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- ABSTRACT .

s

An qxerinental Study. wds carried out to obtain the
Al e o ST

moisture wmigration characteristics of De;bn Silt wunder
varying conditions of appllied load'dnd.ffeezing rate. All
testing ;as carried out OFQer .open systenm drainage
conditions. ' ; Y |

i
AY

iwere oattlod out .
'R

Short term ‘and long teﬁm experinents

and it vas found- that Eor the majority of‘gases - short ‘tetq:

- testing could Ibe usedv¢to predict long  term freezing
behavion;; The liﬁitatiogs Qf“ th;s' observation are not
co-plétely"understqu hoveugr guidelines as to durationléf
téstinq to obtain the true moisture migration
characteristics are gi&en._ .:. o ' ; |
The 'eiperimentaI' prograhm /showed fhaf‘ the noisfﬁre

,n1grat10n characterlstlcs vere affected by both the applied

!

the rate of

load an

endrqgy removal ra dlcated that tho concopt of an enexqgy

“

balance should be c6ﬁ51dered in the developmen* of a rheory"

predicting moisture.migration rates in freezing soils. e

The efzects of the heat
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HAPTER 1 X
.
- INTRODUCT TION -
1.1 .&n!snsz&i and assoc¥at a.sd Ceg'gc_nigi.l Esgélgls

. -

With 't he tapid developnen* ot *he indusfries aqsoc1a*ed

with the rocové};vof natural resources found ex*ensxvely i

the Canagdian North, an understanding of ho'“b@bqviour bf

frozen, freezinq and thaving qground is recessary to DermiV

the safe Pé%iqn of the many dnd‘Vdrled structurqs which this

expansion demands.

L4
EERNY

0 " ':‘" Ce . : - : . .
Recent research has videned our understanding of ¢he

mechanics of cold region geo*technics enabBing the design
engineer to predict the behaviour of ’soils, frozen anq

thawving, .accurately both lin " *erms of q*renqth and

R

deformation. Por problenms involving ihawed soil the

L PO

convenéional principles of felﬁera*e'zono qoil nechanics are

applicable. Work by Nixon and norqnnstorn (1973) enconpa‘sedt

v

-the problems of thawing grourd and the deelobment of - a

method of deternmining ‘tﬁe madni*ude of pore p:es&ures

r
-

generated during thav- and tho pfbdirtion of thav settlenonts

.

. €

*

vas presented. This wvas a ~comprehen51ve 'theorya vh;ch'

considéred the twvo controlling dynamic factors of ‘pbtel

. ) 5 ’
pressure dissipation and a moving thayw bouudary.

-

&

. The bharacteristics of thawed sSoil were ingestigated by

'Qoqgensack (1976) and its behaviour is now Ule undeerood



- Freezing wroblems however are no* as well comprehended.
The. eftects  of  freezing a frost susceptible soil are most

- ' . . . A .
cl'early exhibited in a heaving ot the ground surfaec, TPhe

magnitude of this heaving varies as a funct.on of several

factors such as applied load, stress history anl grain  s5ize

distribution. Purther investigation of +he soil atter

freezing reveals the development of discrete 1ce Tenses

vhich m®may qgrow *o appreciable t*hicknesses. A decription ot

-

these lens:s was given by MacKay (1972) 1n a study ot ground

1ce occurrence in the high Arctic.

The build—ub of discrete ice layers is caused by the
miqgration of water in the s0il under the infldoence of a
potential gradient created -at or near the freczing
interface. The prediction of the magnitude of th;s potential
gradient has so far been impossible due to the complexity of

the problen. .

If ¢he heaving of the ground surface is inhibi*ed,

-
substantial heaving pressures . may be developed, or
conversely "f the overburden stress at the frost plane is

high en»ough the qrd&th of seygregated ic= is impeded.

Apoth¢i problem associated with the build -up of “ce
slayers 1is the effects of any subsequent thaw. The localized '
increase in water-content of the soil implies a decréase of

strength on thawving if drainage is hinderd by some factor

such as low permeability of the soil.



1.2 Scope of- the Thesis

To.date no comprehensive undorhtandihq of frost heave
beha’yiour is known and conanpontly the effects of the many
coh;rollinq variables in the prohlem must be investigated.
Thv_vpurp059 éf this study was to examine the freezing
behaviour of a frost susceptible so6il  under varying
conditions of applied load and temperature distribution, and

to correlate Hehaviour with those parameters.



——————

' LITERATURE REVIEW

———— et s ) et D

421.1 Freezing
.

It 1is known that most saturated soil; under low
‘gkresses exhibit an affimdity for water during freezing and
the formation of lenses and layers of ice occurs. Coarse
qr ained soils maf expel vater on ‘free;inq if drainaqge is

permitted, (MackKay 1971, McRoberts 1972). In reviewing the

geotechnical properties of freezing ,ground, Anderson and

Hérgvnstern (1973) stated that ice lensing results when a

rd

soil has the ability to supply water to an active ice front
L 4
for a sufficiently long time to grow an ice - lens. Frost
' *
<]
action is contingent on the existence. of certain Factors.

<

These are a frost susceptible soil, ah adequate moisture”
° .

t‘supply and a sufficient?; low *emperature to cause ‘some of

the water to freeze. P

co .
’
¢ [ 4

The effects of frost acti’on are dispidyed.mt§?19fin +he

form of vertidal displacement of the soil surFace. Other”

p:oblems dlso* occur, ., e.g9., the increased so0il  moisture -
- . . . . . ' ’ -
content due _.to water migratjon during the freezing process *

is reflected in a decrease in soil strength after thaw

occurs. Vertical displacement of subsurface obijects such asg

boulders, piles and posts are also of ma jor concern.

o

-

It is of importante at this point to define the

be haviour’ that the -author refers to as heaving. The
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volumetrxc 1ncrease of a soil sample on freeilnq is due to

two components:

1) The voiumetric increase of in situ pore vater due to its

phase change. This may be expressed mathematically as

dh

——

dt

It

Where n

>
"

t

"

13

h

2) The volumetric

dh

at

Where " h =

It 1is the

N

dx

0.09n — 2.1
dt

porosity of the soil

depth of frost penetration ' \

time

heave due to freezing of insitu per water.,

inorease due to moisture transfer and its

-

subsequent phase change. This is given by

1.09v 2.2

heave due to the formation of segregated
ice '
velocity of the +Water arriving at the

frost front due to a potential gradient.

latter vwhich is . of ma jor importance in

englneerlng considerations since the suppresqlon of heaving

due to freezlng of insitu pore vater 1np11es the appllcat1on

rof loads hlgh enough to 1nh1b1t crystallization conplotely/

e

_in&erest.

‘Taber (1930)

¥

°
and'these magnltudes are: well beyond those of englneerlng

/

first showved the phenomenon of moisture

migration in an experiment in which a soil with a pore fluid

\

\

\
\

/

./



taw
.

'
L

of benzene was frozen. The sample heavel on fréezinq and yet

3

benzene itself exhibits no volumetric expamsion on freezing.
He concluded that the build-up of frozen benzene lenses " and
the resulting volume increase and heaving pressures were due

to moisture transfer.

l

The étfinity of a freezing soil for water is due to
soil - water suctidns é{f  up at or near the ice/water
interface and it is these nejative pore pressures that are
.‘of gréaf interest. Theories have been postulated within fhe
framéwork 'of capillary physics and fﬁermodynanics, both of
vhich qiveAan insight into thé mechanisms which cause these
suctions and éhe resu1ting vater movements; Hoyevér none as
yet conp}etely describe ﬁheﬂgice/watgf- interféée phenomena

~

adequatély.

2.1.2 Mechanism of Prost Heaving - - ' 1

Whenever a negativé'teméérature qfadfgnt is imposedﬁon”
a soil the volumetric heat is' removed causin§ aWd§pp in bﬁlk
" temperature.. When all the volumeﬁ;ic heat-isvrenovéa‘an@\tme
bulk temperature is 0°C, nucleation of ice occurs yith‘ a
subsequent release of latent heét. If supercboling.of the
pqre'ﬂﬁtet occurs nuc;eation vill occur at some tempefaturg
lower \§han 0°C. The magnituderéf the supercooling effect
depends$6n several factors. Available evidence indicates

that  2°C to 80Cc 'of supercooling may be required in the

labotatory but little or none in naiurai_ surroundings. In



"

i®
L 4
~

‘ L . . ; . o
coqrse-Qextured soxls the freezing 1ntec£ace cloSely follouq
o

u
[ ] AN

the 0°C Lsotherl Jim, ;ts downvard course. In fxqg €bx§ured

'Qr

soxls it may be as quch as seVeral degrees behmgg due, to

freezing poxnt}depreSSLOn.(Anderson anﬁ‘uorqensféin_l973y '

. .
. (- - R . .
- i T .
e - - ~ .
. -

It ;is .noy ‘bell establlsﬁed that soxL~part1cles are

L]
t

surrounded by an absorbed_ layer of -gpter~ 1*h"d1fferent'

properties from ;tﬁaim bf the pore vater -(Anderson .and

Honqensterﬂw:1973). The thxcknesq pf this film 1s a funct1on;

of temperature (Anderson, 1968)._Thls uatet vhich does not
(

Y

fr eeze in-a s1m11ar wmanner to the pore vater is known as the-

un frozen uatén cpntent;_TQ'dgtﬁ_tHe_unf;ozen vater contents

v

" have been correla%ed[;ofburface»atea; (AnderSOn, Tice and

~ - N

McKinm, }§73), Afgépberé limits, freeZLng ‘point depreSSLOn,

T

-

clay lineral;gy'ahd ébtiyity ratio, (Dlllon "and Andgrslqnﬁ‘;,

{ . -0 » -

1966.) - o SRS

RN
'\.T

Th’“”équilibtium“5of fthe»ﬁnfrozen vate: content/uay be

dpscrlbed by the Clausxus-clapeyron equatlon appl{;able " to

. front" - S o

h !

soil water

!

AHnE The diminished ‘latent ‘heat of freezing

this situation . ..
" ) T~ h
Dp =48Hg SR U~ -
—_ 2.3, ”, .
Dt TAv N .
‘Where Dp = change in pressure across the. freezing -
= front. a
. s . M & . v .
Dt = change in temperature across the freezing.
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1

peratuﬁp of ‘phe soil '

c ) s .
in specific volume during phase

>
<
f

y

The factors deterning)tﬁe solid/ ligu

§

idvboundary on the
phase diagram for ice in frozen 'soil involve the magnitude
‘ofiﬁﬂé teducifén ;n ;he freezingv tenperétﬁre T and the
diﬁihished latent heat of ﬁfeezinq soilk vaier, Aﬁp . Data
ﬁre hot available to fully resolve the“fquesfion, but
ésginéte§ indicate that of the two oppos{ng)eff;cts the
decrease in N predominates, (Anderéon and Morgerstern

1973)

The application of pressure tends to increase the

_\\\\;higiéﬁfi;gf the unfrozen water layer. -Evidence that the

"

thickness oE\\?FE:‘nnffozgg‘\giggg_lizﬁr doesqlncrease with

~inCreasing pressure is provided . in the observation of

Hoekstra and .Keune (1967) that the eléctrical conductance of

a frozen clay water mixturg' increases dranaticallykﬁith

ke .
| o '

pressure. ' Y

B

. ! o : . ’ \\ R
© As more heat is removed and after ice nucleation the

4

> L » .
freezing interface descends. As! this occurs one of two

things:la?hkappen. Inlone éase thélpore water méy freéze in
situ-as growing ice crysgals invade;‘fill the soil pores and
enéulﬁ thev'soil gta??é. In' thi; case the geveLopmgnt of
h&éiing forcesggesults entirelybfroi}the expaﬁsion oﬁ; in-

situ ‘water dut; to phase changé.:. This 1is the mode of

: ! | ' I
~= behaviour in the situation of freezing a coarse grained soil
[ - ¥

.

\
' '
i

!



in a closed systel'contiguration. Alternatively, segregated .,
.ice lenses may form in a plane of favorable temperature near

but a little behind the zero degree isotherm. The ice lensés

may. thus enlarge by the additioa of iee formed{fron upvard
migrating soil water. It is this upvard flowv of water and
the potential .and thermal grad1ehts vhich control this

P . . - i

migration that are of special 1nterest. The frost frout

moves 1in accordance with thé relativé balance or unbalance

3 : . ' - -

between heat energy brought to and?remoued from...the " frost“““
front. An advancxng frost front results in the engulfnént of
soil particles by ice crystals or in 51tu freezxng. If the

rate of heat reuoval equals the rate of heat supplied, —the

frost front Qecomes 1umob11e:/i/e;///statlonary.frost front.
- ) . \

o

Once the freezing front becomes stationary and water in

sufficient quantities is ‘aVaileble’ to the front;the:ice
orystals grou by freezing the-adjacent water. Due to the
riqidity and perfection of.the iee crystals, soil p;Ebicles
~are rejected by the ice, resulting in tﬁe segregation of ide
and soil particles (Anderson, 1968); B

 The heat belance,at.the frost front is-'a function of
several nodes of heat transpo;t.wConductiop of heat through
the frozen ione is theé sink of heat removal; Conductiou of
heat towards the frostifront through thevunfrozen ione and
- heat released by the porewater and by any water flowlng into

the salple are the nmajor sources of heat energy. Heat

released by the porewater is voluuetrxc heat and’ latent heat

h o
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of fusion. The Ilatent heat of fuqlon 15 *he major source of

heat (Nixon 1973).

