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* ABSTRACT - | \ | ’
- A g
" An experimental study was conducted to detérmino
the freezlng behavior of Ottawa sand and a locally
occurring 8ilt. The so1ls were frczun‘under varlud,/"\\h

pressure, stress hxstoxy, drainage and tompefature bouﬂhary-
N ~ ‘

s
Y .

conditions. “ .
\ The rcsulta demondtxated that freezlng behav1on«af
»a soil ,.can be predxctud by short term freezing tests in -,
whi?h heavéahnd net change in sample\porewaterl volunme or
porewatér pressure were measured. Results Lndfcate'that ‘o
sanas‘expel porewaéer upon freezing. g&eezid@ behpvior\
of fine grained soils is influenced. by botﬂ soil propertiesi
\\ and external factors. 'Freezing pehayior of the fine grained'h

soils varied from sucking ip water lafding to ice Segré~

gation and lensing, to exnulsion of pnrewater. It was
found that the freezing behawior of hc fine grained soils

.dependad on overburden preasure, stresa hiatory, step

temperature, .grain aize dlstribution, porosity And

-permeability.-

. Results indicate that hegva and. h;!ve prassnge are
not a uniqua freezing aoil p:apa:ty. Experimantal ranulta

‘suppq:t a theexy of zreqzx'" aoila bnﬁed on’ thq nat hﬁat

R ]

fxnw from a aoil sqmple anfi
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across the lce-water interface. . ’

Guidelines for a revised frost suségptibility -

! . o, ~ ) .
N . . s . ' N .
criterion are- given. . _ o
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. * . INTRODUCTION T
. ‘ LI ‘ g .‘ / '-- . ) . - .
. Whenever the mean alr temperature drops below _T"
freezlng for a sxgniflcant perlod of time, the effects T

[}
f v

of frost action are of concern in geotechnjcal englneering
]

To date a large number of fac111ties constructed in the
» a k]

Canadlan Arctic have been successfully des1gned on the |

[ ~

basis of englneerlng judgement Winter cohstruotlon
techniques 'inl the more southerly reglons have simllarly
beédn lepgely developed th;ough experiénce. With the

!-rapidly 1ncreasing development of. tke Arctlc regions larger

) \\( L]

.and more cOmplex facil;tife are belng proposed for which
design precedents are not ava114blq~@nda;ocumnlated
‘ expet;ence is inadequqtek _Tbere is an urgent need for a

basic understand;ng‘ ffthe behavxor of freeZing soils.,

‘ e Freezing be.mvior of soils sugh as hegve, heave DA
‘ Cowin o

pressure and ﬁroat suscept;;.b;lityl are well known and
v

enéily ;,gex\tiﬁea. ',l‘he bu;lk of the wqus that has beqp | l

1




. ( : ?
the behavior of freezing soils.

Inditially, the basic outline and goals of the study
were conceived by McRoberts (1972) as a basis for analyzing
landalides in Northern Canada. THat study was concerned
with the concept of expulsion of porewater by granulargg
soils proposed by Mackay (1972). Field studies of. sub-
surface ice conducted by Mackay (1972) revealed that sand
and g;avel underlay 95% of the ice masses investigated.
‘Furthermore, in the remaining 5 per cent of the cases the ice
waa u;aerlain by a clay layer which in turn rested on sands
and gravels.\ -

A field case given by Mackay (1972) illustrates the
porewater expulaién phenomenon. . In thie inatange a large
" lake, which remains partly unfro#en during the winter, ié
partinlly drained by ndtntgl procesaea resulting in the’
formation of 3 smaller !hhes in the original lake basin. In
the aubaequant pexjod of 36 ypars, 3 pingos devaloped where
the aqmllar J.qkel oQ ed, €
lnrqn lake was also :::anqd o

(1972) ha;ieved that an tho large laka drainad the. exposed

anda And gravela. Mackay

ground surface began to trec:o ovorywhara except under the
thx-a small: lakes. He proposed thnt the aggrading perma- .
trout resulted 4in the oxpulnianfpt porqwater fxom the lake
hnoin sands and gravels :Qﬂuitinq in an excess of water.
in aionn undoxlyiﬁﬁ the as yat untnp:en lnnllq: lakes,

’
B IR - L o ,



However, in time these smaller lakes became sufficiently
. ~

shallow, to freeze completely and to allow the Eylﬁafrost
to aggrade in these argas as well. The ensuing result

Tie r‘\‘
was a mound with a core of ice, a pingo.

The significance of the porewater expulsion cgagept

has many impontant practical implications. Frost heave

and heave pressure are known to repult whea water is sucked o

‘ ~

into the soil sample Tesulting in adgregajed icé and ige

L)
. .

lensing. The expulcion of porewater ;s the reverse effect
'9nd would indicate that no heave or heave pressure would
éobur during‘these conditions. The present classification
of frost susceptibile soils, by Casagrande (1931), is based
on the relative tendency of a soil to heavi)or to demerate
heave pressures. 1If a soil expels water ‘hen it would appear
that it would not heave and hence be classified as non-
frost susceptible. Clearly the mechanism which controls
whether a soil will suck in or expel porewater is of

vital importance in underatanding and predicting the behaviox

of ‘freezing soils. . » ‘

The following study invesatigates the concept of
ﬁbrcwqtgr prugaion by freeaing aoilnf The study concentrates
on determining ﬁh&oh'fnetora. viz., applied pressure, grain
size, gtain size distribution, tgnppxntura, and stress
history, Lntlunnce the qxpnln.lqn/mckmg in mcbm:lm of
:r«:lm soils and the nlnuvg -importance of these factors.

. .

.
‘e



' AP Y
/ ‘ . , - ‘I-

.| |
Fundamental research into the ictual freezing mechanism

‘g not part of this study but a mathematical model based

' _-“upon the thermal balance occurring during freezing is

[ 4
investigated.

~



CHAPTER 2

AN
LITERATURE SURVEY AND FREEZING THEORY

2.1 Selected Literature Review

2,1.A. Freezing Mecthiam

The basic mechanism of the freezing of soils is
w;li established quaiitatively and generally accepted.
Whenever a negative tembérature gradient is imposed on a
soil, ‘the volumetric heat is removed causing a drop in the
bulk temperature. yhen all of the volumetric heat has beert’k
removed and the bulk temperaturé s 0 degrees Centigrade
nucleation.of ice occurs with a subsequent release ‘of
latent heat. If supercpoling of the porewater occurs
‘nucleation of the ice will oceur at some temperature lower
than oihegrees Centigrade. The icelcrYstnls grow ;n‘the |
direction of heat removal, (Taber, 1929) nnd.impinge and //
apply pressure against any restraining boundary, The presgure

ia xelieved¥by heaving of the soil in the direction of lgéat

resistance (Kaplar, 1970). The heave is in response to the

9 per—b@ht volume change at crysfallization of the porewater.

After nucleation :ha froﬁainq frcnt moves in

qgcorda»qc with the relitive’ bni;nqo or imbnlance of the

heat ;upgligq*to the hoqt removed from the soil qampla b



(Anderson and Morgenstern, 1973). If the ratg of heat
removal is greater or less than the rate of héat SUpp%ied,
) the freezing front advances or recedes respectively A
receding freezing front results in the melting of the -
frozen soil from the freezing frdnt upwards. An advancing
freezing front results in the engulfment of soil partxcles
by ice crystals or in situ freezing. 1f the rate of heat
. removal equals the rate of heat supplied the ffeézing front
becoﬁes immobile,'a stationary freezing front.
once the freezing front bécome; statianary

~

and water in sufficjent quantity is available to the freezing
front the ice crystals grow by freezlng tﬂé adjacent water.
Due to the rigidity and perfection of the»@pe crystals, 'soil
particles are rejected by the ice resulting in the eegregation
of ice and soil particles (Anderson, 1968) Any chgpgg ‘
however, in the heat balance/imbalance will result in a ~
co:responding change in the behavior of ghe freezigg front.
Sources of heat to a soil sample. are hegt oonducted

by the 801l a;mple from ‘the aurrounding environment and -
heat released hy the porewater, @nd-any water flowing into

;‘thg n&mple. Heat released hy tha porewatar is volumetric
heat. and hgénnt heat of tugion. The latent heat 9( '

:unian i; the major gaurcd\bt heh; (Nixon, 1972)

. ' . - . M T '
\ ‘ .. .
T +f -



Basic factors that influenee the freezimg behavior
bf solls according to Tabér (1929) "and Penner (1972)'are:
“*fhermal conditions( water supply aﬂd nature® of the porous
o m?dlu. Thermal conditions include the tﬁerm;l grédient
v

“ 1mposed on the soil, and the direction or directions of heat, ,

1

removal. The amount of hecat present and potentially present
"

in the ggil depends on the degree of‘éatufagioﬂ, initial ‘
water cofftent prior to freezing, unfrozen wéter content
‘during freezing, and availability of water in-quantity.
Osler, (1967) expresses the availibility of water unger field
conditions in terms of the depth to the watlr table from  «
-the freezing front. If the water table is at a great depth
and the freezing front is unable to induce water migration,
closed system freezing conditions are épproached. Water
migration is a necessary condition of ice lensing and
theories used to explain the mechanisms involved are
‘discussed in Séction 2,1.R. The nature'of the porous media
depends qn the soil type, size and shape of vaida, soil |
stress history, and . S\rmeability as determlned by the grain
size and grain size dlstrxbgtion. Water aolutea *and minerals

present in the soil system also influcnca the fréezing
N

behavior of soil, : : o . W

L]
’ .

fibhe amount of ' watax whose fraaaing tampgratuxe is

~1canthan 0 dggreea centigrude axpreasad as a pexcgntqge qt
gna wmight ot the soil solids ;n called the nngrozan wgtex



.

4 freezing may follow or lag behind the 0°C

N

content. Unfrozen water content is an\indicator of the ,
amount of supercooling occurring as a s§il is in the
process of fréezing. Hence depending on\tne'amount of

' \

supercooling (unfrozen water content) of r soil type the

isotherm.

Neresova (1963) has shown that clean sands freeze at 0 degrees
\.

Centigrade while clays and silt’s may freeze at temperatures

lower than 0 degrees Centigrade. The unfrozen water content

.. of a soil is a function of temperature, Anderson (1968), and

a function of soil type and correSpondlng surface erea
Anderson (1968), Anderson, Tice and McKim (1973), Dillon and
Andersland (1966)9_And Williams (1967). The application of

pressure at a constant temperature increases the unfrozen

'water congent (Hoekstra and Keune, 1967), To date unfrozen

water contents have been correlated to surface area,
Ariderson and Tice and McKim (1973), Atterberg Limits, freezing

point depression, clay mineralologyo and activity ratiq,

, Dillgn and Andersland (1966)., ' =

Two. equationa, the 01ausis-01@peyron and Kelvin )
eqpetiona, may be used to describe conditiong ‘At the freezing
front. Gln;ntonq nnd ng?ia (196&), derive gne e}auaxa-

3 clquyxon !qmt-ion trom basic themoq;gmmic;m mu{ equation |

" At all td.m” a ;M: is m;ng tmmtomd‘ trm smq

Y

. gaverns qqmuipm undq: wm.al; a ‘syatem xmim :m osmlibriw'

Amtm: as 4 mqm;t p;g ﬂtm&l inﬂﬁmmn Ghimmf S
o }. A S . . ‘ R ‘“.” .
¢ . : a K . o o ®, af‘. . “4

4 R Lt
' LI B b : ' Lt R B
>ty - v \ ¥ Coae e b Y

. i, . . P, :
2. : oL ] v Lt - : P
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9 -
state may be caused Hy thé removal of heat or by variations
in pressure on the system. Anderson gnd\Morqenstern (19f3)
have related the equation to freezing soil conditions in

the fopm: ) '

ap AN fs
Fv — 2.1
(1 l ,P AV ?-\

where
%2.

dPp = change in pressure across the f{ﬁezing front.
. : -

aT = change in temperature across the freezing

front .

Yy it o *

AH. = difference in latent heat of the two phasas,

latent hecat of fusion ot jcv
' -

[

»>

yy freeZzing temperature of the soil

A

- ' ~ ’ ”
AV = change in specific wvolume accurring during

phase transformation

’ L)
‘ The Kelvin equation expresses the pre;ssure relation

5.«

- at, the interface for small crystals in their 3yn melt. e
r l

'1111ams (1967), applles the eauationfzo the s;tuation of
’

devqloping ice in a capillary in the fbrm: |
; . ‘ : f Aa.' . zoiw !“' ;. - , Y ) '~'
PN P, -~ P o mE— T . ' 2.2
“I i w riw _:‘-.1 . ) ar ) . va

“‘;



where:;
A ‘
Pi = pressure on ice, overburden pressure \.
Pw = pressure in porewater
Oiw .= bressure differential across the ice-water
interface
riw = radiuqcﬁfthe ice-water interface, taken

positive on the ice side of the interface

For conéitions.of optimum heat removal, temperature
conditions,”soil structﬁre and access to a water supply,
pres®ures generated by enlarging ice crystals mﬁy be »
predicted by the Clausis-Clapeyron equation. Equation 2.1
m;y also be used to predict the presfure melting of ‘ice in
frozen s0il from which an.estimate of the change in unfrozen
waéer content can be made. The Kelvin equation (2.2) can
be'uéed to predict the ducrease (or increase) ia the |
porewater preasure whenever thevfreezing froné encountgrs |

- Y

a pore with a radxus r, larger than (or smaller than) ri

.

, for a constant overburden pressure., BERE

2,1,B. Ice Segr gation and Ice Lensing

»

Segregated ica nay be defined as’ a. oontinnous body
of pure iqejthat has davqloped in,hnt aeparate from a maas

ot sqil partielgag, Segrqgnted ice may aeaur in thq‘crder

Y

Qf mic;oinghaa;;n thicknesg, incng;‘in ;nicgnesg ag ice

At
8



.

lll
lenses or up to tens of feet in thickness as massive ice
bod*es. A genetic classiflcatlon of ground ice has been
published by Mackay (1972). Segregated ice is generally

observed in fine-grained soils whether cohesive or' pon-

cohesive Taber (1929),~‘eskow (1935). It has been shown

' . T

that the intensity of segregated ice varies dlrectly with ‘i’
initial degree of saturation (Haley, 1953), and varied

inversely with. overburden pressure (Aitken, 1963).

&+

Ice segregation may occur whenever a centinuous

perature

water supply is availablg to the freezing front f - a
sufficient length of»ti under the prevailing telﬁ

gradient and pressure d1ff¢rentia1’a7ross the ice-water
L. -

‘interfdce. The capability.of a soil to supply rwatex to the

’freezmng front is a hecessary condition. for ice len!iﬁg 1f

\'zxng front 1s 1nadequate,par

water flow to the "

trappin a ice prvli:eration may result (Wissa a.éna‘tm.

1968) 4 neeguently a lot of work has been c:a;rried' Q\zt; Q"?
investigating the mechanism by which a soil is able tcv b *
sgpply water to the freezing front. Two theor,ies, fi!em,.\ .
theory and capillary theory, have been postulitggdin an

gttemp.t to explai.n ‘the phenpmemn. The twe. meoriea are

in t‘act; complimenm:y vith the 0&91110,:;\1 t.heory pging‘ a «
L compomm: part ot the m:a gsneml ﬁ,m thmx., DR
, / xt 13 m wll mtabnshcd thnt sqil pa:uiglahmm. :

gggultcﬁ hy Qn gdsn;pod lsyer of x_m;én with &gg!:mnt‘ |

Syt
: " . {‘ M i
; B . ' . LA [N -_' N Cite




. 12
préperties than that of thé void water, (Anderson and

| Moigonﬁlvrn, 1973). Tahvr((1§29) was tho first to propose
this concept while (éortu( 1962) was tho first to &omonﬁtf‘$u

*it. The thickness of thoe tilm is a function of tomporathb
(Anderson, 1968). | '

Accordxng to the film theory when a temperature
gradlent is imposed on a soil the water moledules of the
film crystallize and leave the film. In order to maintain
-the film thichdess_waFer moleéules from the unffozen vbid

L .
water'are .absorbed*by the film. A process is thereby set

»

up’ to move water molecules to the freezing front. ' 4

- ol

Kaplar (1970) postulgteqlﬁhe develonment of negative’
£ilm pore pressures. o bclieVOéxthqt a quisi~liquid layér,.'
tactive film laycr;, must be present to provide the drive
force fbr icé segregation. The~water'mbleéule% in contact
with the icéﬁnavs a high degree of*'polar orientation Qith
’the ice lattice qnd|heﬁce have. a rigid ordered strﬁoture./j\g;—’
.The adsprbed SOil water is alsg formed by strong adsorptx@n
forces and has - a hlgh structural riq1dity. During £reezipg
\giye-film undergo a physical

;gadqutmgpt -of the;: posxtvin, creat;ng a negative p;essure i

\;

' the ﬁater mplecules in thg a

\ﬁh@ pxoce§94 in’ order to: £it into the jce eryatal lattice\'\
At th@ time gﬁ thia :aadjustment thg film force bglance is o

diStuxbed rﬁﬁ“lﬁing in A rearranggﬁgnu qf _the . TGMQiniiuﬂ‘]"
ﬁ;¥m~w ter' mole@u&ag, and gg; dhiQ:ption Qf VQLd water ;{‘,"'

NP M ,, B ","4“ O P A" :. o o 7.* LR -
R ' gl o Dot ot -r CE I v N S 3 e o~ S P A
P P ;lm LA S S [P e e A TR A,
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molecules to store equilibrium. The demand for replacemeﬁt

o U
mol cules in‘tﬁe active film layer is governed by the volu-

1 “ ’\,
metric ratefgz'phase transformation within the layer.

i
Freezing of'water molecules in the film occurs simultaneously
/ l

with the ff@ezing of void water moleogles.
Q

Tﬁd initial mechanism in ice.lensing is the rejection
and exclqsion of soil particles by the growing ice crystals
(Andersoﬁ and Morgenstern, 1973). Water is drawn to the
freeZing'front'by negative pressures at the ice-water
interfa%e and by the imposed negative temperature gradient.'
The ice: erstals begin to grow by the freezing of this water
and the' ébcﬁmulation of these ice crystals.~ At crystalll~

zation t&ﬁﬂenergy that is released is transformed into

' work liftiﬁﬁxthe h%erburden, and 1nto heat released at the

interface wﬁidh tends to moﬁerate the rate of ice formation.

l;~

The ener?y fv&blved in the work of the frost heave is due

to(the dﬁffeﬂe%ce in energy states of ice and water, the

\latent h?et of‘fueion (Anderaen, 1968). .vf"".

