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L Abstract _‘ o . R

~The pore pressures generated when 50115 freeze are o

o4

.‘evaluated It is shown that the Clau51us ifapeyron equat1on

does not descrlbe the consolldat1on behav1or of freezzng

”‘so1ls 1n a satlsfactor manner._Electro oSmoszs 1s postulated

-

,[
to explaln thxs observed behav1or. Electr1c freez1ng ‘

potent1als may cause electro—osmot1c flow towards an ice

=lens, 1nduc1ng h1gh consol1datxon stresses in the freezxng

[ [N

and frozen soil. ',p'm'it“' .
In order” to- evaluate the fea51b1l1ty of electro osmos1s

as a transport mechan1sm 1n freez1ng so1ls the.
N

a
€

electro -osmotic- conduct1v1ty as a functlon of - temperature of

S -

thabasca Clay was determlned 1n an experlmental programme.
e ‘

‘whlch 1t decreased rapldly to a value 100 t1mes smaller at a:

'temperature of -1 5 °C

rwas found that the electro osmotlc conduct1v1ty was

"constant in the temperature range from +22 to -0 5 °C after

~

B}

‘.Electro osmos1s 1nduced 1ce lens format1on in a frozen

"soil and whenever water was predlcted by theoret1ca1 S

con51derat1ons to accumulate 1ce lenses formed

~If : lectr1r free21ng poteht1als in so1ls are ‘L

. analogous in nature to .the free21ng potent1als in dllute

v

-solut1ons electro osm051s is bound to occur, bezng }n part

respon51ble for the transport of water tow

o

and the consolldatlon of the_freez1ng so1l,

dS»an 1¢e»lens'

. =
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‘%consolldates when frozen.

l;‘lntrodetion”
Freezlng 50115 dlsplay a2 number of 1ntrlgu1ng and
‘somet1mes annoyxng phenomena, probably the most 1mportant
belng frost heave. Because of the detrlmental effects of
-frost heav1ng of 5011 on roads and structures as well as
'agrlculture it has'recelved cons1derable attentlongfrom the"
lscientific community. Althoughléhe understanding‘of freezing'
.and frozen soils is Stlll 1ncomplete, s1gn1f1cant advances
‘have'been;made. For-;nstance, 1t 1s known ‘that tnere 1s_f
mobiie unfrozengwafer in frozep 5011;§nd,that soil
The plannlng and constructlon of chllled plpellnes in
the north has trlggered a wave of stud1es on frost heav1ng
In thlS 51tuatlon frost heave ‘is not a seasonal or short
'term problem,.but rather-long term_behavror_needs tg be
predictEd' Numerous’frost heave models'and mechanisns-haée:i
. been put forward in the 11teraépre (e g Harlan, 1973 |
;o Konrad and Morgenstern, 1980) |
| There 1s Stlll a- lack of - understandlng of g%e actual
’Tphy51co chem1cal processes 1nvolvgd dur1ng the long term
'free21ng of 501is. In this thesis one of these processes fs
4nvest1gated. P . |
It 1s postulated ‘here thatbthe process whrch causesi'
electrlcal free21ng potentlals in soils is analogous to the
process in. dllute solut1ons (freez1ng potentals are the

j/potentlal dlfferences measured between the frozen and

“unfrozen constltuents of a 5011 or solutlon) Then ;t 45]



. B \ . .
argued that this process_can 1nduce electro osmosis at the

r ‘ '\.

1nterface between frozen and unfrozen 5011 in freez1ng soxl,
4‘-The electro—osmos1syprocess would-be respon51b1e for
transportlng water toward the freezing front and would be
respon51b1e for 1nduc1ng consolldat1on stresses 1nithe
free21ng soil which are hlgher than pred1cted from o
ﬁ'conventlonal theory. Some ev1dence is prOV1ded for this
hypothes1s. The electro osmotlc characterlstlcs of'frozen
-soil ar% 1nvest;gated durlng the experlmentalqprogramme The”

o aphy51cs governing the behav1or are deduced from the

exper1mental'results.



2 .therature revxew
The present knowledge on frost heav1ng is sumnar1zed by the
~ Ad Hoc Study Group on Ice Segregatlon and Frost Heavxng
.‘(1984) of the Natlonal Research Counc1l of the United

t

'States.. ew dramat1c changes have occurred 1n the

:_understandlng of ﬁrost heave mechanlcs research 51n e thls
'report was 1ssued The llterature*revlew 1s therefore

b._conflned to;1ssuesvthat;are.d1rectly concerned wlth t

:3 scope of the thes}s,as described in the previous section.

N : ) e
4

2.1 Frost. heave aqd solute transportv
In the past 1nvest1gat10ns have been undertaken to
//5tudy the redlstrlbutlon of water and salts in. freezlng
: 01ls. Many of these studles have been related to the studyA

'of agrlculture.- o
) o e -
Cary and- Mayland (1972) stud1ed the redlstrlbutlon of

hsalt and water wlth t1me 1n frozen 5011 as a consequence of
a constant temperature gragjent be1ng ma1nta1ned«across the
'Tlsample. They concluded that the flow of- dlssolved salts in a’

'.llqu1d f11m of water was the pr1nc1ple transfer mechanlsm,

”‘wh1le salt 51ev1ng was not an 1mportant phenomenon in frozen

5011 Com ] : = B

N

Fleld'measurements of water and salt contents 1n

i,
\\.

freez1ng soxls have been carrled out by Campbell et al.

(1970) and Gray an Granger (1986) Both 1nvest1gatlons led

‘to- the conclus1on t at salt may be transported upward in the

g}wlnter due to free21ng Dlssolved salts are tranported

¥



@ e S ‘;;
. upward by the water which is'attracted_tO»the'freezingv v

‘front

v
>

in both the field and the laboratory. They hypothesxsed that
exclu51on;of solutes do%g‘occurlon a local scale’ but not on
a macroscale. They descrihed:theﬁprocessi
5As‘ice:is'forming; thé.freezing front advances | i
'slouly because of,theireleaseIOE latent heat.™
GEHouever{_with this adyancing freezing‘frontvis

associated an'accumulati;h:df_solute excluded from

‘the ice. As-the rate of ice,formation'diminishesr

the rate of adyanCe“of the 0 °C isotherm’begins-to
rapfdly 1ncrease unt1l nucleatlon occurs at some
p01nt jUSt beyond, the zone of solute accumulat1on.

The process is then repeated "

Hallet (1978) 'reasonlng along the s*pe llnes,'

V
!

concluded that ‘the rejeci;on of. solutes may cause the

’-ex1stence f a frozen fri ge, a. zone of frozen 5011 on the-

~ warm 51de of - an 1ce lems formlng w1th1n the soil, Hallet
) !

also repo ted the dep051t10n of CaCO3, Feoz, and MnO as a_“

» -

conseque ce of freezlng
’Mackay (1974) dlscussed the or1g1n of ret1culate 1Ce,'

ice veins d1v1d1ng a a blocky soil. matrlx.

o Accordlng to the mechan1sm he proposed the retlculate 1ce.

. /

forms/behlnd,the free21ng.front in the frozen 5011 As the

v oice Veins grow'fn the already frozen 5011 th1s soil

attr cts water from the frozen 5011 cau51ng a decrease 1n

Kay and Greenevelt (1984) studled solute red1str1but10na"
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o

vo;d rat1o. Thls overcohsolldates the 5011. He states that
i

as pore water moves from the clay to the 1ce ve1ns, some- 1on

reject1on would be expected at the contact. ThlS 15-

'.suggested as the 50urce of the ox1dlzed coatlng frequently

f observed on thawed clay blocks after exposure to air.

Chamberlaln (1984) compared closed system frost heave
exper1ments on 50115 saturated w1th fresh water and sal1ne
water. The magnltude of frost .heave in the 501ls saturated
w1th sa11ne water was markedly lower than in soils saturated
w1th fresh water. Chamberlaln presents a model s1m11ar to

that of Kay and Groenevelt (1984) to explain the results._In

* the experlments with 5011 saturated w1th fresh water he

noted that the water content 1n the soil on ‘the - warm 51de of

“the " 1ce lens decreased to the plastlc 11m1t. In the‘

fexperlments on sallne 501ls the water content on the warm

side actually 1ncreased He concluded that 1n the saline .

501lslthe'water‘that formed the segregated ice lenses had
been provided‘byNthe'501l in between thevlenses,.wh1le'1n

the fresh‘water SOil thlS water had been drawn from the

unfrozen 5011 on the. s1de of the ice" lens where the ARV
temperature was h1gher (warm 51de)
2 2 Electro osm051s 1n frozen so1ls )

As 1nd1rect proof for the mob111ty of unfrozen water 1n

'-50115 below free21ng temperature Hoekstra and Chamberlaln

%
(1964) condpcted electro osm051s exper1ments*‘Con51derable

?'water flow was 1nduced by apply1ng a voltage grad1ent across

-



a trozen‘soil‘sample. fheir data‘isfpresented iﬁ Tablemz'iﬁh
However; the m01sture mlgratlon was only one part of the .
'-observat1ons made, the other part can best be descrlbed in
.the authors' own wordf.
| In1t1ally,'the film of‘nnfrozen ﬁater isein
'“‘equlllbr1um w1th 1ce 1n the sample, but when the
unfrozen water is transported from the anode reg1on '
.the film of unfrozen water:rs depleted, It_1s
‘replen1shed by the meltlng of ice'in that;region.'in
" the f1nal state’ all ice is remoned‘from'the'anode.'
“region and large bodles of ice'are formed in the
'v1c1n1ty of the cathode. | |
'The 1arge bodles of 1ce are ice lenses. Th1s observat1on is

. 1mportant because 1t shows that applled thermal grad1ents

. ¢
are. not requ1red for ice lens formatlon w1th1n a soil.

2, 3 The wOrkman—Reynolds effec:\\‘ ;ejv“v:fjﬁ e

. Another set of noteworthy observatlons is that related
dto the Workman Reynolds effect or f::gilng potentlals 1n-‘
";pure solntlons (Workman and Reynolds, 1950).,A comprehen51ve

review of this work is g1ven by Gross (1968) A‘typ1ca1

‘experlm@ntal set up is shown in Flg 2.1. A solut1on 1sv

;fplaced in a beaker, the bottom of whlch i ually made of -

;rplatlnum The bottom is connected to a,re er‘ r at a

temperature below the free21ng p01nt of the solutlon and it

;acts as both heat 51nk and electrode. Another electrode is

' lowered 1nto the solut1on,'enabl1ng potentlal dlfferences to :

AN
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be measured-between the frozen and unfrozen parts.vCharge

"transfer can be measured uS1ng a re51stor orfshunt placed 1n»

‘fparallelﬁwlﬁh the solutlon. Important observatlons from th1s‘

‘research were: - g £,' ‘

,1,' H1gh freez1ng potentlals (up to 200 V) peasured‘fﬁ
-inb d1lute solutrons depends on the type of salt ; v

fconcentratlon, and rate. of free21ng

2. Substantlal charge transfers were measured when u51ng an:

experlmental set up 1nclud1ng a shunt. |
' A descrlptlon of the process 1s glven by Gross (1968, P.
‘33 -34) (GROUP 1 SOLUTES are alkal1 hal1des and ammonlum
_fluorlde.) For brev1ty reference to flgures 1n the orlglnal
article 1is replaced by 1";' |
'"GROUP 1 SOLUTES The an1on 15 preferentlally o
1ncorporated into the solld Charge balance: 1s
'":3restored by hydrogen ions. The number of hydrogen
»tlons transferred 1nto the. 1ce equals, w1th1n
.experlmental error, the number of charges
transferred accordlng to the current record The
”fdlfference between solute anlons and solute catlons'
’L1n the ice increases wlthwdecreas1ng free21ng
‘rate....The anlon concentratlon 1n the_lce, and
:therefore the over- all 1mpur1ty content 1s‘affected
llttle or not at all by a 1ow re51stance S '”p
jmshunt....but the solute catlon concentratlon

decreases apprec1ably in favor of the hydrogen

ion.,,r Th1s dlfference,between.samples grown-wlth

N s



and‘those githout shunt decreaSeS‘as the sample
.length‘(xesistanCe)'increases; It also'decreases‘
w1th freez1ng rate...r ThlS suggests that the degree
“to Whlch solute catlons can be re)ected by the sol1d.
*phase depends on the rate at which hydrogen 1ons can g
'be made avallable to restore electr1cal and chemlcal’
,;neutrallty Pbr thls neutrallsatlon current the~
. shunt prov1des an alternate path whlch under certa1n
:condltlons has a_ lower re51stance than the path

'through the 1nterface.

"‘f2 4 Freez1ng potentlals in soxls
- Free21ng potentlals in so1ls are. measured w1th a hlgh
'1mpedance voltmeter between electrodes that are embedded 1h
“the 5011 Shape and comp051t1on dﬁ electrodes, and type of
voltmeter are 1mportant factors, .but are often not reported
f_1n the 11terature.' , .
| Measurements of freez1ng potentlals 1n frozen 501ls
have been'carrled out by. Jumikis (1958,1960), Yark1n (1978,
T1986)‘ Hanley and Rao (1982), Hanleyv(19E5)’ and |
Parameswaran and Mackay (1983) Potentlals developed durlng
thaw1ng of frozen ground have also been reported by
Parameswaran et al (1985) .
'f Jumlkls reported free21ng potentlals of 40-120 mv in a
‘Silty glacaal outwash-501l Jum1k15-(1958) called th1s- “:
jelectrlcal potentlal Q'secondary or 1nduced pob&nt1al

contrast w1th a prlmary potentlal wh1ch is appl1ed ~"f

-



externally to the system (e. g the.thermal potential appiled'
to a freez1ng soil). He also stated that the 1nduced |
potentlal may act, and contrlbute to the m01sture flow, in
dxthe same d1rect10n as the flow which caused the prlmary
.potent1a1~ Q: At may-act in the opposxte dlrectlon..whereas
-the above was a general statement, Jumlkls (1960) dlSCUSSGd
the problem in moré deta1l He compared the electr1cal
freez1ng potentlals w1th stream1ng potent1als, whlch are
uelectrlcal potent1als genecated as‘h consequence of water
Vdflowlng through the 5011 system.»Theyvtherefore 1mpede waterbr’
"rf1ow.,f' e |

| | Yarkxn (1986) studled free21ng potentlals in a varlety

of 50115, such as. sand flne sand and clayey 50115.

Ty

'-‘mfAccordlng to h1s study the%e 1s a strong dependenqe of the

":potentlal became smaller as the dlstance between the

g,change

hmeasured free21ng potentlal on the water content. of the

.f: o?l as well as on the freez1ng rate applled to the 5011
yHe also notlced that the 51gn of the free21ng potent1al was.:
'd1ff6rent for sand and clay. The electrlcal potentlals were:o.l

fmeasured w1th electrodes at dlfferent spac1ngs- the measured

uD"

electrodes- ecreased. Yarkln concluded that the w1dth of the?V

'}hreglon in hlch a sharp change in electrlcal potentlal-
‘occurred was a out 20 mm, and dellneated three reg1ons of

it potent1al near the freezlng boundary.

-

h“d_These reglons are (F1g 2. 2): IR ST S

Yor .

':l.!ia Jump of potentlal whlch may be assoc1ateé wlth the~

,phaS-fboundary.
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'2{" ‘a, reglon of llnear change occu‘ 1ng a. w1dth of about 10

mm in e1ther the frozen or unfr ' portlon of the - soxl

'sample. o

3. a.regionﬁof smooth’ slowe%" Y of the potentlal,
t.d1fference beyond'the linear regxon.. o
ﬂere argugd that dependlng on the soil type, type of freezlng
rlexperlment and molsture content of the soil, the electrlcal'
: ‘potentlal of-the unfrozen-part becomes p051t1veior hegative
_compared to the frozen part 1n the case of p051t1ve '\ .
potentlals m01sture mlgratlon towards the free21ng front 1sv

-,

1nduced in the latter it 1s h1ndered ‘ '
Hanley and Rao (1982) measured the freez1ng potentlals
of clay suspensrons,:and proposed a mechan;sm, whlchhthey |
uyerlfled experlmentally. Thelr model 1ncludes charge:,
-transfer 1n the freezzng so1l However, they assumed that
the measured potentlal is d1rectly proportlonal to the'
‘charge den51ty, an assumptxon that cont@adlcts the Nernst;"‘
‘equatlon for pure electrolytes, and 1s 1ncorrect 1n clayt
'fsuspens1ons.bAs a consequence thelr model 1s 1nva11d
Parameswaran .and Mackay (1983) conducted a field
'rnvestlgatlon,.measur1ng electrlcal freez1ng>potent1als dn
the act1ve layer at - locat1ons ‘in the Northwest Terrltorles.‘

Potentlal dlfferences of 1350 mV and 650 mV 1n saturated

sand and 1n 51lty clay respectlvely, were recorded These

-

’*quaxlma occurred close to an advanc1ng free21ng front.

Parameswaran @t al. (1985) measured potentlals in

.thaw1ng 5011 in the fleld The reported potentlals vere - of
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the same magnltude as the freez1ng~potent1als reported 1n

Parameswaran and Mackay (1983) The maxlmum value ‘measured

in clay was 540 mv and 180 mv in sandy gravel .The authors*"“

wondered whether the thawlng potential is actuallg the
reverse of - the free21ng potent1al without rEachlng a
concluszve answer.

TN

2 5 The nature of electr1c potent1a15 in so1ls

. Work on unfrozen 30115 can. shed llght on the nature of

electrlc freez1ng potentlals in partlally frozen 50115.
Electrlcalmpotentlals in 50115 can be caused by several
mechan1sms- four are llsted below. | {f |
‘1.; Concentratlon dlfferences in pure electrolytes cause
Jpotentxal d1ffereﬁces accofdlng to Nernst law aS"
'dlscussed in any ba51c chemlstry textbook (301kess and
Edelson, 1978). .’{” . |
2,;:The'chargerof clay:partlcleSNCauQES-a.Donnan'potential
-Vor membrane potentlal between a clay suspen51on and thel
supernatant llqu1d ( van Olphen v1963)\
a 3; “Weather1ng or age1ng of 5011 may causeiv
oxldatlon redudtlon potentlals‘ these are descrlbed by
‘;K'Veder 01981) and\olsen (1985) k o _
t'.;;':The flow of llqu1d through a clay systg@ under hydraullc
‘ ‘bgradlents causes stregm1ng potentlals to occur Values |

/

of several 10 s Ofng may occur (Mitchell 1976)

The ‘Donnan potentlal warrants some add1tlonal
1nformat10n It has been dlscussed by Peech et al. (1953),

w
A
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vbut; the issye is'stillfconfused as can be exemp11f1ed by
_\“more'recentrarticle by Elrick et al (1976) deallng‘wlth the.
TSame problem Elrlck et al\cmeasured the potent1al drop over
‘a clay’plug placed between two baths w;th electrolytes of

dlfferent concentratlon. They measured potentlal dlfferences

up to 110 v, varying as flow through the clay was.. 1nduced""‘~

The authors dlsqu551on 1s quoted in the follow1ng
"The effects observed . are compllcated and. wxll
be 1nterpreted from a phy31cal p01nt of view. There

~r

e three components to AV The f1rst arises from

symmetry veae and can be neglected The second 1s.
due to the concentratlon dlfference across the
_ membrane. The third component is due to the -
dlfference in the transference number of catlons ;:d
‘*enlons. Although the moblllty of the cl’ 1s sllghtly
higher than that. of the Na* . tzijnumber of Na" _1ons
‘outwelghs that of Cl Thls ma es the transference‘
, number of Na much larger than that of Cl .,Thls
: omponent we refer’ to as membrane potentlal". Thei
second and thlrd effects are add1t1ve when measured
‘with an electrode pa1r rever51ble to the anlon
"d(Sha1nberg and Kemper, 1972) The observed max1mum .
. ;AV of about +110 mV we 1nterpret to be composed of
: about 59 mV that arlses because of the 10~ fold f~‘
concentrat1on dlfference ‘and a further contrlbutlon

because of the 1on selectlve propertles of the

montmorlllonlte

oS



IR I T

with "aSymmetry"'the authors describe the fact'that"the £wWo
. ! /
'.electrodes may not have exactly tne same comp051tlon

.

' Examples of oxldatlon reductlon potentlals and their e
l:tonsequences can be found in Olsen (1969 1985) and Veder
;(1981) Olsen studledUthe transport of water and charges -
fthrough sqturated'kaol1n1te. A problem is theaoccurrenceﬁof,ta,~
'water flow when ng external gradlents are aﬁplied,.and"
alternat1vely, the ex1stence of: gradlents when;nonlow,ﬂ,.. a
g occurﬂT‘Thls has 1ed to much speculatlon..olsen (1985) . |
suggested that//}ectrochemlcal gradlents generated by
chemlcal reactlons w1th1n the sample could be the cause of
thlS dlscrepancy When né flow of water occurred and no.
hydraullc gradlent was applled Olsen (1969) measured
\\\fle"trlc potentlals in the order of some mV for kaollnlte
Note though ‘that these experlments were conducted WIth a
zrelatively"pure m1neral In'natural 501ls one should expect
con51derably h1gher values, espe01ally 1n a 5011 w1th a h\gh
organlc content in whlch ox1datlon reductlon reactions are
ommon, as po1nted out by Lessard and MJtchell (1985)

- Veder (1981) . suggested that oxldatlon reductlon
reactlons w1th1n a 5011 mass may cause water m1grat1on,,ﬁ
whlch may 1nduce landslides. Some neactlons that occur
commonlyrlnr501l are descrlhed.ln h;s book; as well as(1n;

f.Lessard;and-Mitchell (3985) An.example of‘a‘verw common ,‘
reaCtlonﬁls the oxldatlon .and reductlon of iron w1th1n the
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When dlscu551ng electrlc potentlals in 5011 Veder'

attrlbuted those entlrely,to oxrdatlon reductlon reactlons.
v . PR .
i Obv1ou§ly thls 1s not a correct 1nterpretatlon as the Donnany

" potential was %’nored Accordlng to Veder, large ]umps in
:the measured potentlals took place’ espec1ally between 'soil
:layers of dlfferent comp051t1on.»1t was between layers of -
dlfferent comp051tlon that the Donnan potentlal comes 1nto
play For 1nstance, the potentlal d1fference between a layer
of chemlcally 1nert clay and chemlcally 1nert sand wag

_}completely accounted for by the Donnan potentlal and may be'.