~

There are two commonly adopted explanations for the
mechanisma of jce lens growth.-Consideration of capillary

physics, where the soil pore is amnalogous to a fine

capillary. in wvhich ice 1is nucleating Yields the Kelvin

equation. .
. ‘!’.-'P.,'%"2:=_s.; 2l
. | l"z..,.”'-~- I. . '~ )
Where b = preésure on-tﬁefice; Qverburdeg pgesshre .
Pw = pressure in the porevater
a;,= pressu;e‘differeﬁtidl across the‘ice/vaﬁer
“ interface |
L r,= radius of the 1ce/water interface.

b

Hany forms of this equation have. been developed for various

conflgugatlons 'e;g. unsaturated soils where the effects of

wairhtensions/must be considered. The formulation above 'is

the Dbasic equation for  the preésure diffe:ence.agfpsswhn
. . 3 O | '
ice/ materfinterface‘for smqll'ice crystals in- thejr own

melt.

Penner’ (1959) posrhlated. a> complete capillary.nodel
relating pore size and associated suctibns. Assumlng ghe
siie of» the 5011 pore determines the size of the advancxng
ice Crystal the quantlty L, -in eguatlon 2.4 Ray “be

intetpreted és‘.the radius of the pore. A part of the soil.

pore is occupled by absorbed vater vhlch probably places 'aﬂ

1



1

»

additional size limitation on the ice crystal. As the frost

o
P

front pProgresses, its propagation -ay be teuporarlly halted
1f the radius of thg_;ce crystal is greater than *hat of the
5011 pore. However, heat is st111 bean tenoved from the
systen and since’ bhe ice crystal cannot enter the Eoee space

supercoolan ‘of the pore fluid ahead of the frost front wlll--

occur. The depression ,of the freezing po1nt is given by the

. . R . '

relation " ' *
. T-T, = V, 20, T, . ,
' - 2.5° e
Lo L '
'AHhere T = freezing point in deqrees Kelvin
a0 T.= normal freez&ng point .

Vg = §pecific volume of vater at the freezing

‘ temperature f o S
. "' \ ' qwi.stress difference ecross the  ice/water

interfabe‘

r,,~ radius of the ice vater 1nterface
L ='ﬁ:tent heat of fusion of water.

As the poreeater is further cooled it uay be noted fron
equatxon 2 5 that the radlus of the ice water 1nterface aust
~decrease to maintain equallty of both sides. Supercoolxng
will contleue until the radius'has become small enough to
'bntef.the soil pere. As the rddiué bf_curyature.of the ice
crystal diminishes, f@e Kelvin equation (equation 2.4)
pfedicts that P -P, will 1ncreaqe, and - since ' p. ¢ jig
effectlvely the overburden pressure and hence not a varlant

P

. Puw nust decrease. 'This decrease in the pore water pressure
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'changes in these f&qtors. : ' ' .

12

- .

will generate the subtioh_qrﬁdienﬁ wvhich dravs water to the

' ‘%reozxng front. TMe freezing of this water resilts in the

grovth of ice lenSes.“!iis theory’has several qhortcomian
. ¥

and is 'ﬂot 'capable'o descr1b1nq all freezinq conditions.

Some of these are- 1) The cap1llary theory is based on a

uniform pore size or partxcle size distribution. In. nature,

S Co * : . . .
virtually all soils exhibit. a non-uniform yparticle size
) . . ) . B o N

distribufion 'and consequently dxfftcultxes arise in

2

assigning -a typical radius for use in the theory, 2) The
L] '. o '

caﬁillary‘ theory is a static theory based on ﬁhe?prenise

" that po:é radius or qra;n 5129 dlsfrqutlcn is the unique

: : o .
parameter controlllng the _ice ‘lensing capability of the -

.
N

s0il. The theory does.not account for any other factors
affeéting the freezxng soil system e.Y. temperature gradient

or stresg history ~and  is 1ncapable of accounting for any

An alternative uechanis! for moisture nlgratlon is

known as the fhetnodynamic model. As discussed previously a

E

soil particle has an equilibrum value of thickness of-
i & ’ - !
adsorbed vaéer layer for a given set of conditions of

[

temperature and pressure. Considering a soil particle at the

frosf front, sone of the adsotbed water on the coldiside of

the part1cle may crystalllze and leave the fllﬂ. In order to

na1nta1n the equilibrium fila thlckness water uolecules frou
the unfrozen v01d vater are absorbed by the filn.vA‘process
is thereby set up to move vater molecules to the ‘freezing

front. This 'process vould also imply the exclusion of ‘the
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soil particles from the ice structure giving lenses of pure

ice on freezing, as found in nature.

-

*
2:1-3. Water Pregsures During Freezing

Knowledge of the pore wvater pressure distribution
through the soil sample is of utmost ilpbrtance in the
soluzion of the 4Tost heave problem. In the precediné
chapter two mechanisinas ver; discussed whereby a potential
gfadient may Be' set up on freezind. Investigation of this
potenti&l gradient by several authors has thrown soae iight
on +the problem. Williams (1967) ih a series of e;perinents
ih which the pbre pressure was neasuréd as the frost front
penetrated through the sample,shoved that a neqat}ve pore
pressure vas developed af the trost front and concluded that
this was responsible for .the potentiSI qraaf;nt causing

moisture migratiom into the sample.

i

-CglculationsJ using the Kelvin equation yieid‘values of
pore press developed at the frost front and thege are found,
to vary inversly 'uith  pppé size (Penner 1958). Williaams
(1967) presehted.data'shpving that ‘the va lue 6f pore radius
obtained from air intrusion experiments could be used to

predict rpore pressﬁres developed at the freezing frbnt.

Sutherland and Gaskin (1973) showved that pore pressure.

. : }

‘at  the freezing front could be reasonably predicted using
grain size and capillary pore -size, and their work lent

supporf to Everett's (1965) proposal that in calculations
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LY

. ;r-
the r, value to be used is associated with the effective -

/

size D, rather than the mean particle size Dg . Howaver,
\ :

the authors concluded that predicted values of the drcp’ in
porevater pressures using values of pore size obtained . by
the air entry nmethod grossly underestimated the Acthal

~m@asured values. ' R

In the_ frozen zone the movement of water which occurs
&
under the influence of . suctions in the frozen zone is

ﬁhoug§§ to be induced by the different ehergy. levels of the

)

unfrézen vater and ice in the soil natr{x. 'Hérlan (1974)
equated the Gibbs free energy diffaqrence bet%ﬂFq the tvo(
phases vith the potential of the water in the"soil in.
equilibriun vith ice atﬂ a - constant vapo&& ;pressure,

temperature and pressure. Provided the ice crystals are not

4

too* small__and have?prdgerties“hot unlike those of bylk ice
t

e vapour pressure of the ice is

at atlosphjgic pressure,

independent of the amoumt of ice in the system and similarly
) éhe unfrozen water content is independent of total water .
contents. The - development gives ‘ a relationship between

. temperature belovw 0° ij.e. freezing point depression and .-

P

soil water potential as in Piq 2.1.

ﬁ“ﬂitldn predicts a suction brofiié in the unfrozen wvater,
in" the %}ézén zZone anq perbaps continuing intolthg unfrozen
zone. Thé flow of @moisture in‘ the frozen zone has been.
demonstrated and documented by Hoekstra (1966). Due toz the

very low permeability of frozen soil the amount of flow



i g
e .
_ - 15
N
s N
:
L} 'l .
450r- r : Y r
Y ¢
z
©
&
u-l0.0" -
[ 4
w s .
o /
[
z »
)
a
-50pF - -
« o
z ez,
. E .
l&-l ° ./
Y / S
. )
OO0 by wenebags - 1 1
-1 10€ -1x 10 -1x109 T-1x10° . - -12108
SOIL- WATER  POTENTIAL - ¢m of .0 ,
- LR
Fig. 2.1. Theoretical Relationship Between Soil .

a

Water Potentidl and Freezing Point Depression. (Harlany '1974)

) ° HUT-OFF
SOIL R TEST % CLAY] Ins’RESSUli SOURCE
- Q .
hg/cnz
TRUAX DRUMLIN SOIL LAQMATORYLM&AVE RATE MEASURED [3 (ol ¥ LINELL AND XAPLAR (1939)
LADD FIELD SILT - " " . cs2 "
N L}
LO?'NG BILTY GRAVEL s 0ss
INDIANA SILT 78 * 063 b
EAST BOSTON TiLL 138 o072 - -
'DEVON SILY LABORATORY, wATER FLOW MEASURED| 7 128 ARVIDSON AND MORGENSTERN
(1974)

MODFED DEVON SILT " 28 214 " oo
LEDA CLAY LABORATORY, (0,- u)DETERMINANON 47 399 WILLIAMS (1947 Fig 9 pp 89,
sur " " 6 oo7 _ " -

Table 2.1

v

N

Shut~off Pressures of

Soils
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induced by these tensions is negliqible in onqineerinq

terms. However the mode of behaviour 1s of interest. ° -

By examination of the above, the concébt of a discrete

. interface advancing .through a soil comes into doubt since
not only 1is there formation of ice at the 0°C isothernm buf,
also at sone distance behind it at a position of favourable
.heat conditions. This greatly complicates the .pfoblom,“
‘ho;ever it is believed that for enqineerinq'applicéfions the
post (Q°C isotherm freezing may be negleéted and “the
simplifying assumption that all of'the,ice formation occurs

-at the interface be made. It 1s also assumed that ‘any"

suct ions generated originated at or near this interface.

2-1.4 Effects of Applied Load

The fact thafhfﬁé;gased load can depress the heave rate

.t -
has been appreciated by workers in the field of frost action
tor some 40 years and there ar-z several well documented case

records which ilfustrate the phenomenoﬂ.

When an ice/water interface advances thro?gh a ffeezing
$so1l it can be observed that witer is éither attracted to or
expelled from the freezing front; It s found that for the
Same soll type attraction occurs when the applied 1load is
low and that expulsion conditions exis* when the applied
load is higher. Moreover, there exists a unique stress, for
a . given soil typevand stress history at which no flow into

or out of the sample will occur. This stress is called the
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shut-off pressure.

v

Beskow (1935) was the first to document that ;ncréased
pressure cauées a decrease.in heaving rate in a silty soil.
Beiskow manipulatéd the stress level by either changing the
surface 16ad, the pore water pressure or combinations of
both @and found that the heaving rate was 1dentical if the
di fference betvéen‘ apblied stress and the  pore vater
pressuré remained qgnstént. The larger +the differencen

between the twvwo stresses the slower was the heaving rate.

1

Linell and Kaplar (1959) showed the existence of a

shut- off pressure for a variety of soils: Their results are
. L2 -
presented in Table 2.1

¢

Other' supportingl:laborétory evidence presenfed by

.o~

Anderson (5973) is also summarizad in Table 2.1. These tests

shovwed that when the applied load was lower than the shut

of f pressure water wds attracted to the freezing point and
®when the applied load exceeded the shut-off pressure, water

vas expelled.

2"
7

. Theoretical Jjustification of the,e{istence >f the shut
off pressure may be gained from a. consideration of the
capillary  model. Equatiph 2.4 predicts that a pressute

i fference exists actoss the curved surface of the ice wvater

Y

interface due. to the energy of the interface.
B N . t

Two conditions are predicted by this equation. If the

applied 1load on freezing 1is less than ( 26, ) wvater .

Ki



migrafion occurs towards the interface and an ice lens
‘grovs.' if however,the stress difference is;dreater than
(’qu ) then ice w;ll propagate through tpe soil pores qnd
water may be expelled. This stress. ( 20;, ) is,-then, thé‘

shut off pressure.

1

Arvidson (1973) .equated ( 20., ) with the shut-off
pressure and ,attempted to predict - the value of shut-off
pressure using typical values of o, and r,,however the
agreement between predicted and- observed was not good and
shouéd the limitations of assuﬁing vglues for 'parameters

wvhich cannot be accurately assessed.

Tégashi (1974) in a series of,experiments in which the
rate of ‘peuetration of the, frost front was ;kept
constant,showved the different modes of bghaviour of‘moisture
jnigratibn due to.éhénges in applied load. Values of shut-off
pfessure obfained' rgnged:fr;m‘T.Zqu/émZ for a silt to 3.5
Kﬁ/cnz for a:;iity ciay. |

-

, An exéuple of a case record in which both total _heave
rate is known and where the freezind rates are inen is
presented by Aitken (1974) for a field test ‘progfam

conducted near FPairbanks, Alaska. These tests were conduéged
by moénitoring the totai heave eiperiénced by a series of 24
foot square loaded platforms. Allowance for geave due to
fréeiing--of situ water in the total heave resul+ts gives the

§egreqationaljheave rate with respect to applied 1load.

Aitked shoVedv that the segregational heave rate decreased

-

>
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almost linearly vith ;hcreasinq applied load.