’

Chrph logicp}ly the capillary theory was the flrst ‘,;jf

\\"
tﬁﬁory tax@egcribe ﬁ%e migrgtion of weter to,the freezingl

v“

,.,,_jmllg tmozy Qf mahe; (1929) end Beakow ,
The beaia gf
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a

proportional to the radius of the‘ﬁbe-water interface.

4
These relations are. given by the Kelvin equatlon, equation °

2.2, and equatlon 2.3 qxven below.‘ :

In Williams' (1967) development of the theory the
soil is considered to be a series of capillaries, 'The
radius of the’ capillary (r.) 1n Part controls the behavior

L\
of the freezing front. According to the capillary theory

~ the freezing front continues to advance as long as the .

capillary radius, ro+is greater than:the radius of the’ o
interface, riw, or r_ > riw' When the capillary radius L

is smaller than r, ,the interface radiue (rg < riwl Fpe .
freezing front cannot enter the capillary and its advédfce . :

would be halted. At this point * cooling of the pore

' fluid would continue lowering the fluid temperature below 0

\ ’

. degrees Centigradel without‘crystallizatiOn, The pore fldiq

Would then be supercooled The depression of the freezlng ”ﬁ,-
point is given by the relation. ’ B

? v 20 B IR
. .‘iw o. SR 3 S

1& the £ree¢ing polnt ‘ﬁf"

nprmml t:aazlng gg;n¢3,~k



- L} . y 15
\ oiw = stress difference across the ice-~water ' T
interface
‘ .
, : riw” = radius of the ice-water interface taken’

positive on the side of'the ice ,‘fu”

| Lo - .
L = latent heat of fusion of water
' ! " '.;'."\ ’

Due to the reduction in the radius of the ice—water ‘interface
0

fﬂ; e porewater pressure would subsequently decrease according
L ) ! [ ! ‘ i ‘
+ to the Kelvin equation, equation 2.2. .'This reduction in

the'porewater pressuré‘af the ice-water interface ié the

force that sucks the ‘void water to the freezlng p01nt.‘ The

\

freezxng of  this water results in the growth of lce\lenses.}‘
‘,J L

Jackson and Chalmers (1958, '1966) postulated thaf
suPercooling‘supplled the fogce requlred to~transport water
to the freezing front wBasedeqn stu@xes OF porous;ﬂeela they} ‘

‘concluded that supercoolihgleontrbls the f#ee energy.bf é }‘

freezing system, Upon the greezing of L soil a reduction
L in free energy occuna in pxqport10p tq the ameﬁpt of j'jhy-‘\' ;
’ﬁ\supercooling.« Hence the forqe that draws water to the '.qqp.*ff

freezing fronﬁ 13 derived)frdm the systgm free ene:gy fm”';'.f'

* chavge dﬁring freezing.;u‘ ;!&f, B _
’?”i“t Th@ @kpillary’theoxx had :evegal sheﬁtqgm;ngs and

iﬂeaot caeable gﬁ Qeacribing.all kncwn Aseez&ng cond;tiana._f;;




the freezing front, 'Andsrson (1968) contoends that the
, ]
ifference in encrgy states the latant heat of tusion is
/
fthc source of this cnergy. (2) The canililary theory is
W
N
tﬁaévd on a uniform pore si1ze or uniform;ﬁ&xtxclu sl ze

LN ~
dxﬁtxxhution. Considering soils with a Amn~unitoxm partjicle
'\ ' . "
sl1ze dintribﬂiion, as in virtually all ceses difficulties
| ’ ‘ T '
carise an aaﬁiqninq a typical capillary pore radius to use
"

in the theory. This~ser10uslv limits.tho 1ppllcablllty of

1 f

the Lhenry..(}s The caplll&r Qheo{y i# a static theory
based ' on grain BIZe, pressure a d intg$facu stress
dlffereﬁces The theory.is based on the pfemise that pore
;adfua or graln 'size and \~:ain size distribution is the
Qnique parameter that controls the ice lensing capability
of ‘a goil. The theory does not raccount fom any other

factors affecting the freezing soil sys;em, i.e. temperature

grgdiont, and is incapable of accounting fop any changes in

{
thege factors. ﬂ
A «

v

‘A
r
L)

2,1.C, Frost ﬂéaving _ | .

PRl
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When individual ice m‘y7§f ncform and enlarge they
. y
ihpinge on confining boundari

ﬁ”@“@atiﬂg crystallization

) ‘ 1"‘A

il

praaauren. Depending on the bou&dary this preaaure is

otten relieved by displaonmqnt of the«aoLA pyrtace in the

. '\!

13
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compressible soil by compressing the soil stru\ture,
TN

\ A}

IAs the freezing tront penetrat.os, vnqulfiné the soil
particlos and freezing the porewater in situ, frdezing
pressures and/or heave rosult entirely from phase
transformation. "‘Whencver the freézing front hucomeﬁ
stat ionary Qowuver,resultinq in i;e scqregation and lensing, |
heave 15 a direct result of the buildup ofr ice lenses.
Substantial hecave as obaerQed in‘the field cng only be
accounted for in terms of ice lensing aud segroqnt;on and
not as a result &T -phase transformation (Taﬁur, 1929).- lIco
lensing and hence heave may continue indefinitely as‘lonq
as temperature, pressure and water supply conditions remain
suitable; Whenever one of these conditions is altered, say
a decrease in the water supply, or an increase in temperature
gradient, the freezing front will advaﬁce upntil a favsrable
- Lo

balance of conditions is Achievedvaqain and ;he freezing
front becomes BtdtiODAIY’OPCG more. 'uwavf would be
minimal whiie thae freezing front (R ad gﬁging—but would
continue as before once the freezing front étahilizea.
Répét:.ition of tﬁia pro‘a results in rhythmic ice banding
(Maxtin, }959). '

The amount and the rate of frost -heave is a function
of many factors. Beskow (1935) a } Kaplar (1970) uhawdd'thqt
heave rate is depandent on the rate heat extraction’or .

. 4 »

treesin@ :tont penetration. Penner (1972) found that by

3

~
L T S L)
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'tracgﬂqn,‘heave rate increases
I‘V ;i 4 P 3 18 | “‘\\-
to a maximum:JEOSFWBCNIRY decreases to a point where
v $ e’
[ b
heave is a resul the expansion of porewater at phase

transformation. These studies also showed that the response

of thg heave ;ate to incrégsing heat removal rates differed
depending on the soifl type. Heaving occurs in the direction
of heat extraction or cryat:l growth and t?tal heave was
reduced by;incréasing the overburden load (Kaplar, 1970).
Field studies by Aitken:(l963) provided field evidence of
the effectiveness of surcharge loading in re&ucing heave.
Heave is also dependent on water content (Taﬁer, 1929;,

and can be prevented by inducing high tensions in the pore-

water (Gold, 1957), (Pennexr, 1958, 1966).

2.1.D. Heaving Pressures

Upon Greezing under constant volume conditions
pressures are created due to‘the volumetric expansioﬁ
aqsociated with phnae transformation, and due to ice
segregation and lensing. It is common practice in the
IQ:Qrature to reféf to heaving pressures as those pressures p
yhich are caused by ice lensing. Heave pressures occur jin L
the direction of heat removal and originate at the freezing
front. Heave pressures are dépqp&ant on particle size
t&old‘ 1957), with the -mallo; particle sizes :eapona;bleJ
» for the maximum heave éraqnnién (Peannexr, 1968), Millex

et al. (1960) and Evoxoié and Baynes (1965) developed
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empirical formulations, based on a study using glass beads
which related heave pressures to particle or pqre siza.

A summary of.the findings of several people relating
drain size and heave pressure is shown on Figure 2.1. It
was generally found that the effective diameter, DlO' gave
the best correlation with heaving pressure and so is used
on the figure. )

The heaving pressures plotted were determined from
freezing tests with no overburden loading and open drainage
conditions. Only Sutherland and Gaskin used a back pressure.
Preparation of the s0il samples varied; Hoekstra et al. used
a compacted sample, Penner densified the sample by vibration,
Sutherland and Gaskin consolidated ihé‘sample from a slurry,
Yong placed and froze thé sample in a 'loose' condition, and
Kinosita 'packed' the sample into the soil container. Yong
also measured heave pressure using proving rings of varied
stiffness. All samples were reported as being saturated
prior to freezing. piscrepancies between the data are
likely a result of less than 100 per cent saturation for
. the dugation of the freage test, variation in sample
preparation and hence stress history, and a diffaxancq;in
freszing rates. Kinosita xqpbrted results that were
determined by both gpen ;nd closed lystam freezing teata.
It would nppenx however, from the equipmant dalqription that

Kinosita froze uﬁgf: oloned dra naqq.conditionpq

i

'
. . ' .
. s : )
’ ) :
. . ' . .
] ; : ; LI S
) 3
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Applying the formulations of Everett and Haynes.

(1965) and the capillary model, Penner (1968) envisaged
an undulating freezing front which extended as far as
possible into the larger porés and,whicﬁ was stopped by the
smaller pores. He maintained that maximum heave pressure
was generated when the freezing front everywhere rested on
the small pores. The tendency for heaving pressures to'
become very large for the smaller particle sizes is shown
in Figure 2.1. This condition of maximum heave pressure
likely occurred when the freezing front became stationary
afte; a period of Tapid penetration.

{ Penner (1970) showed that maximum heave pressures
dgveioped when the soil macrostructure was éqmpletely
broken down and the freezing front was relatively stationary.
These studies also indicated that the higher the soil density
the laiger the heave pressures. Measurement of heave “
'pr&ssuégs were influenced by the compliance (Kaplar, 19715
and small heave movements were aufficienﬁ to prevent the
buildup of large heave pressures in the laboratory. Penner '

(1970) noted that the buildip of large heave pressures in
the field were dissipated in aracks and disijpctﬁﬁiciep.
v ' . |

|

.
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2.1J1j( Pore Pressures at the Freezing Front

The existence of pore pressures at the freezing
front are clearly demonstrated by the expulsion of pore-
water (Balduzzi, 1959; Wissa and Ma:t n, 1968),}and by
the attraction of water to the soil sample during open
system freezing tests. Negative porewater pressures at the
freezing front are the forces that draw wéter to the freeziné
front resulting in ice scegregation and lensing. .

Based on theoretical developments the magpitﬁée of
thu’pore pressures varies inversely with pore size, Gold
(1957) , Penner (1958), and have been evaluated in terms of
the capillary model by Penner (1966). Williams (1967)
presented data showing. that the air intrusion valﬁe could
he used to estimate pére pressures at the freezing Font.

Williams (1967) froze samples 1 and 2 centimetefs in
height by imposing a temperature of -8 degrees Centigrade
under open system conditiona. Results obtained on 2 natural
silts wi;h a uniformity cgefficient (Cu) of about 80 for
ailt'm‘and 8 for silt 64/15-25, an§ graded fract;on 49“_— 73u
are shown on Table 2 1. |

.. 'Sutherland and Gaakih ‘l973) ahowed that pore
pressure at tha freezing front in chpressible and
inaompxanibla sails could be reasonably predicted using
" grain "éizeﬂ’a.;lid cqgaillq:y pore size, WOrk was aaim on' |
pulvari:od flyash, cmfficient of uni.f.orm;ity C 3, (raferrgé
RECEE I TR .

fwy

Q%
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to as soil 1); Kaolin Cu =\5.5 and 6.5, soils 2 a@gwgi‘and‘
a mixture of flyash and kaolin Cu = §.2, soil 4. Thé soil
specimens were frozen uniaxially by applying cold temoverature
' of ~17 degrees Centigrade under closed system conditions.

Results reported show:

Soil, Pi P Max. drop in P
2 P! 2 w

KN/M KN/M o KN/M

1 1011 1007 62

2 1062 1035 465

3 | 1075 ' 1071 : 491

4 ' 1080 1080 240
o

Data on predicted and measured values of maximum drop in
' porewater‘pressure for air entry tests were also reported

as follows:

L] ) PO

P s 3 s e — S —— - ot rreep— ——

soil ‘ Maximum Drop in_Porewater Pressure .
s : KN/M BRI
S | . Pr;lipted . Measured
1 Y 1 | o ez
2 RS U] R 465
- R V'Y A TSV
4 |

87 - 240

p— B ARUSE D S G e

T — T .
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Based on these results the authors concluded that predicted
values of the drop in porcwater pressures using the air

entry method grossly underestimated the actual measured

values. @

2.1.F. Frost Susceptibility of Soils

Fine grained soils and cogrse or medium grained
soils with fines were observed by early workers to be the °
most susceptible to.frost action. As a means of classifyin;
soils in terms of theLf susceptibility’to frost action a
criterion based on grain size.was established. The
Casagrande criterion for frost suscept%bility was one of the
earliest published. The criterion stated that non-uniform
soils fontaining.more than 3 per cent of grains smaller
than 0.02 millimeters and very uniform soils containing
' morevtﬁan 10 per cent smalle:’than 0.02 millimeters were
oonsidered.frost susceptible; This.criteridn wés based on
local materials in New Hampshire and has been widely used
arqund the world since 1931. Not ‘all mqterials in other
parts of the world, however, behaved similarly to the New
Hampshire materials and modified cr;teria were designed to
',match local condihions. Aa a result a graat multitude of
criteria were develoPed 1n various pgrts og the world backed
"by thg experionce of peoplq like Begkow. crqney, Schiable,J
'vAninq;l gnd Kaplnr, and o:ganisqtiona such as ‘the U. S civil
‘ Aa;onant:ic- Mniatggtion, and the U. S. Amy corps of
| A ) ‘ '

T R

v /s

’
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Lngincers, (lownsend and L'athy, 1953). ach criterion

met the needs of the person/organization involved but none®

’

(nwanh*:)ln> a signifigant improvement over the Casagrande
¢criterion and none weﬁe as widoly accentad.

All frost susceptibility criteria are based on the
capillary model of so0il freezing and hence are subject to
the limitations of the theory. The Césagrande frost

' suscept1b111ty crlterlon based solely ‘on grain size is
useful as a guide to the frost susceptibility of a material

but is inaccurate and incapable of predicting all frost
L)

actlon phenomenon for all soil types. An 1mproved frost

susceptibility criterion is needed.

-

‘ | '
2.2. Theory of Freezing of Soils

>

The literature cited aboye is capable only ofl
presenting qualitative and some quantitative theories for
the formation of ice 1enso§ during the freozing of certa%n
soil types.& A large gép exists between these theories and
a comprehen31ve theory capable of descrlblng the freezing
of soils as observed in the field and laboratory. A tlhieory
- is presented below in an attempt to fill thls gap. "
‘The theory developed below descrlbes the behavior 5|
of a 5011 subjeoted to freezing condltlons Equilibrium con-
ditions are assumed to exist when the soil is in quaei~thermnl
_aquilzbrium with ‘the surroundinqq. This condition occurs in e':,g

» ’Q . R " o Q ¢

P E
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a one dxmens1olal system whenever the free21ng front 1s
|

btatlonary w1tp an ice leds actively growlng or in the trlvial
sltuat}on of an unfrozen soil with ‘a uniform temperature
disQribuéiou.‘JThe theory predicts the bepayior‘df a soil
whea this thermal equi librium is upset. The thecory is

. !
developed in terms of 50il mechanics and heat transfer

principles. |

t

2.2:A. Assumptions .

a

The freezing situation is assumed as shown in
Figure 2.2. Afsumed condltlons are

(1) A unit quantity of soil is belng frozen. The

following soil properties are known or assumg@. n, porosity;

w, water content; Cu' coefficient of uniformity (Cu= DGO/DxO);

- ' s ~ '
C coofﬁicient of consolidation; k, permeabilityiJma?\drx

)

density, and S degree of saturation (S5 = 100%).

