoret1ca1 extens1ons wh1ch perm1t the analysis

of a wide range of pract1ca1 prob]ems i In part1cu1ar, so]ut1ons for

.(ie)



‘arb1trary mgvement of the thaw p]ane are obta1ned numer1ca11y, and ‘
) ‘some non=1inedr const1tut1ve re]at1onsh1ps for the soil ;ke]e&on are
1ncorporated in the theory. The use of. vert1ca1 sand drains. for
1mprov1ng the c;;d1t1ons in a thaw1ng foundat1on is d1scussed .and a
typical case is analysed. : @ c
The eX"ﬁss pore pressures, sett]ements and rate of thaw in

the foundat1on of a hot oil pipeline at Inuv1k N.W. T are analysed
‘within the context of the thaw- consolidation theory Exce11ent

agreement is obta1ned"between theoret1ca1 pred1ct1ons and the

observed behaviour in this case study. ' | | e
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- t CHAPTER I
. ~ °
\ INTRODUCTION
) : . v (

1.1 Permafrost and Associated GeotechnicaI‘Prob1ems.

Approximate]y one half of Canada is underlain by permafrost.
Permafrost 1s ‘more correctly termed "perenn1a11x/frozen ground“, and
by definition refers to ground that remains frozen for more than one
complete year. The th1ckness of permafrost may vary from a few feet
at thewse thern boundary td greater than‘tWO thousand feet in the <
' far north. ~The extent and many of the surface features associated
wfth permafrost are.described‘in detai1 by Bro..n \]970).

The delicate thermal eddi]ibrium of permafrOSt ﬁsfparticu1ar1y
: sensitive to any natnra] or manfmade changes'in.environmental_eonditions.~
The rateaof construetion~of buildings,- transportation and storage
\afi}jt1es necessary for the development of the north and the,
exp]o1tat10n of its resources 1s 1ncreas1ng cont1nua11y

The prob]ems in 5011 mechan1cs likely to be encountered in-

theﬁﬁrct1c are usefully subd1v1ded into two sect1ons, those 1nv01v1ng .;/f

s

a change of state, and those where no change of state takes place The

o

. Tatter class §¥ prob1ems involves 5011 ‘which rema1nsncont1nuously

froéen'or thawed. For gedteehnica] prob1ems‘invo1vingvthaWed sdil;
the conventional and well-established principles of soil mechanics
. are applicable. e T

If the region of soil under consideration is continuously =, -



frozen, the principal engineering prob]ems are 1nv01vedeith the sidnificant
‘t1me -dependent deformat1on of frozen soils under cons*® 1n+ stress. .An
~eng1neer1ng theory of creep for frozen SO]is has been esLab11shed by
V1a1ov (1963) and by Ladanyi (1972), based on'a,colaect1on of .
rheological laws which are foundltohdescribe adequately the observed
' manifestations of creep at‘least in the laboratory The theory as
it present]y stands seems perfect]y capable of so]v1ng somegspec1f1c
- 501l eng1neer1ng prob]ems such as;the bearing capaé‘ty\pf bur1ed1

I 4

footings and anchors. - - RS .

. More.dramat{c”problems'ar‘u when the geotechnicai engineer
is confronted with a sofl whose water bhase is actively freezing or
thawing. Ekamples of soil freezind may:be‘seen in fros? penetratidn
under highways; the long-term aggradation of permafrost, the annual

R : . 'l‘\\‘ .
freeze-back of the active layer, and in the freezing of soil around

.
~.

chij]ed pipes ortcold gas pipelines. It is known that mogf\sagurated

a$011s under low stresses exhibit an affinity for water during _\\\<\\

.Freezing; and the formation of 1enses‘and'1ayer§ of’icebmay occur. : T
'1Coarse grained so1ls under large stresses may a1so expel water.on |
‘.freez1ng if dra1nage is perm1tted (Mackay, 1971) If ice 1en51ng is’
inhibited, substant1a1 heaving pressures can resu]t or converse]y,

if the overburden stress at the frost p]ane is high enough, the

"‘growth of segregated ice is 1mpeded In rev1ew1ng the geotechn1ca1
propert1es of freez1ng ground Anderson and Morgengtern (1973).

haVe stated that ice 1ens1ng resqus\when a soil has the ab111ty to

’ ;supp1y water to an act1ye ice front for a suff1c1ent1y Tong time to

-growfan ice ]ens..:The:barticlefsize of the soil inf]uences'the.water'



—~—

filow to the.ice‘front partly throughmits“effect-on thevpermeabibity

cou]d cause damage to engineering structures

of the unfrozen soil, and perhaps more~important1y, by-ihf]uehcing

the max imum stress difference that cah be supported at the ice-water

interface. Th1s maximum stress d1fference is defined as the differencs
between the total and pore water stresses at the freez1ng plane, and
has been the subject of much research, e.g. wf114ams (1966), Penner
(1967). . | s S

" The prob]ems 1nvo1v1ng freez1ng soils mxght present themselves
in two ways. If ice lensing accurs at 1om’stress 1eve1s, and remains

unrestra1ned then serious deformat1ons may occur in structures such

as h1ghways or chilled tas p1pe11nes On thawing of fine-grained soils

conta1n1ng segregated ice structures, Serious stab111ty and sett]ement k; o

prob]ems may arise. If ot the other hand the jce 1ens growth is tY\L

restra1ned during freezing, severe heav1ng pressures may arise whlch

’

Finally, of the 1mportant prob]ems confront1ng the

geotechnical engineer in-the Arctic at the present time, probab1y4the

most common and potent1a1]y ser1ous are those 1nv01v1ng the thaw1ng

of frozen so11 Adverse cond1t1ons may’ d1sturb the de11cate theirmal

equ111br1um of permafrost suff1c1ent]y to 1nduce me1t1ng Examples

-of this are the burning or str1pp1ng of vegetat1on, the 1mpound1ng

of a reservo1r, the construct1on of heated bu1]d1ngs or the therma1
eresion adJacent to northern rivers. An extreme case of the melting

ot permafrost has- been shownh to exist around a hot oil p1pe11ne

.bur1ed in permafrost (Lachenbruch 1970)

Severe cond1t1ons m1ght be ant1c1pated in a thawing:

[N
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. _ -

foundation if the soil is-rich in ice, or‘thé,soit\gs fine-grained and
. . \

the rate of degradation is rapid. o ﬂ\

\ .

1.2 Scope of the Thesis

2

‘In more northerly 1ocat1ons, the engineer is pr1nc1pa11y con~v'
_ cerned with - dround that. is initially frozen (permafrost) and which is
in danger of thawing. Thus, an analysis involving the. stability and
deformation ot thawing soil appears to have the highest priority for
the geotechn1ca1 engineer who is working in an Arct1c\area | ‘
The. analysis of deformation under stress, and the stab111ty of
.the‘tnaWing soil against shear failure are both known to be 1nt1mate1y
related to the effective stress in fhe thaw1ng soil. Once the effective
Stresses are known, combination w1th a const1tut1ve re]at1on for the
-soil yie]ds'the deformations, and oomb1nat1on with the-convent1ona1:j
strength’paran:ters provideé thebavailable shear strength.
To the present t1me, no correct or coherent theory is
‘ ava11ab1e to accomp11sh the ana]ys1s ment1oned above for thaw1ng soils.
_W]th the recent accelerat1ng development in Arct1c reg1ons, a rational
) ana]ys1s for the behaviour of thaw1ng Arct1c so11s takes on a h1gh

priority indeed. It is to th1s end that the research work descrxbed

“in this thesis was’carried out. | ' .

1. 3 Rev1ew of the Geotechnical L1terature Concerning Thaw1ng Soils

At the time of: the First Internat1ona1 Permafrost Conference
(1963) almost no North ‘American geotechn1ca1 stud1es had been published
on the behaviour of permafrost\subjected to thaw1ng. The genera]

cheréCteriStics'of high compressibi]ity and low shear %trength had



/ ¢
been.recognised in soils which were_ice-rich and fine-c :"ned prior
to thaw1ng It was intuitively suspected'that 1f the rate of generation
of water in a thaw1ng so11 exceeded 1ts dra1nage capac1ty, excess
pcre pressures wou]d be generated, causing the reduct1on of the available
shear‘res}stance. This was the theme of a simpltf$ed ana1ys%s.undertaken

N

by Yao'and Broms (1965), who recognised that the bear1ng capac1ty,of
a subgrade soil mignt be reduced by the 1ncomp1ete d1ss1pat1on df
excess pore preSSUres dur1ng thawing. Their theoret1ca] study did not,
however, embrace fully: the propert1es of f1ne qra1ned soils. An
ana]ysis for ‘thawing and the subsequent tota] sett]ements under dikes
at. Ke]sey, Manitoba was carr1ed out by Brown and Johnston (1970).
The tota] sett]ements were calculated on thecbas1s of a v1sua] o
est1mat1on of the segregated ice cond1t1ons, but no ana]ys1s vias
“undertaken for the transient sett]ements and excess pore pressurerﬂf
conditions, However, as no. ser1ogs stab111ty problems arose subsequent
to thawing under the o1kes, it was concluded in retrospect that
- adequate. dra1nage was available to prov1de a stable foundat1on
In the North Amer1can 11terature, phys1ca1 descr1pt10ns of
‘the processes involved in the consolidation of thaw1ng soils were
presented by A]dr1ch and Paynter (1953) and by . Scott (1969) but
no r1gorous statement of the prob]em or- solutions were obtained.
Considerable research has been- continuing in the USSR
since about 1930. - A]though many papers of a descriptive nature were
pub]1shed (Tsytov1ch 1957 Kwselev et al, 19653 Tsytovich 1965)

SN
11tt1e analysis of the prob1ems of thawing 50115 was ever attempted. fj;S\

The first ana}yt1ca1 so]ut1on to a prob]em in thaw- conso]1dat1on

2



was apparent]y obta1ned by Tsytov1ch et a] (1965) A s1tuat1on was
env1saged where the thaw fr0nt was penetrat1ng into the 501T at a
rate pr0port1ona] to the square root of time. The one-dimensional
Terzagh1 equat1on of consolidation was assumed to govern jhe

Y
dissipation of excess pore pressures. However, the analysis fa11ed

»

to describe the thaw-consolidation process in terms of prev1oqs1y

defined geotechn1ca1 properties, because the excess pore pressure-

" at the thaw line was assumed equal to a constant value. This constant

e

pore pressure boundary condjt1on was assumed to be equa] to a fraction
of the overburden stress-on emp1r1ca1 grounds Th1s assumpt1on
necessarily required a 1aborato#y test on thawing soil w1th pore
pressure measurements, and was never related to other more easily
recogn1sed geotechn1ca1 parametersr This ana1¥s1s, therefore, would
be very difficu]t to use, and would probthy on{y be applicable in’
préctice‘to one Set'of soii loading and. thawing conditions. |

| Another analysis for thaw1ng so1ls was carried out by Feldman

(1965), who attempted to 1ncorporate a non-linear const1tut1ve relation

| for the soil ske]eton A1though admirab]e 1n intention, the analysis

fa11ed comp]ete]y by assum1ng the effective stress at the thaw 11ne

was cont1nua11y equa] to zero. Furthermore, it was 1ncorrect1y

| assumed that a]] sett]ement took place during thaw1ng Consequent]y,

| th1s analysis adds 11tt1e to the genera] understand1ng of the subject.

A study by Malyshev (1966) incorporated a Vériation of total

stress w1th depth, and although a soph1st1cated solution techn1que

- was requ1red no new phys1ca1 statements were 1ntroduced to improve

the behav10ura1 descr1pt1on of thaw1ng s0ils.



.
The first ana]ys1s which attempted to model. rea11st1ca11y

the boundary cond1t1on at the thay 11ne was proposed by Zaretsk11
(1968). A]though the continuity of the pore phase at the thaw
boundary was descr1bed mathemat1ca11y in terms of recogn1sab1e 5011 -

paramaters, errors were 1ntroduced i the formu]at1on at this po1nt

Even though the physital statement of the thaw front boundary

condition was incorrect, this work provides the first valuable insight

into the pore pressure/Lnd effective stress conditions in a thawing
sail. |

Ccns1derable 1nterest in North Amer1ca has recent]y been

"Lconcerned w1th the proposed construction of a hot oil p1pe11ne throuqh

7

.'Arct1c regions. Such a proposal has 1ntens1f1ed the research effort

on geotechn1ca] prob]ems in Arctic Canada and A]aska The thermal

distérbance caused by a warm 011 D1pe11ne on the under]y1ng

permafrost was est1mated by Lachenbruch (1970) in one of the most

significant studies carried out to date in this research area. This
p _

research estab11shed that a thawed area of some forty feet around the

pipe was to be expected dur1ng 1t§«operat1ng 11fet1me Some of the

r1mp11cat1ons were explored assum1ng that the thawed soil- behaved

>11ke a viscous f1u1d and it Was demonstrated how th1s wou]d be a

ser1ous 1mped1ment to the bur1a1 of a hot p1pe11ne Th1s also - 3

prov1ded a substant1a1 1ncent1ve to deve]op a more-realistic model

for the behaviour of permafrost subgected to,thaw1ng..



N.W.T. was reported by watson etaal (1973). Settlements, pore

pressures and thaw depths were reported, and the?é‘resu]ts;constitute

the first well documented fieid case history in North America on k

thawing permafrost that is .available-at this time. These observations

are ana]ysed in some detail 1n Chapter 6 of this thes1s |
However, research on. some of the. geotechn1ca1 propert1es

rof thawing sow]s is st11] 11m1ted on th1s continent.. Speer et al

.(1973) have reported the resu1ts of numerous thaw sett]ement tests

“on- und1sturbed permafrost samp1es exh1b1t1ng a wide var1at1on of

ground ice cond1t1ons A stat1st1ca1 corre]at1on was estab11shed -

between the tota] ‘thaw sett1ement and the frozen bu]k density of ‘C

the material. The bu]k»density of the frozen 5011“appears to form

a useful 1n'°x to the quant1ty of totaT‘sett]ement in th1s 1nstance,v\'

as it. ref]ects the amount'of 1ce and to a 1esser extent the amount of -

~air that is present in the 5011 pore spaces ' A corre]at1on such as

L o

this 1is usefu1 1n establlshwng a pre11m1nary estlmate of total

settiement, but of course, g1ves no 1nd1cat10n of the;trans1ent
pore pressure and sett]ement responses dur1ng thaw1ng

As can be seen, there 1s an extreme paucity of 1nformat1on to -«
B date on the geotechn1ca1 behaviour of thaw1ng soils. Horeover, there

is not. ava11ab1e at the present t1me a comp]ete, correct and

a‘succ1nct statement of the phys1cs of thaw1ng soils. In. add1t1on,
there 1s no “available solution which m1ght be app11ed to solve the
eng1neer1ng prob1ems 1nvo]v1ng the deformation and strength of
thaw1ng fine- gra1ned so11s« Th1s is surpr1s1ng in the 11ght of

R}

.recent deve]opments in Arct1c areas, and prov1des cons1derab1e

Py
P



stimulus to remedy the situation, at least in part:
This thesis develops so]utions to some of the more obvious ’

prob]ems in permafrost so11s confront1ng gedkechn1ca1 engineers '

at the present and indicates the manner in which prob]ems of a more

{e

complex nature m1ght be solved. - : ‘ -

v



Uexclus1ve1y 1n th1s,study Although it 1g qu1te feas1ble to 1nc1-

o )."1.4’. !

o * }‘ O ',V‘ . .- . . ", . . . - - 6
CHAPTER 11 . | Co

THE ONE HIMENSIONAL THAWING OF FROZEN SOILS

.ZJj The Thawing of 3 Homngeneous Frozen Soil Subjected to a Step y.r$

Increase in Surface Temperature.’ AT
" — al

An analysis of e eng1neer1ng behav1our of a. thaw1ng 5011

.requtres a knou&gdﬁe of not on]y the/extent of the thawed so11 but also

| the rate of me1t1ng The funct1ona1 relat1onsh1p between the depth of

R

’“. thaw and t1me is reqU1red before: any geotechn1ca1 study of thaw1ng so11

is attempted Once this’ 1nformat1on is extracted from the so]utton to
o ‘ ]

W

the problem 1n heat transfer, add1t1ona1 1nformat1on such as the '
temperaturesgﬁ%f11es are cons1dered to be of second order 1mportance e

Some of the assumpt1ons 1nvo1v1ng the uncoup11ng of the thermal and

fconso]1dat1on prob]ems in th1s manner, and their va11d1ty are d1scussed y

in subsequent sections. In the fo110w1ng paragraphs, some cTass1ca1

,,..(

' so]ut1ons ‘to the me1t1ng prob]em are reviewed for 50117 where a sudden constant

1ncrease Tﬁ/surface temperature has been app11ed ’?.:T . o

{ cetm

It s aspumed that conduct1on is the ch1ef mode of heat transfer

within the??o11 mass The mixture of soil part1c1es\‘hd/water 1s’assumed ‘

“to behave as a cont1nuum, wh1ch is deened va]id cons1der1ng that the

: :sca1e of a so11 part1cle is many orders of - magnitudi sma11er than a

representat1ve mass of so11 Temperature boundary ond1t1ons are used

v

. 'i’\’ a7 Jyv
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boundary cond1tions of the heat” fTux type in-a numerica] study, th1s .
approach is StT]] the subJect of much act1ve research and beyond the° fj
. ‘ . . / .,(‘v X
scope of th1s thesis. : . Sl e T

o As 1Tlustrated in F1g 2 1, a un1form homogeneous frozen sou]
is subJected to a step 1ncrease in temperature from Tg 1n1t1a11y in the

?'ground to T at the surface . The propert1es of the frozen and thawed

zone are cons1dered to be homogeneous‘and 1ndependent of tempera e, It

is assumed further that the Tatent heat assoc1ated w1th the trans#ormat1on _—

_:from ice to water is T1berated at a f1xed meTt1ng po1nt Tf~ 0. The‘.

- anaTyt1ca] soTut1on for the movement of the thaw front and the aSSOC1ated '

temperature f1ers has been found by Neumann about 1860 A statement of
‘the equat1ons and boundary cond1t1ons 1s g1ven in conc1se form by Cars]aw :
. '.and Jaegar (1947), where the soTut1on 1s aTso der1ved The movement of

the 1nterface between the thawed and frozen soil . zones 1s expressed by

f‘is_the depth‘of thaw
g t }15 ‘the time -
and ‘o -is a constant wh1ch 1s determ1ned as a root of the -

‘)

transcendentaT equation IR

LV/7ao

o /_f_n e E . : ‘v : ,(2:1)4 n

»

= : . ‘lcgfgy,” -
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X(t)

. SURFACE TEMPERATURE = Ty ~

© THAWED soiL .

ky s Cy Ky |

\INTERFACE * TEMPERATURE = O
‘FROZEM SOIL
‘ kf : cffl Kf ‘ L

. .GROUND TEMPERATURE = T,

Fig. " 2.1 The Neumanh problem.

! )
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L is the
T 1is the

_ ,Ts is the

T2y

13

4

are the diffusivities df_unfroien-and

frezen,soi] 5cm2/§],’ Q.
. . . . )

APQ the thermal conductivities of ‘unfrozen ’

7and frozen s0i1l [ca]/QC cms),

are the volumetric heat capacat1es of unfrozen .
and frozen 5011/{ca1/ C cm 1,

vo]umetric latent heac of the 5011 [‘ca]/cm3 soii],

(un1form) 1n1t1a1 ground temperature d1fference
T °c be]dw freez1ng], f///fw | B

app]ted constant surface temperature fference

Rl

[ O above freez1ng]

‘As_fhe djffu§1v1ty of a zone $§\51mp1y the conduct1v1ty d1v1ded

¥ byﬁﬁhe volumetric heat

&

capacity for that zone, then the so]utnon for a

‘appears to be a function ef.the seven variables:

= flkys ko Cys s Tt T, and b ()

Their relative

Equation (2.2)

1mportange will be examined later.

may be rewr1tten in such a way that on]y three

d1men51on1ess parameters emerge

1.

erf [ 22—
2V K

T
-2
<

&
o




that is,

e | - T kf KU ' , Ku X
= fystes - o [ -
- s Cuy SF A RE - (2.5) .

-L»and_Ste is~the so-caJ]éd'Stefah~number,.and is defined as’

the ratiq of«sensih]e heat to Tatent heat by

e T :
_ Cu's : | o
Ste = - | | o . (2.8)

A

The seven variables in eq. (2.3) are absarbéd into three dimensionless
numbers . This'makes a graphica]Apresent:cion of the so?ution to eq.v(2.4) .

’ teasib]e. Ll .

.

4 Equatioh (2.4) has been solved by the Newton- Raphson iteration e
scheme for f1nd1ng the zeros of a funct1on \It is of 1nterest to note :
‘,
that the résults are a]most tota]]y 1ndependent of the rat1o VK 7K

The:resu]ts for the norma]1zedvthaw rate, a/2/ﬂnu.,,are-presented 1n

. . \ . .
Fig. 2.2 as a T_nction of the two significant variab1EE>\

Gte> and

Varying v"E_7?7'.over a reesonably wide'range of va1ues does not produce

a measurab]e d1fference in the norma11zed thaw rate. A reasonabTe value )

of v”E'7E"for most 5011 cond1t1ons is 0. 7 and this value was adopted
for F1g 2 2. Th1s chart therefore represents a comp]ete and accurate
‘,solut1on to the .Neumann - prob]em, with no assumpt1ons other than those

1nherent in the or1g1na1 formu]at1on - |

Cons1derab1e s1mp11f1cat1ons to the rigorous Neumann sc]ut1on

have been made by various authors. It.1s boss1b1e to set up a table
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-of solutions in\ order of decreasing complexity and'accuracy'as in
Table 2.3. ?hi table applies only for the ftepdincrease,in~tempérithre
at the surface.» 1t™ppears that a formulation by Berggren (1943) has
duplicated the earlier wprk of Neumann, ‘and therefore 1s not d1scussed
here. ~ A _

'After the solution proposed with V"E;7E% = 077, the next

simplification was made by Aldrich and_Paynter.(1953) in the so-called

) modified Berggren method, which assumes a.s1ight1y Teéé.rea1ﬁstic value
of /fE—7E% =1 Moreover, sf;ght errors are intrgeuced by taking
\éf = ¢,» which by definition 1mp]1es a]so that kg =
B ~ The solut1on may be great]y reduced 1n comp]ex1ty 1f we assume
that the temperature d1str1but1on in the frozen zone does not affect the
rate of thaw. As will be seen 1ater th1s 1s a reasonab]e s1mp]1f1cat1on
if Tgyfs t1ose to the melting temperature. 'Sett1ng Tgv= 0 in eq. (242);
we obtain : | | .

N 2 i
2 . {

e @ _ e ngu erf{—2 = Ste | - (2.7)
‘ 2V Ky = 2v Ky o |

o

Now on a sémi-empirica] basis eq. (2.7) may be approximated:to

a high order of accuracy by

a L [ste  ste) - N , o
2 Ky ‘ ' ‘ S (2-8)

This equat1on is extreme]y simple to eva]uate, and the results

of eq. (2. 7) and eq. (2 8) are p]otted in F1q 2.3.
) .
If a 11near temperature d1str1but1on is assumed in the thawed

- zone, and the temperature profile in the frozen zone(1s aga1n’1gnored, a

| solution may be obtained which 1svoftehvused'and is origina11y,dne

<8
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to Stefan.
(o [Huls vE S
f' . L N , 4 (2.9)
pr'writing in dimensionless form
a o . [ste
2/ z
u

(2.10)

The results from eq. (2.10)qere d}SO’p10tted fpr\comparison
in F1g 2.3. . x o E |
The solution to the Neumann equat1on is presented in Shart form
in Fig. 2.2 and the»a ya]ue can be extracted from it with a high degree
of accuracy. | If the vrbund temperatures are close to the melting pofnt,
then the s1mp1e funct1on g1ven by eq. (2. 8) may be used to predict o, .
the re]at1onsh1p between depth of thaw and the square root of time.
| Hav1ng estab11shed these analyt1ca1 express1ons for the thaw1ng
of frozen soils, 1t is des1rab]e to exam1ne the therma1 parameters

involved and the1r ca]cu1at1on.

2.2 - The Thermal Properties‘of Soils.

The simp1ifications introduced by various authors ih Table 2.1

sugge;} that some thermal propert1es may 1nf1uence the thaw rate to a

, greater extent than others For 1nstance the Stefan so1ut1on in

(2 9) depends on]y on k -L, and T It 1s of 1nterest therefore

to asséss the re]at1ve ~importance of the rema1n1nq four var1ab1es on

" the rate of thaw «. The Neumann so]ut1on will be used in comb1nat1on
”Wlth data for’ therma] .conductivity for a saturated s1]t/c1ay so11 taken

' from Kersten (1949) Now cf, < y» and L are also dependent on water

l
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content, -and they are derived from the simple re1at1onsh1ps g1ven“1ate i
So ku, kf, Cyo. Cpo. and L can a11 be wr1tten as functions’ of .the Water
content w, and therefore the 1mportance of each therma]ﬂproperty,Js‘”E
assessed by p]ott1ng o aga1nst W, for a g1ven step tempenature-T ~qu.,vm

examining each of these. var1ab1es in tur 0, it has been assumedtthat

the degree of saturation is. 100A and tha spec1f1c grav1ty of 5011

solids.is 2.7. - , e L
" The effect of the 1n1t1aT (un1form5 ground temperatureihél
determ1ned over a range of values from 0 to -5°C.. The effeciﬁ Ju

Ground Temperat e, T
()r_r peratur —

‘change in ground temperature of 1°C 1s to change the rate of)th
parameter a by about 2 5% (see F1g 2.4). These ca]cu1at10ns are'ba@%ﬁ%«
on an example where T = +10° C The effect of ground temperature on the
rate of thaw can also be 1nvest1gateﬁ by consu1t1ng the graph1ca1
so]ut1on of the Neumann problem in‘Fig. 2.2. | |

In prob1ems where the ground temperatures are close to the
‘melting point, it may often pe reasonable to ignore them entirely.  This

will result in‘marginally overestimating-a.

_ (b) Therma] Conductivity of Frozen Soil, kf
| It 1s well known that the‘&herma] conduct1v1ty of frozen so11

kf, is temperature dependent (Penner, 1970) and that this phenomenon

is due ‘to. the presence of unfrozen water in fine gra1ned so11s be]ow O °c.
Because h is greater than kwate and, as there is on]y a s11ght
Atemperature dependence of conduct1v1ty 1n so11 mwnerals, Kersten (1949),
.it can be seen-that kf should be greater than k for so1ls | In.fact,var.

h1gh water contents the ratio k /k ‘should approach the rat1o of

conduct1v1t1es of ice to water of 3.7. Kersten has also presented
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i re]ationships for k, and kf for si]t/c]ay'soils and hisrresults are
~ presented in Fig. 2.5...It can be seen that the rat16 ke/k, ranges
'fromllto:a”T | o | a o O_"‘

"The effect of the abso]ute magn1tude of kf on d'nay be studied
by vary1ng kf/k from 1.0 to 3.7. At given water content the value of
ky is used in the Neumann solution together with the ke value as defined

by the ratio kf/ku; Th1s kf is- taken to be constant over the range 0°c

to Tg. The racher jnsignificant effect of absolute vhr1at1ons in kf
ona 1s read11y apparent in Fig. 2.6. |
It 1s suggested that for any thaw ca]cu1at1on the use of kf kice
= 5.3 mca]/ Cem s will y1e1d adequate]y accurate so]ut1ons to 2 thaw
prob1em except for the most h1gh1y plastic c]ays It should be noted
that Kersten's data on kf g1ven }n Rig. 2 5 approaches k. at a Watcr,
content of 24% and then 1ncreases - This subsequent increase in kf
~felt to be 1ncorrect and 11ke1y resu]ts from the funct1on f1tt1n% method
used. B ’
Prob]ems may be stud1ed by numerical techniques Wherelkf‘is
dependent on temperature and an example-is presented in a 1ater section..
However,”the effect of the temperature dependent kf on o can be studqed
us1ng the ana1yt1ca1 resu]ts already obta1ned\ As has been shown in
Fig . 2. 6 vary1ng kf from 1.0 k to 3.7 k has . 11tt1e effect on o. ,The
_effects of any 1ntenned1ate re]at1onsh1p kf‘; k (6) on a ‘will be ‘bounded
by the resu]ts a1ready obta1ned for kf 1 0 k and kf = 3.7 k
it may be concluded that ne1ther the absolute- magn1tude nor the
temperature dependence of the frozen conduct1v1ty kf has any s1gn1f1cant
influence on the determ;nat1on of the rate of thaw a. The ca]cu]at1ons

.9

‘involved in F1g 2. 4 and Fig. 2.6 were prov1ded by McRoberts (1972)
R
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(c). Volumetric Heat Capac1ty of Frozen 5011, C¢

©

The
xture rule

mater1a1s ar

C¢

where Y4
.cm
0.5
o
As P
of op1n1on a
eq. (2 11)‘

an average v

- to several s

representat1

C For

'_ eq (2 11) c

vnhere wu

: water as fo]

Cff"

vo]umetr1c heat capac1ty of 5011 1s ca]cu]ated by a s1mp1e i
in°which the relative heat capac1ty of the const1tuent

e added together. That is >

4

‘= Yd <Cm '60-5(1)) - | o ‘ . | Q,(Z.”)_

denotes the dry dens1ty [g/cm 1,

)
is the heat capacity of the soil gra1ns [cal/g. C],\
is .the heat capac1ty of ice [ca]/g C], o ii?f

denotes the water content [g/g]

o1nted out B’/houlton (1969), there are some m1n:§_d1fferences : ;

mong some authors as: “to the correct va]ue of c_ to use 1n

c\"

e

Kersten (1949) f1nds that a va]ue of 0.17 cali. C represents

alue for so1ls c1ose to their freez1ng po1nt Moulton refers T

ources: that suggest a value of 0. 20 caV@ OC mayvbe more;'

ve. ) S
' <‘: .
frozen so11s containing unfrozen water, a mOdificationqu

an be made to allow for the re1at1ve percentage of fCe and

1ows R ; ,,b» o _}\VE» e
PR 9.5'(1 + Nu)w S ‘r.

[}

i

s the unfrozen water content [g water/g (ice~+ water)].

A value of’ cf~may be 1cu1ated based on the va]ue of w at

the ground temperature Tg of 1nterest However, as Do1nted out in’ the

preced1ng sect1ons, the effects of Tg and kf on. the rate of- thaw o are”

smal] as wel

1. For large rat1os of T, /T the role of Ce in the. overa]]

(2.12) |

e
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%
A

so]utﬁon can becom% more significant but-these ratios are genera]iy

-
2

not encountered in geotechn1ca1 problems. i
3 w !
| The effect of Ce ‘can be 1nspected by cons1der1ng the

dimensionless variable AR R

in Fig. 2.2v Ae K;fmay'be rep]aced by kf/cf, it follows that o is related

to v Ce .. For an:exampie with w = 0.5 and w = 0.2 at T o 1s under-

.f
est1mated by 10% if eQ(f(Z .11)"is used. This error resu]ts in an.

\-.-.. f
underest1mat1on ‘of the rate of thaw of Tless: than 2% for the usua] range

0% 'Ste'. T R

ff th1s error is conS1dered to be«s1gn1f1cant eq (2 12) can be

\

uSed to define cf The effect of the unfrozen mo1sture content temperature
e]at1onsh1p between Tg and 0 Son Ce is completely insignificant with
regard to pred1ct1ons of the rate of thaw Lo

e : -

(d) Vo]umetr1c Heat Capac1ty of Thawed Soil, Cy

| .
The. parameter Cy p]ays ‘an. 1mportant role in thaw’ so]ut1ons It is-

used “in def1n1ng the Stefan number, Ste, which has been shown to be an

1mportant variable. The value of <, can be. determined, as was Ces by .

&

the -following: _‘j s , . ,? Qf?w*
. ) Cuu= ‘Yd <:m + ] .OU)> ' A C . . ‘ > J{)«;Q(IZ/A] 3) ’
where 1. O heat capac1ty of water [ca]/q °c;. - " ’é? P ‘

The comments in the preced1ng sect1on on cf apply equ&]]y to‘cu.
. y ¢
Var1at1ons in cm have less effect on c than on cf, as the: ffec1f1c heat
< ’ T

7f. water 'has. doub]ed from that of ice. ] PR /47

-~
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(e) Therma] Conductivity of Thawed Soil, k. . ‘ “
u_——-—-

The rate of thaw a is proport1ona1 to the square root of k
and hence errors in k have ser1ous consequences on o. For examp1e an
error of + 25% ink, resu1ts in an error in o of about 11% The

? re]at1onsh1p g1ven by Kersten (1949) for the thermal conduct1v1ty of

‘thawed soil is,

0'624Yd

_. _4 el
k, = 3.446 x 1077 10.9 logyo(w) - 0.21 10 (2.13)

where 'ku is in cal/cem.°C.s,

~

w is the water content (%),

vq s the dry dens1ty (g/cm ).

' - Kersten s data on k have - been used for the parametr1c studies
”fpresented It 1s fe]t furthermore, that the absolute magn1tudes of the
Ky ‘values Qresented are entirely reasonab]e ngure 2.5 indicates
' the compar1son of Kersten's data with that presented by Makowski and

Moch11nsk1 (1956) and s1ng1e determ1nat1ons by Natz1nger and Saare

referenced by Skaven—Haug (]972)

Q

(f) Latent heat and;Watér Content Effects

The water content of a 3011 is a dom1nant parameter in therma]_
.
ca]culat1ons As has been shown, the thermal conduct1v1ty and v01umetr1c

—_

i specific heats of both thawedvandﬂfrozen saturated soil can be expressed
as functions of the water content. Below 0°C it is recognised that some
water exists in. tne liquid state as expressed by “the unfrozen water
content w It has been shown that th1s phenomenon has re]at1ve1y

minor effects on kf and cf in ca]cu1at1ons for the rate of thaw

‘ )
- : The re@a1n1ng var1ab]e in the thaw so1ut1on that has yet to be
‘ ’ I3

"\i(‘
¢
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considered is .e volumetric 1atent heat of the soil, L. This variab]e
has a dominant ro1e in thermal ca]cu]at1ons and represents on a vo]ume
basis the amount of heat tHat must be supplied to a soil below 0° C to
change ice into water. 4Prob1ems arise in def1n1ng the value of L to
be used. First]y at the temperature, Tg; applicable in a problem the
percentage wu must'he known. Secondly, the effect of a gradual change
‘,of state of ice to water over the temperature range'Tg'tP 0°C must be
considered. | | | |

The first approach‘that can be taken is to calculate the amount

of ice’ per unit volume once the appropria'te'wu is known. That is,

L = ' w(l - W)L (2.15)

where L' = 79. 6 ca]/gm the latent heat of water,

1q = dry dens1ty of. s0i1l (g/cm ).

The rate of thaw can then be calculated from the Neumann for--
mu]at1on‘by using the tota] water content, w, to define k u’ cu,'and Ce
and tak1ng kf 5.3 mecal/ C cms. Th1s approach has the effect of
"1ump1ng" the tota] 1atent heat at 0°C. That is, it is assumed that ‘all
the ice 1n1t1a11y present 1n an unit volume of soil at Tg melts at 0°c .
rather than over the range Tg to. 0°C. | | ~

’ The”five therma1 variables ¢ ; Cf, Ky kf and L'are all functions
so1e1y of water contentfwhen the 5011 {s.saturatedf The comp1ete solﬂtion
to the Neumann problem presented in F1g 2.2 requires the two temperatnres
’Tg and T s , and the parameters cu k kf, Ky Kg and L. As these 51x
parameters are a11 funct1ons of water content, it 1s conven1ent to p]ot

them as shown in Figs. 2.7, 2. 8 and 2.9. The conduct1v1t1e§ k and kf

" have alrexdy.been given :n Fig. 2.5. Therefore knowing Tes T, and the
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“water content of a saturated soil, all the thermal parameters necessary S
for an accurate solution to the Neumann prob]em in F1g 2.2 may be
obtained from'the charts included. | |

_The effects of a gradual change of state from ice to water over
the rangeTg to O§é; and the accompany1ng effects of. temperature or phase
'dependence of frozen conductivity and specific heat are 1nvest1gated
in the next sect1on as a numerical solution s required to solve the

©

lheat transfer prob]em.

2.3 The Temperature and Phase Dependence of Soil Therma1 Properties.

In the previous section it was assumed that all ice melted at
the 0°c isotherm, and that_the thawing soil could be\d1v1ded into two
discrete zones, each disp]aying a'temperature-independent set of thermal
propert1es Since it has been wall estab11shed that 11qu1d water ex1sts‘
over a wide range of temperatures be]ow 0° C, it might well be- argued that
'the thermal propert1es are dependent on temperature 1n the frozen so11
and that this should be accounted for more rigorously in the heat |
_transfer formulation. Therefore, a more genera11sed equation fpr '

‘conductive heat transfer may be derived, andvemployed to estab]fsh the
: magn1tude of any errors 1nvolved in the Neumann fonnu]atidn described
prev1ous]y for so11s K 4 N

Consider the therma] equ111br1um of a sna11 layer Gx at a

depth x. Tak1ng heat f1ow as pos1t1ve in the pos1t1ve X= d1rect1on,

(), (2.16)

WX

(Q)X = ('Q)X + 8X + (Q )

" where  (8Q), = change in heat of the layer,
(Q)X = heat flowing into the layer at X,
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heat f1owing out of the 5ayer at x

(Q)x + éx
Q)

heat generated internally in 6x by water
changing phase

In a time &t, the heat quant1t1es in eq. (2 16) are rep]aced
!

-

by the1r temperaturetdependent re]at1onshmp5-g1v1ng :

o - "
@ c, (8) 86 ax.— =<k (e) ——-5t o - %K (e) 5 ot

X+ &x
- L'w vy 6H, 6 | T (2a9)
where ~¢_ (8) is the volumetric heat capacity of the'soil-ice—

water miktpre (ca1/cm 3 0C),

k (8) s the thermal conduct1v1ty (cal/°c.cm. s),

L B is the 1atent heat of fusion of ice (ca]/gm water),

Yd : is the dry unit weight of the 5011 (g/cm3),

w - s fhe totalﬁwateﬁ content (g/g), | |

‘sw; | is the fraction of w which changes phase in t1me Gt
W A1s the unfrozen mo1sture content defined as g. water/

g.(1ce + water).
Q'Rearranging,eq.(2.17) yie]dsl“’

| e | i
® _ 9 99 o u
o (9)_51' =5 (k8 5 p - L@y g e

3% 3 (2.18)

As N is considered fo be sO]e]y a function of. the temperature
8, 1mp1y1ng no hystere51s of the re]at1onsh1p, the following may be
written :
d wu-. d W

_ 4Ny e - o (2.19)
gt T T It | L




or melting. Hence'thefterm \\

34 .
and bringing the last term on the rﬁght hand side of eq. (2.18) to the
other side gives. |

' d W, .
38 .5 28 -
0 (8) &=L'wry —g5~ 5% = 3x { K (O) 5% (2.20)

The term in braces on the left hand side is often referred to as

'the_apparent heat capacity of the soil. This term contains the straight-

forward'heat capacity ofrthe‘soilfice—watervmixture, and the second part

‘expresses the heat which is Tiberated or absorbed by the soil on freezing \\\g

. ' d wu L ‘ ‘ B 'r/;
c, (8) = ¢, (e) LYy | ey

is written as tfie apparent volumetric heat capacity of the soil. The

quantity c, (e) is wr1tten in terms of W, from eq. (2.12), and therefore
(e) becomes solely é funct1on of W ' u a8 fo]lows '

o d Wy
o‘_.17 + 05w (1 + W )p + Lwyy T (2.22)

.

‘
N -

Using a method due to De Vries‘and deécribed'by Penner (1970), it
may . be shown that the temperature dependent conductivity may be well

—
=

approximated by a111near dependenceaon wu also, and hence

- | |
K (6) = kg + W, (ky - k) B T (2.23)

i

where ky and‘kf.ane/bﬁe fui%y thawed and fully frozen :onduetjvities -
v respect1ve1y
ThereSore all temperature dependent coeff1c1ents appear1ng
in eq. (2.20) may ‘be wr1tten 1n terms of W, It remains now to estab11sh

the funct1ona1 dependence of w on the temperature e

~ .
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An eprnential relationship between wu and @’f@;édopted'for the
" purpose of examining the eftect of temperature dependent therma1 properties
on the rate of thaw. It shou]d be noted, however, that any contlnuous
function might be-used to, relate wu to 6 in th1s way . For examp]e,
" Anderson et al., (1973) have expressed the unfrozen waterﬁcontent data v e
versus temperature by the simple power equation
wu=aeB R . -

e

ta

where o and B are “constants wh1ch may be related to the specific Surface
area of the frozen soil. D111on and Andersland (1966) have a%so prov1ded
a relat1onsh1p for the term1na1 unfrozen mo1sture content at temperatures
below —5 C. However, for the purpose of observ1ng the sens1t1v1ty of»the -
rate of thaw to the shape of the unfrozen mo1sture content curve, no-
regard need be g1ven here to such corre1at1ons with more £undamenta1 so’T
properties, and'a s1mp1e emp1r1ca1 equat1on may .be adopted The unfrozen"
,mo1sture is defined here 1in terms of three quantities P, Q and R which
are capab]e of prov1d1ng a wide variety of realistic relat1onsh1ps,
that is '

-+ e® R0 N o (2.28)

. | This equation and its temperature der1vat1ve may now be subst1tuted
into the expressions for apparent heat capacity and conduct1v1ty in eq. (2 22)

 and (2:&3).» The govern1ng d1fferent1a1 equation (2.20) is wr1tten in

finite difference form, and the details of the procedure for solving it

are g1ven in Append1x A] The 1ist1ngmof the computer program and the g,'

accompany1ng funct1on subprograms for conductivitv and heat capacity‘ »

are_g1ven in Appendix A2.
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. A set of unfrozen mo1sture curves covering a wide rangesare
drawn in Fig. 2.10 by ass1gn1ng values of P, Q and R to eq.- (2.24).
_The values of P and R are constant for all- the curves and are chosen so -
that Nu is unity,at 0 ¢ and 0.3 at the ground temperature Tg. The
value of Q is varied in order to produce the range'of‘curves shown inp
..Fig. 2.10.. It is thought that this range of curves together with the
Neumann so]ution (where all water melts at 0°C) must bound the |
relationships that are phjsica11yﬂpossib1e for real.soils.

, : ) : R
The effect of these unfrozen moisture content curves on the.

b

movement of the o°c isotherm is studied. Temperature dependent thermal
iconduct1v1ty and spec1f1c heat funct1ons are established for the frogen
}zone, and the necessary parameters entered as data in the computer program
given in Appendix AZ. A simple examp1e 1s solved where a step~1ncrease
in surface temperature of 10 C is applied at the surface of a homogeneous
so11 exhibiting the three d1fferent w VS. temperature curves The water
content is 0.48, and therefore the conduct1v1ty of the thawed and fu]]y -
‘frozen soils may be read from Fig. 2.5.
The depth to the 0 ¢ 1sotherm X is p]otted for each case aga1nst

.the square root of time, and a straight 11ne relationship is a1ways obtained.
' Therefore, ana value may a]ways be extracted from the so]ut1on The
resu]ts for X aga1nst /ET__ are shown in Fig. 2 11, and the(x vaﬁues for
- the d1fferent w - temperature curves are compared w1th a Neumann so]ut1on
in which the latent heat L is ca]cu]ated by eq. (2. 15) and "1umped“ at
O C Another Neumann so]ut1on in whwch w =0 is a]so included for
compar1son and is-shown by the dotted 11ne in Fig. 2 11.