; i
|

2.1.5 Effects of Heat Energy Removal Rate -

The effects of the rate of removal of heat from the ‘:3
frost front are un;ertain. Beskow (1935) demonstrated +hat‘
the heaving rate vas not alvays influenced by ‘'the rate of
frost penetration. Ianhis experiments the temperature was
varied between -3°C and ~=10°C above the sanplgﬁ without
affectinq the heave rate. The\cglder temperatures, alfhouqh
increasing the rate of frost penetrafion,‘did not increase
the heaving rate. ‘Penner (1959) .hbwever,shoved
experimentally that the rate of'heéye vas a fgnctibn of ‘the
‘rate of'heat fegoiélAusing‘cold side‘femperatures of’-2°c to
-6°C. The difficulty in assessing the overall effects of

heat and moisture flow arise not only from the complexity of
tHe natKEmatic§ bht alsoA from ;he ;aék of - experimental
measurements of heave rates;: heat flow, mdisture flow,
temperature distributions and mqiéguref tensions thle ice.
lensiﬁg is in progress.'Inthe absence of such informétion,

the quantitative treatment of the combined heat and moisture

flow appears very difficult.

Tagaki (1970) presented an‘“analysis of ice. lens

formation. This work formulates in great detail the heat and

-

moisture flow equations in a layer of unfrozen soil, overlain
by a layer of 1ice. This " theory does not predict the

cessation of the growth of this ‘ice layer or the advange of

-
K
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an in-situ frost front beyond its initial pbsition. Although

t

extremely rigorous in presentation, the theory in its
present form is not capable of predicting the padnitude of

frost heaving likely to be experienced in the field.

o

2:1.6 Magnitude gf Heave

The magnitude of the heaving observed during freezing
[}

'

) . .
is due to the combination of héave due to freezing of in-

i

situ ‘wvater and heave due to @éistufe transfer. °For a
stationary frost front;phe former 6f these is reduced to
zero and hence only seqregatidnal heave occurs. With a
stationary frost ffont the coméénent(affect}ng the néaaitude
of h;ave is'a function of .the magnitude of suction qéﬁeraned

at the frost front. If the suction is decreaéed"by some

neaﬁs the rate oftwater flow into the sample‘vould be also

be . decreased hence lowering the magnitude, of ¢the rate of

- heave.

J
!

The effects of applied load and heat flux removal for a

given soil ‘have }beén revieved previously,. however the
effects of a different soil type'for conditions of constant

applied loaﬁﬂadd heat flux removal must be,considéfed. .

The nmost obvious factor 1is that of particle size.

i

. { ) N . N -
Penner (1967b) summarized heaving behaviour in a schematic

' graph (Pig 2.2). In zone 1 the heaving behaviour is subdued

4

since at;this grain size range low values of suction would

be generated and although the permeability of theflaterial_

i
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wvould 'permit high flow rates, the potential - gradient would
. 1 N

not he sufficient to draw in an apprecxable amount of water.

bl

~zZone 3, however, is the opposite case; i.e. high suctions

-

'

would be generated but due to the |combined effects of

"cavitatlon and low permeability water flow ,Lould be
o : / r
restrlcted ZBHE“?%isnthemgggiggE7for Jaximum heave due to

' ice . .-segregation. A combination .of !noderafe suctions:and
. ) . o - T X l : .
permeability render -~ this \ particle: size ~very frost

susoeptible.

»

’The effects of grain size alone on the suction
developed at the frost front was denonstrated very qﬁeafly\

by Penner (1967a) by the freezing of qlass beads of varying
bl -
‘*diameters and neasurlng the assocxated suctlon qrad1ent. A

-

curve  of load diameter versus vater potentlal was obtalned

Y

and is given in Pig 2.3.
. .
Anothe: factor govérning the rate of heave is the

e

‘o

’

<

availability of ‘water. As stated previously;“iée.lensing.
results when a soil ha; fhe ability to supply vater to <ad
active ice froot for a sufficiently'iong time to grow an ice
lens, (Andersoni and Horgenstegn‘1973). If that ability to
supply water is removed ‘;he‘ freezinq process essentiaily
becones a closed systen and the heaving behaviour is greatlyK
subdued. McGaw (1972) caorrelated heav1ng rates with depth to
~the vater table ,ife. po1sture avallablllty, \oo four

dlfferent soil types. The results showed that if, water vas

made virtually unavailable by lovering the vater table

A /

!



§uff§ently, heave could be virtualiy eliminated.

22 2.1 Bas}c Concepts of Prost Heaving

The'dévelopment of '‘a comprehensive theory of frost
heéving lust embrace/the effects of the external factors §f
applied load and heat flux removal on the moigture migration
’.behavibur.‘Conseqdently ve must inveétigdte the' heat energy

balance at the frost front\and at‘tempt to relate it in some

vay to the rate of molsture migration 1nFo the sample. :

"
|

2-2.2 Energy Budget

!

% phe concept of an energy budget is a valuable framework

on ihich to base any development of a frost heave ‘theory.

Although there is conflicting evidence on the subject, it is’

felt intuitiﬁely that the rate of heaf‘removal must play

some part in the rate of moisture mlgratlon. A combination

of 1Beskow's (1935) results and those of Penner (1972) and

Kaplar (1970), with. the suction gradient increasing with
heat flux removal up to a certain level, and then beconming
const:ant at this magnitude may best describe the effects of

rate of heat removal.

1

Thé'transport 6f ederqi takes place under the influence .

of fivé"factors: copduction,'convection;;radiation , Mmass
transport and latent heat of fusion of the migratead water.

Cowvection and radiation may_ be lmmedlately neglected as

bean of no 1mportance to thls problem (Harlan, 1973) . The

i
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effect of mass ‘tranSport"may also be onmitted as the
nagnltude of heat energy involved in thlS term is very small

since the temperature of the wvater flovﬂng 1nfo the sample

Y

is very close to' 0°C. .
T
The heat ehergy_ balance for a stationary frost front
may be expressed mathematically by:

Heat out by conduction - heat in by conduction -

latent heat of fusion ) 0

i

The heat out by conductlon is glven by ‘

Q‘: K‘—- 2.6
dz, :
Hﬁere Kg = The thermal conductiviry of frozen sonil
T = temperature

z, = distance in the axial direction the frozen

zone

Similarly the heat conducted to the frost front by the

unfrozen soil is given by

aT
’ Q’ = K“-" ' 2.7
' dZ‘ ‘ )

’

ifb Where Ky = the thermal conductivity of the unfrozen

soil.

N3
»
N

= distance in the axial direction in the
unfrozen zone
Asshming a stationar{‘frost front, the heat brought to

.

' . . : )
the frost: front as latent :heat of fusion may be expressed as

"
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Q3 = Lv 2.8

latent heat of fusion

k>
-
r o
in
o
[
il

. . v = velocity of the water arriving at the

Y L '

‘frost front.

o A o Py
The velocity of the water assuming at the frost front
S i ..xf - ’

%

may be given as : -
vo= ki 2.9
Where k = the coefficient of permeability

AH.
i

the hydraulic gradient through the soil.

Hence the sum of the heat tr%psfér terms at the frost
o ,

front may be expressed as

: 0, =0,-03% 0. - 2.10
The ineqdality sign' being included to account for any
additional energy gonsidetations whicﬂ mdy ’arise due-‘to

. other components. Enumeréting the terms gives

v

dt at
—-K,—=LKi % 0 2.11
dz, dz, S

The hydraulic gradieit, i, may' be more'rigorously
‘defined as the gradient_of‘the total potential, i.e. ¢ ,

thus 2.11 may be re-written as

at  at  aeé ' - ' x

\ Kg —=Ky—=LK— » 0 2.13 ’ .
&y dz, dz, 4z

2.2.3 Potential Gradient
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The rate of moisture mlgratlon is qoverned by the laus

of soil water flow. Water flows due to a grad1ent in . total

potential. Total potential is defined as ] o
4 ' .
¢ = gz (w ve-E) 2.12
Where ¢~¥ total potential

position ghead or gravitational head

oC
~N
it

7

. R ‘
% = pressure head or pressure potential
¢ = osmotic pressure potential | &
[ 3 = adsorption potential. )

In this problem the osmotic potential and adsorption

potential components may be neglected reduciﬂ% expression

2.12 to
l 4”81“\’ , 2.13

Ho vever, the presence of tensiohs.in\the pore water sends,fo
complicate the problem, hence sonme forma11sn in deflnltlon
and termlnology is necessary to av01d confu51on. The status
of wvater in a soil can be expressed in terms of free energy S
relative to free, Dpure viter' (Xitchison, lRussan 'and
. Richards, 1965)..In cases where the free enerdy is less than
that of pure uater under atmospheric pressure the teras
. suction and negative pore‘vater—pressure are—often used. Tﬂe
totel potential of soil veter is the potential'in pune vater

that vill cause the same free energy at the same temperature B

as in the soil water. : S A \ TTT—

(LR ery

An alternative definition of total potential is the
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!

work done per unit ‘quantity to transport rever51b1y and -

1sotherna11y ah infinitesinal anount of pure vater from a
pool at a spec1fxgd elevation at atmospherlc pfessure to the
point in the soil watér undér consideration. At this point
the balance of vﬁtk done by the \poré- vater must be
inve#tigated. -In* fhe defin;tiod qivén above, the potential
"is,expcesséd'as'fﬁé;wéfk'done transporting vaﬁer into the
sample ffo; a poeol at a gpecified elevétion, hovevgr, in the
frost heﬁve problenfthere are two=conpone;ts ofbvork: 1)that
vork done due to the flow of water under the influence of a

potential gradient and 2) the work done in ‘lifting the

frozen soil and the applied load.

N

It would appear that the greater the vork required to
11ft the applled load tbe less v111 be the enerqgy available
to transport water at a given tempera+ure gradient. This in
general terms appears to be the’ act1on of e*lernally applled
loads. Consequently an experimental study of water _flux
‘durlng freezing with vatying ~applied loads and rates of
freezing vas undert\fen to investigate ' the intér-

relatlonshlp between these factors.

\

i

$:0

!
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CHAPTER 3 -
v © TEST PROCEDURE AND DESCRIPTION OF BQUIPHENT
3.1 Baterials = P »
Testing“‘ vas carried out using Devon 1l1t, the

properties of which are summarized in Table*3.1 and Pi
This material was chosen for its high frost sus sceptgbility,
availability and its similarity to silty materials found in

* northern regions.

The samples wvere prepared as a slurry at a wmoisture

‘content of about 50% (1 :’P‘tfmes its liquid limit) for ease

of handllng. To ensure satutatlon the slurry was sub)ected

. to vigorous vibration, and a vacuum of approximately 680 an

of mercury wvas applied to the Sample. ThlS proveg to ~bé\ a-

very suCCesful nethod of de-airing. the slurty as B values of

unity vere "obtalned both before and  after several -
consolidation increnents‘haﬁ been appliede ﬁ

2 .

3.2 Testing Program and Procedure

P .
T -
»\w .

The objective of the pnogran wvas to 1nves%iqate " the
moisture - migration characteristics of Devon Silt with

respect to stress level and rate of advance of the frost

'

front. Loads vere applied using a weights and hanger systenm
:~2nd the different heat ‘flux conditions were oqbtained by

appl Rg a counstant step temperature to the saaple. P
, ' 4
Al

Once the siut:y hag’begn placed in the abparatus,\agd

. _ B 28
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DEVON SILT

S LIQUID  LIMIT — 359% ) i

. PLASTIC LIMIT ~—=_185 % - o

—

. \\ :
'SE’ECIFIC GRAV1TY — 268 I

\ e

% PASSING - 200 SIEVE— 87 %' T

. Do , : — 0.0002m.m

Table 3.1 Properties of Devon Silt

-~
»
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assembly completed, the test equipment was set up in a cold
room . with "a mean air temperature of 1.7°9C. The sample was

then consolidated to the desired applied 1load. Temperature

\’/

equilibfatiou vas ensured by leaving the.sample for é'period
‘ . ; -

of time (usually 18 hours) in a styrofoém cabinet inside the

cold room while each consolidation increment was applied.

" The B test to check the degree of satuation, if{ desired, was

carried out at this stage.

Prior to freezing the soil sample, the desired freeze
test boundary conditions were imposed. Bottom drainage wvas
closed and an unrestrained displacement Loundary condition

x

rapplied. , . The saipie had free access to an external water
source through the top plate of the apparatus. The volume of
water leaving or entering the soil was measured by a volume

change indicator system, described below.

~

To elihinate problems of: friction andfédfreeze the
sgmpﬁes vere’fto?en from the bottom'upwards by imposing :a
negative step temperature on the base of the samplé. This
temperature was held constant fhroughout the> test and the
resultant freeze' rate was a function of sémple mpisture

content and magnitude 'of the step temperature.

The temperature distribution and movement - of the 09C
isotherm was monitered continuously. The magnitude of heave

vas also measured.

3.3 Dg§cgiétion of Equipment



The experimental apparatus was a Permode (Permafrost

Oedometer) as described by Roggensack -(1976) Hith.slight

modification .to permit the measurement of  temperature jin the

soil sample.

¢ -

The permode was -intended primarily for work with
thawing soils, however it lends itself well to work on the

Jfreezing of soils.

A schematic diagram of the eqdipment set-up is shown'iq

Fig 3.2.

The permode (Figs 3.3 to Fig 3.7) is a 100 nm diameter,
teflon lined cylimder. The outer jacket :of tﬂe cell . was
machined from thick walled P.V.C. pipe'thereby preventing
latéral strain dutihg the application of load. The load was
applied by veiéhts on ~a counterbalanced hanéer, and. vas
transfered to the soil by the top piston{ Tpé seal on this
piston was a double o-ring seal with brooves for the rings
méchined in the piston to increase the efficiency of the
‘seal and to réduce side friction. The seal proved effective
up to pressures of 1.4 Kg/cm? ¥h5ugh during .the testing

program the 1loading 1increments were held well below this

level.