) of the order of some 100 s of mV » p"i

[

, Conclud1ng,_ox1datlon reductlon reactlons may cause

potentlals in 501ls. These potentlals depend on the

concentratlon of the pore water and its compos1t10n values.

of several 10° S of ‘mv may - be expected

“After th1s short review, one ‘tan contend that an

-

accurate quantltatlve analy51s 1s not ava1lable -at present.

3

‘LA comblnatlon of all four effects constltutes the measured

electrlcal potentlal in a«free21ng so1l " As the contrlbutlon

of each component of a clay 5011 on the free21ng potentlal
is 1mp0551ble to determlne, the meanlng and consequence of

the free21ng potentlal is hard to ‘evaluate in 501ls with a

~

) -

K

'significant clay content.



'T;blé'E 1 Electro osm051& in frozen soil

'Hoekstra and Chamberla1n
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(moaified from

glnitial and final water cdntents (weight-of‘water'pEr‘weight

of clay x 100 per cent) after the frozen sample was exposed

- to an. electrlcal gradlent of -

Soil .

fwyoming

- Bentonite

NeV
Hampshire

Silt

-

Tenpef&tur:

-2.0°
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S5

-1.0

C
°C

°c

Q‘C. A

Inivial water

- 30
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j:-“‘f
i
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265
28

Final water’

Content within
1. cm f(rom. Anode
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P

134

27

'3'2‘.

1 V/cm for 24 hours.'

Final wWater"
Content within
! .cm from

" Cathode

456

310 -

.32

40
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' 3. An'electric source.in freeajng soil.;ﬂ .. _i o
_ v L .
3.1 Introduction
In this section an electric‘soUrce'within a freeaing
- soil is postulated,vimplYing thatyeleCtro-osmosiSLCan take

Tkv'a . -
_ . SR o o Y, : ‘
place in a freez1ng sail. Ev1dence for the existence of such

‘an electrlc source is prov1ded As the 51ze of th1s'
'electr1cal source™is unknown, and 1s expected to extend over
rather l1m1ted dlstances,,the 1nf1uence of the151ze of the

electrlc source on water transport w1th1n a 5011 1s studled
£

k-theoretlcally and solvedu51ng a finite d1fference program.‘
It is. concluded from thlS aﬁgly51s that the eff1c1ency of
electro osmos1s 1s not adversely affected by close electrode'
.'spac1ng, which suggests that the dLmen51on of the electrlck\l?;
‘source has llttle 1nfluence on the process. |

If electro- osm051s takes place to any extent in
"free21ng soils 1t follows ‘that the Clau51us Clapeyron - ’ 'f”*
. J ’
‘equatlon should not explaln all phenomena in. freezlng soils.

It is demonstrated that the pressures developed in SOllS

@._\

:overconsolldated due to freeze thaw effects can not ‘be

'explalned w1th the Claus1us Clapeyron equatlon. It is

E]
—

'fsuggested that electro osmosis may cause high consolldatlon

pren

stresses in free21ng so1ls. Ev1dence of hlgh consolldatlon
%

stresses due to free21ng is presented

“

18
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»3;2.Identification.of"an'electric‘source;

When an external electrlc current is- applled to a
'frozen 5011 sample con51derable water red1str1but10n, and
ice len51ng, ‘may occur as p01nted out in Table 2 1. If an, -
i1nternal source of electrlc current exéfts in the free21ng
SO11 part of the ice len51ng process would have to be
;ascrlbed to electro osm051s. S1nce no obv1ous electrlc power"
source'ls~ava11able in thermally,lnduced frost-heav1ng. )..
Howevever;.%p this chapter‘a'pOSSible internal‘electric
csource will be 1dent1f1ed For thls purpose the free21ng
potentlals in ‘dilute solutlons, d}scussed in the preulousy
'chapter,bw1ll ‘be returned to, wlth‘spec;al rnterest dlrected
.to‘the charge transfer mechanism between the frozen and
unfrozen solut1on. | |

Gross (1968) explalns the development of free21ng
,potentlals and charge transfer 1n solut1ons. Electrlc
potentlals are generated because 1ons are selectlvely
reJected as a solutlon freezes, and replaced by hydrogen
"‘1ons 1n of%er to retaln charge balance w1th1n the frozen %,
solutlon. Charge transfer,.a;,well as the number of ions.
replaced by hydrogen, is stro ly dependent on the‘
c»avallablllty of hydrogen 1095 w1th1n the solutlon.

Charge ‘transfer can be 1ncreased by a slow free21ng
‘rate ‘or by the 1ntroduct10n of a- shunt. The shunt may be
‘external or 1nternal‘ an. 1nternal shunt is a metal rod .

‘placed ‘in the conta1ner in whlch the free21ng experlment

takes place A shunt bas1cally forms a short c1rcu1t between

A N
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'cthe frozen and‘unfrozen SOlUthﬂ. A slow freez1ng rate
allows hydrogen ions to dlffuse towards the free21ng front
(Gross, 1968) When an external shunt rs used H2 and 0,
:deyelopment may be-dlscerned‘at the anode and cathode
respectively,laccOrding to the schemeuin'Fig 3.1,

The same mechanlsm probably takes place in free21ng

so1l durlng ice lens f

.;nfluence.on soil

jreez1ng Wlll ] dlSCUSSEd below.

" Thg h1 h potent1al d1fferenc s in dxlute solutlons are
susta}ned b se the electrlcalvconduct1V1ty of the system

is extremely low' in partlcular the conduct1v1ty of the ice

solutlon 1nterface is thought to be ver
a8,

1974). ’In so1ls thlS ae>1n general not ' the mineral

W

A s
skeleton, 1nclud1ng the water of the d ble layer, forms/a_N

‘-matr1x of relat1vely h1gh conduct1v1ty e solutlons
;have a.well defxned\free;lng lnterface, while this is not
the case for soils. TheIeXistence of -a frozen fri ge in
50115 is well establlshed e.g. 'Boothb(lé82) and enner_x
(1986) . As a consequence it is: hard to 1mag1’ fnterfaoe
':between ‘the ice lens and the soil ma:_f“ t 1s abrupt and
of high electrlcal re51stance as one’ flnds 1n dllute |
solutlons. One can. v1suallze the 5011 partlcles actlng as‘
.small 1nternal shunts. Th1s would explaln the smaller values
'of the electrlc free21ng potentlals in 501ls...v.9

g When water molecules break up to form hydrogen and
”‘oxygen 1ons, the hydrogen 1ons moveJacross the phase_ f

.d}boundary 1n§a the 1ce. When thxs process takes place 1n..

o



v

'fzons, is actually under way It iS-notkﬁggf’.A

! ) gt
);f? & &

- X te 4 SN
an 1nd1catlon of the drstance that ;he hydrog* ong "hay

travel through the unfrozen 5011a The only data on the
Q‘

-y b

~dimension of an electrvc source 1§ £1§en by Yark1n (19i!”‘

-,

he found that the changes 1n ele@%&acfbotentlal 1n a, ag 4

o af. ‘
R A &
free21ng 'sand took place 1n a reQ: ﬁﬁﬁfh a thlckness oféﬁO ‘

NG l'i u“x ". RS o

‘-

. . . A d . B
. : Ly ! . ,J« 7 ' .
mm. g o o - . R “ . R

However, the dfypéhce over'which the'electric potentialf

drop‘bccurs does not necessarlly 1nfluence the eff1c1ency of' w

~ the mechanism dramatlcally In the follow1ng ‘section this.

problem will be dlscussed 1n,detall. - . . &

~

3. 3(Electrode spac1ng and electro-osm051s

‘Analytlcal solutlons for electro osmotlc consolldatlon

'problems are presented by Esrlg (1968) However ,only the

consolldatlon of 5011 between two rows of electrodes 1s.

-~

3Wcon51dered .a; it is assumed that no water flows from beyond

the anode (F1g 3. 2A)

B]errum et ‘al. (1967) descrlbe an appllcatlon of

«’electro-osmos1s, and . from thelr-results it can be seen.that'

the flow of water from the area beyond the anode 1s

"anode3§E1g. 3.2B).

'cons1derable. ‘No solutlons are avallable in the llterature.

for a confxguratlon where water flow is: allowed beyond the



The velocity of water flow by electro—osmosas 1s' .:“

A solutlon to thls problem will be prekented 1n th1s

' sect1on. The assumpt1ons madeaare those llsted by Mltchell.

(1976):
1. _Homogeneous and saturated soil. ; ‘Fw
2. The phy51cal and phy51co chemical propertles of the 5011

are un1form and constant W1th t1me ;' : '
3 w
No 5011 partlcles @re moved by electrophore51s.

dlrectly proport1onal to the voltaqe gradlent

All the appl1ed voltage is effectlve 1n mov1ng water.

The electrlc fleld remalns constant w1th t1me. ’

,hThe coupllng of hydraullcally— and electrlcally- 1nduced‘
*ﬂflows can be descrxbed by equatlons of 1rrevér51ble

-thermodynamlcs, (see Mltchell,_1976).. ] ﬂg' 

There are no electrochemical reactions.

4

Based on these assumptlons Esrlg (1968)VdeveLoped'the

aftformulatlon u51ng the follow1ng symbols.

<
< .
N

pé'
"

e ‘veloc1ty of water due’ to-é{§ftr1c grad1ent'

<
El
1]

velocity of‘water due to*hydraul;c_gradlent;

'k = coefficient of hydraulic"bermeabilityﬁ%

o
]

ef coefficient of-electroéosmoti@ permeability;

unit‘weight~of water; éb |
-V = voltage dlfference applled
u = pore pressure' ’.fQF : )‘ B
c, = coefficient of consﬁ‘o“lida‘tion c = r-ﬂ‘:y S

] L
 —g - AN
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M= coefficient of compressibility;
: tE = variable defined below; -
t =time; . |

distance;

> v
H

d = distance between eﬁode’and cathode;
H =A..height of sample; . @
L = length‘of sample;
1= I: - 4;
e . l‘ .
av | '
ve = Kk, 3%
g =k 2u o
Ty, 0x ‘ :
ave . ‘th _ _a—g &
- OX ax " ot
SR LR TEN
a;‘ k- Yv-ax c, ot
Ckeve o
- k ... U
..-Cvaxg e o (e = 0 :

The only dev1at10ns from Esrlg s fﬁgmulatlon are the

N
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[3.1]
(3,21’
[33]
[3.4-1

[3.5]

13.61

'b undary condltlons. The boundary condltlons con51de?§d 1n

_th1s study are (see Flg 3.3);

‘At 't = 0, o



0., u.= 0., £ = 0.

é; 1< 'x\'<__L,, v = 221 u =0,

1. 0<x <1,V

L ]_ max’

Choose V ax such that Emn T Vnas = =100,

\ © e

. . <
o » ) )
At t = ¢,
. - . : /K‘ S g’.;‘.\
." x = 0., no inflow of water, %§ =
éyi x = 1., continoity.of‘flow,_{ [
3. x = ﬁ;vno.pressure.bui;d up,{z'; constant 21-106.

' gt is also assumed that the permeability of the electrodeés
is chh”thatgthey“do not influence'the flow of water in any

*

manner. . -
. ~N

‘As the boundary conditions are rather}COmplex, the
method - of f1h1te dlfferences which is 51mple and stralght
forward to- carry out was empﬁ@yed to solve thlS boundary
value problem. A computer-code was.wrltten for thlsApurpose‘
and 1t is. presented in Appendlx A,

It may be useful to recall that thlS problem was '
studled to 1nvestlgate the 1nfluence of electrode spac1ng on
water redlstrlbutlon w1th1n a sample, due to an 1nternal

’

electrlc source ex1st1ng 1n_free21ng soil for whlch the

'phfsig;l extent is‘unknown. Three valdeswfor.the'prOpOrtion
““of the spac1ng between the electrodes (d) “and tbe lengtb;of

r,;the sample (L) were studled d/L : 1.0;,0.5;'0.1F”The. o

calculatlons for these values give an appreciation of the .

_ fo |
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influence of electrode spacing on-the water transport within
'a sample. Results for each case gie presented in Figs.
3, 4~ 3 6. For a sample of a constant 512e,'1n wh1ch the

, dlstance (d) between the eletrodes is varied and the cathode

.1s flxed at the end of the sample, the conclu51ons are
\ ~
summar1zed below As a check of the compquflonal procedure
' <
it is 1nterest1ng to note that F1g 3.4 should be,éhe same
‘L_/ .

,Tas Flg 15.18 in Mltchell (1976) afte_

ome'accommodatlon in
the nomenclature : ' - '\ ?
A comparlson of the percent consolldatlon, or average
-/

_consolldatlone is. shown in Fig. 3.7.,The_"t;me_constant" is
l;deflned as T, =i%?:%, the averagexconsolidatlon lsvdetined
" as 'in Lambe and“Whitman (1969, p. 41C). Note that the
,consolidation occurs faster:as the”distance between thef
'[electrodes decreasesta '@E. : |

"The volumetric'strain 3wh1ch can be 1nterpreted as
water flodﬁﬁwhlch for thls study is of more 1mportance, for
‘;the three caﬁ?s is shown in Fig. 3.8. The, total volumetrlc
straln is- deflned as the consol1dated volume compared to the
\\\otal 1n1t1al volume‘of the sample. It.IS'remarkaole that
the volumetrlc-stgaln for closely spaced electrode§)1§
v'con51derably higher: than for w1de%§rspaced electrodes,'am?
nthls effect is more pronounced at small t1me constants
It is 1mport;nt to note that the veloc1ty of water flow
'by electro osmosis’ 1s assumed to be d1rectly proportlonal to.

the voltage gradlent;§ In the cases outllned the voltage

grad1ent 1s the rec1procal of the spac1ng between the .

1
»

-+
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’ electrodes; From the figures, however, 1t is’ p0551ble to
qcalculate water flow for other conflguratlons (for example'
constant voltage gradlent but different spacing)
Before further dlscu551on of electro OSmMosis 1n_‘

freeZLng so11,=the Clau51us-Clapeyron equation and its .

application in freezing soils will be outlined.- -
v r,if ' . . o ’ o i
LI C : - ' . _
- 3.4 The Clausius-Clapeyron equation;' .‘ RPN
The Clausius- Clapeyron equatlon descrlbes the pressure
- and tempereture dlfferences,betweeﬁ%twosphases,fori} systemwv
in equilibrium. Addiscussion'ofuthi ‘Equation car be foun
1fin'gdietson‘and‘Andersonv(1943) andeiller (TQSO).
Althoughhequilibrium is:formaiiy required, the equat1on
:has been. used exten51vely for free21ng s01ls, whlch is
':1ndeed not an equ1lgbr1um condltlon. With some reservatlon
Thowever, the ‘use of the Clau51us Clapeyron equat1on is d,;;
?"accepted (KOH?E?, 1980) . Usually it 1s used with P, = 0.(P,
- pressure'in ibe) when no overburden pressure 1s applled
or P equal to the overburden stress (see for 1nstance Lowv

et al., 1968a; ‘and’ Mlller 1980) d 3 o .

P

Here, the use’ of the Clausius- Clepeyron equatlon 1tself
415 not under d1scu551on. However, 1tzw111 be shown that the
.'Clau51us Clapeyron equatlon is not capable of explalnlng

some phenomena observed durlng 5011 free21ng
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3.5 Consol1datzon due to freez1ng and thaw1ng
- The consol1dat1on of soil due to free21ng and

subsequent thaw1ng is a well known fact -and although it has»

”

[N

- even been used for pract1cal appllcatlons (e g. Katz and
) Mason,’1970) the mechanrsm 1s-not well understood. First
A . :

some laboratory results w1ll be dlscussed then one.

remarkable fleld example.

: - e ' ‘ \
3. 5 1 Laboratory e;;mples - _ .p/ﬂ_
leon and Morgenste;n (1973) studled the re51dual
stress 1n 'soils developed. due to free21ng apd thaw1ng They
presented a mechanlsm whlch explalned the processes that
occur in the free21ng soil. Thelr mechan1sm 1ncluded
‘consolldatlon of the 5011 due to freevlng
f./ﬂ : Chamberlaln and Gow (1978) and Chamberlaln and Blouln.
. (197§J studled the change of the macrostructure of a 5011 as
g a consequence of free21ng They suggested that -
overconsolldatlon occurred ‘This overconsolldatlon would be"
accompan1ed by macroscoplc cracks (shown 1n thej? plctures)
f1lled w1th 1ce lenses, and on a mlcroscoplc scale partlcle
rearrangement would occur;
| Chamberlaln (1980) 1ntroduced Casagrande’s emplrlcal
A approach (Casagrande, 1936) to derive overconsolldat1onk
o stresses from vo1d ratio - effectlveistress measurementsh

§71’_

“Th1s method allowed the overconsolld tlon stresses in the
AP

'mechanlsm proposed by ‘Nixon and Morgenstern (1973) to be

quantlfled He presented two examples in. whlch thlS method

P - .tliﬁ&*

PRY . \

-
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was used. Overconsolidation pressures of 240 ahd 660 kPa
were ‘attained after 3 and 4 freeze—thawbcycles i Ellsworth:_
‘clay which had been 1n1t1ally consol1dated to pressures of

16 and 228 f%a respectlvely
b .

Pusch (1977) 1nvest1gated the change in mlcrostructure
of two clays as a consequence of freezlng, one consisting

malnly of carbonate m1nerals, 1111te and quartz' the other

of'feldSpar, quartzland*illite.'The salt content of the

L e

clays vas respectlvely lower than 0 5 % and approximately -

3.5 %. fne sﬁhple of each clay type was frozen 1n llqu1d
nitroge (qu1ckly) and another was frozen relat1ve1y slowly.

"'The dlfference of the subsequent m1crostructure was

=

,apparent w1th the slowly frozen samples showlng prolific
domaln format1on, which was rel ated to consol1datlon whlle'
the structure of the rapldlf frozen samples was supposedlyl

]

not altered 51gn1f1cantly Clay aggregates were mostly

\ﬂ_fpreserved wh1ch accordlng to Pusch 1nd1cates that

‘,Entra aggregate water d1d not: freeze, and was not tranferedd

to" the freez&ﬂg~zone to any great extent. Anoth:r

' observatlon that can be made from thlS data was that the

rate of free21ng 1nfluences the- development of'

:lmlcrostructure w1th1n the f1ne grained soils%s.

' Q' The formatlon of domalns of soxl part1cles as a

consequence of freez1ng seems to be in agreement w1th

observatlons by Yong et al (1985) who observed a decrease
/

of the liquid l1m1t due to repeated free21ng " The l1qu1d

l1m1t decreases as domalns are formed They do not break

5
¢

o



apart yhen‘water is added and the soilkis remoulded.
Tsytov1ch (1975) stated that 5011 in between 1ce lenses
may be consol1dated up ‘to the p01nt when it reaches its :

plastlc limit. This, 1ndeed 1mpl1es the development of very'

' hlgh stresses.

3. 5 2 A f1eld case_'

A remarkable and well documented example from the fleld x
hlllustratlng the very hlgh consolldatlon stresses whlch can
:begreached byvfree21ng is presented\by Chamberla1n et al.
(1979). Clay found in the Prudhoe Bay region was o
overconsolldated up to 3800 kPa. Sellman and Chamherlaln d
(1979) added .some 1nformat1on to the study prev1ously c1ted
They reported that the detegmlnatlon of the pre nsolxdatlon
'pressure ‘was dlfflcult as,the v01d ratio - logéygfective
stress curves did not Qaye a sharp well deflned break The

maxlmum preconsolldatlon pressure in this report was

'.determlned to be 1900 kPa for a 51lty clay, 1nstead of 3800

~ kPa reported earl1er. In the sandy 51lt the preconsolldaglon

pressure was- @UO'kPa They also reported a hlgh areal

. v.varlab111ty in the preconsolldatlon pressure. From geologlc

o and cllmatlc ev1dence the authors concluded that

consolldatlon could only be ascrlbed to freeze- thaw
"phenomena, with ‘minor contr1but1ons due to chemlcal and
'loadlng effects. A dlscu551on of other processes leading to

apparent" overconsolldat1on is glven in Appendlx B.



'3.5.C1ausiuSﬁClapeyron andﬁoverconsolidationr

| The suctions in freezing.sci;s are usually completely
interpreted asioccurring due tofphaseﬂchange, andbpredictedl
. by the Clausfus—Clapeyron eQuationzl(e}é. Konrad andJ
Morgenstern, 1§805 |

. In thlS sectlon it is assumed that when no 1oad is.

applled the magnltude of the effectzve stress on the 5011
;skeleton and thecsuchon in-the soil water are equal in a
freezing'soil As a conséqﬁ%nce the calculated
overconsol1datlon pressures are upper bounds for those

e

actually exlstlng in a. free21ng 5011 ~When the pores in a

f,Jfree21ng soil. contaln both water and ice thlS is a

'7?pconservat1ve assumption in lﬁ%&t of the argument ‘presented
ihere. ‘A more correct approach is presented by Mlller (19?§
‘and is - dlscussed in Sect1on 3.8. o
Explanatlon of the- overconsolldatlon stresses in the.
Prudhoe Bay w1th the Clau51us Clapeyron equatxon is:

.1mp0551ble, as. 1llustrated below

The Clau51us Clapeyron equatlon can be applred in two.

1.4 1n the f1rst approach the pressure 1n the 1ce, P, will

’

be assumed to be known; the temperature at whlch
consolldatlon took place can then be calculated The ice
pressure 1s assumed to be equal to thk overburden stress

in the analy51s. PN S

2. in the second approach the free21ng temperature,ATA'is]'

assumed to be known and the pressure in the ice can then'a

c -
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befsalculated;i~‘

The first approach:

For the 5011 from Prudhoe Bay, the free21ng p01nt depre551on .

'iof the so1l water is reported to be T = -1.8 °C based on its

eléctrlc conduct1v1ty()Equat1on ( ,').in-Miller.(1980); o,
Y _ : gl _ - .

T = freez1ng tempepature {° C)

P, = pressure i ice (Eba)
P, = pressure in 5011 water (kPa);
My = osmotic pressure of the SOll water (kpa);
T = 8.2 x-qo"'?gd—nd)es.97x 10 tp, °c o 13.7]

with Py = P, = 0. ; I, = 2195 kPa.