(2) Soil is belng unxaxxally frozen from tne top

downward with the imposition of a negative temperature at

the soil su:face, !

"

Y ’ (3) 4A net heat balance exists at all times within

the soil freezxng system or Heat out (q ) = |Heat in (ql)
(4) rreezing front elevat;on is g; en by the

N

J.distqnce%x. f:om the top. ot sqmple. 8011 at a depth 1335 |
*fs fr@zen whiie sqil at a dgpth grepter than x bp ‘fmf

;qnfrﬁzem Unfrqzen %tqr com:.ent :La assumed: to. equg;‘ ta R
. iaro, e e 'w;' T =

{ R Moo o . A
‘."_ . : s N !




%
T. q out,* N
[ ; . Frozen
: ,' lone \,
L }— , ]
Unfrozen
‘ J z "~ Zone
b ) ]
0 ‘ Yain
Figure 2.2A '
T q out
,Original Ground
T Surface | ol
T . Worer/
‘ Level
Frozen ‘
lce

‘Pw=P£"K

Freezing
Front

@,

J
277

'

Ttmporotm o
. s mgfmtiOH

.
e ,
.. ' =
l R

‘ N

Y

o ’uo B'h

———Hydrostoticﬂ '
Porewom
Preswrc

-Porewater
Pressure
Induced. by
\freeging

Poronﬁm mero T

eribvﬂm Coas ]

N, SCHEMNRIQ
_ir 'Mm@ uobsn

28




il . 2 9
(5) A temperature gradient exists in the soil with

 below freezing temperatures, T, at the soil surface, .

e

freezing temperature, T., at the freezing front and above
; . -
freezing temperature, Tg,‘at the base of the soil sample.

The freeéing temperature may’be equal to or less than 0
, N ;T .
degrees Centigrade. Heat flow out of the soil sample is .
' ~

-only due to conduction and i$ proportional to the temperature

N

' gradient. _ ‘ 4

' (6) The‘water‘level in the soil is known and.

.

\

water flow within the unfrozen soil obeys the Darcy flow

law:
/ " 3 . |
v A= kl. A [-s—é'al X | \ | . 2.4

e
I

where g is the guantity of water in cubic centim@ters
flowing through the soxl, v, is the flow velocxty in
vcent;meters per sec; A, is, the cross—sectlonal area of the
soil sample in sguare centxmeters, K, lS mhe permeabllity

in centimeters per sec; and i, is the pressure gradient,

"' dimensionless. - . o .

3

AT Drainage of the SQll system is controlled,

i \‘v

* ppen °Y‘t?‘“ xR °1°8ed system. -
@ 5011 P&rticleﬁ are engulfed by a f:.l;n of
"&

' watag tha; hqs a state different f:om the void water,.
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-B. Development of¢ Theory

Applying surface tension physics to an icoe
)

lensing system, the prossure difforence across t he ico-
watoer inferfacy for smell crystals an their own molt is

- .
given by the Kelvin.equation, equation 2,2 ' )

For the CdSé of freezing soils it appears from ‘he work
of Williams (1967) and Sutherland and Gaskin (1973) that
the stress difference Pi ~ Pw ie nearly constant. For
tha mechanisatic model prescented here it is postulated
~that the streas difference is equal to or less than a

caertain constant d%rinq the growth of an ice lens or .

P, - pwz'x . 2.5

where K is:a characteristic value depcnding on the soil.
K may be determined analytically, (Nilli‘%d’%fG?;
Sutharland and Gaskin 1973) or experimantally. To find K

axﬁqrimentally two types of freexing taats, opan Qx. olosed
(u

ayntem may be run. The &losed system tests measures the
porgwater pressure and by substituting this value into
oQ'@gion 2.5 Kyﬁiy be determined. On tho'ot;er hand if one

q.ﬂ%&au that P 4n equation 2.5 is equal to zero then K is

"~

hquivnlant to the 6verbdrdan pressure Pi‘ The pqifwntar

ptansu:o in open system tests is qqual to zero whenever no tlow

o

2 L -

- .



of water’ into or out of soil sample occurs. By running

a series of open system tests to find the stress, p

1'

{
at which npo water flow occurs, K may be found

directly.

Y

Conditions governing the magnitude of Pw'may be

evaluated in terms of soil mechanics parameters and soil

]

system temperature and pressure conditions.

- A basic heat balance may be written for conditions

shown ' "tn Figure 2.2A:

Heat

or
. 9
, ”f
where:
qo -
I'4
qi"

out = Heat in + Heat of phase change

s

- A
is the hq‘l~¢onducted away from the soil

#

gample by the impasition of a negative :
' )

temperature gradient at the soil surface.

4

is the heat of the ayatem,_volumetric'heat

and any he¢at conducted into the soil from the
' ¢

outside environment by the soil itself or o

by water flowing into the soil. When watex

\5\\ flows out of the soil a net yreduction of 9y

results, : S Co,

—
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qp - is tho heat of phase change or latent heat

of fusiof that is released by thoe porewater
upon crystallization. qp depends on the amount
of water {reezing at tha freezing {ront,
w&tvr content. and deéroumof saturation of the
unfrozen soil, and the amount ‘of water that is
sucked into the soil during freezing. q_ can

p
be several orders of magnitude larger than 9y

The heat conducted out of the soll sample is

proportional to the temperature gradient imposed or

_ aT cal
Q, = K¢ ax A [aec] 2.1
whaore K. -~ conductivity of the frozen soil [cal/®°Ccm sec]

dT -~ temperature gradient that e§}sts in the soil

sample [°C]

hY
dX - thickness of soil sample [cm]

.

A - cross-sactional area of the soil sample [cm2]

The heat of phase change is in direct proportion

to the volume of water sucked {nto the soil sample, frozen or

- 5‘_.:.‘_’. - I—i = - s )
qp & “x,(vAt) = Lki A 2,8
_where: ' .

L ~ latent heat of fusion of the water flowing to

.the freezing point - [cal/gm] .
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Vv - volume of soil frozen [cm3] per unit time

which equals vA = kiA from cquation 2.4.

P
t -~ time [sec]

AN
[

The pressure gradient, i, is equal to the difference in
pressure, Ap, causing water to flow to~“the freezing front,

through the thickness of the soil sample, @, or:

From figure 2.2B, Ap equals the difference in pressure
between .the hydrostatic water level at a distance x from the

freezing front, Px, and the pressure in the water at the

.

freezing front, Pw or
pp = P_ ~ P (gm/cR?] 2.10
P = Fx w g. '
\
where Px o= Ph - P [gm/cm2] 2.11

N

2

Hence the presgure gradient, i, may be expressed asi

~
-

(. -P) ~ P
PO R W - LA . 2.12

\ .
\ w

substitutibg equdtgon 2.12 into equation 2.8:

C - "

- LkA (Ph - px)' —. PVW [Qﬂl] ' 2.13
) 1* : z sac’ *

q

A\
\

Volumetric Heat is proportional to the initial
soil bulk temperature, the difference between the bulk

temperature and the ient air temaq;étuia,‘gnd the net

i

-
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Tew = freezing temperature of water [°C]

Amount of heat,qz,conductéd by the unfrozen soil sample

is given 3*

4 = Ku %'_;: A 2.15
where
Ku ~ conductivity of unfrozen soil [cal/°C cm sec]

ar - d!kperature differential existing in the

unfrozen soil [°C] due to step temperature

“ )

)

dz thickness of unfrozen soil [cm]

‘A -~ Sross—sectional area of soil sample [am2]

Total volumetri

hedt, Ay is the sum of equations 2.14.
4 "

and 2.15 or
cCVv waAV
4aT
9 - 7%_9 (Tpe = Teel- b~ By ~ Tey) t Ry 3 A
2.16
Sﬁbstituting equations 2.7, 2.13 and 2.16 inta )
equation 2.6 yields: |
o P ~P_~P. OV
ar Lk h % w 8 8 -
Ke Zg A = ?; Al oz )+ (Tpg =~ Teg) *
c AV "' . .
- anr REYE
tp Ty~ Tew) YRy aE A R L
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Solving for porewater pressure, Pw: Y
Y., A Cc_V C AV
= (38 - w -
Pw LkA [ t (Tbs Tfs) * (Tw qfw) *
dT daT -
+ Ku dz A - Kf ax Al +_(Ph - PW) 2.18

Substitution of L determined in equation 2.18

into equation 2.5:

P, ~ P s K ' 2.5 .

. LA ¢
enables one to determine whether active ice lensing will
occur. For example for a P, = 0, if Pi is greater than k
(Pi > K) no ice lens growth will occur, but if Pi is less
than or equal to K (Pi <= K) ice lenses could grow. K is
determined from subsequent test data.

\ ..(O The growth of an ice lens may be halted by any one
of a combination of factors. These factors are: (1) low
80il pe;meability, K, resulting in a small insufficient
discharge to the freezing front; (2) overbﬁrden pressure
high so that the pressure differential acr;ss the freezing

' front does not create sufficient suction ‘to 1 _uce water

| movement to the freathq front, the pressure di.fﬁrentlal
‘?f may eyen be positive resulting in flow away from the freezing
fxront; (3) luction at the freezing ﬁx@nt may be limited by
ca?itahion at minimal ovc:burden.preagnn,; such as near

the surface; and’ (4) wnter uupply in inadgqngte as pften

LN
*

occurs when the water tuhle is at A great dquh.

et o e 4 e .y
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The magnitude of heave, S, mdy be calculated from
consi?era;ions of a balance of soil porewatégfv§lumes.
Heave is proportional to the increase in,sample porewater

volume upon freezing. Initial sample porewater volume; V ,
3
is equivalent to (assuming S = 1008%) :
¢ ! \
! V' = nv . ' , ' 2.17
0 .

where n is porosity and V is the total volume of the soil

sample. Volume of sample porewater after freezing, Vl’ is

given by: ‘
V. + V4 ﬁ . 2.18
vl - £ u Va - 1
\-‘ "
where: « ' AT ,
| ,
vf ~ volume of ice in frozen zone (reduced
accordingly for unfrozen water)
1 ' . . r .
Vo T volume of water in unfrozen zone . SR

F

va ~ volume of ice frozen as a result of water,

)

V__, being sucked intO the goil sample to

aw
. o ‘
build an ice lens. i o
o

'
t o

From Figure 2.2 the volume of ice Ln.the‘aoxl sample frozeh

3
,,to a 'depth x~(aaauming all water 13’2rozen) is:

»n
)%
o)
=<

i \'"/ - 1.09

where } is th?'totql depth of sample. Volume of porewater -

NS
’, !

in the unfroxen zone is |
N ‘(,,'; : ‘ a ' R | | R | ) . v 1 . R .
v“ﬁa: N ) ) B T f7g’gg

e
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where 2z is.the thickness of the unfrozen zone and equal to

Z =2 -~x. Equation 2.20 then becomes:

x ’
Vu = (1 - T ) nv ‘ 2.21

Vs volume of ice frozen as a result of water being sucked

into the soil to build an ice lens is:

1.09 Vaw 2.22

where Vaw 18 volume of water sucked into the soil sample.

' ,

The change in sample porewater volume,AVg, may then be

written:

AVf = Vl - Vo

= 1.09 % nv o+ (1 - i‘.) nv + 1.09 v, -~ nv

x

AVg ' 'may also be written as:

3

' avg = SA | ) | 2.24

“-*By equating equations 2.23 and 2.24 and solving for heave:
’ oo | -
x(009rnv+losv Y 2.2 0 @

. .
»

mhe dﬂpth of the freezing t:ont.x ¢ in Figutq 2 2

o im prppo:tignal to the square roet ot t?“”  See gguation )

- - “‘- -
+ . PR .
<, i Ty
. : , .o , - : . . i
‘ 8; . . .
. ! L
.

. ' -
A . . ' * N
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The rate at which a volume of water, V is sucked

aw’
into the soil sample is dependent on the rate of hegt removal
a;d the surcharge loading and stress history of the soil
at the time of freezing. The volume of water Vaw may be
galculated in terms of heat removal. The total heat
released, Qi' by a volume of w5£er that has been sucked
into the soil sample is (assuming specific heat of water is
very small) |

9 = 9t < LV | 2.26
where t -~ time

ﬁ‘N‘}’

Lw -~ latent heat of fusion of water

From cquation 2.6 the heat in, 9y - is equivalent to:

- q . 2.27

q4; = q
1 N
O p .

Assuming that q; ©f equation™2.27 is the latent heat of

fusion ;hén equations 2.26 and £.27 may be equated to give:

Ly Vaw = 9% ~ 9
or
. t . :

L 4
-~

The heat ut, 9o* is given by equation 2 9, and qp, the .
heat 5§Q§Lase change is given by equation 2. 13,

. Substituting equationaﬁ 8 and 2:28 into equation
'z 25 heave as a function of time is racovered. Eo

ey



adt t . :
‘[0.09 2= OV + 1.09 5 (g, - qp)] 2.29

2
w

) -

The rate of heave, AS, may be deduced from equation

2.29 by differentiating heave with respect Fo time:

ds 1 anV | 95 = 4 | (
AS = 3% = &, (0-045 g + 1.09 (TR)J \_ 2.30

Total heave and rate of heave are also dependent
on the freezing temperature of the éoil (i.e. unfrgzen
water content). When the soil freezing temperature is
less than 0 degrees éentigrade the heave ana heave rate

would be reduced accordinyly.
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.~a110w tempergture of aoil sample to reach a oqnstant

CHAPTER 3

A

TEST PROCEDURE AND DéSCRIETION OF EQUIPMENT
1 ..

3.1 Test Procedure

3.1.A. Materials'and Sample Preparéion .
Testing was carried out using Ottawa sand and
P Y )
Devon silt. A summary of material properties is given

in Appendix A. Ottawa sand was chosen because of, its ~

’

L . .s‘ » ' ' . .
low susceptibier‘ to frost action and in order to verify

_ the test program hypothesis. Devon éilt was chosen

because of its high frost susceptibility and general
similarity to silty materials found in northern regions.
The bulk of the testing was done on Devon silt.

Both® materials were prepared as a slurry. Devon

silt was slurried at roughly 1 1/2° tlmes its Liquid Limit

for ease of handling. The slurries were deaired to

. ensure saturation, Ottawa sand by vigorously beiling and

Devon aildt. by means of ‘yacuum punp. |Disétilled water -

*

wgi\used at all times.

3%4 B. | Test;grocedure

Theﬂprocedure :olloweq during testing was. (l)

equxlibx;um value, (2) apply hack pressure to ﬁh ‘aoil

) R , . L% .
7 . ' . . P8 B .
. LS . c p P
. . o . ‘ o ¢
» ey L 41A . . o ‘Y:
.’ N Lo T & . R il
i ‘ . : X o . - L : ;
. . E . ) , . . e P " )
. . ’ . , S

l/v‘
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pqrewater,}(3) iTpose frecezing test bouﬁdary conditions,
and (4) fteezo the soil sample.
A back prepsure was applicd to all sampleg to
N

LY] s
cnsure 100 percent saturation. Back pressurcs of 45 and

\

50 pounds per square inch were used. While a back pressure
was applled, sample temperatures were- a lowed to stabilize

\

and come to eqULllbrlum with the amblent air temperature
|

of the cooling chamber pr styrofoam cabinet. Samples were
usually left overnight, for 8 to 18 hours, in oxder to

ensure temperature equilibrium.
p A

Samples wcré then consolidated to a desiged effective -

stress. All Ottawe sand samples were nofmally'coneol}dated
whoreas tests were run on both normally consolidated semp;es
and overconsolldated bamples of Devon silt, ‘

Prior to freezing the sqil sample, deslred freeze'
‘test drainage and displacement conditions were lmposed.
Two dfglnage poundary conditions were 1mposed on the scrl
sample, open and closed. Elther ‘of two dlsgﬁacement o
boundary con¢it10ns, restra;ned or unrestraxned were further
1mposed,on each dralnage condit‘hn. Open system dra;nage
ocoa;red when the so;l samPle %&d free aceess to an outside
watem equrca. ‘The volume of £luid enterlng or 1eaving the ;
'fsoll’was;measured by a volume change xndlcator. described
fbelex, pu:ing oloaed system dralnage condit10n$ the~§Q;1

l A

’»samplé had no aqcesa to an 9uts;de wagerxsou:qee quewater ~,;

"'~
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pressures were\\Ksured in this dase. Dependlng upon
whether‘the\wert1Cal dlsplacement of the freezing plston
was' restralned or not heave pressure or,heave was recorded

\

respectively Methods used to measure pqre pressure, s

eave pressure and heave ,xemgiﬁcnssed under the equipment

sec on. The bulk of the. testlng was conducted under

open system, unrestralned vertical dlsplacement conditlons.