It may be thought that the usua1 approach in dea]1ng with the

unfrozen-m01sture.content re]at1onsh1p will underestimate the rate of

B
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thaw. - Thde is true,on]y,af»it fs‘erroneoys1y assumed that-W = 0. It
_can be ‘seen that the rate of thaw obtained'by'the Neumann analysis actually
oyerestimates h} an insignificant amount the a value ca]cu{ated‘when \
the melting range is taken into acéountv~ N S

The agreement between a rigorously formulated model of heat

'''''

’i’"

condudtion account1ng for any reasonable phase. dependence -of conduct1v1ty
and specific heat and the Neumann solution presented on a single
chart 1n‘F1g 2.2 is remarkable, espec1a11y when the simplicity of the
1atter”method isvcdnsidered. There is no discernible difference between |
“the QIVatue ca]cu]atedhtrom the Neumann sd]utionland that ealculated
from the first unfrozen moisture content curve in Fig. 2.10. The use .
of the second and third curves_show very‘s]ight'reductién in the’u
value. ’ |
- Although there is little deviatfon in the.rateﬂof'moyement of
the OOC.dsotherm, the temperatﬂre'distributions in ‘the frozen zone
are certainly affected by"the temperature dependent.re1atipnship.
Temberature'ddstributions for the same problems as solved in Fig. 2.11
are presented in F1g 2.12. . | - 4
The findings of- th1s sect1on m1ght be use.\‘ly ‘summarised at’
this”poﬁnt. In a problem invo1v1ng the thaw1ng of a frozen soil,’ the
dohfnant‘Variables are the ground sdrface teﬁberatureg the thermal
propert1es of. the thawed 5011, and the total quant1ty of water 'hat
changes state in a un1t vo]ume of 5011 L J
Two solutions are 1nc1uded for ca]cuTat1ng va'.iz, the
first be]ng mere]y a graph1ca1 presentat1on of - .eumann soi.tion
in terms of three d1mens1on1ess variables. The second is a sem1-
emp1r1ca1 re]at1onsh1p which is accurate when the ground tempc”“’u es

-3
are close t0'zero. , 163

20 .

o
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"The therma} propert1es/6f the frozen zone p1ay an exceedingly

minor role in the computat1on of thaw rates ‘It -has been demonstrated -

that ne1ther the abso1ute ‘value nor the temperatgre dependence of the

thermal conduct1v1ty of frozen ground is v1ta1 in ca]cu]at1ng the

‘depth or rate of thaw. For problems.ofrgeotechn1ca1 interest -the use

”‘of the eonductivity of ice equal to'thatvof'frOZen sdi]-wi]t result in

| ':;a suffioientiy accurate solution; _The vo]umetric'heat capacity of

frozen ground is easily estimated and small errors do not influence

the ‘thaw ca]cu]at1ons s1gn1f1cant1y | . |

"It <has been found that when so11s exh1b1t a. range of me1t1ng

temperature*the depth to the 0°c 1sotherm is st11] proport1ona1 to the
square root of time for the. boundary cond1t1ons of the Neumarm prob]em
Moreover, it has been shown that there are no s1gnﬁf1cant d1fferences N
‘in the rate of thaw, u; ca]cu]ated e1ther by assum1ng that all ice 1nvo]ued
in the change of state melts at.O C, or by account1ng for the’ me1t1ng

range of ice in“soi] ~In fact‘the melting range retards slight]yv;he
propagat1on of a0 C 1sotherm rather than acce]erat1ng it. A’precise

determ1nat1on of the unfrozen wacer content - temperature curve is
con51dered unnecessary in a thaw1ng orob]em prov1ded that the correct
quant1ty of water ci ang1ng state is ‘nput to che analysis.

It can be concluded then that the so]ut1on obta1ned by 1ump1ng
L as def1ned by eq. (2 14) is a sat1sfactory solut1on to rate of thaw
prob]ems Ignor1ng temperature dependent Tatent heat effects 1ntroduces

insignificant errors and furthermore, is a m11d1y conservat1ve -

assumpt1on for 50115

o~
A

2. 4 The tf?ect of Thaw Stra1n on the Neumann So]ut1on ' “

'5‘ As a thaw p]aneperetrmes 1nto a mass of frozen so?ﬂ, cons1derab1e

s
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'movements of the surface boundary may occur relative to the fixed

S

frozen 5011 zone. for a variety of reasons, the most important of which
are dea]t\xu th in th1s sect1on when an element of frozen soil thaws,

there is a vodumetr1c contract1on of approx1mate1y nine percent 1n the

water phase of the soi]._ 1f the soil is saturated this effect will

be responsible for an instantaneoUs volumetric strain of nine percent

of the volume fraction of water in the soil, or

S T 0.09 n X :ix . g | | (2.25)
' where  S.. is the CUmu1atiVe.5ett1ement due to the ice-water
ﬁ contract1on,» |

n . 1s the poros1ty of the thawed 5011

and‘l X"' is the depth of thaw.

" As ‘the soil thaws, 1t may come under the 1nfluence‘ot an externaT]y
app11ed stress, or perhaps JUSt the 1nf1uence of the, se1f—we1ght of the
011 jtself. In e1ther case, if. pore water is present in excess of that
norma]ly in the 5011 pores under these stresses, the'so11 must conso11date
by expe111ng excess pore f1u1ds, caus1ng a further stra1n on thawing.

As w111 be shown in the next chapters— tor many- 1oad1ng cases of pract1ca1

1nterest the degree of sett]ement S/X “is a constant JIt s cons1dered

) usefu1 then to comb1ne the ice-water contract1on and conso11dat1on

~

sett]ement in a re]at1onsh1p of the type jf S

-sf=‘B-x‘. : T 2

T P :
- where B .is the tota] stra1n euper1enced by the soil in pass1ng

from a frozen to,aLthaWed conso11dated state

Th1s 1s done in order to assess the effect of ‘thaw stra1ns on the



a3t
In general, t he surface of app11cat1on of therstep 1ncrease in
'temperature moves relative to the frOZen 501} Th1s might also be =
the case 'in a s1tuat1on where a hot pgpe11ne was thawing the surround1ng
permafrost. If the bear1ng capac1ty of the 5011 were exceeded and “the'
pipe were * <ink into the soft thawed so11 the temperature source
lhas moved - :4r to the thaw p]ane ' ' o S

| These effects are most eas11y exam1ned by con51dering the plane
of app]ieat1on of the surface temperature to be the ~zero point of the
spac1a1 co-ordinate X. ~ This, co- ord1nate system p]aces the frozen ground

below in motion, w1th a ve10c1ty dS/dt wh1ch may be ca1cu1ated from

eq. (2.26) as o

cw wll P | o f
veE-g T B E T T (e

‘The velocity v 1is negat1ve if x is measured downwards

| A similar prob]em has’ been cons1dered by. Carslaw and Jaeger
(1947) when account1ng for the dens1ty change 1n the p]ane 1ce-water
4freez1ng prob1em. A solution is sought in wh1ch the pos1t1on of the .

thaw line is given by

and the temperature distributionfin‘the thamed zone is given (as in the’

Neumann solution) by

é] = A epf(-2—) B o S T (2.29)

v 2 f

o

The equat1on of conduct1on of heat in the frozen zone mov1ng w1th velocity
v in the x-d1rect1on s der1ved for examp1e by Carslaw and Jaeqer (1947), and
is . ) 2

378" 38,

2 S
3t u sz X, | . S j
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Employing eq, (2.27)%and (2.28) in eq. (2.30) yields
";_u{“ . t . u axz 2/’? 8 XJ" (2.3])

1
. It may be verified that with the dbove value of X, eq. (2,31) is satisfied

ey Cerfe (B + 22 + D o (2.32)
' o 2/7?;5 : 2/7?_

1 The constants C and D may be determined from the boundary
cond¥t1ons, and the. temperature d1str1but1ons for e]( t) and ez(x,_t)
may be shown to satisfy the governing equations and boundary conditions.
‘The temperoture distributtons are not included here, but when substituted

tintd Ehe heat_ba]ance equation at the thaw interface, o may be determined

asoéfroot of the equation

A T e T S (1 +B)/2/ kel - : \
e = _f/ju gz ;o
' ~k ke T o \
erf( y U S erfc [a (1 +B)/2/ kg ]
2v Ku s :
_ L /T oo _
AR - (2.33)

‘which is the same as the Neumann sdTution given by eq. (2. 2), with the

except1on of the quant1ty (1 + B) appear1ng in the middle term.
| The - thaw strain number B on]y appears in a quant1ty wh1ch is known
to have a minimal effect on a, (see Fig. 2;2) when the ground temperatures
are close to zero. It is ¢ fficult to see how the etfect"of B on the rate
N zof thaw o m1ght be expressed general]y in graphical form, so it is
proposed to perform two samp]e ca]cu]at1ons of o at two different ground

temperatures in the range of interest. We assune the fo]]ow1ng typ1ca1

{e



set of properties.

_ 0
TS = 4+ 10°C
w = 40% }
. = 30 YT 3
Tg 3°C andw 5 &%
B = '0.25. ﬁﬁ“um

- 45

A thaw strain of 25% is certainly a'gigge value which is not encountered often

in natural soils, and the ground temperature of -5°C represents a 1pwer

~ bound to many engineering field problems.

The Célcu1ation§;f9n o with a thaw stra

»ground temperatures were carried out using the

A
and the fo110w1ng results were obta1ned

—3 ; I o

For T
"y

nd f T
a or g

It

0.0328 cm/s

S0

-5 o

]

0.0313 cm/s

The same calculations were carried out

giveh in Fig. 2.2 which does not account for th

results were obtained.

ﬁﬁor Tg = -3 a - 0.0329 cm/s

1
1
[$2])

~and x"or"'Tg = 3

iV )

CThe dev1at1on from the ord1nary Neumann

””0*0314'cm/s‘

in of 25% and the specified

revised ejuation (2.33),
1/2
1/2

using the Neumann solution

aw strain, and these

1/2 .

/2

solution given in F1g 2.2

when a Jarge thaw strain is accounted for 1s”¢¢herefore, approximately

1 in 300, or 0 3A

)

‘It 15 c0nc1uded that 1n the grcund temperature range of. 1nterest

only neg11g1b1e effects are observed when large

thaw strains are

accounted for theoret1cal1y Cons%pﬁently, prov1ded the thaw depth X,

is measured from’the point of app11cat1on of -th
A

't the effects of ]arge stra1ns 1n the thaw1ng zon

This assumpt1on was 1mp11c1t 1n an ana]

0

e surface temperature,
e may be ignored comp]ete]y

ysis carried out by Brown.
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and Johnston (1970) when ca]cu]at1ng the depth oF thaw under dikes
. !, »-_\
" constructed on permafrost at Kelsey, Man1toba. In th1s 1nstance, the

..ﬁa?‘

strains in the thawing soil were known to be approx1mate1y 30%. The e

ana]ys1s assumed a linear temperature profile in the thawed soil and

1gnored the temperature distribution in the frozen soq] On compar1nq
_the depth of thaw (measured from the ground . surface)”W1th dﬁeerved

thaw depths, exce11ent agreement was obtained us1ng this simple analys1s

AN
3

2 5 The Effect of Water Migration on_the Neumann Solution.

‘\

In the previous section, the effects of large stra1ns in the thawed
zone were examined and found to be neg]ng1b1e. Although a cons1derab1e {
quant1ty of water must pass through the thawed 5011 to’ produce large
thaw strains, the poss1b]e transfer of heat by the me]t water migrat 1ng
under an excess pore pressure grad1ent has not been ‘considered. Th1s
component of heat transfer, which 1s somet1mes known as advection, has
not been incorporated in an analysis for thaw1ng soils. = v

‘The: equat1on of heat - ‘transfer in a thawed.soil, including bulk

motion of the pore fluid may be derived as fo]]ows ~ The der1vat1on may

be considered a coup11ng of the cont1nu1ty of mass in the water phase

—--gand-the- equat1on of - conductnve heatatransfer ina. thawed saturated 5011

The conductive heat flux at x is

9 o
Ky ax ! - (2.34)

whare g(x, t) is the temperature distribution in the thawed soil.

The convect1ve heat flux is-

Q=c, 8 v(x, t) ‘ _"" i | ' S N ' ~(2.35)

\

where_ o is the vo1umetr1c heat capac1ty of water, ] »
~and  v(x, t) is the ve]oc1ty of the’ pore f1u1d defined on the basxs

~ of tota] cross sect1ona1 area.
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The heat transfer equation may now be written as:
8 (¢ g) = -3 . Ba. -
£ ® = - T ~ (2.36)
- e .s@7 .
or . s x\ ’ . -
J _‘"~ -
C 8L . eav C o288
) u at ot $Bx T Cw o o9x - 3 u 9 (2.37)
Since . !
v \Cu) - . .
0.17 + —. :
vq ( Y. w) .
N ‘ ‘&
then - : . / . . '
5
Cy d o om oo oxd Cwoge (2.38)
ot yw “w ot YW GS ot
: ; < ‘ ,
where e is the void ratio, I : igg%'
w s the water content,
Gs is the spec1f1c gravity of 5011 solids,
Yq is. the dry density = sYu/(] + e)..
e _,A_Rep]acqng _\cd by.. its usual. representatmn, ‘we Obta”‘ fl"OITI e
eq (2 38) } |
ocy _ Cw' 1 2 ’ ‘ '
5T T+e ot | (2.39)

Now the equation for gontinuity of fluids in a soil may be

\

written as

O

T+e Ot X ' (2.40)

1 % _ _
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and therefore from eq. (2{395
ac |
u _ 1 . 3e .
-é—E—'— ; " v ) (24])

~ | 5 |
- Substituting’this, relationship in eq. (2.37), the terms inﬂsfgy and

v ' ' L )

3x cancel out, and we obtain _ 4%§“
30 [ 3. 20 §°
<, 3 2 (k 4 ax)" c v(x, t) : “ﬁﬁ

A

Cthen ,\’\ o '
‘ .2 c - ' o -
a0 9 0 w 20 s
S 200wk, 1) 22 R
5t Tug 2 <, X o . ﬁfﬁ' . - (2.43) .

Equation (2.43) hay be used to predict the thaw depth for%n
equation of consb]idation in thawing soi]s, and in.thrn, the eonso]idation
equat1on provides the pore fluid velocity vi(x, t). Thérefore, the heat
transfer and conso]1dat1on equat1ons m1ght be so]ved numerically for
) arbxtgﬁry cond1t1ons of thawing, loading and drainage conditions in a
thawing so11. ‘ '

If an analytical soﬁution to eq. (2.43) is desired for e:step
: 1ncrease 1n temperature app11ed at x = 0, severe reStrietions are placed
on the form of the ve10c1ty funct1on v(x, t) If‘e solution Qf the form

X = o/t . : ‘ oo (2.44) :
is Sought, it appears to be possible only if

X : o g
v(x t) oc EL- _ (2.45)

“and 1t is doubtfu] 1f the case of a constant ve]oc1ty might be solved.
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Because of the obvious advantages in obtaining a solution in
closed form, a velocity function of the type’ expressed by eq. (2.45)
is’adopteq. It will be seen in succeeding chapters how these conditions
for'dore fluid velocity are achieved in m;ny cases When a soil is thawing

and expe111ng a constant quantity of excess pore fluid per unit depth

(See segtion 5.5 on the thawing of 1ncompress1b1e ‘re- r1ch so11s) =,

Lett1nq the excess ice content, expressed as a strain, be denoted'

by E s ‘the pGre water ve10c1ty is g1ven by the product of excess pore

f]u1d content and the velocwty of the thaw front, ‘that is

o

“ . ax. . , | o
vix, t) = - a%*b ; | :  (2.46)
‘where E% is the constant thaw strain due to the expulsion of
excess pore water.

Substituting eq. (2.46) into the governing éq, (2.43) provides

90 = K i@_ + K _dl_ é@__ . . | ‘ J
3t 7 Tu 5 2 dt 9x & ' (2.47)
X. : o
.Cw v
where K, = EE'Ei " and is dimensionless.

<r
, . _ : S
A solution to the governing equation (2.47) in the thawed soil

" js 'sought in the form | | >

6 =A+B erf ( + K =) | ‘ (2.48)

2/ K E n 2%,

whlch ensures that the govern1ng eq. (2 47) is satisfied. On obtaining

the constants A and B from the boundary conditions of the thawed zone,



-

’ oo ' .
the temperature distribution is given by

(T - Tp) {erf (—Z—+K a)-erf(Kr; 2 )

' 2v KuE ™ 2/«
o=T_ - — =
s T T
erf ( + K ) A!
2 K, \ 2{ Ky 2/ - (2.49) .

where T, and Te are the surface and freezing temperatures respect?ve]y.
& | '
.. The rate of thaw parameter, o, is determine as a root of the

transcendental equation

_ o + K o )2 -
e £ 2y k. L Nar: oL/
) U U - . - a
erf(—%— + Ky @) - erf(Kn;——g——) 2/ Ky c,(Tg - Tg)
" 2Y /K 12y k .
v o . v u- : ‘ . (2. 50) )

o
The equatioh (2.50) has been deri »d ignoring the tEmpsrature
disteibution in the frozen.grouna} If Tg is not.cjosé.thzero, then the
middle term in-eq. (2.33) may be inc]uded 1n'eq; (2.50) td incorporate
the effects of the temperature prof11e in the fro;eh zone. Hewever,'
‘these effects have a minimal effect on, o and tt is desired to iso]ate the
effects of. water m1grat1on 1n th1s study. Equation (2. 50) is similar in
form to the Neumann solution with T = 0, wh1ch has been d1scussed ear11er
One new dtmension]ess quantity K -is 1nthoduced however, ‘which 1nd1cates;
““act of the advective heat transfer 1in the thawed zone. The J
normalicc “haw rate a/2/—_— is shown plotted as a funct1on of the Stefan
. numbar for va]ues of the ratio Kn in Fig. 2.13. The poss1b1e rangev
- of values foi % must be between‘O and 0.5. As c./c is usua]1y around
1.4, theh.ﬁz = 0. 5 1mp]1es that a thaw stra1n of 35%. 1s occurr1ng in the
thaw=1! soél e to the expu1s1on of excess pore f1u1ds As the va1ue '

i

of @ is &7 :ted so s]1ght1y 1n-F1g: 2.13 by the poss1b1e_ranges of.Kn,
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it is thought necessarybto_show only the two curves for Kn'# 0, and

Kn'=:0.5. For lower values of the Stefan number, the effect of -
adyective flow must be considered to be»neg1igihle At extreme]y.high ‘
. va]ues of Ste greater than un1ty, the effect of a large K value becomes
noticable although still s]1ght |

It may be conc]uded that from the results of the parametr1c

_____

study given in Fig. 2.13, that th;7£¥¥EE§;36¥:Iavect1ve heat transfér
“in the thawed zone may be 1gnored in any practical analysis, w1thoutﬁi
fear of “incurring errors of greater than twoior three percent v
In addition, it may be note —that Jf the effects of water mtgtation are
_ ignored, then'any errors ‘incurred result inha siight]y cgnservative"
estimation of the rate of thaw. ' ; ‘ |
~ The other’type of advective-heat transter whtch mayvbe of
concern is *hat due to 1atera1‘f10w of water in a thawing slope or in
the 'bulb' of thaw around a warm;ptpe]ine. If the flow. is parai1e1 to
‘the~s1ope of the ground, which,is'usual]y'the case, thenathe”f]ow'ofh
water in the thawedhzoné is para11e1 also to‘the temperature isotherms.
aNow other than comp]ex effects where the ground water enters and Leaves _
the s]ope, ground wateiﬁw;1linot cross temperature 1sotherms, and

<‘V“ e -
'em*perpend1cu1ar to the ground

: therefore thé heat transfer'prn'

surface is totally unaffected; T o BN

2 6 Time Dependent1§gﬁ§ace Temperature

It ‘may ofﬁﬁﬁ bqﬁnecessary to 1nvest1gate the ve]oc1ty of a thaw
”front caused by §Unface temperature var1at1ons other than a step

| 1ncrease in temperatq e. In attempt1ng to so]ve field problems w1th1n

3 SRS S S S
‘the framework ofzdne—dtmenS]onal heat conduction, cases may arise in —

- . . . . -,

.
it : - W e : e

Bt

Th

-

g



which the prescribed surface temperaturebbears little relation to a
step’ 1ncrease in. temperature |

~The S1mpTest method of 1ntroduc1ng an arbncrary prescr1bed
surface temperature into a method for caTcuTat1ng thaw depth in frozen
5011 is]by the use of the Stefan solution. This solution assumes a
linear - temperature prof1Te in the thawed zone, and 1gnores the |
temperature distribution in the frozen soil. . The accuracy of the
“method has already been d1scussed in sect1on 2.2 for the case of a
step incfease in temperature. If the surface temperature var1at1on
. with time is denoted by-thevfunction Ts(t), then the depth of thaw,

may be shown to be

A"'ijtT dt )_ '

(2.51,

where JFtT dt is the area “under the surface temperature t1me curve,
' and is known as the Thaw Index.
This type of reTat1onsh1p is reV1ewed for exampTe by ‘Aldrich (1956)
— The Thaw Index is usuaTTy g1ven in un1ts of .degree days
Equation (2. 51) might be appT1ed to determ1ne the thaw depth under
arb1trary spec1f1cat1on of the surface témperature w1th the same
order of accuracy as the simple Stefan soTut1on for: a step temperature B
descr1bed 1n sect1on 2.2 As an example, the depth of thaw under a
s1nuso1daT surface temperature apqucat1on is expressed as follows.
 Let the surface temperature vary as a han s1ne wave between t1me 0
and time tf, and denot1ng the max1mum value by T the express1on

pfor TS



©and

_1?'
e

-—
8]

s '‘max

te
PTaC]ng eq (2 53) in eq. (2.51 the depth of thaw is

expressed as

4

1

2 k' T ‘
X = .u max tf (] - cos E;E)

m L : tf-A

As shown in F1g 2. 3 the Stefan snlution for the step increase

1n surface temperature 1ntroduces s1gn1f1cant over- est1mat1ons of the

a

~thaw rate a as the Stefanunumber 1ncreases The Stefan number is

def1ned as cy T /L and the soTut1on g1ven by eq. (2.51) assumes that o

- the ”sens1b1e heat" <, T is small in compar1son w1th L. Therefore a

steady state or linear type of temperature d1str1but1on is valid.
However, 1f Cy T becomes Targer, then some curvature of the thawed
‘temperature prof11e resuTts, and it ;s usefuT to cons1der the add1t1on
of an extra term to 1ncrease the order of accuracy

- An ana]ys1s whwch increases the order of accuracy in this way

has been permormed by Lock et al. (1969) SoTut1ons are*presented for

- the movement of the thaw 1nterface due to the app11cat1on of s1nuso1da1

_‘and power Taw expressions’ for the surface temperature The anaTys1s

is subsequent]y extended by Lock (1971) “to 1nc1ude arb1trary

‘excursions of the surface temperature. The results for the s1nusoidaT

N

T sin (EEE et . o | (2.52)

(2.54)

thT dt = max i (T - cos ly——E-) PN (2.53)



‘the surface temperature for a thaW‘season of 180 days is written in

-.may be shown from eq. (2.53) tQ.be . " o N

and power law temperacure functions are summarised here, and a sample”” ' !
, S A
problem sdlved. _ : o

If a sinusoidal surface temperature h1story 1s adopted ‘then ’*34f,;h.

. a consistent notation as o . }f 'Q |
T v . - . : ,_"‘,, . “ )
S— = sin (t—> . | . (2.58)
YE . o . _
max e/ y L
where” Tmagl is the peak surface temperature, .
and t. is ia reference time of 180/m days.
‘ ‘ =

The depth of thaw is g1ven by N : -

&
- . . . | %

. kT .t | o | ‘ -
- max_ "C . Ste es f_t N
X=|—1 — 2 Sin *<2t >— = Sin <?—£—> Sin (’%) (2.55)

C c/

An examp]e of the use of this re]at1onsh1p 1s‘g1ven Tater 1in

section’ 5 2, and Fig. 5. 5 pres nts the thaw 1nterface h1story for a |

_part1cu1ar prob1em. If an eq 1va1ent step temperature is. ca]cu]ated as

I

shown in Fig. 5.5, a thaw ra shown by the dotted line. in F1g 5.5

resu]ts The equ1va1ent ste temperature is def1ned as that consvant

-

'surface temperature which wou]d g1ve the same thaw index over the
; )

_thaw season as ‘the surface;temperature sine wave” The eqo1va1ent step 9f

Te = 2Ta/™, | ‘ N ' (2'56) '

b'fhe thaw dnterface»veioéities for ‘the sinusoidal and equivalent step

4
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temperature applications are also shown in ng. 5.5, and are markedly

different. The 'significance of thi% in geotechnical stﬂdies is
. . A

" indicated also in section 5.2. i
: . . ' e LR
The ojution for depth of thaw in a soil whose stafdte
over

temperature varies according to a power law between 0°C and TmaX

a time period of tf-1§ given by Lock et al. (1969) as .

ky Tmax tf < ) \1/2(,c )(n +1)/2

ts

¢

7 ste 2 >]/2 ¢ \(3n + 1)/2 | -
" \n+T) &) ¢ - (2.57)

A3

where the surface temnerature is described by ’ =

& o Tmax' ' tf . N o B E | (2.58)

o oo - i

-and n is an arbitrary power. : : : r

v'When n = 0, the sd]ution for the steb‘temperatﬁre'inérease is
recovered. As pointed out by Lock et al. (1969), that if the surface
femperatﬁre recrosses the freezing point of thé:matekia1, then the
fina]'depth of thaw is the same aé‘thatkpredfcted by the simp]er'.
Sféfén so]ﬁtion‘giﬁen by eq.‘(2.54), Therefbre, if ohe were interested
solely .in fhe maxi}um:thaw depth at the end of a thaw'sgason, thg

* correct result is Tready contained in the simpler Stefan solution.



2.7 Thawing in a Two Layer Prof11e _ " j b

In many f1e1d prob]ems of pract1ca1 tﬁferest the assumpt1on
that a depos1t of frozen soil 1s un1£ormg¥1th de%th may be ent1re1y

unrealistic due to the presetice of_a surf1c1a1.so11 Tayer having

57

different thermal properttés; Many undisturbed locations in Arctice i

regions  exhibit an organic layer of varying thickness, overlying a

mineral sodl with a considerably Tower moisture content. Examples

of a surficial layer which has no latent heat associated with it might

also be cited, such as a gravel’layer, styrofoam sheet or pavement
surface. Tn geéneral, a layer of different thermal: propert1es is |
1ntroduced between the temperature app]1cat1on and -the p]ane where
melting occurs.

“No exact analyt1ca1 so]ut1on ex1sts for th.s prob]em, but

!

‘bearing in mind the minor 1naccurac1es involved, the probTem may be A

v
=

"eas11y handled by the Stefan assumpt1on of a 11near temperature
d1str1but1on in the thawed zone. Mu1t1 1ayered 5011 proft1es are

hand]ed in this manner by the U.S. Department of. the Army (1966),‘\ o

l' el

but 1t is of 1nterest to perform an ana1y51s for a two 1ayer prof11e, aS‘”V :

') L.
it represents the most common departure from homogene1ty ‘ o

. Cons1der in Fig. 2. f#)the case of a surf1cia1 1ayer of he1ght

-----

v depth o£~5944-w1 propert1es k2 and L2 Ignor1ng the temperature

d1str1but1o~ in the frozen 5011, it is then ev1dent that the t1me to-

thaw the over1y1ng‘1ayer’comp1ete1 due to the app11cat1on of a step

increase .in surface temperature is iven by
B ‘ .
! e
\

~ ’
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. where

=
WL, - Ce
RS (2,59)
o - 1's - o ‘ , T
since T f2kgT
oc='s
L],
from the Stefan solution for layer 1. ' '\Eﬁ

When the erth of thaw X‘becomes greater than H, two 1ayer$”
qf différént thermal prdperfies_co-exist in the thawed. zone. -Assuming,
for_consistenqy'with the Stefan Sg]utibﬁlfhat the temperaturé‘}‘
distribution in each layer is linear, a simpfe so]utioﬁ fdr the rate of
thaw iﬁ the &ﬁﬁé&inng Tayer may be-derived.'

The heat balance relationships are: -

: - o a8y 38,
at x = H, - ok sx = k2 ™
_ 98
and at x = X(t), . | -k2 53§-= L2-§§
a6

771 and 3% are the temperature gradients in
¢ 9X X - .
layers ].and 2 respectively.

-

This leads eventually to the depth. of thaw:

i

2 R o ER
k o2k, T (t-t) [k R
v [[2y) 2 s "0 (2 q)f - (2.63)

L,

and the interface temperature Petween the two layers T1(t) is -given by
7 - S : : AL _ )
N ;‘
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and at 1arge t1mes the thaw rate becomes para11e1 to the thaw rate “f

60

Ty = Ko ) '
1 - (-H ) 2 o (2.84)
. H-X k] . ’ _— o

’

The melting temperature is always taken to be zero.
A sample solution is included in Fig 2.14 for the case"oﬁ”ac:'lv’rz”
peat 1ayer overlying a fine-graingd soil of 40% mo1sture content ,The~fjai};f¥f

- thaw rate through the Tower material on]y 1s hown as a dotted 11ne, hﬁ

for the two 1ayer system. The results of the s1mp11f1ed so]ut1on were f?f{',l

checked rigorous]y by a finite difference so]ut1on;1and‘the results “

found to -be in good agreement Linear temperature profiies were”tl |

ma1nta1ned in each layer throughout the thaw1ng process Seidereand:'

Churchill (1965) . a]sgzﬂgte the maintenance of Tinear temperature -

d1str1but1ons in a 23%"¥%yer system of 1nsu1at1on and_soil. o ' %iﬁt;t{
The analysis may be applied a]so to ca]cu]at1ng rates of thaw

in the under1y1ng soil when the surf1c1a1 1ayer is- dry, or w1thout o

1atent heat, as ‘might be the case w1th mater1a1s such as gravel or

styrofoam | In th1stase as no latent heatp“barr1er" is present in. /.

the -overlying 1ayer, a 11near profile of temperature is assumed to . |

be estab11shed in the upper layer 1nstantaneous1y ~ This assumpt1on

can be shown to be perfect]y 3ust1f1ed by considering the time

factor Kt/H for the upper layer. Experience w1th 501ut1ons‘to o \

problems of" the heat conduct1on type ‘would indicate a time factor of 1} |

O 5.to be adequate to estab11sh an almost 11near prof11e of B v

A‘l, )
temperature in the upper 1ayer The'tTme'to ach1eve this time



factor is

=:o.5 H2 /i . ' (2.65)

For a one foot layer of dry sand, for example, . the time to establish

a linear temperature profile would be of the order -
= 0.5 x 900/2 X 10'3 = 2.2 X 105 seconds p

: whiCh-is approximate1y three days. This time span is Tikely
1ns1gn1f1cant when considering the depth of thaw over a complete thaw
season, or, the 11fe t1me of an eng1neer1ng structure on thawing

: ground If 1arge depths of gravel are under cons1derat1on, however, a

comp1ete numer1ca] so]ut1on to the problem m1ght be adv1sab1e

2 8" Thaw1ng Around a Narm Pipe in Permafrost.

T Cons1derab1e prob]ems are associated with the product1on of
hot 011 from* vert1cag we]ls comp1eted through deep depos1ts of
permafrost A thaw annu]us is expected to grow to 50 or 60 feet
: w1th1n the first two decades of. operat1on of such a vert1ca] we11 -
(Pa]mer, 1972), (Koch 1971) Just as dramatic are the thermal effects
‘ of a heated surface transportat10n p1pe11ne on the surround1ng perma;
.rost; - 4 . “h
o Lachenbruch (1970) has presented e<t1mates of the growth of
the thaw 'bu]b' around ar hor1zonta1 hot p1pe]1ne 1n the Arct1c The
stab1]1ty of -a hot p1pe11ne bur1ed 1n sediments that are. under-
conso]1dated when thawed s a cause of much concern This. is not
because of the me1t1ng in 1tse1f but because of the effects of the

\]

rap1d rate of me1t1ng on the stab111ty of the thawed foundat1on

?‘;f,‘_.?'.:. o , v-.{ ‘
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.A1though a fair]y complex two-dimensional problem in heat transjer mUst
‘bevso1ved to obtain the rate -of melting around the'pipe, the mpst
| cr1t1ca1 rate of thaw1ng occurs vertically be]ow the pipe ax;s The
relationship between thaw depth and t1me under the p1pe may then be
used in a one- d1mens1ona1 analysis to determine the.rate of ;
conso11dat1on of the $911 under the centre-line of the p1pe

The depth of thaw under the centre-line of a 48 inch’ hot p1pe
is plotted with "time by Lachenbruch (1970) for two 5011 mpwsture contenté
and two ground temperatures. It is found that if the depth ofbthaw'-

is plotted against (time)O' s an almost perfect 11near re]at1ONSh1p

is obtained in Fig. 2.15. It appears that the depth of thaw in. th1s

type of thawing configuration might be expressed,as. ‘ o af;f o »

-

x = pt0-3 s " C . (2.66).
“where B is the thaw depth-unden the ptpe centre-]ine i;
o after one year. .

If the hot p1pe conf1gurat1on env1saged by Lachenbruch vere

 corsidered to be a.one- d1mens1ona1 thawing s1tuat1on, the NeUmann

so1ut1on might be used to solve the prob]em Th1s 1s equ1va1ent to
app1y1ng a step temperature over the comp]ete surface of. the ha]f -space,
instead of the 11m1ted surface directly affected by the pipeline. Th1s

_ approach would obviously be. expected to over est1mate the thaw depth
under the pipe ax1s However, for a short t1me at the 1n1t1at10n of

) \thaw1ng, the thaw depth shou1d be we]] app{ox1mated by a one- '
d1mens1pna1 ana]ys1s " As the depth of thaw becomes s1gn1f1cant1v f

RZ

®
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larger than the pipe diameter, two- d1mens1ona1 effects become more
important. Using the thermal properties and temperatures g1ven by
Lachenbruch (1970), an o value may be caqu1ated-from‘the'Nepmann
so]ution, and the depth of thaw compare | with the rigorous two-
dimensional numérical ca]cu]ations performed by Lachenbruch. The
ca]cu]at1ons for the one and two dimensional cases were carried out
us1ng a moisture content of 65% for 'clay', and 17 1/2% for 'silt'.

The 'Arctic' location is assUmed to have a ground temperaturevof -8.9 C,
and -0.8°C for the "interior'. The temperature of the hot pipe isd
taken as 80°C. The one—dimensiona] a va]ue'represents the Neumann solut
for these therma] propert1es (1ocat1ons) The depth of thaw under a |

surface temperature which is applied over an infinite surface area .

is given as usual by o

X =a/ t

The cor@%;pond1ng B va]ues for these 10cat1ons are taken from. the two-
A

dimens13§al analysis given by Lachenbruch where the thaw depth 1@

calculafd (as demonstrated in Fig. 2.15) from ’
&\
Bt
At a time of one year after commenCAng operat1on, /_f and £0- -3 are

’both un1ty, and therefore the o and B va]ues for the d1fferent
1ocat1ons given in Table 2.2 represent ‘the depth of thaw in feet
after one year. Ax_ '

The depths of thaw usind these‘pne andbtwo-dimensidna1

répresentat1ons are calculated also for a time of 0.5 years, For a

p1pe with a diameter of: four feet, Table 2.2 indicates that no |



-Serious error is incurred by the one-dimensional ana1ysts, providtng
the thawtdepth does not exceed approximate]y'io'feet. When the thaw
depth is at 14 feet, the one- h1mens1ona1 ana]ys1s overest1mates the
correct thaw depth by 2 feet. ¢At Tater t1mes, the error in the one-.
d1mens1ona1 solution becomes progress1vekﬁ.hgn¢er as expected

The fact that the depth of thaw under the centre- 11ne of a hot
p1pe can be well approximated by a one- d1mens1ona1 ana]ys1s for,the ‘
f1rst half-year of operation is used when analysing the data from a |
test pipeline loop at Inuvik, N-W.Tu The field results show that one-
d1mens1ona1 heat flow cond1t1ons are preserved at early times, and
this proves extreme]y usefu] in the ana]ys1s of the jnitial (and
usua]]y the most critical) excess pore pressure cond1t1ons in the

- thawing p1pe11ne foundation. These pred1cted ‘and observed thaw rates

= are described in detail in section 6.3.

| TABLE 2.2 " COMPARISON OF‘ONE AND THO- DIMENSIONAL CALCULATIONS

(2N

AN
ot

B

. 1-Do 2-DB 1-DThaw 2 -D Thaw
Locdtion value . value . Depth at Depth at
: 0.3y )
)

~ ~%

L (reryel/E) (e = 1/2 year  1/2 year

Arctic Clay | 13.06 1.5 923 9.0

Interior Clay h,}3.92 1.0 9.8 - ]0.0
\i.. Arctic'silt - 2113 - 183 14794 130

Interior'$11t_ 2267 74 603 1420



CHAPTER 111 - - -

THE ONE-DIMENSIONAL CONSOLIDATION OF THAWING SOILS

3.1 Introduct1on
In the previous chapter it is described how a solution to the
“problem of melting in a permafrost soil.might be established. The
movement of the 0° C isotherm w1th time may be determined from the heat
transfer problem, and this 1sotherm is assumed to form the mov1ng 1ower1v
’houndary to the region of interest in the associated problem of soil
"oonso1idation | The frozeh soil does not enter jnto de]iberations:on
soil conso]1dat1on, as it does not ‘transmit 1arge gquantities of pore
f1u1ds, or’ part1c1pate in any s1gn1f1cant deformat1ons
On thaw1ng, the soil becomes a compressvb]e porous med1um,
‘character1sed by finite values of compress1b11 ty and permeab1]1ty

The f1na1 effect1ve stress in the so11 may be ca1cu1ated from a

k)
kg

' con51derat1on of the total stress and the hydrostat1c pore water pressure
The 1n1t1a1 stresses in the thawed soil may be quant1f1ed by exper1ment
.or as-wi11 be seen later, some rational assumpt1ons may be made.
1_Consequent1y the intermediate transient pore water stresses and

' effect1ve stresses in the thawed 5011 m1ght be descr1bed‘by a /
conso]1dat1on equat1on wr1tten in terms of excess pore water pressures

It is proposed to work for the present within the framework

of the linear Terzaghi conso}1dat1on theory.‘ Th1s theory of -course

gt



t

J

involves severa] 11m1t1ng and almost certainly inexact assumptions

-

regard1ng the behav1our of the soil skeleton and the flow of water:

“within the pore spaces of the soil. Frozen soil is a complex, non-

homogeneous~medium comprising at least three phases, and it is

- recognised that the subsequent consolidation of the.thawed soil is

probably a much more,compficated process than the behavioural

-

description that follows. However, the same might be said about the

behaviour under - load of natural unfrozen soil, yet it is encouraging

to see‘the substantial; power ot simple theories such as the Terzaghi
theory 1n account1ng for a 'wide variety of phenomena in the f1e1d
Moreover, simplicity of a theory has the advantage that the resu]ts_
are often app11cab1e to. pract1ce w1th greater ease Subsequent|y, the
11m1tat1ons of the theoret1ca1 results are read11y defined “Therefore,
while cogn1zant of the 11m1tat1ons, in the fo]]ow1ng paragraphs the .

.sett]ement of a thaw1ng 5011 1s @xp]ored us1ng a we]] known theory of

soil consolidation combined w1th a s1mp1e but 1mportant solution 1in

heat transﬁer

3.2 Formulation-ofethe Linear-Theory'? ‘ »oTidation

As 111ustrated -in Fig. 3. 1, a one= d1mens1ona1 conf1gurat1onf i

is g@ns1dered where a step increase in temperature 1s 1mposed at the s
-3
surface of a sem1 1nf1n1te mass of frozen soil wh1ch is homogeneous and

1sotrop1c w1tm respect to therma] and consolidation propert1es The

i

-solution to the problem in heat tonduct1on is presented in Chapter 2,

‘and ‘the movement of the thaw plane 1s'g1vena5y' :
LT oes L S ’

S € B
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Other rates of thaw shall be considered in a later section.

" The lower boundary of the consolidating soil is now defined.

L} ~

The governing eguatidn of consolidation is _,

C 2% o \
, v ?)XZ “at L 9y \ (3.2)
where  u(x,t) denotes the excess pore pressure,

x denotes the depth measured from the ground sqrface,v:'
: - a0
o denotes the total stress-applied at the surface,

and c.  denotes the coefficient of consclidatien.

LI the applied stress does not vary with time, then eq.((3.27

*
o

becomes . | oL

@
<
@
=

¢, 5 = 5% 3 £ >0 : (3;3}

N
@
+

0% <Xt

<

Q2
>

\

The same 1imitatiohs'inHeren% in the der1vat'“n of th1s

-

equat1on when app11ed to other pfob ems in 5011 mechanics will aTso app1/

to thawvng 50115 The 1ﬂnear void ratio- effect1ve stress re]at1onsh1p

for 1nstance mav 1ntroche conswderab]e errors ifithe 3011 is

NN
3

exceed1no i r1ch In uh1S rase, 1arge vo]ume changes must occur

before s1gn1f1cant 1ncrease$ in ef|ec11VD stress faLe pTaee S T

The Lhawed 5011 15 also assv-ed'to be saturaued _and

‘

' .

therefore any so1ut1ons obta1we§p$111 tend Lo overestzmate tbe 'e .

w

magﬂ1tude of the pore Qfessure“]f an a1r phase is present

N . . .

; boundary Cond1t1ons - A

[

e novs cons1der the boundary cond1 cions wecessary “to obta1n

'
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o

a. so]ut1on to the conso11dat1on probiem.

"From leq. (3.1) it is obvious thaz 1n1t1a11y, the thawed

region doeds not exist, su the initial condition s

X=0; t=0 - (3.9

x=0; u=0; t>0 4 ' | (3.5)

/

At the freeze thaw interface, a ba1ance between th ite of

11berat1nn of excess pore f1u1ds and their d1scharge from the thaw

v

line must be estab11shed

[

o If the 5011 is thaw1ngtvery s]ow]y and the d1scharge
‘capab1]1ty of the soil, is iarge, then .any pore f1u1ds 11benated will be
pe11ed from the thaw 11ne, and sett]emenes vill proceed concurrent]y

with thaW1ng However,\1f a fast rate of thaw 15 ma1nta1ned and the

ne

- d1snharge capac1ty of the thawed 5011 is not suffwcwent £o expe1 all
- D

: excess pore f1u|ds, then excess poré pressures w111 e generated in
N . %

| . 5 |
the soil. - = - ' CE G W

e
;0w

As the 5011 is comore551b1e,1the boundary cond1c1on statesf

Qa

tha{ anv f]ow from the “thaw line- 13—accomm0dated by a change in volume

cof the so1ﬂ' Cons13tent w1tn Darey s Law Lxhev.a of expu]swon of . ¢,

.«.w"ﬁ ) L
T Do

s ngfer\from the thaw&111e s ?"- N

'j‘ . . . R Y

et -a;"

©

| )
o w

\—<lr=

8.77
&
—
=
o
—
w
2
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where A s .the cross-sectional area of an element,

k is the permeability of the soil,

au { v =\ :,; Slem i o mm mmm = m e =g VE
‘a‘;(‘ \N3y L. dFo—LUT BALTO: PUIC pPleddur < QIGUICIIL
at the.thaW interface, i

and v, is the un{fﬁweight of water. { -,

In a small time increment At the thaw plane advances a

distance AX. The volume of the soil element so thawed is
' N

V=ALX | S \\

o

A}

The volume of water expelled from this soil‘e1ement from

AY
s

eq. (3.6) is

and is equal to the change in volume of the element.

R

-
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(3.7)

Combining eq. (3.7) and (3.8) yields the volumetric straimin

~

the soil element o Lo N %
o L » o L. o o
; . N ) ’ N U . ‘; N\, . ¢k
N (7 E L k &= (X, t). : . -
. . Yw “dt N v,
o ) Loy e )
\“ | ¢ - coe ’ ' ' = ‘- N . .
v ' For a compressihle -soil, the,voTumetr#® strdin is related to -
| e . . , ‘ E . ) “ . « . A B .

S

o LL® ’ ’ ) . . o . .
the effecive.stress by a.relation sueh &s ' .

)\' ) kr ) ) . .Ja . s RS .. - . ) \ '."""f‘ - ;_‘9
i B e, e, i
[ Y v .
fo ry . .
B R 1] Agt -
i L y v ©
where m_ dehotes the coefficient of volume compressibility, -
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.
N ' . . \\
and Ac' is the change in eﬁ{ective str&§s corresponding
N , A~ . \ .
( f) to the volumetric strairn.
Combigﬁng (3:9) and (3.10) gives
\y‘ . _E'U@X, t) ‘ .
- CV . ——‘—ar < } .
ho! = X - , (3.11)
dt—- : T
where the coefficient of conszi detion is given by '
Cy Ty i ‘ (3.12)
v Tw ~ ‘
The total stress at x = X is | g ;
o(X, £) = P+ Y X L - (3.13) .
Ymere ~"PO is the surface applied stress, g {
‘and  +v. s the bulk unit weight of he thawed soil.
Piag - = ) < 9 ) -
‘At the thaw 1ine the pore pressure is the sum of the excess .’
© and hydﬁgstatic_tomponents v )
o me*’_ t) = ulX, ‘_ty)‘+ oo, e _«3;14)\
: . \ - ’ ’ i
and SO. by definition the effectwve stress is !
/oy L . . ‘T
« .l"*l' . . "" . ? [ ) s . . -
,-‘ - " A A - T ’ . N
Y. . J © it s .
ST CoNEX, t) =o(x; @)—»-P (x t) P +y;(—uX ”7 (3.15)
) T ‘:g - -‘ . o ‘-‘A_',').'. . ' T ﬂ/u (', . o - ,‘ By ot ‘_;'a .
LT oA REESPIIPR TP T 4 [ ST e
* where "Y' cenotes ‘the submorged un’ . we\ghqiof the‘soiﬁ ‘ T
- . Tha effective stress 1ncrement at th thau,11ne is the f'f
) ‘2 ;u
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;%1n hws der1vat1on he taLes a change in water’ coneent ot the oilfto

current effeetive stress less the initial effective stress, that is

"\ g 4

' \
AGt = o' (X, t) - oo' : » , - (3.18)
: &2

L

where g " denotes the effective stress in the soil

if no, consolidation weré permitted on

‘thawing. and is called the

~residual stress

" and p.ac;ng LhTS ‘expre "on’(° 17) in egy (3. riyos- the relevant
. EX # % ¥ P . PR
boundary cond1t1on at the thawgﬁane
. - - ’ . o ' ) L
B at x = X(t); Py -0 toyX-us (3.18})

There’, have been prev1ous atbﬁmpus to establish the boundary

rondrt.bl at the thzw 11ne but they have been e1ther 1ncomp1eue

A

(T%ytov1tch 1, 1965) or |ncbrrecb (Zaretsk11, 1968) The - COnd1t1on

2

*osed by A@%;%sh11 is’ >1m11ar to that deve]opeo here However,

¢ L]

be equa? to the wojumetric stra1n of an eTement and thereby introduces

&

errors into his-so]dtion. >

s

- [ N Tows et e s IR e

3 3. So1u110n of the h1nL rquuat1on of Thau consolxcar on

s

E

The ana]yt;ca1 so‘uf’“n to the 11near Terzagh. @onso]1dat1on

equat1on (3 3) subject to the boundary conditions expressed Dy
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(L

_ | | R

equations §3 1), (3:5) and (3, 18) is required.
nj

The essential feature to be contended with in problems of

this type i$ the existence of a moving boundary. In the mathematica1
3#
treatment it is necessary to sat1sf/ a pore pressure condition at this
¢ <
movwng boundary. For this reason,‘1t might be ant1c1pated that an exazt t{

so]ution for this type of proolem cou]d be d1ff1cu]t to obtain. For

arb1trary rates of thaw, th1s)1s indeed the case, however the

.’b . . . .
mathematical complexitics are reduced-cons1derab1y if thawing is

()

&

considered to he proportional to the square root-of time.