1

For the conditions inpwhich'the overconsolidation occurred .

inpthe clayey silt,
ST : , §
Py = -1900. kPa.
P, = 200 kPa. &
1, =t2195 kPa J
T = 8.2 x 107" (~1900 - 2195) - 8.9 x 107 x 200.  °C.
T = -3.18 °C : '

- similarly for the conditions in which. the comsolidation
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occurred in:the'silty sand,

S

P, = —1600 kPa -
NP = 200 kpa AR
'nd3;‘2195-kpa" L | )

¥

T = 8.2 x ﬁﬁ“ —1%%5 - 2195) - 8.9 x-1o'° x 200, °C.

T = -2, 93 °cC. {'

- -

Jo

‘~_If the Clau51us~Clapeyfon equatlon is assumed to explaln the

behav1or of- the SOll consolldatlon would have taken place
~at a temperature of -3 18 °C in. the 51lty clay, and at -2, 93‘
%t in the . 51lty sand. Thxs is unllkely to be true; ‘the
unfrozen water content at'thls'temperature would be

. extremely small leadlng to.an . 1n51gn1f1cant moblllty of
pore water. ThlS argument is espec1ally valld for the s1lty
sand,layer (Mageau and Morgenstern,’1980),

The second‘approachf'

A temperature just below the freez1ng point depress1on of

the 5011 water at whlch thlS water 1s Stlll moblle should be

o

vt

. chosen.
Assume T = -2.2 °c.” T o R

Equation (11.5).in‘Miller (@980):h

P, = 0.917 x (P,~Ty) - -~1.12 10° x T kpa . [3.8]
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P, = -1900 kPa L,
m, = 2195 kPa; o
P, = *1199‘kPa;
From the discussion in Section 3.8 it follonsvthat,this”
-result is contradlctory to the stress d15tr15ﬁt1on in .
~ﬂ freez1ng 501ls.‘ N ‘ d_
o Th1s case study shows that the Clau51us Clapeyronv
equation does not sufflce to explain all phenomena 1n
(free21ng soils. Another example is dlscussed in the next
sectlon |
‘3 .7 Collapse of 1nterlam1nar spacxng o
An 1nterest1ng problem is the collapse of the spac1ng
between layers .in montmorlllonlte upon free21ng '
Anderson ‘and Hoekstra (1965) measured the d(001)
,spac1ng of varlous hom01on1c der1vat1ves ofvmontmorlllonite'h
j;u51ng X-ray d1ffract1on. Flg 3.9 shows the geometry of a‘
':montnorlglonlte crystal and clarlfles the terms d(001) and d
=.half d1stance. Cons1stently water-moved away from between;
the: 1nterlam1nar spaces when free21ng was - 1nduced vreduciné
the d(001) spac1ng\con51derably o o . : &!'
For sodlum montmorlllonlte at a’ nater content of 232 % .
. a decrease of . the d(001) spac1ng from 33 A to 19 A was:
observed On thaw1ng the process seemed rever51ble. In a

tsw»

;coollng cycle spontaneous free21ng oco,rfed at

o e, ’ $2e,
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“-5‘°C accompanled by collapse of the d(001) spaC1ng On
warmlng,whcqever, 1ce pers1sted till. a temperature of
-1 eC Qas:reaCHed “while the spac1ng/rema1ned 19 A. Another:
inoteworthy observatlon was that the water mlgratlon
‘assoc1ated w1th the collapse of the d(001? spacing occurred'
within 2 mlnutes. Other 1nvestlgatJrs arrived at the same
conclu51ons (e.qg. Ahlrlchs and Whlte, 1962). '
 Bolt and Miller (T956) and Warkentin etval (1957)
tprCViQed data on the swelling pressure; along w1thfa
calcalaticn proceaure) fdr,spdium‘mohtmorilleniter For - a
1§bil-§ater ccmpositionvof-10f:moles NaCl they focnd; °
swelllng pressures of | ) .

1o 1000 kPa for a half dlstance of 15'A

o

2. 2000 kPa for a half distance of 10

. 3. 5000 KPa for a half distance of 5 A

e : —_—)

:_d = half dlstance between clay 1ayers,‘- :
T w = water content'v | |
~'M = mass of clay,.

- concentratlon of clay per cent by weight; .

V = volume of free llqu1d~‘ |

'S'= spec1f1c surface area. Nl

The half dlstance is deflned as: ' ',. ; ' %}ﬂw
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.The'hasic finding of~the_studies quoted aboye wasgthat
the swelling pressure can'be'attributed»to the di%ference”ln
osmotic pressure between the 1nternal and external soil
solutlon. Double layer calculatlons allow the swell1ng%

'pressures for montmorlllonrte to be estimated with quite
'hlgh accuracy < - e A‘ . .
| Yong et. al.(1963) studled the relat10nsh1p betweem
swell1ng.pressure and temperaturerln the temperature,rangel
“from 1 to 23n°C The ‘swelling pressure decreases‘slightly |
with temperature, as. predlcted by the theory (Bolt and
‘M1ller, 1956)

O Apparently there is no reason wﬂy the results of
swell1ng pressure and collapse of 1nterlam1nar spac;ng can
not be related. R | |

| The'collapse ofvthelinterlaminar spacing can be caused
by,&wo phenomena'-y | | |
;I.u‘very hlgh p051t1ye ice pressures, pushlng the clay

e

.1ayers together,
'27 dor very hlgh negat1ve pore watervpressures, sucklngithe
| pore water from between the clay layers. :' i
The fir "mechanlsm seems h1ghly unllkely, as the sample was
th1 ;Sh not- confined (Anderson and Hoekstra, 1965) '\\\ o

mhj swelllng pressure can be- 1nterpreted as the
pressure needed to separate the clay layers, because that is

the basis of the theory as presented by Bolt and Miller

o
(1956) See Flg 3. 9 for a scheme explalnlng the loglc behlnd
thls, as well as Mltchell (1976 p 263) A d(001) spac1ng

\v
S
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of 19 A corresponds wlth a half d1stance of jUSt less than 5

-
o

A, as the thzckness of the montmor1llon1te layer is 9.6 A
Thls.means that negative pore pressures of more than 5000

" kPa occur when montmorillonite is frozen. Similarly-as for

e
the clay from Prudhoe Bay two approaches can be used, R ALEE
calculat1ng the 1ce preSsure be1ng the f1rst calculatlng

the.free21ng temperature the’ second.

The first apprbach giveé&

o
1]

0 kPa

-5000 kPa

0
Q
n

 which 4s cdntradictory to the temperature cited by Ander%on
.aﬁﬁ'ﬂoekstra (=1 °c). "

The - second approach glves (Fig. 3.10):

‘T'; i 6C S f: . : S .
Py = 5000 kPa

P, = -3465 kPa o

Some effort was spent searching for reported negative

presaures in ice, and none were found. The most common

assumption is- that 1ce is at atmospherlc pressure or at the ¥

oyerburdenﬂstress.'f



From the discugsion in the'hekt_settion it follows({that
‘ negative'ice pressures cannot exist. Therefore the

Clausius-Clapeyron equation oahnot'account for these high

Y

A
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overeonsolidation preSsures. which‘haVeﬂbeen obseved both in/

“the laboratory ‘and in the fleld Electro osm051s may,

however, explaln the observed behav1or.®

Cy

‘3.8, Effectxve stress 1ﬂ\freezxng so11

Mlller (1978) propos d a method to calculate the stress

condltaons for what he chlle

spil 1in

-contact,

is based on the princ

wh1ch all the p ar

a ©S soil. An. SS 5011 is a

rtlcles are in d1rect SOlld to SOlld‘

A
e.qg. dune sand jr a poorly graded 51lt The method

soils introduced by Bishoo ahnglight%(T96;).

‘Miller

* XaPq + (1 T x_a)pa

. . . o
[V A4l

hed o

total stress; . . L

ﬂ='effective'stre55°
o= stress partltlonlng factor in a1r water system[

'=ustress part1t10n1ng factor in ice- water system;

\

= pressure in air;

‘= pressure in pepre water.’

R
; ’.‘v :

£

proposed for a freezing saturated soil:

o -

of stress part1t1on in unsaturated
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s

o =0' + xPy + (1-- x)P, S T [3.11]

o

A 51m11ar formula can - readlly be’ adopted for any 5011

if themo/ntact between the partlcles is not solid to- sol1d

In unfrozen 50115 the. un1queness oﬁﬁx has been dlsputed

_However, it has. -no 1mportance whether X;. 1s un1que or not

for any soil, as long as 1ts value 1s between 0 %gd 1. the

argument presented here is val1d The formula is based on

the condltlon of- equlllbrlum “and that the ice can be

con51dered as a v1scous llqu1d

Returnlng to the Prudhoe Bay example, with o = 200 kPa

q'~ 200 kPa,.

ui_h“xi between.o and 1., and Py = -1800 kPa; P, should be

.ln

itive, which,is;contradictory to the‘pressures deduced

from the Clausius-CIapeyronJequation.

- | | 1
Similarly foc the stresses deduced fqr
montmorillonite ﬁrom Anderson and Hoekstra (1965) :
0 ;”xiPd + (1 —_x,)Pi
“with i between O'and 1., and Pd,- —5000 kPa, P, should be

J
J

p051t1ve whlch as contradlctory to tﬂe ggessures deduced

from the Claus1us Clgpeyron equat1on.

('_ N

LIN



..

It is remarkable. that Low et al (1968a and b) also
llnked the data of Anderson and Hoekstra (1965) and thosibof
Bolt and M111er (1956) and Warkentln et al (1957) in the1r

thermodynamlc model wlthout notlng any 1ncons1stency ‘This

despite the fact that they assumed the ice to be'under R

. r
a

"atmospherlc pressure, and having. the same thermodynamlc .

‘propertles as pure bulk ice.

Froétzﬁmhsbove discussion it may be concluded that tae
pressures in the ice in the cited examples had to be

positive.

3.9 Pressures in,the electro-osmotic model. - ' "
In‘this-sestion'a'consequence of the eleotro-osmotic
modéﬁ described prev1ously onxthe pressure dlstrlbutlon in

s )
)
freezlng 5011 is explored

The free21ng s011 can be represented by the model shown
in Flg 3 . As ice is_ formed cations are rejected f

instantaneously,_to retaln-charge balance hydrogen lons-:

uplgrate towards the freez1ng front cau51ng electro- osm051s._

s

' Between the external solution’ (see Flgs 3.10° and 3.1

termlnology from Gray.and:Mltchell; 1967) and the ice phase

‘}the‘Clausius-Clapeyron equation is validf(although the two

bphases are not in equ111br1um) Between the external“and the

1nternal solutron and w1th1n the internal SOlU&lOﬂ,
however the pressure dlfference is dlctated by .

electro osm051s. As the flow of hydrogen 1ons, and thus

'»water, is dlrected towards theklceJ the pressures of the“
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[

1nterna1 solutlon w1ll be lower than those in the external

‘“_solutlon Co equently the pressure of'the 1nternal solutlon
w111‘be lower than predicted by the4ClausiUSfCIapeyron
_equatlon. ' ;' } 7 - A '

That hlgh suctions can be generated in the 1nterna1

‘éolutlon‘may be demonstrated by the follow1ng example. The

' {maxlmum pore pressure developed due to electro osmosis is

'determlned by, the no flow cond1t1on-

e

Unax = T Yw ¥ [3.12]

1. . o . . s,

assuming, at a temperature of .say - 0.5 °C:
Sk =0.2 x 107° cm?/s v, from experimental results

reported later

'10-10 om/s‘ from Nixon (1987)

o
lI

ooV o=ty Volt over the frozen - unfrozen 1nterface

i

= 2000 kPa.
- ‘

. \ .. X
v : - - R )

. o R . B : -6 2, o
c, in frozen scoil is very low, c, = 10- -cm’/s from
’ . . . ‘ <

experiments reported later. As a consequence consolidation

will be slow.
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:3;i0 Conclusione

l “The two examples, soil'ffom'Pfu&hoe Bay and freezingnof
bentonlte,‘1lluétrate that ‘the consolldatlon stresses 1n?n
free21ng 50115 can t always be predlcted by the
Clausius- Clapeyron equatlon _Postulation of a charge‘
elmbalance between the frozen and unfrozen 5011 due to

, free21ng, analogous to- fré¥21ng of solutes, leadlng to

felectro—osm051s, may explain the observed stresses., ,
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Fxgure 3. 2 Boundary COndxtxons ‘in electro OSmOtIC problem,

A: after Esrlg (1968) B: condltlons assumed herg.
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' ELECTRO-OSMOTIC CONSOLIDATION

©
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u?iéﬁre 3.4 Electro-osmotic cpnsqlidatibn.diag;am for_d/L=T



46

ELECTRO—OSMOTIC CONSOLIDATION -
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assumed that -the Clausius;

3
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4. Experimental programme.

4. 1 Introductlon
In the experlmentia programme ele;tro osmosis 15
. _studled under varying. temperature condltlons 1n the

laboratory. .

8!
R The purpose of thlS programme was to find the

, eiectro osmotlc conduct1V1ty (k,) of frozen so1ls, and 1ts
var1at1on with temperature. To study the 1mp11catlons oi the.

bmeasured free21ng potentlals a better knowledge of the |

! i
phys1co chemlcal propertles of frozen soil is requ1red L

-

Electro-osmosis is also of interest for another reason. Like

o . ) . . . » . "
thermal gradients, electric gradients not.only cause water

©

Erozen soii they also induoe'the'formation

of ice lens: ’Bes1des the experlments by Hoekstra and

Chamberlaln (1964) no other experlments on electro-osm051s

in ggifen soil have been reported in the llterature.

gﬂ . .

.mﬂg Appafa:us~and sample preparatxon : ' R .
&.Geonor trlaxualrcell was modlfled for electro- osm051s

'e»pérlments at controlled temperature, Flgs 4.1 and 4.2,

Eor this purpose a piastlc ‘*ube with' rubber seals embedded

\

aﬂ]ln the top and@ bottom were placed 1n51de the cell creatlng

‘dbmtwo separate spaces. A dontmmﬂled temperature bath

.‘P»é&
c1rculat1ng fluid around thé&®inner chamber to control the

sample temperaturé ‘The temperature was malntalned constant

by pumplng a mlxture of glycol and water at constant‘



temperature at a rate of 1 to 2 lltﬂes per mxnute'whrough
this space. The mixture was kept at a\constant temperature
u51ng a Hotpack refrigerated bath circulator. Temperature
control in the cold bath‘was accurate to wlthln 0.05‘°C; and
was monltored with RTD'S'located in’the cold bath, c0nnected
to a data aquisition system The plastlc lines between the
.cold bath and the electro osmosis cell were 1nsulated w1th
foam of 10 mm thlckness. _ |

The inner chamber prov1ded space for a sample holder
?The sample holder consisted of a plast1c sleeve, one halfvof
which had a sllghtly greater 1n51de d1ameter than the other‘
creatlng a llttle r1m in the mlddle of the tube. The soil
lgsample ‘was placedgan the half of the tube with the greater l
dlameter such thatvlt rested on the r1m A bentonlte slurry
fllled the other half of theotube. Sllver~51lverchlor1de
electrodes were placed at "the - top and bottom of” the sample

- ‘holder._ _\ | - L e E

In order to_ensure‘that no heat"would tlow from the
metal top and bottom of the cellw the sample holder and
electrodes were placed on a plastlc pedestaGh;nd a plastlc
.cap w;s‘placed on the top The loadlng ram of. the tr1ax1al»
vcell was left in place and was used to -measure thev‘ o
- déformation of_thé sample and to appl??h'small load‘to the
sample.lA Linear Voltage Dlsplacement Transducer'(LVDT) Qas0

fitted'to”the loading ram to meaéure the VertiCal

deformation of the sample durlng the experlment

/—«/t
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In order to connect the electrodes to a -power source
holes were drilled in the bottom of the cell, the pedestal,

the top cap, and the loading ram.

The whole assembly was placed 1n51de an 1nsulat1ng box,
wh1ch was placed in. a cold room held at a temperature
between -1 '°C and +2 °C The power source was a Hewlett and
Packard 6216A the applled voltage was measured using a
Fluke 8050A and the current through the sample. was measured

with-a shunt- a re51stor plated in series w1th the soil .

sample, over which the voltage drop was measured

’

'Preparat1on of the electrodes was accordlng to a

modlflcatlon o§ the procedure descrlbed by Elrick et: al

(1976). Two silver plates were placed 30 mm apart in a 250

ml beaker'filled With'saturated ch ‘silver cables connected :

them with a power source. Approx1mately 1.2 V was applled

' wh1ch coloured one, electrode (grey purple, Ag . + %% . AgCl

<

S+ e ) and created gas bubbles (H’) at the other. When the

polarlty was. sw1tched no gas bubbles were seen on the coated

. electrode.

- : o

»AthabaSca Clay‘was used throughout-the experimental

_programme. A slurry of Athabasca Clay was consolidated to

210»kPa in f1ve steps in a large ccnsolldometer Samples

with a diameter'of’zs mm were cut from the resulting block -

»wzth a Shelby tube.-

The Athabasca Clay had LL =‘44.8.% and PL = 20. %.

" Addltlonal 1nformat10n can be galned from Sm1th (1972) who

used materlal.trom<the same source area, but slightly
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different composition, in thaw consolidatio d“'berimen%s. i

His data is summarized-in Table 4 1

'_placed in a plastlc sample ‘holder and allowed'toﬁfreeze

‘.
o' i

in a. cold room at -25 to -30 C elslble contlnuous ic®
lenses were formed in both the 5011 sample and ther
éﬁ-benton1te..Extru51on of the sample ‘occurred due to
h‘,expan51on of -the water‘wlthln the 1sample. Ice polygons
were'observed and\wlll be d15cusSed/1n the.next‘
“paragraph o , T “ A - L'..
2. The unfrozen soil sample was placed in the sample holder
and frozen in a cold bath at -25 °C:§% a plastlc bag.
‘_Contlnuous ice lenses were formed. The bentonlte paste'
was ‘added jUSt before the sample holder was placed in
thevelectrp-osm051s cell, and therefore frozen»slouly,
‘as a cohseduence.largelice'lenses.were formed in the e
bentonite. o "7'. | '-'_ ‘gh .
;3; The sample-Mﬂs putwan a, plastlc bag and hung in a cold

. ‘ bath at -50 °E. ﬁo contlnuous lenses vere formed Qh;

- small expdnstnn cracks were visible.

Upon 1nspedtlonyofxeamples prepared accordlng to procedure T
y and procedure 2, .small polygons were visible in the flre?\\‘;“
| centlmeter adjacent to the end of the sample Plate 4.1
é_ 1llustrates the morphology of‘the*polygons at thevtopfof

' samplef#4. Beneath the.first centimeter no ice polygons were‘
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detected;_Picturesfof the polygons-showed a particular
s1m1lar1ty with those reported by ‘Chamberlain and Gow

(1978{, and Chamberlain and,Blou1n (19,8)' both size and

gﬁfpeagree well. Sample preparatlo ”}qrtprocedure 3

elded polygons over the whole sampl?v"hhey were not as
regular as in the samples prepared accordlng to 1 and 2. <Fhe
sides of the samples were now clearly bulglng, leadlng to
the‘following mechanism forfformation of these polygons:
‘When thesample-isfrpzen,_an outer soil skin:freezes first;
l-this'skin'is‘cold and brittle\\ps tlme progresses the inside
of the sample freezes, and as the sample is saturated
.'free21ng is accompanled by expan51on of the 1n 51tu waterlou
The out51de skln is forced to deform and cracks. When
electo osmosis was applled these cracks became fllled with
;water, leading to actual 1ce filled cracks. The pattern |
g _reported by Chamberlaln and-Gow (197&) may have orlglnated

in the same manger

-4 3 Test procedure and exper1mental results
After pre11m1nary tests, the follow1ng procedure proved
'most satlsfactory -
The soil sample was placed 1n a plastic bag, and hung
‘1n/a cold bath at = -50 °C. The s0il sample was. taken out of
the bath after several hours .and machlned to a cyllnder w1th‘
a’ lathe in a coldvroom.at = —25 °c, such as to flt ea51ly‘1n'

~:the sample holder. The out51de of the. samplewwas greased and |

the sample was Slld 1nto the sample holder. A paste of
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‘be'tonlte at a temperature of 0 °cC fllled the other half of
the sample holdqr,_andathe.completed sample was placed in

i - & -,
the electro osmosis cell.

- . . o
o : . -

: Subsequently, the %%gﬁ c1rculator,°at the requ1red
temperature was sw{g%hed on: The.time requ1red to reach
thermal equlllbrxum, as 1llustrated.by the LVDT readlngs
_indicating’the‘expansion due to freezing of the yater.in the
bentonite, was up to 24 hours.

‘When'all the movement had ceasedisthe power source
attaChed to the.electrodes was switched on.iDuring the
experiment the'voltage-drop over the'sample was constant and~
‘equal to 5 Volts. The temperature in the refrlgerated bath
: c1rculator and the a1r temperature in the 1nsulat1ng box
T were monltored cont1nuously and recorded on a data .
”acqulsltlon system The heave Q{’the sample as 1ce lenses -

‘formed was also. measured contlnuously w1th the LVDT
* [ IO A \

pconnected to the loadlng ram.;ﬁ'ggl ) ‘P fg'fvr?d
' At the end of each exper{ment the»sample and sample
C-

'holder were takenaout of thi cell and cooled to —25 °C The .
sample was taken out of“thé sampﬂe holder and prctures vere
taken, aftef wh1ch the«sample %as cqt 1nto p1eces,-and the

- water content of these p1ech uas measured grav1met;1cally‘
The results for a’ typlcal experlment 5#6) are presented
in Fig. 4.3 to 4. 5 The experlmental results are complled in-
Appendix D. Figure 4.3 showsuthe watervcontent,proflle of
thevAthahasCa-Clay sample after.the experiment was | e
kcompleted.‘The'bottom:of'the figure correspOndS'With the

’
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contact between.the’bentonite'and'the soil,sample. The

original water content was 28.5 %, as determined from the

3_5011 cuttlngs collected durlng preparatlon of the sample.~

Heave, measured Wﬂgp an LVDT as

a funct1on of time is

'dlsplayed 1n Fig., dsad. F1gure 4, 5 1llustrates the typlcal

decrease of the electrlcal current through the sample w1th

tlme.

4.4 Dlscusdaﬁnﬂpt ﬁuperlments

-1

‘The measurement of the temperature and appl;ed current

¢

was, not a problem Measurement of the heave, however, turned

o
out to be rather dlff;cult.