- To simulate field condltions,samples were frozen
[
unlaxlally from the top downward by 1mp081ng a negatlve step

Atemperature on the soil sur ce. g?e step’ temperature was
\ l

held constant while the resultant freeze rate depended on

the temperature gradlent and sanple water content. A

» v (1
constant step temperature was used to facilltate caiculatron

~y
[N

and predlctlon of the advance of th§ freezing front 4
(Appendix B). The mavement of the 0°¢ . isotherm was deduced’

> from soil temperature data. 'Other’ par: ters monltored

B

,t;ﬂﬁl ' A,
- were volume change or pore pressure, de nding\on prainage'”

,‘\‘

conditions and heave. L . PR *\'
I ., T ‘ \.

3.2 Description of Equipment . AT

[
\

'3;2...A., Generalﬂ 3 :
»\eximpntel appﬁxatug was baaieally “zsodified

‘\.'

L4

‘sg.,,"‘fh

f.«.:apa?'wx ¢ n,m equipmnt manuﬁamrem w‘d W“’? ’P“’f“’“t?“‘"- G

'
: “ﬂ»,‘ng -,"»'u Lo
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W
[ 4
Components. of the appagatus were: oedometer, freeze system,
load and back pressure systems, and the measurement systems.

»
The various measurement systems monitored. temperature,

porewater pressure, volume change, vertical displacemant,

» )
and heave pressgure.

.
3.2.B. Oedometer

. Figure 3.2 shows the oedometer. Noteable features
are the rolling diaphram, freeze piston, and rubber membrane.

The rolling diaphram was a rubber impregnated

figerglas mesh sold commerically .under the name Bellofram.
The diaphram acted as a pr?;sura and w&ter seal around the
‘freeze piston, and provided virtually frictionless movement,
excluding frictional resistance due to the O-ring seal on
the freeae piston rod, of the freeze piaton. The membrane
used was designed toA;ithatand a 300 pound per square inch
prollure diffarential with negligible deformation. The
plgncmant position ot the diaphram provided 1/2 inch upward

"

and 2 1/2 inch dowanrd piston travel for A nex ‘tatal of
~ 1}

'3 inched. - .- u
The freesze pilton tranatorred the applied load to

the ooil sample and acted as a hoat nink.. The sedtiona of

thq :ro-:,,p§ot9n *:Q shown in Figures 3.3, 3.4, and 3.3,

" The éoll&ng diaphram was, cemented to the top of the heat

‘gﬁchi exr unit. The exchange unit oontiiqnd the coolant

oirauihtion mase nad~tu9céiéhad as the heat sigpk. To gain

L
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maximum heat transfer efficiency the circulation maze was
located below the rolling diaphram and as cloge as possible
to the soil sample; circulation maze length was also maxi-
mized.

The freeze piston base plate bore on the soil
surface and fitted to the bottom of the heat excﬂange unit
enclosing the maze. An O-ring was seated around the
pefimeter of the base plate in order to impede the movement
of the 50il slurry upwards past ghe base plate during
consolidation loading. Side friction due to the adfreezing
af this extruded material to the freeze piston was thus
minimized. Toafurther reduce friction the O-ring was set
in a slot enabling‘the O-xing to slide in rcsponsé to
movcmént of the freeze piston,

The inside of the sample containexr was lined with a
thin latex rubber membrane. A thin layer of grease separated
the c?htainer wall and the membrane as shown in Detail 'A‘',
Figure 3.2, Due to the inability of the grease layer to
trapsfer shear stresses created by the freezing soil,
friction generated 9Long'§he sides of the soil sample was
min@miz?d. . Pregsures reguired\to extrude the f:bzen soil
from the. soil contaiper were h%asured to be as low as 2

.

. pounds per square incl¥..

L]
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3.2.C. Freeze System

The freeze system ig shown in Figufe 3.1. Freeeing
Qf‘zhe soil sample was accomplished by imposing a negatlve
stap temperature on the soil surface. This was achieved
by the circulation of a precooled coolant ‘through the heat
exchanger maze situated on top of the soil surface. An
ethylene~glycol and water mixture (50-50 mix by volume) was
used as coolant. The coolant was circulated by and |
maintained at the Jdesired temperature by a constant

temperature bath/clrculator. The coolant was pumped at a

rate of 6 3/4 gallons per hour and temperature maintained
to ¢ 0.1 degrees Centigrade. ! L

The rate of freezing of the soil aample/depended
on the negative temperature gradient imposed on phe soil

and the rate of circulation of the coolant.

3.2.p. Loading and Backpressure Systems

Air pr;ssure, reéulated by Nullm&tic Pressures
Regulators and monitored by a pressdie tranadﬁcer, was used
to Apply both load and back pressure to the semple. The

Atwo air preasuree were. dellvered to thi soil sample by two
separatefsystems as. shown in Figure 3. l The 1oading of
the semple was accompllghed by an air preaaure ch&mber
situated ahove the freeze piston. chsolidation loads and |
freeglng surcharge loada arq liutad for each teaq in

Appendicgl Dr .F. and G;‘ppllo&t&on of back: preasure to t;he
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soil sample was achieved by applying air pressure to a
water resérvoir which was connected to the base of the soil
container. Back pres;ures of 40 to 50 pounds per square

inch, as given on each of the test summaries in Appendices

D, E, F, and G.

3.2.E. ' Temperature Measurement System

Thermocouples were used to monitor soil sample
temperatures, Temperatures were recoxrded by a Honeywell.
Electronik 15* Strip Chart Recorder. Temperatufes were
measured to t 1/2 degree Fahrenheit. Samplé temperature-
time logs and penetration of 0°C isotherm‘for each test are
given in Appendices, D, E, F and G.

Soil sample temperatures were monitored by six
tPermocouples set iﬂ the wﬁll of the sample‘container. See
Figure 3:2;’ The thetmeouplés were vertically spaced 1
centimeter apart rith the lowest thermocouple ‘1.6 centimeters
from the sample bottom, Starting‘from the uppermost
thermocouple the thermocouples were numbered from 1 to 6
_cohsecutively} Thermocouple temperature data collected .
during each tesﬁ\vegeidenﬁified by numbér in Appendices
b, B, F and G. -

| ‘A thermocouple located in the freeze piaton base
plaﬁa measured the apil surface tgmper&ture. Temperature

intqrqunncg due to the base plqtg was gvoidgd hy setting

the tip of thhnmocouple bolow tha plata..,Thia ﬁhermooquple -

-
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- . .
is labelled Tq, surface temperature, in Appendices D, k,
F, and G.
Heat removed from the soil sample was calculated ‘\\Heﬂ

from thermocouple data collected in the entry and!bxit
lines of the heat exchange unit. One thermocouple, labelled
b' was placed in the reservoir of the constant temperature
bath/circulator and measured the ‘cold' temperature of the
coolent. The sgcond thermocouple, labelled TR' was situated
just past the heat exchanger unit‘in the return line of the
coolant circulation tubing. The heat removed from e%e s50i1l
sample was in direct proportion to the rise .in the coolant
temperature recorded.

The cold roomkend/or styrofoaﬁ”eabinet temperatures

were also measured and are shown in Figure 3.6. e

»

3.2.F. Pore Pressure Measurement System

Porewater pressures were monitored by a pressure
transdueer located‘én the base plate of the sample coﬁta%ngg ij.
~as shown in Figure h.z. Thevtransdueer was calibrated to 0.01
poundq.per square inch. Pore pressure measuremepts were

taken during cloéed system freeze tests,

. 3.2.G. Volum Change Measurement System
Volume cHange of the soil sample, in terms of pore
flnid entering or leaving, was measured' by a 25 cubic

contimeter hutatte.. Back pressure could be‘applied‘to
. o EEE | oo, I
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. the burette system, as shown in Figure 3.1. vVolume change '

measurements were taken during open system freeze tests.

’

3.2.H. Vertical Displacement Measurement System
4 ! ‘ I ’” )
A dial gage measured the vertical displacement of

the soil surface to 0.001 inches. Soil surface dléplace— '
ments were monjitored during consolidatlon and freezing tests

/
for both open and closed system tests.

3.2.1. Heave Pressure Measurement System

A load cell was designed to attach to the freeze
plston rod and to be fixéd to a rigid frame to measure
e

anticipated heave pressures. Zr;e foad cell was made of

machined aluminum and calibrated to measure # 0.0l pounde |

per square inch.. The load cell‘is shown in Figure 3.1,

L4
|

3.2.0, 'quipment Assessment and Recommendations

The rolling diaphrem performed satisfactorily and
added . a high degree of flexibllzty to the type of freeze
test that could be conducted. Initmal famlliarlzation, ‘ , o
installation and’ sealing of the diaphram proved quite |
troublesome. The system used to anchor the diaphram to
the freeze piston could be improved to Provide ﬁaster
4 1nsta11ation of new diaphrams. Under the present arrange- ':'
" ment with the diaphram cemented to the freeze piston, a
. dey is requixed to replece a damaged diaphrem, and time o
igg}es;. xn the originql design the bellofram was anchored‘ |

L ' N

! _ ‘
oL, ! ' ' | . .

. . : ‘ o
[e o L S _ ‘



1“;3.&9t the- pressurized zone resulting in a finite reduction

T
;ﬁfJ.°f
hdl

5*;-ncnce a Plug of frozen dbil develOPBv A new dQSign is “eeaea

A |

-}b{pb*ring seal on the freeze piston base plate (Flgure 3.5).

f S - c 56
~ U ‘

hy fittlng the freeze piston base plate and heat exchange
g unit together, squee21ng the bellofram between the two

" -
sections. This system proved unsatisfactory and was

ey

¥ ,."

. }bandonedT This prOblem is minor in nature but to reduce

{ , lost experlmental time the latter system.is more de51rable.
J’ { | The attainment.of a 100 per cent pore pressure
Fetponse (B v&lue equals 1.0) to the applled consolidation
‘doad1ng proved to be a problem and an area that should be ,

nmproved. The crux of the problem concerns the rolling -

V'The O-ring was set to provide max1mum impedence to/the soil -

~o,”

lurry’ from mov1ng upwards past the base plate during

~

X

F

\

,onsequently the air space between‘the rolling diaphram and-

freeze piston base place 1ntroduced a compressible component
.4A

e'soil'contaiher preésufe. This«problem occﬁrréd only'

that will cppﬁinq the soil g:essunes witnout c:eating*




the rubber latex membrane surroundlng the soil sample tb
ﬁthqdkreeze piston. |

Rate of heat removal is another area that could
be improved. The heat removal capac1ty of the freeze
system is a difect function of the rate of coolant
circulation. ngher flqw rates could be achxeved by
reducing the<reslstance to flow by using large dlameter
circulation tub1ng and heat exchange maze flow channels;
and by u51ng a lesq complex 01rcu1at10n maze in the heat

exchange unxt These dlameters must be optlmized with

respect to dimensions of the freezing piston.

: 57



CHAPTER 4
TEST RESULTS AND CALCULATIONS

4.1 Introduction

A general outline of testing procedure was glven

[

in Chapter 3. Details of the testing program, and

\

processing of the data are given below. J .

N

Data ﬁor.each soill type are givén in the following

appendlces. Ottawa sand data are. summarized in Appendlx D,
. ' ‘
Devon silt data are llsted in Appendlcqs E and F,r and_ :

modified Devon silt data are summarized in-Appendix G.
Whenever more than one type of test was conducted on .a soil
type, the testwas identified by the series number and test

number. For example, Test §-1-2 refers to test 2 of series’

1 listed in Appendix E. : o ‘

Results of caloulations are also‘summarized below

LI

: with;typical caxdq}atiopsfgiven in Appendix B, o

\
1. ., I
l' . ' ' R .

4.2 Test Results - . I oy

———

- 4,2.A. Ottawa Sand

?hree freezi?g tests were run. on Ottawa sand to

"

.‘,'
% %S

ol '

verifg the chcept that dunigg frae;ing coﬁesipnless




freezing test data are given in Tab;gn\l and 2, Appendix
D, respectively. A summary of freezln;\§set.renultﬁ for «
Ottawa sand is given in Figure 4.1:

All freezing tests carried out on Ottawa sand ’
were conducted under open drainAge and unrestrained heave

’

conditions. Dectails of stress history .and freezing step

e oy T
<t A slurry was plag) 'M’M‘e soil container and
allowed to qonaoiidate under an effective stress of 1.04
Kg/cmz. /ﬁ step temperature of ~10°C was imposed on the
soil surface. Freezing test data are given in Appendix D,
(Figure D-1).

Test D-2 ) [

A slurry was placed in the soil container and
densified by tapping the sides of the container. The
purpose of this test was to investigate the influence of
porosity on the freezing behavior of sand. The slurry was
al16Wed to consolidate under an effective streas of 1.04
Kg/cmz. p step tamper’tprq.of “10°C waaIApplied to the
_aoii au&éace. Pata for this test are .given in Appendix

-

D, (Figure D-2). / - : ‘Q

.
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x Devon Silt Ptz 770 kg/cm?2
¢ Modified Devon Silt Pc =770 l“g/cm2
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Test D-3
A slurry was placed in the soil container and

allowed to consolidate under an effect:(e stress of 0.50

-

Kg/cmz. This test was run to check the influence of
overburden load on freezing behavior. The soil ;as )
.subjected to a -%.39°C step temperature. Freezing test
data are given in Appendix D, (Fiqure D-3).

/

kw&\ At the end of these tests the diméngions of the
TR .

Y \

v

sample container and arrangement of thermocéuples in the

container wall were changed to those shown in Figure 3.2,
L

The cross-sectional area of the sample container was
changed from 81 cmz, used abobe, to 83.4 cmz. The hejght

of the sample container was reduced to accommodate the frecze

piston and the large consolidation strains of the silts
1\ :
which wZPtﬂused for the remainder .of the testing program.

The th ocq‘Ples,were arranged in three sets'of pairs in

J
the above tests. . The thermocouple arrangement shown in

Figure 3.2 was adopted toAgain'a more detailed soil
temperature profile during freezinﬁ. Thexrmocouple TR'

wag also inatﬁlled in the return line of the glycol
\

cirﬁulntion tﬁbing to ﬁonitor the amount of heat removed.
3 ‘}‘ R ‘

‘.2-«3.
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properties of this soil is given in Appendix A. Freezing
tests were conducted on normally consolidated and over-
consélidated samples. Summaries of data obtained forl
normaily consolidated samples are given in,Aépendix E,
(Tables 1 and 2), and for overconsolidated samples {n -
Appendix F, Tables (1 and 2). Void ratio versus effective
stress plots are given -in Appendix E, (Figure E-0-1) for
normally consolidated samples and in Appendix F, (Figures
F-0-~1, F-0-2, F—O~3).for overconsolidated samples. Details

of test series run on Devon silt are as follows:

(1) Test Series E-1

The purpose of Test Series E—lzwas to investigate
the fféekinq&behavior of normally consolidgled Devon silt.
Freezing £ests were run at varied effective stresses and
void ratios.. As summarized 'in Appendix E, (Table 1) a series
of freezing test, Tests E-1-1 to E-1-7, were_earried out »
‘under effective stresses ranging from 0.72 to 2,42 Kg/cmz.
Freezing test data for each of these tests are summarized’
in Appendix E, (Table 2). A summary of test rqsul§5/éor
this test series is given in Figure 4.1, |
‘ For each test of this series a slurry having.
a liquidigy index baﬁween 3.5 and 4.0 was placed in the

spmple container and consolidated to the desired effective

o™ .
stress. Consolidation data are summarized in Appendix E,

¢
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(Table 1 and Figure E-O-1). The samples wcre frozen by

imposing a step temperature of -4.44°C on the soil surtace.

)

Y
All freezing tests were conducted under open drainage and
L] . ~

unrestrained heave conditions. Data for tests E-1-1 to

E-1-7 are shown in Appendix E, (Figures E-1-1 to E-1-7

respectively),

Test E-1-2 was conducted at roughly the same

effective stress as f?st E-~1~1 to demonstrate repeatability

-

of results. 2

(2) Test Series E-®

This test series was conducted gnder closed
drainage conditions in order to invest;gate the freezing
bthﬁ’@or of normally Coniolidated pDevon silt in terms of
poféwater pressure generation. It was anticipated that
the freezing behavior mapped in Test Series E-1 and E-2 .
would be consistent.