There are two methods”of obtaining an exact-analytical sofution

“(if one exists) to a problem of th1s nature. The first ﬁmp1oys direct
'methods such as the separat1on of variables techn1que or the Lap1ace

ftransform, while the second emp'oys 1nd1rect methods. An example

S

'of the 1atte~ is the semi-inverse method A solution of a certain xorm

v1s assuned and ify, on' eva]uau1ng the required constanus from the

,boundary cond1t1ons, it is shoun to satisfy all the necessary equat1ons,

it is the unique so]ut1on to the prob1em An ‘exampie of this meuhod

1 - .

'of attack 1s seen in the so]utwon of the Veumann f;eez1ng problem

in Carslaw ana Jaeger (194/) D. 28\-286

However a more satwsfactory inethod of obta1n1nq a solution

s by the more d1 ect separat1on of’ varwables techn1que ] lhe

boundary condition (3. !8) contaxns he quaniwt as (P 9y ),wh?ch
' ’
is - a constant,”and the term ¥ X, which is proporuwona1 to the square :

¢

root of eﬂme So it is necessary to der1ve a so1uc1on separaueiy

'for each or these 10ad1ng cond1t1ov S, and then supeghmpose tha;vesths.i

" SuperposiLion of results 15 perm1ss1b1e’here as both the equaL1onA
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" of ‘consolidation and the-boundary cohditﬁons,qke“ifnear

‘Self-Weiyht Loading.

;‘;géettingl(Pé}w do‘) tempb?aijy\équ;T‘

“becomes- R
‘ au
V.0

=

o App1ying fhg transformation

ZEX@ET. .

Ty

N

,‘f@'gq. (3.3), pndvidésuf-
u

Z
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The time derivative
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fd,zeréi eq. (3.18)

(39)

“(3.20)

Al
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and so the time derivative becomes
sul Loaul oz duou |
5t lin x 3¢ linz X dt %z (3.21)
b Sﬂbstifutﬁhg these derivitives in the'bonso1iqation equation ]
yields - L
u _ Sy ___._82“ Loz droau (3.22) ‘
Bt | XZ 322 ’ X dt 9Z (IR ’ | R
The boundary conditions (3.5) and (3.19) bé%pme
z=03; u=03; ,t>0_ " R 'fégg | (3.23)
. C_V %% m
z=13.yX~-u= 5 s t>0 ' (_3;24)
' | tat
Separating the variables z and t requires a solutich form
u(z, t) = F(z). 6(t;. I ‘ : 3.25)
It may be shown that this is.only possible if 5
L G(t) = / T i _ -
. BRI SO :
or . u=F(z). /T . .
Substituting (3.1) in equations (3:22) and (3.24) g1vésv '
' | » o . L ‘ x » (\ -
4 Bt 92[_' 822 Za . 3{_ ) »
LNna o L !g_ o vau .
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By_differéntiating eq. (3.26), the following equalities areiwritten

as

ou _ dF =
. 92 dz * *
T -
52 dz° ‘j
o . . f}l“ ! .
| AT S ~

.
-
1

Substituting these derivatives into eq. (3.23), (3.27) aﬁa
A . 4 a

(3.28), we obtain in terms of F(z)
N . o

> > 1 - | |
d“F o dF : ™
+ —dz= —Fp =0 , (3.:29)
. d22 ?vcv dz J .
- 2 cC 5
_ WL F = v db (2 2
z=135 Yo-F ROV (3.31).
o ' L s

-

Equat1ons (3. 79) and (3 31 are now. reduced to ordinary

, -

_d1 erent1a1 equat1ons, functWOns of the dependent var1ab]e z on]yf

. The comR1ete solution o (3.29) in Gibson (1958) is

| 22 o :
g 4 Cy . . . : .
F(z) =A le” + az/m: ers [ 22— + Bz (3.32)
' ZJ"EJ ZVTE; 1 - B .

(1% is noted.Here that the square:rbot sign in’the error

P



R =
% ZE’CV
gives
e Yez o
2
2 R
V-
and so- _
| y = BT o= Ywitz
. 1+ 1'2 R
2 R° .
. or 1n'nbrﬁéjised vorm, B h S ’,’dvg
/ - | r
L = »—-————————-‘——Z
.Y’X ]~+’Tn " g~
( 2 Rf N

function term was erroneously omitted in Gibson (1958) ).

The constants A and B are determined from éq.

(3.30) and

H

(3.31). From eq. (3.30), at 7 = 0, the terms incide the squared

bracket are not zero., so to maintain F equal to zero requires

the condition that

»

. ZLCV
Yo - Bz = >
o4
Oi’\ ‘—)\ - :I _"Ll—g-———— i
' L 2 ¢
1+ —
N 2

- (3.33)

“Fromeeq. (3.32) and (3.33) dF/dz = B, and therefore from eq. (3.31)

(3.34)‘

(3.35).

&
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Applied Loading.

For the case of the loading (Pc - Oof) which is constant’

"@?th depth, and temporarily settingvy'x = 0,allows eqa. (3.18) to be

o4 written as :
LA , | 3y
. : v 3x .
Y

t

X=.X(t); (PO—OOI);-U=~H__§A_— t>20
- 4 ,

v

Transforming to z co-ordinates;

Q
[

." . Cv
z=13; (P.-c')-u-=
0 o’ X

Qo
N

t>0 | (3.38)

i

A solution to the governing.eq. (3.22)} 1is sought subject
' Sl = v :
to eq. (3.38) and (@;23). It will be found that the only value of G(t)

N | _
possible, to transform eq. (3.22) and (3.38) to ordinary differential . \

' Ry

equatians is ’
N\ o

G(t) = 3 © (2.39)
or ~ - o . ,

u o= Fz) I (3.40)
thus

a—u = .d—F I

2z 1 dz

fy L dy | :

328 dZl

’ i N »
and du L
oot 0 \
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LR
‘Substitution of these:
. :C‘A-".' N
L E
S G
dz2 ch - dz v

and

1. RN O v dF
at z = } , (P0 '?0.) . F 9
. B , \ .

The complete solution to (3.41) is

F(z) = A]'erf @z >+~ By o
o\ )

ST Ao
. .

Subst{tution in (3.23) gives
, | B] = 0 | : .;;_‘ -
¢ and in eq. (3.42)

- P0 O,
1 , 2
: : o
- / 2/°c, _hec,
erf T -
2v Cv av m{
w | A lefe bR BN Tt .

oy

derivatives in eq. (3.22) and (3.38) yields .

ou

G

(3.45)

Placing théséfva1uesfjn eq. (3.43) -and then in eq. (3.40)

gives the solution

(P -5 ') erf{Z2 > o
° 2v C_/ o
yo= Ny
o 2
o3
. 2v ¢ _;ficv
s “arf [ —2 > + v e
,Q\\ 2v cy a’ T



Again, the most.obvious simplification is to set

R = © _ . in eq. (3.46) ¢
e o AN |

therefore

u o ‘_ erf (Rz) o S :‘ B
P -a.' S | (3.47)
erf(R) + S '

/TR
3 - A

: Superimpoaﬁfg the results from eq. (3.36) and (3.47) finally gives

(P;-j oo') érf(Rz) 

b X

u (z,t) =
o A Tt

- erf(R) * ) . 2RS .

\} /TR ' . - B

-RZ 1+

[0}

- . &

= . I
Dividing across by (PO - oo'7+ y‘é@‘gﬁe]ds;the normalised

T

excess pore pressure |, e -

o, |

. » '- . ) -
v o L ) i '

", and is termed .the thdw~consoZ?datioi/z;ﬁiobH<

P4 R ;,/

>,

i

is the self-wveight ratio, e B

AR _ , .
1 (3.48)




: =2 S : .
and —T—71s ghe norma11seéﬁ§epth to the thaw plane.

LY

' D1rect subst1tut1on of £q. (3 48QQ;nto the govern1ng equation and

- B

boundary cond1t1ons shows that this so]ut1or does sat1sfy all '
A .
réquirements. e SN

S , R

. Settlements in a Thawing Soi]

4 - »

It is also of cons1derab]e 1ntere<t to determ1ne the average

degree of consolidation in the thawed 5011 FOr th1s class of mov1ng
W R ]

N boundary prob]em we def1ne thw\ as the ratdo of the consol1dat1on
sett]ement that has occurred up to time t to the tota] conso11dat1on :
>~

sett1ement that wou]d occur 1f thaw1ng were sudden]y stoppeg at t.

The settlement assoc1ated with the ice-water dens1ty ch nge w111 be

treated separate]y. . ‘ | o T
The settlement ratio is ) o o
H a
x ' | @ ]
St - e(x, t dx
J’ {: - e }»dx
where eo; €r and e are the 1n1t1a1 f1naT and porre%t void -

Q

.ratios respe;t1ye1y..,

As a ]1rear vo1d rat1o/effect1ye stress assumpt1on has been
adopted thus far, eq (3.50 “is re—wr1tten in terms oV excess pore

. water pressures as

?‘* R ~ : fj
L ‘ >
T g g

af
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i
. 4

- ? * rf \/ "83
o - \
2 . “ -
;» - ¢ . - b
‘\ \ | ‘ ¥
. < X . o !
Sy L o \Po T Y'x = ulx,t) 'dx‘ | ‘
4'“ (1: S_ma.x ' fX . "/ I ,}' , _('3.51').
. . Jo PO +“Y x) dx : = . |
v,‘ . ,d. s ) ) ®
b (Rewr1t1ng'the pore pressdre equation (3.48) in terms of x,
P erf(RY) Ly o,
u(x,t) = —Ol 0 LoAh Yx (3.52) - -
. - 2 . ] . .Y
erf(R) + =— \ ‘ 2R »
' ymR o \ SR -
. ) . . < . »
Integrating ‘the quantities in (3.51) gives
£ o . : \ )
R I ' i
'5t : 'Po X + 1755— - l: u(x,t) dx . 1(,. )'
: = , (3453
Smax . PN + Y! X2 - N .
: ) 0. K 2 o \/ . ‘\\
Now. from eq. (3.52) .
I
. X o p _. g ! ' / :. ‘ - 2 _.
.JE u(X;t)d§ = 9 0 5 ' Xerf(R)'+/ X efR‘— 1)
A ) ) ; e—R ’ T /_F d ’ R
o . erf(R) + .
v '_ . 4[ 2 ' .
X (3“54)
1
(1+-—) L
] 2R
" ‘Substitu. - integré1 (3.54) in eq. (3.53) anq again introducing
wr’ thé expression for tﬁelsett]ement ratio becomes '



\e

~ [ 3 -
N |
w -
> -
1 o 4 [ —
« 2 ‘(' b
R ~
g erf(R) + £
S /T R
= ] - ! . -
~ mé X e-—R2 W »
erf(R) 1+ —g- .
~ ’ }/_TTR i & !
& | | | o
- . | |
(] N Lz) (] ‘“*»vZT) R (3.56)
2R r/ S .
The maximum conso]idation settlement at time t ﬁs , ’
— t YI X~_& ’
| Smax = mv’(ﬂ(Po " % X+ 2 )"V ‘ - (3.57)

So the sett]ement at any t1me t, St’ {s readily ca]cu]éted

if the ratio St ‘ and S ax. are known i : o>
S i ) \_ '

max /r ‘ f

For ‘the f0110w1ng two‘gif‘\me\cases of 1oading, the'solution

is summarised. B R
N o 33
(a) We1ght1ess soil, y' - 0, and W_ = 0
\\\\\\\\\ u(z t} erf(Rz v y
. 2 . “®
Po. -R 5 -
: ~erf(R) + — . S
m R ‘ ‘ * -
L] ! ' !



“a A%

’ /
erf(R; 3 e—RZ" 1 | ,
and————5; ’ T UwR -
©s - 7
/ max é-R
/ erf(R} + —-
' V. R :
and ¥ = m (P, -0 ) |
~
(b} NC applicd loading - - ") = = o
(b al ng, (P0 9, ) = 0; and W oo
u(z,t) _ z e
v' X 1+ 1
ZRZ . : .
- A
: o »——)————ir.ﬂ..‘, m————
and St L 1. o |
Smax ‘ 1+ —l?-
2R |
. vw
and Smax = m, 1;?7—'

3.4 Results of Soldtion.

The complete so]ut1on to the prob]em of conso11dat1on in
thaw1nq so11s, subJect to the assumptlons made, is shown to be a
fgnct1on of the three independent variables z,,wr ané R. w;'1s the
'ratio of the effective overburden pheseure at the,thaw 1Tne\to‘the
appTied external 1oading' If an init1a1 effecttve,Etress 1s'presentv
1n the 5011 on thawing, it 1s subtracted from P The ‘haw

conso]1dat10n rat1o R is a measure of the re]at1ve rates of generat1on

and expu]s1on of excess pore f1u1ds

"~
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Norma]1zed va]ues of excess pore pressures have been computed
i #
from equat1ons (3.47) and (3.37) for.the. two extreme;va]uesjof wr and

————

‘f ere plotted in Pigures 3.2 and 3.3.. Excegs pore;pressures for
~intermediate values of W ‘may be ca1cn1ateh fyom the more génera] |
eq. (3 49). It is of part1cu1ar interest to note ‘that for a s0il" ?j
'ébnso]1dat1ng on]y under its own we1ght the pore pressure d1str1but1on
is 11near~for a giwven magn1tude of the thaw-consolidation ratio R.

The vakiation of the excess pore pressUre gradient with R for tnis;\
.case is p]otted in Fig. 3. 4 in a form "more- conven1ent for use . The
.'degree of conso11dat1on has been p]otted aga1nst R for d1fferent

va]ues of w in Fig. 3.5. »

¢ i} For the cases’ where the so11 is conso]1dat1ng solely under an
\appiﬁég ‘Toad, or so]e]y under the 1nf1uence of self- weight, the re1at1on—

~—

sn1ps descr1b1ng the excess pore pressure distribution and degree of

. '.‘ ,_j“

,fﬁgn slidation are all 1ndependent of .time. A similar feature was found
§ T ) . Y
%on (1958) when cons1der1ng the pore pressurés ‘generated by

ion' of material at a rate praportional to the square root of time.

e ‘;Qimens10ﬂ1ess Rhaw consolidation rat1o is - a fundamenta] pa-ameter

e -\' .

wh1ch a]though 1ndependent of time, has a role 51m11ar to the. t1me

'factor fn\more convent1ona1 conso]1dat1on prob]ems ‘
~ As ;he excess pore pressure prof11e is t1me\1ndependent, it.
is conven1ent ;to p]ot the excess pore pressure at the thaw 1ine (z 1)
.aga1nst R for the different w rat1os in Fig. 3.6. .As the most- |
critical pore pressure always occurs at the thaw front, this p]ot
| represents the most 1nterest1ng face ,of the solution. The curve’

for w =0 will prove part1cu1ar1y usefu] at a 1ater stage when .

L 3

-
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assessing'expehimenxe1]y the validity of the theory.

o | !
3.5 Post-thawing conditions. . o LT
If the movement of the thaw front were to cease abr tly ;
® .
_ at, say, time t = tf, then a more convent1ona1 f1xed boundar;u§>bb]em |

ar1ses. For the case where the depth Qf thaw is proportional to the.
S .

square root.ofht1Me,-the position of-the lower boundary Xf

given by eq. (3.1). For th1s new problem, 'the govern1ng d1fferent1a1

will be

:eqdhtion (3.3) remains unchanged however the 1n1t1a1 va]ues ege g1ven
L f L " “"3
by the excess pore pressure d1str1but1on at the end of thaw1ng ‘. Fo

i} P o~ % +'Y,fo,§§y dx

c at - o (3.58)

3u
ox

The ve]oc1ty of "the thaw front gi is now zero;'gtving’the impermeab]e;'

~ )

~",‘cond1t1on

v

at x = X 3 EOE t >t

' 3X (8.59)

&
The formulation of the problem may be summarised as follows.
o 'Setting'tft= 0 and X, = L for notattdna] simplicity,

Ut >0 ¢ rE_%.=
Lo o e

@

u

5t 3 IQ <x <L P (3-60)

x=0 (3.61),

S ox=L ©(3.62)7



Q// T ) o 3 A .
o 5 ) ~93
Y o ‘
t=0; u=" 5= + 7.5 G x<L .(3ﬂ6§)

: _ . - 1+ AT T -
| erf(?) + Z—— g . EEZ SEEE 7
R ’ , /TF:R /e o e ,
, ‘. . * . . - N / [J *

The anaWyt1ce1 senut1on to this. problem may be expressed

1n the form of an 1nf1n1te ser1es, however because of the comp]ex1ty

t is pdss1b]e, however, to obtain a so]utaon for the se1f-

- of the ihi§1a1 values in eq. (3 63) &N extreme]y d1ff1cu1t 1ntegra] _,'

7emerges.

>

Jv'weightj(y ) 1oad1ng cond1t1on, as the 1n1t1a1 vaﬁues are 11near, and

it may be found from Cars]aw‘and Jﬁeger {19¢7) to be

e e
v | S 5
:Z: cos (2n + 1)m-x - Cv(2 S 1)
U(X t) A oL - e ' '
. . 6 (2n + 1) SR S (3.64) -
- where uf R { i%_ - . s
A ]+ ‘ - N _'
2R% -_s
and ‘is the excess pore pressure at the thaw 11ne at comp1et1on of
thaw1ng R o b' ‘ o .ét- | 1;‘ ‘ L ) .
In dimensionless form, eq. (3.64) bécomes -
. . o o - {(k/”
o - SR P o . A
%o : ”(Z_’T = 2 % cos(Mz) e'«,M'I R ' S o
where”’v M= (2n;+‘1)%; o
and 7 T= s g
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of R during'thaw E

) Thevpost thay seLa]ement is def1ped as the sett]ement beéurr1ng
g after tf dTVﬁded by the.tota] post thaw sett]ement tak1ng p]ace '
between tf and t1me oo . The degree of post thaw sett]ement fere ‘ _
the. post thaw phase oﬁ nonsnl1dat1on may be obta1n*4 by 1ntegrat1on : B
L\  of the 1nf1n1te serwes (3 65 as follows: = S "_{
] o ) -
. ‘ | !"--‘, ‘ 5 .
A ] - RECI o
f u(z,T) Z (- 1) | " (3.66)
-jo u . - [
. :f . . - . o -, - : ’
T - T@ﬁ degree of post“thaw settlement for th1s‘case'w1]1 be '
o def1ned as - . » ;
o f] u(zd) g, |
S S=1- I L T e T .
o Jo - f. o v R ’ \
| .\‘ . ﬁ’gl . a . ‘ ‘ ~‘. '. ‘.n tﬁ\ ‘.&\
: ‘The'fnitia1fva1ues (utz,0) are given-by the trjangu1an'
i ribution !
Talz,0) = ugz, 4
SO: F' ' -l:. - OJ.
1 i R
u(z,0) 4, = 172 : SR
0. u."
t f ! i -
1 (A. .- e S - -l’-: 2 ] u(z -I.:) - . . | B o 'r - -' ._ - ' ("/_n“\'" .l
LTS s 2:T) 4y . o (3.88)
S EE 0 Ye oo f : : ; o
: 4 A o
~N\ . S 3

B A, . = _ _
. *, : , s = ‘94
' ; . o
2N L f : : "-. T ) o )
The excess re pressure 1sochrones from eq. (3‘65) are shown

p]otted in Fi e and these‘lsochrones are va11d for a]] va]ues

g "
PR

- . - N e . .‘.‘
" . R L RS
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’

Substituting the series expression (3.66) into (3.68) yields

L ‘> a 2 o : |
AP n2 -MT T ¥ 5
S=1-2 Ze@ (_—1) 3 e _ © (3.69)7

: n=0 ' , ’ _ : ' oot

[
The degree of post -thaw settlement expressed by eq. %3 69) is p]otted

©

‘1n Fig. 3.9 against the. time factor.
' The post—thawingppore pressures and settlements for the applied

' loading (PO —‘oo') conditics wst nécessari]y he'evaluated by'a finite
. , \
difference numerica] methou. Becauseﬁ 1n1t1a1 pore pressure )

d1str1but1on is always 11near for the y! 1oad1ng case, the degree of

post ~thaw sett]ement w1]1 always be 1ndependent of R. However, for
.the (PO 7A06‘5>]oad1hg case,.the»shape of the 1n1t1a1fporevpres€ure
profife is gdverned’by R, aho therefore the degree of post—tﬁaw,;g
settlemeht.w111 in this case be weakly dependent on R. . A simple finite
differehce program was written to solve~the Terzaghi oonso]idatipn}‘
equation subject to the initia] va]ueswformtheM(P - oof) 1oading '
»fcase gTVen by eq (3. 63) The excess pore pressure isochrones were
- then .used to obtain the degree of post thaw settlement for d1fferent‘p

X . S

R va]ues durlng thaw ~The excess pore pressyres at the base of the

thawed 5011 are shown p1otfgg'aga1nst t e f ctor in F1g 3 8. The'

degree of post thaw sett]ement 1s p]ot d wit the t1me fa%tor in -

-

Fig. 3 9 for d1ffereht R values. It is worth not1ng that 11tt1e

d1fference occurs 1n the sett]ement curves from R = 0. 1 to R = 2
i

. Th1s is a broad range of va]ues wh1ch bounds most R values-” 11ke1y ‘to.
e

b encougfered. o e. S TR ék o

. : ' s T .
v : e
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The settlement and excess porebpressure urves for R = cx:'

'indicate that an. 1nitia{]y unifonn excess  pore pressure existed ¢

at the end of thaw, and therefore the subsequént deve]opment of
settlements and the d1ss1pat1on of excess pore pressures will corre§pond
~'exect]y to ‘the classical Terzaghi so]ut1on‘to this problem in 501] “;'
consolidation. The most important settlement, curve'ig that fc |

) = d;]. This is the same settlemgnt curve which is obtainec from tae
~c]a$sTCa1 Terzaghi solution for‘an initially 1ineqr'prdfi1e of excess™
pore pressure, and 1§ gtven ', “a2rzaghi and Peck,(1967) in their
. ana]ys1s fbr a hydrau11c fi1l. . This sett]ement-curve'is-used extensive]y
in the exper1menta1 verification of the theory as”it is valid for a]]

R less than'un1ty (say),. and for a]] ]oadJng conditions. It 1is -

interesting to note that the time fector for 50% post-thaw consolidation

is 0:28, as dietinct’from 0.197 which is'obtained“frgm the classical

~
BNy
. ~
~

TerZaghi solution for the oedometer boundary conditions.\\\\
‘ _ ‘ ) -

3.6 D1scuss1on and Application of So]ut1on v | \\;;

The degree of consolidation sett]ement and the excess pore
pressures.1n aethaw1ng soil have been shown»tO'be primarily dependent
; on the R value. This dimensionless quantity relateé a;'Which is an
- indication of the thaw rate and therefore of the rate of liberation
“'of excess pore f1u1ds, to the coeff1c1ent of‘conso]wdat1on Cyo wh1ch
descr1bes the ab111ty of the so11 to d1ss1pate the excess. pore f1u1ds..
then R is zero no excess pore Q\essures are ma1nta1ned, and
'Vsett]ements proceed concurrent]y with thaw1ng When “the R value is

large (i.e. un1ty), seve e pore: pressure cond1t1ons are ma1nta1ned

’
s



~

vcoulﬁ qhite easily vary from 10f] cm2/secffor sandy soils to 10

‘ 300

at the thaw line, and the degree of consolidation settlement is

. ”considerably impeded. The R value mey therefore be used as a

cqnvehient inéex;as to the severity of pore“pressure and settlement -
conditions in a thawing soil. When the exces% pore pressUre '
conditions are comb1ned with a fallure criterion of the Mohr- Cou]omb‘
type, the available shearing res1stance of thg thaw1ng s0il may .

AN

also be calculated. ~
3
Dwe111ng br1ef1y on the tw0xparameters conta1ned in the R
value, it is certainly safe to conclude that toe degree‘of uncerta1hty,v

in obtaining a value for the thermal parameter o is much Tess than

. the uncertainty 1n'e$t1mating or measuring Cy- . The comp]ete range of

o values which one might imagihef?or a wide range~of’Arctic problem

:probéb]y lies between 3 x 1072 and 9 x 1072 cm/sec]/z, a total
variation by a factor of three. Even accounting for.possib1e‘errors

in conductiVity data and moisture content, one would not expect the

error in the estimation of o for a particular problem to be-greater'

than 20%. Thevcoefficient of consolidation c,> on the other hand,

-5

cmz/sec for very fihe—grained clay soils. Even though the c, value
enters the R value Under the square root sign,~its:potentia1 variationﬂ

and the factors affecting_it,‘make the degree of uncertainty

5§sociated with obtaining the correcf‘cv.va1ue much higher. Accepting

'vthat the Terzagh1 equat1on correct]y descr1bes the pore pressure .

d1ss1pat1on in. the thawed 501], it is therefore encourag1ng to see

" that the solution of pract1ca1 thaw- conso11dat1on prob]ems is reso]ved

h into a correct determination of the coefficient of consolidation.
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The excess pore pressure cond1t1ons under\the applied 1oad1ng
condition are in general s11ght1y more severe than\those obtaimed
under the self- we1ght 1oad1ng cond1t1on, but the d1fference is smal]
enough that no generalisations shou]d be made regard{ng the contro]
of 1oad1ng cond1t1ons at this ear]y stage It will be,seen ]ater: |
for 1nstance, that the prov1s1on of an app11ed 1 ading Po will in some
cases reduce the norma11sed excess pore pressur’ﬁin the thawing soi].
- The residual stress Oo may be 1ntroduced as a constant or
' 11near1y 1ncreas1ng function into. the preceed1ng analysis for linear
thaw- conso]1dat1on w1thout undue d1ff1cu1ty ’ |

-Assume that the residual stress oo is represented as a linear

function O depth by
oo'(x).= D] +'.D2 g | R - (3.70)

The boundary cond1t1on at the thaw 11ne eq. (3.]8) may then

be rewr1tten as

2. ‘

e - 1‘ 'CB
.(Po - D]) + (V' - D2) X -u f v

Q

= ¢ R AN

o
+|><

,where ‘the- constant coeff1c1ent D] has been comb1ned W1th the constant
external stress P » and the D2 coefficient has been comb1ned with y'

' In‘the final solut1on, P0'1s now rep]aced'with (P C- D]) and v

by (y' - DZ)’ and thus a res1dua1 stress funct1on such as eq. (3. 70)
is 1nmed1ate1y 1ncorporated into the closed form solution for one-

d1mens1ona1 linear thaw conso]1dat1on

R



The theory formulated here provides a value of the settlement
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/ ratio St/Smax in the thawed soil. However, in order to calculate the -

actual transient settlements, a knowledge of the differént- components

. ) . o B o
of total settlement and'their relative rates is required. The total

‘conso]1dat1on settlement S for an. app11ed 1oad1ng P 15 propOrtiona1

to the depth of thaw X,: and therefore to the square root of time.
i Sma for the self-weight 1oad1ng case 1s proportional to X2, -and
therefore proceeds ‘Tinearly with time.

The other c0mponEnt of settlement arises from the vo]umetr1c
contract1on associated with the phase traﬁJtormat1on from ice to )
water. Th1s co;ponent of sett]ement occurs 1nstanteously on thaw1ng,
and is obv1ous1y proport1ona1 to the depth of thaw and the square

root -of t1me, prov1ded that thenlce is un1form1y distributed.

Therefore in a s1tuat10n involving both 1oad1nq cond1t10ns, the total

sett]ement is re]ated to time’ and to the square root of t1me For
-the oedometer cond1t1ons, however, where the se]f—we1qht component
of the soil is 1gnored the remaining components of total settlement.
are both. re]ated to the square root of ‘time as follows. Writing
the sett]ements for the oedometer 1oading conditions as the sum of
the ice- water contract1on and the conso11dat1on sett]ements g1ve<'

A St .
S=43X +( )S“
' Smax max

where- J s the'strain'assotiated with the iceeWater'change alone.

" “The total consolidation settlement S__.  is written as -

.S = mv(Pov-

max g ")X -

0
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. Thereforé the sum of the settlements at any time is

. S = J‘+.m-(P0'O‘I) .
2 : 0 Smax | o y

For a uniform soil, the term inside the large bracket is a time-

independent constant. Therefore the transient settlements taking -

. p1ac¢ under oedometer stfess conditions are related directly to the

'_ depth of tiaw, and therefore jo the squaré root of time. I will -

be seen in the following chapter whether these theOrétical predictions'

. . . . .
~are borne out for experiments carried out under oedometer Load1ng

~ conditions.



CHAPTER IV

LABO&ATORY TESTING OF THAWING SOILS

4.1 Thaw-Consolidation Tests on Remoulded Soilé; f
ot ¢

In order to assess the validity of some of the most tmportant
theorettcal relationships derived in prevﬁous chapters, it was necessary
. tovdevelop a special oedometer for 1aboratory testing‘of thawing soils.
Thés oedometer was designed andubuiTt to test the'theory of thaw-
hconso]1dat1o , and the results of the study are presented by S Sm]th (1972),
r‘and subsequently by Morgenstern and Smlth (1973). | |
| 7 ‘ The oedometer was des1gned to satisfy the necessary stress and
.therma1‘boundary conditions durihg oneédinensional thaw;conso1idation. _
The apparatus tonsistedlbasieally of a.rigid 1ucitewthtck-wa1]ed cy1inderl
_-to maintain one- d1mens1ona1 heat transfer, dra1nage and tota; stress | &

cond1t1ons Dra1nage is perm1tted at the top of the sample through .

a porous stone, and another porous stone at the base of the samp]e 1s

connected to an e]ectr1ca1 pore pressure transducer. A 1oad1ng 1s.

e1ements and temperature control ‘units built specially for the apparatus.

) Temperatures through the sample are measured us1ng thermocoup]es and

e thermistors. The apparatus is descr1bed in detail by Sm1th (op c1t)

hand a diagram»of an improved apparatus appears Jn the next section.

e
]
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’h1gh mo1sture content, and then by conso]1dat1on 1n the dev1ce toa . Y.

A

rat1o R was ‘determined for each, test The'settlement'ratio, t/S

_’ 105

. Considerable care was taken in measuring the correct pore préSsures

at thevbase of the thawed soil sample. The pore pressures mezsured in

tests performed on conventionaT'unfrozen clay samples Were'found to be

i3,

greatly affected by friction between the apparatus and so11 sample, s

-

| fand by the 'hardness' of the pore pressure measuring system . The

~meaSUr1ng system Was made as 1ncompress1b1e as poss1b]e by keeptng

the volume of f]u1d in the measur1ng system as sma11 as possab]e, and

by carefu]]y de-airing the f1u1d 1nvo]ved. Side friction on the samp]e
was gre:*ly reduced by ]tntng»the fucite;barre1'of the apparatds with W
a tefTon sTeeVe; and a greased'rubber membrane was placed between the = ...
sot] and. the teflon sleeve's In this way, a]most.ddea1 pore pressure

responses were observed during'standard oedometer tests_on unfrozen‘
c]ay soils.. ﬁ | ‘ | “\

* The so11s were prepared by remoulding a saturated s]urry at a \

desired stress. The remou]ded soils were frozen in the apparatus to
a uniform temperature. Upon the app11cat1on of a sudden increase: in

surfaoe temperature, the so11,commenced‘thaw1ng, Settlements, pore

' pressUres and temperatures were recorded as~thaw1ng proceeded, and

subsequent]y when thawing was comp]eted
Us1ng the curves for post ~thaw sett]ement der1ved in Chapter 3,
the Vvalue of the conso]1dat1on coefficient ¢ was calcu]ated. When

combined withbthe observed thaw-parameter a, the thaw-consolidation

max

.and the observed pore pressure ‘were plotted aga1nst R, and tompared

‘vw1th the theoretmca] re]at1onsh1psﬁ@er1ved from the thaw-consoTﬂdat1on

theory. Ihese results are reproduced in F1g. 4.1, and in th1s way a.'



 MAXIMUM EXCESS PORE

for Remou]ded Soﬂs (afte

r Sm1 th, 1972)
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: pre]1m1nary 1nvest7gat1on of the theory of thaw conso11dat73n was
accompllshed The resu]ts of the tests on remou]ded so1ls, the
measurement of the the-mal and conso11dat10ns coeff1c1ents, and the
ana]ys1s of “the. ddte w*th1n the context of the thaw~conso]idation
_:'theory are - desqr1bed ina comp]ete manner by Sm1th (op- c1t) and wilt
‘not be. dwe]t upon here The principal conc]us1ons of this 1nterest1ng
study m1ght be summarlsed in the f0110w1ng sentences. | tev |
‘ 1) When a step increase in temperature is ap 11ed at the i

surface of a un1form soil. samp]e, the depth of thaw penetrat1on 1s
_observeﬂ%ig be proport1ona1 to the. square root of t1me R —

2) The rate of thaw o may 6/ estlmated W1th suff1c1ent |
accuracy for most eng1neer1ng app11cat1ons using we11 estab11shed e 3
-re]at1onsh1ps and thenna1 propert1es . | ‘ .

3) Sett]ements dur1ng thaw1ng under the app11cat1on of, a
'surface step temperaturé are prdport1ona1 to the square root of |
t1me,_for oedometer stress cond1t1ons “_ | .

“4) The degree of sett]ement in the thawing. 501J follows the
vr;genera1 trend pred1cted by the theory, but more . prec1s1on in the data'b
:wou]d be des1rab1e | '7~’ | | :, - |

///he 11near theory of thaw- conso]1dat1on was)more than

/

. sat1sfactorub1nfpred1ct1ng the excess pore pressures ma1nta1ned

" ,AC.&,.

Aldur1ng thaw1;4

i " :&« AN k
”,versat111ty of the thaw-COnsol1dat1on apparatus was
A :.. ’.‘

;6.)‘

"demonstratedy\ From‘a sﬁng]e test the parameters control]1ng the )
thaw and postithansett1ements and pore pressures cop}d be- obta1ned
'together w1th add1t1onal 1nformat10n on the rate of me]tﬁng

7) »The_lmportance of the’ 1n—smtu-permeab1]1ty/for pred1ct1ng',

VA s : : L

P
3

R . A v
' B . . .
B Cehel P e

C . . ",
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(and therefore R) was recogn1sed when applylng the theory to f1er

<

_probTems

'remoqued so1Ts, it was cTear that further—test1ng of und1sturbed

permafrost so1Ts would be of . cons1derab1e 1nterest before app1y1ng the

theory to f1e1d probTems 1nvo]v1ng thaw1ng so1Ts ATthough all test;\ fim’

carried out to assess the. vaT1d1ty of the theory were performed uhde

the app11ed Toad1ng cond1t1on in the oedometer, it is cTear that any

statements‘rffg»}Jng the app11cab111ty of the. theory appTy equaTTy
well to the s Tf“
consolidation,pnoblem 1s.the same - for each Toad1ng;s1tuat1on,,

3

o *.4 2 The Des1gn of an Improved Thaw- ConsoT1dat1on Apparatus

‘ It was neceggary .to des1gn and fabr1cate an apparatus capable
of sat1sfy1ng the stress and thermaT boundary cond1t1ons 1nvoTved in
‘a thaw;conso]}datlon testr The apparaﬁgs deveToped by Sm1th (1972)

; was shown to'meet these requirements in a satisfactory manner when :

&

test1ng remoqued so1Ts, However based on exper1ence obta1ned from
a Targe number of tests, and ant1c1pat1ng the extra compTert1es in
test1ng und1sturbed sampTes Sm1th (op c1t) prov1ded the foTTow1ng

_f recommendatrons f0r 1mprovements to the or1g1na1 apparatus deS1gn

(a)'”The ex1st1ng pore pressure measur1ng system was .
fprone to pTugglng and Teakage “and shoqu be redes1gned to aTTow
';eflush1ng of the system '%#[ .“. o G

o ‘1.
i ,
(b) The outer steeT Jacket in the or1g1naT apparatus was “““ :

not requ1red for the Tow pressures 1nvoTved in test1ng

(c) Prov151on shoqu be made to measure defTect1on d1rect1y

3

A
\

\

:W-ight Toad1nq cond1t1on as'the formu]at1on of the

_ FoTTow1ng the extrenely encourag1ng resuTts of th1s study onv”‘

T

~
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2 _ o y a
from the load cap. B o »
k‘; {d)v‘The sample shoy1d be.mounted>on a base plate, and.a
sp]itvqedometer barreT clamped around_the‘samp“ ) This innovation

‘perm1ts the p1acement of a frozen samplza in the apparatus; which wasg
'prevaously 1mposs1b1e o ’ | |
These recommendat1ons were carr1ed out, and the 1mproved des1gn ;
“is given in Fig. 4.2. Except for’ the 1nprovements 11sted aboVe, the
. ’ I
same_features were incorporated in the oedometer ‘used by Sm1th (op Cjt),
N Two thenno~e1ectr1c modules powered by D.C. power supp11es
;contro11ed the temperatures at the top. and bottom surfaces of the soil
‘samp]e A 1uc1te barre] lined with a teflon s]eeve and a greased rubber
membrane provided an almost frlctt‘"1ess boundary betweeh~the.5011 and
“the barrej of the oedometer. A Tucite base plate was fitted with a
_porous stone and c0nnected byﬂa fine hole to the transducer ana asSemb1y
ofqyaTves'shown-in Fig. 4.2. The system of valves-allowed re- zero1ng
,.‘of>thehpore pressure transducer to atmosphe. pressure without
ha1]owing.the passage of any fluid in or out of the sample. An aluminium
guide with a tefTon_bushing was prouided for the p1ungerdand load
. to-prevent tilting of the load cap. A dia]lgauge,accurate to
uallin; mounted on the barrel of the oedometer allowed measurementbb
" ofbsettTementidirectlytfrom the’1oading“p1unger7A The whode apparatus
“was mounted in a cold r00m, whosé?temperature‘was'set~at'the requtred

a 1ntt1a1-temperature of.the frozen sampie The pore pressure measur1r;,gEs
.system was de-aired using a 507 so1ut1on of ethy1ene g]yco1 to prevent
freezing in the -tubes or transducer.

~ The method of measurdng temperatures throughout the sanple.with
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- thaw-consolidac.on test. ' o ' ™
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'R ,

thermocouples and thermistors, and the method ofidgta acquisition, was
identical to that reported by Smith (op c1t), and the reader is referred

to this work for any further information on the 1nstrumentat1on used

oo

4.3 ‘ThaW-Conso1idation Testsvon Undi sturbed Permafrost. Samples

The extensfve\]aboratory_testing:carried out “y Smith (1972)
demonstrated.verytéood'agreement be tween theoretica] predictﬁons and
the observed behaviour for rjmoutded soils. However, it is obv1ous1y
des1reab]e to extend th1s work by test1ng u1d1sturbed natura] samples
of permafrost. It is extreme]y importan® to investigate the effects

of the natura] structure of permafrost civ the pred1ct1ons prov1ded by

the thaw- conso11dat1on theory, and tnerefore determ1ne “tne app]1caba11ty

~

'of “the theory to field prob]ems

w1th the design’ 1mprovements 1ncorporxted in the apparatus
described in the prev10us sect1on, it 15 now poss1b1e to p]ace a. frozen

samp]e of the correct=d1mens1ons in the apparatug, and carry out a -

—~~.

L
Samp]es of frozen core approx1mate1y 3 1/2 inches in diameter g

were obtained from Norman Wells, N.W.T. and from Noe]] Lake, North-East -
- \ ‘ |

of .Inuvik, N.W.T. The core was inspected visually, and-samples were

selected for testing. The_soil from Norman wells was a sandy si]t,

°

with approximate1y:10” organic content. Accord1ng to the 'NRC ice

¢

c]ass1f1cat1on the ice content var1ed from th1rty percent v1s1b1e

dce (V - 30%) at a depth of four feet, to about five percent visible

~1ce'(V - 5%)Vfrom tWe1ve to sixteen feet. Two small lengths of frozen

~ core from the Noe]} Lake boreho]e were - ava11ab1e from depth« of f1ve

and f1fteen feet. Th1s hole was dr11]ed close to the head scarp of a

L)
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*

Targe thaw subs1dence which was occurr1ng at the edge of a lake. The
upper samp]e was 2 brown s11ty c1ay w1th twenty percent ice ( - 20%),
and ®he 1ower samp]e was a b1ue/grey silty c]ay with approx1mate1y
twenty percent visible ice (V - 20%). The ice 1n the upper samp]e ’
was even1y distributed, and was present in the 1ower sample in the form
of djsor1ented bands of 1/4 -to 1/2 inch in thickness. Two-photographs
of t“*e ]owerlmeteriai are given,in‘Fig. 4.3. A summary of the ; ‘
properties of these soils is gjven in Table 4.1. ’
- . The samples were prepared in a large ‘walk-in' cold_room by first
cutting a rough sectionfof core Xa approiimate1y 2 °1/2 inches in length.
The frozen soil was then c]amped in a milling machlne which was f1tted
with a spec1a]1y constructed cutting too] This cutting dev1ce Was
fabricated. from a three 1nch long §ect1on of thin- Wat1ed'stee1 tubing
“having an 1nterna1 d1ameter of approx1mate1y 2.65 1nches The cutting
edge oF the cy11nder was formed by bending the 1ip of the cylinder
1nwards and then machih??@f?ﬁﬁ?]1p to 2 sharp edge ~ The 1nterna1

P )

diameter of the Tip was machined to:2 5 inches exactty, and when
mounted 1n the milling mach1ne, the cy11nder formed an effect1ve dev1ce’
for cutt1ng samp]es 2.5 1nchesc1n_d1ameter for test1ng in the oedometer.
thh the” dutting tool rotating at about 300 r. p'm', it was forced into

- theAfrOZEn'core dt‘a rate of»O 2 1j\Kes per m1nute ?he cutting action

produced a minute amount\of7657t1ng at thetcy]1ndr1ca1 surface of the

4 samp]e, ‘but the effects wgre est1mated to penetrate less than 1 m.m.

- tnto the samp]e After the cutt1ng tool had penetrated approx1mate1y

twg 1nches; it was withdrawn. The thawed "skin" around the sample was -

~ observed to refreeze a“ust11nstant1y The §ampJeiwa$ removed from14 |

: tthe m1111ng mach1ne and the end are  trimmed square on a band saw.*". -

>fr‘.~

v

v ¥



NOELL-LAKE
CLAY

‘ " DEPTH =15 feet
% =1.85 g/cm®
w 30f32 °/o
0,= 0.2 kg/cm’

i

i : ‘ :
Fig. 4.3 Plan view of two samples of Noell Lake C]ay
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The dimensions of the samp]e were carefu]]y measured, and the sampTe
weighed on a balance to 0.01 g. These data were used to ca]cu]ate
the frozen bulk density, The sample was qUickTy'seaTed'in 4 pltastic
bag to'prevent subTimation‘of the ice, and stored for later use.
Trimmings and;end cuttings from the sample preparatidn were used.t0>"%

~obtain the initia] hoisture content of the frozen 5011 E1ght sampTes o

-----

(5' f‘-,

moisture content data are g1ven }h Tab]e 4.2." Two reCOnst1tuted
samp]es of Mountain R1ver clay and Devon silt were also prepared to "
ascertaln if the thaw consoT1dat1on apparatus was functmon1ng correctly.
These samples were prepared by freez1ng de - a1red s]urr1es of the soil
in Tuc1te rings 2 1/2 inches in d1ameter The samp]es were-extruded
from the Tucnte rings and tr1mmed‘for testing.‘ The properties and
initial data for theseispils are also summarised in TabTes 4.1 and 4.2.
| The samp]e was set up an‘the apparatus‘by first aTTowing the
component parts of the apparatus to come to the temperature of the room
at which the test was bejng carr1ed out. As stated prev1ousTy, the
pore pressure measuring System and porous stone were,saturated“wnth
ethylene Qlych. A.meniscus of'd]ycol Qgs maintained on top df*the
'porous-stone and a wet fi]ter paper was carefully pTaeed on'the
glycol, and the frozen samp]e Towered gent]y onto the filter paper.
The we1ght of the sampTe on the porous stone and base p]ate squeezed
out all excess glycol, and a rupber membrane was placed around the .
samp]e. The membrane was seaiegbto the base pTate by-a rubber 0 r1ng
sea1,- The two sections of the split barreT were ¢lamped around‘the

sampTe; and then.the_barre] was boited to the base'plate. :The‘

membrane was then<held at the top of the barrel, and. the load cap
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- was .adjusted to equa] the he1ght of the sample ‘As the d1a] gaugeu 1"

St/S

Cay Lt

assemb]y-was pushed down the barre] to make contact W1th the so1]
sample. The ovarburden 1oad1ng\Was then p]ated on the 1oad hanger whlch

was brought in contact with the load plunger.. The vert1ca1 d1a1

I

vv gauge was brought to bear on the Toad cap, and the 1n1t1a1 reagﬁnq

N
. d‘ B' toe

"b

“had a 2 inch travel, this penn1tted the d1rect ‘reading of samg1e,?.}~“';"

height at any stage of the test. Any extraneous pore pressuresz%h .