'@ﬁ'

The purpose of the‘heave measurement was to find the

variation of water intake into the soil sample throughout

‘the experiment. As-described previously, ‘the sample was

t

seated on a rim to allow upward movement only when water was

- taken up from,thg,héﬁﬁonite; To

circumference 6£J&
: ¥ e

vA'éonainuous

\'.t

the sample holdep“

facilitate this movement the

?Sﬁmple\was greased before placement in '

record of the dlsplacement
EE

:of the top of the sample was obtalned w1th an LVDT.,

At the end of each experlment the water content proflle

‘of\the sample was determined. - As

the 1n1t1al water content

of the sample was - known ‘the heave due to the addltlon of

water to the sample could be calculated

- . [

Slnce the water’ 1ntake 1nto

‘by éwo 1ndependent measurements,

the sample was determined |

heave and water content

5r‘compar1son\was p0551b1e. Water content data con51stently

[

s
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showed a higher uptake than the heave measurements. Heave

measurements as shown in Fig. 4, 4 were generally linear for

- some t1me,(24 hours), after whlch the heave rate decreased

According ‘te the theory, as-presented later, thistdecrease

portion of the heave measurement

Should take place at a much 1ater tage.JWhenvthe linear

extrapolated for the

whole testing period, it is found that the agreement with

- the heave from the water content data is quite good. Most

likelv the heave measurements became disturbed in the later

stages when the hentonite, which supoorts‘the soil sample

ﬁéﬁf@ially,'cohsolidateda,When the bentonite was placed in

ithe sample holder its temperature was between 0 and -1 °C.

Freezinglbf unfrozen water'in the bentonite.caused it to
expand, and to push the soil sample upward until thermal
equilibrium was reached. As‘avconsequence»however; the soil

sample was lifted off the rim, such‘that there was a'small

1

space between the rim and the sample.-The water taken in by

the’ 501l>sample,was withdrawn;from the bentonite, and
created_an empty space close to the’positive electrode._"

Settling of the bentonite andfconsequent lowerihg of the .

'3011 sample probably counteracted the heave of the soil'

S

sample in the later part of the experiment As ‘a consequence

1the total heave measured w1th the LVDT 1s less than the

heave resulting from 1ceﬁﬁens formation in. the sample.

¥

i

?.



4.5 Finite difference model, =~ o
van order to 1nterpret the exper1mental results, a
‘theoret1cal analySLS of the ‘electro- osmotlc consolldatlon_:*y_

problem was made. A flnlte dlfference program for a two 3011

vk,.‘ @

(bentonlte and : s%:l sample) system was wrltten. The’f?{ {,?j,if%
y e u"' o

prxnc1ples on which the program 1s based aré outl;nedﬂmm the’;jg
Section 3 and the fln1te d1fference prooram 15 gresenﬂ;dtlnlﬂgfi

Some add1tlonal 1nformat10n 1s requ1red for the case oi v 0
a two-soil system and thls is outllned below.i | S
Cont1nu1ty of flow between the bentonlte and the 3011 sample ?'
requires: 3 . ;ﬂ“" y-j " ﬂ ' “f-~”juyfe5; j;;;i: . d

Ko = elect;o—osmotic'conduotivitytof bentonita¢1_tg:fV }

Kes :»electro—osmotdo7conduotivity‘of soil;

q =0rate of water flow | St o

td% time - ivib - o - . ’”]9"-%‘ -

u = pore pressures = ¥

'V = electric potential across sample
Y, = density of water

AV, = voltage .drop over bentonite

AV = voltage dtop overusoil.sample

1. The system is. closed on both ends, leading’to tbe'
nboundary condltlon-

- o
..

‘%§.=-o , for all t, at both ends of the sample.

’ﬁl . . . . - . . o
. “
R TP * : - HI.
3 . . .
1 . . . B
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2. gg'=q L e [4.1]

P N ) . i L ‘ . .
at .the interface of the bentonite and the soil sample.

3, o,= 0 ,at t = 0,.for'all X

-

Q
®lc
o

, %t t ;’0, for-all x

ERE TR T e el

and. at the ‘interface of the bentonite and soil sample:

L av
- ke!3 Ax — kgs _Ax»s :

. ‘»}. . - . ‘*

Tf one chOses AxB-- Axs, and. a%sumes that V, and Vg are
llnear through the bentonlte and the 5011 sample

A | : ‘
.-respectlvely . ‘ R e ‘

keg- AVy = l"eSAVS AT 1 ‘ y

= .va.'Vs.“if’ o L 4.3
: W1th these boundary COndlthRS the program for the two 5011

"system was. wrltten as presented in Appendlx C.
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. . - .I‘ V/P . . i}
However, a contradiction.in the theory becomes apparent -
when Ohm'"s. law is considered: ~~.. e .
. 'R \ - L S v S
) . [vd ’,/ .

If:ggléctric current‘through bentonite and soil sample’

i

'Ry ¢ electr1cal re51stance of bentonlte . ..:f“*; A
Rg : electr1cal res1stance of so1l sample . - /h
- _f’ e
AVB = R,B' I ‘ ;"‘ , | ““‘ . . P[4.4] .
; . tas ‘ a2 ‘:/"* ]
S AVg = Rg I E e [4,5]
. | | ' oot T
I L -
av, Avg / s
I .= R, - R® ./
Ry . S R
Wy gk FRETR L¢.6]
/ [ \
Equat1ons 4.3 and 4.6 comb1ned yleld y
.52. ;:kes'. ' - ST , S [4.7]
'.RS‘ | _kea ‘ o : ‘ . I ‘} ‘ : ‘ a ‘ A ’
. ‘ : , : ‘o _ B
Wh1le the: spec1f1c conduct1v1ty of 501ls may vary a
hundredfold Casagrande (1948) reported that yalues of k.
< 4&
are remarkably constant and equal to 5 x 10" cmzfs V. i
However, Mltchell and Gray (1967) concluded that the
electro osmotlc conduct1v1ty is not constant but varies
with m01sture content (for 1nstance, for a 5011 at W =.30 %

©

they reported values of k, = 0 5 - 1.5 x TO{

cm /s V) ‘They

_prov1de values that allow the relatlonshlp represented by

R
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‘ﬁﬁibe Yerified;'hlso'these values are not
.eomparible'%?Q“ﬁjqnation'4.7. The proolem therefo e.remeins_
v ,lir:ﬁkes-the introduction of the boyndary
inite dlgference program soW what

for this problem 1s presented below.
X A ]
4.6 Explorat1on of electro-osmosis problem

Flgures 4,6 to 4 10 .are results of-the»computer : "
modelling of,the.elecﬂ;p—osmosis problem for‘differenr}
combinations‘-ofka/kS end“VB/Vss'The'bottom‘of each figure
coincides with the contact between the bentonite and' the
soil éample.nThe-horizontal-axis'indicates’rhe amount of-
weter acoumulated'at’each level invthe semple at time
conétanrs Te‘varying from~0 to 0.02. The actnal values
'derlved from the computer program are valld for a sample
(bentonlte“and 5011)_of height 1, hydraullc conduct1v1ty 1,
and compressibility 1, while ¢ = 100, 17 the following
sectlon the proper scallng technlques to 1nterpret ‘the
results for a real 5011 will be dlscussed

A physical explanatlon of the pecullar shape of the
ourves in FlgS.-4.6_tQ'4.10 is presented in Apperidix F.

Published!resolte of the unfroien water content in
‘so1ls at temperatures below 0 °C (e g. Anderson and
Morgenstern 1973) show that the amount of water that
remainsiunfrozen in_bentonlte is 51gn1f1cantly greater than
in anf'other eoilr"It‘has been demonstraﬂed that a'good '

correlation exists between the unfrozen water content at a
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temperature and the'plastieity index of the soil (e.qg.
Apderfson and Andersland, 1978). Based upon this ebservatien
it may be inferred that the hydraulicﬁconductiviﬁy-of

bentonite at temperatures below 0 °C is greater than for

other soils. » 2
If the hydraulféJconductlvmy of the bentonl‘ Ts.
vcon51derably higher ‘than’ that/of the Athabasca Clay, and the
electro—osmotlc con ct1v1ty do not dlffer, it follows that
‘the exacQ value of th hydraullc conductivity of the
bentonite does not influence the flow of water in the soil
;sample.vThe bentonite then just acts as a reserv01r of
~unfrozen’water for the 5011 sample to draw from during the
qexperlment; The finite deference program fﬁlustrates_the
.'jhstification of this statement. o | |
.A glance.throggh:the‘experimental results shows that in
all experiments waterIWas aCCumulated at the interface
" between the bentonite and the so1l sample (Fig. 4.3). If the
value of k /kS is smaller than 1, thls can never ‘be the
case; only values larger than 1 are con51dered
‘Compar1son of Figs. 4.6, 4.7, and 4, 8 shows that for a
constant value of‘-VB/V‘S the g;stributapn of water as well as
the rate of flew in the soil sample is.qulte insensitive to
the varlatlon of kB/kS, as long as kB is 1arger than five
'tlmes ko o N Ty
Cpmparison>of Figs. 4,7,»4.é,iand 4;{Q shows'that fbr‘a
| eonstant‘value’qf kg/ks, the Qalne of'VB/Vg determines the

. . R L. . o .
distribution gﬁ/water in the soil sample.-Therefore, .in
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.order to determine-which theotetiCal ptofile Should be‘used‘
for comparison w1th a set of experlmental data, only the
shape of the water content d1str1butlon needs to be
considered.

Another'point of intereSt isithe variation of the
amount of water stored in the soil sample with time. Thev
total amount of water flow1ng from the bentonlte into the
soil sample as a functlon of the time constant T. is
examined in Flg 4.1 wfor kpy/kg = 10 and. keB/kes = 1. For
~values of T, smaller than 0.02 thlS relatlonshlp is ,
virtually linear. In the ‘following it w1ll be shown that the
time constant 'in the exper1ments was of the order of T, =
0.01. For this reason the amount of water accumulated in, the
"soil sample:~(Zth)1.vat1es l;nearly w1th T.:

T, . . . :
Tzqat), © Constant. c [ - [4.8]"

-,

" Taking the previously diCussed factors ihto account: it may
‘be deduced that this "Constant" is only a function of v /v
However, study of the,varlatlon of the ratio of'Tc over
(Zth)1Jwith changing V,/Vg shows that'the.relationship is
tather insensitive.'When three valuesvof Vy/Vs are |
considefed 0. 33,n1 , and 3. ‘and Constant ratio of the,
hydraullc conduct1v1t1es (=10.); the variation of T_ over
(Zth)i is approximately 2 % (the'values were: 0,00559,
10.00563, 0.00570; the value of (ZgAt), for T, = 0.01 is

represented by the.shaded.area-in Fig. 4.6, and can (e
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_deduced similafly fof Figs. 4.8 end 4.9.)-Asha~consequence,
' the calculatedlvalae Of-the’electfo—osmotic conductivity of
the 5011 15 qulte ;nsén51t1ve to the values 1nserted in the
computer program. WhlGh certalnly enhances the rellablllty

of the finijte gif ;2rQ,ce method.

4,7 plmens1onal a al¥¢1s 4 |
' For quantltatiVQ ana1y51s 1t is thought eas1est~to
compare the prerlmeﬂpal water content proflles with the
amount of water stor§@ accordlng to the computer program. In
order to do this, A §,mens1onal analy51s of %he | |
‘e16ctI0fOSmOt1c Qoﬂsﬂtldatlon problem.was carrled through,
which 15 b;ésent§d k_?%j,-ow.- | 3
i =“% eréUL'C %;adient‘

K = hydfaullq coﬁ@uct1v1ty

~
o
"

eleCtrO‘oﬁvalc conduct1v1ty ; , S
i S .7 ’

compressipllity of soil

=
<
[}

A s aread of \,Me -
H = height of safple =
At = time ianem\nti L :”

7. = QenSity £ Wpter -

.I;'q dt = iq4t1= flo\ over some period'of_time,

CzZgar = zla Kk o§ dy)
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The amounts of water moving into or ouf‘of two}sampleé with'
different geohetry (Fig.\4312)( are‘cdmpqred>at fhe moment
“that tﬁe'time'cohstants for theutwo cases are equal,-whiéh
means tﬁat they ffe at the same étage of coﬁsolidation; This
comparison.enabfeé the identificatibn”bf the relevant

factors which.should.be'taken into account when an actual

'sample is compared with the results from the computer :

simulation. o o ,‘.' ' . * s
(Zgat), (ki At), | | Y N
(Zgat), = k1 At) . iu - [4.9]
assuming Yy = Y, =
CTo=LT, . - - o [4.10]
B ’ , .
Fers
T |2
At m,y,H | _ a s
at, - : - 4,
2 . k ] o L .&.A .
[ m,y H ! ‘ o
- At , _ o .
inserting zy— from Equation 4.11 in Equation 4.9: i
(Zgat ), ¢h H m)), 1 . o
(Zgat), = (h H m,), | o 4.12)

Applying this result to electro-osmotic consolidation, in’

which the maximum pore pressure can be expressed as:

~

¢
e

Ch=k= Vo . [4.13]



(ZdAt),M” (¢ Hm), c,
TTgaty, = K AV,

In program described in Appendix® C:

T ST 100 (g/cm®)

.ﬁ;,a 1 (ecm), H is the helght of the whole sample

m, = (cm’/g)
" (Zgat )D,y

v A C-VZ 1D0
,(Zth)z

., g

kez': (Zth) 100
€, (Zth) H,»V

e

'It is now p0551b1e to determ1ne ‘the electro osmotlc

4 conduct1v1ty and the consolldatlon constant from the

q .

[

<.

IR

69

[4.14]

experlmental data presented prev1ously To 1llustrate the

ana1y51s .an example is worked out

.é#q'om Athabasga cbgi_are presented in- Flg 4.3;

. S TR
. In experiment:
: _ | »

H, = 8 cm (H is the helght of the sample holder)f~

T
&
. - ~
C,, = unknown
Kez = tp be determined -

A ;,‘/[,.‘.‘\‘
V.= 5 Voltg

G dZaaey, LT
Kez = CuTEgary, 2:5 0 0 F

..

B - As presented previduély;

PR

-

+

-

Test data for experlment
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———— = Constant , _ -
(qut)1 . ) . . , ’ ) T g, ¥
v . ) s 14
- for each set of values of V,/Vg, and Ky/Kg.
‘As a consequence, the estimate of‘ké is entirely
independent Bf Cyae
(L, = — H (z .)‘ 2.5 | | [4 ra]A
= ' At . ’ N . .] :
U'Calculatioh~0fv(Zth)2 based on;moistur%gfontent;dataj'
W o= water content, g Hzo/g Séil} 3
W, = weight of water; ' o
ol . . ’_",U \ »
W, = weight of soil;
v, = density of water; .
'y;'='den5ity of ‘soil solids:. ' ~
-~ ‘,' o ¥ K ‘, ‘- . -
"-H, = equivalent height of water;
‘H, = equivalent heigth of‘solidé; S L 0
‘Aw = change in‘water content;
L Ah = change in eqUivalenﬁ heigHt of water; i
. . _ . :
. 'i'_ . ﬁ . 2t e )
M omH. T H ’
S W, T yH, 2.65H, .. : .
e . ) ~ - o '4 N ”
; o L
A Hy + H, £ 4.0.¢m . . : ‘ —
. o ‘
e ydH, Hhy)
Wt Aw = o= = - :
o .Ys. s’ <
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v

h, = (ZgAt), = 2.65 H, Aw

w= 27,5 %

H ?=> 2.31 cm

q

h, = 6.13 Aw’

v

Average increase of the moisture content in experiment -#6,

after 4000 minutes = 240,000 seconds:

Aw = +£33.2 - 27. 5) % =5.7% g
*hv.=_6.13‘0.057 = 35 (cmd
ke ='o.0056'5zg¥%53 0.35 2.5 = .13 x 107 (cm’/s V)
Or based on the stralght part of the heave data, after 1200
m1nutes = 72, 000 seconds“ ) ‘ ”‘,y' : ;5
h, = 0.12 (cm)" . o | |
kg, = 0.0056 %5%%65 ot1é'275 =v.18 x 107 (cm®/s V)
These two numbers compare reasonably well and‘indicate-theq
aFcuracy of the measurements. A .. o ’ ‘
The same. procedure was used to calculate the k fromk
; the other experlments. As 1t has d1 flcult to obtaln water"
content data for experlments condUcted at low temperatures
the heaveqdata were- used to calculate the water 1ntake in X
_those cases. The data are summanlzed 1n Table 4. 2 and FlgVX'

Rt
40 I

ft 1s-also possrble to express,;he electro osmot1c -

conduct1v1 y of a 5011 in terms of . charge transfer (e g.f"
0 : v . IS -
Mltghelf;'1976,-p..359—363) It can- then be def1ned as."

N



(Mitchell,

kK, in cm’/s V;

: McNerl,-

» .

3 R
9
‘ﬁ
«

~electric current

hydraulic flow rate

Q-
W

k; is expressed in moles'Water(Faraday.

1976, eg. 15.64)

ok,
k, ® 5600 =

o

and o in. mhos/cm.

72

o 14019)

It can be shown that

[4.20]

Ice lenses formed in the’ 3011 sample, and as a

f‘Value-ofkhjj&x»er1ment #6 will be used as an example

—'_'28.4 hr =~
== 67 hr | EL’

o
LI YA

." . ..

_1C><§.”

3

‘.

1973).

[ 2
3 PR 8

L length of the sample E

A = area of the sample . R

aq changed through thbqtestlng perlod

= 0.42 x 107 amp™

For-this

ought reasonable to calculate an. average‘

The

'average current through the sample is Calculated

¥ -

S

"

xUéing.éhm*s law to c&lculate ‘the eleétrical“regiﬁfance of

the 5011 sample,'assum1ng that the electr1cal reszﬂtance of}
" the bentonlte 1s negleglble compared to that of tKﬁ 5011

sample, wh1ch is a, reasonable a?%umptlon (Hoekstra and

- ~
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A
'_:th electricai resistance'ot‘soil sample " -
'
SR = —2 V°lt5 = 11.8 x 10° .ohm
: .0.42 x 10 amp - o .
, , S N
~ ‘AL | - o A
0 = 3k | S : L (4.21]
‘ : 4 cm o '-.s' gt
= . =-34 x 10 ° mhos/cm.
q 10 cmf*11.8_x'1oj‘ohm . , : -,,/ .
1/0 = 294 ohm m which is its resistivity -
19 . N o )
0.13 % 107° R
k, = 5600 = 209 in moles Water/Faraday.

*} “34 x 10°°

a0
v

'A summary of the results is g;ven in Table 4, 3 ,

.:'Q{yf The re51st1v1ty data are of 1nterest as a check on ther
hfqua11ty of the exper1ments. It 1s well establlshed that the
resxst1v1ty decreases rapldly as the temperature.decreaseS'

?‘1n'frozen‘501l Hoekstra and McNe11 (1973) The results

1

}presented here show thlS decrease, however, experlments #5 s

‘- P

B and #6 do not follow the trend Thzs probably‘lndlcatesman ‘
.1naccuraCy 1n-the temperature measuféments durlng these-

.experlmenfs. 'f.l s .

o i Ah estlmate of the coeff1c1ent of consolldation'of the”
e *

' azen 6011 can he obta1ned by compax;son of the shapes of::

<

A

'.the wateT content proflles after the experlments w1th the
oY
.theoretlcal water storage dlagrams (Flgs 4.6.to.4.LO$u

:,. ‘..‘ R ¢ . &
ST .. L . o, .
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- : ‘~ .

The computatlon is carr1ed out for experlment #6 using‘
the water content proflle presented in Fig. 4.3, 'and the
theoretlcal water storage dlagram whlch flts best is Flg.
4,10. For comparison the relatlve 1ncreases of the water

'ontents are used, 1i. e. 1ncrease in the mlddle of the sample

lcompared wlth top and bottom.

‘ By superp051t1on of " the theoret1cal dlagram over- the

r content proflle, one can deduce that the general shape

he water.content proflle falks between thé theoretlcal

/

t:;GS'fOF T' =D. 01 and Q 02 but closer to T = 0 01. A

:_a}uefcf T. = 0.012 sedgs appr-v "&74 Therefore~
.‘ Z"‘"'” - S . a “ Bl - i .. v:a
* S 2 . .'_A h 5’
T H 0,012 x 64, o 0 2%
S ®TE T < 5500 x 60 5.1 cm®/s
.'*. . . . J
B The same technlque waﬁgapplled for the - water content’
d;agrams, summarlzed ; Table 4 4. SR S
—1a3t , S

4. 8 Summary and d1scu551onvof results ﬁi.

“gfwalues of the electrodosmotlc conduct1v1ty k, lof frozen

R ,nthabascawclay at temperatures‘above ~0. 5 °C are the. same as_

| for unfrozen Atbabasca Clay. Between -0 5. °C and -1, 5 °C the
electro osmot1c cqnduct1v1ty decreases rapldly from 0 2 x'

107’ to 0 002" x 10 3 /s v. B __‘ ‘ g _ “

qf_?. The electro osmotlc conducth1ty K, uhichsi;bresses: -

-Vthe eff4c1ency of the electro—osmotlc process,‘is the'same-

“for frozen and unfrozen Kthabasca Clay, and equal to 45

-"moles of Water/Faraday,-except for temperatures close to

.
S,

R



0.5 °C when a maximum of 230 moleé ofgwater/Faraday is
-It should be,noted that the experiments were-not

recorded.

. . - ) . 9 ) . - . » ‘ Lo .

conducted under ideal conditions, which may be reflected by
" the values of the eledtro-oSmotic-conductivity deduced.lThe
_value of k, for the unfrozen soil is guite low, exper1ments

' ‘conducted by Gray and Mltchell (1967) suggest a ‘value of 0.5

-5

- 1.5 x 10" cm /s V. However, the1r values were-based on-

streamzng potent1a1 data, - and as a conséquence v1rtually
1deal condltlons were obtalned When actual electfo- osm051s
exper1ments are»carr1ed out the flow of elec%rlc c rrent_
through the sample does not ‘remain unlform through the

' sample, as discussed by Mlller (1955) and,thrs.phenomenon

1nfluences thegmeasurements.'The determination'oﬁ the
electro—Osmotic conduct}vities alsourequires“the

electrO*osmot1c theory proposed by Esrlg (1968) to e valid

for the experlmental condltlons. S1nce many of the

(y assumpt1ons are only partlally fu;fllled some 1naccuracy 1s
: ‘introduced Taklag these c1rcumstances 1nto account it may
"be recommended to c3n51der the values of the electro osmotlc

conduct1v1t1es as show1ng trends rather’than absolute

v

A

"values..‘n RS
ISR co ; 2 et

' When electrlc current flows through so%?; catlons “in-

the pore watef move towards the cathode and anlons move

Py towa ds the anode. Drag On water by the 1ons causes 1t to o

‘move long Wlth these 1oms.,As soik partlcﬂes carry a fl_

fnegat1ve charge,}the pore water conta1ns a szgn1f1cantly

B R R



; hlgher number of catlons than an1ons;(the S1ze of the-w “.