A coating of high vacuum qrease on ‘the teflon reduced
"friction betﬁeen the membrance and the walls of fhe‘cylinder
to almost ‘zero. fhis was deduced from the resulté‘og the E
kest carried oyt . at various staées of‘lpading. The régults

N
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Fig. 3.2 Schematic Diagram of Experimental Apparatus
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of the B tests carried out on sample NDS-6 are included in

Chapter 4.

. . ) ' . i
\ .

The bottom seal was an Q-rinq_and groove éonstructiqn,
ef fective to Eressures above 1.8 Kg/cm? due to the thickness
of the O—fing; Rovever, as mentioned before the efficiéncy
of ths seal was»nevér tested to:its l;mit during the program

because of the low load increments.thaf vere a%plied.
: \

Drainage was provided at both top and ‘bottom through
sintered steel pofous stones. This is an improvement over
previous apparatus as time for complete_ pore pressure

diSsipation after load application is greatly reduced.

The base plate acted as”a heat 51nk to induce freezan.
It contalned the coolant cxrculatlon maze uhlch was de51gned

-

to provide as high a flow rate as poss;ble without denying

'

adequate distribution of the fluid throughout the base.

Thérmocouples vere placed ih'.the side walls of ‘the
cylinder to neasure the temperature distribution in the soil

sample., hls systen v111 be Qescrlbed 1n detall belou.r

Preezin§ from the bottonm u?s adqpted féf several
reasons. fhe problems of adfreeze and side friction and the
resulting restfaining forces induced by trying to heave a
:plﬁg‘of frozen scil upwards, {(as in freezingrfrom the top)
vas 'considered~ to be a major problem. - If f:ee;ing vas
‘induced from the bottom upwvards the soil being heaved would

be unfrozen and hence side friction would be minimal and
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adfreeze non-existé&nt. Ce

Freezing from the baSe also eiiminutes the problem of
+having ro know, very accuretely, the eample height sinee the
distanee from the plane of auplication of +thé step
temperuture to each thermocouple is the same in each
experi;ent, and hence temperature/t1me data nmay be easily
correlated to observe and coupare rates of penetration 'df

[ o
the freezing front..

The negative step' temperature imposed on the base of

RN

the sample Wwas attained by the circulationiegﬁ a coolant .

through a maze in the base plate . The fluid:temperature was

maintained by a constant temperature bath to 0.19C. The
fluid used vas an anti-freeze/water aix {(50% by volume)

vhlch vas pumped through the maze at a rate of 80m1/sec.

Thermocouples set into the wvalls .of the cylinder vere
used to monitor temperature. A Honeywell 24 channel strip
[ :

chart recorder recorded temperature dxstrlbutlon through the

sample vlth time. Accuracy of 0.3°C was possible with this

‘arrangement. However a slight time lag between the' soil .

temperature. and - that measured vill occur due to the 10&
therual-conductiVity of the membrance and the grease. This
time lag vill be constant for each set of tests and is thus

a negllg1ble source of error.

Bix theruocouples were installed at 10mm . intervals and

were nuibered 7 to 12 fromvthe base ypwards. Pour othér'

™



thermocouples were employed to aonitor coolan't _bath
' 3

temperature, coolant return temperature, roem temnperature

and the temperature inside the styofoam cabinet.

Heat flux removed from the sapple may be calculated

from the above data. The temperdture difference between gks\vjfr

exit anad ehtry lines: of the heat exchanger is ditec*ly
proportional to the heat flux or alternatively knovlng the
temperature gradient in the .frozen =zone, and the thermal

conductivity of frozen s0il, the heat flux may bé calculated

from

dt
Q= Ke —A 3.1
dz . : ' ‘

K¢~ thermal conductivity of frozen soil
A - sample cross-sectional area
at —ﬂteuperature'gradiept

A

az

i

Pore water pressure heasurements were recorded using a

pressure transducder calibrated to 0.01 Kg/cm2, These

measurements were taken during B tests to ensure 100%

o

saturatioan and COuplete load transfer to the sample.

The volunme change of the sample in terms of pore (f101d

)

entering or leaving the sample vas measured in a 10cc volnne

=, “

change indicator as in Plg 3.8.

Vertical displacements both dutinq consolidation and

freezing were monitored using a 6 volt excitation LVDT
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(Linear Voltade Displacement’ Transdocer) accurate to
0.025ln. The output was recorded on a Hew.-+t Packard data

aqqisition System employing a digyital voltmeter.

»

fhe apparatus, although not originally intended for
this‘agplication, perfornea'exfremely vell. Side friction
was -foﬁnd to be negligible and no other major problems were
encountered during testing. However, slight difficﬁity was
found during ‘sat up. Since the slurry when first placod in
the cyllnder has zero strength the sanpie was unable to

stand- ‘unsupported vhen the permode cyllnder jackets vere

. ., b4

reuoved to install the top plston and-: 0 rlnq seals. This was

’overcoue vith .the a1d of an assxstant who vould suﬁ%&rt the
slurry and membrane while the outer jacket was removed. The
O~rings wvere then placed aﬁd sealed apd the cylinder was
replaced and tightened to complete the 6pération. Distilled,
de-aired water was then cifcuiated éhrough_the drainagé

System to remove any air bubbles which may have gathered

during set~-up. , ,

Overall performance was good. The only delays were ’

caused by the failure of ancillary equipment such as- the

temperature bath,: data aquisition system or failure of the

.

room refrigeration systea.
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4.1 'Test Progran . . | .

.

The aim of‘tﬂe test proqgram ‘was to obtain the moisture
nidretion éharacteristics of Devon Silt undet varying
conditions of ~applied. load .and ereezinq rafe. .In’ each‘
experiment wvater flow 1into or out of the;sémpfe) verticgl

displacement and temperature were observed ~and plotted

against time. The program consisted of U4 series of

experiments. The step temperature applied to all the samples

in a particular series was the same, only the stress level

was ﬁaried, giving a complete description of the molsture

-migration characteristics with respect to applied load for a

given freezing rate. The step temperatures used were -59C, -

2.5°€¢, -1.09C and -13°C for the NDS series, HNDSB series,
NDSC series and NDSD series respectively. In series NDSB and

NDSC an initial step tempefature of -10°C was necessary to

initiate nucleation, however once the:sudden heave due to

nucleaticn occurred,thé temperature of .the boundary was
returned to the desired test temperature and the systenm

a%loved to equilibrate.

To give. a complete picture. of they experimental
procedure and interpretation of resuits, the description of

a typical test is given in detail (NDS-7).
The sample was prepared as describedvin Chapter 3 and

4y



the experiment yas counenced by loading the sample. Since
the sa;plevgas prepared as a élurry, and the top seal on the.
Pistpn was ~efficient ;to only 1.5 Kg/cm2. The jnitjal loagd
incremedtSawere small, about 0.5 Kgs/em2z to 1.0 Kg/cm2 to
prevent 'extrusion. The excess pore pressures generated
dqting each . loading pPhase were allowed to dissipate
completely before the next 1ncrement was applled - In tesf
NQS—7; three loag increments of approx1mately 0.73 Kg/cm2
‘were applied to give a total load of 2. Kg/cm2. When the
sample wags fully conso;idated to the desired lodd, the
initial sample temperature distriﬁution was examined bxr
@monitoring the readout from the 31x fhermocouples placed“dlnl
-~

the side of the jacket of the apparatuys. The requirements

for femperature stabiity were that all the. fhermocouples had

o~ . <
. Y

the same tenperature and that this valye remained almost
conetant, \any fluctuations- reflectlng ‘only the small
variation of roon temperature with tlme. If the fluctuations
of sample temperatu:e vere less than 0. 5°C the’ eample was
considered thernally stable. The femperature of the coolant
vas noted to ensure that the constant temperature bath had

attalned the required fluigd temperature.

Initial readings of the burette Measur 1 pore water

s

velune change and the LvDT measurlng vertical displacement
were takenp and at aicohvenient time, eg.,-on the hour;‘the
experiment was started; The temperature of the samplel vas
continuously lmonitored on the Strip cha:t recorder, and the

readings of vettical displacement and volume ‘Change . wvere

R

¢
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recorded manually at ten minute intervals for the first hour

! !

and at longer intervals, usually twenty minutes, for the

remainder of the experiment.

The results ot experiment NDS—?P are presented 1n
qraphiéal form in Fig u.1..The expérimeng was allowed to run
for such time as was necessary to ensure that equilibriunm
had been achieved. Equilibrium vés'ﬁ defined as the
develdpment' of a constant slope on the moisture migration
vérsus time plot.

A g

S

The graphs obtain&d for NDS-7 were typical of &he other
tests. Considering the pore wéter volume change versus time
curve, 1t was noted that at first a'small v%lumé of‘water
vas expelled. This trend.lastedlonly for the firsp hour at
vhich tinme .the (ovefall volume change;uas zero. After this
péint,'equilibrium vas quickly déveloped and maintained for
tu; hours. The value of moisture migration rate was obtained
grom this graph and was calculated as the gradient of .the
1i ne once equilibrium‘had been developed.’ This .value was
then used as a point 6n.:;he\ moisture‘migration ’érsus
applied load curve, fron‘whiéh a mbre complete picture of

migration characteristics may be ottained. -

The primary éxpulsion can be interpreted as a result of:

tvo factors. PFirst the application of the cold temperéture
!

f

boundary condition caused the temperature of the soil close

to the boundary to cool; very raﬁidly. In time the pore wvater

temperature dropped .below the ‘freezing poiat, however

s
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nucleation did- not occur immédié+ely,‘ as explained in
Chaptér\ 2,and ‘the soil matrix close to the boundary
i 4
continued to cool.’At this point there vere ho excess pore
pressures,. sihCe tb qeﬂerate these nucleaction or;volumel
change due to éhase change is necessary. As nucleation
s occurred the frost front propaqated rapldly throuqh the soil
matrlx that had been supercooled, uhxch caused a distinct
volunetrlc increase at the base of the sample. The resulting
upwvard force against the appllpd 1oad generated a Pulse. of
excess pore pressure which immediately expellgd some water
‘and hence the pore pressure dissipéted. However due to
nucleation,‘suctions ueré being generated at the frost frbnt

resulting in a change of direction of mdisture flow, i.e.

the sample started to suck in water.

'
i

The heave versus time"curve fér NDS-7 had a very qllght
curvature. Heave due only to segregated ice plotted as a
straight” line due to the constant rate of Qater
1nflov,howe#er the non-llnear advance of the frbst\\frpnt,
“and the corresponding _non—llnear heave due to freet;ng of
in-situ water induced this curvature into the total\\heav;
:bepaviour. The heave rate ;as taken as the slope o}\the
‘heave versugtt{me graph once stability had'beeniachieﬁed;\\

!
" |

The température data from the strip chart recorder wvas
plotted as .in Pig 4.1. Prom this data a graph of depth of
penetration of the zero degree isotherm versus the square

root of time was plotted and the rate of advance of the



' ‘

.
i

frost front calculatedd A sl@qht time lag between the true

sample temperature ‘and that measured by the thernocohples

due to the insulating efiécts_of the membrane and grease was

inevitable. It was felt that this was a .minor source. of
| .

error, since the frost front was moving sufficiéntly slowly

that a lag of one pinute would have a negligible effect on

.

the calculation of freezing rate.

After termination of the experiment,-thé apparatus was

disassembled and the sample removed for visual inspection.

N

The . presence or absence of iC@ was noted, and then‘the
.sample moisture content and void ﬁatio for both .before and
after the experiment was calculated. The void ratio>agéinst

effective stress curve for the sample material is given in

[

Pig 4.2.

4.2 Results of Series NDS

—— . p——

The. moisture' migration, heave, ., and temperature
characteristics of the expériménts in Series A are presented

in Pigs A,1 to A.13 (Appehdix A) and are summarized in Table

%

4. 1. -

The dependence of moisture migration rate on abplied

load is shown in Fig A.1. The load at vhich zero flow rate

in or out of the sample occirred was 3.1 Kg/cmZz. All the

v

data points lie within acceptaﬁle liqits shovever,

<

experiments NDS-8 ‘and NDS-9 experienced problenms with

temperature’ contro;’ of the roon and the coolant bath. In
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Results of Series NDS

STEP TEMPE.'F(‘ATURE ==-5°C J

ST el vl B sl

— kg./ cm? M/ /s8¢ M/ ./sec. m. /sec. m.> /sec.

NDS-1 | . 0.28 274x10°° 3.78x10°° 950x10°° 6.00 x 107
NDS-2 | ' 055 390 « 390 » | laz2xi07’ 542

NDS-3 | 0.78 280 v 400 122 v | 542

NOS-4 | 105 | 280 o 390 ¢+ | por V[ 442 ‘
NDS-5 |1 166 | 285 « 390 n - ' 9.00x10°8 2'37. "

NDS-6 193 336 400 o 769 K- TR

NDS<7 | 2.20 380 407 v . T 756 - 125 !

NDS-8 | 272 360 « 410 w 584 . ' | o081 .

NDS-9 | ' 2.95 414 v 555 070 ,

NDS- I0 3.50 ;4.;0 N 476 o+ |-0.22

NDS -1 4.20 3.36 n 4.20 332« |-033
NDS-12 | 415 425 w1250 o  [-0.42 . |

Table 4.1
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spite of the premature termination of these. experiments a

value of vas obtained but used vith caution.