‘ the measuring system were a]]owed to dissipate and the' pore presd, :

1"”
o PIT

measur1ng<system was c]o&ed from the atmosphere. The assemb]ed

sample and apparatus were then left undisturbed for approx1mate1y'four

)

hours to allow. the temperatures, height and pore pressure readings to .

become constant.

The test procedure during,the thaweconso1idatton testing from
! - o . B ' )
this point onwards was the same as that described by Smith (1972).
After app1y1ng a step 1ncrease 1n surface temperature to the samp]e,

pore pressures, settlements and temperatures were recorded at one-

_ mlnute 1ntervals unt11 thawing and sgttlement were comp1ete "fhep-
1resu]ts of the ten tests performed were plotted against the square

'root of times and the resu]ts are shown in F1gures B1 to B10 in

Append1x B._ The pert]nent data are included onathe graphs,vtogether
with samp]e data po1nts ~In order to ca]cu]ate the sett]ement ratio
max’ it was necessary- to ca]cu]ate the he1ght of the samp]e in

the thawed, undra1ned state (H )  This was done for each. samp]e byi '

assummng 100% saturation, and us1ng the relations

G, +e S ‘ o
_ th | o . -
Y TR T, N o)
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1. 09 eth - €4
STE 09 ey

where leth. is the thawed undra1ned vo1d rat1o ca]cu]ated _

&rom eq. (4 1), |
',yf ~is the frozen buTk density,
‘fanq”v_Hf and ch are the frozen and thawed height ofﬁ
'§§§> “undrained soil:
G

The excess pore pressures were norma11sed as 1n the’ theoret1ca1

treatment by d1v1d1ng by (P -g ) P was the app11ed ]oad1nq, and _v'

'the res1dua1 stress Oo in most cases was 1nferred to be zero due to the

o

1ce r1ch nature of the so11 In three cases, however, where the vo1d

ratmo was low;f1t was measured for separate samp1es.of_the same material

- by the method descr1bed 1ater in this chapter. The obserVed resutdi%?

for norma11sed excess pore pressures, -seéttiement ratio and o va]ues
are presented in Table 4.2. The coeff1c1ent of conso11dat1on was

ca]cu]ated from the post thaw sett]ement data in the same fash1on as

_ that descr1bed in Section 4, 1 When comb1ned Wwith the o va]ue,‘the

-

thaw'conso]idatjon'ratio R was ca]cylated; Figure 4.4 shows the

" normalised pore pressures plotted against the obsérved R value. _ The

 theoretTca1 re]at1on from Chapter 3 is also 1nc1uded as a-solid Tine.

Thé observed sett]ement rat1os S /Smax are: p]otted in Fig. 4.5 aga1nst

'the R value, together W1th ‘the theoret1ca] re]at1onsh1p These resu]ts

v

iy
T

w111 ‘be discussed in section 4.6, and are a1so g1ven 1n Tab]e 4 2

After comp1ete,conso11dat10n}hadvoccurred,.some_add1t1ona1 1oad1ng\"

(4.2)

-
P
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| 1atent heat term 15 ca]cuﬁated from eq. (2. 1/) based on "the assumpt1on g

f from the publlshed literature- that_the ranges of s11ts and s11ty

Xie
R

— S 121
e | ;' - | o 3;
1ncrements~were ap;]ted in some cases to a1d 1n def1n1ng the vo1d rat1o
effect1ve stress re]at10nsh1ps, and obta1n add1t1ona1 consolldatlon data
- If a thaw strain parameter is defIned based on tota1 sett]ement
from the frozen to the thawed conso]1dated cond1t1on as the tota] change

in spec1nen he1ght d1v1ded by the or1gﬂna1 frozen he1ght ‘then’ the

" results of the e1ght4§ests on undlsturbed permafrost samp]es may be

compared w1th resu]ts by other researchers Speer et a1 (1973)
produced a corre]aﬁion between ,thaw stra1n and the frozen bu]k den51ty
based on the resu]ts of many tests on fine-grained so1ls from d1fferent

Arct1c 1ocat10ns This correlation is reproduced in Fig. 4. 6 together

‘w1th the resu]ts of the- e1ght tests descr1bed here The data po1nts

are observed to fa]] c]ose to the stat1st1ca1 corre1at1on g1ven by -

w

.....

*

The remaining study,of 1mportance is to determ1ne the. pred1ct1ve

power of 51mp]e ana1yt1ca1 expre5510ns for the thaw rate such as the I

: Neumann so]ut1on, when combined w1tgvthe s1mp]e express1ons for the

* therma] propert1es descr1bed in Chapte 2 A value of a may be “j

J\

- determined by ca]cu]at1ng the heat capacitwes and conduct1v1t1es from

~ the data of. Kersten (1949) and the known mo1sture content data, The

fthat 10% mo1sture content (dry we1ght of so11) rema1ns unfrozen at

. the 1n1t1a1 temperature of 5 C. This. assumpt1on is based on observat1ons '

" e e ey

c]ays tested most 1ike1y have unfrozen mo1sture contents at -5° C of

' from 5% to 15% of the dry we1ght of so11 Us1ng these thermal

X

f.propert1es together w1th the 1n1t1a1 and surface temperatures of —5°C



122

o

umotme.&aavmﬁ:pm%c: ,:C mc:iv_m 39:. 9 2 m&

eo\S ?:mao ¥ing szoE

)

91 Gl

,m‘._\w/m 81 Ll

| v, oo b

m—————

¢

SN S e - e e—— o—

9uo|D uoi4d o.:coo ._o::s- oo_

—

0 (gL61)iD 49 2193dS __:m: s
n_:wce:o_?_. _oo:n:os

'
SO
o

-
P
LR

-

N
(®]
< .

NIVHLS MYHL®

(%)

L



aequals the observed o .

_ o
‘the ‘thaw line Ac' is given by eq.-(3.16) as

123 .

e
e
y

“and +21°C, ‘the graphical solution of the Neumann so1utiqh in Fig. 2.2
—1is used to-predict the'a value. The observed value of o in’the thaw

conso11dat1on test is ‘then p]otted aga1nst the correspond1nq predicted

va]ue of o in Fig. 4. 7, for the eight tests on und1sturbed samples.

.[ /p

The dotted 11ne at 45 degrees indicates the cond1t1on that'the pred1cted )

- 4 a4 The Re51dua1 Stress in Thawed 5011

The boundary cond1t10n at the thaw line der1ved 1n Chapter 3

equates any f]ow from the thaw 11ne w1th a change in volume of the soil.

B

‘v.l

In the Tinear: theory, the vo]umetr1c strain of the 5011 is proport1ona1

:vto‘the change 1n}effect1ve stress. The change in effective stress at

/.

Aot = o' (X,t) - oy .}Gi ) (3-T§)
. : . . .
v ;VV_///_—_ -

where o'(X,t) 1s the effectlve stress at the thaw 11ne X3

1t~1s a funct1on of time (t)

‘—'I

and o! is the effect1ve stress in the soil skeleton

thawed under ‘undrained cond1t1ons
The initial effective stress in soil thawed under undrarned conditiqhs_x
will bé referred to as the residual stress. Only departures from the ‘f:”

4

res1dua1 stress will result in- vo1ume changes f‘“"ﬁ S ggﬁ.

The residual stress m1ght conven1ent1y be put equa] to-ze o
and this is a reasonab]e assumption if the soil is r1ch in 1ce, or. has

Pel

- a h1gh void yatio in the thawed, undra1ned state However, 1tﬂshou1d

//

.
 be noted fhat in cases where the. stress and therma]'h1stortzjcpssoc1ated

witn the format]on of a spec1men of permafrost are such’asfto reduce
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the void rati% of the soil, a significant residua1 stress may be
present in the soii upon thawing. It has been shown in Chapter 3
how the residual stress is: introduced into the theoretica1 anaiysis‘d
for thawing soils, and a discu55ion of the phySicai aspects of
the parameter may’now follow. . | ‘v T
" An appreciation of the.physicai meaning and importance of the
‘residual stress within the co..ext ot the tneory of“thaw—consoiidation
is gained after consideration of the following experiment A sampie
of unfrozen fine grained 5011 is prepared with a known stress history
by consoiidating a slurry to a known stress P The samp]e has
diSSipated all 2xcess pore pressures, and therefore Po‘is\an effective
stress (see Fig. 4.8). ‘The sample is now.Frozen in-the absence of
drainage; and the average void ratio changes a smaT1 amount from point
A to B due to the- voiume expanSion of‘water to.ige-in..the. 50i1 pores
If the sample is now a]]owed to thaw again without drainage, the v0id
ratio'returns of course to point A. However, a striking increase is
noticed in the'pore water pressure, and if the sample has a high
: enough void ratio,'the'porefpressure may approach or even equai theytotaT
stress on the sample. This‘impiies that the effective stress is
’ great]y reduced, and indeed may be zero for a]l practica1 purposes.
If the sample is now a]iowed to drain free]y, consolidation will occur

\

‘and the sampie regains eqUiiibrium at a much reduced void ratio,

pOint C on Fig. 4.8. )

L Externally the soil in this samp]e has underqone a net decrease
in volume ° presented by AC; under a constant’ externa] stress. During
freezing, it is known that negative pore water pressures bui]d up in.

 fine grained soils. It may often be observed that small ice layers,
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v
1enses, and other discrete segments of ice form upon freezing, even

when freezing has taken p1ace in}the absentefofvfree access to water.

It must be concluded then that as the total quantity of water in the
sample has remained unchanged, the remaining elements of soil are now
‘overconsol1dated w1th respect to the externa] tota1 stress. That is,

the areas of soil betveen d1screte ice segments haVe exper1enced an
effective stress greater than P f There is a;labdndahce ‘of evidence

for the existence of negat1ve pore pressures dur1ng freez1ng (e.q. >
IW1111ams (1966), Wissa and Martin (1968)). In cases where a s1gn1f1cant’
- clay fract1on 1s present, it is we]] known that the negat1ve pressures
‘can  be exceedlng]y h1gh

On'thawing, the overconsolidated elements of the soil possess

an effect1ve stress greater than P However, a quantity of free water

o ©ois available on a local scale from the thawed ice segments, and the

s0i1 swe]]s almost instantaneous]y to absorb the excess water in the
macro pores that result from the thawing of the segregated ice. The ' &
stress path taken by the 5011 elements is shown by the dotted Tine ADE Qﬁ
in F1g 4.8. If the soit is capab]e of absorbing all the free water,.
then the remaining effect1Ve stress is the residual stress _A]ternat1ve1y'
-1f the soil swells to a zero effect1ve‘stress condition, and tree water
is sti]1 ayai]ab]e,‘then‘the residua1 stress ts zero, and excess_pore
f]utdsirenain inhthe soil. If free drainage is now permitted at the
soil boundaries; the soil reconso]ﬁdates-to the effective.stress:Po,
and‘theereloading behaviour is typicaﬂvof'thatvof an overconso1idated
untrozen soil. The reloadtnd path is represented by the line EC in
Fig. 4.8. W o -

The negwstrain from the‘frozen‘to the fully thawed consolidated

o
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state (BC) is sometimes known ‘as the thaw strain.” In this simple
- , , :

experiment, the stress history ofuthevsofl’is well defined, and it
has been demonstrated how the thermal history is an extremely
important factor in determining. the res1dua1 stress 1n the thawed

soil (o )y and the subsequent f%ress stra1n behaviour of the soil. _
[
I
The behav1our of permafrost_is }nf}uented‘by the stress and

thermal h1stor1es, and the dralnage cond1t1ons when the 5011 ex1sted
in a thawed state. When a samp]e of frozen 501} is removed_from the
ground, the first measurement in the thawed statelthat may‘be'made
is the determination of the residual strgssﬁE{Thischnstitutes the
Starting.point for estimations of the excess:pdre.pressyre and

. settlements in'a thawed soil.

,

If the soil isato remain’essentia]]y undra{ned tor any

wn

“cant per1od of time for reasons of fast thaw rates, 10Q
Ticient of conso]1dat1on, or the lack of a free dra1n1ng boundary,
then the residual stress Oo will contro] the 1n1t1a1 undra1ned shear
strength of the soil mass. The re]at1dnsh1p controlling-the undra1ned

strength df a purely frictional thawed 5611 is

¢’ K, *+ A -K) sing'
T T T 1+ (2A-T) sin ¢°

where ‘C is‘the,undrained shear strength of the thawed sdi],

K, 1is the ratio between the 1atera1 and vertical
effectiye'stresses nnder conditions of no lateral
yield, |

A is the pore pressure parameter,

S

-

g
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and ¢' is the effective angle of shearing resistance
of the s0i] mass.
In a‘soi1'vhich is simu]taneously thawing and conso[igatjgg__,____————

_

in a one-dimensional-¢ ration, the excess pore pressures are

—

o COntro11ed'by the stress increment (P .+ Y X - oo). If the comb1nat1on

a

of stress and thennal histories were such as to generate h1gh values
of qo,,1t is concetvab]e that ;0 cou]d be greater than (P + v'X),

and negative pore pressures would result on thawing, accompanied by
\sett]ements in this instance sna11er than those due to the ice-water

transformation alone.

- 4.5 The Measurement of Residual Stress

In the following, an apparatus is described that wi]]_permit

the measurement of the residual stress in a thawed soi] The

[

restrictions that must be placed on the test conf1gurat1on are that no
water be allowed to enter or 1eave the samp]e dur1ng thaw1ng, and
that no lateral y1e1d1ng be‘perm1tted so that one—d1mens1ona1 |
conditions are ensured. - | : S e

. . -
The test might be carried out in either-of/twe/ways with a
saturated sbi]. The first method is‘tg/set/tbe total load o on.a

sample equal to some constant/vaﬁﬂe (e.g:, the effective overburden
. o .

load that the sagple;nﬁght be subjected to in the field), and then ]
after comﬁTEte thawing the residual stress is ea]cu]ated'by measuring
the pore water stress, and subtracting it from the total stress. A
second procedure,'wbich might be described as a“nu11t method, can-be
undertaken by thawing the frozen soil and,continnously adjusting the ; |

total stress o so that the pore water stress. is a]ways.zebe In this

4
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- the pore p?%ssure measur1ng system
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way,‘the residual stress on completion of thaw is equal to the total

stress on the sampTe

.

N ;
- !
¢

The second of these methods "is probabTy to be preferred as

it eliminates all pore pressure response effects in the soil and in .
' W .
An apparatus of the oedometer type was des1gned and constructed

to accept a 2.5 inch d1ameter samp]e of frozen soil. The pr1nc1pTe

feature is a sp]1t lucite barre] wh1ch was boTted to a lucite base

’

(as 'shown in F1g 4.9). A greased rubber membrane was, pTaced around
the samp]e w1th porous stones and filter papérs at both ends. The
membrane .was then sealed to the base plate and the aluminum load cap ..

PN
Y .

with-rubber '0' rings. The porous stones at’ each end of the sample .=
v _ s . .

-

were connected to’a/pofe’pressure transducer‘by means of the system?
of v ///yes tub1ng also shown in Fig. 4. 9 This enabled the —:
measurement of pore water pressures at the top and bottom of the sampTe fv
at compTet1on of thawing, and perm1tted the observat1on of subsequent

consoT1dat10n behav1our of the thawed ‘sample under additional load

1ncrements. The comp]ete pore pressure measurxng system was saturated

: with‘50% ethylene g]yco] prior to testing to prevent damage to the

‘valves and transducer in a cold environment. Temperature sensing
equ1pnent and temperature contro] dev1ces are a]so present on the
prototype, but these are not necessary for the measurement of the.
residual stress and the subsequent consoT1dat10n propert1es

| ‘The test was carr1ed out by carefuTTy mach1n1ng the frozen

_samp]e to the requ1red dlameter, and trimming to a height of 1 tol

1.5 1nches. The sample was mounted in the apparatus as described

' above, and allowed to come to thermaT equ111br1um in a cold room at

- ¥
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- at about -5°C. Great care was taken to ens ure'that the valves, tubes
and porous stones were comp]ete]y deaired w1th ethy]ene glycol. uhen
the sample, membrane, and base plate were assembled, the two halves
of the split barrel were clamped together.around the sample, and ‘
were in turn bo]ted to the base. o 'aj
A 1arge 10ad of the order of 1 kg/cm2 was p1aced on the frozen

‘sample for a short period of tjme in order to ensure that the-samp]e
and 1oad cap were”seated Any extraneous pore pressures in the
measur1ng system uere allowed to dissipate, and the va1ves were c]osed
in preparat1on for the measurement of the pore pressure An 1n1t1a
vert1ca] d1a1 gauge read1ng was taken, and thaw1ng was commenced. in
an uncontro]]ed fashion, usually from the top downwards. It was usually
'adequate to thaw the samp]e by circulating warm water around the Toad
Cap;‘finally a]Towing the sample to come into thermal equilibrium |
with a room temperature of about +10°C. While the test was in_brogress,_
the pore pressure at'the‘toh of the sample’was cohtinuous]y»mohitored
and the total Toad varied to keep the pere pressure zero."When
thermal equf1ibrium'was regained at the positive temperature, the total
‘stress on the sample was‘then equal to‘the.residua1 stress in the
thawed soil. o

| Additional load increments were then placed on the samp1e to
Adetenm1ne the permeab111ty, compress1b1]1ty, and conso11dat1on ‘

coefficients in the usual manner . -

On complietion of test1ng, the sample was removed, 1ts water
Pontent ﬁeterm1ned and the vo1d ratlo at the thawed’ undrawned

‘cond1t1on e, was calculated.

t ,
- Measurements of the residual stress were made on reconstituted ‘
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samp1es of Athabasca s11ty clay from Northern Alberta, and on samp]es J
0° a biue silty clay from the Mountain River, N.W.T. A sunmary of.

the properties of these materials is given in Table 4.1. The soils "

k4

were prepared as slurries, and deaired. In some cases the slurries

Y

were consolidated. to a convenlent void ratio and then frozen in the

apparatus In other cases, frozen samp]es were prepared from the K

slurry, and after mach1n1ng to the correct d1mens1ons, were p]aced

in the apparatus

In e1ther case, the samp]e was thawed and the.res1dua1 stress
measured as descr1bed above At comp]et10n of thaw1ng, the vo1d o
ratio of the samp]e was compared with the vo1d rat1o pr1or to freezing. |
For a successful test, these void ratios should be the same, demonstrat1ng
that no dra1nage occurred through the freeze—thaw cycle. Add1t1ona1

load increments were p]aced ontthe thawedpsoi] and the consolidation
properties defined. The sanple could then be refrozen without drainage,
and the residual stness measured for the ]ower void ratio. This procedure
could be carr1ed out severa] times unt11 the re]at1onsh1p be tween the
thawed void ratio e.and oo was deflned A typ1ca] set of test,results.
for Athabasca clay, ser1es A4, 1is shown in Fig. 4.10. It.is worth
not1ng that any re]at1onsh1p between e and o .‘does not represent a
stress path taken by the so11 but rather the 1ocus of a series of

' po’nts taken from a set of- stress paths such as those 1nd1cated 1n

. Fig. 4 10

/

N;;' In the test Series A4, the 5011 was remoulded and conso]1dated B

-

~."to G 2~kg/cm The samp]e was then frozen for the first time, and the

res1dua1 stress was_found to be 1nmeasurab1y sma11. ‘The soq] was
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consolidated to a Higher-stress and frozen. Upon thawing‘the residual

stress was measured, and the orOCess was repeated several times after
consO1idating,to a higher load each time.. To determine the effect of
a d1fferent stress history on the res1dua1 stress, another remou]ded
sample was consolidatéd to 1.0 kg/cm-2 in test series A6, shown in |

_ S
Fig. 4.10 also. It was then frozen for the ftrst time, and the

P T

| residua@”stgess measured in the thawed soil. Subsequent measurements

0

“of o were undertaken by reconso11dat1ng ‘the sampIe to the same stress

.

of 1.0 kg/en?. - :

As freeze thaw cyc11ng cont1nued in the absence of drainage

'durlng freez1ng, the residual stress 1ncreased,stead11y unt11 it

approached the overburden stress . The conso]1dat1on wh1ch occurred

<

on re]oadlng steadn]y reduced as the cycling proceeded. This behaviour

is.to‘bevexpected, as it is inconceivable .that continued cyc1ing would

. - 3 7

continue to'cause steady decreasesin-the void ratio ad infinitum.

Furthermore, th1s test ser1es demonstrates that 1f the effect1ve

" ‘overburden stress is close to the residual stress in the thawed so11

then subsequent sett]ements due to conso11dat1on after thaw.w111 be

.smai] The combined resu]ts for tests A4 and A6 are p]otted in Fig. 4. 11

J

as thawed void ratio against the logarithm of the res1dua1 stress oO

rA]thougn ent1re1y.d1fferent stress paths were taken’ by the'twofso11_

\_"',

’

samples, approximaté]y the same re]ationshithS‘found between e and‘oé.
| A strong 11near corre]at1on exists between the vo1d rat1o '

of the thawed soil and the ]ogarlthm of the res1dua1 stress This.

re]at1onsh1p appears “to be sensxb]y 1ndependent of the prev1ous stress

and therma] history effects, at 1east for the 11m1ted stud1es undertaken

°

¥

so far

‘{) . ’ 135
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tests is g1ven in Tab]e 4.1.

in measur1ng pore pressures as the 5011 becomes 1ess compress1b1e

137

s

Two remou]ded samp]es of Mounta1n aner clay were subjected

to d1fferent sequences of conso11dat1on and freez1ng The stress

paths taken by the two test samp]es MRJ and MR2 are. shown.in Fig. 4 12
“A summary of the residual stress data is shown in F-y. 4.13. Aga1n

_the uniqueness of the vo1d ratio- 1og residual stress line is demonstroted

¢ . i “’\,
u

K summary of other typical: ‘consolidation properties obtained during these

',k Und1sturbed samp]es of Norman We1ls silt were from different
depths, cut to. the requmred dimensions and a profile of void ratio w1g

depth was obta1ned from mo1€ture content determinations.. The‘frozen \
bu]k den51ty of each sample was measured before test1ng < - \

1
o

A samp]e was placed in the apparatus and a]]owed to come to— ﬁ~;:sn

l

~a. uniform temperaturevof -59C. - The sample was then thawed as descr1bed‘

~ l

prev1ous]y, and the residual stress was measured The results of testsi

o]
on several shmples are given in Fig. 4.14. To obtain‘some additional .data,
further conso]idation to a lower void ratio was a11owed'under~additionan

<

.oad1ng,,and the sample refrozén prior to measuring the res1dua1 stressl

) A]though the samp]es were no 1onger und1sturbed the .data’ are 1nc]uded

in F1g 4.14. The depth, vo1d rat1o frozen buTk den<1ty, res1dua1 ;t
stress, and coeff1c1ent of conso]1dat1on are summar1sed in Tab]e 4 3. ra'
Again a 11near re]at1onsh1p between vo1d rat1o and the 1ogar1thm
°of'oé is,found. F1g 4 14 also shoWs the virgin compi ssion curveii *e;
a remoulded sample of the mater1a14not subjected to any ~2zing.
Genera]]y, the inereased scatter in the;residual Stress .ca for the

samples at higher stresses 51mp1y reflects the . 1ncrea}ed d1ff1cu1t1es -

Y

B ) e
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It appears that for the site-fn question the residual stress
increases approximate]y Tinearly with depth. The residual stress is
shown p]otted w1th depth in® Fldﬁ#4 15. The variability of the test data
between 14 and ]6 feet ref]ects the Tocal changes in void ratio at
that depth. L B &

A It js c1ear that cohsiderab]y more testing would be required
' tb’estab1ish the relationship accurately for a relatively incompressible
material suchiee this. However, it is encouraging to’ observe that a
.‘matérial which hosseéses %ive to ten per cent visible segregated ice
(see Table -4.3) exhibits.a siQnificentlyllarge residual stress on
thathg: |

~In addition to the measurement ef the residual .stress, the
coefficient of‘consolidation was'determined for the thawed samples of
undisturbed hérmafrost.' This was done by placing a 1oadlequa]it§ the
effective overburden weight on the‘sample,'and allowing consolidation

“to occur from the initial effective stress (c ) to the final effect1ve

stress (P + y x) In this way, the‘coeff1c1ents Cv’ m, and k were

‘determined accurate]y over the corﬂé¢t stress'. range. The results for o
the und1sturbed samp]es of Norman Wells silt are shown as a graph of
the coefficﬁent of consolidation with depth in F{g/‘ﬁ 16 It is seen
that below: the permafrost table the coeff1c1ent of consolidation is
re1at1ve1y constantyat 2.5 x 10 2cmz/s This value is in all

*11ke11hood 1arge enougH to ensure a stable foundation at this site if

thawing were to occur at any reasonab]e raze.

© . 5

4.6 . Interpretation of Lgboratory Test ReSu1tsv

The 1aboratery testihg'cd}kied out by Smith (1972) demonstrated
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Fig. 4.16 Coefficient of Consolidation with Depth
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“that the rate_pf_thaning thirough remdu]ded sampies of frozen soil can }

w

be predicted with reasonable acCUracy Igﬁéfs also"shown that the

A -
’na\gmg so@;are dependen% g

on the R value, and agree wé]] wtth the pred1£t1ons ﬁaaé’#

excess pore pressures rand settlements in

W <

theory of thaw—conso]1dat1on R f&i
Us1ng the modified des1gn of the”thaw jenso11dat10n anparatus,«:bkt‘.r'
.thaw conso]1dat1on tests were successfu11y carr1ed out on severa]
'und1sturbed samples of two Arctic soils, and two other Evyonstttuted kl
so1]s The agreement between the observed rate of melting and the o

value determ1ned from the Neumann solution is remarkable, with @

deviations usua]iy less than 5-10%. 'Bearing in mind that no specia]

cons1derat1on was given to the unfrozen moisture content ‘reTationships

v

for the 50115, and that the conduct1v1ty data of Kersten (1949) were

~ used tokgredjct the o va]ue,-the pred1ct1ve power of this simp]e

procedure -is excellent and extremely enéddraging. The “two parameters

ég and ¢, enter.into the R value, which is known to control the

transient behaQidur of pore pressures and settlements in thawing soils,

and 1f o can bé determined in advance to the degree of accuracy shown

in Flg 4.7, then attentldn may be d1verted from heat transfer prob]em

and d1rected towards reso]v1ng the conso11dat1on prob]em and obta1n1ng

the correct value of the consolidation coeff1c1ent c, to use in ana]ysts;
.iUsing the cy valde determined in the post-thaw'phase of

conso11datidn and the measured o va1ue;‘an R value is determined for °

_each test In F1g 4 5 the theoret1ca1 and observed sett]ement ratios

are plotted w1th R and the results are genera]]y in good agreement ©

The two test results show1ng very 1owbsett1ement rat1os are most likely .
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due to non- homogene1ty of the ice features in- the samp.e. The scale
‘of the ice features in these samp]eC (I2 and 13) were Tlarge when
compared with the sample'size, and in all probab111ty, 1arge ice
layers were encountered by the thaw:plane near the base of the :
samp]es 5 In Figs. B5 and BG the sett]ement aga1nst ’bot time curves“
are non- 11near, demonstrat1nggthe probab]e non homogene1ty of the
'sam;1es. In general, however, the ability of the theory in pred1ct1ng
the sett]ement ratio is reasonable.
| “The nornfaliseéd excess pore pressures when 1nterpreted in the
context of the Tinear:theory demonstrate excellent agreement between
vg,pred1ct1on and observation. Considering the‘eétreme1y tranStent -
nature of the heat and mo1sture flow in the 501W and the genera] _
d1ff1cu1ty with pore pressure measurement in any conf1gurat1on, these
results are felt to “constitute a successfu] vgr1f1cat1on of nhot only
the theory of thaw- consol1dat1on, but a]so@of the functioning of the
, 1aboratory equipment In four of the eight tests on und1sturbed
‘mater1a1 the - thaw strain in the soil was less than twenty per cent.
In the rema1n1ng four tests, very much 1arger strains occurred
This large straln behav1our is best pred1cted in advance by using the
frozen butk denslty of the-sample as in Fig. 4. 6 and by essentially
d1sregard1ng the ice features in the samp]e Th1s observation 1s
"based on the resu]ts from samp]es I 2 and. I- 3, where the v1s1b1e ice
’amounted to 20% by volume - However, the thaw strain under an
m-approx1mate overburden ]oad was on]y of the order of 12%. This

stra1n cou]d have been pred1cted by use of the frozen buTk dens1ty

corre1at10n g1ven 1n Fig. 4.6, whereas an est1mat1on of stra1n based
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on v151b1e .ice would have overestimated the%stra1ns/for these samples.
’ ) It appears from the results.given in Fig. 4.4 that the excess
pore pressures in the samp]es exh1b1t1ng large strains were ‘
cons1derab]y hlgher ‘than those predicted by the Tinear theory 0f .thaw-
conso]1dat1on A better correspondence between theory and observa}ﬁon
is 0bta1ned by 1ncorperat1nq a non- 11near void ‘ratio- effect1ve stress
function to describe the. high degree of non—11nearity.of the constitutive
relation for the soi]_when}1arge strains'OCCur Th1s ana]ys1s has W;
peen carried out, and is describeddfu1ly in section 5.3. The method
of plotting the void ratio against effective stress, and the use ot
this data to determlne Go is described also in section 5.3, and was

used here in the interpretation ofithe four tests exhibitfng 1arge

strains. The value of o was combinedswith the applied stress P

‘:Vvto obtaln the stress 1ncrement and then the normalised pore pressure

B

curves in Flg ‘5.7 were used to pred1ct the excess pore pressures in

the thawing sou], The effect of app1y1ng this non- 11near e - o'

The pore pressurevwhen 1nterpreted in the coi ext of the

Tirz2ar ther -y - plotted, and then thevresuiting changg’ in predicted

pore pressure . hown when the nonelineer theory is usedﬂto interpret

e results. T é;tension to the linear theory_is shown_to‘ﬁmprove

~ the predictive o er of the Tinear"thaw—conso1idation mode

corsider iy, ar. the predicted and observed.pore pressures novlonger‘

differ creat” '. | | ‘
Fir Ay,'the frozendbu1k density appears,to;correlate

neac / with the thaw strain,. and the re]étionship:proposed by .

Speer et'al. seems to fit the observed soil strains'in aﬂsatisfaetory'ﬁi

o
[y

"
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'approx1mate1y, and 1s therefore useful 1n a pre11m1nary analysis.
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manner. A]though the corre]at10n is entxre]y emp1r1ca1 in or1g1n,

it appears to be capab]e of est1mat1ng the total settlement

g
The ex1stence of a res1dua] stress 1n pegmafrost thawed under ' f;i‘

undrained conditions has far reach1ng 1mp11cat1ons The h1gher the

res1dua] stress in the thawed soil, the sma]ler w111 be the subsequent

conso]1dat1on sett]ement the Tower will be the pore pressures generated

AT Pt R

during thaw and the h1gher will be the undra1ned shear strength. . If

‘the depositior i sequence and‘the thermallhistory dssociated with the .
'format1on of a body df pennafrost are such that the vo1d rat1o decreases
's1gn1f1cant1y w1th depth, substant1a] va]ues of the res1dua1 stress

would be ant1c1pated Hence, the thawed s0il wou]d have a finfte shear

westrength and prob]ems such as the stab111ty of the thaw bu]b around a. :

Lachenbruch (1970)

“t

bur1ed warm oil p1pe11ne E‘Qime_less acute The res1dua1 stress will’

- \ -:-t"'\ .
generate a finite fr1ct1ona1‘res1_; e and the thawed so11 will not

behave Tike a v1scous f]u1d as suggested in the prognostwcatfons of

' ?r‘ﬁ% o v ‘
- The 1nf1uence gﬁgthé? s1dua] stress is a]so of concern in the

cons1derat1on of the effects of thaw1ng permafrost on the behav1our ‘

- of an oil. we11 The arch1ng of the so11 abodt the well w111 affect the

‘stresses transferred tg bhe casing which tend to make it buck]e It is

of 1nterest to note that Palmer (1972) has drawn attedt1on to the contro]

L

'of archtng by the. effectlve stresses ex1st1ng in- the thaw1ng soil dur1ng

thaw: and subsequent conso]1dat1on He refers to the “e%tent of 1n1t1a1

' conso11dat1on“ wh1ch is re]ated a]gebra1ca11y to the res1dua1 stress

_ andfobserves that it 1s 2 property of the s1te rather than of the soil o

o 1
A 2

WP
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tvp - He notes further that 1t can on]y be determ1ned by thaw
conso]1dat10n tests on ‘undisturbed cores.

In many cases of foundation des1gn 1t may be prudent to ‘remove
 the top few feet of h1gh1y compress1b1e 1ce r1ch mater1a1 in order to

11m1t thaw-lnduced deformat1ons of the foundat1on However, un]ess

v

the res1dua1 stress. can be shown to have a s1gn1f1cant va]ue compared
w1th the effective. overburden stress, serious deformat1ons may still

~occur ras the thaw p]ane penetrates deeper 1nto the under1y1ng ground.

On ‘the other hand, if a stratum w1th a h1gh res1dua1 stress 1s

. accessible w1thout excess1ve excavation,. 1t may be poss1b1e to. found

f]ex1b1e structures d1rect1y on 1t w1thout concern for subsequent thaw

-~ For examp]e, oil tanks mlght be bur1ed in the pennafrost rather than
placed on the extreme]y thlck pads of ‘gravel current]y used
X, =8 4
The e%rstence of the res1dua1 stress enab]es one- to deve]op

~ support cond1t10ns in thaw1ng ground w1th greater conf1dence in their,
- performance : Thls study of the re51dua1 stress has not onTy improved

“the ablllty to predict excess pore - pressures and deformatlons in a

,

th¥w1ng soil but it has a]so prov1ded Further 1ns1ght into some of the

processes 1nvo]ved in the format1on of permafrost Much mote .

*

exper1menta1 work on natura] permafrost samp]es 15 necessary to ga1r

'further know]edge concern1n§ the d1str1but1on of residual stresses

_,—\v‘

_71n the field and the1r effect on the behav1our of thaw1ng so1ls

N

7



CHAPTER.V-

EXTENSIONS: TO THE THEORY OF CONSOLIDATION
FOR THAWING SOILS - = -

5.1 .Introduction

" In Chapter 3 a theory of consolidation for thawing soils is
deve1oped Although the simp]icity o7 the treatment allows the

'nexpre551on of the so]ut1on in an.analytical form, and consequent]y

. . ~u T ——

perm1ts exam1nat1on of the var1ab1es conN?51T“ng-*he~excess pore pressures
\

T
TT—

and sett]ements, it is recognised that 1mp0rtant,dev1at1ons from the
. assumptions made fbr the‘theory given in Chapter 3‘may occur. In’the
f0110w1ng sect1on severa] of the more important and obv1ous 11m1tat10ns
of the s1mp11f1ed theory are d1scussed, and extens1ons are prov1ded to
‘g increase: the versat1]1ty of the theory. The more comprehens1ve the‘
 ‘extension of—course, the more complex th]vbe'the resulting solutfon.
At the present stage of‘knou1ed$5?\it"is considered more important to_
~formulate the simple physical statements associated with each extension
in turn, and‘ehserve the effects of the most - 1mportanc parameters,
rather than attemptlng ~to estab11sh ‘some genera], ‘all- purpose numer1caT
prbcedure that would account for many extens1ons s1mu1taneous1y When
‘1t:has been det1ded.wh1ch effects are important, and which are»11ke]y
“to befenCOUntered~infnractjce, then the imn1ementation‘of sUCh a;genere1
'protedure mjéht be suggested. o
Each of the thedretical cases considered in this chapter is i

o

s O
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designed to extend. the ranne of practical prob}ems that may be
embraced by the,theory set out in Chapter 3.

,
o N

5.2 Arbitrary Movement of the Thaw Interface . y

One of the most serious limitations of the linear” theory

described above is the assumption that the thaw interface moves  ©

: proportiona] to /—f. This is azva]id relationship. for ‘the important

case where a step 1ncrea3§ in temperature 1s app11ed at the surface of -
a homogeneous frozen mass of soil. But ‘for reasons of non- homogene1ty,

vary1ng surface temperatures or two d1mens1ona1 effects, a more general
re]at1onsh1p between thaw depth and t1me may emerge from the assoc1ated -

-

orob]em in heat transfer In sect1on 6.2 such a relationship is

¥
extracted from a solution for heat conduct1on around a hot p1pe11ne in? -

/..
permafrost _ ' /

B

An ana]yt1ca1 so]ut1on 1L closed fonn is ava1]ab1e for the .
|

case of thaw depth proport1ona1 to /h_'a hut it appears “unlikely that

3
such exact so]utlons m1ght be gbtained for arb1trary movements of the

thaw front> \ “However, numer1ca1 methods may be emp]oyed to obta1n a

solution for the conso1idat1on prob]em to almost any requxred degree

J

/
.of accuracy

~Let the movement of ﬁhe thaw front be glven by

/ . v . :’J‘.-

foxyewn | : N (5.1)
and its velocity by

Agi_ n-1- , .l ' - ,. 5.2).
o a@t n Bt o ; : i ( }
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This power law permits expregsian of a variety of rea]istic

re]at1onsh1ps between X and t, with B and n specified as constan
’ >

- Rewriting thgxﬁéundary equat1on (3. 18) at the thaw interface

" using equations (5.1) and (5.2) prov1des the set of_equat1ons

t > 0 u=0; x=0 | (5.3)
. . Ju _ ,Bzu ' - ' ' |
t > 0; .S CyT7 0 < x < X(t) ) }(5.4)
,f/u
(P ) + v'Bt" - u Sy X(t) (5.5)
t > 0; -.0') +¥y! -u= ;0 X = .
_ -0 o' n‘Btn’]
y
n _\‘ -3

o ,t>0;  X-=Bt

These equations may’Qp written in finite difference form, using

a SCheme proposed by Crank and N1cho1son (]947), and the moving boundary
/'\' .
is accounted for” by eiﬁher of the nethods described by. Murray and Land1s

~ (1959). The advantage of the Crank-Nicholson scheme is that it remains

'unconditiona]1y stab]e for all values-of the time step At, and the

h N
accuracy ‘is much, impfoVed over other somewhat simpler methods.

The s1mu1taneous equat1ons $0 produced are tr1d1agona1 when

) "-(

' wrltten in matrix form, and a s1mp1e a]gor1thm derived from the

Gauss1an E11m1nat1on techn1que for S1mu1taneous equat1ons provides a

fast eff1c1ent so1ut1on The details of the finite d1fference scheme

~and ‘the Gauss1an E11A1nat1on a]gor1thm are summarised ‘in Appendix A.3.

%anﬁbEXCess pore{pressures u{x,t), were eva]uated at selected

times b} a pnogram ritten for a}dig1ta1_domputer. The degree of

consolidation in th;_thawed'édjl was evaluated as in- the Tinear theory

A
al

A
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from the expression - .- s .
S ) ‘fX u dx ERER 4§%&
t ) . o ER
=1~ ° — B o (5.6)
max (P, - o)X + LEX - |

The 1ntegra1 term in equat1on (5 6) may be evaluated using a simple »

Y

numer1¢a1 1ntegrat1on techn}que such as the trapezo1da1 rule. A
11st1ng of the computer prOgram is presented 1in Append1x A.4.
Values of the noymallzed excess pore pressure ‘at the thaw

interface, and the degnee of conso]idotion.are plotted against a time

factor for the two extreme Toading conditions v' = 0, and (P0 — oé) =0

in Figs. 5.1, 5.2, 5 3 and 5.4. It was found that for a g{Venvvalue':
‘of the power n, a un1que re1at1onsh1p emerged between” excess. pore

pressure, or settlement, and the time factor. The time’ factor TNTS nv’

¢

~defined as "

: “;‘_IS"

../')\'

Va]ues of n from zero to un1ty were chosen to eover the fu]] }“‘"'

range of phys1ca11y realistic prob1ems A va1ue qf n equa?'to zero
: - 4 .
',corresponds to a convent1ona] fixed boundary conso]xdatlbn prob]em, .

‘w1th the depth of conso11det1nq 5011 set pehnanent1y equa] to B and

an initial excess pore pressure equa1 to (P o

for n=0 are p1otted for compar1son p ses, to’ form a 16wer bound

-

to the family of curves.

>

The constant'velocityvthew front: (n = 1) is thought to be the

upper bound for this set of curves, as this thaw rate is only achieved

~

‘) + Y X These resu]ts

4
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when, for eXamp]e; the surface temperature\of a homogenebus soi]tnassp'
1ncre3ses exponent1a11y w1th t1me The curious'fact emergesithat forﬂ
the constant velocity thaw front the time factor T decreases W1th
increasing time. " »

For thawing proport1ona1 to the square root of t1me (n = 1/2),

&

the time factor T is constant for all time, and 1t may be shown to be S
T=-" forn-=1/2 S L (5.8)

where R is the thaw-consolidation rat o defined by equat1on (3 35) for
the 11near'theory descr1bed‘ear11er. For n < 1/2 the t1me factor w111
increase with increasing time B

| ~ For the 1oad1ng caségfﬁﬁf 0, the sett]ement curves are very
similar for St/S less than 0.5. Us1ng the method proposed by Fox

max
(1948), it may be - shown" that these curves are well approx1mated by -

S . “ w " ‘ "v . " .
max Jyr N e AT
4 : . r
y /S
St <0.5; yv' =20
max

# _ . ' ©

For the "self-weight" loading condition (PO - oé) .0: no such simple

relationship is va]1d . ‘
The excess pore pressures at the thaw 11ne 1n F1gs 5.1 and 5.2
are’ strong]y dependent on the value of n. It is c]ear that 1n the c1ass

of prob]ems where n is less than 0. 5 excess pore pressure deve]opment

| at ear11er t1mes w111 ‘be ‘more cr1t1ca1 ﬁut stab111ty w111 tend to

ror 7
i i »
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improve as time progresses.
The solutions for any combination of the two extreme Toading
condition5~may~be obtained by simple superposition of the excess pore

‘y;_pressures

So far,,the power Taw relationship between thaw depth and time

o has been d1scussed in reasonab]e detail. Although a re]at1onsh1p of

a"this type may be "f1tted“ to many rea11st1c problems, the function
,_Jtse]f has no theoret1ca1 backgrdund in the theory of heat conduct1on
1n me1t1ng so11s A further practical example of the use of the computer
program in hand11ng an arb1trary movement of the thaw p]ane is now

consldered When the surfate temperature of a homogeneous sem1 1nf1n1te

r

Qmass of frozen soil var1es»s1nuso1da11y, “the movement of the  thaw p1ane

1s g1ven by eq (2.55).. It has. been shown in-Chapter 2 how the
approx1mat1on of the surface temperature s1ne wave by dn average step

.1ncrease ‘in temperature 1s a reasonab1e»procedure, if the max imum depth
of thaw at the end of - a thaw season is the pr1mary concern However,

: when one iis. cons1der1ng the bu11d up of pore pressures under such thawing
cond1t1ons, 1t is the e1oc1tv of the,thaw front, dX/dt wh1ch contro]s
the eXCESS pore pressures to a greater extent Therefore it is of concern
to ca]cu1ate the excess pore pressures 1n a thaw1ng 5011 wh1ch is SubJeCt
‘to a s1nu501da1 app11cat1on of surface temperature, and compare them
with the pore pressures ma1nta§ned in a 5011 thaw1ng under an average

‘ step increase in surface temperature LIt should a]so be po1nted out\ p
that 1n some cases where the thaw1ng of an/act1ve 1ayer 1s tak1ng p]ace

$_~under natura1 cond1t1ons, 1t may be more correct to cons1der the L

surﬁace temperature as vary1ng in a stnu501da1 manner A

Assum1ng a thaw season of 180 days,_and the surface temperature o



varying sinusoidally between zero and ]OOC, we have

T_(t) ' L : S J
?O — = S1n(¥88> L T ,(?:10)

%

fad

where =t s the time in days.:.f

Taking the values for thawed conductivity and soil latent. heat as

, = 0.0025 cal/°C.cm.S s » - _—

L 32 ca]/cm3:

k

n

H

and using eq. (2.55) as derived by Lock et al. (1970), the.relatfonshib;

between thaw depth and time is given by :

_ t | ARt .
X =62.242 5m<360) 0.0754, Sm<360) : Sm(m) £5.11)

where;‘?t is in days, ; .
and X s in cm.