. ' :

cat1ons and anxons 1s also of 1mportance). As a consequence ~'

]
’.

more water 1s moyed towards the cathode than towards the

Lowe s M

e anoder resultlng in- a net flow of water towards the cathode.f’
| Gray and M1tchell (1967) proposed a theory to calculate:

the electro osmotlc COﬂdUCthlty k The theory is based on'.

y o,

the Donnan dlstrlbutlon of ions in 5011 The pore water of ah

.5011 1s d1V1ded 1n an 1nterna1 and an external solutlon.,Thew'

Y &

1on dlstr1butron fulfxlls the requirements of electrlc

¢
’

_? neutrallty of the external solutlon, and of the 1nternal

f:solutlon together with the charged 5011 skeleton, and - d“

—~— -

. chem1cal egu1l1br1um of the external and 1nternal SOlUthﬂS.
‘It does not account for the actual double layer dlstrlbutlon
1n the 5011 Accord1ng to thlS theory k 1ncreases when. the

_dlfference 1n°concentratlo§;ofg%he catlons and anions

-1ncreases, because the drag on the water in the d1rect1on of

the cathode becomes greater.

? Experlmental results for: unfrozen soxls conf1rm the

"valldlty of - the theory ku decreases wlthvlncrea51ng
concentrat1on of the so11 solutlon, and decrea51ng water

‘content. In free21ng 5011 thlS does not seem to work As the

'temperature decreases the unfrozen water content decreases
. R

e t .

(k 1s‘expected to decrease) and due to solute reJectlon,f

. -

the 5011 solutlon becomes mere. concentrated (k 1s expectedy

to decrease) however~ kl rema1ns constant for decreasxng

°

temperatures. Moreover, Xk, dlsplays a maxlmum at~~0 5. °C‘v

The results seem to be contradlctory to the model proposed

. . ]
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by §ray and Mltchell unless the occurrence of ice in the

pores of the\501l skeleton causes an 1ncrease 1n thé ratio
3) of concentrat1ohs of catxons and anions. ‘ ‘ , N
{49 o Gray and Mltchell (1967) and Mltchel (i976)’reportedf'
'fexten51ve electrowosma51s exper1ments. Thf&r<conclusion
Edlffers from Casagrande (1948) that the electro osmotic

[

-conductlvrty k .1s»not constant all soils, and depends

on the water content of a partlc.
B

that k approaches zero for 501ls~ Ith water;contents

_rv501l. They suggested

‘approachlng zero, and reaches 5. x 10£‘cm2/snv at water

,,q‘.»'.

he soil ‘type and

contents in. the order 6f 70 % dependlng on
pore water comp051t10n. v
.There is a dlrect relationship betwe
Jcontent and temperature in frozen 501ls (
Morgenstern 1973) If the unfrozen water?ls‘respon51ble for
”the movement of water.ln frozen soil due to electro- osm051s,
r})the relatlonshlp gbggested by Gray and M1tchell (1967)“may
be recovered ' ‘r - ‘ : | .
The relatlohshlp between unfrozen water content and :
iftemperatune of ‘any 5011 can be approxlmated based on |
measurement of ‘the llqu1d 11m1t at blow counts of 25 and .
=M100 as establ1shed by T1ce et al (1976)‘ Anderson and Tlce‘

(1972) found that a power relat10nsh1p couldﬁrepresent the'

i )

amount of unfrozen water 1n a soal as a functlon of

}f%mperature quxte well The relatlonshlp 15 glven by

'R ='un£rozen]water'content. q PhO/gtsoil;‘ff“‘
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6 é'temperatUre belgw‘o °C; | V,

m and n = parameters detérmined on the'basis;of

'.L ) .“..»

the water contents correspondino with blow - . i'i
. A . ] y e | ) " 3 . ~ "ﬁ-
counts of 25 and 100. -.

"., L . B i

w, = m 8" L o . ' o , [4.22] -
Athabasca Clay has a water content of 44, 8 % correspond1ng |
w1th a blow count of -25 and of 37 8 % w1th a blow count of

100, The formula for the unfrozen water content at--1 °C and -,

-2 °C from Tice et al. (1976):

Wy (ge1) = unffozen water content at5f1. °c;
queﬁj = unfrozen water content at -2. °C;
C Wine2s) = water content at blow count .25

. \:.X- ‘

°‘w0ﬂom_f water content at blow qount 100, -

Yooy = 0.346 Wi - 3.01 0 . (4.231.
| e R . v . ) | .‘;’v“" . . _A'. | A'—v ‘."- ,aan
wu (6‘2) ) 0 ;38 W(N- IOOJ ) ,3.72\_ - ' . " . . . " | t‘ ‘ “ . . . [}4.‘ 24 ]

. ,
e A . \

'e;From these numbers one can ea51ly deauce the values for m b;“”
,and n. It may be noted that equat1on 4. 33 also expresses tne
7freé21ng poxnt depre551on of the 5011 at a’ g:ven wates,

"ucontent. For Athabasca Clay with a water content of 29 % the

,:j



freezing point depression is equal to —0.H6 °cC. Figure'4u15'”

&

contalns the data for Athabasca Clay.
At -0.5 °C a consxderable part of the water is frozen,

however, k.,

remained constant for temperatures;between 22 °C
and -0.5 °C. This observation does not seem to agree with
the ‘behavior as extrapolated from unfrozen soils.

When 5011 freezes ice 1n1t1ally forms in. the largest

pores of the soil skeleton (Pusch 1978 M1ller, 1980;

Colbeck 1985) Flgures 4.15 and 4 16 show approx1mate.
distributions of anions and catlons in the pores of frozen

and unfrozen soil based on electrlc double layer

~

_ ‘ . o
- considerations. As water is dragged along by the cations,

‘most water will be moved in the region‘of_the double-iayer'

where the difference in the concentration between cations

and anions is‘the greatest In the middle'of ‘the pores,'the

number of anlons “and cations is almost the same, the drag of

the catlons 1s cancelled out by the drag of the anions,

‘._resultlng 1n, roughly speaklng, no net movement of water.

The ice crystals. 1n1t1ally form in th1s reg1on where

v

electro osmosis does not cause -a net flow of water but o

. where electrrc -energy ‘is d1551pated Overall the

felectro osmotxc e£f1c1ency is enhanced by the Ainitial

’formatlon of 1ce in the larger pores. The effect 1s only

iff1c1ent untll a certaln p01nt however.~Due to the .

?rexclusxon of 1ons from the 1ce the overall concentratlon of

g,

the xonsrlncreases, which decreases the the ratio of cataons

- over anions (compare Mitchell, 1976 Fxg 7.8). Also, the



increase of the electro-osmotic efficiency due to thef
formatlon of ice is more pronounced for large pores than for -
~small pores. In the centre of a w1de pore the influence of
'Qhe double layer is ext1ngu1shed and the ratio of
concentratlons of cations over anlons approachesﬁone. In a
snall pore the ratio is well abowe one; and formation of ice
will not 1ncrehse the overall ratlo of the concentratlons.
Thé%lce formatlon affects the dlstrlbutlon of ions 1n‘

:‘the 1nter§al solut1on, and as a consequence, its 1nfluence

n 't bq@predlcted by the Donnan theory. The theory of Gray
and Mitcheliﬂdoes not consider the actualvdoublevlayeri
distribution'iﬁt only COnSiders the %&mber of-ionsoin the'
1nternal and external solutrons%, | |

_ Itils dlfflcult to quantlfy the effect of ice formatlon
in the pores, 51nce double layer tables (e.g. van Olphen,'
”1963) do not 1nclude the 1nfluence of an uncharged surface
at some dlstance ‘from the charged surface as would ‘occur
when 1ce flllS part of the pores.-

Accordlng to thls.mechan1sm the:electroroshotic

g COnductivity‘k would remaln constant when large pores are,
"fllled with ice’. A'region where no(water is transported
_between two double layers 1s-f111ed with 1ce, and the flow
of water w1th *a g1ven potentlal dlfference remains the saqf
The eff1c1ency of electro osm051s,‘expressed by k, would
attaln-armax;mum, because a ‘region where energy 1s.

dissipated but no water is transported, is removed.

- dN
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Another cohs&%eration leads,to a similar conclusiog. ‘“t:
The electro—osmotic conductivitglof the}soilpis~probab1y
‘mainly determlned by .the ‘most reStricted.regions ‘in the soil‘
skeleton “such- that the partlal fllllng of the 1arger pores
.does not affect the overall electro osmotlc conduct1v1ty
) The same-argument is also valid for the relationship.
between the hydr%ulic conduct1v1ty and temperature, and it
should be reflected in the measurement of hydraullc

: conduct1v1ty as a functlon of temperature; Wllllams and Burt'

(1974) and Hok1guch1 and Mlller (1980) conducted experlments

Y. to establlsh thls relatlonshlp Horlguchl and Miller

"'conducted hydraullc coaduct1v1ty experlments on a 51lt
fraction (4 8 um) at temperatures ‘between 0 °C and -0. 2
The hydraullc conduct1v1ty and. unfrozen watlr content of
-]samples,were measured.51mulaneously in coollng and warmlngi-
f\cYcles{.Inithese experiments both the‘hydraulicdconduCtivity‘
v and the Unfrozen~water contehtjdropped at the‘same
temperature (-b 10'°C) indicating that ‘the initial
fformatlon of ice had a dramatlc 1mpact on_ the hydraullc
"conduct1v1ty Therefore the prev1ously proposed mechanlsm
does.not apply for the s;lt fraction used in th1s
1nvestigatlon.y C o |

A remalnlng problem is the sudden drop of ke at
temperatures Just below -0. 5 °C To dlSCUSS thlS po1nt 1t 1s:
of. 1nterest to v1suallze the m1crostructure of. Athabasca

'__Clay The Athabasca Clay, as used in the experlments, Qas

_consolxdated-from‘a slurry, and its’ structure probably

"



. : : : ’
corresponds to that of a fresh—water silty clay. The

microstructure of a 51m11ar dep051t is shown in Colllns and

McGown (1974). Their Flg, 14 is a m1crophotograph of an

. alluvial, fresh water silty clay w1th LL=67 % and PL=28 %. A
'soil of this nature is built up of domains w1th dlfferent
é?cklng and pore sizes. Pusch (1970) prov1ded pore size-
"dlagrams for marine dep051ts deduced from mlcrophotographs.
The pore sizes were typlcalﬂy concentrated about a
predominant. dlameter. A s1m11ar study was conducted on a

consolldatlng%Canadlan sensrt1ve clay byuDelage and Lefebvre_

(1 98‘5)

‘who also found that the pore sizes- were concentrated

;about a predom1nant size. It can be concluded that élso

g;yhthabasca Clay must have a structure w1th one or more

' hav1or of the’ 5011 Free21ng of ice in a pore is

but'alsorby the,51ze of the pore’(M1ller, 1980, p..269-272);
If the‘pore-size'distribution is not even,. but'concentrated
L R - ’
c abdut one or'more'maxima, the unfrozen water content wxll

rop suddenly when the temperature corre§ppnd1ng with these
pore sizes is reached In Athabasca Clay 1t appears that
,'thlS temperature is -0.5 °C At temperatures below -0.5 °C
all the large pores are fllled w1th 1ce, ‘and the pore'
solut1on becomes hlghly concentrated to such a degree ‘that

tthe further formatlon of 1ce.causes aydecrease of theorat1o

:oi the concenrrat1ons of catlons over ‘anions and a

-



rust and for montmor1lllon_te at temperatures between -30

and 60 °C by Anderson and Tlce (1971). In th1s last example

J

The two phenomena,‘lncrEased ratlo of concentrat1ons of

@ . - '(-
o W

LS

‘.r

r,«u—o 5 °c seem to account for the observed temperature:“if’

1nfluence on the tonduct1vxt1/s | '1;El?.fj-,'gég"gr;"f}?hl
7 The 1ce lens morphology of the frozen 5011 after thebﬁ
electro 05m051s experlment seems to be the same a: after a

,frost heave experlment (Plate 4 2) %thabaSCa Clay dlsplayed

n_concho1dally shaped occluded partlcles and an undulatlng

"'ffreezlng front" (Andersland and Anderson, 1978 “p. 81 ez)

-

_In prellmlnary electro osmos1s’exper1ments w1th Devon Sllt

.i .the authors referred exp11c1tly to the %§1stence of doma1ns.q,;;

*

,- 5o

(a sllghtly less plastlc clay) the 1ce lenses were thlck (up

td 2 mm) and more w1dely spaced A dlfference between the '*]

. » -
ice lenses formed due to frost heave and electro osm051s was

'that the lenses due to electro osm051s seemed to be more f

[T -

e;randomly or;ehted_(the magor1ty;was~close_tO-horazontal,

'however)
'g”ff Of c0n51derable 1nterest 1s the fact that the behav1or

of the bentonltey- Athabasca Clay system could be modelled

]

L.

S

w;th a\s;mple electrofosmotlc theory. The,theory requlred a '_‘



"thhe reaso'lng pre,ented by Konrad and Morgenstern (1980 p

LR

B 11nearly elast1c, homogeneous mater1a1 Some conc1u51ons

perta1n1ng to the hydraullc characterlstlcs of the frozen: (

05011 can’ be deduced~fihiew‘}p'tgvu,ff,'ﬁéﬁ“;”ﬁ,Ff
Ice LenSes vere formed in the early stages of the

'~‘exper1ments. Th1s drd not stop water from be1ng transported

o

contlnuously durlng the exper1ments. Proof of th;s 1s the

;accumulat1on of ice at the top of the sample. It can be [ '

L

“ ,concluded that when an electr1c\grad1ent is applled to a ,5

Twt

"'_frozen sozl (conﬁt1n1ng ice lenses) the: 1ce lens morphology

-

f;of the 5011 does not affect the further d15tribut1on of

5

water in the 5011 to a large degree. The so1l behaves l1ke a g

r. -'
. ]

: contlnuous medlum. .

It is also of 1nterest that ice lenses form in frozen

N ;w’.V"l

5011 due to electro osm031s whenever water is expected to
A

~faccumu1ate.lThe 1ncrease of the ice content leads to'

segregated 1ce/ not to an overall 1ncrease of the ice:

fcontent 1n ti‘ ‘ res. ThlS observatlon may be expla1ned w1th

ST

474 475) ated to frost heav1ng. Iﬁ’tlal formatlon of a,

~ . thin 1ce lens results\\n stress rellef at the bottom of the o

,lens, and consequent accumulat1on of water.. :
However, in electro osm051s the argument is dlfferent

:?than in frost heav1ng.ﬂ1n eleétro osmos1s 1ce lenses form
.whenever water accumulates,.1n frost heave 1t ‘is often
f{argued that water accumulates because an. ice lens 1s '
'present whlch supposedly constltutes an. 1mpermeable barrler
,nfonce it is: formed (Mageau and Morgenstern, 1980~ Konraq>and

'.e‘,d

[

A

rd
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nﬁn[Propertles of Athabasca Clay consolxdatang between 140’kPa

> 1 \ « oy - . . . -
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Tabfélﬁ" Prqpertxes of unfrozen Athabasca Clay
«(modlfled from Sm1th 1972) e e
oA S ¥

T v

.

“'e;and 280 kPa. A freeze thaw cycle con51sted of freezlng 1n

'cpldnropm“a:rgms,c,,and‘subsequent.thaw;pg.

e, . . .36 107 - .85 10

m,oo ”'.04 1,of

LL

PL = 20.3.

e
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T ’ L v

Property - Not - ‘ SubJected
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.tolﬁréézing;&;eezefthaﬁflﬁ
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em? /g ’ cm’/g

s _} . ‘ ‘

The Atterberg limits for this matetihal were:

40.3
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-'Summpry,offeleCtro¥bsmosis experiments oq'Athabascé-ciay
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'1  Caeff1c1ent of consol1dat1on for Athabasca Clay consolxdated'
'*:.to 210 k?a,»at the glventtemperatures -
 EXPERIMENT - . TEMPERATURE °C. €, 10 ®em/s
#7920
#6 - e s
w8 -1t

K
.

Values for unfrozen Athabasca Clay consolzdated between 140

\\TmmdNZSO kPa,_from Smith (1972) ~

€, = 0.36 to 0.85 10" cm /S'};.'» ‘ o . ‘
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‘Plate 4.2 Ice structure after électro-osmosis experiment, #5
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_ 5, Concludxng remarks
- Inithe theszs freez1ng potentlals have been rev1ewed No-

unequ1vocal explanat1on of the phenomenon can be glven. Most,f

T

l1ke1y freez1ng potentlals are part1ally 1nduced by a -charge. -

imbalance between the frozen and unfrozen so1l analogous to -

\

freezlng solutes, however, thlS is not. defrn;tely proved
: It was postulated that “this charge 1mbalance does ex1st

';‘and‘some aspects of electro—osm051s due to this 1mbalance‘f

’

“were 1nvest1gated.

Since the charge. 1mba1ance 'is thought to occur in a

.._

very. small zone, the effect of the 11m1ted extent of. the

» .

u~power source on the amount of water transp_,ted in a
saturated SOll was’ studxed Here 1t vas found that thls
ﬁgeome;§1cal condltlon does not. adversely affect the.

v",'transport of water. ‘

It has been recognlzed that free21ng ané thaw1ng of a-

’”

5011 may cause overconsolldatlon. However, ‘the magnltude of;-
”Wfthe overconsolldatlon has not been quantlfled 1n the past. ws
An attempt was made to quantlfy the observed

overconsolldat1on stresses w1th the Clau51us Clapeyron

equatlon. However, 1t was' found that the Clau51us Clapeyron

N\

equat1on falled to account for the h1gh consolldatlon

.stresses in some soxls. Electro—osm051s was postulated 1n1 L

v ~
";..,

order to account for these hlgh consolldatlon stresses, it

E N

7was shown that electro osmos1s may 1nduce very hlgh pore
‘,:pressures, and thus cause hlgh‘stresses wh1ch Wlll

[

' overconsolldate the so1ls.

!'.0‘8 St



In the e&perimental-Pragrammewthe\electro-osmotic' .

'chduCtivityfof a frozen silty clay as a funstlon of

' 'iteﬁperature was. 1nvestlgated It was found that the

.\5
A}

. electro:osmotic conduct1v1ty ke of frozen Athabasca Cla?\{\
tthe-saheT%s for unfrozen s6il. down to a temperature of -0 g\‘;
‘°C Below th1s temperature k drops qu1ck1y by a factor 100
ki' wh1ch 1nd1cates the ef 1ency of electro osm051s,
_reaches a maximum at a temperature of -0.5 °C e
Thls behav1or nay be explalned by the fact that the"u;
'ratlo of catlons over anlons 1ncreases when ice forms_ -
1n1t1ally 1n ‘the large pores o§ the. 501l“skeleton. When the
'temperature drops below =0. 5 °C smallerfpores flll w1th
1ce, the concentratlon of the pore water rncreaseS-to”such

an extent that the ratio of catlons over anions increaSes;

'cau51ng a decrease of the electro osmotlc conduct1v1ty

5, 1 Conclu51ons‘ -

From the consolldatlon characterlstlcs of 50115 due to
free21ng and thaw1ng one can deduce that the ; ‘
- Clau51us Clapeyron equat1onf‘even when modlfled for solutes,i
hdoes not account for the pore pressures whlch develop Jn a
ffree21ng‘501l Examples of soils consolldated to hlgh
‘stresses due to free21ng and thaw1ng were dlscussed In
,montmorlllonlte the collapse of the 1nterlam1nar spacing
vdurlng free21ng 1s proof that very hlgh stresses are

 induced. Thys conclu51on has bearlng on our understand1ng of

;-freezlng of 50115 and frost'heave.'



. _;. ;‘1 0 _v.. : B0

AR }mportantbissue’is“thebusg.of_the.ClausiQSQClapeyrohb
_lequation'in'fros{ heave models. All~trost'heave‘models‘that"'
are- currently avallable‘ard able to predlct frost heave are
based on the balance of'two flows' ‘heat and ‘water flow. Heatf‘.

r.gflow'does not constitute a theoretlcal problem, water flow
RPN

' does. In these theories water flow is calculated using -the

’ Clau51us-Clapeyron equatlon,‘to determlne the pressure
~

‘;':dlfference -between the ice and the water-. It-1s 1mportant to
note that the Clau51us Clapeyron“equat1on does not prov1de
the absolute pore water pressures, only the d1fference.‘1t
is cust/mary to choose the 1ce pressure and calculate the‘
resultlng pore water pressure. However ther% 1s Stlll. '

- ,dlscu551on in- the llterature as to the valldlty of thlS N

aconcept (e. 9. Mart1n,,1980 Miller, 1980 WllllamS and Wood
3985)' It was. shown hereln that the collapse of the

1nter1am1nar spacing in montmorlllon1te is accompanled by

\-\,
stress dlfferences between the water and the 1ce hlgher than

: _pred1cted by the Clau51us Clapeyron equatlon. Alt ough some
. of the models that have been proposed do pred1ct frost heave
' w1th some success this 1nd1cates that the assumptlons on

-wh1ch'they»are based may be 1ncomplete.