'In a procedure similar to Test Series E-1,
freezing tests E-2-1 to E-2-5 1nclusive of sgxies E~2 were
carried out under effective stresses ranging from 0.37 to
1.47 Kg./cm2 respectively. For ghch test a slu;ry.hdging a
‘ligquidity 1ndéx between 3.1 to 3.9 was placed in ?ha sample -
container and consolidated to the desired effective étresso
Conaclidation data are summarized in Appenéix E, (Table 1
'pgg.rigurevn—o-l;. A step temperature of ~4.44°C was applied
:'iglﬁhe soil surface and the ;011 frozen under upregttgined

. [$Y
. . : ’ X
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heave and closed drainage conditions. Data for this series,
Tests E-2-1 to E-2-5, are shown in Appendix E, (Figures
E—‘to E-2-5 respectiyely). A summary of test cesults for
this test series is given in Figure 4.2.

Tests E-2-4 and E-2-5 were rxun at roughly the
same effective stress to demonstrate reéroducibility. Pore-
water pressure results of Test E~2-2 cannot be fully
éxplained. :

\

(3) Test Series E-3

»

[y

Boundary conditions of both tests in ‘this éeries
w;re changed while‘the freezing process was iniprogress.
Free21ng was initiated in Tests E-3-1 and E-3-2 under open
dralnage and unrestrained heave condltlons and were continued
until B consistent set of porewater expulsion data points
was genergted. At this time the sample drainage was sg9pped
and the freezing test continued under closed draingée
conditions. The purpose of these tests was to attemp£ to
measure.the poréwater pressure (closed drainage conditions)
that caused the porewater expulsion under 6pen drainage
conditions, And to see if fréezing conditions were different
for open and closed drainage cases. _ -

s 'Again for each test a slurry at a liquidity index

of 3.8 and 3.5, for Tests E~3 -1 and E~3-2 respectively, was
placad i the nanglg container. "~ The slurries w?re then
congolid ted under the chosen effective stres;zb, The

.gonsolidation atres; of 1 47 Kg/cn for Test E 3-1 and 1.96

’
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Kg/cm2 for Test E-3-2 were chosen to ensure expulsion of
pérewatgr du;ing freezing. (These values were based on
results obtained in Test Series 1). Consolidation data
are given in Appendix E, (Table 1 and Figure E-0-1),

As stated above freezing was initiated in both
tests under open dréinage and unrestrained heave conditipns,
and continued until the porewater expulsion rate became
constant. The dr;inage was then closed in both teszsts and
porewater pressures were measured. Once consistent pressures
were being recorded the drainage system was opened in both |
tests, allowing free drainage. Test E-3-1'was terminated at
this stage. After a period of free drainage the drainage
system was clpéed for a second time in Test E~3-2 and pore-
water pressures measured once again. Step temperatures of
~4.44°C and -5.00°C were used in Tesps E ~3-1 and E-3-2

: rgspectively. Data collected for these tests are given in

'A¥pend1x E{ (Figures E-3-1 and E-3-2).

(4) Test Series ﬁ-&

In Teat Series Fal a sample of Devon silt was
overconsolidated to investigate the influence of stress

hiatory on freezing beh&vior, Series F-1 is the first of

X 9 ‘ N
" several test series conducted to investigate this relat{on~

ship. ' . (
A slurry at a liquidity index of 3.6 was placed

" in the éample container hnd‘conaolidatéd;under ig effective

¢
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gstress of 7.70 Kg/cmz. The applied stress was then roducoed
to 0.1 Kg/cm2 aﬁd the sample allowed to rébound. A number
of freezing tests were‘subsequently conducted at variéus
effective stress conditions. All freeiing tests of this
sefies were run under open drainage ané.unrestrained~heaVe
boundary con#tions. Details of stress path followed and

applied step mperdture for each test of the series are
P P

‘as follows: /

Test P~1-1
Prior to freezing in this test the sample was
L o

allowed tolconsolidate under an effective stress of 7.70
Kg/cm2 and then allowed to rebound under an effective
stress'of‘o.lxg/cm2 as described above. Consolidation -r
data are presented in Appendix F, (Figure F-0-1). A step
. temperature 6f -4.44°C was applied to the soil surface.

The data for this test is presented‘in Appendix F, (Figure

F-1-1) . *

3

Test F~l~2

¢

.‘After completion of test F~1~1 the‘effective stress
was.ideregsgd to 0.25 Kg/cm2 and the sample allowgd ta
| consolidate under the highef dload, Consolidatiqn data are
summarized in Appendix F, (Figure F-0-1). A surfage
t;mperature of —4 94°C was applied!to the soil surface.
Test,datq for Test F~1-2 are shown in Appendix‘F, (Figure

”

L F-1-2). C | - o
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Test F-1-3

The applied effective stress was doubléd to 0.5
Kg/cm2 and the sample allowed to consolidate. Consolidation‘
data are presented in Appendix F, (Figure F-0~1). A step
temperature of -4.44°C was imposed on thei!oil surface,
The data for this tegt are'bresented in Appendix F,

'

(Figure F~1-3).

Test F-1-4

The applied stress was increased to 0.74 Kg/Cm2 and
the sample- allowed to consolidate. A step temperature of
~5.00°C was imposgd on the soil surféce; This test was éhe

first to show that porewater could be expelled by freezing

an overconsolidated "silt. Data for this test is contained

I

in Appehdix F, (Figure F-1-4). :

Test F-1-5
The applied effective stress was increased to 0.98
Kg/cmz, the sample was allowed to consolidate and then

frazen. A step .temperature of -4.79°C was used. Test data

w
n

is given in Appeﬁdix F, (Figure Fal~5).'

A summary ,o"f.' test res‘ts for this‘.tes,t series is

. given in Figure 4,3,

A v 9

. . . LA
! [
'
. : ' v
. ‘ ' : )
. - . : e 'Y . N
. . .
, } N .
' . . oL
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Devon Silt
\ ¢ Normally Consolided
6 + 4 Over ansolidotod Pc = 488kg/cm?
\ x ,.Q"" Consolidated Pc = 7.70kg/cm?
\ a Over Consolidated Pc =8 79kg/cm?
g
3 2 + Porewater Sucked |’n
u )
m [
W
-
0 +— —
: : ¥
o EFFECTIVE STRESS|
w . (ka/em?) | ¢
3,"2 = /.I .
o b
> .
~ Porewater Expelled
'H‘ = )
-
’ . a
' Z. .7 o | NBT CHANGE IN SAMPLE
ot  FOREWATER VOLUME -~ |- '~
’ ~ STRESS HISTORY .,
- | FicuRE 43, o
e —— Q' {' SN A |



70

{(5) Test Series F-2

In this| test series the semple used in Test
Series F-1 was frozen under closed system drainage
.conditions. The purpose of th&s series was to determine
whether the porewater expulsion éhenomenon of Test Series
F-1 could be duplicated 'in terms of porewater pressures.
éoesolidation data are shown in Appendix F,
(Figure F-0-1). All tests of series F+2 were conducted
under closed drainage and unrestrained heave conditions.
Stress path and surface temperature details for each test

-

are as follows:

Test F-2-1 ™

Prior to freezing the applied effective stress was

reduced from 0.98 Kg/cm of Test F-1-5 to 0.50 Kg/cm and

“

the sample was allowed to rebound. The sample was frozen
by imposlng a step temperature of ~4.44°C Ont Q:Ll
surface. Test data are presented 1n'Append1x F, (Figure
F—2~i). " | R

TeffE-2-2 |

The applied’ effective strees Qas increased to 0.98
Kg/cmzvin an attempt to geperate;positive'pOIGWater pressures
during freezieg. After consolidatien was completeé a step
‘temperature of ~4, 94°c was applied to the soil surface.

"

Freezing ;aat data are given in Appendlx F, (F;gure F-2- 2)

" e
]

Test F 2*3

AJ” Tﬁb Applied etfeotive stress was xeduced t° 0.70. 3

e o -‘\ E < “»

N ”v . . ' il . ! + )
. T A . _ Co ‘ : e
o o - , - . .
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Kg/cmz, the. . sample was allowed to rebound, in an attempt
3 N i
. ”% B
1
to répeat the generation of negative porewater pressures
. -
measured..in test F-2-2. & step temperaturc of -5.00°C

was uscd. QRata for this test are given in Appendix F,’ )

(Figure‘F—2~3).

\ :
A summary of test results for this test series is

\ ——

*giveh in Figure 4.2.

(6) Test Series F-3

For this test series the step temperature used
in previous test series was roughly doubled. The sample
used praviously in Test Series F-1 and F-2 was also used

for this series. Consolidation data are given in Appendix

F, (Figure F~0-1). All frecezing teets were conducted under
open drainage and unrestrained heave conditions. Stress

path and surface temperature data for cach test are as follows:

. ’
3 + Y

- Test F-3~1
The effective stress of 0.70 Kg/cm2 used in Test
é;@~6~gLsﬁmaintained and used in this test, | The sample was
fr é% by applying a step temperature of ~9.72°C., Test data
ane given in Appendix Fe, (Flgure F- 3a1) Due to the redu¢ed

, time requ;red to freeze the soil sample all summarized data

0 . 4

were extrepolated to time t = 160 mxnutes for comparxson

with previous data. .. S
, 7 ta- A

TeSt F- 3 2

‘.The effect1ye stress was reduced t% D 25a1<g/cm2
"o

- 9 - N

E . . . i W ’
% . W
- . . P , Lo
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" conditxonq, Dqta;ls of stress path andtarrfoco temperatuxq 

.
.

and the soil allowed to rebdund. ' A stép temperature of =

~9.72°C was applied to the soil surface. The data for this

test ié presented in Appendix F, (Figure F-3-2).

Test F-3-3

The soil sample was consolidated under an
. . o
effective stress of 0.50 Kg/cmz. The' soil surface was
subjécted to a ~9.78°C step temperature. Daal for this

test is presented in Appendix F, (Figure F-3-3).

"

A summary of’ test results %ﬁ; this test series

LY

is given in Figure 4. 4.
r

9

(7) Test Series F-4

N\

In this series'fregzinx tests were run on a

‘moderately oq'rconsohidgted Devon Silt sample. The "

purpos@’of the series was to further #.yestigate the

. influence'of[p ress history on freezing behavior.

riOr to freeziththe soil sample was

consolidated under qn applxed effective gtress of 4.88

ng/cmz and then alloWed to rebound ‘under a strﬂsa of 0. 46\

Kg/cm . consolid?txon data are suﬁmarized in Appendix F,

(Pigure. F~0ﬁ2).ﬂ All freezing ‘tests in thzs series were

-

i cqnducted ndgt Qpnn drainage and unrestpaaned heava

S . . .
for each test are as _,;lowssf S . -

o
)
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Mewt F-4-1 -

A slurry having a ligquidity index ot 3.6 was placed

in the sanple container, allowed to consolidate then robound

-

under eftoective strossen of 4,88 and 0.46 Kg/c m) . e

respectively.  The sample was subjectod to a ‘\“‘P t empe arature

of ~-7.36°C for.the f1rst 30 minutas and of -4.83°C tor the
remainder ot the test.,  Thoe ¢change in the sntep temperaturs

was a result of ppoblems experienced with the regulation

S1 glycol flow prior to the test.- Due to the collappoe

of the cifculation tubing the flow rate wasx saiynif{icantly
. )

reduced. ln‘ordér to maintain the same ratoe ot heat
extractxo& used in previous tests the steop temperature was
increased in proportion to the decreasac in gl(H ol flgr.
Howcver, as teat F-4~1 progressed it bLLdMQ evident, ‘from

frost penctration data, that a dglycol flow rate roughly

rnquxvqlqnt to earliur tosts ha been achfeved by the

. -

equlpment modifications, ‘The tap tempurnluxu was ‘then
. ‘ ] ‘

increasad to -%4.813°C. Data tor this tost are given in

.A .
Appandix F, (Figure F~4-1), . . ]
' ' . . ’ ‘A
' . reat F-4-2 ’
-9+ The applied effective atress ori the aample was  »

1ncronlod to 0.02 Kq/cm2 ane the -anplp was alloved to

1
cobnoudcte. *'rhe sample was t:otnn 'by a«pplying a step

tcnpornﬁufa of -5.24°C, oData tor thil test is praaentqd
in .Appaﬁdias r, (ngrp Fed4- 2), . ’

‘
o M
. * - ' * .-
» l ‘ . . ]
B . el . .

s ’
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Ppst F-d4-3
Pgst F-d4-3

The effectivelstress was increased to 1.07

, \
Rg /¢ 10 an attempt tlo cause borewntpr expulsion during

~

freczaing.  ‘Thae sanplo wvas allowed to conmgolidatoe and then

froven by a step toempoed

50 minutes of testing 4

ature of -4.72°. After roughly

city wide Rgwer tailure occurred

and the test was nwcus?drily terminated. The soil sample

[
was removed ‘because §f

\
fnxnﬁi5>yolume changb

consistency of the expl

A
favorable agreement witf

extgapolated the data t

earad contamination by kerosche

¢ »
ihdicator. Because of the

lsion porewater results and the
h earlier tests, the author

> time t = 160 minutes. The data

for this test is presented in Appendix F, (Figu=2 F-4-3).

’ ., ,

Because ;he roes

Fv4~3, and as a whole wer

N )
‘obaerﬁationa this test s

of test results for thi

- <y

(8) Test Series F-5 .

ults of Scries F-4, tasts F-441 to

consistent with égevioué
ries was not ropéated, A summary

4
in Figurﬁ 4.3.

s fvest scries is nge

4

heavily overconsqlidated, priar to freezing,

In Test Series F-5 a Devoﬁ\ailt sample was

complete ' |

the study of ﬁtr?ao history on freezing ‘behavior. Heave

vau nonitored 1n tbo t{:at 4 tencu of thi;‘aories; heave

4

; maasuxed in the. ln;t to:t Tdst F~ 5 5.

L4 1

i
'

-
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0 ' o
A slurry at a liquidity index of 3.7 was placed
in the soil container and allowed to consoljdatd under an
effective stress of 8.7§ Kg/cmz. The applied stress was ’
then reduced-to 0.1.Kg/cx;\2 and the sample allowed to
rebound. Consolidation data are shofn in Appendix F,
(Figure F-0-3). Details of stress path and freezieg
bQundary conditions for each test are as follows: ¥

-

Test-F—5~l\‘ ‘ | (

As mentionéd above the slurry was oonsolidated\then
allowed to rebound under effective stresses of 8.79 and 0. l
Kg/cm respectively. A step temperature of ~5.56°C was
applied to the soil surface aﬁd the‘aample frozen under

‘ open drainage, unreatrained heave conditions. Dpata for
X

this test are given in Appendix F, (Figure F-5- 1) .

Test F-5-2 ' . B

The ,applied effective strass was increased to 0. 24
L}

‘ Kg/cmz, the sample was consolidated and then frozen undar
opem drainage and unregtrained heave boundary conditions.
A step. temperature of -4,78°C was umed. Test data are

sho#n in Appendix F, (Figure F-5-2).

» ‘. '
3 'rnt: FA5-3

Thq aan#la was qizgwnd to connalida undsr an .
ottqctiu a#on of 0.49 Kg/om?, The nnpl was, mbjgctﬂd

r 3

m a nop mrntnn of =8, OO’C and frogen mdor opan -~

I .
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drainage and uérestrained heave conditions. Data for this

test are given in Appendix F, (Figure F—S-;“.

Test F-5-4
The applied effpctive stress was increased to 0.97
Kg/cm2 and the sample allowed to consolidate. A step
temperature of -5.17°C was applied to the soil surface and
~ the sample frozen under bpen drainage and unrestrained

heave conditioni. Test data are shown in Appendix F,

(Figure F-5-3). ¢

A summary of test results for tests F"ST% to F-5-4
e .

of thi@nferiea is given in Figurel4.3. ‘ N
» .

Test R~5L5

In this test heav; presgure was measuséd by N
" restraining the heave displacemlent of ®*the soil surface
' using a load cell fix;d to a rigid 1oqd frame aa‘ ‘own '
i Figure 3.1. ’ | | |

The purpose of this test was to measu:e heAVe

reasure of J’pample at :n effective stress at which no
nat éhange in sample potewater volume ooqu:s. Based on' .
- resulta of p:evioun tests of this series an effective acraa;
oﬁ 0. 69 Kq/sm was appu.qa ‘o the sample, Th amplg was
'allcwqd to xcbound under thh educgd at;e;n nd t;ozan undtr'

OPon dnimga and reat:qined huvg aonditiom , A n;op-

. . . - ¥
g‘f“f L 3 . ) 7 ) : ) R

T
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G, (Table l and Figure G-~0). Detﬁlla ‘of streas path and

” 78
temperature of +5.17°C was used. Any vertical movement of
the freeze piston”due to load frame compliance was monitored
tor control purposes. Test data arce shown in Appendix

(Figure BF-5-5)

4.2.C. Modified lJevon Silt

The grain size distribution ot boevon! silt was

'drtxfically cﬁangcdlin order to study rnc<}nfluen0u of grain

size distribution on froeezing bebhavior, mudificatign'nf
the characteristic grain size distribution was aécv rlxshed
by increasing the proportlon of finer Hllé s1zes and clga '
sizes. The finer particle sizes were removed fQOm a second k l
Devon silt sample by eldtriag}on. Grain size distribgtionl‘ -
plots of typical Devon silt and Modified'Devoo silt are X

‘4

shown in Appendix A, (Figure' A-1). )
A sluyrry preparéd at a liqhidiLy index of 5:1 was
placed in the soil éontdxnef a554§116W¢d to consolidate )
andlrebound'under effactive stré;ses of 7.7 ahd 0.1 Kgépﬁqj_
-respectively. Consolidation‘daia are contained in Appendix'; '

1 il
.