This part1cu1ar examp]e is the same as that'used 1n Sect1on (2.6)
‘to determ1ne the depth Of thaw under a surface temperature sine wave.
Equat1on_(5.11), together w1th 1ts der1vat1ve, dXx/dt, . are used in the
SUbroutine “THAW"A1n the computer'program 1isted 1p-Append1x3A.4.- The
functions X and dX/dt, the velocity of the thawlinfe}face,jare plotted
“in Fiq. 575, Ihe compUter.program prieté-the eieesé pefe4bressures
and the degree of conso]1dat1on sett]ement as before. fhe excess pore
N pressures at’ the thaw line are p1otted for two d1fferent 1oad1ng |
cond1t1ons 1nUF1g 5. 6 and two’ d1fferent c va1ues”for each. The
excess pore pressures rlse stead11y and reafh a peak approx1mate1y where o
the slope of the depth of thaw aga1nst the square root of t1me is a |

max1mum in Fig. 5.6. | : s
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For comparison purposes, theAexcess poreoﬁreSSUres obtained byh
thawing- under an average step temperature chanje equ1va1ent to the s1nu-
soidal surface temperature app11cat1on are also p1otted in F}g 5.6. |
The normalised excess pore pressures at ‘the- thaw Tine ior a part1cu1ar
step temperature application and coefficient of conso]1dat1on are
constant with time, and are shown by the dotted 11nes in Fig. 5.6. .ft'
is seen from Fig. 5.5 that the ve]oc1ty of the thaw front is ]n1t1a11y /
greater_for the,step app}1cat1on of Ts’ however,at ]ater times as the

sinusoidal surface temperature rises to its peag;.the thaw front

<
< "

velocity resulting from the surface sine wave is greater by

-

a considerable amount. ‘ConSequent]y,'Fig.,5.6 shows that the corresponding

excess pore pressures at the thaw Tine rise‘just slightly above the

eXCess pore pressures ealculated for‘the equiva1ent step inerease’in
surface temperature.

| It might‘be~argued that an equivalent step increase in.'
temperature will produce a nate of thawtng that ui11 always provide

an. upper bound to geotechnica1,prob1ems.such}as_the build-up and v“/‘

" maintenancé of excess pore water pressures. It could be supposed even

further that the equivalent step surface temperature wogld produce
effects that were much‘too severe, and would overestimate the adverse

ﬁ
conditionf/assoc1ated with a fast rate of thaw1ng It 1s demonstrated ]

here that these arguments are not va11d, and that indeed over a

certain part of the thaw1ng season,,the excess pore pressures under

the sine wave .surface temperature exceed slightly those obtained under

&

the equiva]ent'step'temperature It 1s conc]uded that an average step

temperature may be used w1th some conf1dence when pred1ct1nq the

~.

maximum excess pore pressure-1n a thaw1ng season,_1n'a soil whose
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surface temperaturelvaries Sihusoidally. Nevertheless,'if appropriate
‘surfaee temperature data are avai]ab]e; a more accurate'predietion of
the variation of pore presSure with time is obtained readily using the

~ computer program given.in Appendix A.4.

5. 3 The Non- L1near1ty of the Stress Strain Relationshlp for the 501] :

Skele ton . - /’

Nétura}'deposttS‘of permafrost,exhibit a wide range of vofd
ratios 1n:the fie]dt Because the ice matrix‘dn the pore spaces of a
frozen soil is capab]e»of supporting stresS-for‘an ihdefinite time
_ per1od a much wider range of void rat1os may be expected in the Arctic
~ than these encountered~1n more temperature 1at1tudes Vo1d rat1os in
" fine- gra1ned permafrost 50115 may range from almost pure ice to 2 ‘void
ratio correspondlng to the Plast1c Limit or less. In many cases,
extrene]y ice-rich materla1s are- ]1m1ted to a fa1r1y sma11 depth below
" the surface. "ﬂ L Co A

However, signiftcant depths of soil may bé endpuhtered.where the
soil might still be termed jcé-rich. After thaw1ng of these depos1ts,
1arge quant1t1es of water must be expe]]ed from the soil pore spaces -
~before appreciable gains in effective stress are to be- ree11sed Stated
.in andther way, the cohstitutive relationship for thedske1eten of such
50115 may be quite- h1gh]y non-linear. 5 | | “ -

It is of cons1derab1e interest therefore, to exam1ne the A
11m1tat10ns of app]y1ng a 11near stress stra1n Taw (such as that used }
1n_Chapter 3) to 50i1s exhibiting vary1ng degress of nori- 11near1ty 1 W
< ih theusdi1 ske]eton.= Several methods Qf 1ncorporat1ng.a non-11hear

\o

reﬂationqur the soil skeleton might be proposed - in aﬁ“hQisysis for
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..teicess pore presSUres and sett1ements tn a thaWing soil. Let~theg
-,ﬁinitia1 Void ratio in the thawed conditjon be fore drainage is permjtted '
be denoted by e,» and the ftna] void ratio under the effective over-
burdenvloading be denoted by ef A schemat1c diagram of a typical
re]ationshiotbetween void rat1o and effect1ve stress s g1ven in
SRS .

Fig. 5.7. Also shown are, d1fferent ana]yt1ca1 funct1ons wh1ch m1ght | ,}

be used to describe the soil behav1our Of the four mode]s shown, the

‘f1rst two are dealt with 1nned1ate1y, and the rema1n1ng mode]s are -

discissed in the next two sect1ons

The f1rst re]at1onsh1p be tween e and o shown in F1g 5.7.1s

the 11near Terzagh1 assumpt1on for the ske1-;" Afzre551b1e so11;

and this relattonshtp and its 1ncorporat1on Fey £ dimensional

theory of thaw—consot1dat1on have been dea]t Ve 71& an Qhapter 3.

)

The second mode1 attempts to s1mu]ate the behav1our of the
soil skeleﬁ%n to a higher order of accuracy by assum1ng that the 301]
may expel a quantity of water to obta1n a void rat1o ers with no ga1n
“in effect1ve.stress L The skeleton may now conso]1date from ey to

f unt1] the effect1ve stress is equa1’to the final overburden stress,r

-along a path which is. 11near but has a slope less than the linear = -
mode] described above. The coefficient of compress1b111ty must now
'bevredefined as .
S

m' = SN S A (5.12) ~=-
Vo e;) (P +y'X) S0 ff VY :

where m, is'the coefficient used in the linear analysis.
g : ) v

: ' - A . . o _ 8 )
“Rederiving the boundary equation (3.18), for the bi-Tinear analysis:
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e - e c :
S S T T I » (5.13)
o (0% eoi‘mV 4 boodX/dt _ B
\ . A
Where C-V ‘rnﬁ-—? N
v T \\
o N \
However, the quantfty
0 1 . } . wﬁ
(T +e ) o : L . o

t{js:a tonstant, and therefore may be added to the.constant Pol1oad1hg'
' Cterm, énd'the»soTutﬁon may be exeressed as a,trﬁviéi'extension to that
obtained in Chépter‘3 For the P 10ad1nq cpnd1t1on only (oedOmetek

4

conditions) the so1uf1on for the excess pore pressures s

S [ - e
+ ' 0 1 . . . - N
3 . ..LPO T e je_rf(RZ)- -
u = — _Rz_y — - A ; v o (5.T4)
erf(R) + = e
7 R , S
v A1though the m, va]ue 1S now- redJced by the rat1o g1ven in

eq.'(5.12)3»and the R va1ge is a]so »educeo, an extr term appears
in‘the'numeratqf of::~v 3.14), tend1ng to' “increase the excess pore -
.pressures.-'This is certainaly the swmpiesa method of“1ntroduc1ng some

k degree 0‘c hon 1xnear1ty into the solution of thz thawfconsolﬁdqtioh‘

. : i .t S~ s : ' Y . “ ) & . . -
- . . . ~ . . i . . g . \
S -equaz1on o ' P L U S .
% - ‘ B <N o B 2N
5.4 . Inf]uence of a ‘Non-Linear: EFfect1ve Stress Stra1n Re1at1on .

Because h1gh 1n1£\§{ vo1d ratwos are expected 1n thawed 50115,

< L.

theasubsequent stress-strain beh§v1our Df_the'5011 ske]eton may be,
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markedly non—]wnear as shown schematically in Fig. 5.7.. Initie1]y, the
: ",) . '

f'skeTeton of suoh ice-rich, fine-grained soils must expel considerable

quantities of water with only small corresponding fncreases in effective
sthess As consolidation proceeds under sticcessive increments in stress,
howe&er the ske?etdn becomes progress1ve1y ]essacompress1b1e, requ1r1nal
1ess volumetric’ stra1ns to ga1n increased effective stress As this-
behav1our is thoUght to be quite common in ice-rich permafrost soils,
it is of cons1derab]e interest to 1nvest1gate the influence of th1s
nonllinearity‘on the consolidatjon‘of>thawing soils. . o /
If the soil is thawed and no drainageAisvpermitted; then 7he
‘effective stress {n the 5011 is denoted:by oé. if dra1nage 1S now

perm1t%ed under the influence of subsequent 1oad1ng 1ncrements, then

the void rat1o—effect1ve stress curve may be found exoer1menta1]y

“hooratorv tests descr1bed in Chaptec 4 suggest that for soMe thawed

0115 tested in ‘this hanner, a straaghc 1|1e is obta1ned by p10ct

P

eragalnst the 1ogar1thm of effectlve stresc | The same emp1r1ca1

'

a theory of conso11dat10n for norma11j consot1dated unfrozen soild.
,-Aﬁthoﬁgh the'permeab111ty k, and .the s]ope o| ‘the stress—strain .

curve m both cha?ge over a range of ]oad1nq;, 1t may be assumed on

-

exper1menta1 grounds‘thac they change in such & way as to maintain Lhe

- 1

v / “"

and Egymono (1965), a constant c, mpiue is gdopted together with che

7

stress—strawh relationship

"re1at1onsh1p was 1ncorposated by Davzs and Raymond (1965) when Tormu1at1ng'

"chsol1aatlon coe€f1c1ent cv*approxwmq¢e1y conf%ant *Follow1nq Davqs~\,f\v‘.

~'~,‘ G - T ' .. -‘ \;J | . .‘ .. N v. -
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where ££ is the'slope of the e/log o' line (compression index)

and: o' 1is the current effective stress.

The genera1 one- d1mens1ona| equation of consolidaticn for a
saturated soil- is then written as {
—C -l azu - -l\ 2 _8_[_)_ aOl ”: 1 BO' L (5 '16)
vich .2 o'} B¥x 93X o' ot R

. ’ : , ¢ . . )
This equaticn is valid in the thawed soil regardless of 1oading type or
ﬁrainage conditions at the boundaries. °
For the same'Toading conditjons\coneidered previously, the

total and pore water stresses respeétive1y are : - ‘

A (5.77)
" . (5.18)
and w1th the wate table at the sirface x = .0, the effect1ve Stress "h‘ ’
. k! \ Co : . . -
is then tho dwfference between these ctme\e :omponents _ . ;
; . =
K < P N SN l S S oL : o -
¢t =0 - P;V‘_,;'P +oyIx - b , ce L(5.19) .
N - * N ‘, N E 1 ‘ ’
; _ , SR 2N : .y
These equat1ons.§re va11d<ror any 1n1t1a1 erfec ive stness J deve1oped N
PP o : o .
on thaw, so o i e
a /;\‘ . r&“ _'ﬁ.“ ' ' : .-:{ {: , ‘~ . ‘: f% . - .““ l_ ':r , |
30! v - ou R *;f‘ T .7 Qg_go)..
BX ' o ooX - C ' :
b0 LW (5.21)
X Bt .
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'”énd supstiﬁ@ﬁion of these expressions .into eq. (5.16) yie]ds

*
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-~

. . 3 s
o Ta%u [ i \ au ] v
=c - S /e o0
ot | 52 \Po cyx-u /D | (5.22)

A 11near1z1ng transformat1on £3 t-is non-linear equat1on such

'as that used by David and Raymond is only available for the case y' = 0.

| Numerical means must be employed to so?ve a 10ad1ng comb1nat1on involving

se]f we1ght stresses : _ , g .
Setting v/ = 0 in equat1ons (5.19) and (5.22), and applying a

linearising transformation to the governing eq. (5.22) gives

b, 2 L S o
_l\l-: C ———a W : ' ’ /‘ h o ! 2 \ n
» at s Vv aXZ R . I B ~f*(5. 3¥L
- e ’ ’,‘r ..

; ' o ’Po - u . - o .
yhere W = 10910 ( 5 ) o L i . (5.24)

. “ - vh - 0 . N - . N “

. ‘., . ‘_A.l, ) .
The boundary ‘condition at the surface A4S "NOW-
L %= 05 Mu=0  w=0 7 . (5.28)
- ’ % i Lo T . T

* ? .
&At the thaw 11ne, the bqundary cond1t1on used prev10us1y must

¢

be now redér1ved fon,con51stency ' PrOanus1y, a cont1nu1ty requiremont

generated equation. (3 9). that B 1' 4‘5* < jly" jh‘: ; ‘
S Ay :'_ @ o k au ‘ | ,ky - NN
& ) S o . SRR
) j? vV T T v e Y, dX/dt ak X X(t;; | ‘ y 7(3.9?
. - - - * s r . e
~ Defining the volumetric compressibility m, as 3
' L= - . . L

e

S . . oo
: . \‘ . : .j o
. ) L . : : \

{

AP
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m _ 1 de p o
v 1+e do . (5.26)
where & §s the void vatio, 'and usiug the &mplriLdl equation’
(5.15) we obtain on differentiation
0.434 T ) v
(5.27)
; . .
o) . . eO - ‘e L "lm]ré“\_ﬂ:‘l. iy
| T+re T 04339 199 — &
. -~ . O" N
" @ . i o} .
: Theboundary condition (3.9) after substitution of (5.19) and
° (5.28) becomes . R | .
“at x = X(t); -
. 'I ¥
NS , : y
1 - _ Lo 2y .
_ ,P +yX—u P0+y'X~u"'ev'“a~X—~_; S
N 2 g3g 09— —gx— >t >0 (5.29)
Lo " R i\ - [0} . perrny
. . % L R O_. tb
/A‘ g ijby;‘w - ’ ~ ’:(7‘
Sétting‘y = O prov1des the boundary cond1t1on requwreo to
study Lhe applleo |oad1ng cond1L1on N Rewx1t1ng “in terms of w(x t);
the transforwed varwab1e ";u 7;"- -
. ’ By g
. oW
G mm\ ) )
: St o _ .
The term 1og] K > is a constant and so the equations
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il

o » I
: o T §
(5.23), (5.25), and (5 309 in terms of the transformed variab]e w "

n

are entirely analogous to<the corréspond1ng equat1ons der1ved for the
11near theory in terms of A(x t) Consequent]y the solution for the

linear thaw-consolidation equat1on may be applied directly to obta1n

Wi t). For /'t thaw1ngo_?; .

f ’ .. . | o L
W= W (z.t) .. erf (R z) . ..
g ! . D . '

0 -R oo o (5.31)

10910(;3- \ erf(R) + & | S |
0 /TR
i”*whefe z = & | | R o

o _ X(t) : . U
" : : . (5.32)

o e I | | ‘ )

and the excess pore- pressure is obtained from the modification

o]
"

u(z,t) "= 1 _(l)
(P -0 ') Po o
0 o’ . (5.33)

rd

b ‘ ‘
Fquatmns (5.31) and (5 33) form the exact 501UL1on for a

: thaw1ng 5011 with corsolidation occurr1ng so.e]y due LO an app11ed

0 @ i:Y‘
1oad P . The 5011 ‘has’ an initial vo1d rat1o in the thawed Late
o U -
Ve . Pa
o égfieepond1ng to ag,1n1t1a1 effect stress of Oo . A

' lhe effects of se].—we1ght stre?ses may be determined're1ative1y

s1mp1y by numer1ca1 methods, aﬁd it is cons1dered suff1c1ent for the 3

.

scope of th1s stuay to examwne the efreczs 01 an aop11ed 1oaq}P upon QE-'

g
¥

2 L i . S‘:*ﬂ
~ the excess(bbre pressures S KN .5:. ‘ . :

. The rat1o P /o is a. measure of the- effect1ve SLPESS change
1n\thq thaw1ng 30115 and therefore of the non 11near1ty oFf the efTect1ve\

’ 4 \
str$§s strain curve This rat1o now enters as an ad01t1ona1\d1men°1on1es

quant’ty, and its effect on tlexcess pore p-‘ressure d1str1bu‘§mn in the |
= " o - b b

jg‘”f L I : .1j \ \

e - - : N . A
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- thawed 5011 may be 1nvest1gated As in the ]1near~theory; the norma’1sed5 :
excess pore presure d1str1but1on is unchanged throughout the thaw- T
4conso]1dat1on process, a]though 1t is now dependent on the stress rat1o

P /o ', The degree of sett]ement in the thawed so11 however is

1ndependent of t1me and ‘the rat1o P /o " This fact wasva]so\recognized

by Dav1s and Raymond (]965), for th]S type of stress- stradn‘re]ationship'
Consequent]y, the 11near theory may be used equally well for ca]cu1at1ng‘.

4

the degree of conso]1dat1on sett]ement DL
F1gure (5.8) shows the excéss pore’ pressure at the thaw front,
as a funct1on of the streSS rat1o and the thaw- conso]wdat1on ratio R.

It is seen that as the stréss 1ncrem°nt ratio increases, the excess pore

o pressure cond1t1on at the thaw 11ne 1ncreases to a-mora critical level. -

In cases where h1gh initial void rat1os are present in the

soil on thaw1ng, the extess pore pressures may be underest1mated
cons1derab]y, if only a linear. reTat1on between vo1d ratao and effect1ve
stress 13 cons1dered The 1ogar1thm1c functton jivan by eq. (5 15)
provides a method of account1ng For any required degree of non- 11near1ty;
"~ The funct1on however a]ways requ1res ‘some .alue of Uo s the res1dua1
‘stress. - Im very ice r1ch soils where th1s extensaon 13 obv1ous]y most .
'usefu], oo 1s 1Tmeasyreab1y sma11 or zero, and so epparept1y‘tannot be
used-in the anaﬁvsis, as the stress rat{o\is now inTinite, 'HoWeVer, th;

" must be rememberéd that the reason for the 1ntroduc 1on of such a - Vf\ ;'
; :funct1on shown by the cotted 11ne in Fig. 5. 7 is to mode 1 1n some way:
/the h1gh degree of curvature botween e, and some vc*d rat1o ej It a

samp]e of frozen 3011 s thawed under a small nomirz1 1oad1ng (often

the ve1ght of the 1oad cap in an oedometer), 1t corsolidat

. ratio €4 shown in Fig. 5. 9. Now the stress path>se 2n A

Co



i

»h"'
y o
| T T T I i I T 1 T

: (-0 d)/n e
3\H7 MVHL JHLLV EHﬂSbBBd BHOQ SSBDXE

F) ‘. 7

10

teny
%

THAW- CONSOLIDATION RATIO,

u

“Fig. 5.8 Pore P}'"e.s‘s_uresat Thaw Line for Non-linear Theory

A

b T A

173




Yy

174

.

arrive at this void ratio is unknown, but it does not ap ar limportant

to know it in any case. Additional 1oad>increments are now placed on

the sample, and the vo1d ratio at the end of consolidation of each
FA
1ncrement is determined in the usua] manner. A typ1ca1 set of data is

2 Aol |-{
I

_shown plotted both on, hatural sca1es and 1ogar1thm1c scafes in’ ?19 '5.9.
If the points plotted-on the ® vs. 1og qu:qlagram;age now extrapo]ated
back to meet a horizontal line drawn through:eo; thekinitia1 void ratio, «
a complete functional relationship between e and o' is obtained. This "d
cdnstnuction‘is ehown'by a dotted line in the e vs. log o' p]dt in

Eig. 5.9. A .very small value of oo"is now obtained, and whether dr'?
not this value is the actdad value for the residual stress in the}f
undrained thawed soil is probably ihmateria], as we are‘so]e]y,L;
interested in obtaining a value of-the stress ratio P /o' that wj]i‘
express the high degree of non-linearity associated with the soil
compréssibi]ity behaviour. The\"fietionatf pohtiqn of thepe Qs.
109 o curve between e, and e1 is a]so nldtted on the draph of e vs.

c' on a natura] sca1e It 15 seen. that for pract1ca1 s1tuat1ons the

fictional value of o ' is so small. that the, first part of the e vs.

[
=

©g' curve is approximated to a high degree of accuracy. The exceéss

'pOré pressures in a thawing soi] eyhibiting this e vs. @ relationshib

‘_wou1d be determ1néd by us1ng a’ stress- rat1o equa] 0 the final effect1ve '

’;gstress P d1v1ded by the va1u§ of. Iy wh1ch 1n the case’ shown here,

s O 02 kg/cm : S : '

e o

It 1s concluded then that ‘the use” of a logar1thm1c var1at1on

o of effect1ve stress w1th void rat1o may be used w1th cons1derab]e

advantage in the theory of conso]1dat1on for thawing.soils. when the

5011 is 1n1t1a11y at a h1gh vo1d rat1q,_and subsequent“tﬁﬁ§6TTaatTahﬂﬂ_’w—-—’
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“causes Térge'straﬁns in the soil skeleton, a residual stress that

fnay have little physical basis may be determired. This enables the

,?_5051 stress stra1n behaviour jin‘the 1n1t1a1 h1gh1y compress1b]e
cond1t1on to be mode]Ted mathemat1ca11y

5.5 The Thawing of Ice-Rich Incompressible Soils ‘i~-~_,

-

The fourth model  in Fig. 5.7 relating void ratio to effective

\stress is visualised as a hi-Tinear relationship which is vertical
inFtially, and on reachtng a%%inal void ratio Ces proceeds heriéonta!ly '
- to the final effective_stress;? fn hany cases of prectice]'interest,
:the sg]id cbnstituents of the‘§xozen soi] are of coarser grained
Imatexja1‘ Thawmg of such soils perm1ts the 1iberation of any mo1sture

which 1s in excess of the final vo1d ratic. e Further”Tbad1ng Of a-

£
coarser grained soil produces 11tt1e add1t1ona1 compress1mn, and S0
cons1derat1on of a mod°1 such as th]S prov1des a use‘u] 1ns1ght into \
the thaw1ng behav10ur of 1ce r1ch 1ncompress1b1e soils, and also g1ves _
a convenient 1oweh beund to the series of yo1d rat1o-effect1ve stress. '\
relationships which it is possible to consider:for any soil. One
: miéht ehvisage a further app1ﬁcation of this stress—strain re]etien i
involving a finet—grafned-sof1 ‘ ‘
In a clayey . 511t for example,lit > common to find rythmic -
ice band1ng iR the frozen material. ff the 1nterbedded so1] Tayers
~are h1gh:y overconso]1dated with respect to the present overburden
;sthessg and would themse]ves demonstrete Tittle compréSsﬁoh on thawing?"
then perhaps an apphoximate,enaiysis‘cgu]dlbe carried'out by aSSuming_l
a r1g1d 1ncompress1b1e soil ske]eton accompan1ed by unwformly |

d1str1buted"excess ice. However, it is c1ear that upon a apt1on of TN
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this model, the sett]ement katio?é /S is always 100%, prov1ded o

max
that the d1scharge capac1ty of the soil” 1s not exceeded (i.e. the

effect1ve stress at ‘the thaw line does not become. zero )

The excess ice content of an ice-rich 1ncompressvb]e 5011 is
defined on the bas1s of thawed void rat1os as follows,

eo - ef- . . ) . 7

As the so1i skeleton 1n the thawed zone, 1s considered

1ncompress1b]e, the equat1on govern1ng dissipation of the exce€§’§5;e//

pressures in that .zone is the Lap]ace equat1on in one-dimension.

Ad2u . : _ EE S )
o o ——> =0 ‘ S o (5.35)
dx . : : " ' '

s e B

The solution to (5.35)'is’written.simp1y in.the form

}

u=~Ax+B | o (5.36)
At the-surface, a ffeevdraihage'boundary exists, and so. .-
8= 0 o o (5.37)

B

At the thaw line, the continuity equation (3.9) derived preyistWy

is Written down - : /’ S o
| . t : N k Qg_ . - 0 (‘ .
at xo= X(t); = . (3.9
avxes v wg.& ‘

.“vé/the soil i incompreséib1e and therefore poéSeéseé no capabi]ity
fo“ trans1ent storage of excess pore f1u1ds, a11 excess water must

'be expe11ed f ~om the thaw front, and so

1
y
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B¢

and Sybstitufing eq. (5.38) into (3.9) the boundary condition at the

thaw Tine is obtainéd:

. v, E. ‘ : L -
= .. 9u _'w i odX _ : T
at x = X(t); & k. dt - . (5.39)
~ Combining eq. (5.38), {5.37) and (5.39) the sofution is
N " . _ 4 , & W
", . i
v/ B 1 oo : : _
5w R -
u = ,.~ ‘d.t X N . ‘;:\7 - ‘c . . (5.40)

v

!
N

’ ﬂosé' bta1ned us1ng the 11near theory descr1bed 1n /’"

/

b_ Chap’ér'3i Th1s s on1y poss1b1e if we def1ne an equ1va1ent coeffjc1ent

/

. of vo1ume compress1b111ty9for -the - 1ncompress1b1e analysis to be

E. 0 G R 3*/{1¢—~"7

AV/V i

-mV, T hoT . ‘Pb X Y'g\ v ‘ 5 " (5 ) |

v / . . // v
. . . : . , . '\/. . : . ) . :l . .
The corresponding coefficient of censolidation js R

ek ey

. B Yy o S (5.8

Fa
.
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The inverse of this term appears 1A eq (5 41), 4§ii therefore a method

-

L

-

_ of comparason with the 11near theory of thaw conso11dat1on suggests

\

N

9

" jtself. L | E . ~f{a1x . -
"For thawing proportional to thé square root of tiie,
~ < . ' " IRV
aX 2 ~. .-
X = = 9’_.. %™ : A
dt 2 | N (5.44)
.\//gnd at the thaw line .
7
z = 1 ° i ‘

‘ ’ / \ . ; 5 (5-45)
andlsb, placing the equatiohs (5.43), (5.44) and (5.45)-in eq. {(5.41)
provides ‘ ' ) o

) 3 ] ﬁ‘«)\ >
2 A
uo Lo i ‘ :
P + v'X * © 5.46 .
o Y 2CV ( ) )
. . .*.
_ _ v g BN v o '
To facilitate the comparison, the ané1ag0us thaw-consolidation ratio
- . | I
is definéd as . . e
g
e K
2v c: v ' A
A - 7 :
- NG !»
“and from eq. (5.46) the mhch simp]ified expression is:
Y . =, ‘ . | i . 3
?:;frf?ri‘ 2(R) | | (5.47) .
«* Equ¢t1on (5.47) a]lows the expression of the norma11sed excess

gpne ﬁressures at the;f aw line in terms of an equwva]ent R va]ue,

whfch app11es to an 1ncompress1b]e soﬁg w1th;excess ice.

A

The re1at1onsh1p

i

.-
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. . 7/

~ ' ‘ Q 7 . . ‘ . .
s shown plotted in F1g - (5. 10) together with the corresponding
re]at1on h1p for the ]1near theory of thaw conso11dat1on The

t,relat1onsh1p expressed by 8q. (5 47) is 1ndependent of the self-weight

\

at1o w . At the lower R va]ues, the excess pore pressures pred1cted
v MR

by . the “two theor1es are very s1m11ar Howev@r, in the m1dd1e4%ange

of R va]ues, the ;ncompre551b]e mode pred1cts a marked increase, and
ag R = 0. 7 the excess pore pressures become equa1 to the effect1ve
ovArburden Toad. It must be\remarked that although tﬁe 1ncompress1b1e

‘Me

self-weXght rat1o, the mV value and hence the R va]ue tonta1n the .

,appears to predict pore pressures that are independent of the

ﬁuant1ty (P + y X) This term varies with time if y' is not zero,' .

" and so therefore does the R value.

£

Under cond1t1ons of no externa1 Toading (P' =‘0), the .

d1scharge capac1ty is exceeded in a11 cases’ to a certa1n f1n1te dedth
:.\\
T As the d1scharge capac1ty is proport1ona1 to the quantity y "X, at ‘
sma]] depths of thaw the rate of 11berat1on of extess water exceeds

the small d1scharge capac1ty The depth to which the thaW1ng soil w111

rema1n tota11y unconso11§ated may be found by estab11shVng a iRequality -

from eq (5. 47) That is-

q
U D =220 | 7‘ - (5.48)
Po+yx' N . :
Lor -
(1.2 d,2 Yw \ .
\ 2C = 21< I ™ x (5 -49)
\ “v
and setting P_ = 0 in eq. (5.42) for m  gives the condition .

N
180
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o¢2 Y, Ei : , . ' i
\ Kyx CoT | o - (5.50)
or ’ 2 ! . ‘ ‘ -; ’ - 1
LI o Y , . ) '
* _'zk"_ry : S L (5.51)
If the depth of thaw is less’ than this critical depth of X,
then the thaW1ng soil is tota]]y underconso]1dated for the se]f -weight '~;;

(v") 1oad1ng cond1t1ons This is the most str1k1ng d1fference be tween

the 1ncompress1b1e mode 1 -and the results predicted. by the 11near1y

v compress1b1e relationghip, which always predicts a constant degree

“.
of conso]1dat1on at the thaw ]1ne with- no* c;1t1ca1 depth of thaw such

as that g1ven by eq (5. 51) This pre11m1nary study would suggest that

'sjﬂfor seils exh1b1t ng a h1gh degree of curvature of the stress- stra1n

curve, and which are thaw1ng under se1f-we1ght cond1t1ons, excess pore
: «
pressure cond1t1ons wou]d be most cr1t1ca1 at ear]y times, and wou1d

hl

lmprove w1th depth
The excess pore pressure cond1t1ons can be great]y 1mp§pved
in the analysis descr1bed above'by the s1mp1e prov1s1on of a surcharge,r

3‘ PO; By the same argument deve]oped above, the p]acement of a surcharge

of magn1tudev | ; ’ ﬁ’ R ,
@ v E..- L , -
po= 0 1 ~ R . (5.52)

o. .2k

[y

_ w111 increase the dlscharge capacity to the extent where some degree of-
conso]1dat1on is obta1ned from the 1n1t1at1on of thawing onwards
In summary, the stab111ty of thaw1ng ice~ r1ch so1]s wh1ch “have

| _aﬁ incompress1b]e so11‘matr1x.may be considerably 1mproved_bxrthe‘
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: . , o ‘
prov1§1on of a surcﬁgrge 1oad1ng This, has the eftect~of 1nCreasing~ ’

f the d1scharge capab111ty of the soil to an acceptab?e 1eve1 Ff,'b

. however, the sdrcharge lodding were not d1str1buted un1form1y on the

surface, as in the case of a berm, then add1t1ona1 shear stresses would
& W
be induced in the subgrade. Such shear Stresses might:reduce the
. . : , 7 .
! stability of the subgrade, and thus negate some of the beneficia],effecis

of the surchaPge 1oad1ng.

5.6 The ConsoT1dat10n of a Thaw1ngﬁSo11 W1th a Layered Prof11e )

So far the so1ut1ons to- prob]ems in the. one d1mens1ona1 thaw1ng —-

of permafrost so11s have conf1ned themse]ves to the treatment of a T

]

s1ng]e compress1b7e 1ayer exibiting a homogeneous  set of geotechn1ca1
and therma] prop%rttes In many cases of pract1ca1 1mportance, the

depos1t10na1 andﬁ%herma] h1story associated with a natural depos1t
BV

of permafrost m&v“be such that extreme changes in, conso]1dat1on and

~ .

therma] properttes occur wi th 1ncreas;ng depth. These changes in

ur gradua]ly, but are more 11ke]y to- be quwte

,;*F (Y 1L‘ .
propert1es,q

“disCrete. AL: 5‘chanqe in depos1t1ona1 h1story for ex=mple may

br1ng about a d ct change in 5011 “type. - In- such 1nstances, two or

more discrete ]aye , of-so11 méy be assumed present, each possess1ng a

I

d;fferent water content, 1atent heat, permeab111ty and'coefficient.

kof conso]1dat1on ‘5\\; | , R
' ‘It has already Been shown in séction 2.7 how the movement of
‘the thaw plane through a soil profile d1sp1ay1ng two d1fferent sets of
thermal propert1es 1s ana]ysed approx1mate1y ' Once . the history of
the thaw 1nterface is estab11shedz attent1on may be focused on the

assoc1ated prob1em 1n 5011 conso11dat1on Figure 5\11 shows



"/

' THAWED
"LAYER |

v Gy Kkl

T s
T le— X —>

" THAWED
. LAYER 2

)
% A
- Con Karkpbp

. . . . . .
, , : . . - .
. . - .
! ‘ 0 E
. ' ' . '. K
. . < -
f ' © l . ! I . ‘ ! : :
. 2
. ; B . .o . L
. ’ - -4 . .
(¥ ~ . ~ - N K L N .
a 2 oo C oc a9, o0 ‘. o2 (5] + ““ &) : Q ° .
EPN - . . ~ooe & v Lo B 4] a
.

FROZEN

"
o4 .

Y

" Fig. 5.1

A——N

L4

Ny

Thaw4congo1idation in a Two-layer Profj1e “\

\

o

\

\

\
SN



4 \ - 185

. y ,\‘v | - 4 ‘ E‘:’? - L .y.:’ ~J
schematically the consolidation of‘aftwoeTa§ér prbfi]e each 1ayer

having the propeftiés c', K k and L,,the coeffut1ent of conso11dat1on,

penneab111ty, thermal conduct1v1ty’and the vo1gyetr1c latent hgat

respect1ve1y

;" The ‘movement of{;ﬂ
(2.60)
where TS is the
:On penetra;iﬁg the ssﬁond 1aye;iithe‘mdtidh of'thebthaw plane is
'; ""x -‘_.V " . \‘\.’;‘ J “ ) L
~ described by
X & (2.63)
Qhare t ] haw LT ] er. . RALT
. ’ : “ ! ‘ A V . N
t. = H /u ,{)- ' L
70 _ S ,
) - 11.[\ ) V4 ’ ) ’ o . . ‘ ) :

\!

kxfollows for t > to’

n layer 1 e .///;—\
/ ] 82u1 : .x x:_ g
t>0;  mp = C ; 0'< x < H (5.53)
‘ o V1 ax I . _
t'§?0; u]' =03 E Sxo= 00 o (5-54)
e |
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' PR i " I}n 1ayer 2, T . ,( ’ - © ) ,
. "' ’ “ j B
Y B, azu2 . 4 - M .
S YRR A 2 ¥ = ¢, —» 3 H<xc< X(t) ' (5.55)
\.' ./// i R - : ° : at V2 BX ‘ “
= g Bu
. S . c ._2.
Foo - — o V2 axv . 5 . :
‘ t > t‘ :;flgb‘fﬁjo[f v'X - u, =.—-EE§——— iox = X(t) (5.5@2
SR A ' ' dt '
. ?3 vj
}. ] Y
o ‘ At the 1nterface between the two Tayers, the excess pare
T pressures are- equal and 50
:f ‘ “k’ C B ; . “‘ _‘ S ; ‘.:1/ . ; ) | y \\
- ‘:'t > to, . n]'= Uys . x = H B (5.57.)
‘.3 . - . / . . '
. The eQuat1on of cont1nu1ty for excess pore f1u1ds must also ‘be
ot / ’ . /.', N - 4 . N
; P sat1sf1ed g1V1ng B Lo EREE RS
Bu] ’a'uéa‘ o (. |
ot >\t KWHX&* —*_f.j',3A¥};-H : (5.58)

LZ'Q}/ . _“;\‘_.

The system of’equat1ons (5 53) to (SlSé) describe the dissipation of

= excess pore pressures in the two Wayer so1] mass for X > H. The

\zaTutJOn to the conso]wdat1on prob]em for X < H is known ana]yt1ca11y

from the resu]ts presented in Chapter 3 . The equat1ons presented above'

; 4 can be genera11sed to treat: the prob]em of thaw1ng in a mu1t1 layared

%ystem If the- thaw plane 15 passing through layer n of a mu]t1—1ayered

I

. prof11e, there w111 be (n-1) equat1ons of the type expressed by
equat1ons (5.57) and (5.58) at. the (n~ 1)'1nterna1 1nterfaces ,VThe

Ky ) »M» .

v PN,

%

p]ane at x = X(t ) will app]y as before. It is on]y necessary, howeVer,

for the scope of . the present study to exam1ne some of the effects of
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the passage of a thaw plane through a two-layer system.

The equat1ons (5 53) and (5. 58).are writteg‘in finite

-d1fference form in preparat1on for so]ut1on ‘ The,detaj]s»of'the

Jjnumerica] method‘are given in Appendix»A.BJ A computer prpgram waé

written to solve the resulting finite,difference'equations fof the

excess pore pressures u1(x,t) ahd‘uz(x,t). The settlements are\computed
, ' s B '
as usual by numerical integrationjof‘the excess pore -i-.3uUres using

the trapezoida] ru1e A 11st1ng of the computer progi .m -nd the method

of data entry are g1ven in Append1x A.6.

The program is . used to 1nvest1gate the effects of a surface °

1ayer having different conso11dat1on propert1es on the ma1ntenace of

1S

excess pore pressures ‘in the under1y1ng thawing 1ayer r TWo Simp]e

~ cases are solved for an app11ed surface 10ad1ng where the upper 1ayer

has a 1ower coeff1c1ent‘of consolidation and permeab111ty, and also

, ”where the coeff1c1ents of: the upper layer are cons1derab1y h1gher The -

same thermal,propert1es are assumed to exist in each.]ayer,»1n order to

- examine the effect of a chahge’in geotechnical properties alone. The ‘
“excess ppre preSsures while the thaw p]ane is in the upper layer are
'-ca]cu]ated from the linear theory in Chapter 3.. The excess'pore ‘

- pressure profiles are shown in F1g 5. 12 and F1g 5.13. for typ1ca1

propert1es exhibited by “s1]t over c]ay”, and ”c]ay over silt" -

situations. As the thaw p]ane enters the under1y1ng Jayer, a sudden_

3

...................

_change in the excess pore pressure at the thaw line occurs. Each

f1gure also denotes by an arrow the excess pore pressure'wh1ch would

be-obtainedvifboh]y the 1ower:]ayer were present.

The excess pore pressure in. the two-layer profi}es apparently
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approach th1s valué 1n an asym‘?%t1c fash1on, but in fact after ‘some -—

-

/s

years of thaw1ng, the effects of the surface layer on the thaw 1nne ' “,ﬁ):'

Co- pore pressures are st111 pronounced The conc1us1on m1g1t be drawnv

from the results of these two s1mp1e prob]ems that the prescence of
g\rface 1ayer wh1ch part1c1pates in thaw1ng and the subsequent

conso11dat1on a]though poss1b1y minor in extent, may have long term
@
effects of the thaw1ng of the under]y1ng Tayer.

A more realistic f1e1d situation 1s cons1dered 1n order to
h

demonstrate the app11cab111ty of the computer procedure 1n Append1x A.6

olution of pract1ca1 prob]ems The excess pore' pressures are -
for the thaw1ng of an ice- r1ch s11ty c]ay 5011 wh1ch is

a. f1ve foot layer of}peat A surface temperaturg of +1O C
h is app11ed T 3the surface of the peat whwch has w1de1y d1ffer1ng.~

thenna1 and con) o]wdat1on propert1es from the under1y1ng clay stratum
The rate of thaw and the thaw 11ne pore presggres are computed a]so | \’:i BN
for the case where the peat 1ayer is removed, and the same surface
temperature is. applied. In this S1mp1e manner, some of the effects

of the remova1 of a surface organic 1ayer on the stab111ty of a

thaw1ng soil may be demonstrated theoret1ca11y The therma1 and

onso11dat1on propert1es for the two 1ayers are assumed to be as-

w

,fo]iows. : L ,"'. ‘ &
S 4
Peat . T -
‘ 'Water content w = 550% _
o 'Submerged dens1ty v = 3.5 1b/ft .
Depth ' " H =5 feet R
T 1[ Latent heat .—/71 1 ca1/cm ‘,

Ihawed conducti“ﬁ~.,'.§f/= 9 x 10” ca]/ C.cm.S.



I At -
» : . | IR e
;oo L™ g3
o, Surface, température . ;sz'= 10°C f_ i SR
Thaw rate in pé%% atone o = 2.92 ft/yearlﬂgyﬂ P 3
’ Cpnso1idation coefficient C, 5322Q0<ft?7year7f"“‘:. '~".dh'
‘ 'Perrneabiﬁty o K = 130 ft/year / ‘ —~
5 o , - s ,
Sﬂtx_ clay: : T g~ : o .
' Water’content R w = 50% 4 /
- Submerged density ' Y = 45 1b/ft]
: Vpﬁi, o "Latent heat o | L2“= 46 ca]/cm |
Thawed conductivity - ;ﬁ; = 27 x 107% cal/°Cem.S. .
Thaw rate‘izgciayft %, | 1 B . o '
| 7 alone Lif aeat removed)’ :a'=‘6.32 ft/yr]/z
T ’2& Conso11dat1on coeff1c1ent.‘ ’c¢t§;365ft2/yr :
o Permeability =~ .- K =‘J%Qvtt/yr{ o //J{//
a v ' - ' a 5

'_mehe exc sﬂpnwe.pressg,e fi]es at different'times;for,.
{ . '
thaw1ng in the two layer - prof11e -are shown 1n F1g 5 4. A1so shown are

‘the thaw depth with time and the norma11sed excess pore pressure at\

;'the thaw 11ne The same re1at1onsh1ps are shown for the case where‘/;,
the- peat 1ayer 1s removed, g1ven by a dotted ]1ne in F1g 5 14. Afmer
pten years of thaw1ng, 1t 1s seen that the thaw penetrat1on 1nto the v
s11ty c]ay 1ayer has béen reduced by some f1fty percent More
's1gn1f1cant1y, the bu11d ~up of excess pore pressures at the thaw line. is
such that- onl&-about f1fty percent of the pressure 1s atta1ned of -
that va]ue wh1ch wou]d be ca]cu1ated 1f no peat 1ayer wzge present s
~ The prescenceJof the peat 1ayer 15, in- genera], respons1b1e for threijf'k*;.

_-e¥fects, al] of wh1ch serve to make 1ess cr1t1ca1 the stabq]1ty of °

g
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‘”peat layer.

the undenlying thawing 1ayer, [

o

(i) A high‘latént heat.barrier is available to i:ékde

thawing of the upoer Tayer.

102

(ii). After thawing of the peat, its lower t rma]*conductfvity

ureduces the rate of* thaw in the under1y1ng stratum, 50 reduc1ng the ’

overa]] thaw penetration, and the excess pore pressure ma1nta1ned in

2

the under]ylng Tayer. : . N - éx S "

(i1i) A relatively free draining boundary is provided, and

neg]igib]evexcess pore pressures are maintained at the_basehgf the
v : are e’ Bl oy,

if the peat were removed and rep]aced for examp]e by a 1aver .

of gravel, cond1t1ons (11) and (111) would still’ be avawlab?ecto '
1mprove foundat1on cond1t1ons, however the latent heat ‘barrier

\descr1bed by (1) would in a]] probab1]1ty notcbe ava11ab1e

oo -

/

\S 7 The Ana1y51s of a Compress1b1e 5011 w1th D1screte Ice Lenses
‘ Nhen a f1ne—gra1ned so11 freezes, a’ combination,of the

amb1ent conditions nmy prove extremely favourab]e for the format1on

~

of. segregated ice. Some of the cond1taons favourab]e for the creatlon

&

of 1ce features in frozen soil have been d1scussed in Chapter 1, and

they 1nc1ude the siow rate/%f heat remova] from the freez1ng plane,

‘pressure at the level of freezing. The cond1t1ons for the format1on

of segregated 1ce near the surface of a depos1t of aofreez1ng so11

are very often rea11sed In-so1ls with 511t-s1zed part1c1es,
' segregated ice 1n the form of d1screte T“yers or bands often occurs.

'In the f1ner gra1ned p]ast1c so11s, ice band1ng is a]so found ‘with

. B . . - - . : - ¢,

: the ava1]ab111ty of WSE;;‘to the freez1ng p]ane, and a .low overburden T
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the bands oriented perpendipu1ar1y}to the maximum prfncipa]rstress.

However, vertfca] ice veins and other jce forms are also found regularly

in the soils. w1th more clay sized partlc]es ,”~ . ' i T

So far a comp1ete ana]ys1s of the pos1t1on and magn1tude of °
ice layers or even the amount of distributed éce wh1ch may be found in
a,freez1ng so11_has not been carried out. It would therefore sé&m that

¢ analogous problem in thawing sojls would defy analysis as well.