5.2 ReCommendat1ons for futpre research

For'some time to come englneer1ng theorles llke the
'Segregatlon Potentlal theory, as dlSCUSSed in Appendlx E
wlll be used in practlce. However, the theory of frost heave

rand free21ng 50115 needs 1mprovements and probably some

»-
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"go dramat1c developméﬁts in: order to offer congruent

-t

. explanatlons of the observed phenomena. Constructlon of ’3°

N

major progects in ‘the North requlres a thorough

understandlng of the processes 1n%olved

In the the51s the electro osmot1c characterlstlcs of

Athabasca Clay are. determlned A rema1n1ng problem is the"

determ1nat1on of the charge transfer wh1ch takes place

. - 3

t[between;the frozen andwunfrozen sozl Charge transfer *may be

slightly’more complex to~determine than freez;ng,potentxals,'
bnt'its interpretation in terms~of water movepent-is

tralght forward Charge transfer may be determlned by

,embeddlng two electrodes 1n a free21ng 5011 sample on either

slde of a freezing front. The charge’ transfer can_then be an

measured_with'afshnnt'similarly as in dilute solutions. As a

,result it would be p0551ble to assess the 1mportance of

>

electro osm051s on the m1grat10n of vater 1n free21ng 5011

L1ttle=ga1n can be expected from the measurement of

electric freqzrng.potentlals as the1r 1nterpretatlon is too

‘complex. ¥
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APPENDxx A anxte dxfterence code

Finite difference program for electro—osmos1s in a.soil A
sample in which the -spacing between cathode and anode can

be chosen. The theoretical development anad boundary v
conditions can be found in Esrig (1968) and in this thesis
(under neading ‘An Electric source in Freezing Soil)

Variables and -constants:
U .4 Matrix with dummy variable 'chy!
Q& In the rows the distance- 15 ‘constant, in the

o COl s the time is constant.._
uT

‘EZVect with percent’ consolidation B '-, o’
A, B : Vectors used to calculate. uT. n S ‘
" IEL : The spacing between the electrodes

a " The spacing between the electrodes is given by
- (50-1EL) /50.. The neight of the. sample is 1 @

Output unit 6: a. matrix with pore pressures as’ time progresses
Output unit 5: consolidation as time progressesi
Output unit 9: a. consolidation diagram E

H****************************************************************

DIMENSION U(51,7500) ,UT(7500) ,X (51) , 2(51) a(s1), 5(51)
".CALL DSPDEV (' PLOTTER )
'CALL PAGE(8.5,11.)

CALL SCMPLX. o
'CALL MIXALF('GREEK')

" CALL BASALF('STAND')
CALL INTAXS o
CALL AREA2D(4.8,6.) : o

_CALL HEADIN(' ELECTRO osnor:c CONSOLIDATIONS' 100,1.,1)
cmmﬂmmn(1®
CALL XNAME('(x)$',100) . ' ‘ ,

CALL YNAME('THICKNESS OF 'SOIL LAYERS' 100)

'CALL GRAF(0.,20.,§§0%,0.,.2,1.)

CALL THKFRM(0.03)

]

. CALL FRAME . _ . :
IEL=46 - _ _ .
IELMA=IEL+1 Lo ' '
- IELMI=IEL-1 ‘ o : S
RO 7 I=1,51 '
DO 7 J*\ 7500
.ou(I, -0, )
., CONTINUE

DO 1 I=IELMA, 51 -
u(r,1)=u¢I=1,1) + 100./(s1.~1EL)
CONTINUE_ '
DO 2 J=1, 7500
U(SI.J)-JOO. . .

CONTINUE _ C ~

DO 3 J=2,7500 : S

DO 4 I=2,IELMI - : o ’ et
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.76

i
78

79
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82

83
84

85 -
86 .
.87

-’89
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91
92
93
94
95
-1

97

73

12

21

14

L 101

e

.

U(I J) (u(z, J-1)+U(I-1 J- 1)+u(1+1 J 1))/3.
u(1,3)=u(2,3) :
NTINUE -

.5 I=IELMA,S50

u(1,J)=(u(, J-1)+U(I-1 J- )+u(1+1 J-1))/3
- CONTINUE

"U(IEL,J)= (u(IaLxI J)+U(IELHA J))/z..
CONTINUE =

DO 11 J=1,7500

GOTO 11,

UT(J)=0.

DO 21 I=1,51

A(I)=0.
B(D)=0.

GQNTINUE

‘k(f}{&(1,b)fU(1

IF(J.EQ.1) GOTO 12
IF(J.EQ.75) GOTO 12
IF(J:EQ.375) GOTO 12
.. TF(J.EQ.750) GOTO 12
IR (J.EQ. 1500)
“IF(J.EQ.3000)
IF (3.EQ.4500)
. IF(J.EQ.6000)
- 1IF(J.EQ.7500)

GOTO

GOTO
GOTO -

GoTo
GoTO

B(1)=700.-U(1, 1)
DO 14 I=2,51"
- A(I)=A(1=1)+u(1,3)~U(1,1)
B(1)=B(I~1)+100.-U(I,1)

CONTINUE =
UT(J)'A(51)/B(51)

12 -

12

12
12+
12

1)
\ .

3

WRITE(S,101) J,(U(I,J),E®,51,3)

'FORMAT (16, "' *
< WRITE(5,102) UT(J)

',17F5.0,

102 %gronnm(ms 5) -

. 19

u

DO 19 I=1,51
(D=u(z1, J)

(0=(1-1)/50.

STOP
END -

CONTINUE -

'CALL CURVE(X,Y, 51 ,0)
- CONTINUE

CALL ENDPL (0)

CALL .DONEPL

\

' % l)
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. 'APPENDIX B: Mode of consolidatlon o£ Bea fort-Sea,depositsr

“ffThe Beaufort Sea dep051ts are estlmated to be less than
”f22 000 years old (Chamberlaxn et al 1978) bexng Late.

W1scons1nan. Some uncertalnty remalns as to the exact datlnq
fof the depos1ts, but: the1r age does not 51gn1f1cantly alter

any of the arguments presented below.vThe cause for the high =
overconsolldatlon stresses is not obv1ous, and w1ll be

dlscussed in detall in. the followlng

~

Overrldlng by glac1ers is ruled out as the Northern
part of Alaska has not- been glac1ated durxng the Quaternary
(Péweé, 1975) Also unloadlng 15vexcluded from’ the p0551ble
mechanlsms, because no’ 51gn1 gcant erosion has taken place

\Nsea level fluctuation '*80 m may h e occurred smce o

thé'deposition of these sedime s((Hopklns, 1982), hich

i
i

would have caused minor loadlng effects (up to 300 kPa)
Deslccatlon may have occurred durlng thlS perlod but
Sellman and Chamberla1n (1979) argue that the same k:nd of

- ice- saturated clays have been observed on shore,’and
: L,

v

»theretp de51ccatlon is & doubtful process. More conv1nc1ngv»

howéve;;fl'the cons1deratlon that the.max1mal A |

'preconsolldatlon load that may be reached due to drying 1s

‘given by: A e e ST n
1 \;

55 { preconsolldat1on pressure

h, he1ght of caplllary rlse |

Y, © den51ty of water -

123
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4.”
.

. B, = h, y, . Terzaghi (_T_94(13,"pl_",3-33,) ' R
i“'I‘he.helght of caplllary rise is less than 5 m for silts-

(Lambe and Whrtman, 1969,‘p. 246) and may reach Values of 20
- m and more ‘for clays;uFor instance the upper.trust of.London
vClay (L1qu1d qugt = 106 %, Plastlc L1m1t = 30 %), .is. ‘
‘fconsolldated to 200 kPa, and th1s is entlrely attrlbuted to
dry1ng (Skempton and Henkel 1953) l‘W ; -

‘ Consol1dat10n to 1600 kPa: of the s1lty sand, which‘ifdi
-contalns only¢26 %,clay and s;yf sized partlcles, can
’dertainly not be'explained hy de51ccat10n. | | |

Secondary consolldatlon may have occurred when the.
-‘;sedlments were loaded durlng the mar1ne regre551on,vwh1ch
lasted several thousands of years. Bjerrum (1972) stated

Athat the 1mportance of secondary consol1dat10n expressed as‘
: pc/p° P overconsolldatlon pressure, po : overburden :
';pressure) is dependent on the plast1c1ty 1ndex. Accordlng to
_agBjerrum (1972) p@/po 1s smaller than .5 for late glac1al
‘and post glac1al clays w1th plast1c1ty 1ndex smaller than 20

% . The plast1c1ty 1ndex for the Beaufqrtd/k;ts is less than

20 %, and consequently secondary consolldatlon may only

.cause m1nor precompre551on.f

_ Chemlco -osmotic’ consolldatlon 1s the consolldatlon of a
r'soil layer when it is brought in cdhtact w1th an-external
solutlon w1th a high salt concentmatlon Thls process has

",been 1nvestlgated by’ Mltchell é& al (1973) for a varlety of

0

,’50115 and external solutlons.ggiey‘found that



chemico-oSmosis was-nost effective in highly plastic claysl

'(bentonlte) surrounded by~ an external solutlon w1th$a

" molecular weight of 6000 “The- voxd ratzo o 4 bentonite
layer consolldated to 100 kPa was reduced %en placed in-

contact'wlth a-concentrated_solutlon to a value

corresponding to-an overconsolidationvpressure of 200 kPa,

"after whlch the bentonlte began swell1ng ‘ o

‘ In general the process can be described in the

'V_ﬁollowlnngay: after an 1nit1al decrease of the VOld ratlo .
it lncreases*aga1n to its or1g1nal value if the compress;on

"and swelllng coeff1c1ents are 1dent1cal This happens

. b cau;: ‘the process is twofold an initial water flow out‘of-

§$901l layer because the external solut1on has a hlgher

;cond‘ntratlon followed by the m1grat10n of the saltinto

the soil.accompanled by,swelllng.of the:so1l layer, Since

"~ -the: compresslon and’ swelllng~coeff1c1ents are not equal for

sorls in general, somé re51dual COHSOlldathh 1s expected to

OCCUf .

Assumlng that. the soils of . the Prudhoe ‘Bay. reg1on werei
“fresh-water.depos;ts, or’ leached out” in ‘some later stage of_;

‘,. . _{—9-—\. N ' . ] — . o ) N .
thelr formatlon, chemlco-osm051s may have occurred. Since

they range from silty sand to S1lty clay chemlco osmotlc

v
consolldatlon would have been a ‘minor effecq\ It is also of .
-
1nterest to note that the salt concentratlons in the Prudhoe'

Bay 5011 water are hlgher tnan in the seawater. From the

R

' g}reSults presented by Mltchell et al. 1t seems very unllkely

' that,chemlco-osmotlc consolldat;onvwould be responsible for -
: O : . . /AR , e

S/

-

oy



. T 126

.the obserVed.overconsolidatfbn of these deposits.

Another possibility to explaln the (apparent)
oberconsol1dat1on stresses’is cementatlon. Cementatlon of
‘sediments is discussed by'Nacci'et al. tl974)‘and Chrlstlan
‘(1985) Two soil const1tuents may cause cementatlon.j
carbonates and 1ron oxlde. Carbonate contents {(as percent of
.dry welght) of the53011 samples from Pruhoe Bay are. given by.
Iskander et al (1978) and range from less. than 1 % to 25
%. Comparlson of the CaCO3 ‘content w1th the (apparent)
overconsolldat1on shows that there 1s no correlatlon
whatsoever. The CaCoO, content in borehole PB-2 var1eslp)‘
"~hetueen-1.2 % and 13.8 ‘% within 3 m, whlle the measured
: overconsolidation preSSUreidoes‘not change Significantly
(Chamberlaln and Sellman, 1978) “Iron ox1des may also cause
_ucementat1on (Chrlst1an, 1985) but data on 1ron ox1de is: not/
g1ven; it is. reasonable to assume that it Mas” not present in
any large quantit as a chemlcal analy51s of the samples
was conducted (IS§AQder ‘et al., 1978). '
| 'Addltlonal causes for apparent overcohsolidation of'
Soft sedlments are dlscussed by Chrlstlan (1985) _.

Sellman and Chamberlaln (1979) conclude that free21ng
and thaw1ng has probably caused the overconsol1dat10n of
:these sedlments. It may be of interest’ to note that thas is.

not an 1solated eXample Wang (1982) dlscussed the

,geotechnlcal propert1es of Alaskan 51lts,band found that

- s1gn1f1cant overconsolldatlon was one of the typlcal

- propertles, the values of the overconsolxdatlon pressure



~

»

are, however, considerab%y lower than those from Prudhoe |
. . R 2 - .

R

Bay. Hisiconclqsion‘was;>

| " The freeiing:énd‘thawin§ action has probably
céuSgd a highly Varidﬁ;g “appafgnt"
qvefconsolidation'oﬁ4£ﬁé fine grainédISOils,

particularly the-frbst susceptible silts."
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:ﬁgnplx C: Finite ‘difference c'gd'é

. DIFF.280IL

&fﬁA
Can

c.
c;

c
c
c
c
[
Ca

Cé------:--------—--------------'-----------ﬁé----:----#-------.---ﬁ t?
C Program to calculate ‘the movement of water in a two soil
'c  system (bentonite and soil sample) . The theory on which
C the progras 1is based is oxpllinod in the toxt.
C Identification -of the variables: a L
- 1 : stands for the locatior in tno sample, !
c _ 1=1 corresponds to the bottom of the ’
c - bentonite,
e I=51, corrtsponds to the top 6f the soil’
c _ " sample.’ ! ~
¢ u(1,0) : matrix conr.u o r.nivuumc “cni" of the o -
.. v © theory. .
c T ¢
. ¢ x(1) : v -
c mn(x.a)-'con:uﬂ: the n.-puu storage of water in
c R «ntno -804l layer I. ’
c '6‘250) : thestotal asount of water ntorod in the )
c " 8041 sample.
<-c.'i‘ﬁ'tt!.t.ﬁ'.t.'iti.tﬁﬁ.tiQ.t'itﬁit.tit..‘ﬁt.tltilt.i.t.ttti'.'ﬁ

“DINENSION U (51,250) ,UT(250) ,X(51),7(51), A(51),B(51),0(250)
DIMENSION R(2%50), ‘r(zso) S'I‘DR(5I 250) ,ST(250)
CALL DSPDEV('PLOTTER ')
CALL PAGE(B.5,11.) ‘
CALL SONPLX.
Acu_.x.lumr( GREEX' )
_c:u.;.,usm(,s'run )]
CALL INTAXS . L :
CALL AREA2D(4.8,6.) - ' ‘ .
CALL HEADIN(' zx.zcmo—osnonc cousq,x.xm'rmNS' mo 1.,1)
CALL HEIGHT(.16) L
cuuxxu:('moux'r OF WATER s'mn}:ns' 100) © e e
CALL 'YNAME('THICKNESS OF SOIL uu:as' 100)
CALL mr(o..s..zo...s.. 1. )
cALL GRID(1, .
. CALL 'mtmx(o.oa) oo °
" CALL TRAME -
‘READ(S,111) IEL,DVH,BKH
VRITE(6,111) TEL,DVB,BKH
FORNAT (16,2610.3)
TELMA=IEL+1
IELNI=IEL-}
DO 7 '1-1,51
DO 7 J=1,250
u(,3=0. -
8TOR(1,J)=0. .
R(3)=0.

et -: R ‘ * » et
N .

CONTINUE - : R :
taittiitiiititﬂtttiitittﬂﬁtttlitﬁﬁtttiﬁﬁptiittnnttuiiittttti'i.t
Initial conditions: the pore pressures aré zero, and chi is.
determined by the voltnqo applied.

The voltage applied is linear in. each soil element, but
the voltage Arop over each’ soil eleaent can be changed
through the variablo DVB, which gives the I of the :otnl
voltlgo droppod ‘over the bentonite.

_fhe. voltage is zero at the bottom of the bontonitc.
t.t.itttttﬁtni&tiiihtttﬁttnttltiititttttttitt.ﬁ'iﬁtiiititttﬁt'ttt

DO 1 I=i,IEL . |
LU, \)-DVS/!EL'I




; té@%i | 'v . ' ; n .‘ 5 . . ‘,1 25) )

DIPP.2S0IL
59 ' - CONTINUE
60 . DO 2 I=1EL,S1
. 61 : U, 1)=(1- 1::.)0(100 -nn)/(sr.-xn)onvn
62 2 CONTINUE
qg . ctt.'tt...ttt‘ittittt..ttittitttt.t.t.lttt'.tt.t.tt.t'tttt.t..ltt.
64 C Solution of the finite difference equations.
65 C In both the Dentonite and the 301l sample the same oqu.uon-
. 66% . C  are used, ‘the Aifference in properties i cnuroly mtroaucod
--67..; 'C through the boundiry betveen the tvo.
- '68 -.C At the boundary the continuity of flow 1s .xprnna ) B
69 cttt.ti'.ﬁﬁt.tQtnttiQ.tttttit.ttitttttt'.tit'ntt...tttttttntttttit
. 70 DO 4 J=2,250 o .
S T DO 4 I=2,50 ‘ :
® 12 e o v =, J-!)’U(I-" J-l)*U(l’ﬂ a-n))/:.
13 v, )=u(2 .1)
74 S 1€ 1) J)-u(so J) ‘
75 ' u(m. J)= (BXH*U (IELNT, J)ru(uuu J))/h om) ‘
76 4 CONTINUE S -
™ Ctﬁ'tttttt.'tttttt'.ittt.ttttﬁitﬂtttl.tttﬁt.ﬁtttitntiaitttiittttiu

78 +C " .In order to compute the amount of water stored ®ACh soil.
. 79 . layer in each time step, the flov in and out of ach layer
Gk, 80 . é%’u calculated, the Aifference is the ‘amount of vater stored.’
%g;ﬁ g1 The derivation of the time constant: from 1-is ‘found by
dividing by 7500, as the’ height of the unplo was’ dxvxdod

c
83 C in 50 layers, and beta is /3.
84 ‘'C The flow of water between two layers can bc found from the -,
a5 .C @ifference betvween tiMe two CHI Vllutl. *50 for the gradient. “
B6 . € .layer thickness is 50.:/7500 for the time step, w50 for
87 C  normalisation téa, thickness of 1.
C

.ﬁi'..ﬁi..ﬁ'ﬁ"i..t.t....'ﬁ'.'Q'."ti'.Q.i".t'..."....'..'.."ﬁ'.
o, .
89 . _ v DOYY Jei, i1

90 N po 92 z-muu 50 ‘ .
91 - .":STOR(T, :)-m'oa(x J=1)=(UL1+1,3) =2, #U(1,3)+u(1-1,J))/1%0. 50,
92 - 92 comnus v
X : I1r(3.2q. 1)vaom 12
. 94 L IP(3.BQ.8) GOTO:12 ’ '
95 "IF(J.BQ.25) GOTD 12" 3
96 17(3.E3.50) GOTO 12.
97 17 (J,BQ;75) GOTO 12 :
98 1r(J.2Q.150) GOTO 12 . R
99 [ GOTO 11 v ‘ L S C et
1007 © 12 CONTINUE ’
101 - DO 19 I=1,51 : : .
102 1(I)=(1-1) /50 i '
103 8T (1)=3sT0R(1,J) S ‘
104 19 - CONTINUE : . S
_vs . - 8T(51)=0. ‘ ' . Lo
106, CALL CURVE(ST,Y,5! 6)
107 ., 1" CONTINUE .
108 Do 333 J=2,151
109 . ctttttt..ttttﬁitt'.*ttttt.t.!'Qtt.ttt.tttit.itsi..itt'ttitt't'i.ﬁtt
110 - C The total flow from the bentonits into the soil saspile Q(J),
11 Cc is calculated fro- the gradient at the Lntnrfnct.
112 Ctttt..ittttt.tttttﬁ'.'."ttitt.ttt't't..ttttt'.t..'ﬁ.lii....t.tt.t
113 2(3)=(U(IELNA, J) - u(m. J))/lSO.*R(J) . -~
14 - RI+)=(3) : )
115 v 1(3)=(3-1) /7%00. e T .
1186 . WRITE(7,222)T(3),0(3) - o S o
17 222 rom'r(zmo 3 - C : » S .
118 333 CONTINUE S - :
19 ... CALL ENDPL(D) : - R v
120 . CALL DONEPL '
121 . . sTOP

122 © - ED
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. WATER CONTENT PROFILE, #4
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Figure D.1 Initial‘and;fina1 $ate:,Content pféfilés. Exp. #4
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Figure.D.z Voltage drop across 120 Ohm resistor in series

with the soisl sample vs. g;gi,}Eip.'#4
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 WATER CONTENT PROFILE, #5
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~EXPERIMENT #5
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Figure D.4“"j.1~.1‘€ave__ of top of soil sample vs. time, Exp,
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50
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-FiQUfe D.6 Voltagé erb,across 120 Ohm re;istoriin.serigs-
'f withigﬁe'soi&gfampleévs. time, Emp;:#7
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* WATER CONTENT PROFILE, £8

.",

A

40

30
mf;;///

" SAMPLE HEICHT

o

WATER CONTENT -

Figﬁre D°7-I“itialland,fi”al.ﬁafer,contenﬁ_profiles' Exp;,#s



138

50

Il

40

' VOLTAGE DROP, mV.

o |
™
o «
4V
1 O_ .
- ‘,
.o k'Y ‘ﬂ* . . T . . R A : ] ' ‘f s
0 800 1600 - . 2400 3200 - 4000

TIME, Minutes

+
>0 »
.
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'WATER CONTENT PROFILE, #9
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-'?EXPER:I'MENT#M -
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49‘ APPENDIX E: The Segregation Potential theory

E 1 Correlatxon of 1ndex propertxes and frost susceptxbxlxty
The or1g1nal aim of tggt thes s was to correlate 1ndex ,/
B propertles of so1ls w1th the1rfr/it suscept;b111ty. The
method of frost heave analysis chosen was.the Segregation
Potentlal Theory as proposed by Konrad and Morgenstern
Lot

i

(1980, 1981' 1982), and Konrad (1980) | «gg

-
Ve

A vast’ quant1ty of frost heave experlmentQhas been
conducted by the U S Army prlor.to establlsh1ng the U. S
‘Army Corps of Englneers Frost Suscep€1b111ty Cr1ter10n
These’ tests are described in ACFEL (Arctxc Constructlon and
Frost Effects Laboratory)(1951 '1958a and b) and Kaplar and
Haley?(1952);'1t was contemplated.that the Segregatlon
vPotential'Theory?vould eaqgle a rational analysis of.these
data;'thus leading'toltherobjectiye. | T |

| Cohputer programs were'uritten to autOmate ‘the

- analysis. As a check on the calculatlons using the computer
:aprograms Konrad's. laboratory data was reanalysed Each of
the exper1ments reported in Konrad (1980) y1e1ded a number
of,po;nts in the SP--'coolrng rate - suct1on.space..The data
from the reanalySis'of one testils illustrated'in Fig. E.1.
»Compilation of points from several tests allowed a best fit
~ surface to be der1ved " The surface chosen was althird order
vffunct1on in terms of both coolxng rate and suction, theg
»result is shown in Flg E.2. Konrad arglved at hlS surface,v
*shown in E;g. E,3, through analytlcal expre551ons between SP

145
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and. suction‘for Eiye values:of the cooling rate. SP values
f“r 1ntermed1ate values of the cooling rate are obta1ned by
1nterpolat1on. This procedure introduces twenty two (22)

parameters. However, it is not felt tha there is a conflict

o£ prxnc1ple gk ween the two»methods. e major difference
between the twb 13 thatﬁt a'suctlorfﬂi 80. kPa Konrad'_‘s
isurfaCe YI¢lds ;i equéT'f%fAfE”f;%;erg-Ejéy" ' has§

-t

: E R
occur,at a suctlon of 80“kPa, and conel that the water

x
r;1ntake would be zero. However occurrence of cav1tatlon does

' not necessarlly 1mply tha&;the water 1ntake ceases
o

L]
B

After this verification of.the computatlonal procedure
theAACFBL data were analysed Foroeach of the frost heave
tests reported in thelr study three graphs are presented
namely. | . . |
1. time versus heave -
2t.~time yersus frost penetration

‘_3. time versus temperature at cold.side

‘Accordlng to Chapter 4 in Konrad (1980) these are necessary
“to calculate the relatlonshlp between Sp, coollng rate,vand
'suctlon. For thlS purpose the three graphs were d1gltlzed
and‘cubic-spllne.fundblons were,f1tted through the.dlgltlzed,
po1nts, y1eld1ng an analytlcal equatlon for each graph of |

'the data.