In #he low §£ress range (0-2.5Kg/cm2) the rate of
moisture mlgratlon is particularly sensitive to applied 1oad
yet above the shut-off pressure it is found to beconme
asymptotic tolq value approximately 0.75x10{° m3/sec.’ Since
overall volume expansion was almost céqpletefy restrained at
these high ;loads, th}s value reflectud the amount of
moisture expelleq froﬁ the s011 v01ds by the expansion of

‘in-situ vater on freezing as the frost: front advanCed

throagh the soil.
A
The tenperature data was plotted as depth af
penetration adgainst the sSquare root of time (Fig 4. 3 and rig
U 4) . Preezing rates were descr1bed in terms of X where
| xie(ﬂf

Where X = depth of frost penetration

]
X = a cbnstant;"
t = time

K

- -8 R \ ‘\\ . .‘ . B |‘~ '
values of:2.7ux1Q m/ sec to U4.3x10 n/ sec when found.

Predictions wusing the simplified Stefan solution (Nixon.

1973) of 3;78x15“5/ sec* to U.ZSxJO"m/ sec™ were obtained.
. ,

The correlation betveen observed and predicted was best at
high applied loads because of the 1lower rates of moistue

nigration in this range, a factor not considered in the

-development of . the Stefan soluflon.

B tests to ensure full load transfer to the sample were

S
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carried out in test NOS 6 before and after application of
some of the load increments. B values of unity were obtained
~(Figs 4.5 and 4.6) showing that full load transfer was being:

achieved and that the sanples vere completely satuyrated.

The total heave rate in each experiment decreased with
increased applied load due to the reduced rate of water

nigratibn.wfa;w,\ due to freezing of in sxtu m01sture was

approiii . ‘h-nt in each experlm@nt since the rate of
e e o . .
advancg} ) B3t - front vas similar in all the tests.

by j(ectlol of the samples after disassembly of
'“‘:g? .

the apparatus vas carried out, and it wvas noted that the

occurrence of segregation ice lenses, Borh horizontal and
vertiral; vere more - evident in thellov applied lYoad. sanﬁles
(Platé ). The thickness and spacing of the horizontal
lenses varied along the length of rhe_sauple. Close to the
base plate vhere the velocity 6fi the frost front was
relétively high, the lenses were thin and ba;eiy visible.
The lenses becale progre531vely thlcker and farther apart
vlth 1ncrea51ng distance from the cold side boundary. The

a

increased thickness and spacing is caused by the difference
bﬂtween!tﬁe rate of advance of thé frost front and the rate
-of ice lens growth, | vhich is 1limited by moiqturen
AVailability, i.e. if the frost front passed rapidly through
a s011 elelent as in- the case of the so0il close to the cold

.boundary, ‘that element would be unabPe to ‘suck in an

appreciable amount of moisture during the interval required
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!for freezing of the element. Consequently seqreqated ice
lens growth at this position was qubdued ‘ Howevar as fhe
froSt front® proqressed Fhrouqh the samp}e and its velocity
reduced a larger volume of migrated wvater may enter the
same volume of'éiement in the time pece;sary tor freezing,

resulting in thicker ice lenses at depth.

\ o . ° :
Vertical lensing occurred at very low stress levels.

The negative pore pressureé induced by freezing had the

i

ef fect of increasing fhe_effective stress on the unfrozen
soii. The soil experlenced a volumetp1c contracflon thch
nanxfested itself in the form of hexagonal tensxon cracks
vhich then f1lled with water and subsequently froze, civing

the vert1cal lenses,& reféred to by MacRay (1972) as

réticulate ice forams..

With yhcrea51ng load, len51nq ¥as progressively more
subdued and at applied loads of 1.5 Kg/cm2 or greater was
ba;ely v1s1ble At any point in the sample.

s

v . /
3.3 Besults of Series NDS-p ' .

Experimental results are presen*ed in graph1ca1 form in
-Pig AJ 14 to A.20 (Appendxx A) and sun‘p"lzed in Table 4.2,

P;g A. 14 sunnarlzes the moisture " migration characterlstxcs
due to a change in applled‘m?ad In test NDSL-T-1 the sample
vas consolldated to 5.0 Kﬂ?cmz and freezlnq vas permltted to
continue fqr a nuch longer time period than fhe other tes*s,r

_ ¢
and an 1ngortant characterlstlc uas ticed (Plg A.19 and
U
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-~
.
Results of Series NDS-B h
el ) .' h
. ~
K] .
STEP TEMPERATURE = -25°C
T APPLIED | o<THERMO - : HEAVE FORE  WATT
EXPERIMENT o¢ THEORY
LOAD COUPLE : RATE MOL. CHANGE
— kg./cm.2 m./ /ST m./ VSEC m./sec. m.3 /sec.
'NDS B-1 #f. 0556 ~ | 1.70x107° 270 x107° 833x10°° | 6067x107"°
. . , _ "
NDS B-2 1.505 2.80 350 « | 235
NDS B-3 276 180 w 290 205 .06 w
NDS B-4 470 213 . 296 185 -0033
SR
NDS L-T-1| 500 300 e Q64 o
A ' :
wﬁ,,{ _;;"’
. Table 4.2
e
o ‘ ?’P,‘
AT
/“*'jeﬁ‘ ’
5 RE . ::-";': .

‘1

-4
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Fig A.20). Fxpulsion of pore’water.vas th? orimary: méée of
behayiour, houever  after 550 minut;s expulsion gfopped and
water was attracted into the samble...This trend contifued
for apéroxinatelf 1400 minqtés 1 day) and the test was
terminated after this time. This change in,ﬁoisture transfer
characteristics shows very cleérly th- limitations‘ of the

a§sumpt10n that short term behaviour accurately repreqents

the hpng Eern pehav1our of Q\Ereezlng 5011 The lonag ternm

d"

‘behavlqur“ shows’ that the. éﬁut -off pressure is greater than

!ﬂb kg/cmz however u51nq short-ternm data a shut off pressure

of u O«Kg/cmz ﬂs obtained. It is felt that- the 1long term

/

'ftj,

!
'Y
.

;
b

data exhlbltsg the true mode of behaviour and that the

- moisture migration,characteristics obtained in the short
. o S ! ' '

-described in Chapter 4.1 was noted, however the frost front

term tests must be interpreted with care.

On. visual examination of the samples, %fé lensing asf

|

had  not penetrated as far into the salples as in the NDS

series 2 . consequently only the fine closely -spaced lenseés
typical of those forwéd close to the cold side boundary were

found. . ; _ L ™

. <

The 'magnitUde’Ad%n total heave rate decreased with an
incf%asé in applied load reflecting the decreasing rate of
# ’ PN

'm01stu§e migration at higher stresseq.

".&.\3‘
The diffeéence“'betueen vafues predicted by the Stefan

w
e

solution and observed values became greater at this step

temperature due- to the errors involved, in neglecting the

14 )
E Ny
e, . AT
» . b =
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ef fects of migrated moisture and the error in assuming the

initial sample temperature to he 0°C.

|:
]
j&

sults of Series NDS=C : -
. _ i
The recults of the expprxments in Sec# DS C are

presented in gi..phical forn xn Figs A 21 to ﬁn%gk (Aprendix

Al
‘.

A) and - summarized in Table 4.3. THe shut-off pressure was

found to be 4.2 Kg/cm2. The gsame limitations due. to the

. . R W
-effects of short term testing apply here. as. in Series NDS—"»» ’
: , ' B .

- .y

To check the 'valldlty of the use of short duratioﬁ ~g%59

tests for the low applled load sampleq tes*s NDS C-1 NDS c-2

and NDS C-3 were perm1tted to run for . 640 A%nutes, 6u0
mxnuéa and 1420 minutes tespeéfivelf, to eﬁsure that the
behav1our in the long term vas consisfent }ith'that yas ﬁed
from the short term tests. The long term data p01nts fell on
the - projected lines (Figs A.28 A.29 and A.30) confirming
this assumption. : ,ﬁ§§ . : .

The magnitude of the rates of mi@éat;on' of watéq are.
lowver fot a given applied fomd  than in the previous
series,the implications of which will be discussed in detail

h . ,

later.

‘

In this series of experiments the frost front became
§tationary  ythus- making - the "calculation of values
' meanmingless and since the frost front did not pass any of

fhe thermbcoupies derivation of rate of advance by this



Results of Series NDS-C

61

STEP TEMPERATURE =-13°C

PORE WATER

A PERIMENT APPLIED | =< THERMO- [_ _ . o HEAVE
LOAD COUPLE RATE VOL . CHANGE
— kg./ cm?2 m. / /8E. m./ V¥8E. m./ sec. m3 /sec..
NOS D-I 0.555 4.26%107° 628 x(0"° 208 x107 555x10 '°
\
t
(-3 B A
NDS D-2 3.20 503 6.66 342x10°8 1 0.58 « v
’ - ’ n‘ . ’
+NDS D-3 475 516 w 670 583 ~0.50
' ' ——
: ' v
_ P‘ ' ; N
: Taple .3
Results of Series NDS-D _f;gav EA
\ \f’nﬁ"&'”'v,‘. S B
R A :
STEP TEMPERATURE = —1.0°C WL *
: - o & . -
APPLIED | o< THERMO- R HEAVE “4PORE - WATER.
EXPERMENT : o< THEORY R/} i o e 7 ) ,
LOAD_ COUPLE TE \/g:w!ﬁﬁ..g et b
—_ kg./cm2 m./ V88T, m.) JS8C. m. /sec msS/sec. v
NDS C-! 0.62 —_— _— 2.50x10 ° 210x10™"°
NDS C-2 - 095 —_— ———‘; 247 W 175 .
NDS C-3 2.63 _ ———ﬁ R 0.763
. A
NDS C-4 475 _ —_— 021 -0.22 .
- A |
Table 4.4
6
B
3» E
- 1
o o
A\ O

T
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1

A

.

method was impossible. B

The total heave rates were also reduced in comparison
vith the previous series due to the decreased rates of

moisture migration.

Lensing vas noted in the samples at 1low ipplfad load;

especially NDS C-1 which sucked in 6.0x10% mn3 to- a

B

stationary .frost front, building up a ~conparativexx thick

iayer of ice. L
- Y R
) - .
" 4.5 Besults of Serigs NDS-D '

| S C

+ The results of the experiments in Series NDS-D are

1

pre%ented in graphical -form in Figs A.29 to 1a.32 (Appendix

A) and summarized in Table'u.a.

o

The "shut-off ;pressure Qas found to be U,O'Kg/cmz (Fig
A _ .
" A.29) The graph of rate of pore water volume change against

_applied 1oad. has the sanme shape as the curvei obtalned in

r

the NDSA serles and the NDS-B series.

' The voluie'change'against time curve in experiment NDS
‘ N . ’ .
D—1 exhibited continuous curvature due to the very rapidq

advance of the frost front. Thus to obtaln a valug of A/ht,
*i :

"« :«the gradient of the curve was taken at a tlne when the fros*

.
e

2.0 ftont~v3g vell insxde the nlddle third of the sample.
. .- 7,‘__ “v. . . ' -, )
’, ..Lens*qg.gas;nop:visible in any of these saaples.

o - . ) A c . )
x -« .

N _ ﬂ ° :
t ¢ The total,jheave rates were similar to those in the NDS
~e W .

» . - -
’ : '



Serief, in response t& the similar rates\ of moisture
o . - \ h

e - .

niqration.

Correlatioﬁ betweenipredicted and obséryed v@igpSJ is
not good, ranging from 24% error to 30i. It is thought that
the‘extgéme valu? of ' step tenperaturé applied may have
caused proﬁlens such as heat conduction into the sampié
thrqbgh £he@balls dua‘tp thé high fenperaturé gradient and
iﬁduced these errors into the system.

4.6 Conclusions Prom Observations

t

P

3

=

In all- of.the foué'serieé of etperiments, an increase
in applied load‘vas accompanied by a decrease i; rate of
moisture migration due to a conbiﬁation.bf two factors.
1f A’ decrease in the total potential gradient of the pore
water vith‘inerease in‘apglied loagd, »

2) A decrease in the.soihh"tgeabilify due to increase in
applied load. : g - . fsz-

At ghigﬁ applied laads the moistufe ﬁiqiation
éharacteristics obtained from short duration tests: did not

not reflect the long term behaviour, as fouhd in test NDS L-

T-1. Consequently the values of shut-off pressure obtained

in each series must . be considere& inacéurate. Hénce iﬁ@
‘ evidenqe‘qbtained in this test progranlwhich showed that the
shﬁt-off pressure (wésa iﬁdepgndent 'of - temperature
distEibution?is'inconclusive since "it is felt that the ‘true

. l . . i .
value oﬁf sbng—offﬂ pressSure was greater than S Kg/cm2, and



 must be a res

i

not about 4.0 Kg/cm2 as indicated by the short term tests.
Comparison of the moisture migratio® characteristics
obtained at 1low applied 1loads in short duration tests is
valid,\since 1ong_term testing in series cC éhoﬁed that the

be haviour of freezing soil at 1low applled load reualned

unchanged with time. Comparison of the moisture wmigration
’

,fate_ against applied_loadicurves for series NDS, NDS B, and

NDS Dishow the initial portion (0 Kg/cm2 to 3.0 kq/cmz) to
be identical, however the series NDS C‘curve fallq vell
below these. Considering an experlmpnt from each series at a

e

given stress level, the permeability is the ‘same in each

~case, hence the reductioh In vater flou in to the sample

':jJrof a- reductlon in the suction qenerated at
ot o
the: frost front ‘The “chise of this reduciton will be

«

‘A
dlscusqed in Chapter K These resulf imply that the suction

generated at very 1ou heat energy flow is small incféasinq

as the heat flux is 1ncreased until a plateau value of. h

I
suction, 1ndpp9ndent of heat flux, is maintained. ThlS value

Al

of suction is probably a function of so0il particle size

\ .
distribution and stress history.