The interaction between the heat and ricc balances at the frost
'interface; the transfer of heat in the frozen and thawed zones combined
w1th the thermodynamic re]at1onsh1ps@'Ne/water/soﬂ in.terf'aces seem
‘to prec1ude the use of a simple mechanical description of the problem.
of freez1ng in f1ne gralned so11s “Hardly content thh the prob]ems

i. olved with: these cons1derat1ons, some authors proceed even further \ ,
S

to attempt to describe the moisture transfer in unsaturated soils. ‘; +

“he solution of problems invo1ving the thag?ng of‘sojls

'. containihg_horizontal ice"bands is;renggred cohsidérab]y simpler by
‘know1edge of the pOSitjon and extent of the segregated ice forms
.,1n1t1a11y A situationninvb1v1ng a;]ayer of saturated compressib1e"

5011 over1y1ng a S1ng1e layer of .ce will be ana1ysed It is obviously.

1mpract1ca] to suggest that the ana1ys;;,deve]0ped h-re {be used

v 'generally to pred1ct the excess pore pressures an: s the stab111ty

in a thawing 5011 conta1n1ng ice 1enses %ut hope Ty a11 the %ﬁ

1mportant variables might. be conta1ned ina d1mens1on1ess statement

> which wou]d tndlcate the potent’a] stab111ty above a thawing 1ce 1ayer.

. Such a’ d1mens1on1ess statement wou]d not on1y prov1de a stability J

index such as the R' value der1ved in Chapter 3 " but should a]so

suggest remedialfmeasures wh1ch.n-ght be app]1ed to 1mprove stab111ty.

’ .

e
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\ At the outset, a solutidn is considered for excess pore pressures

in a thawing soil ove- layer of ice which‘extends dovnwards indefinitely.

This assumption is made for simplicity at this point, and it wi11 be

seen later how the procedure is mod1f1ed to 1nc1ude any ice layer of

f1n1te_thjckness, It is assumed that a step increase.in temperature. has
- been—applied at the surface and that the thaw plane is mov1ng through

‘the frozen soil at a rate given by.the simple Stefan formula

a o (5.59)

where I s the volumetric latent heat of the 'soil.

¥
The eXcess pore pressures obta$hed while the thaw p]ane is still in the
soil _are g1ven by the 11near theory of thaw- conso]1dat1on in Chapter 3.

For the case of se1f we1ght loading only, the excess pore pressures

. exhibit a']1near profile with depth, and can therefore be written as

oL
v

= B vy'x ’ - : | - (5.60)

_and is a constant with time.

i

where - B
| 782

| when thehthaw plane encounters_the ice layer, the height of°
soi]-so1ids_ab0ye thecthaw line remains~constant with time.t If we :‘
now assume that the strains in the soil skeleton associated with any.
increase infEXcess pore_water.oressure (caused by the ‘extra inf1ux‘ _ 5
ot water into thefsoi1) are small, then the d1stance between the ~ |

P

soil surface and the- thaw p1ane becomes constant Th1s assumpt1on is

‘e xpressed schemat1ca11y in F1g 5. ]5, and essent1a11y 1mp]1es ‘that
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the soil is not absorbing an excessive percentage of the water
d1scharge from the thaw pﬁane to the surface. It w.]] be see later
from the so]ut1on to the problem that: this is a reasonab]e assumpt1on
If the distance X from the surface to the thaw plane is noy a constants
then certainly a steady state temperature ‘distribution exists in the

thawed zone,‘where the temperature is T at the -soil surface and Tf

- at the thaw line. Applying the usua] heat balance equat1on at the *

. thaw line: | - S ~- -
_oodx.
Ky 3% dt (5.61)
where %%= is the rate of advance of\the thaw plane into

the ice 1ayer,

L' is the vo]umetr1c latent heat of water,

w
and (T - T.) o L (5.62)
98 s f v : BN
X X . | I .
i T Lot
From this, the rate of degradation of the jce layer is Y
ax _ KulTs 7 Te) B | o |
at L, X, o o o : (5.63)

~

This is a constant ve]oc1ty with t1me; as distinct from the solution

to the heat transfer problem through 5011, where. the’ve1oeity dx/dt

s proport1ona1 to time }/ . It s c]ear that the thaw front ve]oc1ty

- will be reduced‘when an‘lce'laye\\ls encountered as L is greater

than Les the 1atent heat of the frozen so11 At f1rst sight this

-

' m1ght be thought to 1mprove the excess pore preSSure cond1t1ons in

the so11 above the ice lens, however it must be remembered that a]] the -
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Al

melt weter from an ice lens enters the soil as gﬁgeEE.pore/f1hip@

whereas when thawing through 5 mixture“of s011 ahd ice, onl;»e/portion

of the”melt water ma} be thOught of as extess.pore fluid. | |
As no new ‘thawed soil is enter1ng the thawed‘zone, the usual

boundary cond1t10n express1ng the continuity of water *at the thaw

, line is no longer valid, and the problem in soil conso11dat1on concerns

a fixed height of soi] X L At the. thaw boundary at the surface of

the ice lens, the cont1nu1ty of\the mass of water is satisfied as

_ ~f
fo]Tows: o : : \

tst . (5.64)

where  t =‘x§/a2; and is the time to thaw the soil above the ice,

' Subst1tut1ng the rate of me1t1ng of the ice g1veﬁﬁhy eq. (5.63), e

obta1n
o Co e k(T T |
L Ju i u''s f
at X =x; =1 L= , (5.65)
0 X . K'. L XO ,
lettingz = % = | R | (5.66)
‘({\. v, 0 . 3

A ) » .
and'dtviding'eq..(5.65) by (P, + y'X,) to normalise the"excess-pore
pressures | |

3 u/(Po * YIXO)' Y ku(Ts - Tf)

R B A
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The right hand side of eq. (5.67) is a'dinkhsionjess qyaﬁtity
ety \ 2 .

which shall be denoted by o | . \
- : \
oy k(ToeTY L e
A = KEQ " iﬂx )fL” - - Losep o (5168)
o ol v L . | £ -

: - |
The dimensionless excess pore pressure gkadieﬁt applied at

the base of the 'soil after encountering the ice lens is given by °

\ -

P X T X 5'2_ - A _ ) . (5. )
The solution for the excess pore pressure u(z,t) above a

thawing ice layer may now be found. The Tinear Tgrzagh1~cogso]?da;ionf

equation is assumed to govern the dissipation of excess pore pressures,

: Y .
therefqre:
| e 32 - | | -
0<z<l; &=245 T>0 - (5.70)
e aT. 2
S 2z : . . i
- oot
where T = e%—i‘
0

and the time tb is set equal to zero for simplicity.

" Within the assumptions of the Terzaghi theory, the coefficient of
consolidation ‘is an independent cbnstant; and so the value of ¢/
'used'here is the samevés tﬁat value used when the thaw plane is .

in the soil. The surface is free-draihing, and

@

2 =0, u-=0 ‘T>0 (5.7



o

.The surfateicqnditiOn (5.71) and the governing equation-(5.70) remain

/’ "'"’:‘(,
At the base. of the fixed height of soil, a constant influx of v ter
'provjdes the boundary condition (5.69)
N au . S :
C o= . 2 = . =
z .1, R R N7 A; T‘> 0 (5.72)
B ,./ 0 ¥ 0 . : o)
. \ ;
! . \ .. . . - ’ :
The case of se]f—wé%gﬁf lTo.ding will be considered from now onwards, -
due to the simplicity 6f_the initfa],va]ués. The applied Toading
_condi tion must necessarily be analysed .numerically. From eq. (5.60)
‘the initial values are written as
LU w7 - |
0 <z <1; YR B_z1 T 0 | (5.73)

. i
As -the -equation of consolidation is linear, and the initial values.

I

form a lihear distribution, the solution is simplified by taking

the initial values from eq. (5.73) as a new reference line for the -

, A n » ‘
‘pore pressures, .and.then. consider the further disturbance to the pore

pressure distribution by the normalised. gradient A applied at the base.

- This is performed mathematically by making the substitution

Iy

- -Bz | | | (5.74)

2

oS
€
"

B

- and - dw 1 au

oW au   ' , | By ' - (5.75)

J

" unchanged in terms of the tranSforﬁéd dependent variable w(z;t). The';

I3 -

boundary condition at X, becomes

. N .
. . . . . . .
. J . ' “ R L .
s i
- ) ’ T 42

39
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z=1; 2= (A - B); T>0 ' ‘(5;75)

0<z<l; w=0; T=0 | (5.77) F

The $olution to eq. (5.70) subject to equations (5.71), (5.76) and
(5.77) is obtained.from Carslaw and Jaeger, 1947, page 113, and is

oo

s . n o 2 |
w(z,t) = (A -B)< z -},:EE:/ZS']‘” Sin(M'z)e'M,T (5.78)»
, n=0 .M | :
* . .
where M = (2n + 1)m/2 o | ’
s
Replacing w by u(z,t), the excess pore pressures are
u(z,t) : N MeT
y X’ =Az - (A-B),; (-1) ‘Sin(M zje (5.79)
.n=0 ‘

where A and B are the d1mens1en1ese phys1ea1 constahts

def1ned by equat1ons (5.60) and (5 68); and which
express the init1a1_and final excess pore pressure gradients in the
thawed-soil. ~This solution converges slowly for small véWues‘of the
time factor T. .The'se1utionv(5;79)_wasyeva1hated by summing the terms
in the:ihfinite series'on'the compu@?r. hFigure 5.16 shows theA.F
norma1lsed excess pore pressure at the thaw 1ine plotted with the

t1me’factor»for different A values. The va]ue of the 1n1t1a1 pore

L
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n Fig. 5.16 by the use of the-relation

202
2 v .

pressure gradient B is taken to be zero, as it is desirable to iso]até
the éffécts of the -thawing of‘thelice 1ayer'alone, The corréspondihg_
curves for_any othér positive value of B aré easily evaluated from

eq. (5.79),‘or they may also be obtaineéd from curves for B = 0 given

“loxo ~ " EQG&7TE%>~ e s
o ; -:' :
.where'&‘u ‘ . represents the hofméljsed pore preséure for
B0 0 given i Fig. 5,16,
_and u‘é:¥ . reﬁresents the required pore pressure for any
4

non-zero value of B.

The preceding: solution is valid where the ice layer continues

fndéfinite]y‘be]ow the sotl. s o ? LT

“When the ice layer is of finite thickness, as is usually the

. case, theitime to thaw the layer comp]ete]y,isﬂcalcu]ated from eq.

(5.63)as '

gm0 ox o BED

where | h% is the origiﬁa1 £Hicknes§ of theuice;15y¢f,

':'andi te is the.tfke réquiréd'to thaw the:ice 1ayer Compiété1y.
- | o o F , -

Tﬁﬁgtihe m#y béugpnveftéd'i7fp:athme\fact9r'by'

@..&,t% : CVih{ Lw"'l 7 _E?

T. = . = .

i

o S (5;82)

o <
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Know1ng the time factor at the conclusion of thaw1ng df the 1ce lens,
Fig. 5. 16 may "be used to detenm1ne the final (and usua]]y the worst)

pore pressure condi tions over the 1ce 1ayer
g

It is seen from Fig. 5.16 that 1f the value of A is 1ess than

unity, tHen the norma11sed excess pore pressure w111 rise to th1s ' o

value, and ma1nta1n in the 11m1t a. pore pressure numer1ca11y equa’l to e
‘ﬁA.. 77 on the- other hand the A value is greater than un1ty, then
stability is. on]y assured for\a finite per1od of t1me, and eventua]ly
the excess pore pressures become equal to the effect1ve overburden
we1ght and comp]ete 1nstab1llty resu]ts |

> It appears then that stab111ty of a compress1b1e soil mass mayvi-
be ga1ned in two ways If the A value 1s less than unity, then some
effective stress 1s assured 1ndef1n1te1y at the thaw 11ne When Ais
greater than unity, 1nstab111ty resul ts unless by ca]cu]atwng Tf

‘A from eq. (5 82) 1t may be shown using F1g 5 16 that the norma11sed

pore pressures never atta1n the1r max1mum value. It is seen that Tf

_is proport1ona1 d1rect1y to h , and 1nverse1y to X This indicates

-\.

.that on]y sma]] ice layers may'beutplerated c]ose to the surface and a

that 1arger 1ayers mi ght be thawed qu1te safe]y at"TErger depths T
) M e ek
-The presence of the term: (P + v'X ) ‘on the denom1nator also
—— "J ©
‘ re1nforces this statement concern1ng the 1ncrease of stab111ty w1th

‘depth Th1s a]so suggests a method of 1ncreas1ng stab111ty If a | o
’surcharge 10ad1ng P were placed over the thaw1ng ground conta1n1ng
“fee 1enses, the A va]ue is reduced If 1arge ice 1ayers are present
near the surface, and 1nstab111ty 1s pred1cted at 1ow va]ues of ¥ X

'i the placement of grave] f11] m1ght we]l be used to reduce the A va]ue

A . .

N S y
oo ’ 2
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be]owvunity/ and thus render a foundatfbn considerably more stable
on thaw1ngf | | | |

“In order to enhance the exp]anat1on of the relat1ve effects
of various parameters on the stab111ty of the ice ]ayer, a samp]e
.prob]em is solved. in real d1menstonsf To lend some. .
realism to the sample so1ution, a set of soil propeqties.sha]] be
adopted wh1ch are.the- same as these found at the In*:1k test p1pe11ne
s1te (see Chapter 6). %&Th1s so11 1s a c]ayey s11t -and the f011ow1ng

set of representat1ve soil” propert1es are used _
5

,perﬂeab111ty v . /- K = '2.5~x 107" cm/s '
coefficient of qphso]idatioh .Cv = 1.]'x 1072 cm2/5,7" P
, water cont@“t 1 '““”tf‘ wo= 405 - | |
submerged uﬁ?@ we1ght - H»yf =:v0.8219/em3

soi] latent heat - : ?; m_, Ls = ‘4].4;ea1/cm3

thawed conduct1v1ty '7, | Ky = ’2»5 x-]O~3 eaﬁ/QC'cm’s‘_

Two rates of thaw1ng sha]f be examined; one correspond1ng

/

- to the fast rate of thaw1ng under a hot p1pe11ne, say,
surface temperature T 71 °c, “~v_1';= o fc'

\
‘and the other correspond1ng to’ a natural rate of thaw/wh1ch m1ght take

7

Aplace in the act1ve 1ayer, !

&
surface temperature ,T 12 C.

Us1ng the Stefan so]ut1on, the o values for thaw1ng in the 5011 are

. i . S
G il . . .- .

calculated to be- | i PO S .;;Neﬂ. |
| eyt O 093 am/@ % for the mé T, U o e \
cand oy = il fow;he Tow T T ,

_"Comb1n1ng these w1th_ihe c va]ue prov1des the two R va]ues



”4each depth of 1ce—1ayer,,

LRy = 0.483 4 S '
R, = 0.181. :, N ?' ' iu

The pore pressure maintained in the soil, and”thereforeéthe initial

T4

values for the ice layer problem are
/. By = 0.283°
B2 = 0. 061

-The effects of an ice 1ayer in this thaw1ng 5011 are now cons1dered

- For each‘rate of thaw1ng c1ted ‘above, the top of’ the ice 1ayer is

‘ assumed‘to be at Im. or at;3m. 'For>X- = 1m, the ‘A va]ues for the

two'rates ét»thawing:are 1.0 and 0.169 respect1ve]y The re1at1onsh1p

between t1me factor and t1me may be ca]cu]ated from eq. {5, 70) for

thure 5. 16 and. eq. (5. 80) are now

o used to plot the excess p‘}ev ressures at the 1ce/so11 1nterface w1th
.t1me F1gure 5. 17 shows the norma11sed pore pressure’ p]otted w1th
t1ne in days for the two thaﬁ‘rates and depth of ice layers. .The.

h1story of the thaw 1nterface is a?so plotted for each case. .
LG

For the fast rate of thaw1ng, the pore pressure above an ice

;t]ayer at a depth of 1m rises to 94% of the maximum eifeet1ve -stress -

. within 10 days. Th1s represents a thrckness of 20 cm. of 1ce thawed _

v

o

'Ain3thtsftime' An ice layer at 3m. depth under these thaw1ng cond1t1ons',','

( <&produces pore. pressures that are not s1gn1f1cant1y more cr1t1ca1 o

/‘.‘than those produced by thaw1ng 1n the soil. . __;

| For the’s]ow rate of thaw1ng, the. prescence of an 1ce 1ayer
at 1m depth does not produce pore pressures in the so11 that
deter1orate s1gn1f1cant1y w1th t1me In fact, 1f 1ce were present

:Vat depth 3m under these thaw1ng cond1t1ons, Fig. 5 17 shows that
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the pore pressure actually reduces s]fght]} with time as the thaw
pl-  progresses through the ice. ’ _ e
The results from this samp]e problem suggest that although
thHe settlements.are obvious]y 6onsiderab1e,:the.pore pressure '
conditions in the soil above a thawing ice layer-may not be ‘as

ctitical as hitherto supposed.



CHAPTER VI

ANALYSIS OF FIELD PROBLEMS

6.1 Introduct1on

In th1s section attent1on is directed towards the app11cat1cn

of some of the methods and the theoretical relaticiships estab11shed

A

,prev1ovs1y to some pract1ca1 prob]ems that m1gh* 5 encoqgtered in

~the field. | | DT

One of the most dramatic and indeed topical aspects of

'ihdustria] deVe]opment in the Arctic is the effect of‘qhejoperation of
~a hot oil pipeline an therunderlying frozen greund 1 Some -important

-effects of a pipeline on its fbundat1on are analysed over the expected

per1od of operation f0” an Arctic lacation. In the f0110w1ng paragraphs,

improvements to a thawing foundatioh‘using:yert1ca1 sand drains ate

‘also considered.

Y

It would obviously be extreme1y désirab]e 'to obtain many field

case h1stor1es, and an]yse thm within the context of the theory of

thaw—conso11dat1on. It is only poss1b1e, however, to present analysis

~of one case study at this time, as there is only one we11-documented

set of data avai]able to the Author at the present. This concerns the

'behav1our -of the 48 inch warm p1pe11ne at Inuv1k thCh w1i?*be*dea]t

w1th in some deta1]

a

r6.2h Thawing‘Under a Hot Pipeline

Azpractiea1'study of‘thawing_Under‘a hot 0il pipeline is

208
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included to illustrate the app]ieat%en-of_Ihﬁ;gﬁigpsioh“to the theory.

. \,\

—_

described in section 5.2, “ere the power Tlaw relatjon be tween thew ‘
depth and tiﬁe }; used. The sett]ementgwand excess pofe pressures

under the centerline ef a pipeline are enalysed, subject‘to the thaw rate ,
given by Lachenbruch (1970). A clay substratum of 65% moisﬁure content

&

was considered by Lachenbruch in ordef to assess some thermal .effects

~—

- of a heated pipeline in permafrost. The''thaw 'bulb' and the rate of
thaw under the centre—]ihe are -shown in Fig. 6.1. A
Various'coefficients‘of coﬁéo1id5?ixn c, haVe beeh‘used to
"estimate the performahce of the pipe:for €Ni%first 20 year§.“The
mateffa] oVer]ying the pipe is assumed to ac as a»surcharge 1oading,‘
and for simp]jci;;ﬁzﬁ‘be comprised of a material of.much highar
 permeability than the'underlying frozen'soil ‘ It’therefore does riot
tp]ay any active role in the dra1nage cond1t1ons
| From pronert1es chosen by Lachenbruch one f1nds that 2.42 m
of 'surcharge mater1a1 at a dry dens1ty of 1.75 t/m causes a surcharge
load1ng of 4.25 t/m - The thaw1ng 5011 at 65% m01sture’conteniehasea ]
' submerged un1t we1ght of 0.62 t/m . The.raté of;thaw;for the Arctic

(clay) case is well approximated by .

ox = 3.56't93 | S | (6.1)
orB = 356 . . \( = i
‘and n = 0.3. : | ‘\‘;k”:“- 2

J'F 0
’f

\The coefficients of consolidation taken to assess the

_ performance of the pipe are _ - e
_ ; , '
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| Fig. 6.1 Thawing under the Centre TJine of a Hot P1pe]1ne
: (After Lachenbruch,* 1970) _
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¢, = 3x107%, 15 x 107%, and 30 x 107 cn® /sec
= 10, 50, and 100 ft%/year RS C—

Fihé]ly, the c]osure"ofvthe fhawxbulb asAca1CU1ated by Lachenbruch is
assUmed'not ‘to affect the one-dimensional drainage under the centre-~
11ne of the p1pe11ne '

The results for the normalised excess pore pressures are shohn
plotted with time for d1fferent£cv values in Fig. 6.2, for the centre-
line of the pipeline. | | |

%ﬁf the thaw depth against tfme curve is approkimated by a square

root of time relationship, ehd;an'a value approximately ca}eu1atedvf0r
the first two years of thawing, the dotted line in Fig. 6.2 shows the
excesé pore phessure%gcalcu]ated-uiﬁng'the Tinear theory reviewee
carlier. ' ‘ g | |

~As expected; under these fhawing conditiohs the eXCess pore
viater pressures ar; ‘the most severe in the initial few years of thaw1ng‘
For a s11ty c]ay with a Cy of 15 x 10 -4 cm./sec, excess® pore pressqres
equa1 to 50% of theveffect1ve‘overburden'lbading may be expected even
after two yeahs.of opekation; Hohever,»it also appears that if no severe
stability prob1ems occur in fhe 1nitia1hyea}s of operation, then
~increased stahfiity'may usually be eXpeCted és time proceeds, provided
that 5011 conditions do not deterlorate s1gn1f1cant1y w1th depth

The sett]ement of the p1pe11ne 1s compr1sed of the sum of the.
._conso11dat1/gL§ett1ement and. the sett]ement resulting from the dens1ty

‘change in the water phase on thawing. The consolidation sett1ement at

any time may however:be shown 'to be,proportwona] to the product of

RN
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St/sma Jnd the depth of thaw X. At early times, the degree of
consolidation St/smax is low. At longer t1mes, the ve]oc1ty of the
thaw front decreases, and S /S ax increases. Hence a more linear
sett1ement -time curve is to be expected than that suggested by the.
thaw depth-time re]at1onsh1p.
tFigure 6.2 also shows the transient sett]ements; Sf,iunder
~ the centre 11ne of the pipe if\the coefficfent of vo1ume compressibility

©

is 0.2 cm /kg It 1s seen that the curvature of these sett]ement ~tipe

,1at1onsh1ps is. co's1derab1y Jess than the curvature of the thaw depth

VS. g1ven 1n,¥hg 6.1.

E 6.3 Thaw—Conso11dat1on with Vertical Sand Drains

In cases where the so11 properties in a thaw1ng sovi foundation
are such as to cause the bu11d -yp of excess pore pressures ‘and the
- poss1b111ty of an unstab]e foundat1on, 1t may - be des1rab1e to cons1der
certain remed1a1 measures “which wou]d improve foundation cond1t1ons in
- an econom1cal manner. One of the. best known methods of 1mprovement
‘for deep depos1ts of unfrozen s0ils is by the use of vertwca1 sand
dralns, (Cagﬁgrande and Poulos, - 1969; Barron; 1948). In‘genera] - the |
presence of a sand dra1n boundary w1§%zzero excess pore pressure serves'
" to shfrten the drainage path for excess pore f1u1ds, and accelerate '
the rate of conso11dat1on . oo ; L
The sand drain problem is usually a two dlmens1ona1 problem.
in the rad1a1 d1rectqon r, and the depth x. For un.rozen soils the
two-d1menstona1 equat1on may be so]ved by a method due to Carr111o (1942)

who showed-that the solution .to the(twoed1mens1ona1 prob]em is the



o

Kettle Generat1ng Station in Northern Man1toba, HacPherson et al. (197@)

' stated that the use of sand dralns had ]1m1tat1ons because “the exteht»”v

sand drains, and also shows'how_the "effec%ive radius" of the drains

product of a pair of one- d1mens1ona1 solut1ows
Attention is now turned to the problem of acce]erat1nq the pfﬁ.'

consolidation of a thawing permafrost foundaticii. . Vert1ca1 sand :5“1;53

/

dra1ns have been 1nsta11ed to improve foundat1or performance of a

thaw1ng foundation under dykes constructed on permafrost 1n Northern

v

Man1toba However, when referring to the des1gn of foundat1ons at tde

A
-

[
PO
" e

’q,

of the drainage required to carry away the 11berated water as the,_f
MR © )

pérmafrost thaws_is not known'. C]ear]y, it is of cons1derable Lnteres‘a
to explore the possibility of solving the required equations, and make
. . {3 . :
available a program which might provide a-firmer basis for rational
. ' i L4 - ’

design.

It is doubtful whether the solution to this probTem‘is,avai1ab1e

"in anaiytica1 form, and. the method of Carri11o cannot be uti]ised due

to the differing nature of the boundary conditions.
Figure'6;3fshows7schemat1ca11y’a typicat'situation involving -
is calculated from the spacing. It sha]]‘he‘assumed that the thaw pTahe .
remains p1anar_at‘depthlx(t), and that a one-dimensioha1 thawing-
situation is preseht, j.el, | '
X0 =avt  (6.2)
As cylindrical synmetry is preserved at a]] times, the consoTﬁdation
probTem is two-dimensional, w1th vert1ca1 and radial f1ow components,
but”wtthout tpngential flow. Accept1ng that the Terzagh1 Rendu11c

conso]idation'theory is adequate to describe the flow of waterbln the .

=
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_thawed soil, the govern1ng conso11dat1on equat1on is .
a <r<b; 8¥¥ x < X(t t > dgf?.h B _
\ ¢
_B_U;C ?.2.2. +L\~. +__]__8_U . : ' L
ot VY oy "@TZ Y ar - (6.3)
.4' ""‘Uw . . B " N

B H . a

‘Imp]icit in this equation are the statements that the

e

conso11dat1on coeff1c1ent is 1sotrop1c, the material properties are
homogeneous, and that the total stress of any so11 element is constant
with time. _ |
. . ,._..o .
In designing the numerical procedure for solving this problem,

a stat1onary co-ordinate system m1ght be_adopted whereby the f1n1te Fo

d1fference equat1on for the thaw Tine must he wr1tten at e movwng

'\

boundary. In this case, cons1derab1e s1mp11fﬂcat1ons are 1ntroduced

L

if a transformat1on 1s emp]oyed which- p1aces the co- -ordinate system

....

in mot1on, thus render1ng the thaw boundary stat1onary : N

Sett1ng z_— YTtS'the govern1ng—equat1on (6.3) is rewritten as -

e

1" 3u : E ,
2zt WY T2y o o (6.4)

As the r co- ordinate is orthogonal to the z:direction, the last term

in the eqﬁ§31on is’ unaffected by th1s transformat1on

‘Since %%— = /2¢r—' eq. (6 4) becomes SN
.QE.:E.Y_ vazu + z_"ou + 'C- '82@ + l ou 1 c_v__%__
et 2 E;;T 2t 3z 0 w2’ r or - (6.5) -
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The derivatives g—»and ~ pose no special probl s in the “implicit

.‘{«,‘\ 3z

Vo

S f1n1te d1fference me thod adopted and a ggt of linear tr1d1agona1
» equat1ons are st111 obtained when the finite d1fference equat1ons are

wrltten in matr1x form.

o
The boundary cond1t1ons in terms of r and the new depth
_co-ord1nate*z are summarised as follows. At the interface with the
sand drain, the soil is fhee-draining, SO
Y= a; 0.<z<1; u=0; t>0
At ‘the effective radius, from symietry, no drainage occurs, and - .
N . : L
& r=b; 0<z<T; %%-='0; t>0- -
."At'the.surfaée, a iree draining surfaee is provided, and
a<r<b; +z=0; u=05 t>0
At the thaw interface, vertical ﬁpntihuity of the pore water prq¥jdeﬁa\
as before
-’ Qu - e
Cy ?ﬁf ‘
a<r<by ,z=1; P -ol +y'X=-u=" t> 0 (6.5a)
i . dt
lﬁ-";?rr; 2 :{:
dX _ o
............ m:es Xfff 5

Hence the excess pore pressure conditions at the boundaries are -

@

cdmpletely specified.




~As it is not feasible tO'ebtain an-analytical solution to this
problem, a finite differente'numerica1’methodbis adopted
| “There are: many approaches available for so]ut1on to this type
of'twg-d1nens1ona1\prob]em. Few, however, have been used in so]v1ng
prob]ens.with a moVing bdundary. The A]ternat1ng»D1rect1on'Imp1jc1t
method (ADI) is addpted to solve the ditferéhtia] equation. The method
_his discussed bybPeaceman and Rachfordf(1955) and basica]]y the seheme

[y

prov1des a method of numerical 1ntegrat1on which does not need excess1ve
f{» i

.comw%kat1on time. For a linear 2-D equat1on .of the heat conduct1on type,

J
it hay been shown to be stab]e and convergent for all values of the

of .
time interva] At. If the sybscr1pt i refers to the number of discrete

Mdntarva]s in the .z d1rect1on, and J to the number of 1nterva1s in the

N & a4 L {

r d1rect1on, and k 1n th t1me d1rect1on, then the method is summar1sed
' _ 6j¥ '

N . N ‘ ) P

. '\& ! N
:The resu1t1ng set of. tr1d1agona1 equatlons is so]ved for the

matrix V j? which 1s an 1ntermed1ate set of values at At/2 In th15»

H]

f1rst step, the 1ntegrat1on 1s carr1ed out in: the r- d1rect10n, and,

218

~as follows:
V. . ¢ .
1,] isdsk o 0 2y v .
At/2 - ¢y 9 (Vi,j) y 6r(vij) y
c, . .
_ N * —3T~ 6 (u isd, k) T ox ( i J,k) | (6f6> \
c N . . i \ %‘" "’ :
. : 0 } ) ‘ B '§‘.~.g'
2 2 e /"’&. .
~ where 'Gr’ 6r’ 6 .and. dr refer to the second &8d first order
:_ B '.3 centra] dlfference operators in the r and z d1rect1ons o ¢
/ respect1ve1y e o S Y k\\z\
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it ; N
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nus1ng the va1ues V .3 the d1rectﬁon of 1ntegrat1on is changed, and) .f,
' the following set of equat1ons 1eads to the ‘solution at the (k + 1) - .: b
t1me step “ o R : SR v ?ﬁ
T : .—;V.r.' A - ' A ' -
i,d.k +1 1,3 o 2 2y, WY oz S
w2 ey 8201 g,k + 1) 28 8 iy e 1)
s o 82, )+fl'a'('v Y 6.) |
v-orhiL g rorti,g e )
Z o -

’ form accord1ng to the Crank- N1cho]son scheme It is still possib1e toa

~of the f1rst order derivatives s, and S, comp11cate the resu1t1ng

QL
: 14 : v
° - | )

The equat1ons (6.6) and (6 7) are written.in finite,ojfference

‘ 'obta1n a set of linear. tr1d1agona1 equat1ons even though the presence

.(

equat1ons s]1ght1y Th1s is on1y poss1b1e 1f these der1vat1ve€ are =
raised to the f1rst power, as is the case here The details of the ' ‘.

f1n1te dlfference equat1ons and the program are g1ven in Appendix A 7.

-"The tr1d1agona1 equat1ons are so]ved by the Gauss1an E11m1nat1on 7\

technlque used-prev1ous]y 1n section 5 2.

~ .

The computer program ca]cu]ates the norma11sed excess pore.

(o
vitell ~-

pressures, and then a vert1ca1 1ntegrat1on is carried out on each

- veirtical co1umn of nodal points to ¢ u]ate the vertical sett]ement at

| each'point on-the'surface. A sett]ement profile may then be plotted

: sett]ement prof11es at the surface for a: typ1ca1 set of cond1t1ons

xay

“
. o v i . N .
" ) N ) R . ) //———’————

| as thaw1ng‘proceeds Wi ~\\\<\\$__;;:;,//~’f,,,

-

The program is used to calcu]ate excess pore pressures and “?:mmsgy-

Y

P

The resu]ts are shown 1n F1gs 6 4 and 6 5.

The excess- pore pressure d1str1but1on atAthe effect1ve rad1us
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‘ shows that the excess pore preSSUre,atythe thaw line reduces with t1me,
and the pore pressure gradient 1ncreases The results suggest that
the depth of thaw must become significantly 1arger than the ‘effective
:rradlus b, before any sat1sfactory reductlon 1n pore pressure 1is obta1ned
In the example shown, the dra1n spac1ng is 10 feet giving an effect1ve
radius of 5.25 feet The excess pore pressurexat r =b is reduced from
'66% to 40% after four years, when  the depth of thaw X = 20 feet.  In
the same time however, Fig. 6.5 shecws, that the degree of settlementv1i
- accelerated from '33% to 77%. So it might be suggested that no |
s1qn1f1dant~1mprovement in foundat1on cond1t1ons need be expected unt11
the thaw depth is considerably greater than the sand drain spacing.
| This observat1on suggests another design alternative. I the

.sand dra1n spacing is varied w1th depth in such a way that when the thaw
depth is sma]], the dra1n spac1ng 1s reduced and at ‘greater depths
the spac1ng may be greatly 1ntreased This wou1d simply be achieved
by incorporating two or three d1fferent sets of sand dra1ns, each set
| penetrating. to a dlfferent depth, as shown in F1g. 6.6. Jhe ana]ys1s
- of such a foundat1on might be accomp11shed in an’ approx1mate way by :
~changing the effect1ve radius b at certain spec1f1ed depths in the

accompany1ng computer program ' L - '

Cemta1n other practical prob1ems accompany the use of sand -,
drains as a remedia] measure. If the surface of the sand dra1n is not
in contact with cont1nuous1y thawed soil or water, then freeze back of
the surface of the dra]r *1ght cause dra1nage 1mpedance and bu11d ~up
of excess pore pressures However, the sand draln will at ]east be
- funct1ona1 for approx1mate1y one- half of the year Also, if large

‘ a

\
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sett]ements occur in the thawing so11, 1t is unc]ear how the dra1n

vvtse1t wou]d deform, and if it wou]d carry a 51gn1f1cant port1on of the

structufa] load on the soil.

Further 1nvest1gat1ons are needed but these pre11m1nary -
cons1derat1ons suggest that the use of sand dra1ns in'a thawing -
foundatlon,m1ght be less effect1ve than h1therto oe11eved, un]ess-thel

* . v ‘
design is optim1seq in a manner such as that shown in Fig. 6.6.

6.4 Analys1s of ‘the Performance of a Hot 0il Test P1pe11ne at Inuvik N.W.T.
‘ In order to study the behav1our of permafrost as a foundat1on"l

material for a warm-oil p1pe11ne,‘Mackenz1e Va]]ey Pipe Line Research'
Ltd. \anstalled a 27 m. test Seetion~of 6T cm*diameterfpipe near Inuvik,
N.W. T The objectives of the- field test were to measure pore water
pressures, ‘temperatures and sett1ements 1n the foundat1on as thaw1ng
proceeded Frozen -bulk dens1t1es of the foundat1on mater1a1s were
measured in order to pred1ct the thaw stra1ns underneath the p1pe, and :
~comparisons could then be made between-the predicted and observed values
for p1pe sett]ement S | | .. | '

It is proposed to examine the data from ‘the test s1te in, some.d
detail, as this constitutes the)only comp]eteTy documented case of |
“thaw1ng of a fine grained pennafrost 5011 that is ava11ab1e at the
'present time. ' | _

The data and rd*erences used in th1s ‘study - are taken “from
publications by Row]ey et a] (1972) and’ Watson et a] (1973)

~The strat1graphy of the test's1+e is shown in F1g 6 7. Hot

011 at 71° C was circulated through the p1pe from Ju]y 21, 197], and

/-
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the‘resuTts are analysed for the. three months foTTow1ng this date
»;, About 36 days after thaw1ng had commenced the thaw bulb entered a layer
| of dense gravelly t1TT,‘and no further s1gn1f1cant sett]ements occurred.
In ‘the intervening per1od the thaw bulb moved through a layer of 1ce
rich silt, grad1ngwfrom aTmost pure- 1%e just. beTow the pipe to about
30% excess ice at the upper boundary of the dense till.
SettTement gaUges and p1ezometers were 1nsta11ed at the: depths

shoWn in Fig. 6.7 and the data from«th1s 1nstrumentat1on 1saanaTysed

here in theﬁcontext of the thaw-consolidation'theory Figure 6 7

-does not show the hor1zonta1 pos1t1on of p1ezometers and settlement gauges,
wh1ch were positioned for the most part 0.3 m from the centre 11ne of the
pipe. The approx1mate moisture content of each Tayer 15 1nc1uded

The properties of the 1cerr1ch cTayey silt layer are. g1ven'

~\

by Rowle - e~ al. (1972). The grain sizes are comprised of 53% silt .

\' and 40% ¢ , the remainder being sand. - Undrained strength values
, \ o o '
obtained from unconfined compression tests and penetrometer readings

varied from 925 to 1000 p.s.f at the thaw front'jand T300'to 2000 p's.f.

at the top of the silt layer. In situ permeab111ty tests conducted .
- 4

G

on the thawed silt Tayer gave vaTues from 0.53 x 10 " to 2.29 x 10

_cm/s, averaging T x 10° -4 cm/s. However,adata from_]aboratory tests ,
TI(Watson, 1973) on the same material gave a’ permeability of 0.17 x 10'4

to 0.§p-x>10"4 cm/s.

Thermal Calculations

The rate of thaw underneath the centre- T1ne of the p1pe was
observed in the test fac111ty, and this thaw rate is compared here wi th
a s1mp1e theqnet1ca1 prediction”based on a one-d1mens1ona1 solution

of the Stefan type.



Figure 6.8 shows the latent heat of the soil plotted with
depth, and the dotted line indicates the relationship assumed for the
vtheoretica1 prediction, based on moisture content data.

The expected thaw gstrains based on frozen bulk density for

each 1ayer indicate that on thaw1ng, the so11 will consolidate in the )

thawed zane to'approx1mate1y 45% moisture content. From the data of
Kersten (1949) presented in Fig. 2.5, it is estimated that the thermal

conductivity of the thawed soil will bé‘given by -

3

K, =2.52 x 107> cal/em’C sec. I ' (6.8)

The surface temperature at the pipe base is given as

From Fig. 6.8 the latent heat maybbe expresséd as

L=70-09.75 X - | [ (70 [+) B

wheré X is in m.

From the predicted thaw strains, it is expected that the ice-
~ rich clayey silt layer will settle approximately 0.9 m over a depth

of 2.21m, therefore

><|»
]
O~
o

~N
~N
et

L

Cor

= 0.403 X . . | . (6.17)

It is not des1reab]e, however, to. ca]cu]ate a depth of thaw

from the initial pos1t1on of the p1pe, as in this case it wou]d be

L]
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Fig. 6.8 Estimated Latent Heat with Depth
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" meaningless considering the large movemen: of the heat source. A depth

1

of thaw is defined from the heat source.(pipevbase).as
X=X-5 | (6.12)
_and from eq. (6.11), the settlement is re—writteﬁ as

_0.803 v _ 0 e7a T - : |
§ = 2B X = 0.674 X | (6.13)

-3 _ .
Substituting eq. (6.13) and (6.12) in qu\(G.]O) a value for latent
heat in terms of the.new variable X is obtained as
X=X+S=1.674%X
and therefore .

L=70-1632% R o (6.14) -
{
Us1ng the simple Stefan formu]§t1on, and comb1n1ng equations (6. 14),
{

(6.8) and (6 9), a relat1onsh1p is obtained between the ‘thaw depth

from the: p1pe base, X and t1ne

_ 2k, Ty t | “ . :
AT a &?@?’53( -

0 r . ‘ ‘ T ‘( : . ”V ' i R

xe (3090t o T . (6.15)
. 70 -16.32X , o

2
A P

This equat1on is a. cub1? 1n X but may most easi’y be so “ved
L
" by rearrang1ng in the form é// '

¢ = (22.646 - 5.2§ X) @ L (6.16).
where X is in metres,

~and t in days.
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Equation (6.16) is plotted in Fig. 6.9, together with the
~observed values taken from Watson et al. (1973). These values are
~included in Table 6.1.
TABLE 6.1 PREDICTED AND OBSERVED THAW PENETRATION - |
. P - " . o
El. pipe EIT. thaw Date Time time Observed Predicted
- base ~depth t ]/zw thaw _ - thaw _
- {m) (m) - (days) days depth X ‘depth X
: _ . (m) ~(m)
1.80  1.75  July 22 0 o 0 - 0
2.03 ° 2.80 July2s 6  2.45  0.77 0.55
2.39  3.25 Aug 5 14 3.74 0.86 . 0.87
2.60 ~ 3.73 Aug 15 24 . 4.90  1.13 ' 120
2.82 430 Sept 1 41 6.40 1.48 1.75

2.98 4.90 Oct 1 71 B.43  1.92 . -

The éomparison between a simple theoretical calculation of
this form and the observed_data fn the early stages is excellent, and
-the deviationuat later times‘is poésib]y due to the_two—dimensiona1 thaw- ~
ing effeété around the pipe. The data could ndt’be‘COntinued pastﬂ

October 1st as the hot oil supply failed at this time.

Final Effective Stresses

The final effective pressures are reédi]y_célcu]ated on the
“basis of original moisture content data, assuming 100% saturation.

" The thawed soil above the level of the pipe base is assuméﬁvto act as

. a surchargé¢1oading. Although princiﬁa}]y comprised of grayel, a

G-

T
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small depth of siﬁt’and compressed_organics'which are initially thawed
“also augment the sUrcharge - The antitipated 1arge strains in the ice-
rich clayey s1]t appear to. comp11cate fhe ca1cu1at1on of overburden
stresses. However, it may be argued that even though excess1ve strains
are taking place above a g1ven,po1nt in the thawing foundatjon, the same
height of soil solids, and therefore the same final effective stress,
remains-aboue this point until the thaw'p1ane passes. Thus, the’fina1
effective stress may be calculated accurate]y for any point on the ©
thaw p]ane from the initial mo1sture content data for the frozen
‘material. The u1t1mate effect1ve strezses are ca]cu]ated 1n this .

manner from the moisture content data given in F1g 6.7,. and the.

ca]cu]at1ons are provided in Table 6.2. The f1rst three 1pyers may f

be assumed to comprise the app]ied 1oad1ng P The rema1n1ng 1ayers /
'of/}nterest are shown to exh1b1t an. average submerged unit weight of
vy' = 0.434 t/m . The variation of the f1na1 effectwve stress is ';' '
shown plotted aga1nst the ~original depth from the ground surface in
Fig. 6.10. R i
. TABEE 6.2 FINAL EFFECTIVE STRESSES‘ T /?
Layer Design— Orig]nal\ Original - 'Un1t we&ght Stress 5
ation .~ 'depth {m) he1ght Ho(m) v' (t/m?) ~»_¥'Ho t/m
GraVe} - N 0 - 1 37m9¢” _ 1 37 1.22 - . 1.67 b -
. - . . . . N . O -
Organics - ‘].37 4v1.52 - 0.5 .22 - 0.03 1.77
Silt clay A 1.52 - 1.82 ......030 . 0.22  0.07
lce B, . 1.82:1.98 016 0 -
- ST o , N ' - Nav.y
Ice + silt. C 1.9¢ - 2.74 0.76 . | ' ‘
o A A S0 0'243j¥ 0.434
feis Sj]t_+ ice' D " 2.74 -3.96 - 1.22 - 0.51  0.622

CE 3.96 and below - 122 Y
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Excess Pore Water Pressures

Attent1on is now tUrned to caTcu]at1ng from the recorded data

the excess pore water pressuce at a po1nt when the thaw p]ane passes

. that po1nt Watson et al. (1973) present data from eight p1ezometer

1ocat1ons, at depths shown in ng— 6.7. When the thaw plane passes a

[N

p1ezometer tip, the actua] head of water 1s read from the data. - The.

pos1t1on to. the water tab]e is mon1tored continuously from open stand—

‘ p1pes near the surface. The excess head of water .may be ca1cu1ated.

The excess.pore pressure is then norma11sed by d1v1d1ng it by the f1na1”

' effect1ve stress at that po1nt (See F1g 6. 10) A summary of the data

s presented in Tab1e 6.3.

)

TABLE 6.3 ANALYSIS OF PIEZOMETER DATA

Piezometer Depth v (t/m ) (P +oy'X) UAPO + Y'X) “=wk ;
) - (t/mz) ' '
"1p2 | 2.65 | 0.3 00 0 15 % 0;%3
P2 356 051 242 T 2% 037
3. 2590 076 i 1.95 Caew 0 .
3 3.3 0.42 ?_;.;‘}?-321 ,: 18.1% 0.3
| Tf3r .27 o —i 3.0 6.3 0.7
P4 1.65 1528, 0
P4 2.59 728 0.
P4 3.50

35.0% 0.35

@
" The norma11sed excess pore pressures vary between 15%.and 214 .

- except1ng two read1ngs wh1ch are apprec1ab1y h1gher
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Settlement Data ..