, freezing- boundary cond;t;ons for each test axe ag fnllows. - ,\,gl
o ] ’ ( '

- 'resie-i . \ L L
- » o ' ' HIRLY

. Ao deaaribed above the alurry waa alloyed to i;.

LI L

,

‘;onsolideﬁa Anqirebound under eftective atreaaau o£‘7 70

j 3 o B .
and Q l‘xg/cm respactivelyﬁlph atop tempexat réﬂbf 5.22°C .00,

o ¢ . @ . . . ! . ) '
S , , R

s . . . 4 X A
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was applied to the sample surface. Freezing occurred under
open drainage and unrestrained heave conditions. Data for

this test are given in Appendix G, (Figure G-1).
‘ \

Test G-2 . .

The effective stress was increased to 0.24 Kg/cm2
and the sample allowed to consolidate. Freezing was carried
out under open drainage‘@nd~unrestrained heave conditions.

A step temperature,Of ~4.87°C5was used. Data for this test
are givén in Aépendix“G, (Figure G-2).

The volyme of poreﬁafer sucked iakduring this test
was less than anticipated. The validity of the test data
is open to question due to a suspected leak in the volume
change 1ndlcaé\i . S

Tegt G-3 { \\J\w K

~ The effeéi{ye stress wEé increased.to 6.49 “é/ém%F .‘ E
After sample cons'oiidqtion was completed the a-;unple was |
frozen underzopen drainage and unrest;ained,henve conditions.
" A step témpériture of’nd 72°C was used., Data for this test

are given in Aﬁpﬂndix G, (Figure §-3). 'Thoapdrewater |
~.\rglcm\e resulgn E‘E this test are also qucationable as . the -
‘leak in the volume ghnzﬁa indicatoy was not puccessfully

o ‘ ‘ , .

m Atpppad '. N
L _ . L. R ’---: ‘ oL \}‘
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Test Gr4 y

The sample was consolidated under an effective

stress of 0.73 Kg/cmz. Step temperature of -4.79°C was
applied to the soil surface.‘fhélsoil was frozen under
open drainage and unrestrain;d he;ve conditions. Test

‘ahta are containedtin Appendix @, (Fjgure G-4). The pore- .

water volume results are also questionable for this wsest.

Again the leak in the volume change indicator was not \ ..
successfully stopp=ed. - .
' : ;

Test G-5
The effective stress was increased to 0.98 Kg/cm2
‘ +
a d the‘éample allowed to consolidate. ’Freezing was

- condugted under dppen drainage and unrestrainedlheave

.

conditions. A step temperature of ~4. 89°C was used Data

~for thia test are shown in-Appendix ' (Figure G~ 5)

I
7

. Taat G~6

The effective strese was increased, to 1, 22 Kg/cm2

and the samp].e g\llowed to conaolidaﬁe,‘ Freqzing was

+ vip

| Oonducted under open’ drainage and unresttained h ve N
Data

: :
'.oonditiona, ‘A step’ temperature of 15 00°C was u

. ' , R

gor this test axe, given in Agpendix G, (rigure G- 6) ' Results
df thig\ gt hrg ccnaintent kith Test; Gug» ' |

[y
rm

Ve
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Test G-7

The effective stress was”increased'to 2.23 Kg/cm2

in an attempt to expel porewater during freezing. The
sample was allowed to consolidate undér this pressure
and frozen under open drainage and unrestrained heave

conditﬁrns. A step temperature of -5. 00 C was used Data

K

for this test are shown in Appendix G, (Figure G~7) .

v

3. summary of test results for tests G~1 tovG~7
of this series is given in Figure 4.1. | '; o
' , - ' L
Test G-8
— ¢
Test G-8 conalsted of measurlng the heave

pressure generated by a freezing g50il with free drainage.
As in Test F-5-5 the effeﬁs;ve pressure at which this test

was carried out at would not pesult in ary net changq in.
. I

:samﬁle porewater’ volume. Based on results of Tests G-1,"

!

G- 5, 6, and 7, an effective stress of 2. 24 Kg/cm2 was’ used

The sample waa allqwﬁg to rebound under thls

[

effeetivq stress qf 2 24 Kg/cm . whe aqmple was subjected.

- to a step’ temperature oﬁ ~4 50°C and frpzen under open'

drqimge anq restrained heave conditiong. Vertica@mcvement
of Z:: freeqe piston, due.to cqppltpnee, yan monitored for
purpoagg, ~Tgat date for this teaa‘ar‘.bontained ia

t

e¢on

[

lAppendix % (Mgure G-Q), S R

P
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The apparent correlation of results of Tes:§”é~l[

2, 3 and 4 is recognized by'the dﬁthor. The leak ‘that

occurred in the volume change indicator during Tesﬁs'G~2,

3 and 4 was very small but'its possible effect on test
N \

results mustAx:acknowledged; Because of this possibility

of error apd the satisfactory duplication of results of

Tests G-5 Lnd G-6 the relationship shown 1n Flgure -4.1 is
- A\
recommended.

e

4.3 Calculatdions _ o (/

Soil property and freezing test calculations are

~
N

presented bﬁloy. ., -
' /

4.3.A. Soll Property Calculations N ,M /f
e

Init+al height of the slurry sample was e avera

f ”/*4/./‘1”‘

of nine vernier measurements. The height of samplé at %y
time during testxno‘was fdetermined by adding or subtracqing
the net changa in the dial qagé reaﬂlng to the initial

height. ' - '

The, void ratloh

@

H~H Aw~>
[+] v 'y )
e = ] - ' ' 491 +
i_ ‘ }'10 . Py . ' Coy ,,:‘

! ) ) Y\ \’ -, \
therg H ia the sample heiq t Jem) . 7 q\\@ .o >
, H ia qhe height oﬁ aoil solids [Jm] Qt AP ‘

» . * "t Cor "v w k - ® . . . . N .
’, o H gr" o 2 IQ . »

e



A\l

"?ﬁ“, ?0

83

where W, is the weight of the dry 'soil [cm]

~

G ;é/the specific gravity of the. soil solids

‘Yw is the unit weight of water = 1[gm/cm3]

A is the cross~sectional area of the sample

container [cm2].(A = Bl.cm2 for sand and

A = 83.4 cm® for the silts).

The degree: of saturation at the beginning of the
test, S was calculated from the initial water content and

void ratio by’

wheré wo is the initial water content

Wt

eo 'is the iniaial void‘ratio. .
S for v1rtually all pests was equal to’ 100%.
The poefficient of consolidation, C vyt Wwas determined

from e - log time plots in th"convent;onql Mannerz .

'

2° e ' 4
0, 848 H 2 _ : -
Ca = ~—;_-——- [cm /seci . 4,3
* 904 .o ) ’ A ) .
‘&hefgu H as ghe gveraqs sgmple he;ght 4ﬁg ’?" .

is the time qt Whiah 90& Qﬁ tothl copaqlida, on

’ P
) .
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e ‘ y . |
‘. 0 Permeability, k, was then determined by: -
ot ‘ o
A k = yw CV m, [cm/sec] ( 4.4

where m_ is the compressibility

Ll N v
: 1 Ae L2, ! L
. Ry = I Io [cxf\ /?_m] : | 4.5
,‘ P.rlor to the f’re‘e'zipg‘ tests; void ratilo’ €p, Was
alculated from equation 4.1 by substituting the sample

height, prior to freezing for H. Porosity was then

calculaﬁéd: . !
.q':‘“"' ! . A e f . ! » '
\" A n = r—-—————-—- + ef | ’ . ‘ 4 . 6
A.‘ o _As shown in Table.l in each of Appendices D, E, ‘\ﬁ

F and G, 8 caloulated from equation 4.2 was virtually .

. equal to 100 per ‘cent in all cases, Consequently water \.‘,
p

contenq prior to freezing, e, was calculated from eqhanxo

4.2, assuming 8, = 100% or §~ - T , Lw‘if ) x “{ \\
. . | [ ' ' ‘ . \ . ) | ., .‘“ - I \
. L . ; ' oA o . !
e : te S ‘
4.3.B. Freezing Tesn Calqulationa . : T .
. i » ) :v"’ " . . 5 , . Lo LA ) L
AL . ‘ - , )
LR (1) ?enetration 9£\9°C Iaotherm A o
By e v . A YR
%? The movement oﬁ the ,vegzing ﬁront in a aoil . 'CI e
suﬁiectﬁd to ‘a. atep decreaseﬁn/ t;empgrature ’has be.en ; [.

'7. deﬂ;‘ibeﬂ PX ngman1 and Aa gl ven by Carslaw and Jaegdr ‘;x:;@°7f‘
(1957) *"uming thau ths Proye: m, _-g t-he gpozeh and gt

uw : . . ‘;" .
T d 24 ‘ ) Yoot )
kA ‘\\;,ﬂ ; ’K'I«' X ) - . , A T A‘“'"n -
P i ol A TR A LY e ' o )




thawed reg;ons are homogeneous and "independent of

ture, the movement of the 0°C lsotherm through the

¢

'tempera

unfrozen soil is: § L N

1

85

= o {E- ) . 4;8-

where X is the depth of frost*penetratlon

)

‘ t is time

o is a constant which'is determiped as ﬁ‘KQQK,Gf”

: J j ‘ °C‘M ia she. vglumiric latent

i1 [ml/m soill, e
”«“ ‘“4'\ "éﬁvl ' ;".oJ 4",:

A
the transcendental equAtion - \“
) 9_2__ , ) %'% , SR
4k : :
e ~Eii£“ku"e'.,f, vy LVma
erf ( Ty Ky Y; erfc ( A=) | 2k, €T
- B | o 4,9
'where v erxf( ) is the'erroruﬁﬁnétion ' )
. . ' Rd . ' , #
. exfe( ), =1- exsl( )
B " . . ' . . o |
: - ki kg are ‘the diffusivities of unfrozen and froaen
soil. tcmz/seoi K '
Ku, Kf are the thermal conduct;vities of unf ozen
.o~ o, an@ frozen sq¥1 F¢91/°C cm sec]
e ‘ﬂbAgu,'Cf are the volumetxic hegt ghpac';ies oﬁ ',
L ixx;frozen and'fx:ozgn;ébil 1[c (“C cm soil]
T As ‘the uniform initiah»ground t perqtpxe [°C]
! N \I U »' . ;‘
T is thé appl:led cpnstgnt: suxzace ‘ gemperahurpm
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“Assuming a linear temperature distribution in the 7

frozen zone and ignoring the temperature profile in the

. . e . ‘
unfrozen zone Stefan solved equatioh®.8 in the form
A [ | .
i ) - \Q
2%"s r ' : | '4'
= ¢ ) — . ! . .10
X o £ L4
' |
from which the constant terfm can also be written in the S
. .
dimensionless form: )
| St | o '
= = |5 , 4.11 !
k ‘ '
24k, | \ - ,
: . c, Ty L .
where Ste = I Vand is called the Stefan numbers N 4
. . \ ) T

¢
\ ’ . 3 \
v 1 ’ ‘ .

L
vOlumetrlc heat qapacxty of unfrozen 3011 Chr and\»“

volumetrlc latent heat of the spil, L, may | be defbrm&ned as "

]

follows: * L
o 116‘““ o \ ‘
o - UW, \ : T .
Can= Td @t Too™) . v .

]

. . } . \ . “’ i ‘ .
where 1.0 = heat capacity of water [gal/gm°C]. =

R | ' ' k o o ‘_,_,,,,,_; ) . .
. ,‘L‘ T P w_(l ,wu) L' T
W oo . s . ,’I e K I
The 'terms Qf-equgtion 4;12 §ng ﬁ.l3 are def;ne&;
» ", ot /'. . : .
» . g " / P
c denotes the heat capacity ot‘tzewspllignains
. l N " ‘ . . X .Q# . +
| . .I, ',‘ . oy [cal/QmQCJ ,..‘ ‘?,‘ . .. [ . ' e L ‘ . Lo , ‘»
. . ‘,‘:i". . _ . -‘fr ’n . ,u"‘ 2
ﬁcnotes the dry densi y~9f ;hgwgoil rgm/an) AR

1

TP Coa,
' i P

o
s tei



R w‘ denotes uqfrozen water content [gm water/gm
N

& (ice + wqter)r .
L ]

. .t' denotQa la?ent heat of water [= 7?.6 cal/gm]

e test equipment was designed to }mposé'a step

, . ! .
temperature omn the soil surface. Figure 4.5 shows the‘t}

penetration of the 0°C isotherm for several gelected freezing

tests. Penetration data of Figure 4.5 was mdnitored by

. -

thermocouples. Appendix B, (Table 1) pummarizes the x,_{?’
data plotted in Figure 4.5. ' -
The curves shown in Figur% 4.5‘are:bi - and

trilinear £nd hence do not follow tg relatioh described by

equation 4.8. An werage rate of penetration, a;$ is ‘9

-

calculated for each se}eéted test 'in Appendix B, (Table 1).

Table 4.1 summarizes the calculated a, valpes.«

hd .

Y eor each teat shown in Figure 4.5, theoretical a
T ——

va_l_\fe'a were calodlited using equation 4.10. Unfrozen water

gontent (wlj of

And 5! waere assumed in the calculntipna.

A umple calculation ;Ll containdd in Appendix B, (Section

1). A summary ‘of calculated a values is given in Table 4.1.°
o To this point, the &igcussion has heen concerned

with dap;h of frost pcﬁatrnuon as determined hymimc-.

eonplq mutmm of the sample mamm dinuibﬁnon.

ror mmhy oonsplid tests the pepetzation Gf the ~

freesing :mnt un(uln MW bwnm.: at tb‘nd of .

» N
B S @ . R ~e »
+ .

FE . -~
"
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TABLE 4:1
. Rates of Penetration of Freezing Front
Soil  Test Experimental _ Theoretical
Type [cm/rrn] - a, [cm/fdeT)] .
. Thermocogples Measured W, = 0% w, = 5%
0s D-1 - 0.323 . 0,220 0.226
0s D-2 - 0.341 0.203 . 0.208
DS E-1-2 0.342 .~ 0.267  0.261 0,268
pg  E-1-3  0.407 ! 0.299 0.236 0,242
DS E-1-4 .  0.376 ¢ 0,271 0.233 0,239 °
ps*  F-1-3 , 0,384 - 0.233 0.239
DS*  F-1-4  0.381 - 0.232 0.239
ps*  F-1-5 = 0,375 " - 0.226  0.232
MD§  G-7 0.378 , - 0.246 0.252
: . . ' '
a-8 0.276 - 0,247 0.253

08~ Qt:tmu sand -

ps ~ Dmn 8ilt ~ normally cqmoudat.cd

von Bilt - overconsolidated

:&Ad mm But - othmoudnmd

gn




AN

pach test. An average a value, a_, could thus be
A

calculated. (This method was not applicable to over- .

consolidated samples). A comparison of average a values

determined in these twbhways is presentéd in Figure 4.6. .

. _ P
08 T T T T T
. e . \\ . I
\\ ~‘
Comp&fison of
Average Frost .
© v 06} Penetration Rated
Tiv
Q
5= -
~ 04} . .
. . o -
” A, o . . '
g l‘,35 %(thgtmc) = aa(meas.) .
5 02 4 2
a | or a, (thermc ) = 0. 741K -
% ¥ a, (meas )
%0 7 o2 ,"'O.A'L 06 08 010
Ct : .‘)' - S ‘ e
: ' ey - mnnnq (B T
. o . ysaa L
o T EPEE I T S R oL N

. M‘ w qﬁrm #im%mang m tmgim'gigg.«;*

mhmmm at ghﬁ*mh 1& mmgl-pi “ha Vel
R k Ly *'“ . . , "xk:et
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change accompanying freezing.zf the porawater and%of , A
the volume of water suckeo into or 'expelled from ;?esoil .-A
sample. .It was assumed that the Volume change due to the
freezing of the soil solids is negligible. The;volume
change qccompanfing‘freezing.of the porewater was assumed
to be equivalent to the volume of-waler sucked tﬂfo\or
expelled from the soil sample, and to the volume dlsg&‘fed o

by the heaving soil surface. By knowing the depth oi frost o
‘f penetnation and thc porosity of the soil, the volmﬁe‘ &‘hanqe

of the porewater (in both frozen and unfrozen states) may

be equated to (or‘balanced with) the eq}unl change:inwsample‘
-v‘olx}mev. . ‘ " ' o
As illustrated in Figure 4.7, ) |

Vo is the volume of frozen soil defined by the

depth, X, of the 0*C *sotherm.