-

The nagnit&de of the total heave ratio obtained by
measurelents in each experiment and t;e segregatlonal heave
rate obtained from the moisture migration chaTacteristics
vere plotted against applied load. (Figs 4.7 to 4.15), It is

clear“that‘both the total heave rate and the segregational

heave rate vere reduced byﬂan increase in applied load. The
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. more rapid.

-

M

ratio of these two components of ,heaVe was also plotted

71 -

against applied load. The effects of assuming the' expu151on"i

behaviour at high applied load also Trender he -upper

>

portion of " the curve in doubt, however it is clear that at.

low applied loads the ratio of segregat;onal heave to total

heave decreases with an increase in applied load. At the’

hlghcr step tenperatures, the ratlo of the heave components

is approachlng unlty vhich implies that fully efficient ice’ i

H

lensing is occurrlnq. If this ratlo is defined as

the

)

efficiency of the  1lensing systen, the qraph of eff1c1ency

agalnst thefsquare root of applxed ‘step temperature

(qu

4.16) shows that the efficiency of the system decreases as

PSR

the adﬁanqe of the frost front throuqh _the 'synple becomes

Y * [ s

i <
-, ) . -

A

The major limitation of the experfimental data is the

L1k 4

validity of the high applied load resdlts. Experiment, Nﬁ$ L— &\

T- 1 demonstrated the chanqe _’ 5ehav§bur between short

*
s"

. VR : .
duration . and long ' duratlon t st xqg at high stress.

'»,l'

Consequently in any further reséarch work the importance

u“'.

the duration ot~the test #ust not be underestimated.

.

3

of =~ -

In the anayls1s of the test. rqfults values of suctlou

devg&pped at ‘the frost front were derived indirectly

the .value of moisture mlgratlon rate observed

Y

experiments. The main limitation of this derivation is .

<

from

,mgg ~

that

>
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4‘.% Jaeg.xr, 19!17) “%s capable of d%"scrlblng ‘the rJte of free21ng

.“, é 5 : R N B = N ‘e
X by the eqdatlon * ‘ T : v a
Ul e ® ” . o
¢ D . s B .7 . . GJ . L ‘ . .
2L _- | .xtou/(' . . 5.1 ¢ . ‘ R
. w; & ~\°" ) . " . R 'w -‘ , . ) . . x )
T ‘Where X = derth of frost penetration e
‘xi;’i'v" - }F 6 o S . : b o . ‘ /

. . N '.“ - . . o - . s /J .
‘o * constant, depending on j‘yi.%he . ;fhecnai A
. ' - : ” ' B ' ’ :

@ Y 2K 2

R T . : %’.'v : pProper: des of, the so‘il“, and the ground and
e S ’ 'S ce tenpera tures | .; o -
S IR E B - o _ -
‘_‘ Tt = time. |, . SR R B L
‘ ’;‘;; _‘;: o .45; A \ k4 . . -, . ' N "'.'
> . : :
If the ground surface tengerat‘xl vanes with tlne, the
< - preceding Anethod may no longer be capable of"’modellan f
| accurately the sox}/behmuour. For t is reason a: nonemcal (
sol\utlon nust bE adopted to. defernzne the rate‘of freezzng.
. \
' The governan dlfferentl.al equauon of one dlmensz.ona,l «
conduct:.;e heat . transfer from Bg Hart and Leonards (1970)
. - ’ -
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at t .
, E o
¢
"9 1 .* ‘. w
" Wher's - ® = temperature. ‘
o . C (8) = volumetric heat * capacity  of the
o : soil/ice/water mixture o 3
¢ ' K(@), = thermal conductivity of the soil e
. ' © | . K . . s < . «
L= 1atent hqat_-'of.the soil : - w
T | S~ W water}'co ent I "‘ . ’P!f -
& , o \y- .dny dens;ty ) ) & PR -
’ w“ (9) = anrozeng_wateg con’tent. . . e
w v Tt . . ‘ . - to K
o Fé ‘a v
_ o Hrltlnq 5_}) above in fuuts 1fference form ascuﬂung a »
e consf-ant dlscrete 1nterva1 in +he x-dlrectlon gues . Rt
. » . 14 N
SR — ‘ A S Coor T o
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8, jn Ae,“ - (Ms-\\e 4 BO, - Lw Aw ; £3
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._ | ¥ . '
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Where Co( @) and K(®,) represent. the value of

functions at }he ;emperature'9==9u.

must

is t

/

W

For a stable solution tlhe inequality

A+B K1

76

those

be- satisfied, and thls limitation on the time step .t

.
-~

he chief drduback to thls numerical method
1

Y

The 1nput dsta necessary 10 Ku,K‘,P O,H T,,m ‘i

, e a4 .

Hhere KasK¢ = thérmal conduct1v1t1es of the fully

a ' and fully frozen soil respectxyply.'
P;Q define the unfrozen .

cﬂntent/tenperature relationship by the

' ( v . "

“ . ““quatlon o -;‘ “

Where R = ln(100 P) e : Lo

-

P = represents. the terminal unfroien
. ese -he

thaved

o

iate‘r

content at a vety low temperatute as a

1

p;%centaqe éf the +oti4~gater conten

- PoAe

~Q'*"defines ‘the <curvature i@f‘ }hé '
e rglatlonshlp. , < _

'}," QH { helght of Eﬁé £0il' consxdered

4

. . T, and T re the surface and ground:

v

- - N ) . ..
‘tempe tures resoectlvely
Do W is. water cohtent expressed as a
E R .’_\a} xaw’@ ) -

t.

Ju (8)

percentage. ‘ ;
. : ‘ . ‘ ! . . ' -
. units -used are gentimeters, grams, seconds, and degrees

\



v

L

Centigrade. : -
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A listing of the program and a sample output is ’given

-
> -

in Appendlx B. o e
Th e‘hlts of depth of frost penetratign agalnst tﬁe
Q
Qv
square. root of time from the conputer program'are presented

\
in Pig 5.1 and Fig 5. 3. Theqe figur%; representﬁ_fhe*

propagatlon of the 0°C\xsotherm for wa}xous configuratioﬁg

R -

of step tenperature and applxed load. valueswﬁvgfe
. 7 . . o .

‘calculated for each; of ;hese and coupared to; +he a.)vflues”»

£$ obtai&nd gﬁn the cogrespondino eXperxment. Figs" g 3 and 5.4
* % o 2
show theLconparxsgn qf the “Jvalue=‘ pred:cted Hlth théﬁ“x
|
values Qbserved for applled lpadq of 0.55 Kq/cnz and 3. 0"

oo -
comparxson, of thex predncted - and
oA

obser.véd “i. good hogﬂr? 11m1 tauon-s to th:.s development
ex1st.‘As.the frost front propaqates through the sample and

b . v# : !
'heat is extracted from. the unfrozen soil ‘~f1n1te quantlty

<

\

of heat is conducted through the gop p1ston provxd1ng an

= . -

extra source of heat energy.ﬁ Hence .as the frost frontﬁ&

advances through the soil the end effects becone,
: o

. : ' I ‘ ;
’ . . )

- . ~

increasinjly pronounced.

In the - developnent of the “governing differén'ialg
eguatlon fhe flow'of uxgrath mofsfure vas neqlec+ed . since -

\
“~thene vas, no compos;te method of predxctlnq vaﬁg; flow to
V.

"’the frost t‘rOnt an&.{ts eftects ,ur rhe( heat’ conduetmn

. [

t lav stresses/yhere the volumetrlc flow rate of

frost front may be  of consxderable magnxtude

-
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inageW¥iycies will be inhe
¥ . [~!

' noisture migratiéh data o

- in the calculations. Prom the

P2

ed in the test program it may
be noted that ‘at. lover heat flux removal rates the heat
enerqy brought to the frost front lin the form of latent heat
of fu51en may be sufficient to be of cons1deration in the
heat . balamce equation. This-&i another_iiuiration placed on-

’

the use of the program.

A cosbination of these factors, viz., low applied 1load
and  a  small ' negative  step temperature,. may induce

s / , 4 g
considerable inaccuracies and values of - depth 'of frost

g

14

/
penetration shjrld be used with caution.

the J.ﬁ_ Iront _ -

‘_L
& .

experxnental prograa g%nonstrated

+
that a' potential gradient was 1nduced through the untrozen

]

zone durlnq freezlng causing wvater to flov into the sanple.

Thg,loisture migration rate was found to be a functxon of
both wapplied load and heat flux _removal The affuc%,of

increasing the applied '10&9\18‘*59& Qcheasef the tate Yof.
. be ’
nois&ure uxqration. The behav1our may be: 1nterpr¢ted in

"‘terls of two factors- 1) decreased pemeabillty of ‘tke soil
’

Vand 2) a decreasé in poteutial grad;ent through the 5011. As

Tth® apq%}ed load is increased the perneablllty ofgrhe soil

decreas‘§ reflecting the decrease in void rat1o. rhqs even RN Al

ir the poténtial gradient &hrouqh the soil vas 1ndependent -
of applied load,. the loisturg. l1qratxon rate woula ‘;till

v ' .- -
. . " . Al s
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L 2 ‘
- . » i '
decrease vith applied ‘load due ¢to the effects™f soil

perneabllxty alone. Hduever, rﬁe“'potential gradient also

varies due to a changq 1n Applied load as predicted by the

Kelvin equation and denoastrated by. Penner -11959). The
interactlon of both these factors nakes anestlgatlon of the
actual value of suction developed due to a change in applied

load impossible, without recourse to direct néasurement of

[N ‘

suctions in experiments using special techniqhes. ) . .

-
J

The decrease ‘in’rate of heistuvé"higrationf due to a
decrease in heat renovél atwiﬁw step temperatures 1S nqt *

affected by changes in perueab»lﬂﬁ' sxnce the wvater flow
h,;'
. 'i‘ .

";.11ed ln.n Consequently
. ' 4

b .
M

lecton of a Ty
: - :

rates . are conpare%a at the
the decrease in flov rate mistt b:ﬂ;fﬁ*hh‘g - gl

decreasen1nepoteqt1al gradient.

“% Prom the ioisture -iqratlon characterlstlcs, values ‘of
the suction geqerated at the frost ﬁronﬁiﬁg& be calcu

if the~perneabi11ty of the soil Hﬁ knoﬁh. The soil strud;une ;'

 is assuled to be 1nconpr9551b1e, hence no noisture transfer

Y

-due to consol1dation .viyL s Jhe develgplent. of a

. constant ~va1ue .of sucthn‘at the frost front will'induce a -

~v

1inear~pore pressure distribution‘through t he soil sanﬁle

fg, the hydraulxc gradieht is a cons*ant.

5 o N o L B ‘ i'v‘ ' . s
USipq-D'arcys”law,'\;°'\ - S L”;J
’ ° a ) ) ‘ .’ . . ; - .
v = Ki_ : -:i_ 5.8 . | :
" Where vy = velocity of the waber o o f-.gf.

-  K = perneability - S



i = hydraulic gradient

3

‘jl‘he hydraulic gradie_nt may be back,calculated and hence

the suction generated at the frost frort. - .
aa . .. L _ '
H KiA 5.9
Where . A.-» area of sample -
» ) ~N
4@ = rate of moisture migration .

a | _

L4

»

Calculation of the magaitudes of suction developed are
. . s, t .
given in'Table 5.1. These results indicate that at.low heat

flpx the suction deVeloped e,J}s~ ‘a Mnctxon of heat ene[rqy
' flov, \howevet after a certaln level this dependency stops 7
1.
"and the suction reaches ‘a' naxa&dm p.hateau va iue \rhich cannot

§ N
i

i a,be exceeded The factors 11m1f1ng the ,)naqnnude of ) .
| « &

suction are probably pore size (Ltse‘ff %h ction of) ,t‘hg e

o \ . e

grain size dlsttlbutlon) ‘and cav1tat10n effecty in the po_;;e,
o [

vater. hg 5 5 shows t&us behanour.;’ in graphlca_ form. .

| g ’ s 3
This is . a lode of behavzdur whxch nay vell embrace - the

fxndings of two- Prenous studles. Beskow (1935) denonstmttﬁ

1
\ ’

‘ ML TN S 4
that t he heavinq rate Was  not mquenced by the -rate of.’ ﬁ

Al

frost penetratlon hovever his experzmental tenperatures uete

in the range. pé -3°9C to :-104F confirmlng theQ'!platequ' ;. /j'
. concept deduced from thls 1nvestxgatxon. ?Penper (1959)?l
shoved thhtrthe heave rate was dependent on heat: flux.AeIt"
,was - denonstrated that _lnqreasxng the rate of heat floJ\J‘
Lndue:e higher noisture niqtation rafes and consequentlé
hther heave rates.; It is ﬁeit thatithe narriaqe of‘these

U
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tyo nodes of behaviour may glve the complete plcrurp of the
-

effeéts of  heat flux. n P .
¥ .

The phys;cal interpretation of the variance of the'

suction developedrmay be made wlth respect to the concept of
A" |

'_an energy budget. At low step te@poratures ahere the rate of

!