The ACFEL frost penetratlon curves must be 1nterpreted
u51ng a dlfferent approach than when. u51ng the curves from
Konrad (1980), The thermocouples in thevACPEL experlmentsv

[
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vere'embedded lnhthe'soil'sample, and therefore'téavelled'
together w1th the 5011 as it heaved durlng freezlng In
3Konrad s exper1ments the thermocouples were embedded 1n§l'e-'
~side of the frost heave cell, and therefore they did not-
move vlth the so1l:,W1th some modlflcatlons ;n the grograms‘
~the relationship between SP, cooling~rate<and pore bressure<‘
could he calqglated; and preSented graphically lngs. E@S‘tol'
'E.7). figure'é;SYallo‘ed the relationship between SP,
Jcégllng rate‘and suction to be established”ag,anyitime"
dur1ng the exper1ment This yielded a high number of data
'p01nts in the SP cooling rate-suction space. A least'square
surface was fltted through these pozntS°-th15 surface is
'represented in Fig. E.6. As to graphlcally represent the
goddneSS of fit, a cut through the surface is shown“ln Fig.
BE.7. The data poﬁﬁts in this cut were corrected for the o
changed suction such that the value 1s given by
SP(1n Flgure)— SP(calculated from data)
| = SP(calculated from surface for or1g1nal suctlon)g
o+ SP(calculated from surface for reported 5uct10n)
Another set is 1llustrated in- Flgs E.8 to. E. 10
- After .analysis of a number of experlments it became
_apparent that the scatter of the data was great Some of it
"may be explalned by non-ideal test condltlons, however, it
also called for a critical revmew of the ba51c assumptxons
of the Segregatlon Potential Theorx Thxs will be dealt w1th

1n.the next.sectlon,
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Jfo obtain‘the re;ationship between‘the index‘propertieé;
and_frost susceptihility a,sfnglervalue”ﬁor SP had ;é‘ﬁe, H
chosen for eaéﬁ“soil Since there is no sihgulaﬁ poing‘on
»the SP- surface a rather art1£1c1a1 choxce ‘had to be made.A t
was dec1ded to take the maxlmal Sp correspondlng w1th a
suctlon equal to the maxlmum d1v1ded by elght. For Konrad san
‘results th1s(procedure would y1e1d SP,. Consequently Figs.
E.11 to E.13 were prepared, the stra1ght 11nes represent

- flines of:best fit; the points-were'derxved as descrlbed

not'good;

- -above. In general the fi
r"" ’ ! v N ¢

E.2 Review of Segregation Potential theorﬁ.
As the basic assumptions‘of the Segregation Potential .-
Theory came:in‘questionvitbwas decided to review itsd
‘ ‘underly1ng pr1nc1ples. |
. A f::st p01nt of contentlon was the confu51on that
exists as to whlch temperature gradlents should be used for
calculatlon of the SP from laboratory testi and to calculate
the-magnltude of‘heaVe. Konrad and Morgenstern (1980) used
fthe'temperature‘gradient'from the‘unfrozen side,'while'
Konrad andeorgenstern-(1982).used'the‘gradient fromwthe
vfroaen‘Sider The same confusion'exists in‘the orig&nai
presetatlon by Konrad (1980) N .
‘In the paper by Konrad and Morgenstern (1980) they
P esent F1g E 14.. ThlS is 1ndeed the key F1gure on . whlch
the Segregatlon Potentlal Theory 1s based The meanlng of

Vater’lntake veloc1ty 1shclear, the-remperaturevgrad1ent is

R
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T

. less sg’ Grad T is conceptually the temperakure gradlent in
the frOZen frlnge, ‘but they actually usedjthe warm sxde
grad1ent.'Both quant1t1es are measured at the moment of
initiation of the final ice lens *n the freezxng 3011 In .

'the Figure Grad T is prov1ded w1th error bars, wh1ch ‘are
reasonable in magnlngﬂe. What, howeverJ is the error of the
‘intake VelOCitYf and‘howfdoes one determine the_moment?of
initiation of the finai»ice lens ? ' rv - o‘.;n

| ~Konrad (1980, p. 70) states:

"After free21ng, the samples were carefully
1nspected, cut into two parts and water contents '

Qere taken from one. - ‘»k - ﬁ

This permltted a check of the val1d1ty of the

assumption that water flow to the ice lens is

‘continuous wlthAno,accumulatlon w;thln_the frozen

‘fringe. Furtherﬁ those measurements allow one to

back caloulate very acdurately the tine'at which'the
. f;nal 1ce lens was initiated. Flnally, the positione'
'a‘of.the frost front obtained. from therm1stor read1ngs

s coulg ‘be compared with the measured hexght of

‘tégfﬂbzen501l

iErrors involved in uﬁ&ﬁ*prooedure'are summed;up:below:

1. Temperaturegmeasurement (£ 0 05° C)
!
2. Assumptton for Teo .10° C (+ 0. 05 C)
3.’ Measurement of the helght of unfrozen 9011 (t‘i'mm)

The frost penetrat1on'curve was derived from thermistors

which.Were“embeddedvinvthe‘wall'of the. frost heave: cell,
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their locatlon was known. Konrad proposed an error of

$0. 05 C for {emperature readlngs, whlch is reasonable for

the equ1pment used. The first p01nt quoted above leads to a

geometry shown in Flg.~E.15. ' . S N ‘ -
T, - AT T, + AT
X, = T, - Tz L, X, T, Tz L,
B $ : ‘
2 AT o
Ax, = X=X, = .- T, L .
B.’ ’ »
s

To get an idea of the 1mportance of the error caused by an

uncertalnty of + 0.05°C . on the temperatureﬂmeasurement

-cons1der°

Five therm1stors in a sampl:\w1th a helght of 80 mmi with a

: & -

: temperature difference of T, - T, = 4°C. . L Y
¥ "Therefore, \
V - Tyr= 1°C; _ S J”. o e

29 mm, ‘
“m 0.05°C

g‘?' ;v2x005C -
#* VAX, = —TvE .. 20 mm- = 2, 0 mm‘ '
! , 1;”&,,;13 o |
; ? T TR
s B SR -
I } ta . LY
Y.

~ Now ihcluding the: secOnd source of error: an'error of =

0. 05° C on Ty *Slmllar geometrlcal con51derat10ns,
1llustrated 1n Flg E 16 1ead to an accumulated error~‘

Ax, = 2 x Ax = 4. 0 mm’59 e -
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It may be of interest to.note that'the relationship between
untroien water content'and Atterberg.limits'as proposed‘by
Tice'et al. (1976), pred1cts a free21ng p01nt depressxon of
just below -0.15°°C for- Devon Sllt Th1s would 1nd1cate thatf
the error on the estimate of T,ths much larger than assumea
hhere..It is expected to be'inhthe‘order of‘0,10 to 0.20 .°C.
‘QHoweyer; assuming“an errOr of:t_6,05 °C on_the‘estimate of
the segregation temperature, the first two,sources of error>
would give an uncertainty in the location of the frost
penetration'line of 4.0 mm. l |
Includlng the thlrd source of error,‘the error;on-the;-
measurement of the helght of ‘the unfrozen soil, leads to the
a 51tuatlon as represented 1n“Flg. ES17.

: ’ S

‘It is clear that the-moment of initiation of the final

ice lens can not determined aceurately: In.a relatively

Short'perioqfof time e heave rate varies. consxderany For
example, Experlment NS 4 for whlch accordlng to Konrad‘and “
Morgenstern (1980) the 1n1t1at10n of the - flnal ice lens

' occured at t = 37 Hrs. and the 1nti;e\veloc1ty was 40 x 107

mm/s. An ana1y51s u51ng carefully drg{tlzed data y1elded
Table E. 1. | o : |

.

The 1ntake veIOC1ty exhibited a typlcallf waverlng pattern,
also reported by Penner (1986) It shows that an error of At
= 10 Hrs. would lead to a p0551b1e error in the intake
veloc1ty of 130 %,' |

In this simple analy51s several factors, whlch would

increase the magnitude of the est1mated error have not been



taken into account.-
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v

The exact location of the thermistors is difficplt to

) determine, the finite dimensions of the sensor usually'

, i — :
introduce an uncertinty larger than 1 mm.

The temperature measured hy the thermistor .is not equal

©

"to the temperature in the soil. This is especially'valid

for'Konrad's'data;,because»the‘thermistors were shielded

[ o

from water by a~rubber‘membrane surrounding .the soil
sample._ L

The measurement of the water 1ntake veloc1ty 1ntroduces

'ea conslderabDe error, as the 1ntake veloc1ty is

. . ‘ '
calculated as the first derivative of the water intake;
or, as-the first derivative of the heave’, including a

correction for.in situ freezing of water.'Note that one

actually needs to know the depth of frost penetration in

‘the second case in order to- calculate the’lntake}

veloc1ty R oA : o N

In the above it was assumed that one can(@stlmate the

‘”témperature proflle between two_thermlstors wlth a -

straight line; this introduces some error.

el . o y

“When all these factors are taken 1nto account it transpires

that the 51nglé‘Palue for SP is based on c01nc1dence rather

"-than onJa_law ofynature.‘,
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E.3 Conclusion L o ;ﬁ“ cda
. e “b ;

The Segregatiq\\Potentlal theory,:l1k§ many other fr st

heave theor1es (e

i.u

Harlan,_1973) is bappd on the balance

of the heat flow equatlon and the Clausxﬁs CLapeyron fﬁz.;]j;}

(

equatlon; Work by M1ller (1980) suggests?ﬁhat the use oﬁ the

&
" Clausius- Clapeyron equat1on may not govern»g@é frost heave

o, i S St
' behav1or of a freezlng 5011 He proposed secbéﬁ%}ﬁ;“ ying,“ﬁ

P

which 1s based on the fact that a 5011 ‘particle’ frozenlf%»aﬂ
ice sample whlch is sub]ected to a temperature grad;en: '
‘tends to mlgrate towards the warmer 51de of the’ 1ce sample
gi(Romkens and Miller, 1973) is
The dr1v1ng force behlnd thls’movement i's an osmotic or
~electro osmotlc gradlent combxned»wlth heat flow and the
<Clau51us-Clapeyron equation. It was for thlS reason thought
of interest to study eLectro-osmo51Sfls free21ng‘and frozen

soil.
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' Table E.1 Time versus Water Intake Velocity record for

sample NS-4.
Time -

in Hrs.

.,32.: | .
34.
36.
38.
0.
42.

44,

)

“

" Intake Velocity

in 10°mm/s

63.6

59.6 e
§3.4 A

56.1

48.8
45.0

N
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SP-DIAGRAM
DEVON SIET =

SP-MAX : 147. 10~ mm'/s’C" SRR
dT/dt at SP~MAX: 0.22 C/HF o b el i

-~

o [ 'T,III"Y - 18 1711111]. - 1‘T.1111I[ . ™ 111V11-; .-
0.001 001 10
| COOLING RATE °C/HI‘ |

SUCTION 10 OO kPA

o Flgure E.4. SP versus Coollng Rate for Devon let the data

poxnts are. plotted after correctlon for the changed suctlon{
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TEST MFS 28

"TIME (hrs) ,
100 200 300 - 400 300 800

2.0

'FROST HEAVE (cm)

(cm)

12.0

R " q\\+(Goo
1604 —n- 1

8]
'FROST PEN.

; *' 1. .«
R : i "‘ . . .

COLDSIDE TEMP(-c) SR
.v";”-. L. lo" o
©
o
*.\

"

© 100 200 300 . 400. - 500 800
U e TIME(hrs)
c m L

F1gure E: 5 Example of ACFEL data, MFS 28 ('modf_--ied from

ACFEL '195 1 )
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SP—DIAGRAM
TEST MFS—28
: SP-MAX 124. 10 *mm*/s'C
LT /dt at SP-MAX : 0.03 °‘C/Hr
‘
O, R] IR B ARE] T T 1] ]"]l]‘ "." L4 l FIIIII T T T r"r—_ritlb
0. 001 0.01 ' . 10:

- COOLING RATE °C/Hr

SUCTION 010 kPA

Figufé,E{? Relationship between~SP_andeQol1ng Rate for.

typicai fest ffom ACFEL data, MFS-ZB,da;a points are .

corrected for suction.
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E.3 Exam§1e of ACFEL data, SC-1, (modified from -

"

162, -
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SP-DIAGRAM
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s

v

ooy

AN W™

g | .
| | |.||
N |\.||l h
'\
N\ NS \ ..I' ||
ST RS A o ~ l l |
0 ‘.‘-‘.‘\R\ ORI 0:0‘ IOROIIITEEIION, .'
OO' R 3'.:';“{\\\»‘, "“,0:‘\ .,0:.:.;':‘.';,\‘::‘:‘ ' l
o el X 2.‘a% % o 0 L Q) &
Q :“‘:‘ LY \\\ AC “.“\““ 00,0005 a0 N, ““".
‘Q AN \\\\\\ ’v"‘ o® “ “ " :o:o"o“““““‘.'.“‘
- R ¢ "“\\\\ \“““""“‘Q .‘ .o'o:o'o"‘ “ “ “.Q “ Q@
) 4% e% Q% %0 '.’\QQ’Q.‘O
@ ARSI RIS

\
\}\\.\'\\\“\\“‘\’:".‘:.';:"'Q‘s‘
Y

—ép‘ 7

Pl= 179 % B
Ll= 365 % Yo
K = 3’.6"‘1,0_1':o m/s

I

Figure E.9 Relationship between SP, éooling.rate'énd suction -

- for a typicél test from ACFEL aéta, Sc-1.
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Fzgure E.10 Relat1onsh1p between SP and Cool1ng Rate for'»-

typxcal test from ACFEL data, SC-}, data po;nts are fv

corrected for suctzon
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Q"t"ﬁ'ttt....t......"t'.ﬁ.'t. ...ﬁ"'..i..'tﬁ'.tt..ti.t'htt'ttt N
Tnis prograf allows the calculatioh of a number of
points in the SP-coOling rate~suction space. The
inputi data consist of the dxgitxzod forn of ’

1. frost pcnotrqtton versus time curve
2. frost heave versus time curve

'3, cold.side temperature versus time curve '
and somse 4ata specific to the 80il and test.
‘The program was written for ovaluation of the ACFEL test
data.
ttttih.ittn'i.ii'tttttQt.ﬁtt*ﬁt.t'it.tt.t.titttit'tiﬁ'ttttii’#i.tﬁ
Jirst a cubxc spline 18 fitted through the :
data points: some smoothing of the curves is allovod for.
. The method is an INSL subroutine: ICSSCU.
ﬁtt'ttttttﬁtihtiﬁlttttiiittt'i..ttt.tﬁt.ﬁ'ttt'ttﬁt.ttﬁ.tﬁtt.ﬁﬁtti

REAL X(24) #(24),0P(24), !(24) c(23, 3)“wx(wz) Sn
LOGICAL#! TEST(15) = -

INTEGER WX,IC,IER,I. = '

READ (%, zav)(rtsr(x) 1=1,13)

WRITE(S, 291)(1'!5'1'(!) 11,13)

WRITE(8,281) (TEST(I),I=1,13)

"281

234
101
67

;55

TNy
' 67\,1

33 -

WRITE(7, zsv)(rzs‘r(l) 1=1,13) ot
PORMAT(13A1). ‘
READ(5,234) K
PORMAT (F10.4)
NX=24 - ‘
IC=NX~1 : R e
DO 67 1=1,NX o
READ(S, :m)x(x) F(1)
romu'r(zrnz 4)
. CONTINUE &=
DO 855 l=1,NX
DF(I) =1, :
CONTINUE

"CALL xcsscu(xrnrxxsnrcxcwxn-:n), :
REAL P(24),6(24),DG(24), 31(24) uc(za 3) m(usz) HSH

INTEGER XN, ICH, IERH, m

1CH=23 B B
m.z‘ ‘ v .. = B : - N ‘ .
DO 6B I=1,NXH R S o
READ(S, zo)r(x) a(1) '
rom‘r(zr\z 4)

CONTINUE B R

DO 5555 I=1, o Lt
DG(I)". JJ- : ,ﬁ;

oyl

cowTraye .- Lo o

SKH=0.005 .
CALL 1CSScu(P,q, oa )mrsm HY, HC; ICH, HWK, xm)

--REAL XT(24),FT(28) nn(u) n(z«t) cr(z: 3) wx'r('eé)

INTEGER IERT =~ ¢ :
DO 6N I=1,2¢ - . L A
READ(S, M)XT(D) FRAD) » . &
FORNAT (2712, 4) : : T .
coNTINUR e
00 333 x-:.zr - e
- DIFR(1) =1, e s o
CONTINUE - S -

_‘»c:u.x. xcsscu(x'r n nn.n o os r'r cr wxr n:m')

172



s DT T T 173
. . ' “ sy ' v .
. ' ' ' ’ . : , L
¥ R i, o § X . ion 2
’ ! YU T PR :,, ' .
. . .sP. Acnx. VUL g s e T
e ' 59 R o mnt.atdmt‘utt-ang-.\nn-nta)\nn.qnt-ﬁmatqtaa—tn.h.ﬁnn-an\nhnat .
;. .60°. - C " Prom nere:on’the agtual calculation Ith’tl.\ o, :
v B1Y i x;u ! time step aize AR HEs, s oL v
82 BS: : height of B0il in cwm, before tast ltl:t.d.
'83 ‘X, t perméability of soil sample % EXP(+4)iin. cn/s.
(64 R Ty (porouty ofs the soil sample) (I water frpzen) "

[
c
[~
c
€ As tb ‘be able 'to! follow the calculatxon procoduro. read Hnnloy
66~ .'g and X&pllr (19%9) ..
[~
c
[o4
C-

67 " B(I) : Total neave. ' . e -
68 Ls(x). uuqn: of unfrozen s01l (= drunm lcnqtn) _ LT
69 z(1) . = L{1), height of frozen. noil. vx:hout no(vo. ;
70 “L(1). : Bozqht of frozen soil. -
"31 t..iittﬁtﬁ-ﬂintiiﬁittti‘i‘ﬁii..t.ﬂitﬁtitttttitttiitttttt!..tti‘Q.i'»
B T : REAL 2(200),D2(200)R(200) , v(200) ,L(200) , BXDT (2Q0) , DTDX (200)° ‘
‘73 " REAL DTDT(200),vs(200), L.s(zoo) ru(zoo) sp(zoo) V'r(zoo) o
C T4 REAL K,HR(200),7c(200), TT(200) g L
s READ(S, 1) XIN,HS,K,E,T ' T o
S 16 (R PORMAT(5FB.3) . - : : . P
S L DO 5 I=1,200 R : oo M)
PR . . TeT4XIN . o . ' o ,
A '~§0 ' tiiﬁittt*!gﬁittQt.tittttt.iﬁtit'ttttttttt'tt.ttttt.'ttttt."'ﬁntti

[«
c The 1F stateament docidcl b.cvoon WhRiCh of the input values
[of of time the given value lies, thus 9iving the depth of frost
C _ Ppanetration Using the appropriate part of the cubic lplxno.
c Note also that the derivatives of Z(1) and H(I)

c /are calculated analytically. -

c

tttitttt.i.t'tt'ttt.tttt.'.ﬁi.ttﬁtttﬁ.itt"t-.ﬁttﬁtttit'ti..t'.ttq
DO 45 J=1,24 : .
. IF(T.LT.X(3)) 60 bl 451 o oo e . T
U89 45 . CONTINUE . : i ‘ C
1’90 - 451 o Je3= - o ' : : )
91 - L D=T-X(J) : . . ’
92 - Z(1)=((c(, 3)~n+c(a 2))-D~c(a |))-nn(.:) : ’
93 DZ(1)= (3..ac(a 3)-m2 (@, 2))*0«:(.1 1) N i
94 . ' Do
95 .. Iz L'r. (J)) 9 10 461
96 ‘46’v"'c01lUl:
97 - 481 J=J-1 T , _
98 © D=T-p(J) ' ’ I ‘ -
99 ) B =((mc(a, J)monc(a 2))-pouc(a 1))-wn(a) . T
100 oo Y HR(I)=H()-Z(I) #0.09*E - ‘ .
s 'ldf ’ c t.t'tt'ttn.lt..ttltttl..'t.t.‘l.t.tt.tt.it..tt.tt.'tttt.t't...t.t.
102 C V(1) : The water intaxe velocity, it 4s calculated from ’y
~ 103 o VHEA & vnxch is the totll heave r-to. corroctoﬂ for in litu .
“ros, - ¢ freezing water. o [N . - L '
‘108 € vT(1)::fhe fotal heave rate.’ R ) R
106 A (nd Q.th""t'...q't.i.t!'ﬁ..Q.'.'t.'t'..f‘t.l....ttt.t..t'.t.."'tt)\\ e
107 Co VREA= (3. «HC (J, J)tD~2 sHC(J, 2))nmuc(a 1)“-02(1)-0 09e
" 108 - o V(1)=VHEA®0.92 - - | Yy ST
C09 T V() = (3. sHC (I, 3)~o¢2 -uc(a 2))-n»nc(3' 1) Wl
_ 110 S D047 J=1,28 | L S,
BRI : xr(run(a))ooron: IR MR e
112 47 7T CONTINUE. S S U
153 471 L JeI-y . - P P R
114 L DeTXT(I) - o SRR T T
ns'.o -Tel1y=((eraQ, 3)-m(a 2))-0«.1(.1 m-mn(.:) S Y

1"e : L(x)-z(x)oum

- o %“ L . ) . . . T e

 dv



134
138

140
141

143 .