.«

Ve {8 the volume portion Qt Ve_, that is actually

2 ]

frozen at 0°@v" " co

i B . L

Va ii' th‘e vo;mne portién of V, t}\nt_rmvi,ns'untmaénv

,‘t o,c; v . "' * “ .o il ! ““/"‘:‘ o )z
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Ongmol Ground

Surface . o

4 L4
s [~ | wl

Frozen

Zone

- 4
Vv "

‘ Vu

Unfrozen
~Zone - )

a " i C D | .
) - -

o\ o

' ' '
R A . ' -

a SCHEMATIC FREEZING SITUATION
' P : . L . , o - EIGURE ﬁ,t? | ' , | - .‘ ’ ;:v?;
) . ' . . : v,l. ' + o : . . “" A
. v . (I ) {
B v ‘ |

»frha'vdlumé of water ip the unfrozen, ;é1115§h§?1b assuned

{“qgnntant th:oughou@ the t:eaaing te;t and thereforesio th

E‘ e r?
_anludoﬂ in tha caaculatiann-'~ﬂ§n°ﬂ " umy "ritﬁt ‘.*t}a,ﬁ"
» PR ’ e ) “ - N W “ " N - ’ el
W N ' - ’ e ' "v,’ &’” "‘" & ;j " N 1:! :" .-'
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' exproséed as a percentagq of the welght of soil solids and

‘e

v e | 3K o e L} . v s . ' v ‘e '
. - »!“ RN NN S K \ z .
.~ ., P ' . . . * . ~
" s N s . . \ . . . ) .
[N W Y - . | . .o . [ .
s e f . . R ' ¢
- . ‘ - X N Ca \

L | .
. .
T U S B S S S

where"Vdf aéfumfnﬁ-wu‘ﬁ 0, may alsp bé\wfitten

V0 = _‘O.W,n, XA . ' ‘ 4.15
. ot N - 4 Co . '

The total volume increase of.theAsoilfsamﬁle is diredtly

measured in terms of V, and Avi. If this volume increase

h
is agsumed to be equivalent to.a known (defined) volume of
- )
4
frozen soil we may write:

0.09 nV = Vv +4av, ‘ o | 416

~ ey "

By definition V is equivalent to'Vf. Hencé by substituting

-

-V into equation 4. 14 the volume of unfrozen water in the

zonc of frozen‘301l, Vu' may ‘be dctermined vu is usually

Y

s defxned as the qnfrozen water content of a soil (w ) -

Unfrozen water content cglculations Were made for
several tepts "and the.rasults summarxzed in Tablqr4 2.

A sample calculation of w, 4s given inwAppendxx B, (Seation 2).
. . i LI N

»
¢ i
> H

(3) ?orawater Pre&sure, P

' i s S b ke s o

w 1

T

:L;\ FOIQWQCGS pressurea thqt hheﬁrecid;lly develape&

»dnring vgtious fresi!ni tests were ca culated using eqﬁ&tion .

i;"
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TABLE. 4.2

Sy
U frozqn Water Content Calculated

F&om Sample Water Balance

- i
< bl 0 s
Soil ‘ . Test Unfrozen Water Content
Thermocouple - Measured
7 , g -
DS E-1-3 . ' 7,96 5.11
ps ~ E-1-4 ' .+ 8.20  5.30
\\ L |

“Ds* ¢ F-1-3 _ 5.20 ‘ 3.88

R ’ . \ o .

DS* | ©F-2-3 -~ . 10.00 6.40

DS* v F-5-3 . 6.00 -

i i) R A ‘
MDS G-7 14.70 -
|
MDS q—B 13.8 . ’ -
‘%. — ,,‘f S

DS ~ Devon Silt - normally consolidated * T

D8* - Devon Silt ~ overconsqlidated -« - . v

MDE - Modified Deyon Silt - Overcopsolidated

' . I;ﬂ'f. &
L 3 ‘e
[ \ ' . ‘t
v : ! n ’ . ' : . A
o N n ' N
# : ) + /\‘ ‘
f ’. . ~’ v \ \ P ,\“"'; k {
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sample calculation of P %pd K is pregented in Appendix
’ ! . “
B, (Section 3). Y o f ' ’
- .. . ‘ . '\ .
\ .’ . \ .
(4) Heave Calculatgbn Y ‘
*  Heave was_caléulated for several freezihg tésts
using equation 2.25. Results of these calculations along
with observed heave values aré summarized'in Table 4.4.
A sample calculation of heave is presented in Appendix B,
'
(Sectxon 4). g ~ - . - A -,
- ) ' ) ‘ ! |
.(5) Heavé Pressures  ° .
] . . : . \I? ,,.“’

Results of the two heave pressure tests, Tests - ‘
' . | ) ’ ‘ ) ¢ *

F—S-S,andﬁc—a, axre summarized in Table 4,5. Also listed'in.
the table is the volume change due to f:eezing, VF' equal ,l
. W

to the volume of porewater expelled blus the heave

dlspladbmeht volume, and the thedtetical 9% volume change of
the frozen soil zone, V9. A cqmpquson of Vg and V indicates

the unfrozen #ﬁtbﬁ content of\ the soil, v 'rheorgtically e

tbr LI 0 pexcgptmv should ﬂqual &9 ,'~'-f.‘vf',' ;
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TABLE 4.4 - " '

L] .
, # - . v

Qbserved’gnd Calculated Heave
/ : _ -

“T.' }N

~.

| Ny %
Soil Test * ./ﬁi Heave [cm]
Type ' 1X§/cm2], Observed  Calculated

L

7 — N ‘
1,04 - . 0.040 " 0.200

oS
1.04 - 0.040 = 9.197.
0.76 - o0.s2 0.232
: ifgg' 0 eaze s
11.30 - J0.112 -~ 0.164
6750 s o 0.114° 0.200
'q,yi S 04088 S 0.162 |
98 ’3-961»°f 0.%02° o /
S oaaes

Ds*

Dst’

]
by .
i o
LY . ;‘-
[N
B o s
" !
R - ci
. .
B
Wy B
LI S N
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TABLE 4.5

-

ressure Data

A
)
1
ﬂg
1]

rr

-

¢

Water. -

liled

xpe

E

v

5.27
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* ' 'DISCUSSION AND CONCLUSIONS . . * . »
;.5.‘ Discuséion" o : ‘ ‘ T e
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' 5.1.A. Equipment ' I o
\ ! ’ ' [ °
\ ‘ ‘

Once operational, the equipmeht performed | ' \
i:tsaﬂ&sfaqtorily. Reproduclbillty of’test results, as for

.Tests E- -1-1 and E-1-2 and Tests E-2- -1 and ~E-2 2, was good
' f'The major aspeCt of the equipment ;quirlng
. meroveﬁen; is, the pressu;e seallng\sy;%em around the
S freezlné pxston. Some p;oblems occuf as a fésult ofkthe rﬂu
g sildlng Onring deﬁign. Gne problaﬂ is that 1n1tia1 a ‘ ¢
_f pressure applzed to the sg*i sample canpoghgé mgintalped
T

in the sample contaiqex.“.wgrn prehsuré fﬁhfirst applled

s’

. ,,"

o } R
‘to the" sqil sample ﬂ%ﬁnvague of @,95. i$ usual but with - .

-t
-5

time this pxesaﬁ:e a%_sipates (B = 0 85) and rsma;ns at

R

| apgueq t,g gng soi;L aampl.e a mn, pgnmn ot m suu,l ‘,

ST A
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This excess water affects the freeaing rate of the
20il and-is responsible for the bijlinear penetration of
the freezing front with reSpéct to the square root of time.
See Figure 4.5. rnitially,;ho rate of penetration is
rather slow, as evidenced by the flat slope of thelx‘jﬁ:
curve,‘where;a below this 'wet' zone the penetration rate
is nearly twice as fast. The average of the two
experimental penetration rates, hohever, compares favorably
with the theoretical rate pf penetrqtion. The difference
ih greezing‘rates between the upper portion and the
~remaindef %f the Qamplé does not appear to be reflected in
the heave or nqpichange‘tn Xgiyme_porewater results.
Friction occurred in three areas of th? equipment

but was minimal. The firat 1d8ation was between the
freezing—pilton xod and pho O-ring seal Lubrication was

' fIGQuently Appliqd to’xgia area and .any friction' that .'
developod wquld pe minimal. Friction also developed around
thq\altdinq Ovlinq seal located in the t;aeainq piston base

placo. Thip area was also to minimi:e friction.

Some triction may also havo dovilopod in tho sample , LY
y container due to the npvcncnt 9! the s0il mass. To minimize
this triotinn hownvar a Laeqx Athraqg~-ncguinq the so0il .
nnplg. wae ndpnnm ﬁan the: »mh container by a layer |
‘nﬂ! q:un.. pnnu:n nw m M e paumu par _squarg :.neh
' nmiesm"m axtrudh s tmm poid sample (plis'

T . o
*mnm,'mmmmm,; | L,
[ . 3 £ e
ot . . Py o . ’ [T . '1 : : R ’
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The author) believes that errors in experimental

101

results due to the pressure seal at the freezing piston

base plate and due t? friction were small and likely did
e .1‘\‘

not influence the freezing behavior of the sample signifi-

cantly.‘ ’

S.I.B. TestinglProcedure

The application and maintéinance‘of a step

»

. -~ . - ¢ :
\  temperature on the sail surface was effgbtively, achieved

. by the constant temperature bath/ciraulator apparatus used -

control over the freezing process, though not the freezing
v e

ﬁtte, as recommended by Penner (1972) . The freezing rate

" . in the teatingAprogram This method afforded excellent

varied from sample to aample depending OJ the water content,
density and of course step temperature. The actual step
temperatures used were chosen arbitrarily on the basis of
practicality. The experimental step temperatures agreed
fairly well with temperatures that were reported in the
_Alterature, Typical temperatures reported in the literature
were -2 to -2°C by Knplnr (1971) and -17*C by Sutherland
and Gaskin (1973), ) J
Although the length of the experimental freezing
' tests were short, the tests proved capable of domonacxitingq
the freesiog behavior of saoll. It vas found that as the-
teats p:bq:snaad the 2rcaa$ng hqhnviar trend that.was
ucdﬁas‘am in the ficat hour of teating mummjr the

l‘ '-,

L)

N Loy
L | 3
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duration of the test ﬂn! hence indefinitely depending on:

‘the sample height. The short term tests Qexe thus |

" justified. ‘ | » \
The freezing tests, varied frqu120 minutes to

? © 360 min;tes, were usually 160 to 200 minutes in length.

The length of freezing tests were thus in the order of 1
N \ .

héur to 10 or more hours sho;ter than tests reported in
the literature by people and agencies sucn‘as Penner .
(1972), Williams (1967), and th§ Corps 6} Enginéera,‘u.s.
Army (see Townsend agd Csathy 1963). For each freezing
test the results recorded at 160 minutes }aftér application
of the. step temperature)l were recorded and used for the
‘" comparison of the various frégzing tasts. The time, 160
minuteé; was chosen arbitrarily by the author since the
-freezing front was located in ,the middle third of the
~sample (heighpy and any effects due to the proximity of
the bottom or top of the sample were minimal. ) ’ -
If the tests were not terminated at ‘160 hinutes
V¥ they were terminaggd when the freezing front wae 4.6
c;ntimotara'from tﬁc base of the sample, The freezing
front was npt'hllqwnd td penot:ata any 4o¢pct to preve;t
?dnnnqinq the base transducer. If this dapth of pnnatrati?n
was rapobbd ip less than 160 minuton, as in the cadelat‘ﬁhe
1n:qe step’ tnnporgtu:a, the tnat rcsultu wcxa axtrnpolnted

to 160 ninntas, e

VA
?



- overburden pressure and ptop'tgmpqratu:e influence the /
. frceliﬁg behavior of a soil. . B

"eondttiann pnsannth is ggpollnﬂa ‘wha txn-pinc bobnvie§ 93’
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As shown on the data summary tables the initial
water content and void ratio varied for each test. Thié

variation éccurred as a result of the sample preparation
\ |

. procedure. A slurried sdhple was prepared at a water content

of 45% (for Devon silt) and then placed in the sample

b

container which was partly filled with water. The variations

in initial water contents listed arises from the different

_amounts of water absorbed by the slurry prior to testing.

‘The author feels that theae variations in water content

and void ratio did not affect Qhe freezing test results
significantly and is on!& of interest in terms of sample
T

preparation control. ST

5.1.C. Experimental Results'

Experimental results indiqate that the freezing

behavior of a s0il can be described in texms of net ehangg

' in sumple porewater volume, porewater pressura and

hegve. Resultn also indicate that soil typg, grain -ize,
grain size diatribution, pe:maahility, atresa hiatory.

The di:tnxcnc- in the trnqzing hchqvior of coarse ,

‘and £ine~graiped pq&Ag in cla;:iy :hqwn 1n rigurn 4.1,
- The Otbewa shnd daca f?

7! sl
®
‘l

aatc thdz anﬁqr dll :anx;ng t!qt

~ Pavon o&xa hnnivnx quonaqd on ;ha bq:brapnﬁgsiomgw ‘!ﬁ! _:,;é=

.
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Devon §TT% expelled water under certain effedtive stress
conditions, roughly 15 to 20% (by voiume) of that of the

Ottawa sandfﬂNThis difference in freezing behavior can
) . .

be attributed to differences in shape and surface area of

the soil particles, and permeabili;y as determined by

.
A

grain size and grain size distribution. S

The freezing bghavior of Devon silt shown in Figure
4.1 should be.noéqd;'ﬂThé results show that the freezing "
behavior of Devon =ilt is deteémingd primarily by the drain
size, as implied by the capillary thdgiy, but is strongly
dependent on the applied effective stxess during freezing.
_As illustrated in Figure 4. 1 Devon 51;t may behave in three
different ways during free;1ng tests: \1) ingrease total
sample porewate¥ volume, (é) decrease’ total §dmplg pore-
water volume, or (3) maintain the total s;mplé poréﬁate:
volume. These freeze test {ata further,#mply‘thg; a
linear relation'between Ehange in toggl ;amplg porewater
vqlum and etﬁeetive atress exists, and that tha freqzinﬁr
" bahavior is a continvous phanomsqpq!wi¢h a smooth tranaition
:xom one bebavior mode to me;hcx. .

"fa;ﬁ R m :uultﬁ lhow th;t; at a puhlmls: pxnnum. P o,

. FoD L
\

- tb.m u Y ng,t szhgngs,in ggm mlm 9: QWJ-Q Pquwat.cx “»
; ,_um: mn ﬁtm&m m\m it 1s J.i,my that: m wlum—"‘
,j g, dm m m ﬂ m mt: mxm Mcmm m: phpq ) ",\ '
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sample. At pressures less’ than P&, 'water‘is sucked into
the sample by the freezing frdnt, increasing theetotal

sample porewater Nolume. This action‘ if. allowed to

tycontinue under the same COnditions, could 1ead to ice

’ ‘ -

segregation and lensing. 'At pressures gnyaqpr than p ,‘i
porewater 1is expelled from the sample thereby"decreas1ng
the total porewater volume. Utder these eondltions in
sitﬂjfreezlng results; ice segregatron :sd lensing can'
acour. * | ‘ " . | o

- The preceding results are cons}stent with %he N
Theory of Freezing Soils prOposed in Sertion 2,2 and |
predicted by egugpion 2.5. When no net change iy sample
poreWater‘ occﬁrs, the porewater pressure Pé, is eéual
to zero, or P, of,equationlz.slsnd of the freezing sample
is equal to zero. ?he eﬁfective'preasure; o7 of Figure
4.1 then is equal te P, which in this case is'also equal

to K Oﬁ eqﬁhtion 2.5. Thus. terms of K end P are ‘inter-

. | L)

At P B\equatgon 2.5 and thp qccqmpenying theory
predict that»wgter wgu;d be augked &nto th noil ugmpla

* and iec 1enaing wouxd result, rhip ghanamepon was not o
"v@xiff;d gxpnrinodhqlly and wgr:gng;‘guxthqr qtudy "v»gw

xa ahqnld be netag thst 1n 31 tpasa !h@un Ln _

, ‘Qa; gnn“tn ghq gsntipq gqnq:gn
mm:m iau.z umim Mh .
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L]
appears inconsistent with the theory and observations'

reported in the literature that ice lensing or the sucking
in of water during freezing occurs only whedxthe fneezing~;
front is stationary. However, the apparent ;nconsistenc;J
is likely due only to the scale of the sampll height, step
temperature and freezing time used in the freezing tests.
The freezing front in these tests is advancing because the
rate of heat removal is greater than the rate of heat
supply. For a 81mi1ar ‘sample of infinite height and
subjected to the same step temperature, the freezing front

would advance and suck in water until the heat exchange and/oq{;

ISRy v

-presgure conditiong changed significantly., This freezing
phenomenon is defined as 'imperfect segregation' by Arakawa
(1536).. #s the freezing front advanced the rgte of heat .
removal wvuld decrease in proportion to the depth until the
rate of heat removal was equal to the rate of heat supplied. "
The freezing front would then become stationary. At any ~
_time duging this advance of the tree:ing }ront the sample |
would cqnt.inuo to nuck m wgtgr ae lqgg am tm gvgrburden
proum:q Py was .'Len than P At thfﬂ tm"m mmm

front. would bome nt.af' ;'_:M"'Y and. contmuq go ‘ouck in. Watcu -

| ;‘.m-un;w th! ﬁigﬁﬂxmm in ngqsum s( ~ 9" gﬁ cguAtion 2, 5 .