.heat,flo* s low there is a limit to sthe amount oOf - water
chhich can be bffracted to fhe-froqt front. This is due to

the fact that the vater flouan towards the froat carrues ‘a

J .
cerﬁa%ﬁ’ anount of heat Pnergy in é%e form of latent hpat of. o

’f&%@pn. Thls heat tlux léﬁxn add1fion to thAt brought to the L i 

frost front by conductxon and this total cannot exceed that‘

removed  from. the frost front ° by conduc*xon thr@ugh'the T

frozen zone. Thus if the nagnitude of heat flux renoVal vas ' :ﬁQ
.. Y 9 & ’ ] .
very low a?,:eductxon in molsture nigrath; ragp uonld be- @p‘

‘anticipated; and was in fact obserVﬁd‘ in the experlmental

B o S

g . . : R
: . : . H 4 ‘ . L . ,
ro — L % S e T - 5 L
p ’gra-. i ' 3 . -4# k. i S T~
3. A < . . - " . \/ 'l ) - . , :‘i“ . ) )' o

e . .
AN . . ~ -

Thex.validityl of the lxnear pore- ptessure d1str1bufron

[

}assulptwn is ‘of interest. Since fhe sou dtru::fure Lc‘. not

.‘

an- inconpressible nediun) the pressure qpadle t throuqh the

Jv <\' 2 . “ '_.s ‘

saupte will not . be ,constantf unt11 a fxn'te amount ’pf 4

Q

T:Eront further couplxca%e the problen, The 1LI£§¢&\ of théSe ' -

o /

factdrs .is to inttoduce curvature 1nto thp suctxon gradxent‘
(Fig 5-6)-':' R A -,. R

8 a;:él

]

~

R

/ hls curvatute 'is nmost _p;@ﬂéﬁnced"iniédiafely aftef

ﬂ_nucleé§ion. The - development ’qfv eguxllbrluu condltiqgs is

£ g : %j|

i S coT L R
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~

also hindered bylthé advancing frost ‘front. As the frost

N

féonp moves through the soil consolidation has té occur

tﬁtoudh‘the'sanple,'gnd equilibrium will only be deyelopgd-

if the f:dét_f:ontlre!aims«stationary sufficiently long for
4

>

<dissé¢§iion of excess pore pressures to occur.

-
.

~
‘

. .

cause a rapid advance of theYfrost front and hence vould mnot
perait the' development “of equilibrium -conditions.

Consequently a high suction gradient would exist at or near

- /

the frost front lending support to the observation of'ﬁacKay'

% . . oo :
(1978) thag during rapid freezing of freshly exposed: fine-

grained sediments in the high &rétic,'!pter is drawn ftbl an
e T . v
area close to the freezing front.

t

. . The application of a very low step tenﬁ‘ﬁhture would

24
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S.LBIER 6
QNCL SIONS __n n}ggﬂag_p

lz
I

6.1 Conclusjons

a) There is a relationship betveen the raté ef moisture
ligration into a soil on freezinq and the applied load. The
rate of noxsture n1grat10n falls sharply vlth an increase 1n
applied load until the situation ?f no flovw ingo or out, of
the sa-ple pccurs. The\values ef shat—sz pressure obtained
from the experilensal progran cannot be co-pared vitg’anch

other ‘since the  high applied lpad data (greater than 3 5.

Kg/cm2) is inconclusiv due to the effects of short terwa

testing. v ’ \ '
. . <« o R *

b) To obtain the true moisture migration characteristics at
high applied loads, long duration testing must be employed
since it was shown that-niqration beh our may chanqe after

some tile at high loads. This is thought to be the due to

N

the effects of secondary consolxdatlon.
&

c)-The rate of moisture migration is a function. of the .rate"

of heat energy removal. As the rate of heat energy removal

increases the rate of moisture migration also increases
v _ . . . )

“‘until a paxinui '‘plateau' value is reached. The suction

causing this maximum value of rate of vater flow is probably
a functien of grain size'disttibutiOn'and stress history.
) - ‘

-d) The temperature distribution dufinq freezing may be

caléf"ied using one;dilensional heat conduction egquations.

A finite difference foraulation of the eqaatians vas found

88
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%o predirt to a hiqh degree of accuracy the advgnce oﬁ the

’.

[l

"

L 4

09¢ isothers thtough the soil-salpleq.- L e

6.2 Equipment Performance and edyre

The apparatus, although not designqd f?ﬁ‘ vork with

* freezing soils, performed well.” The problems encountered

” - ) .
.iufih other freezing cells vhich . eaploy. different sealing

b

‘systems were avoided by ' the use of. the .0- -ring and groqve

construction. Leakage did not occur since - the . load.

increments applied duriﬁg'-fhe"consoiidation ph&se' Were
’ ¢ oo , ' - .
small. Full saturation of the 'soil saaples vas obtained.

‘using. the vacuum and vxbratxon technlque,hovever care must
. ’

%2 taken when*plac1ng the sample in the apparatus <to avoid

trappxng pockets of. air. betveen the - soxl and the 51de vaIls‘

ﬂof~thq cylinder. Fr1ct1on vas also v1rtua11y‘e11n1nated and -

full 1oad traucfer to the samples was'obtainedkuB»tests éere

'Cattled out - on varxous expérxnents to check br :aturation

-

'and load transfer. The data obtalned‘fron Qhe expftlmental

‘cyllnder 1nstead of therlocouples “vould |

'. K
progras lndlcates. that the overall perfornance\gof the -

. . 'e .. %
apparatus vas good._ T . o '\"
- ’ -~ Z\ ~

R Tvo major Llprovenents could be- -¢ e to the appiratﬁs.'

The 'déei of "the' théramistors ‘set. int the -walls of-the

A
[

2

ive much Rctter
. . ¢ .
.:Mtenperature data. At times. the .data obtained .froh the

- / *

_ex1sting telperature neasurenent system appe
¢ o \

red erratxc\and

hustable, And Lnterpolatlon betueen poxnts uhete the theénal

a i \‘
“ . - \L

\
)
\



' ,anticipated by the nse of thermistors would be. a major

- ) '; . . R ." s ] - .. . "T‘ .' . 90 .

6y '

data appeared - stable had to be carrxeg out on occasion#,' It
5
[

!

-

f?S, fﬂt- that ‘the increased ,stapil.i_t,_xu and " accuracy

v ’

, & . ) .
im'provement. HMpother problem . vas - that,.bf supporting the

*mslurry wvhile _the cflihdér vas re‘oVed during thé'

installatlon of the gis:on. Thxs problen nay bre elinxnated

‘by cutting the cylxnder jackets At the: requxred ‘initxal

W

salple height. Hath this confxquratxon the botton portion of

the‘ ¢ylinder 'lay - be used to support the slurry duringb

placé-ent. If-the sanple heiqht corresponds to 'the' top of

the' cylxnder the piston pay be. installed . without the
-\ .

necessxty of renov1ng thEﬂcy11nder jacket. ﬂavxng installed

fhe plston,_zre appet portlon of the. cylxnder may be placed

and assé%bly conpleted

The test procedure as_;et-out'in Chapter 3 gave good

,résults ‘shovwing the“fténds of behaviour—due to the varyinq

conditions of applied.load and heat.flux removal. There .déy7

hovever be sowme anomaly between the results obtained and the

actual .moisture migration characteristics at high applied
. \ e .

loads. ‘Although the apparatus'functionedf'adequately it is

felt that the 1ntérpréfatioh of the resalts may have been

incorrect in some-cases. In 3114the experiments ‘the duratioh

'of testing dependéd on the shape of the nmoisture nmigration

-~

characteristics of a}hé experilent , i.e."'only’ after
;o £ ' .

equxlibriun had -been developed and -alntained for some tilé

vas, the test terllnated. In the case of the hagh applie‘,

load tests vhere the lode of behaviour was cgpsxdéred to be

’

C



. magnitude of secondary consolidation is *negiiﬁiblex§hfn

expulsion some difficulty waiy have arisen. In thése cases
» themnoisture‘ligrdtionﬁqharacéeriétics which were a

-~ ™ have been in equiligriul'-ay have “in fact been a

‘gtdblg situation,
!indigategl'that a
\Achieved' and the
%expetiient had been.

 longer befiod the

L3

. !
i.e. in the short term the results

constant rate  of ‘exphlsion had been
test wvas terminated, yet perhaps if the
pervitted. to run for & considerably

mode of behaviour may have changed and
’ f

. A ‘ L
vater may have migrated into the sample. Thus the initial

*» expulsion found in these tests nmay have exhibited such

slight . curvature - that in the short “term the moisture

migration cﬁétacteristics,plotted a?’a straight 1liae.

. “  Another_ fagtor which ;ay have had some affect on the

_hiqh 1046 tests vas

. v

that of secondary gdnsblidation. In each

fest gOlpAgte” diésipation of excess pore .pressures vas

~enéured‘.by plottihg the vergicél compression of.the ééil

sample against the logarithm of time. -If the curve inﬂicated

?

that the pri-aqy.éonsolidation vas completed, freezing ‘oﬁ.

-

the. saiplé could then be Gommenced. Hence vﬁen'freezing vas,

-«

first started the sample would still have been undergoing -

secondary coamsolidation. In most engineering situations thg

%

%

- SR o . -
_comparison with Qrat of primary consolidation. Houevg;-lnfv

' ﬂthi§3éa5e‘yhere_the'£ate of pore :water volume change was-

very small, the effects of'secdnda;y consolidation -may have

- been comparatively important for the first 5 hours of%gthe

test, during vwhich time the sanple was trying to establish

.

%
=2

- . - ]

&'&ﬁ‘ i

3

[l



‘o

equglibridl condltxons. Rence the very small volume of water .
expelled due to secondaty consolxdatxon may Vhave also

conttibuted to a lisinterpretatxon of the short term data.

Consequently the data points at high applied loads which

.vere plotted as pore wvater expulsion may mot be correct. It

' removal. )

"
»

“is felt that if in ‘the 1ong"tern' the sample did attract

vater, the smagnitude of the rate of pore vater voiuné chabqe

would be very small nd the trend of decreasing lo1sture

@ransfer vith increased applied load vould be continued.
! . i

This is a point of inte;est in further research,
hovever  the author is confident that "all the other
experilents, in which the node of ‘behaviour vas attradtfdn,
had developed true equxlxbrluu and that short term behav1bur'

oan reptesent accurately the long tern free21ng behav1our of

-~

soils.

@

rhe"ﬁtoblel 6£ lisinterpretatiqn of the expulsion data

. ! , .
does not affect the finding of lower moisture transfer rates

for a given applied load due to a  decrease in ‘heat flux
T ' / .
. T ' ¢
' L o X
6.3 Becoipengat;ons
. -

o

The distribution of pore pressure through the sample is

of major iamportance in developing a comprehensive solution

. to the frost heavé‘ptoblel. The change in this "distribution

vith time due to an advancing frost front, and the time :

taken for development 'of equilibrium conditions for a



stationary frost front are of much interest. It is felt that
any deforlatipn of the unfrozem\soil and the change in pore
pressure distribution ¥ith timel! are functions of the

. : ! . i I '
conventional sqil mechanics parameters a,, ‘the co-efficient

- v

. of volume compressibility and ¢,, the co-efficient of

consolidation. If. the nagniguderf the suct;oﬁ generatga at
‘the frost front is known for a given set  of conditions of
applied 'load and heat flux removal, 'sorg“nethod of
predicting the pore pressure distribution with time may be

developed.'

©

A finite difference. apéroach' may be of heip in
predicting the pore pressure dlsfrlbutlon in the non- steady
_state condition of an advanc1nq frost front. Calculatxon ,ofo
the " pore pressure dxstrlbutxon through the saqple with each
time step would give a theoretic§1~predictior which rould be

ex&lined in the light of.experinental findings.

v & . %
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'\_

i

\ mraL 2(200) ,UNEXT (200)

.CORNON

P,Q,I,TCT.TCP,I,GAUD

\\ READ (5, 2) TCT, TCP,

2\ FORMAT (8P10.0)
VRITE(6,83) 1CT, TC
PORMAT (P10, / /v 1y

83
"'\xﬁllﬂll coupucr

P,0pH,T3,TI,4
\

P,H o
EXNAL CONDUCTIVITY I
IVITY XN THE PROZEN

N THA¥ED SOIL IS
SOIL IS,*,P10.5,

!
'Lr10.5/
* CAL/SEC-CN-~

('S

*DEG.C. ' /% THR HEIGHT OF - SOIL CONSIDERED Is,*,?d.2,+
VRITE(6,91) TS, I, X

91 PORBAT (' ¢, ¢THE CousTANT SORPACE. TEAP IS¢
«GROUND TEMPERATURE IS*
R=1L0G (100.~p)
CALL p_erur(p,a,n)

H .*20
v DXeHsN .
| GARD=2.7/11.¢4e2.7)
L ccrarce g .
L IP{TCT.GT.TCP) cCr=rcy W .
’ DT'GAHD.DX.D!.(0.200.5tl)/(2.2¢CCl) : .
DXO=0.24Dr . : ' A
DTP=DT . : : o
"WRITE(6,42)DT,DX !
42 TORNMY(*0Y, 9 THE TInE STEP I5°,r10.3,* sEC.
*/) . )
DO 3 I=1,y
3 u(r)s=rr -
TINE=0,
 TOL=0.02
N O(Me =D~
BET=DT/ (DXeDX)
Do 5 1=1,n : R
T=U (1) : o .
TP= (I+1)
-IP(L.2Q. 1)
Ta=0(I-1) ° . )
GO TO 7 ) ;

6 THeTS -
tl./re(n

DX IS*

“«

GO T0 6

(CO(T)‘(T./TC(TPf
GD TO 44
(Ta) sco ()

7 A=2.4BET/
IF(I.GT. 1)
B=2. 4BETsTC
GO PO 45
B=2.4BET/
AB=AeB .
IP(AB.LT. 1.)
WRITRE(6,47)L v
PORMAT (401, ¢ THE? ,I3,'TH NODX IS UNSTABLE;

1 BE HALYED...') ] :

DT=DT/2.0 ! ,
GO T0 &4 : , S

44

{CO(T)e{ Vo /TC(T) l.}TC (ThH) )
45 ‘ . .