Two sets of settlement data permit analysis (S2 - S6) and
(53*- S10). The gauge 53 was, 1nsta11ed at the same level as S2. Other o

v—

sets of ~gauges were present but were too far removed from the axis of

u )

the p1pe11ne to bé of concern here.
| ~ The data are best ana]ysed by considering the relative
movements of a pair of gauges located at d1fferent depths in the

| compress1b]e s11t layer. Long after the thaw plane has passed the | o
Tower gauge and entered the dense t11] the sett]ement curve 1eve]s outs
., and th1s value 1is used for the maximum settlement at that p01nt Th1s.._

value of‘mAXJmum sett]ement may.then‘be used to calculate m, for the
compressible silt layer. | , a_ o

" In-order to obtain values for consolidation sett}ement, the
observed'readings must be corrected for the fo11ow1ngf%actors.

o (1) ngoang? or bending of the sett]ementmrods;'
-~ - (:1) fhawing of the pure ice'1ayer at the pipe.base.
o (i11) The ice/w%ter volume contraction on ‘thaw. 4:
For (1), the correct1on is clearly seen from F]g 6.1. N The \

*

gauge S2 had moved O 02 m when the- thaw*pTaﬁe passes ity however the-ral

v gauge S6 had moved/G'TZ E when the thaw plane passed that gauge This
1ntroduces a/correct1on of (0. 12 - 0 02) = +0.10 m to a]] read1ngs
(s2 - 56) due to bend1ng of the sett1ement rods caused by horizontal
movement of thawed mater1a1 S

For (ii), the pure ice layer 0. 16 m thick and a very ””M.j"ﬁ‘
-.depth of soil above.the ice ]ayer prov1de a correctlon of -0.19.m,
when’makfng settlement ca]culations'fOr the silt tayer a]oné?‘

ya " For {ii1), the ice water’COntraction ré?uits}in'a vo]ume

o
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" contraction of v /

(AV) | - € rozen ~ Zthawed
i/w

Vi 1+ ®rozen
NA W
No¥ Eerozen = e € thawed
, Y e
' £y G, - w G
Aé!) - Yice
\ iz Yy |
Yice )
Y oo
. ‘UJ. ~ .I ‘ | ‘I
(é!>' o Yice - S
v i/w 1 4 Yw , o
wG

Tice. - o (6.17)

S2 - S6'
- The bend1ng ¢orrection - (1) is O Tmin ‘this case. .The éofrectibh _'
‘ for the pure 1ce layer: (11) is -0.19 m,- and the correction for the ice-
water.transformat1on (111)~ S -0“0625 HO. The initial elevations of
“the settlements gauges are. - ’
S2; EL‘= 1;34'
756; .

3.55

CEL

therefore -the original height of frozen soil is
s2 -'s6=2.21m . e

and . (§%> = 0.0625 x.2.21 = 0.138 m o N
AN e _ A ,

The“initial height of compressible thawed soiT?thérefofe is

T S . . . .
@ . ' | i 3
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H = 2.21703)38 -"0.19
H = q © oy
. S “,
' The coefficient of volume compressibility m, is defined as
m max (6.18)

v M?o+ &5WH)1

Applying the preced1ng correctlons to bhe maximum settlement
: va]ue'1n the data, provides - |

0.86 + 0.1 - 0. 19 - 0. 138

w
i

S - “max.
0. 632 m.

Therefore from eq. (6.18)

O 6319

- \ | PR
My T.882 (177 ¥ 0.217 X T. 882) = 0.152 m"/t

Again consulting the sett]ement daﬁa 1n Fig. 6.11, the settlement, St’

when the ,thaw p]ane passed St, is given by

S; = 0.79 + 0.1 - 0 19 - 0. 138 ' g
= . . & . o ' | ’“ Ny, ‘
St ,0.562'm, . ' R | _ Y
t . 0.562 2 S S
= = 0.889 , e -
Spax - '37632 ‘ - , o
o3 x1.882 i
,-wr gt‘thgﬂagp§h>56,1s 7T ffki;
g Y gaer T 8
OY’ ‘ Wr _", 0-46] - ' . g ) ,v “’uta‘%?)-'.

Us1ng the theoret1ca1 curves in F1g 3 9 for St/smax vs. R, the

‘1frequkred R va1ue 15 0. 32 Comb1n1ng th1s value of R with the observed
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o value, the consolidation coefficient is found to be .
‘ _ .

. . . L
L ) Lo

= 1.46 x 1072 em®/s. [500 ftifyr.]7t R

%“; ) " . v (/
S3 - S10
| - Using a simi pproach for the re]atlve sett]ements of
gauges 53 and $10, the following ws obtalned
s3;  EL & 1.36 o .
- i s Ho =1.83 e B
S10; EL = 3.19 | : § T T . bl

= 01g6, Srax = 0.72, and hence the settlement ratio .
St/smax 15.0-7725,
m, for the south side of the pipe from this data using the
corrected height of}{hQWed soil initially as 1.526 m. is

= 0.228 m%/ton.

Ca1cu]at10n of Intermediate Trans1ent Settlement Va]ues

Us1ng the m, value obta1ned for S2 - 56 at maximum sett]ement
it is of interest to predict the trans1ent shape of the sett]ement
curve with t1me " Again, sett1ement due to the 1ce/water vo1ume change, .'
thaw1ng of the pure ice 1a/er as we11 as conso11dat1on sett]ement
must be cons1dered »

ﬁ—gea;qhé in- mlnd that X is the depth from the heat’source
,td;the‘thaw p]ane, v . . . .
o Y=o/ I o | C(6.19)

It is also known that Smax was defined-in terms Of.the injﬁia],
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3,§?9funconsbiidatedAheightvof soil, thus

T Spax MK 4 12 7X) | (6.20)
and
T = ‘constant : o (6.21)
max T : e
Now S, =X-X=X-o/T o (6.22)

# Combining equations (6.20}), (6.21) and (6.22) provides the relationship

St X-o/E
S . m, K(PH0.5Y'X)
. ’ . A}
aa OY' lst“ Sjt 2 : i
m' P = X +m 0.5y'X" = X -o/ t
; v @S vS ;
v Tmax max
e}
which giVeS S o : : o \'
| T P R oy
0.5vy'm, . < X" 4+ {m P - PX -t =0 o (6.23)
) v S v 05S , : \ :
- max. - max _ -

For a given time t th1s is a quadratic in X, i.e. the depth

of thaw 1f no sett1ement were occurr1ng

4

When the constants for the case- in quest1on are introduced

into eq: (6.23) the foT]owing quadratic evolves:

- 12.75 - [162.7 - 7.4 /T o (6.28)

where 77X 45 in metres,
and t- is in days.

Equation‘(sléo) is used to obtain Smax’ and then Sé:ié easily



is given in Table 6.4. 7 &
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obtained.
A table of observed and calculated settlements including the

necessary corrections for ice layers and the ice/water phase change
s .

.
_—

g™
T,
!

TABLE 6.4 OBSERVED AND PREDICTED SETTLEMENTé

OBSERVED A ' " PREDICTED®

‘Dategﬁx £ s /X X S S, S =St
\ days -Qm" _,"day's]/2 m. . m. m. i fwtice
: .z m.
21/7/71 0 o- .0 .0 0 .0 0
23 2 o3 142 0427 022 0 0,109 0350
25 4 017 _2.00 O0.605  0.177  0.157  .0.3%
27 6 023 2.45 0.744 0221 0.197  0.442
29 8 0.32 2.83  0.863 0.260  0.231.  0.48
31 1o .0.39 3.6 0.966 - 01295  0.262 0.523
2/8/71 12 0.44.  3.46 ,.060  0.326  0.290  0.563
K W o5 74 1.4 0357 0.318°  0.593
6 16 -70.56 s.00 1.231  0.38 0343 0.628
8 18 0.60 . 4.24 1. Y 0.414  0.368  0.654
10 20 0.65 - 4.47 1 440 0.391  0.682
2 22 070 469 1 a6 0414 0.711
.. o4 490 a1 043 0.739
16 6 7780 1.588 0516 0.458  0.764
18 . 28  0.804 5.29 1.645  0.539  0.479 0.790
260 30  0.83 5.48° 1707 0.563  0.500  0.816
T om Toless s .1.765  0.585  0.520  0.840
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Table 6.4 Continued/. .. : . : | fyﬂ . T
OBSERVED . PREDICTED .
Date £t S T X S S, 5= s~*
. d m. , ma X t S
”?ays m 'days”2 m. m. m. . 1Jw ﬁ~~
| N . . f) ar m..
24 34 0.87, 5.83 1:821  0.607 0.540  0.864
. . ; R ‘- . )
26 - 36  0.89 ~ 6.00  1.876 0.629 - 0.559 0.887

24/9/71 64 0.9  8.00 - - S -

- Fig. 6 12 presents the predicted and observed data for*(SZ - S6).

_The curves must agree at the "end thaw" t1me, as mV was ca]cu]ated from

the observed data in any case. The ‘real value of the plot is the

compar1son between trans1ent settlement behav1our prior to complete

Jthaw1ng. The pred1cted va1ues agree well with the observed sett]ement

curve ét 1ater twmes In the earlier stages, however, the theory

-

cons1derab1y overest1mates the settlement rate. This may be because in

B the theoretical treatment ‘the 0.16 m ice 1ayer was presumed to thaw

a1most 1nstantaneous1y, as indeed probab1y happened. ~However, the

f1e1d sett]ement p]ot does not reflect this sudden sett]ement to the
same extent, and consequently lags behi'nd. the predicted values.

| | The reasons for this are not c]ear, but 1t may poss1b1y be due
to noniun1form th1ckness of the 1ce layer, givinquan.arph1ng effect
in- the over1/1ng so1n{ Hor1zonta1 movemehts of material slipping in

towards the p1pe11ne may- also have de]ayed the vert1ca1 settiements. .

~
1

The Si/S.4 wva]ues obta1ned from the»two sets of settlement
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data enab]ed two calculations of the requ1red R value in the f1e1d to
be made. The required coeff1c1ent on conso11dat1on was then calculated.
* As the m,, value for each 1ocatwon was known exactly from ‘the total

settlement data, the permeab111ty k requ1red to g1ve the degree of

conso]1dat1on could- be ca]cu]ated These two valu '? f the requ1red k
are included in Table 6. 5 together w1th the data and sgm11ar ﬁﬁqcu1at1ons ‘ﬁ&%

5
for the eight p1ezometer ]ocat1ons cons1dereg

In genera1 ‘the theory of thaw conso11datwon 1n¢ucates that ;%,p;;";is
the excess pore pressure data and the sett]ement data are ent1re1y. o o
cons1stent ‘with each other " This is sO because the requ1red |
'permeab1]1ty values to obta1n the observed settlement ratios anﬁvihe
observed excess pore pressures Tie within the same range of values.
'The theory wou]d indicate that the fo1]ow1ng narrow range of SO11
’propert1es were exh1b1ted in the clayey silt 1ayer on thawing:
| c, 1.2-1.8x 1072 en?/s (400 - 600 ft 2ryr) A
m, 1. 7 - 2 2 cmz/Kg '
K 02 -0. 4 x 10 4 /s |

) - .

& It now remains to compare the requ1red permeab111ty in the field
with thosekthat were actua]1y measured for this material in field
and‘1aborat0ry tests. L" |

,Rowiey’et al. (1972) have given values for: permeabLl1tj obtained f
in a field test of 0.53 x.10> to 2.29 X 10 -4 cm/s. These va]ues seem.
h1gh for\a soil of th1s type, and it‘was suggested that the macro

structur% of the thawed permafrost was responsible for the 1arge values.

.. 1An open stand pipe with a 9 inch by 1 1/2 inch cy11ndr1ca1

tip,was used in the test. The head of water used in the stand pipe

- . -

i
{
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J o

‘was approximatéTy 3.0m (10 feet) above the ground water table., The

tip was brought_é]ose to the thaw plane at different times, and the

test carried out under a constant head. This headypf water represents
a wgter.pkessure'bf 0.3 Kg/cm2 in-excesé of the hydrostatic ground

: (S ' : ‘
water condition. Referring again to the diagram of final effectiyé

~ stresses with depfh n Fig. 6.10, it is seen that at no point in the

clayey=silt substratim does the effective overburden pressure approach™
. ‘ : N

~a pressure of 0.3vkg/cm2. This means in effect that the water pressure

exceeded the maximum effective qvefburden streés; causing hydrqu]ic
ljacking' ofvthe'supstratum, and the permeability resu]ts o) optained
wust be considered suspect. Field permeabf]ity testing.ih”such
situations'mUSt be carried out with gréat care, giving due‘consideration

to thé'range 8f effective stresses involved.

Laboratory data on the perméability of the clayey-silt layer .

"Qave been provided by Watson (1973). The soil samp1es’were thawed

under a small éfkesé,‘and the pérmeabi]ity'égﬁcu1ated from constant

head tests. The'V6id'katio and permeability were determined for

successive increments of 1oaaing, The data from two such tests have

been provided, and the results ayre summarised in Table 6.6

~ TABLF 6.6 ABORATORY DATA FOR INUVIK CLAYEY SILT

Loac o (k_. 2)~ Void Rat{o‘e Permeability k (cm/s)
) 31 - |
. w ,_4
0.786 12 ~ 0.247 x 10
0.263 6 ~ 0.161.x 107

0.980 o102 0.043 x 1071



S

TABLE 6.6 continued. . - o

N : ‘ O
Lbadﬂd' (Kg/cmz)' . Void Ratio 3- Permeability k (cm/s)
0 S O - o
10.293 122 oo x 107t
‘ w_o 595 0 S on08 L Co.os2 x 1074
/ B u)\ : . T ‘ . '
-0, 880 L e - 0.027 x 107
Figu. shows the void rat1o plotted aga1nst effett1ve

&Y
stré?é, and the permeab111ty, k. Both re]at1bnsh1ps are. linear on.a

-

, ’ 3
semi-logarithmic p]ot. Using these relationships, the permeability
may be plotted directly with effective stress, to obtain'the graph

shown in Fig. 6.14.

J

'The graph'a]sq shdng—the narrow range of effective strese

g experieneed by the c]ayey silt layer shown in Fig.16f10: ,Taking then
widest range of permeab1]1t1es poss1b1e, the permeability of the
1aboratory samp]es in the stress range of interest 11es between

0.7 x 10 . -4 and 0. 26 X 10 -4 cm/s A1though th1s range of va]ues is:

- determined from spec1mens of the: foundat1on 5011 ‘tested in the laboratory,

and it is true that the.. métro—structure in the f1e1d may not be
7 N

adequate]y represented the 1ab0ratory va§uéakare cons1dered a great o

: dea] more: representat1ve of the 5011 behav1our than the. resu1ts of J
UA, 1 "w' '
the- fweld tests, wh1ch must be regarded as too h1gh for the reasons

N . iv
e W

c1ted above. &

Table 6. 5 1nduﬁates the use of the observed pore pressures

and settlements to obta1n the R -value 1n the. field that s requ1red

ot

2 R ” _.
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- for cons1§%ency with the theory. As the o and mV values may’%e

/// -__,.. i : ) . LR R 248
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s e
v

accurately caTcuTated from the observed performance of - the\foundat1on,

o

the rema1n1ng unknown quant1ty in the R value is the permeab111ty, k.

LTab]e 6 5 also shows the ca]cu]atton of the permeab111ty value .required

kg

in the field to verify the pred1ct1ons of the thaw consolldat1on
theory. There are ten.such’ "requ1red" permeab111ty values at di “ferent
depths, and these are plotted aga1ﬂst depth in ‘Fig. 6.14. TabTe 6.5

also shows the average requ1red permeab11.ty is ca]cuTated to be

0.25 x 107 emys. -

J . v
The narrow range of permeab111ty values obtained from

Taboratoryntestlnguys_a]so indicated in Fig. 6.14. These vaTues have . . :

‘.\

an average of 0.22' x 1074 cm/s.

The range of permeability vaTues reguired to validate the one-

d1mens1onaT theory of thaw consoT1dat1on presented in this thesis-

-4 Y -4

is 0 T to O 4 x 10 cm/s, w1th an average of 0. 25 x 10 7 cm/s.

Laboratory testlng on thawed sampTes at the effect1ve stress range

V4 \

experienced-in the f1e1d gave a range of permeab111ty values of 0.17

-4 -4 o .

to 0.26 x 10 * cm/s, with an average of 0.22 x 10 cm/s It is

N

therefore concluded that “the agreement between the. theoretwca]

pred1ct1ons presented here and ‘the .observed behaviour of the

'.~consol1dat1on theory used to predict the pore pressures and settTements

Fa parameterssuch as the permeab111ty is recogn1sed.

foundation is. exceTTent part1cu1ar1y when the extreme var1ab1111y of,

b

St s suggested that if the quant1t1es 1nvoTved in the

caTcuTat1on of the R vaTue had been est1mated 1n advance of the

La

operat1on of the test p1pe T1ne, and the one- d1nens1ona] thaw-"'

T

i i

r
R



o :under the structure, remarkable agreement between theory and
observation would havewheen obtained. Both theory and observation

demonstrate that}although-the total amount of sett1ement might be

considered excessive in some cases, the soil properties were such as to

v . S "
ensure a reasonably stable foundation while thawing was taking place.

Approxtmate1y eighty percent of the maximum avai]ab]e effectiveistress'wasp
attained by the soil inmediate1y’on thawing, and'between eighty and
n1nety percent of the sett]ementﬁtook place at the same time.

The analysis of the field data presented here assumes the ex1stence
of a homogeneous so11 prof11e, and the ma1ntenance of one- d1mens1ona]
thaw12§ conditions. C]ear]y, ne1ther of these assumpt1ons are comp]ete]y
rea11sed within the thaw bulb. The soil pror11e exhibits a decreas1ng
{ce content w1th depth, .and thepefpre is non-homogeneous in th1s respect
< However, calculations of m , and therefore of cv are -based on an average

total settlement throughout the 1pyers of 1nterest In- th1s way the
differing so1] properttes are averaged, SO that the theory for homogeneous
50115 may be used . for ana1y51s The assumpt1on of one-dtmens1ona]
- compre551on and dra1nage cond1tAons is assured under the centre Tine )
of the p1pe Exam1nat1on of tﬁe shape of the thaw line and the surface
sett]ement prof11es given by atson et -al (1973) assurcs that at

Although this test. p1pe 11ne loop const1tutes the on]y
comp]ete case h1story ava11ab1e at -the present, 1t is extremely we]]
documented and reported. The~comparTsons be tween theoret1ca1yand
0.3 m from the pipe axis (where the instrumentation was installed)
the assumpt1on of one- d1mensxona11ty 1s still reasonab1e ‘

’ A]th0ugh th1s test plpe 11ne 1oop const1tutes the on]y ‘ .
comp]ete case hzstory ava1leb1e at the present, 1t 1s extreme]y we]]
documented “and reported The compar1sons between theoret1caT and
observed behav1our con51derab1y increases the conf1dence in the

4

predictive pu.er of the thaw—conso11datlon_theory, ; [ ) B
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'CONCLUDING REMARKS

1In this thesis, the equations governing the consolidation of
'thaw1ng so1ls nave been presented in a form suff1c1ent1y general for many
app11cat1ons In situations where a un1form frozen sd&il is thaw1ng
due to the application of a constant surface temperature, a usefu1
solution in closed form becomes available. In such instances, the
thaw-conso]idation'ratio, R, enjoys a priviteged posttion, as it
controls to a 1arge extent the maintenance of pore water pressures

and the degree of sett]ement N1th carefu] deaerm1nat1on of tne

;wncoeff1c1ent of conso11dat1on, it shou]d be poss1b]e to prov1de a

'\ i
fatr]y reliable foreo&St-of the foundat1on conditions.

It has been dimonstrated how numerical solutions may be used
to aooount for features which wou]d'have to be ‘excluded or over—‘
's1mp11f1ed us1ng an ana]yt1ca1 so]ut1on ‘

The concept of- the res1dua1 stress was 1ntroduced to describe
the condwt]ops 1n the thawed550j1 if no dra1nage were ‘permitted.
This parameter;has been successfu]?y measured for reconstituted and i
anatura1‘samp1es of t7awed soil. Its 1nf1uence on the”bu11d—up of

pore pressures and the subsequent deformat1ons in the thcw1ng soil

{

. r
is c]earfy g%portan?, and some 1mp11cat1ons are c1ted for cases where

- the reswdua1 stressi1s 1arge compared with the overburden 1oad1no

|

The pred1ct|ve power of the theory has been shown to- be-

250 |
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substantial by carrying out carefu11y‘cohtr011edk1aboratory tests, ~
and by analysing in detail the‘pé‘formance*of‘a“thHWTng"f 1da tion
0 X

a

under a hot oil p1pe]1ne il

o &

While the theory in its present form lends- itself admirably
to many applications, the present worttindicates that further researgh "
in certain areas is of high priority. It has'been demonstrated quitev.
conclusively that at the present state of understanding, further

research into the thermal properties of 50115 must be.considered -

subordinate. to the requirement for a more exact knowiedge of

ety
/ ' o

geotechn1ca1 propertles. - The coeff1c1ent of consolidation is the
most . 1mportant s1ng1e parameter in this respect and it in turn
conta1ns the permeability of thawed soil. ~ When app1y1ng the theory
to f1e1d problems, the correct 1nrs1tu permeability becomes a most
important quant1ty indeed. In 1arge sca]e prOJects,_the in- s1tu |
measurement of permeab111ty may be warranted and. it is of paramount o o
Tmportance that the permeab111ty be determ1ned Zt the correct 2» ¥ng'::;

K

effective stress level, as the strong dependence of permeab1ltty on“'f“

Y . Cn "‘.."-
- - N

effect1ve stress or void ratio is well known. ) o

The pre]1m1nary measurements of res1dua] stress descr1bed in.
. ‘* > - Ny
thts work have suggested that a s1gn1f1cant increase 1n this quant1ty ,; s

Bl ‘- e

’_w1th depth may be expected where the vo1d rat1o decreases u1th a

depth. Further test1ng of samp1es from natura1 permafrost prof11es )
appears to be of the hichest pr1or1ty, as it may prov1de qreat lns1ght
into the natural structure of permafrost and s1st in the more
economic design of warm structures in contact w1th frozen ground

The ana]yses performed here have'been 11m1ted to gstablishing

~.
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the phrysics of thawing soils*in a one—dimensitna] geométticaT‘

configurétionz However,'maﬁy field problems are obviously multi-
_ diménsiona] 1nlnature 'A1though no Serﬁots concebtual difficulty
should ar1se in their treatment mu1t1 dimensional problems might

very usefu]]y be formu]ated and so]ved to augment the ana]yt1car

power of the design engineer.

F1na1]y, the extreme shortaqe o;?igﬂ) qﬁcumented f1e1d case .

records is obvious, and any. research,@arr1ed“6ut in this area will

| certa1ﬁ1y be well rete1ved, and w111 great]y ‘enhance the present

e

state of know]edge concerning the realistic behaviour of thawing

soils. , '
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DETAILS OF FINITE.DIF'FE'RENCES PROCEDU“I{ AND PROGRAM L1STINGS

~A.1. Finite Difference Procedure for the One. Dlﬁﬁ s1ona1 Thawing of Soils

This procedure is very similar to that_ descr1bed by Ho, Harr
and Leonards (1970) The . f1n1te difference scheme described here 1is
designed to investigate some of the effects of temperature and phase
propert1es on the rate of thaw and the temperature distribution in a
melting soil, and is not intended as a usar-oriented computer program

The governing d1fferent1a1 equation of one-dimensional

conductive heat transfer is “from Sect1on 2.3

i \J.LML

L L wy d w , , -
_a_..: -] - g__ k(e) 86 - d
at cofei S c0(85 dt - ‘ '(A.1)

..nr"

Assumlng a constant d1screte interval in the x-direction, and writing

,the govern1ng equation in f1n1te difference form accord1ng”to the

simple exp11c1t method, we obtain

¢ : SR
L I U IR IR E B

S Ly S/e(e ) S

. where 1 and j are the finite difference subscripts in

the x and t directionS'respective1y,
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A = 2At — . (A.3)
W2 1 ] :
c (8. .)(ax) +
1,307 4 k08; 4 q,5) kTei’J)J
and B = 24t , — (A.4)
o853 (0% gt + )
- ii0 0 Y-,
and where ¢ (e J) and k(ei j) represent the values of those -
functions at the temperature 6 = 61 i
For a stable solution the inequality ‘
ATB<l 2 ﬁ ~ (A.5)

must be satisfied, and th1s Timitation on the Lime step At i's the |

chief drawback to thas‘numer1ca1 method. However in this instance;

this restm‘ction is,asﬂy'counterba]anced by the ease of

"programming this sif@le method.
The quant1t§§pw is the fract1on of the total moisture

content that changes Q%gse in the time 1nterva1 At

Thus } |
M, f W, (6, g+ 1) - wu(ei,j) o - (A.6)
., The quantity ”u<61 5 +7) 15 unknown at the tine Tevel J,

hence the finite difference“eqdationwis essentially impticit in form.
VFor arb1trary funct1ons of W (6) we must so]ve each finite d1fference £
equat1on by the Newton- Raphson Iteration method Th1s method is
extremely eff1c1ent and converges rap1d]y to give the solution 8, i+ 1.
| " The arb1trary funct1ons co(e), (e) and Nu( 8) -are 1nc1uded

q

O
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in the program as funct1on subprograms, ‘and they may be var1ed by

'.@%ﬁhg1ng the requ1red cards in each functwon subprogram
|

’A12 Program.Listing for One Dimensional Heat Conducﬁ!!lrﬁ

Purpose:- To calculate the temperature distributions and’ depth

of thaw in a saturated soil.

-~

“Descr1pt1on - The program uses a simple exp]tcit finiie divserence .~/
procedure to ca1cu1ate the conductive heat transfer in a me1t1ng 'soil.
The latent heat of the 01 1sAaccounted for in the manner described

by Ho, Harr and Leonards (1970).

Usage = The data is 1nput on a s1ng]e data card FORTRAN format (9F8.0)

‘1n the order |
ku, kf, P Q, R, H, T Tg’ w

-where ku'and kf are the conductivities of the. fully thawed and

o

fu]]y frozen soil respect1ve1y,

P Q and R define the unfrozen mo1sture contentltemperature
re]at1onsh1p by the equat1on wu = (P,+ exp(Qe+R))/100
andle is the temperature, -

H .1is the he1ght of soil cons1dered

I//ghd T are the surfaLe and ground temperatures,

and /

& 1S the water content expressed as a fraction.

Units:- The un1ts used are cent1meters, grams, seconds and

R

degrees Cent1grade ' T -

g
et

Output:-  The program wi]TAprint out the time in seconds, hours’and



.Example of Data Input:-

260

[

hodrsl‘z_and the temperature profile at every time step.

e

k, = 0:00245 cal/em.s.°C
ke = 0.005 cal/cm.s.oc.
P = 0
Q = 0.4
R = 4.6'5
H = 500 cm
;= 0%
L -3%c
w = 0.4

(See overleaf for program listing.)

A.3 Finite Difference Procedure for Thaw Consolidation with Arbitrary

Movement of the Thaw Plane

The finite difference grid is fixed:in~§pace in the x-direction,

and the mov1ng boundary is denoted by node n" The previous (n 1) nodes .

Rl

are equally spaced at Ax. For any arb1trary spec1f1cat1on of the thaw -
plane

X = X(t). - | ig;? LT ' '; ‘ (A7)

- “the 7 teger number n' s Calculated.by>.'

-
ot

no= ot S (A8

'and th1s 1nd1cates the pos1t1on of the thaw plane in the finite d1fference‘“'

v

grid. Th1s va1ue is stored in the computer program in an integer

1ocat1on, and SO any fraction of a qr1d spac1ng 1s truncated We

denote the fract1on of the grid spacing between nodes (n ]) and n by V,
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2

73

44

45

a7

46
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REAL U(200) UNEXT(200)

COMMON P QsRsTCT s TCF e Ws GAMD
READ(S+s2)TCT+TCF+PeQeR4H, TS, TI, w
WRITE(6+83)TCT+TCF,H

F
%)
20

E

QRMAT(® %,//° THERMAL CONDUCTIVITY IN rHAw:o SOIL IS*.F10.5/
THERMAL CONDUCTIVITY IN THE FROZEN SOLL IS*,F10<5/ .

THE HCIGHT OF SOIL CONSIDERED xs~.Fxo 3)
ORMAT(2F § 0) .

IRITE(ﬁ-zd)P POV R

FORMAT( *
N=40 . .0
N=

D
G
C

*tP=t,FB.2s"* Q= 3yFBe2,° R:'.Fe.?)

30

X=H/N
AMD=}.7/(1.0U#2-7)
CF=TCF

lF(YCT.GT.TCF) CCF=TCT |

[v]

T=GAMDSOX#DX#{ 02404 54w}/ (2.28CCF) o '

DTO=0.2%¥07 -

D
L

D

YF=DT
RITE(6.+42)DT ,DX °

Lre

FORMAT(®0%,*THE TIME STEP 1S*.F1043.%  DX='yF10.3) "

0 3 I=1sN

U(I)=T1 ‘

o}

TOUT=0.4 ’ ) : -

T

UYT=0.4

IME=0. .

TOL=0.000095

Y]
1
D

{N#1)=UIN-T)
FIU(1))61,61462
T=DTQ ' .

GO TO 63

O
B

1=D1F S : . )
ET=DT/(DX*DX)

00 S 1I=1.N

1

A=

IF{IeGTol) GO TO 44
B= )
GO 'TQ 45 . !
o=

=U(l)
TP=U(T+1)" _
IFCI.EQ.1) Go Ta & . . .
TM=U(I-1)

G0 TO 7 ., <%
TH=TS

2.taET/(c0(1)t(1./T@grp) +. 1 /TC(TI) ) -

2 *BETETC(TMIZCO(T)

2.2BEY/Z(CO(TI®(1/TC(T) + 1.77C(TH)))

AB=A

IF (ABaLT.1.) GO TO 46 . .
WRITE(6+87)1 .

gUHMAT('O'.' THE*+ 13.°TH NUDE IS UNSTABLE- AND (HE TIME STEP WILL

1

¢

BE HALVEDeese')

(4

DT=DT/1 5 <ﬁ
BET=BET/1.5
GO TO 4

‘E=
‘D=

76. 6¢w§GAMD/CO(T>

- .
A#TPG(1.—A—E)#T+J*TM+E**U(T) IRE

CCMMERNCE THE lTERAT[LN 10 FIND W leJd+1)awe

Co====LET THE INITIAL APPRUXIMATION BE U(lsJd)ess
KOUNT=0 N
SOL=T

8

s0

15
16

S
F

IF(SOL.LT.D.) GG Ta 15

TORE=SOL o - _ T ~ : S
=SOL-D+E*#U{SOL) . ) - _ . . >

IF(T.LT.04) - GO, TU S50, o . B -
FDASH=1.. ‘ .
GO Y0 1o, -

F

6070 16

DASH=1 . + Cﬁ(VU(SOL)—\U(T))/(SOL )

FDASH'I.+E#Q#FXP(Q‘SOIOR)/IOO.

s¢
. D

S KOUNY=KOUNT ¢1 L

OL=SOL-~F/FDASH . ; e
IFF=ABS{SOL-STORE). S - .- -




e

5

106

105

10

12

13

18

IF (KOUNT LT «20)

Go TO 9

IF(TeGTa~0.2) GC TO 105

WRITE(6.,106)1:
FORMAT (* ¢,
GO 10 11

S0 =04,0001
WRITE(6+10) 1 ,
FORMAT(® *,* THE
G0 TO.11: ‘
IF(DIFF.GT.TOL)
UNEXT(1)=50L
CONTINUE
TIME=TIME+DT )
HOURS=TIML/ 3600,
SQHR=SORT (HOURS)
0O 12 1=1.N
U(T)=UNEXT(1)

.
e

N«xl—(o-lJ)lch.ﬁCUnSn:unN.(U\1)-x—l-mo
*LF10.240

. S0L= O.St(SOLfSYOqE)

THE SOLUTION FAILED TO CONVERGE AT,NdDE‘.IS)

$.I5¢*TH NODE HAS COMPLETELY CHANGED PHASEY)

Go 708

|

FORMAT( SO YT IME= 4 F12s1,"

l(lOFlO.Q))
CIFCUCND < LT.=0.1)
GO TO .}

END

-

‘¢u- TO, 4

REAL FUNCTION TCUTY

CCMMON P,Qs Ry TCT.TFF.-jLAND . : :
THIS FUNCTION EVALUATES TFE CONQUCTIV!TY AS A FUNCTION oF

te——— TEMPERATURE a v oo

1 ,HU‘U
2

al=1.

i6o Tu 2 - .
EXP(O#TQR))YIOO.,

o 1

IC= TCF&UUV(TCT TCFY: A

RETURN
ERND

REAL FUNCTION CQ(T)
CCMMON PsQoRWTCT, TCFeusGAMD

C-—~~~OF THE SQIL.-n

C—m == a*y#aaﬁStvwﬁ#t:##ﬂu?*&##:&#@*t@ttmu**##sv#tv

7

1

B

o

-

IR(T.LT.0.) GO
\&U——-l. n )
ELon TO 20, A

a

T4 1

O

'wU-(P*FXP(Q”T#R))/IOO.

CO=GAMD® (0. 240, Sews(lerwu)) .

RETURN

END . (o

thL FUACT!GN WU (T}
~TiL5" FUNCTIGN EVALUATES TTHE UM
~AT TH&’TEMPERATURF L
c—————tcataaav*#tcwa:oa

" HOURS=

sowese

CCMMON P,L,Q+Ry TCT TCF.%.GAMO

IE(T«LT:0.) . G-

; WU=1,
GO YO 2

i

1

\m _(p+pr(oar+n))/1ooﬁ

RCTURN
"END

-

Q#*:&Ovﬁf&#t#&!&#tOt" &##*00<’°‘0$°$*$*4'—3&$0¢
CIF(T.LTL0.) GG

. ROOT TIME=® F10.3/

—-=THIS FUNCTION &VALUAT&S THE APPARENP VOLUMETRIC

B

'
v

SPECIFIC, HEAT

nrv##tﬁ&nttét*:t?t&&bt&vt&# GERERE B \

A\

FROZEN MO[STUHE‘CONTE&TvUF‘TH& SOIL

Y
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[
and it is calculated from the relation '
AX ’ ' A
Thu< there are (n-1) 7855§/59at§8/€a;a11y at Ax and one node w1th a
ésac1ng of V(Ax) L D \\\

- The finite d1fference equat1cns for the f1rst (n-2) nodes were

written as usual according to the Crank-Nicholson (1947) scheme for

the .unknown values of the pore pressure at the (3 + 1) time interval:

R, g T 2(1+B) Uy 549 = B Ugpq 5o

"; i = _]‘,'"“.‘... (n-Z) I(A.]O)v

= B”uiélij'+'2(1;5) up gt B Ui,
. vl'cv»At : ’ ‘ .
where £ = 5 B
| (ax)” \
Y :
At s the.time\inérement, -
i 4c the nodal subscript in the x-direction,
! at Ahbiad
and j is the subscript in the time diréction. N
, The pore pressure at the sdrface‘is‘é1ways taken to he zero,
and so " ,
" ey = S ’ S
Yo,5 7 Yo,g¥1 T ' o : : (6 L
For thé_(h—]j node, the unequal <pacing of the nodes requires
. . y i“ ? s ‘ . . B
a different equation,-. - S R T e
wooooco et g I i
A ' ?rﬁﬁ. Vj¥]‘='fr@qt%ona1 node spaciag at the j+1 tTmé,]eyel, o
and .ivi '.; node spacing,at the 1 level..
o s ‘ ; -
. These values of V are calculated fromeeq. (A.9) using“
" SO

.gq;‘t'-l‘ :

i

-
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‘X(tjié)‘and XQFj)Arespective1y.

[ .
Using[the Crank Nicholson scheme )
N 2
au - 5 U o u
EERAIA P B
B v J 13+1

we obtain after app]igation'df'fhé usuai central difference ope}ators

B Vi | g
TF U, U2 (1+8) U1, T TELT Unsgn '//,
BV, v o /
= J oY ' B K
=—3—y .+ (1) u 4.t u_.
S Vj n-2,J n 19 ‘ 1 +‘vj Nal (A.12)
~ » ' by

* For the derivation of the equation at the n th node we must
assume for consistency with the-previous equatidnS'the existence of a

fictional node (n+1) at.a distance V(A&) below the boundary node n.

“i At the moving bbundary 6n node n the_fo1]owihg‘equations must .

_-be Sétisfjed at the fwo;time‘?eVe]sbj and (j+1). Y \
. L ’ 2 . . } i - . . 3
4 ©oou o u L ' SR
At t = ., t, — = C o L .
N A A ) © (A3
: ',-__,‘«*.Q'C@H , o o I
A _ Sy oax ~ > C— :
and TS TR B2 Bt .
0 aXs. » e C(n 1A
- ’ / . ’. . - o= 4 X
| CWriting eq.- (A#3) in finite diffe-ence form . o
; - -\ia. . J,“' -\, ‘.‘—' _v .‘ .. : .AR o .‘7»_-“ e \\ h ff,. v“ _N‘L(;‘.. i
SR 'f5j4172h+1,j+1'f 2148549 ) Uy 54y ‘.ngij§;11§3+1"',~‘ e
S T T
=B, uﬁ+1,j‘+,2(]'gj)'un,jv+ ©5 Y1, B - (A15)

o



These va]ues may be obta1ned by: d1fferent1 t1on of the Tunct

)r.'

y.4 CV At ]
where B. = ?
L3t 2 2
MR Vj+] (ax)"
‘CV At :
and R, = ———————7?'
3 ax)
BN
. B ) I . ‘ //
l,wmtmg (A.14) in finite difference form
N V. (Ax //
oo .= 20P. - u_ :) Ai____LSBd +
n+1,J U n,j’* ¢ .-“@5‘-
. VLl
43 L
and un+1,dk1 . e
5 = Z(PJ’}‘] )
0
_ pkc
where. /Pj and Pjt] are the v 1u%s Oﬁ;
" . ahd (3+1) time 1e§e]s,
and 'ggw and dX
dty. o dtliga e »
‘ J ; ’) J+l,fr5%t atj%j%andji%

{@M + oy x\ at the j

-

are the known_ve10c1t1e§ of-the thaw

- 265

by
(A.18)
(A.}7)

jon X(t)

T Equatwons s (A. 167“and (A, T7) may now be subst1tuted in eq ;'le

(A 15) to e11mL§§te

L

(] + g

1; (i -

jand f12?11y the aquaL J

'3

i
By 3*1)
By~ B3%3) Un3

Un, 541

N

kN

Othe unknown va]ues at the f ctTona1 nodem(n+1)

P



; (viif\ ' _ - *
4 Vi (8%) o
where  C = J7 g dX
+1 dt |.
‘ Y it+]
. , R
. V. (ax)
and C. = - %%
J Cv | 3

‘Ihe.va1ues for P, C, B and dX/dt arg calculated for each new time step,

and used in eq. (A.‘

9).

266

(A.19)

The equat1ons may now be ur1tten in tr1dﬁaqona1 matrix form,

rHred—from—the UdUSb1aﬂ

‘

and~se§ved by a_very efficient algarithmde;

L

By Cs, d.,and j

1’ LA R
proceeds as foi]ows

respect1ve]y, then tne a]qor1thm for so1ut10n

.

T Brierly; T the cdé%¥7¢ﬁents of the

/

¥

s
R

]

.

-

—

d1aqona1, super- d1aqona1

()

")..
ce

.
. ﬂ);1

v

[

e

ST Change 1nto upper tr1angu]ar form us1ng

l’b

T c /a

v

o

-Elimination technique“for solving simu1taneous Tinear equations.

i d

(A.Zd)

the sub-

" d}agona?ﬂaghe r]ght hand side's and“the so1ut1on vector'are denoted by
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[o¥]
>
oo
(a8
#
Q.
1
[aR
—
a-
~ .
oV}
_—
-
—_
1
N
-
[}
]
1
]
=

2. Back Substitute using

x. = (ds - 1. )/a | i o,;(n~10’-—-—,1

i i 1+T

il

The eolutioozﬁg”‘

u ris now avai]ab]e'in x;> and this will
{geherqﬁiy form the , %&t the (3+1) t1me step, u]-J+]

LY .

‘ ‘A‘,A’

. ’ AT R
Purpose'—y To determ1ne the excess pore pressures and degree ﬁ;ﬁ

¢

conso]1datlon in a thaw1ng 5011, when the' movemeht of the thaw p]ane

iy
#S spec1f1ed by an arb1trary function.

3 B ° v

Descrfption:— The _program uses a Crank-NTcho]son.;Qnife di fference

procedure to 3o1ve the equat1on of conso11dat1on subJect to the 3
Ll

~'boundary cond1t1on at the thaw 11ne © It uses anfy“ed'grld, and the ~
¢ P L
boundary moves, across the gr1@ w1th twmo. The listing-shows a thaw

v\ N : ]

bguodarj-movéﬁgnt descrﬂbed by -

X =8 t . _
R L -~ T . B ) : o
5 where' _B and n are entered as data. . if\one w1shes “to specify an
N e !
5,‘ .a]ternatrve funct1on, then the two Ca145 spe "ny1ng X( ) and dﬁéf) U

e 3

"may be ohanged 1n subrdut1ne THAH i The card spec1fy1ng TO on Tmne ‘24

'of-the main program musi\a]sovbe_changed‘to be.cons1stent.w1th the
v i . . ‘, ‘ - - o < A
- initial thaw depth XO.
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Usage:- The program r@quires data on’ two ‘cards as follows. The first
cards in FORTRAN,fbrmat (7F10.0) accepts the following data in order,

B, n, tf, Cyo AX, Po, Y

where B and n are parameters descr1b1ng the movement of the

1)

thaw p]ane,. : o S

&

) tf is the termination time for the program,

,Ak' is the qrid spacing in the x direction,
. ASe _ :

is the surféce applied loading,
i;éne AMQ a is the submerge; unit weight of the soﬁ].

The second eard accepts one parametef in FORTRAN format (12) denoted by

usual]y lies between 20 and 200. It may be varwed to determwne the
effect of the size of the time step. [f it is spec1f1ed_too sma]],»the
‘time increments become very larce and instability of the numerical

procedure way result. - ‘ :

Units:- - The,units used are 1bs, feet and yearsjor tons, metres and years.

VIR Lo . 4
Output'- 'fhe'progrdm prints out the thaw depth, time, timex/z,'time
factor, degree of Sttt1ement and the norma11sed excess pore pressure

d1stf‘but1on, and this 1nformat1on .s printed out two hundred twmes

betw;eQJr——«O and t= ﬁ;.

B . ’
amp]e of Data Inpuci- ¢ N g
: _ Sgo= 11,7 feet/year0'3 , o : .
o co T DR e
0 n =03 A : |
tf ;= 20 years L
c, = 100 ft /year R e -

/ [agal

. . A : ‘ PO ~ ’

» . ‘ :L :

- ’3:‘\. ‘ - o o
rvi ;
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AX = 0.5 feet - . P t;f:%';' "
R R
Y= 88 1/t L g
NG = 50-. }'(Seé everieéf‘fdr p?oqham Tisting.) '

A.5 Numerical So1htien fer'fhen—censqﬁfdétion in a‘Two—LayerfProfi1e
o We. egéhnéﬂthe?éelutﬁonjfoh;thaWing and consolidation in the

'nﬁ”“ ’“yer to he,defihed‘eccnrateiy by ihe anaiyticai'soiution given

in Chapter 3 We“hequfke‘a‘SOWutien'fbr the excess pore pressures end
sett]ements when the thaw p1ane enteﬁs the under1y1ng 1ayer at depth H.
Letting the f1n1te d1fference 1nterva1 1n the x- d1reCt|on be Ax], then
there will be m f1n1te d]fference nodes in the upper l1zer def1neg by -
m - H/Ax S v”_h  ° (A.21)

The movement of the thaw p]éne'in the Tower layer is given by

~ the relationship defined in-Section 2.9. In the same manner as in

ﬁAppendix A.3, the position of the thaw plane in the‘f%hﬁtéﬁﬁﬁfference ‘

1

grid 1s given by

X =H+ (n -m - 1) Ax, +"V(A;2) , \ (A.22)
Nritjng the‘equatlons for the top layer we . ve ’
By Uiy, g1t 2(]+E yu Ui, 341 7 B1 Y91, 541 )
t - i * . v ‘ ‘ ’ ) ' t o
' - (} : . .' . . -~ ) “ F.
=By Uk + 20 51) By Uy 17 Te2em(ee1) (R23)
g . c 'lAt N
T ! . V ¥
N 1
where ,g] = 5
’ (Ax1) -
) ,{/// ’
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PR ——— I .
Cmom—— PROGRAM TO CALCULATE THE PCRE PRESSURES IN A THAWING sCIL.