144
14%
146
147
148
14Y
180
%
182

e
174"

=0 0anaaa

A4 - CONTINVE

Te2 . FORNAT (3G15.5)-
187 CONTINUE

c
c
c
<

_*C. XSTPZ :
c
¢
¢

ST oad Taxane(0.)

8P.ACTEL e

....'...'t'i....t.ti't.tﬁﬁ..ﬁ'..t‘.‘..'ﬁﬁﬁ..t.ﬁ".'ttit'.t'.i'i’i.

-pTDX (1) ¢, ra-pora:urq gradient from the told side.
DXDT(1) s water’ mtuy Valocity. : -t
DTDT(1) : Cooling rate. o
vs(1) vﬁz)/asoo. Dimension of v(x) s ca/Hr
! Dimension of VS(I): ca/s
.iittt.Q.t'ﬁtlt'tﬁtitttQttttttttii.tttttt.i'.ﬁtttttﬁtttttttit'it.
DTBX (1) =TC (1) /L (1) . I A .
'DXDT(1)=DZ(1)+VT(I) - : . ‘

: (3) =DTDX (1) *DXDT (1)
v8{)~v(1)/23600.
L(¥y=ns-2z(1) -

.'.."i..ti#'t't'ﬁﬁt.i..ﬁi.t.'.tﬁﬁ..'iﬂ.it'..!.t"tﬁ.t.'-ﬁ'titﬁﬁtt"

Darcy s lav, Tho factor. 1000 : fit dincnlxons luch thnt PU(I)
is 4in kPa. : &

 thlt only the significant ﬁ;
eg. i actual SP = 156, m(
_out as 8P = 15§, i

ttt'tttt'tt.ﬂthtttitttttt'i'&ﬁ
| PU(I)=VS (1) »LS (1) /k*1008% i :
sv(:)-vs(z)/nrnx(:)-tooo-woo. ;.

rt of SP 1: pPrinted out. )
llﬁﬂn/! c will be printod

c

[~

e
' 'C, :Definition of SP. The fl-f~r 10000000 ¢ fit diucnsions such
e

c

c

c

*ﬁ.ﬁ...ti.i*.ﬁi'tiQiki't'.iﬁ.t.tiﬁ

-8 CONTINUE -

DO 141 I=1,200
WRITE(7, am)‘rr(x) u(n z(x) 'rc(x)
891 FORMAT (4G12.5)

DO 157 1=1,200 -
WRITE(8,912) DTOT(I), pu(x) J$P(D)

(o] 'i.t.‘ti.'t"t.tl"'ﬁi.ll.‘tﬂtti*t'tt*it',
c Pron norc on the plo:u.nq proqrn st.artn
C XX ‘¢ Total time scale -
YMAX. ": Total noavo scale BN
| XMAX2: Total frost Neave penetration scaj
XSTP @ s:op size time scale (lhscluto valu.l)
18TP . " heave- ‘scale
e !rou: pcnotrntion lcalc

R R

.
.
»
.

CIMAX: 7

&Q’at.tt."t..tttttﬁtttOtﬁ'tt'..tﬂﬁ!t..t.tt.'.ﬁOtt.tt(tt..!'tnt' 9

““READ(S, 110) XNAX, THAX XMAX2,XSTP, YSTP,XSTP2, THAX, TSTP .
" WRITE(6, 110) XMAX, nux nuxz XSTP, ISTP, XSTP2 m TSTP

110" .PORMAT(B78.3) . o

. NPTS®200 - 1

. CALL DSPDEV(' pwn'n )

" CALL ScMpLX . ,

CALL BASALZ ('STAND') R ' -

' CALL PAGR(8.8,11.) - co o v

T CALL nnsoa(z..v 0y .. e
- CALL.AREA2D(S.,2.8) - =~ = o -
- CALL XAXEND('NOFIRST') o e S ‘
»  CALL RESET(’INANE'). ?

| CALL NKEELIS000). i T e

T CALL TNANE( nos'r anvz (cm)s'.100)” - g 7
cm‘xxrru . RO f K

-3 . N . . - u
+ . N L ol

Q



17%
176
177
178
179
180
181
182
183
184
1858
186
187
188
189
190
191
192
193
194

‘SP.ACFEL S : . L

Kk

' CALL CURVE(TT,H,NPTS,0)

',.cu.l,msu- L . " .-

EEEE’EEEEEE’EE-E es

CALL MARKER(16)

CALL scLpic(1.0) .

CALL XNONUN o _ Cn e
CALL XTICXS(0) LR ' . . ﬁf
CALL GRAF (XORIG, xsrp kam 1STP, nux) :

CALL RESET('XNONUM') ' ' ;‘-'

CALL RESET('XTICKS') . ';,;J_., ' .

CALL XGRAXS(0.,XSTP, xmx.,s. "BINE (nra)',=10,0.,2.5)

cn.x.cuavx(vou.-a) S R
CALL GRID(1,1) '

,cau.cunn'rrrmnrrso), e
" CALL: RESET('DASH') . o : o
CALL RESET('XINTAX') :
CALL HEIGHT(0.28) . o,
CALL SETC(1,TEST(14),' ') o
- CALL SETC(1,TEST(15%), 's ) LI ?

CALL IBSAG(THT 100,1.5,3.2) che

CALL RESET('HEIGHT') , -

CALL. ENDGR(-1) - : . _

© DO .33 I=1,NPTS . AR T o

TC(I)==1.%1C(I)- - S _ ) SR

. .- CONTINUE ‘ RO : : :
“THAX®~ 1. *THAX , ‘ :

CALL PHYSOR(2.,1.2) o o
AREA2D(S.,2.5) v SRR

:

- CALL RESET('XNAME') -~

CALL- RESET('YINAME')

XINTAX

XNARE (" rxn(nr-)S' fuoo)
KBMAP('#',96)

INAXE('COLD SIDE TEXP. ors’, |oo)

GRAF (0., XSTP’, XNAX, o..rsn THAX)

CURVE (TT,7C, ¥PTS,0)

;cuav:(xf.n.u.-n) o .

GRID(V,1) . :

RESET (' xnm\x_') AT )

ENDGR(-2). -.» ' v

PHYSOR(2.,7.0)

AREA2D(2.5,5.)

XAXEND (' WOPIRST')

TAXEND('NOFIRST') - L

SANGLE(-90.) R

cau. RESET('XONAXE’) - )

CALL XAXANG(~90.) - _

,CALL XNAME(‘ $°, 100) R e s

CALL ANGLE(180.) ' A

- CALL WESSAGC!TROST PEN. (cw)$',106,2:3,%0.93) .~ .. ' 0 .-
*-cu*.:.mn(um) e

 Yeonun R P PR .

CALL. nxcxs(o) s . .

CCALL wto..mvz XMAXZ,0. ASTP,XMAX) ~ .~ o

CALL CURVE(Z,TT.¥PTS,0). ~, - - o
" CALL CURVE(P,X, u.-‘) EORRRT RN SO
cau.mun(nu) o Lo L = s

E



SP.ACFEL E R R B ‘ﬂh

2T

233 STOP L
234, END . ¢



177

Listinqlof LEAST at 13:43:11 an JUNI 8;'1587 for CCid=GS56 on UALTAHTS

1 (o] ii.ﬁ'tttttﬁﬁtii.i.tt..'ttt..ii....i...."..t.t....iiﬁ..t..t...tttt.
.2 c This programs fits a least squares surface through a number of .
3 c points in a three dimensioral space. The surface is 6f thirad

4 C . order in one dimension and third order of the logarithm in
5 C a second. The problem is. sOlved accoraing to the spirit
6 4 of a simple linear least squares model. .
7 C - It was nccnury to use 4oudle prccmuon for accuucy.
8 c xx ! X coordinate of points B
9 [~ X ‘: logarithm af x coordinates of points
10. G b ¢ Y coordinate of points
N [ Z . -t z coordinate of points )
12 C B:_containl the coo!flcxontl o! the three dlnonsxonal
|3_ C luruco.
N4 C NPTS : number of points
15 (o4 XSURMI : lowest value of Xx quottd in output. N
16 . (o XSURNA hiqh.lt value of x’ quoud in output.
v .1 Cc PUMAX : highest value Of y quoted in output.
:‘.’{ 18 c ) .
N } 19 [« Output units: . : . ‘
e 20 c. Q. 91": l matrix of vnluon qonoratod by ‘the lut!aco '
R 2N c 8. gives the coefficients B
&, 22 C. iﬁtﬁititttiﬁiQﬁt.tit.ttiitttitttii.t.ﬁiiti.ttttti.tttttntt.ntttntt
(%23 REAL #8 H(7,7),XX(900),X(900) ,¥(900),2(900) ,8(7,1) ,WK(1100).
24 . REAL »8 ZN(40,40), XSURNI,SULOMI ,XSURNA,SULOMA, s(oo) 'r(co) u(4o)
25 - READ(S, 12) NPTS, XSURNI , XSURMA , PUNAX
26 12 PORMAT(1%,3r10.5)
27 - DO 7 I=1,NPTS &)
28 el '..RI;ZAD(S.?OOO)H(X) Y(1),2 )
29 . WRITE(6, 1000) XX (1, r(x) z(1y
30 ‘1000 . roanx‘r(ams.»s)
3 : x(x)-pwmo(m(.x)& , ‘ e
3 7 -CONTIMJE ! g .
kk] . XXMIN=XX(1) : -
34 XXMAX=2% (1) . w
LI IHAX=Y (1) :
~36 ZMAX=2 (1)
37 ‘DO 77 I=1, lrrs
" 38 xm-xx(x) .
39 .. XXMINSAMINY (YOO(IN XTEN) .
40 e XIOUAX=AMAX 1 (XXMAX ,XTEN) ‘ .
4 S ITEMSI(D) o, , v B
42 ‘ TRAX=AMAX 1 (YHAX , YTEX). T
.. 43 ZTEM=2(I) '
44 : - MAX=ANAX 1 (ZUAX, ZTEN) - B
45 11 CONTINUE - _— ) :
46 ' WRITE(S. nt)xxxxn XOMAX, THAX, zmx
147 111 PORMAT(4G15.5) -
48 S0 Do 1T L=,y :
49 . "o 17 X*1,7
50, , L H@, K)=0. .
51 17 . CONTINUE :
52 ‘DO 47 I=%,7 .
53 B(1,1)=0. :
. 54 47 CONTINUE -
85 . i DO 27 I=1, XPTS _ )
56 B TSPRI L T AT ) DY PO o T ’ .
57. RO, 2)=0(1,2)x (1) - : ﬂ
58" T ROI3)SR(Y, 3) oK (1) a2 ' ' : T



A

R

Listing bY LEAST at 13:43:11 on JUN 8, 1987 for CC1d=GS56 on UALTANTS
. L p . . .

. .89
60
61
62
63
64

. 6%

. 68
67
68
69
70
7
72

13
74
7%
76
1

" e

19

. RS
o, \ .
S

H(3,4)=H(1,4)+X (1) #n3
H(V,5)=H(1,8)+¥(1)"

R(O1,6)=H{1,6)+Y (1) ne2
HO,7)=B(1,7)+X (1) #43

- B2, 1)=H(2,1)+X(1)

H(2,2)°H(2,2)+X (1) %22 .

- H(2,3)=H(2, 3)+X(1)ww3 .

-

H(2,4)=H(2,4)+X (1) #es
u(zbs)-ulz.s)«!(x)-x(x)x
H(2,8)"H(2,6)+Y () we22X(1) |
H(2,7)=R(2,7)+Y (1) ##34X (1)
H(3,1)=H(3,1)+X (1) w2

S B(3,2)=H(3,2)+X (1) #»3
©H(3,3)=H(3,3) X (1) #nsg .
XM (3,4)°H(3,4)*X(I) was

HA(3,5)=H(3, 5)+X (1) wu2ey (1) -

- H(3,6)*H(3,6) *X (1) we24Y (1) #w2
CR(3,7)=H(3,7)+X (1) #4247 (1) »43

H(4,1) 0 (4, 1) +X () w23
H(4,2)=H(4,2)+X (1) #%4
H(4,3)=H(4,3)+X (1) #s5
H(4,4)"K(4,8)+X (1) %26
H(4,5)=H{4,5)+Y(1)aX(I)»*3
H(4,6)=H(4,6)+Y (3) wa24X (1) %23

H{4,7)=H(4,7)+2 (1) #3aX (1) ##3 ~

B(5,1)=H(S;1)+Y(1).
"H(S,2)=H(5,2)+2 (1) *x (1)
'H(5.3)'H(5.3)‘!(1)*X(I)!*2

© H(5,8)=H(S5,4)+Y (1) #X (1) #a3 .

H(5,8)=H(5,5) +Y (1) w2
H(5,6)=H(5,6)+Y(I)»*3 -

T OR(S,)H(S,7)+T(I)was

H(6,1)=H(6, 1) +X(I) #x2
R(6, 2)-H(s 2)+Y (1) #n2ax (1)
H(E, D) =R (6,3)+Y (1) #w20X (I) wa2

H(6,4)=H(6,4)*T (1) #420X (1) 43
- H(6,5)=H(6,5)+T(I)nn]

H(5,6)=K(6,6)+Y (1) nen-
H(6,7)=H(6,T)+Y (1) was
H(T,1)=H(7,1)+Y(I)na3 .
B(7,2)=R(7,2)+T(1) #»3»X (1)

CR(T,3)=H(7,3)+X (1) #w3aX (1) ne2 n
H(,4)=H(7,4)+T(T) kadax (1) wa3

H(T,5)=R(7,S)+T (1) ang

. R(7,8)%H(7,6)*Y (1) wns

3(7.1)68(1.7)01{1)--6

' B(1,1)=8(1,1)+2(1)

B(2,1)=B(2,1)+Z2(Deax(1) -

B(3,1)=B(3,1)+Z(1) ax (1) ##2

B4, 1)=B(6, 1) +Z(1) ax (1) wwI

B(S, 1)=B(S,1)+2(1)»1(1)
B(6,1)=B(6,1)+2Z(1)ex.(1) #2
8(7, D87, 1)+2(1) 27 (1) we3"
CONTINUE-

cau.l.mzrul 1 1753w1m)
_-wmn(e 0008

FORMAT (D1S.8) ..

. SULONI=DLOG10 (XSURXI)



“1

179

g

. Y. ) :
Listing of LEAST at 13:43:11 on JUN @, 1987 for CC14=GSS6 on UALTAMNTS
117 v SULOMA=DLOG 10 (XSURNA)
118 0 DO 3T I=1, 11 .
119 - v S (I1)=SULOMI+ (SULONA-SULONI)w(1=1)/10.
120 u{1) =108 (1) ) ,
121 ] DO 177 J= W ’ ' ™
122 _ o) (.J-n)upunx/w. . v
123 ZN(1,J)=((B(4,1)nS(T)+B(3, x))-s(x)ou(z |))-s(x)0:(| B
124 Z(1,3) =20 (X, )+ ((3 (7, 1)*T(I)+B(6,1)) »T(J)+B (5, l))-'r(J)
128 177 - - CONTINUE
126 37 CONTINUE
127 WRITE(4,232) (T(3) ,J=1,11) - , o
“128 232 mmr('ﬁnsuc.rxou- LIrE. 1)
129 WRITE{(4,26) ‘ :
130 ‘ 26 rom‘r( tcw:_xNcﬁﬁ.ttatttttnt-.at'ttwt'at.tt-tttnatt.ta-n-t-ttt--taat-a
AN IVARRARARRR R AN R AR N RN AN’ ) L4
132 DO 4§ 1-1,11
133 -~ WRITE(4,127)U(1), (zx(x M a- ,n)
3¢ 127 PORMAT('+',F5. 3, * ' 11P6. 1)
135 46 CONTINUE e T
136 . WRITE(4, 13‘%) ' .
137 1377 mmr('ii.'.it.ttitﬁit'i..tt...i.iitt'ttttt.hﬁttitttitt.i.'i.ttlitttt
138 VARARANAAARASARRARARRRN') .
139 REAL *8 A(900) : 2
140 % DIr=-o0., e
BT 3 I © DO 999 I=1,NPTS '
142 : L AQ)=((B(4,1)*X(1)+B (2, 1))-x(x)~a(z 1))tx(1)~n(1
{1437 L AD)=ACD)+ ((B(7, 1) w1 (1) +B 6, 1))-!(1)03(5 1))-1(1)
L 144 " DIF=DIF+(Z(I)-A(D))ww2 _ o .
145 999 .  CONTINUE o P
146 o STER=SQRT (DIF/ (NPTS- 7))
147 .- WRITE(S, 189)STER - ‘
148 159 -Pom-r(‘ snmnn zmzon or zsrnm'z : ',G15.5)
149 7 grop : :

50 - _ . EWD



LSG-1B

J20 el

W 33_"7.‘_4_78,
. .7150594S,

BT ST

,-0.066,
S124Q00,. .

BT 1.7 S

C 918018,

3
2
3
SRR SO
TOUERT 328 687,
S
1
8
9

"INPUT FILE

oiise.

Toggit U 386,687,

3980306,

24 . 881,812,
26 . $70.082,

-2 N Lo0sagh,

28 . 289,338,
L2970 L N2.010,00

L300 136,192,

31003620147,
32. . IB4222, -

S33 . 4081425,

34 -7 a32.2%8,

TAs T L 443,329,

g . 455,406,

37 7 463.626,
138 f 480,518, "

Y390 age138, L3
‘40 < 'so2.ee8, . -

S S B 514,604,
- 420 0 7 522,97,

430 's30.263,

44 539,982,

45 549,302,

L 46 T 564,270,

. &7 . 574.068,

497 . . 590,184,

50. .. :598.104,

51 1.384, .

C82 . 26.%02,

83 . 490123,

5400 72.160,
S5 - .7 97.780,

Csg T iza.sor,

877U 167.720,
58 217,498,

T

‘FOR

“



LSG-16 N o

59 7 265.106, 3.482, o PRI
60 312,297, 4.2%3, C e o . B N S
6 336.495, 4.943, T o S
62 389.723%; . 5.376, . . ST el
6 384.34), - 5.7985, : ceel T T St
64 ‘.,,poe.rv9. 6.295, - — . O TR PR
63 433,100, 6,590, . .. 5 oL e T e e
- .. 454,094 6.8712, . ¢ ¢ . L TR T
67 478.635%, . 7.016,
. 68 . 504.413, 7.308, . ST R
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APPENﬁIx F Some“comments on the results of the £1n1te

dxfference program B

-

'In thls appendlx the pecullar shape of the CUrves 1n F1gs.

4, 6 to 4. 10 is: d1scussed Two featbres are of 1nterest-=
h

~f1rst peak of - the amount of water stored" near'the top of

PS

'{the 5011 sam e, and a Second peak near the 1nterface
'-between the 5011 sample and the bentonlte.g} vfu”f-é,

The peak near the top of the soll sample 1s 51m11ar to

pf<the peak obtalned 1n homogeneous 5011 Samples as‘analysed by

;'Esrig (1968) fIt 1s explalned by the followlng ;f;ﬁff"f= ‘LV“

'con51derat1on. an electrlcal gradlent is- establ1shed across
STORRS

ar so11 sample when a power source 1s swltched oh 1nduc1ng

_water fibw 1nstantaneously. When the electrodes £orm closed ’

ff&boundar1es negat1ve pore water pressures are: generated near,

'f;the p051t¥ve electrode and pos;tlve pore water pressures

-l \ ‘e ~

")‘

5near the negat;ve electrode. Equ1l1br1um 1s reached.when theit
;Tflow of water due to the hydraullc gradlent equals the flow
pdue to. the electrﬁg gradlent. However, 1n the 1nter1m,
~before equ111br1um 1s establlshed there 1s a net flow
'towards the negatzve electrode, wh1ch explalns the '?
17accumula}1on of water near’. th1s electrode.t_Lpa;°
The proceSs at the fnterface between the 5011 sample'
.and the bentonlte is of s1m11ar nature. Say the voltage droph
jacross the 5011 sample 1s half that across the bentonlte,
:1and the hydraullc conduct1v1ty of the frozen 5011 sample 152
ffhalf that of. the frozen benton4te._Coh51der the | |
iconflghrat1on as presented 1n Fig. F.l;';nlt;ally,thekpower‘

@

s ;-f_* Lp'ti | ‘183}1



;fSource is sw1tche§ on, and a llnehr E d1é§r1but1on 1s
; \

'
RES JR

184

‘"‘establlshed We w111 now 1ook at the 1nstant just after,"'“

using the flnlte d1fference technlgue. Say the unxtlal

Avielectrxcal potent1a1§ are glven bx the numbers%1n the :

1f1gpre. An 1nstant later £ Ln the 5011 sample and in the

~benton1te 1s everywhere determlned by.

K ’ o

'f except near the boundarles at the top, bottom and in the

" ~m1ddle. E near the top and bottom boundary is. determxned by_

[

‘,no flow cond1t10nsL t in the m1dd1e 1s determlned by

COHtlﬂUlty of flow gr§<

An " Expre551ng cont1nu1ty of flow the’ 1nstant aﬁter

appllcatlon of the electr1ca1 gradlent 1eads to the.values

'.shown in” the second columh 1n Flg .1; The amount of water

'stored ‘in an element\1s theg‘determlned by the d1£ference

- between the ‘amount of water flowlng across the top and
' /
bottom boundary of that element The flow towards the

vd1vxs1on just above the 1nterface is: calchated qu1te ea51ly

“and ylelds (when the hydraullc conduct1v1ty of the 5011 1s

-

-_*J; that of the bentonlte 2, the area is: assumed to be equal

'to unlty, and the dlstance between the d1v151ons is unzty)

& '

PR

o The.flow'awayvfrOm'the<same boundary is given by



Q. 1s J%rger than qout whlch shows that water is accumulated ‘

at thls d1v151on. It can be seen that no water 1s

' accumulated at the d1v1s1on just above the one consxdered

'bo ndar1es qve due to the dlscretlzat1on, and could be

»

result1ng in a pixpounced peak.

| The abrupt sharp changes in the curves close to the
NG
m1n1mlzed by u51ng smaller elements, they can not ge\ﬁ
avoided; they are 1nherent to the method and have to be

lived with. . -
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 'Figure F.1 t-distribution for a_soil;bentbhiféhéémple.ﬂnder ;

. conditions as déscfibediin?the;teXE.‘f v ,