GO .TO 46

A6  Ex79.6eWaGAND/CO (T) .

n-larpo(1&—1-5).roa.ruozau0(r)

~~=~CONNENCE. THE ITERATION TO PIND U([,é’l)--.
—===~LET THE INITIAL APPROXINMATION BR O(I,J)eee
KOuNT=0 . o

- SOL=T

8 STORE=SOL | . .
F=SOL-D+Bew0 (SOL) . : ‘ |
IF(SOL.LT.0.) . GO TO 1§ .
IP(T.L7.0.) GO To 50 ° . '

4

WD THE TINE step srLL

cae)

«P10.5/THE INITIAL
«P10.5/¢ THE wATER coprenr IS¢,r10.5)
. P

/

«P8.3," CH.vyy
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.

65 PDASH=1,
66 | GO TO 16
67 50 PDASH=1, + Ee (WU (SOL) ~¥U (1)) / (SOL~-T)
68 : GO TO 16 . _ -
; 69 15 PDASH’l.'BtQt!XP(QvSOLbl)/IOO. ; -
70 16 SOL=SOL-F/PDASH . [ 'S
7 DIFPP=ABS (SOL-STORE) : .
72 KOUNT=KOUNT+ 1 . ‘ . :
73 IPF (KOUNT.LT. 20) GO T0 9 ‘ ’
‘ 74 $0L=0.5¢ (SOL+STORE) - ‘ ‘ -
75 GO0 T0 11 . i
76 9 Ir(DIPP. cr.ror.), " GO'TO 8 ‘
77 © 11 UNEXT(I)=SOL .~ . : .
78 . "5 CONTINUE . -5+ .
79 TINE=TINER#DT . i, .
80 HOURS=TINE/3600. . . . v ,
81 ‘ SQHR=S{RT (HOPRS) - : : _ :
82 DO 12 I=1,¥" o N ' .
83 12 U(I)=DNEXT(I) » v :
83.1 IF(1I. LT.IOO) GO .TQ 70 ‘
83.2 II=II-100
i1 ¥RITE(6,13) TINE,HOURS,SQHUE, (U(I),I=1,N) : " .
8s 13 roRNAT(* °* 'rxns-v,rlz. «" HOURS=',F10.2,' ROOT TINE=',P10.3/
86 1(10P10.4)) S . o
90 GO T0 18 !
91 70 IXI=II+1 " .,
92 . 18 IP(U(10).LT.0) sTop 1
93 ( GO TO 4
P 94 ’ RND s
95 .- “REAL PUNCTION TC(T)
96 |, C--—-- -TEIS PUNCTION EVALUATES THE counucrrvrwx AS l PONCTION OF
97 Ce===- TEMPERATURE.... .
98 Comweme t‘t..tt‘t.‘t‘.““‘t‘t.‘tltt‘tt.‘t‘..t‘t.
99 conmoN P,Q,R,TCT, TCP,¥,CAND
-7 100 IP(1.LT.0.) GO 70 1 \
e 101  MU=7Y, ‘ . i
102 GO TO 2 - ) :
103 . | nu-(pozxp(ooron))/too.
104 2 rc=rcronUo(rcr TCP)
105 sRETURN
106 END .
i 107 REAL PUNCTION CO(T) - + 2
© 108 C-=~~~THIS rnuctxon\zanUArzs THE APPARENT VOLUNETRIC SPECLPIC HEAT
109 Cs=---0F THE SOIL..
'10 .,C"'""'°‘.‘0’*‘..“‘.1‘&0‘.tt.tl‘..t“‘..OOOO.‘..“‘.
., 1N ‘ connow. P,Q,R,TCTr,TCP,W,GAND |
T112 . - IP(T.L®.0.) ' GO TO 1, - '
113 - Wo=1. ’
S 11a GO T0 2 . .
115 1 uu-(Pozxp(o.roa))/loo. »
115 2 co-cnnb.(o 2+0. 5.:.(1 +4U)) . -
1947 RETURN
1 118 END :
119 BEAL PUNCTION wo (1) -
12 C~--~-THIS PUNCTION EVALUATES THE UNPROZEN uoxsrunz courznq\or ruz SOIL"
121" C----- AT THE TENPERATURE orvper _
) ‘22 C"'"“‘...Ot..“000“..‘..“‘.“.‘.‘.0..““.“““‘0‘..
123 conMox P,Q,R,TCY,TCF,W,GAND .
124 Ir(t.nr.o ) GO TO 1t
125 LN Peses

i
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126
127
128
129
160
161
1562
163
168
165
. 166
167
168
. 169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

-/ 185

END OF PILE

' 136

Go T0 2 ' oL
1 WU=(P+EXP(QeTeR)) /100. . ‘ i
.2 RETURK . , .
i BMD .
SUBROUTINE PLOTUF (P,Q,R)
----- THE SUBROUTINE PLOTS THE UNPROZEN MOISTURE CONTENT AGAINST rzapznnrunz
INTEGER LIII(IOO),AST.DOT BL
BL=1077952576
AST=1547714624 .
DOT=1262501952 .
WRITE(6,1)
‘FORAAT ('0°,*PLOT OF THE nlrnole NOISTURE CONTENT. AGAINST rsuP.'/ :
1' TEAP.') |
DO 2 I=1,60 . S
Lxlz(z)-oor : . o ( LT
., VRITE(6,3) (LIWE(I),L=1,60) : . L
FORMAT (' *,9X,*0%,24X,*50%,23X,°100%, 10K, 'PERCENT N.C.'/60A1) L
TENP=-0.25 - ‘ : . A
UPRC=P+EXP (QuTENPR) ‘ . ' ) . ;o
LL=UFNC/2.¢10. .
DO 4 I=1,60
LINE(I)=BL
~unum-no'r :
(LL) =AST : v ' "y
ll TE (6, s)rzar,(nxlz(r) I=10,60), nrnc .
FORMAT(* *,P6.1,3X,51A1,10X,710, 2)
“ TEAP=TERP-0.25 -
rr(txap.cz,-s.ooy 6o Y0 6
BRETURN S .
END . ,

i‘t‘.



-
COBNRNF N -

W
(=]

1

TUERAAL CONPUCTIVITY LW THAVED SOIL 1S
THURRWAL COMDUCTIVITY IN THE PROZEE SOIL IS,
THE HEIGHT OF SOIL CONSIDRARD IS,

The CONSTANY SUAPACE TEMNP IS -~

THE INITIAL
THE WATER COWTENT IS

0PLOT OF 'THE UNPROZEN NOISTURK CONTENY

GROUND TENPERATURE 1S

35.53000

0.00289
6.00 Cn
5.00000

J. 48000

AGALNST TEAP.

D N R R e S TN N N Y R LN R TR R AP

TENP,
]
-0.3 .
-0.5 .
-0.8 .
-1.0 .
-t.) .
-1.5 .
1.8 .
‘2.0 \e
-243 .
-2.5 .
-2.8 - .
v =3.0 - .
-3.3 - .
~-3.5 . .
-3.8 . .
-8,0 - .
~-8,3 - .
. =85 - .
-ite8 - .
“3.0 . * .
OTHI TIAR SYRP IS 8.127 sec.
TINE™ 416.9 ROURESw '
-3.6559 -0.7951 -0.0078
3.2088 3.292¢ 3.3%0%
TINE" 813.7 HOURSe
~%.0925 ~2.2630 -0.8119
2.629¢ 2.0183 2,980
TINE™ 1250.5 HOUNSs
-8.2391  ~2,7115  ~1.2006
© 21557 2,699 2.5585
cIng= ' 1667.8% ROURS=
;~8.3866 -1,0360 -1.7300
1.7812 1.9980 _ 2.188%
TIng~ 2088.2 NOURSw
~8.0180  ~3,2391 -2,0676
1.8717 1.675% .+ 1.8573
TIRE= 2501.1 -NOURSw
-8.4657  ~3.)989  -2.3265
1.1959 1.3680 1.5599
TIAE=' - 2917.9 BOURS=
~8,5059  ~3.3158 -2.%527)
0.9681 1.1397 1.29¢5
12473 3338.8 © nounss
rB.5381 ~3.6128 -2,6886
0.7593 0.9171 1.05a7
. .
rTIng 3751.6  HOUBS~
-8.565% -3.6939 -2.8237
0.5918 0.7278 0.8518
TIng= 4168.4 ROURS=
-3,76317 -2.,9387
0.5651 0.6745
TINE" ¥585.1 BOURS~
-%.6078 -3.8220  -3.0376 ,
0.1236 0.4257 0.5193
TINE* 5001.7 HOURSw
-4.56252 -3.8787 ~J. 1205
0.2269 0.3187 0.3945
TINE= 5818.3 HOUMSw
-4.6806 -3.9210. -3.2016
0.1868 . 0.2189 0.2855 .
TINE> 5835.9 HOURSw
~4.6548  -3.9623 -~3.2705
0.0901 0.1896 0.2081

50
i
L
.
.
*
.
*
L]
L]
M a
DX IS ' 0.300 CA.
0.12 200T TIAE= -
0.7382 1.3690
3.3872 3.4096
0.23 ROOT TIAR=
0.1097 0.6135
3.0028 3. 1788
0.35 BOOT TINE~
~0.1289 0.2671
2.7108 2.08389
0.46 ROOT TIRE=
~0.5079..  -0.0092
2.35:8 _ 2.8908
0.58 oot TIAE=
-0.9392 -0.1356
2.0164 2,152
6.69 ROOT TIAE-
~1.2826  -0.3852
1.7103 1.838S
0l8Y ROOT TINE=
-1.5539  ~0.6599
1.4312 1.5887
0.93 ROOT TIAE=
-1.7787  -0.9105
1.1831 1.20898
1.08 ROOT TINE=
~1.9613  -1.1330
0.9612 1.0561
1..16 ROOT TINE~
-2.1202 -1.3257
0.7712 0.8585
1.27 ROOT TINE=
~2.2573 -1.8951
0.6029 0.6756
1.39 ROOT TINE=
~2.3782 -1.6460
0.8656 0.5271
1.51 ROOT TINES
~2.4855 -1.7808
)..3856 0.3981-
1.62 ROOT TINE=x
C~2.5818 -1.9013
0.2530 0.2955

L4

0. 380
1.8912
J.u228

D.481
1.0670
J.2838

0.589
0.6469
2.9%13

0.681
0.3318
2.6027

0.761

0.1668°
2.2637

0,038
-0.0090
1.9u44)

 0.900

-0.0902
1.6861

0.962

-0.2469

1.1780

1.021
-0.4317
1. 1351

-1.076

-0.615)
0.9237
1.129
-0.7933
0.736)
1.179
-0.9585
0.5784
1,227
-1.1094
0.4421
1.273
-1.2880
0.3313

0.0089L CAL/SEC™CR-DEG.C.

100

)
S 2.312)
3.n302

1.4717
3.293)

1.0032
+3.01N

0.6621

2.6896

078619
2.3508

0.2537

2.0267

0.1809
1.7227

-0.0016
1.9872

-0.0859
1.197)

-0.1809
0.9782

-0.2658
3.7883

-0.3966
0.6190

-0.5321
0.8770

-0.6666
0.13596

PERCENT N.C.

{

86.7)
76439
68. 38
62.07
$7.19
53.19
50.4)
468.12
46.32
8.9
43,08
8§2.99¢
42433
¥1.81
y1.8t
§1.10
40.86
80.67
80.52
V0. 00

2- 6021
J.a382

1.8288
3. 3266

1.3339
3. 0738

1
0.976)
227515

0.78%)
2.8132

0.5096
2.,0859

0. 1659
1.71717

0.2021
1- 8970

0.1236
1. 2822

0. 0168
1. 0174

-0.0197
0.8190

.=0.0756

0. 6483~

~0. 1571
0. 5022

-0. 2468
0. 3801

o

2.8920
.86t

2.1395
3. 3887

16371
3.10610.

1. 2692
2.788%

-1.00133
2.4507

0.754a1
2.1215

0.5797
1.8109

0.3995
1.5271

0.2882
1. 2698

0.1688
1.0819

0.0992
0.8399

0.0302
0.6660

<0.0082
0.517%

-0.0406
0. 3926

'

3.0750
3.8366

2.4055 i
3.3519

1.911)
3.1168

1.5381
2.8009

1.2873

12,9632

0.9836
2.1338

0.7809 .
1.8220

0.5862
1.5371

0.4487

- 172788 -

0.31%8
1.0891

0.2182
0.8469

0.1318:
G.67v9

0,070
0.5227

0.0263
0.396R