——THE PROGRAM USES THE. CRANK-NICHOLSON FINITE UIFFERENCE ME THQOO' s o
Cww==—=1IT IS A FIXED GRID. NCV!NG UUUNOA&Y SITUATION, AND THE SCGIL IS
C-————ASS5UMED FOMOGEN;UUS--. ONE DlMtNSKONAL FLOW IS PERM!TTED- AND
Cm—m——- THE PROGRAM' CAN INCURPERATE ANY SPECIFILD RATE OF TbAW-...
C~—+——$ﬁ$.¢#tﬁk#‘*“t###‘l"#ﬁtt*ttﬁ‘t.t‘tttﬂﬁttt#t&ttﬁ##’%t‘t#"ttv#‘&‘

REAL U(500) sA(5001,B(S00) +C4500),D(500) ) . o
CCVMCN DK;PO /
Cmmm == ENTER THE' pApAuEYERs NECESSARY FOR SOLUTION
99 REAC(S.IO})CG.CN'TF cv.ox.po.c&uo,
101 FORMAT( 7F{00)
WRITE (64 lOZ)Cd.CN-IF.CVpDX-PO.GAND
102 FUPMAT(‘I" DATA INPUT:=t/0 THE RATE OF THAW I's GIVEN OY ey
1"/20x.'x(T),='.F6.2.-.T1MEt#'.FS.J/'THEQSULUTlDN Wit BE TERMINAT
2cc AY TIMES= " ,F10.3/1THE CUEFFICIENT OF “CUNSOLIDATICN IS*+F12.5/
3¢THE GRID SPACING IN THE X-DIRECTION 157 F743/%THE APPLIED LOAUL AT
AL.THE SURFACE 1SY,F10.4/°THE SUDBMERGED UNIT WEIGHY OF THE bOXL 1S,
SFBe3) '
REAC(5.31)ING . ‘ -
31 FORMAT(I2)
YOUT=TF/200, : : o
ToUTP=YOUT ' ”
X0=2.1%DX n
TO=(X0/CB)&E(14/CN)
TIME=TO ’ ’
U(1)=0.2%P (PO ,GAMD, X0} : - '
u2)r=ul1), . ) r

v

DT=T0/20 : .

X=X0

DERIV=X/TIME ,

CALL POSITIXeDXaNsVIiP) . : : . . ’

Ni=NP ; ' , : . N

vi=v : .

NSNT+1.

UINI=UCL)

CALL QUTPUT(UsXsN1¢V1+GAND T IME?}
25 TIME=TIME+OT

IF(TIME.GT .TF) GG TO 99

BY=CV#DT/(DX%0X)

Cm———= STORE X AND DX/DY AT THE JTH TIME STEPesess . .
X JI=X » : X ‘ ) :
OEPJ=DERTV, : o ' o g

C——=Z-CALCULATE X AND DX/DT AT THE (J#1)TH TEME STEPecaan

©caLt THAWTXCDERIV.T!NL-CU.CN) i -
SXJ1=X IR
DERJ.—DERIV . ‘ ‘
T CALL POSIT(XsCXeN2,V2.NPL o o : : -
N2=NP . C ' ’ ‘
IREM=0 . - ' . : S
IFI{NZ4EQ.N1) GO TO 1 < ) :
IREM=N2-N1 ' ' T
, V2=V2¢+1REM o . o : oM
MARK=1 P SR s o \ _
1 o(n)-z $(1.—ar)~u(z)+erou(2) . o .
' N1+l - K F\ ’
N 2=N-2 R . s . ]
T IPIAL2.LEL1) Y GO TO % - o g N tw , : ,
DO 2 1=2.8L2 , T . — e .
2 (I3 SBTH (LTI +UCI=103  ¢Zen (1Wa-UTI2ULI) - e e e e
4 DUIN=1)=DBTEVIFUIN=2)/(1e4V1) ¢+ (14-TIH0IN-1) & BYSUCNI/{ba4v1)
. DO&3 1:%QNL? - . oo N

ACTI=20 v(x.o%r)' e : — ] r
ECIy=—wT . . g . . . o R
30 . C(1)=-8T,, . . ST ' N cL
crir=0,. . o

JACH=10=10 00T . " ' N
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C(N—1)=~BT2V2/(1.4¢V2)
BIN-T)==BT/(1+4V2) ,
Cm=e—CALCULATE THE COEFFICIENTS FOR THE FINITE OIFFERENCE EOQUATION
C~——=—AT THE BOUMCARY{NTH) NODE <ce'on-s
BJ=CVEDT/(V1sV1*DX*DX) ‘
BJI=CV&DT/{V28sV24DX&DX)
PJI=P{POGAMD s XJ)
PJL=P(P0+GAMDsXJ1)
CJU=V13DX*DERY/CV
CJ1=V24DX*DERJILICY

A(NI=1a48J19(12¢CIL)" . . S
C{N)=—-BJ1L v . L
BIN)=0a ’ D

D(N):(l.—BJ—BJ*CJ)*U(N)OBJOU(N—X) +BJULeCIIxPIL +5J#CJ¢PJ Q8
CALL GAUSEL(AcB+CeDsN) :
DO B I=1.N
8 Utir=Ciij . .
IF{MARK.EQ.0) . GT TO 10 -
DIST=V2%0X
GRAD={U(N)~-U(N1))/DIS"
UX=uUlivg
DO 5 [=N.N2 : . -
“&  ULE)1=UIN1)+GRAD®(I-N1)#DX ’
e U(NZ2H+1YEUX - ’ .
10 Ni1=N2
Vi=V2-IREHR . .
MARK=0 ' ‘ , o
DT—DX/(NG#DCRKV)
TIME2=TIME/ 24 '
IF(DT-LT-TINE2) _ GO TO 30
DTI=TINME2
30 IF(TIME.LT.YQUTP) GO TO 25
TOUTR=TOUTP+TOUT .
CCALL CUTPUT(UsXsN1sV1oGA D TIMESCV)
G0 YO 25
END - - : . : - : S

W,

X

Y . : . -
- .

SQBPOUYINE GAUSFL(A.B;C.D.N)
C—m———- 0##340&&###*no#mtﬁa*atﬁ‘#k##u*ﬁ#$¢¢t33$0¢$$#0¢33&"'$0000¢$38$$¢t““t-$ﬂ

e THIS SUBRCUTLNE SOLVES *N' LINEAR 3IMULTANEOUS TRIDIAGUNAL

Com——=EQUATIONS, ANC SYLRES THE “RESULT. IN THE ARRAY C(I)eawaces

Crme——— ##*nﬁovv:ttvvtvx:)unan:avnovenaa##nan#aa#axxta:,taac:*xxn@a::v:wuvuv:-.t
REAL A(1)..8(1)4C(1),0(1) ) . .
"IFIN,GT.1)GU TG 8 , 4 ’ v ’ R
C(N)I=D(NI/AIN) ‘ .
Ga 10 6 :

f—-tem TO CHANGE TO UPPER TRIANGULAR FORM.

8 DO S 1=2.N g . R
ALT )-A(l)-u(l—x)vctX)/A(x—l) .
D(1I=DCi)=~D(I=-1)eCLI) ALl 1)

5 Ct1)1=0. Lo .

Cr———~ BACK SUB TITL 10No. o o . ' .

C(N+1)=0. . . T
I'=N° o ’ o S
5 ciry=¢nts )*8(1)*C(1+1))/A(I) . s e
0 MIF. Lt.l)GD 0 6 - I S . .
f7 1=1-1 B ’ I : ,
GD TO A o ‘ - " '

‘6 RETURAN : :

’ END- ° W

¥
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H

8
1

2
1

4

3

© RETURAN

SUBROUTINE OUTPUT(UsX sNLoV1,GAMD . TIME yCV)
REAL UL1),UQUT(S00) °
COMMON DX .0
“LizNi-i
SUM=0. - - . o
D0 1 I=1.NL1 . Co . . "
SUMZSUM$2. 80U 1) :
SUM=SUMHU(NL )} . .
BLM=SUMS0 540 X o » ' -
SUMSSUM+0.5#V1DX&LUCRNII+UINL+1)) ¢ '
SETEND=PO*X+GAMOECe S X*X
SET=SUM/SETENC
SET=1.-SE7T . ' ’ ) .
TEMDAY=T [ME : . .
RICAY=S5URT(TIMDAY ) -
WRITE(648) X TINDAY.RTCAY .
FORMAT(90%. ¥ - THE DLPTH OF THAW IS®,F12.4s'AND T=*',F10.4.% YEAR
S AND ROOGT ycavi=' 4Fl0.4) ' ' '
TIMFAC=CVET Thic./ L A%Xx) .
WRITE(6+2)T1 FAC.SETeRleVL | . s
FORMAT (0%, & FACTCR CV.T/X%¥%2 =% ,F14.8," DEGRELC OF SEVTLEMEN
T =, F10e5/*H1=,15,°7 "AND THE. FRACTION IS¢ F10.4) .
N=N1+#1 R N N
P=PO+GAMDEX -
DO 4 1=1,N .
VOUT (1)=UL1) /P’ : - , . &,
WRITE(6,3)(UDUT(I)s1=14N) ’
FORMAT(" 1,10F10.3) ’ T
RE TURN o ] , .
ErD N

\

, o . . -
SUBROUTINE THAW(X DER IV, TIME,CByCN) i
THIS SuDkOUTINt CALCULArp"wnL TOEPTH UF THAW FROM THE FORMULA
x(LJ Be T&AN . ) -
THE RCUYTINE ALSO CALCULATES THE DERIVATIVE DX/DTesee

"—tt*‘###v#t*#:3##t#tt#'#tﬁ!’*’&t#‘#t#t&#tﬁ#&*#ﬁt:’3&{-#0&#0##30‘###*&.&**

X=CB&(TIME#&CN) | ) :
DERIVECH4CI#(TIMESXR(CR=14))
RE TURN

END

SUBROUT INE POSIT(X.0X, N.V.P\F’) .
THIS FOUTINE GIVES ThHE FOSITICN CF THE FREEZE-THAW INTERFACE

v

CH=———=FRCM THE RESULTS FROM SUBRCUTINE®THAW® AND OUTPUTS -A RODE AND

C==——=~THE FRACTION GF A NIODE SPACING WHERE THE INTDHFACE [Seeeene . - .
5 TNP=X/DX ' ' : : ‘
SNEX/DX~NP '
T h=APF L

0. '
TN OIS THE NUMBER ‘GF FINITE DIFFERENCE EQUATIUNS FOR THE NEZJ-
TIME STEPoaeeocessss -~ : o ﬂgf

o

RETURN B ) B e, (=
END L . Tt

o , ; T -

. v _ B
. . . . , oo - T

. s o. o, Lot A . T
REAL FUNCTION P(POWGAYD,X) - - - Lo T e
THIS FUNCTIGN CALCULATES THE EFFLCT IVE OVERUURDIEN STAESS . R

AT THE FACEZL—THAW INTERFACEeees S _ L - : '
PEPOKGARDEX Ce : o - .

END
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'8 byB? m@m =

}ﬁhﬁaﬁ*equations'app1y to the nodes

-and for layer 2

A i, . .
. ' . 273

i

The eqyat1ons for the Tower 1ayer are identical except to replace

AN

»

L r,‘ CVZ Z"t
_82 “'(gx o . y
2 . . ’ i

= (m+ 1), == (n - 2) o o

“‘and the equat1ons for the nodes (n - 1) and n are identical with those

for the same nodes descr1bed in ApDend1x A 3.
The on]y rema1n1ng node is the 1nterfac1a1 node m', between

the &wo layers in quest1on At this node,_the continuity of water flow
W,

and thf’équality of excess pore pissures must be satisfied

\\

simultaneously with the govern1ng Qonso11dat1on equat1on for each layer.
 The node m forms the 1ast w“de in 1ayer 1 and the first node
b

1n laye;\g As “the. excess pore pressure in each 1ayer must be the same

DA
<
i

in both Tayers at this point, the sets of f1n1te difference eguations
for each 1ayer may be 11nke5 by cons1der1ng these two node< e&ﬁphe»;
same node, and so ob§a1n1ng_on1y:one finite d1fference equation for the |
node. )

The equations of consolidation for each'1ayer'5brde§ing.onwthe

~ interface may be written down according to the Crank-Nicholson methdd

as fo]Tows.f For layer 1 v
2 A.24)

Uil ™ Uy = B0 ge1ye T 2 U g0 Unet,gerze)

~
.2

g Uy T B2t gere S tmgerse T g g2} (AP

}

“where “prand g are tWO‘fictiondl‘nodesfjntroduced as @ho“n_hj/fdg. ALl




“

o - pore
: : pressure
u(x,t)

v » ‘ - B | % %, oo

T (m-2) — \K ‘ !
axe p e \ LAYER ——
K., cVI .

m?erfcce

‘(rmll) o
LAYER

o }(m-ﬁ-?f

V2

TV MRt AR o7 )

f}‘,
o

Fig. A.] F1n1te D1fference Gr1d at the Interface Be tween
Two Soil La/ers
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We must now satisfy thé contihuity of pore. fluids at the inter-

face. In order tohbe.consisteht with the Crank-Nicholson difference

method, central difference operators must be used to approximate the -
) ‘ \ - . _ :

first order derivatives in the.contfnuity equation, “and this fequifes
the presence of the ﬁodeskp and q. As, central d1fference operators are

~app11ed “the d1scretlzat1on error or the Crank chho1son method @sx)

‘1 .

1s;preserved. At the t1me 1eve1 J+1/2, we have therefore :

K, 2%— ; ~{dn layer 1) =‘K2 gg (in layer 2) .

27 m, 3172 B J+1/2 . (R.26)
) v / S ‘ ‘ ) S : o P 1o

In discrete form, eq. J(A.26) becomes - ' -

' . \ [

¢ Upait1/2 " U012 Ly Umageize T ey
1 7 Ax] ' K2 2 5% -

- 2(
. |

Equat1ons (A 24) CAMQS"and (A 77) now COﬁﬁain‘three'unkndwn

pore " pressure Uy, J+]/7, u J+1/2 andhum J+1/E

d th ions, and setti
'3;Q§9{J+1/2 from ese: equa‘ | | Pg

: “n 1s obta1ned for‘node meo // e

+ (1+1/ +Ir/52+1r) u6,j+1 - Ir7“m+1,j¥4

.m '] J.L] . R : 1 | o ‘ ’ ,

TN Tt (]/Bl’LIr/Bz"“IQ.”m,‘j Fletmrgo s (m28)
L e |
ere Lo<gimo =

Fray

(A.27)
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. Hence the f1n1te d]fference equat1ons “for the two 1ayers are

4 11nked by another 11near %63d1agona1 equat1on Tae comp]ete se= of

11near equatlons %or the 1ayered pro/ile -may now be wrttten in ma£r1x-bw»ﬂh
A

\

form, and so]ved by the thod describea in Rbpend1x A.3. oo )
o A :

ERI ~ v

A.6 Program L1st1ng for Thaw- Conso]1dat1on “in“a Two- Layer 5011 Prof11e ‘

\Purpose - To determ1ne the excéss pore pressure d1str1but1on and degree

* of sett]ement ina thiw1ng so11dh1th a congtant app11ed surface temperature /

I “

/
The soil prof11e 1s assumed to exh1b1t two dﬁstwnct sets of therma] and

s geotechn1ca1 properties. _
. .. (: e LT . . » . \‘. .>' " V .
‘ . L9SfEfiEEiQﬂL:__IDQ_rateeof_ibaw—ané—the—resu?%%ng”fﬁawicoﬁsoTTaation

- . o
solution ar. well estab]ished for the‘thawing of the overlying layer,

——

" and this program determ1nes the solution: subsequentato the thaw p1ane
' g
enter1ng the under]ying 1ayer The rate of thaw through the 1ower 1ayer

-

is ca1cu]ated ‘using the simple Stefan typg re]at1onsh1p der1ved for a
two 1ayer s&stem in Sect1on 2 9. ‘The program is set up to ca]cu]ate
the pore pressure d1str1butlon in the two layer system us1ng a Crank- .
N1cho]son f1n1te d1fference procedure similar go that, used: 1n Appeﬂd1x
A.3. The major d1fference is that th1s rout1ne\m;st 1ncorporate extra
f1n1te difference equations to sat1sfy the excess pore pressure
conditionsvat_the interface between the two soa};strata.

: Usage - The program requ1res data on- three ca" ‘ds as follows.

AN

v ﬁ} (i) In FORTRAN format (7F10 O) the necessary parameters 1n
' Tz : , ,

Ky ZkKT S
EgmH, 275, tes €y DXy Py o e §

- . 1 : o o , .

order are



o .

,wﬁere k]-and kzyare-the'thermal conductivities.of the upper and
. @ o . .

“lower layers respectively,

( H  is the height of the upper layer, "'. ; - co,
B ~T5f 1§ the constang applied surfacedﬁemperature,
: A~
ToL s the latent heataof the soil, = ' : .

tf s the term1nat1on time for the program,
C 1s,the sonso]1dat1on coéff1c1ent for the underlying 1ayer,

Ax “1is the f1n1te dlfference 1nterva1 1n the x- d1rect1on,'

» . -~

PO and’ v'-are the surface loading and* submerged unit weight, . 4:;
. : , .
Co L

of the soil.

~({1). The o second data card requ1res the*. fo11ow1ng data in
* order in format (5F10f0),

) 10 R Gy s ;
where K] and K2 are the permeab111t1es of the upper and Tower Tayers,
o is the'conso11dat1on coefficient for the upper 1ayer, )
- and o 1s the alpha va1ue for the upper layer.
| (tii) The th1rd data card re9u1res the parameter NG 1n FORTRAN

format (I3), and the descr1pt1on of th1s P rameter is g1ven in Appendix A 4.

[

Units: - Avsuggested set Of unit% is 1bs, feet and‘years. v

1/2 ﬁdegree

Qut~ The program pr1nts out the thaw depth, time, time.
e s nd the- norma11sed excess pore pressure pr&fale, and thlS

ir  atior s output,two_huﬁdred times between t = 0; and t = %.

"Example of data input:- For® an example of 10 feet of fine-grained soil

| @Verlying a4 coarser material, a'typical set of data is

T . ~o. . o ) . .. / ’
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\. : ~ 7
- ‘ )
2. T ]
o = 10 ft. . : % 4
* ] ' ’ i [N ,)'(\
-
T o - : A
T > ) f o
. 25 - g0 ft/year/2
v o o " » L4
te = 15 years .
L ¢ = 225 ftf/year & 7
Cax = 0.5 ft. o A
: PO' ’ = 0 K 3 _ Q 3 ) | _
Y= 60 Tbs/ftS . T
. Ky = 1 ft/year P W
K, = 4 ft /year - I '
Cyp. T 25 ft~/year.
o = 10 ft/year]/2
OA‘., ._\.\ .
H={l = 10°ft.
NG f = 50 (See overleaf for program listing.)

CUNe

'A,7 Finite Difference Scbemé\{gr Théw—ConsoIidatidn with Sand-Drains

Writing eq. (6.5) and (6.6) in f1n e difference form according

to the Crank N1cho1son scheme we obta1n ré%pect1ve1y

- |

- U + _“ B V1 J+] (] +. ZBY‘) Vi-,i - (] = '2_‘:)8 V],J-]

. Bz : R

= Uik 20 YR,k T 2 gk T Wi, gLk

: \C~a t ' ‘ L
&l z Aé I B I .
* e, Wi W - (A-29)
. R \
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Qe s ‘PROGRAM TO' CALCULATE THE PGRE PRESSURES IN A THAWING SGIL.
€~ ==—THE PROGRAM LSES .JHE>CRANK-NICHCLSUN FINITE DIFFERENCE METHOD..
C——mmm IT 1S A EIXED GRID.. MCVING BOUNDARY SITUATION, ‘AND THE SCIL IS .
C——=—=-ASSUMED HOMOGEMEUUSess CNE DIMENSIONAL FLOW IS PERMITYED, AND
?Cf —-=—THE PROGRAM C AN INCCRFERATE ANY SPECIFIED RATE OF THAW g aee
rc _____ . N . . : . . o ). PI
| C———==THE ,PROGRAM IS NOw ADAPTED YO SCLYE A TWU-LAYER PROULEM USING A RATE
[ €o=—=-DF THAW . .ALCULATED FRCM TiE FORMULA GIVEN BY NIXON € MC.ROBERTS(1973)
CT-—-"'""‘#‘ ’*t*'.ttt"#‘tﬁ#ﬁt“#‘.v“t‘&l#tt#“luﬂ"tll#‘tt'*'#*tﬁh*##
\ , REAL Li500) sA{500}+53(S0G}+C(509)¢D(500)
CCM' ON DX POyH - v
C——==—=~7 NTER THL PARAMETﬁHQ NECESSARY FOR SOLUTION ' :
: 99 HEAD(Ss101)CHCNa il /)P FO,GAMD X i o
- 101 FORMATU7F10.0) . 5 : :
R WRITENG102)1CHBCHTF, CV 40X +PO s GAMD : ,
: " 102 FORMATR?1¢,¢ DATA xupur.—-/- THE RATE OF THAW Iz/prvem BY
134/20%Xe°P | =%,FB.2,% Q= F8.3/%THE saluTION WILL BE/TERMINAT
- ces AT TimES=",F10. JI'THC CUEFFlczﬁNT LOF.- QDNSOLiDATTUN lS‘.FlO.b/ ’

"o THE SURFACE IS*+F10.4/9THE SUBMERGED UNIT wthHT,OF THE SOIL IS,
SE8e3) . ' . o - N
REAC(Se35)PK1L ,PK2,CV] ,ALPHAWH ' - >

# 35 "FORMAT(5F1040) - - o :

© WRITE(6+4361MK1,PK2.CV14ALPHASH . ) .

36 FORMAT('0',."THE PERMEABILITY OFfTHt UPPER LAYER IS°*,F10.6/° THE PER
< L. IMEABILITY OF THE LOWER LAYER IS*sF10J6/*THE COEFFICIENT OF CONSOLI

o 20ATION FOR THE OVERLYING LAYER I1S',F10.5,° FT*%2/YEAR'/STHE ALPHA
- 3VALUE FOR THE URPER L AVER IS'+F10.5+% FT/YR220.5'/'THE HEIGHT OF

4THE, UPPER. LAYER 15 ,F104% ) : :
s , . REATC(S.31IRG . .
31 FORMAT(I3)

. Tw=pPk2/sPK1
TOUT=TF/200.
TOUTP=TOUT ' N
M=H/DX )
'‘X0=1.1%Dx
YO={((X0+CB)*(X0+CB)— CB*CB)/CN
TIME=TO _ oy — fﬂ\\*
- .pP=T0/20. '

- X=X0 .

DER[V=X/TIME
.. CALL” posrr(x.ox.m.v.NP)

. NJ=NPHM
vi=v T
N:Nl:l & .
C--———t***ttﬁ‘*#tttttt*t‘t!#n» TEREEK
C————= -CALCULATE THE INITIAL VALUES.
,.c _____ P d .
R;ALPHA/(Z.#SCRT(&VI))- e : -

"~

.Yy

RP=SQRT(3.,141593) : ' ',f~\__>

“ . AA=PO/ (ERF(R)EXP(~R%R) /(RP*R))
BH=GAMD/ (Lo 1 4/(Co3R¥R)Y . ’ :
o0 ‘37 l_x.M ‘ o L ‘ . s

. Z1=1 . . o )
- . 2=Z1/N1 . ' Q#_N _ Y- . o .

av

37 U(l) AA*ERF(R‘Z)tBB#I‘DX
GRAD=PKI+(U(M)-U(M-1})/PK2

_ . - UGM+1)=GRAD+U (M)
- ST U(M42)SU(M+ L) +GRADRV
Co : ,j/ CALL TUTPUT{UWX oNT V1 s GAMD T IME)
25 TIME=TIMEOT -~ .. . . _
IE(TIMEJGTUTPT. GO TC 59 - .
BT1=CVI*DT/(DX3DX)
BT2=CVHDT/(OX4DX

BY=BT1 zs ' - R . ‘ .
Z—— STORE % AND DX/DT AT THE JTH TIME STEPecass ‘ .
e XJ=XC . — ' : L i , .

Yo S "~ . *DERJ=DERIV

LY



n

- ,C-———-—CALCUL.ATE X AND DX/DT AT THE (JQI)YH TKME STEP---.-

CALL THA'(}.DER(V-TIME.Ca'CN) <
XJ1=X - . L o » ' ‘
DERJ1=DERIV . Lt J .
CALL POSIT(Xs+CXiN2,V2, NPY , P

o N nz=npem . T > .

IREM=0 ] . T . .
IF(N2.EQJNL) GO TO 1. e o
). IREM=N2-N1 -, ‘ e o .
C V2=V2+IREM v . i )
" MARK=1 . ' . ' -
D{1)= 2.*(1.—87)#U(1)GET$U(21 2 ' ‘
CNENL+]
UNL2=N-2 . - . ,
00 2 I=2.NL2 : i e e T
. o BYABY 2 T g e T T '_ . - . ! . S
< IE(ToLT oM BT=BT1 - e e '
! DUT)=BT®(UCT+13)$ULI-1)) +2. #(l.—ur)-utl)'
T 4 DEN-1)=BTHVISUIN=2)7/(1e4VL) +(l.—dT)tU(N—l) + artu(N)/(x.+v1)
. DO 3 I=1.NL2 L
8r=8712 ’ - . . : . .
IF(l.LT4M) 'BT=8T1 ’ S v i
S OA(E)=2.%(1.40T). ! o :
8(1)=-87 ’
3 C(1)=—=6T
 ct1=0.. ‘ o - )
. BT=8%2 o :
A(N=1)=1.48T - . . .
CIN=-1)==BT*v2/(1.4V2) '
BUNg1)=~BT/(1.+4V2)
C-————CALCULATE THE COEFFICIENTS FOR THE F!NITE DIFFERENCE EQUATION
C———=—AT THE BOUNCARY (NTH) RODE edeeas
. BJ=CVADT/{V1%V]1%DX*DX)
© T RJ1=CVEDT/(V2¥V24DX$DX) - /
L p(@? GAMD, XJ) ' .
v PJU1=F(Pd.GAND»XJL) . & — N
CJ=V1 «DX*DERJI/CV ' : [ v
‘CJI=V2EDX*DERJL/CV o o -
AlNY= 1.+a;1¢(1 +cJ1) . Ty o
_C{NI=-BJL ) _ o ' -
BI{N)=0. . o ‘\ . g LY
DENIZ(1.-RJ— BJ#CJ)‘U(N)ODJ’U(N—I CBJI¥CIL¥PIY +BICI*PY
'A(M)-l +1./all+u/812+u - o
B(M)= .
C(M): —1. ,
D(M)=U(M=—19+(1./BTl+w/BT2~ l.—W)tU(M) + wa)(Me1)
CALL GAUSEL(A+8.CeCaN) (JO
DO, 8 1=1.N : LA :
8 U(})—C(l) . .
" IF(MARK. €G.0)= GO TC.10 -
D1ST=v2*DX
"6RAD= (U(n)—u(le:/oxsr' o S .

-

IS

N

4 . '

‘\\r L yx=UOND ‘ © ;
- : DO 5 I=N.N2: ‘ > ’ .

S U(II=U(N1)+GRAD® (- Nl)tox i
. UINZ2# 1D =UR S .
T 10 NESN2 e : L ' .
VISV2-IREM . . . . ’ ’
MARK=0 S
OT= DX/(NutDERlv) .
TIME2=TIME/ 2.
IF(ET.LT.TINE2) ., GO TO 30 ‘ )
DY=TINMER : -\
30 IF(TIVAE.LT,. TOLTP)\<:GO To 25 _ T,
TOUTP=TOUTP+TOUT Ny
" CALL Lurpur(u.x,ul.v1.CAMD.TXML'CV)
G6u TO 25 .
END o AT
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sugnourst GAUSEL{A+B:CsD4N) B
C-—————t‘t‘#.tt#‘t‘t‘t#l‘#*‘3#0‘.”‘#‘“t#‘t‘t#tlt‘ttttt‘t.‘#*t‘ttttt'ttt
Ce——=—THIS SUBRCUTJAE SOLVES *N*:LINEAR-SIMULTANEOUS TRIDTAGUNAL
Cmmmmm EQUAT IONS s AND STCRES THE FESULT IN THE ARRAY C(I)iesessc
c---—-—,—tuitv«.zt;ttt:zttttttt#t:t*#tt_ttttatet::ttttt*::uvta;#ncxt;cqttt-
REAL A(1).B(1).C{1).D(1) o '
IF(N«GT.1)GO TU & N
C(NI=D(N)/ZA(N) ’
GO YO 6 ) e T T
- L TUT CHANGE TO™ UPPER TRIANGULAR FORM« -~ > :
"8 DO 5 1=2.N s -
Al = A(I)—ﬁ(l—l)tC(LY7A(l—l) : ’
D(1)=CCI)~-D(I=-1)%C(I)/ALI-1)
S €(1)=0. . . L . .
Co——m= BACK SUBSTITUTICNa. " L
GI(N#1)=0. oY
=N . N T - 3
4 C(1)=(D(1)-BLIISCII+1)IZALT) o i
. IFCI.LE.1)GU TO 6
7 I=1-1
GO YO 4 : o
6 RETURN -
END
Ve . ,
v ‘.
o _ ; .

P N ¥
*  SUBROUTINE ourpurtu.x.Nl.vx.GAMD.TlME.cv)
REAL U(1).UCUY¥(500)
CCMMON DX+POsH : ) o . -
CNLISN1=-1. . - ) )
Z=X4H | ' ' o o
SUM=0. ' ) : o to @
© 08 1 I=1sNL1 : I
1 SUM=SUM+2.%U(I) ' ’ .
SUK=SUM+U(N1) )
SUM=SUM L 5%DX »
SUM= SUH .savnvox*(U(nlhiu(N1+1)) ’
SETEND=5#Z+GAMDR0. S+ 2 & T - : .
SET=SUM/SETEND

SE¥Y=1 4-SET ,

" TYMDAY=TIME ‘i : .
~ RTDAY=SORT(TIMDAY) o o .

"WRITE(6.8)XsTIMDAY,RTCAY ' g :

8 FORMAT(G?" ¢*  THE CEPTH GF THAW IS'.F12.4.%AND s-,.r:o a.* DAYS
1 AnD HDOT CAYS='.F10.48) : . @ : ﬂg'
TIMEACSCV&T IME/(X#X). ' ’ - '
WRITE(6+2)TIMFACSSEToN 4V : '

2 FORMAT(%0*,*TIME FACTGR CVeT/xe%2 h!F 4.8,° oaguLt CF SETTLEMEN
1T =*,F1l0.5/*N1=%,15,* AND THE FRAcﬁ‘UN 1S F10e4)
N=N1+1

P=PO+GAMD %2
DO 4 I=1.N o .
4 - UDUT(I)=Uf1)/P
. WRITE(6,3)(UOUT{I)el=1sN)
3 FORMAT{® *,10F10.3)
RETURN :

END - o ' R ‘Jy o



< ‘
) ) SUBROUTINE YHx\i(x DER!V.?[NE-CB.CN) a . C .
C—————-TH!S SUBROU‘I,I\NE CA;_CULAUESQYP,E DEPTH OF THAW FR(N THE'F(J&‘QMULA" P '
./N,‘ XITY - 'TttN . e
LAVEC THF DtRlVATlVF DX/DY--.. '
ott*#tt-tttta&:tttxv:tytatszt:t#tr*vvttt#:vz* T T

Xva.h.V.NP) : .
S FTHE FDSIT[UN OF THE FREEZE-THAW INTERFACE

FHUM..:UHRGUTH‘[ THAwWR - AND QUTPUTS A NUDE AND _
‘-GDE SR ACING I-HERE) THE 1\JYERFACE [Senacse K

X3 : N .
o . . b . -

» ‘(REAL FUNCTIDN, P(po.GAwo.X) : :
C——4h~THlS FUNCT 1ON AQCULA1cb IrFE EFFLCTIVE OVERBURDEN STRESS

(Cms—mmAY ITHE FREEZ&«THﬁw,anaﬁFAca..,.
. CCMMON EXeGGeH ¥ j Y
S p= PO¢GAMDchtrrw
RETURN
END

>
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The finite difference equations along the thaw T1ne (i ‘fn+1).
arErsomewhat comp11cated, and are‘der1ved by comb1n1ng the f1n1te
d1fference express1ons for. equat1ons (6. 5a and (6 7). The flnaT

express1on is - 4 '-\

- Ly . = V. L4 o
OL2t Un, 3, k+1 ~V-1,J+Br VT,JH 7,3 i,3~1

The T G (A.31)

J
where P/= Po - o+ Y/ X x

- The compTete,set of f1n1te d1fference equat1ons has been
programmed "for solution and a T1st1ng of the program foTTows The
magn1tude of the t1me step At is. varled ‘automatically to optam1se the’
program process1ng time. The format. statement for data 1nput is seTf—!

expTanatory, and the 1nput parameters necessary are in order,
o a b, my Ny &y C» (P -a ) v's tf' . : ;
where tf.1s the t1me at which the program will term1nate xecution.

A suggested set of units are 1ps., feet and years, or tonnes, me  "es

- and years.

A.8 Program L1st1ng for Thaw ConsoT1dat1on W1th Sand Dra1ns

Purpose - To determ1ne the ekcess pore pressures and degree of
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B {
consolidation sett]ement in a thaw1ng s6i1, when the rate,of—conso%idationf"

s acce]erated by the presence of vert1ca1 sand-drains. ,¢A

Description:~ The program solves a~two—djmen3tona1 consolidation problem
in- co-ordinates r {radius) and x (depth). The Terzaghi-Rendulic

L o ' g . ‘ .
equation is solved by an ADI procedure, subject to the boundary’ condi tion

on a thaw interface which moves according to the law:

-

‘place the co: nate'system in'mot}on, and'the”tﬁaw plane is made'_
stat1onary in the transformed co- -ordinate system R" x/X(t). Thusﬂthere
are a fixed number of f1n1te d1fference nodes in the z direction spaced

equa11y at Az. The degree of conso]1dat1on is ca]cu]ated by vert1ca4

re

Usage - The prqgram requ1res n1ne parameters in FORTRAN format (2F8ﬁ0

1ntegrat10n of the excess pore pressures

218,\5F8 0), in the following order

a,.b, m, n, a, c v? Po’ y' and tf

’

where a is the radlus of tHe sand dra1n,_ :
b is the effect1ve radius of the sand dra1n o t'v—*._ R

(=0. 525 times the spac1ng) . |
m i§ the number- of finite difference subd1v151ons

in the r- d1rect1on, ; ‘ ' : ?

z
- .4

n ‘1s the number of d1screte intervals in the z d1rect1on,

o is the constant of proport1ona]1ty oe .ween . thaw depth ]
© . and t1me1/2, ST e Lot DR RN :
. tv;iS'the consolidation coefficient, - K
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> ‘Po is ‘the surface app11ed 1oad1ng, - , O :
'§; is the submerged unit we1ght of the 5011 A _ -
“ . . J.;
and tf 13 the termination t1me for the program. .

~ Units:-

A suggested set of units is 1bs, feet and years. ML TR

Example of data Thput: —  o | T “\\

-2 = 0.5ft. . -

b =5.25 ft. R -

m =10 o o .

no=T0. . o

a =10 *ft/year]/z‘ . he /-<:~:;;’ _‘ -
Cy =’,Oft/year" 44 e ST

P, = 500 1b/ft°
v =50 b/t }
L eg B

F o 16 years



7

c. - : e SR

REAL A(50). E(SO).C(SO).D( 0),UL50, 50).vtso.50)
- COMMON ML (N1 oL L -
1 REAC(S-Z)ADvBC-M.N.ALF-CV.FO.GAMD.TF , N . . -
2 FORMAT{2FB.0+21E,5FB.0) / ) T
wnrre(a‘1»AD.50mﬂ.N,ﬁ;F.cv.PotcAwo.TF
3 FGRMAT(*1 v ¢/ 7 ¢ 2 FIGAYRIEX,28=°,F10+3. lox.-ni‘.xa.xbx.'~~- 13/ s <
- 1ALy, —-.Flo.u.'ox.'cx—-.F .Jv-po—'.Fxo.3.xox.-GAM#m SUB.=*,F¥0.3
270 HE FINAy TIF - 1S*.F10.3) . . _ - ; : -
‘oL 5 0.25 ‘
XCuT=0UT 5 f/ e P .
NG=50 ‘ / R R ~
X=7D/20a ' : ' _ 4‘,,L_——-"”‘”f//’//f’/"
DX=2/N . ) : : N
TIME: ‘%~ /(ALFGALF) - < : . '
DZ=1a/h . - o ‘ N
SR= (HC—ACJ/M - : - -
¢ NI=N+1 - B
M1=M+1
. M2=Me2
~—CAL CULATE THE lN[TIAL PCRE PRESSURES.....
RR=ALF/{2.#SQRT(CV)) . : ) o
SPESURTTS.141593), N
, AA=PO/(ERFIRRI+EXPL~ ~RR#FR) 7 (SPARR))
"! . BB= GAMD/(1.+|./(2 *RR*RR)Y) .
DO & I=2.N1 - ",
XX=CI=1a) 2X/N - - : L
UX=AARERFE(XXZ (2 «#SAGRT(CVETIME))) + BB*XX R L
DO 4 J=teM2 [ - S

S

o

& UL1eJ)=UX#(I-1ed/V .
CALL .QUTPUT (UsDX+XsTINESPOWGAND) = - oo
DT=0.5/4CV*(1./{DX*DX )41 ./ (DRADR)))
C——=——FORM THE EQUNCARY CCNDITIGNS.-t..
DC 6 I=1.Ni ) , . -
U(l1e1)=0s - o ' o8
6.  V(Is1)=0. : . T o -
DO 7 J=1.M2 - - ¢ R . S
AU(-qu,=°- . . . ) A o .
7 V(144)=0ex . o . S, ' G
S - BYZ=CVEDT/(DZ*DZ) : . LT o . : -
. BTR=CV*DT/(DR*DR)". - . . o
C--—-~FORM THE LeHe BOUNDARY c0~oxflon.... i : D
DO 8 I=1sN1 v y - R g
8 ,utx.nzx-U(x.ﬁ>" ' : Cy g
. e Y [
DO 21 J=1.M1 ‘ ' . -
21 U(N+2.J)—nLFtALFaoz¢(Po+GAqux-u(Nx.J))/cvruxN.J)»w S0
00 10 1=2,N1
Z=(1-1.)%0Z
Vo 15 J=2.M1 . : T -
R=(J=14 ) *DR¢AC : : o PR R
ACJ-1)=1.+2.%8BTR .. < S NI _ .
B(J-1)=~(1.4DF/ (2.%R))*BTR = 7 - T » ‘
. CLJ=1)==(1.-DR/{2+#R))%BTR o
15 D(J-1)=ULT S+ (ETZ/(ALFtALFtTlME))t(U(l+l-Ji 2. #U(I-J)ru(l—l-J)
100.&5tALF-ALth*02ttu(l+t.J)~u((~:.J))/cv) S

Y"- . Lt ’( . : ' : @ ; . | : : - >’v' : v :" .“‘L

Y

.“‘5.'




* C{MI=—2.*BTR
B{M)z0. -

00,11 J#2.M1 N,
11 VeI, Iescla=1) i
10 . CDONTINUE

[ S lNCRéNENr THE TIME av TeG FALF TIME 57595,4..."_ P ¥ 2.

- ' CTIME=TIME+2.#C7 . . .
‘ ‘X=ALF*SQRT(TIME) o P
M . CON= BTZI(ALF:ALFcTXNt)

Cmm e -

C————ALTERNATE TFE INTEGRATIGN TO THE Z~DIRECTIONeaseas: .
4 -] N :

0O 12 I1=2,N1 -~ .

- 12 VILaMZI=V(LWM) S

’ DO 13 J32,.M1 ’ i .

R=(J~1.)*0R¢AC A . L
DO 14 I=2,N1 - o .
2Z=(I-1%)%CZ
A(I-1)=1.+2.%CON e
BEI-1)=-CON®(1.40.25%kALF*ALF*Z&DZ/CV)
CI=21)=—CON®l1.-0s25*ALF $ALF*2%DZ/CV)

14 QD(l-l)-V(l-J)OﬁTR'(V(I-JfI) 2 #V(l;J)#V(!-J l)4§DR#(V([.J+l)

1~ V((-J-l))/(z tR))

.. . CA(N)=1.+2.%CON+BT2ZEDZ* tn.*o.zsaALFtALFczaoz/cv)/(cv*rIME), o o

B(N)—O.

C{N)==2,%CON

¢ )

I

DI(N)=D(N)+CON#(1 s +O.£J‘AUF‘ALF‘Z‘DZ/CV)’ALF‘ALF*DZ.(PO¢GAMD'X)/CV~\

CL1)=0.
caLL GAUSEL(A.B CoCoN)
D016 1=2,N1 .
T 16 UllsJ)=ClI=-1) - i '
ly' CONT INUE
) DX=X/N .
IF(X.LT.XCUT), GO .TO 19
XOUT=X0UT+0OUT .
. CALL UUTPUT(u.ox.x.rlME.Pd.GAMo)
19 DI=5.07(CV*{1./(DX*DX)+1 </ (DR*DR)))
IF(TINELTTF) GO TU. S '
Go .To 1/ .°
TEND . ) Yo



»

. SUBROUTINE QUTPUT (U,DXeXsTINE,

C——nm- THIS SUBROUTINE QUTPUTS THE NOj 5SS PURE PRESSURES
Coe—=—THACUGHOUT TFE SOTL MASS, ANDALOMPUTES THE DEGREE OF SLTTLEMERT
Cmm—m—m PROFILE ACRCSS A OIAMETER E :

IERTICAL L ENE] INTEGRATIONasss 7
* C-—«-n-—“‘-‘“““'#‘.. ‘t#‘#.“““*“".“‘."“‘i‘ti“‘.'l‘t‘.'.‘ sTRLKER
REAL ULS0+1)+W{504+50)SET(50) ' '

COMMON M1,N1 , : .
WRITE(638) X« TIME«DX ' : k\}§\ ' . o
8 FORMAT({'0',.,*THE DEPTH oF TEAN 15-.Fxo.3.- CANDNTHE TIME [S*+F10.4,
1 ox—-.Flo.s) °
DO .1 1=1.N1 ‘,’” »
P=PO+GAMD®X ’
1Fl1.€0.1)  P=1. . :
DO 1-J=1a.ML° oL , -
1 wilsJ)=UllsJ)/P e )
. WRITE(642) : ‘ . -
2 FORMAT{'0',*THE NORMALISED EXCESS poﬁ?%pdassunss ARE:=*)
DO 3 I=1.N} :

ea)(W(Tedded= I.Ml)

4 ¢ 2 ,12F10.3)
CO S J=1.M1
SUM=(w(la.’ )+u(N1.J))/2. ) . ) \y
N=N1-1{ . C . -/ &y

00 6 1=2.N . , .
6 SUM=SUM+w(l.J) . o " -
°§  SET{JI=1.—SUM/N R ' - Cl
o vn;TE(b.r:(ser(J).J 19M1) ' '
7 FORMAT('": -//'THE SETTLEMENT PROFILE lS'./lQFlO.J)

.. RETURN

END -

SUBROUTINE GAUSEL(A.B.C.D.N) « .
Ce———— *t##tt}*###l!tt##&tttttttlttt#‘t#tttt#ﬁ#tt‘t‘#t'#*tltt EREREEEAXKERE
Cem———THIS SUBROUTINE SCLVES 'N' LINEAR SIMULT ANEOUS TRIDIAGONAL

" Cm—==—EQUATIONS. AND STCRES THE RESULT IN THE ARRAY ClI)escseccecs

C—w—-—#tttttttttttttt‘t#"t.t*ttt*-‘#t #tt#vt*tttt*ttt*#**#t‘tt#vﬁ*#*tttt*

REAL &(l)oa(l)vC(l).D(l)‘ .

IF(NeGT«1)GC Jo e S . -

C(N)“D(N)/A(N) )

“ 60 TO 6 ‘ :
¢-—— TO CHANGE TO UPPER TRIANGULAR ‘FORM ... S N
Fad

8 DO S I=2.N
. (xl—A(x)-a(x—n)KC(r)/A(x—l)

“De1)=0¢1)-DLI-11*CLII/ALI-1)
: 5 c(i)r=0.
Ch-———— BACK SUSSTITUYION--

CIN$#1)=0e . | ‘ : ’ ; o &
) 1=N - c -
4 c(l)=(c(1)- B(l)*C(l#l))/A(l) ’ :

1F(I.LE.1)G0 TO 6 ~

7 I=1-F _ a : ¢

GO TO & E : S T
6 ,RETURN- =~ 1 < s
END !
' ’—\ : . ’ "
.

kS
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 NORMALISTD SAMPLE

" BASE PORE

TEMPERATURE. (°F)

291

"
< §
= 0.9 : ¢ .
x
- 0.8+ t .
- il -
T . (a -
(:2 . . rrows by .
@ OTF indicate |
x , "_, o ) C
0.6k ﬁmu_lmg) N | i
| 1 1 ] 1 ] ! { | i
T | R 1 1 { T i L
o 'a=asooxgkm2 o S
S5 0.75F  H.=3.96 cm. - S
. Hy=3.78 cm. | . “ . o
2050k g-180 gror® SR
‘(,DT N w = 36 % . S
wi 0.25-_‘ ' A ‘ : B
Q. i . U . . . A‘
: 0. 1 | I I e I M|
'0o. .t 2 '3 4 5 6 7 8 9
- e

'JT IME . mln'lz'

Fig. B.1 Test NWU-2
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NORM A

-
r

LSk

BASE PORZ

DO SAM

u/P,

PRESSURE

o
~

o,
1

©
O -

292

0.8l

r~

0.7

0.6}

A 4 b ) A U | I |

- S
~ -
_ & -
(arrows ‘ L B
‘indlcate
thawing) |-

o
oo
N®)
i

O
()]
a

t

LI 1
P=0304Kgem®
H,=3.62 em. »
H’h= 34‘8 o v )
&=1.72 g/om’
w =37 %

L 1 ] U i T
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