’IQ m (n; qmn "m I

\F\’
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Sutherland and Gaskin (1973)

0.03 N/M

stress across

z
-
)
~
i
3
)

rqdius of the

"radius of the

From Appendix A, Do

of Devon silt is 0.00016 mm.,

107
suggest using:

3.06 x 107> Kg/cm .

the ice-water interface

ice crystal inf??f\ﬁf :

soil pore = O.é'?Dlo) - e

Substitution .0f r into equation 5.2, and equation 5.2 into

quuatlon 5.1 a value of 41 kg/cm2 is detprmlned for K.

The exparimental K value for normally consolldated Devon

}silt is 1.30 kg/cm .

Further to F;Jure 4.1 1t should be noted that the

1inear relatxon between netﬁchange in semple porewater

volume, AV, and effective stress, ¢', exhibited by Devon

LI

~

"silt also holds true fox the. flner—gpained modlfied Devan

»frg'ﬂt

silt 13 less than, and ‘the ef:ective stress intercept, ¥
i( gﬁéater than the coxresponding,valudﬁ for Uﬁvon silt.
S It g#peaxa then f:om Figure 4.1 that

The slope of the Av(r q! curve of the modified ‘Devon

‘1(
g.
o

»
| .
| }}‘ |
. i

310pe of the Av

mu:vq pm,mvp inte:eept a::e um.qugiarmtegiaqiqg Qﬁ a,-.w —_—

«;oil ggpeqf?

5&& uﬁgld QlQQ tqﬁicv that thg chg:acteriut;gg df

nhe Av - q' plgt Axa @spanﬁqnt gﬂxlgil txvﬂa ?fﬂiﬂ 9*”?' »f.QJ"

f;Wﬁﬁa@;pprggﬁ&igahatf;igffj'T

Tt ! ," e !\.‘» . ’ .\,‘ ' ’,»,; . R 4o '4 Lo '
L i . [ . . B

SR LR
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the role of soil pérmeability should be noted.

It is also evident from the test data that the . \-
freezing behavior of a 5011 is dependent on the stress
h;story of that goil. From Figure 4.3 it can be seen that
the slope of the AV - o curve increasés,and the P_ iﬁtercept
decreases as a result of overconsoli@ation of the Devon
silt. The plot als? shows that the slope of the AV ~ g
curve incfeases and the'Po intercept decreases with an
increasing degree of,chsolidation. The A§ -‘o' curve
plotted for Test Series F-5 where the preconsolidation
pressure? P.. equals 8.79 Kg/cm2 is inconsistent with the
above observaticons. This inconsistency is likely due to '
.experimental error. |

1

' Replotting the results shown on Figure 4.3 indicates
(

is &nversely propertionajl/to the loglo of the ratio

that P

of'Pc/Po here P_ is the preconsolidation pressure. It

can be geen from Figure S.l that once the P.'oﬁ a soi}l -

type i# known ‘the influence of s;ress history oq tnﬁt P ,

can be deherminad Results gained f:om testa run on Devon .
) al“

rsilt at an 1ncreaaed step temperature and tests run on

modificd Davon gilt do not correspond to the DGVOn silt _
RS A

data points. . @hia wonld ind;eate thqt the Py 1og10 P /P

*y

QH;VQ‘L!JPB$QMQ fq: a ggxl bypg ha&ng trozan undex | ge;tgi@ Lo
ceapqratuéa £gégging egnditiona. Figurs 5.1 has mnny e

9 . ~:':.'v, [ TP R

p!hgticglmim?;$ggtiggg, o -jéqu""tl=it '”‘iﬁ%-x'j
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osamples Qetermined on the initial freezinq of’ a sample

Further ro Eléure 4.3 the effects of the
difference in testlng procedure should hbe’ examined.‘ FQr ‘ ;
the test series xun on normally consolldated samples a |
new sample was used for each freezing test. For thef#!ries
run on the overconsolidated semples, one sample was ueed‘;pr'

each serjes, and therefore subjected to several freeze;thaw

'cycles. As shown by the test~result.curves the AV - o

relationship is linear once the sample had been subjected
to one freeze~thaw cycle.’ However, the slope of the.sqme

curve is slgniflcantly ateeper between the lst and 2nd

At |

freeze-thaw dycles. This change in slope indicates that the'
1
effect of tpe freezevthaw cohsolidatlon of a soil is muché?

greater for the first freezqhthaw cycle than for subsequent

cycles, ‘ - S '

.

Hence a comparison of the R of normally consolldated

ehouldf%gﬁ be strlcly made uith the P of pn overoonsolidated

| .»sample subjected to several frepke-thm cxcles. Gonaequently-
f\the normally conaolidated%%amples ahould hqve heen gﬁhjgsted

¢
"
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’

fess and a flatter slope on the AV - o‘:curve:-~~rr

to the 1n1tial portion of the " overconsolidated

A

fves.‘ The comparison of normally and over-

as compar
. /
AV - o"

} &Y
consolidated test result data“shown in Figure -4.3 is nonethe— .
less ud#ful. ‘ ° ~

f Freezing tests conducted unger close system
drainege conditions were run 8 determlne if the freezing
'fbehavgor oﬁ a soil was affected by the dralnage boundary
/icond#tions. Closed sysiem freezing tests are also g
pracf@cal altdrnate testing procedure. Test dqta fbr
normq ly ¢onsolidated and ove:consolidated pevon s11t

T

sampl&s age shoih in. Fxgure 4. 2 Test results for the

normaiﬁ&.conso*mdated samp;es are somewhat erratic and
. " )"M“ B
kk}be queStiqned,v Data for the overconsolidated

¥

%Q;oge consisteht., The ditferenqe betweﬂn’the
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f s .
\ .

would be sucked into the SOilxﬁﬁ?ple) The P values of

closed system freezlng testssﬂo not favorably compare with

‘ T.. NatA I

those of ‘open system freezing tests. Table 5.14summar;z!!

the experimental Po values.

A I
“o= 7 .. TABLE 5.1
IR SR ' \
- ' " . ., L\ | R
Experimerital P Valueg - " Ry
, | 1 ' s
o . l -
: = A N —— ar
Stress History =~ - P, for Freezing TeSt [Kg/cm ]
; Open Drainage. 'Closed.Dralnage
' Normally. * S ' SR
COnsolLdated et | . i 1.70 ‘
over. - o LT |
gonsolidated 2 0 ' o . "
P 6 = 7,70 Kg/cm : AR BV ) S ' 0.55°




D I , : N . o ‘ .o
A _ _ - | | 113~

change in drainage boundary conditidns in-Teet E-3-2. .

5 A

. However, the freezing hehavior of Devon silt in Test E—;—
was completely reversed. In Teet E-3-1 the semple expelled -

water under open system drainage,‘showed a steadlly
decrfasinq porewater pressure under cloeed system drainage,

and then sucked in water when the drainage system was .

opened‘again., : .o

_ Because of the inconclusiveness of the closed

drainage system freezing.teste{this type of'testinQ‘was‘

abandoned and efforts were concentrated on open'drainage
: ' : T ‘
freeze‘teets; Further work on closed system freezing tests

‘ ) b ' -
is warranted. | _) ‘ S ‘ ’ ‘}:uﬂ.w‘rj. ‘u”

As 1llustrated in Figure 4.4 the freezing “behat fﬁt ,;LN

f .

'of pevon silt is dependent en the eteg temperature.';When_

the step tempereture wae douhled the same freez1ng behav;or,

,
A

as diecusped.earlier,was fqllqwed | The 51093 ot AV - 0.' it'
f‘m’ﬁ Waﬁ Steﬁpen. hqwever,. And P qu lesa than the coxrg- o

T i R DAY A . v \
epqndlng curve«to n ptepltemperature of

0
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an unfrozen water coQ}ent of 5 percent for a comparable
?\ silt at theo same fréezing or step lamperature by Anderson,

Tice and McKim (1973). Because of this unfrozen water

& \the total change in sample volume d yﬁng freezing was

L ‘\I

always leas than the 9 pexoent volumamchange of water at
. 1\‘

v ‘ \ )

Based on the general agreement between predicted and

,J\
observed freeeing bahavior, the pqrewater pressure at the

nucleation..

freezing front-can be e:%thppéd &mmm”the net 31pp1y and
v. refmoval of heat from the 80 L a;mp}d All calculated pore-
water pfeaapres listed in Table 4. 3 were determineq by
equation 2% 18. Substition of the‘calculated porewater
pPressures into equation 2.5 enabled the author to predict
freezing behavior. The resu?tn of these calculations indicate
that equations 2.5°and 2.16 are useful, These equetiona can
.vp:edict the freezing behavior of a soil Af the atep-

Qll LR} ? ‘
temperature, water content, perxmeabily thermal properties,

\

K

dry density,. water table conditionn.nydﬁiha K value of the

soil are known.

With the axaoptioi y "iﬁéatn all pamples 'heaved' “
during the rrqosinq pxoatl 5£,‘ Lftww namploi that 4id not
hgqvo were tested undnx ro:htllnad heave conditions. A
shall mum: at vm:t.&onl d;-plmq;on&'a Mn two teats 1'

it . ‘-.Mf

LR

wt



r{uuzind tosts was likely due to the 9 percent volume
“incroease at phase transformation. Tests in which water

was bueing sucked in would develop segregated icé and 1ce-
Jlonses if the tests were allowed to continue for a sufficiaent
period of time. The vertical dlsplapemont in this case would
correctly be térmed heave as is done in the literature. The
samples which expelled porewater during freézing tests

would displace Gurtically little more than recorded. . These
samples would nov heave. As expected the greatest displace;
ment oc¢curred under t@e smallest overburdxn pressures These

. L ]
rosults indicate that h(avv is merely a volumetric response

along with the cxpulsion/attraction of water to the freezing
of the soil porewater in conjunction with the applied
boundary copditions. The results imply that the magpitude

of heave is not unigue 4o the particular sod)l sample

tested. .

Calculation of vetticakﬁdiapl cemenk\ based on
the vglume increase at phase trghatorma Ton of the amount
of porewater frozeh during the freeaing process, was’
nttampted. Calculated ré"lta we:e in poor agreement with
the obaﬁ&qu heave. \Tho reason to: this discrepenay is"
likely because the oﬁqrburden loading was not qqcéhntgdftor
in the calculatiohs. | : L '

The 'heavs’ pmn\u‘n results are summarized 1n N

Table 4.5. The summary ,showu that both umpln amuod

t . " >
- . N
] “
.
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-

water during /8 8 or iﬂipther words neither
. h [}

y RN

samp le was A€M Bises during the freaezing tests.

Thoerefore tﬁéwme f: R4 ¢ ‘ﬂ~ﬁre§ were a result of the 9
percent volume in reése‘at phase transformation. For the
sake of clarity these pressures will be referred to as
transformation pressures.

Since the applied overburden pressures used in
both tests were such that no‘expulaion of poregﬁter would
occur durin;’freezing, the tranasformation presswres were
res8ponsible for the expulsion of porewater fhis can be
seenyfrom the Eest results;‘the largest volume of porewater
expelled corresponded with the largest transformation pressure'
measured.. The results alsa show that the largest trans-
formation pressure was developed by the s&mble with the

’

smallest overburden pressure. Therefore heave pressure
\ ,

dapends on ovetburden pressura., Contrary to Gold (1957), the
'coarser' Devon silt sample generated larger transformation
préssures than thQ§finef modified Devon silt sample. This is
likaly due to a higher .unfrozen water con:edﬁ‘anq:fhe lower

pergeability of the modified Devon pilt, . | @

'Y L]

‘Movament'of the freezing piatbn was also'recorded
and summarized in Table 4.5. This vertical movement 48 a
. megsure of the compliance of the rigid frame, Any upward

or complisnt. movement of. .the rigid frame resulted in lowex

o
T
s

“‘transformation praanure;;bqing“msguugcd.’,Thia-rqduccion

-
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in pressure undoubtably happencd in both tests but‘the
eftect ‘ot this roduction appears to be minor in cémparison
to any change in overburden brussuru.

In summary, heave pressure is pressure developed wﬁun
vertical displacement is restrained due to the generation of
transformation pressures p}us‘pressures resulting from.the
development of ice lenses (also called heave pressure) ,

From the test results quoted it appears that heave pressure
is dependent on soil type, permeabilzty, grain size, and grain
s5ize dlstrxbutlon, and overburden pressure. |

. Based on the above summa;y, results, and discussion
the following theory on the mechanism of heave pressure is
outlined. |

Whenever the soil surface is restrained during an
open system drainage test the ice orystals displace the
soil porewnter. These ice crystals Ppay ocour as an ice leng
or 1nd1vidually as after crystallizatxon. The resistance
to flow that tpe porewater encounters is the basis of heave
pPressure. Bounds may then be sat on the flow &aaiat@nce,‘in
/terms qf pressure, of vaﬁioué soils: (1) in coarse grained -
80ils with a . high pgxmaability the resistance to flow would
be minimal, (2) in a fine grﬁined 80il with a very low
;parmeability near infinite prassureu are raquirad to initiate

[
M

‘flow.
®
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Therefore in the case of the granular soil, ae the
soil freezes the ice would fill the voids and the displaced
porewater would be able to move,freely.throughout and even
leave the soil sample. The pfessures geﬂerated on the eoil
surface would be neé}igible as would be the vertical o
displacement. For the fine grained soil however, the pore-
water being displaced b& the growing ice ciystals (or lenses)
would encqunter significant resistance to flow. Initially
no flow would occur but as the ice crystals enlarged increased
pressures in the voids woulé result. When the pressure in the
void.became larger than the soils'’ resistance to flow the
porewater would move out of that pore space. The pressure
generated to cause this flow could be measured on the soil .
surface and would be defined as heave pressure.

-~ In summary, heave pressure would be measuie of the
degree of the free dreinage capability of a 5511 system.
"In the field then if a goil perﬁittqdytrée drainage, open
systel drainnge qonditionq would be approached; whereas 1if
the 3011 ph;mitted praetically no tlow then cloaad syatem

draingge conditions won;d po approached,

"

5,2.' gongluaiong
!xpsrinonhal :onultg 1agiqatq hhnt the short tgxm

- trnsing tqnp mndmm m&m tm tna;:!.m pmgrm gmm
?a»go ﬁq lh Jﬁxaatiéb o ';h«&n 4a&ﬁ;ain4nq t:agstpq k@hgv;ax '
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not ‘appear necessary. The application and maintainance of
a step temperature on the soil surface, as opposed to varying

the surface temperature to maintain a constant rate of

)

" penetration of the freezing front, is a very effective method

/

of maintaining experimental control over freezing tests.
Application of a step temperature is also a Simpler and more
practical method of freezing samples.

A}

For the soils tested, the running of open system

drainage tests, measuring net- change in sample porewater

volume and heave; and closed system drainage tests measuring

porewater pressura and heave, , Proved to be effective methods

\

of determining the fre?zing behavior of a soil. The K
diversity of experimental results obtained and of testing
boundary conditions used show that the freezing behavior of

a Soil cannot be accurately predicted on the basis of one

soil' property, i.e. grain size, or one freezing characteristic,
i.e, heave pressure. Therefore in describing the freezing
behavior of ‘4 sail the boundary conditions such as step
temperature, draihage And pressure eonditiona. and soi}l
proparties-aﬁbuld be listed. - Caxe should be teken when

comparing data obtained fr.om open and plosed ayst.am :reezing

‘tests as exvorimntal remxltn indicate the f;:eexin,g behavio:

" of a Roil ' ise influenced by mg tenting bouné@r; cenditiona.

| m:t.hcr nuqx of these gm' :

is medad. ot M'
a seil pmpert:ieg ﬂut u:gpg t.;ne :rm:inq buxmr\io: of .
h aoil. mu peil type (amiuq «mrtme exee). grein ain. L

] . K . . a R ; .
2 3 u o = _*l v L i N -
: A AU ey : . M [
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grdin sizé distribution, density, pPorosity, water content
and permeability, Test results also demonstrated that the
freezing behayior of a soil is, ded!hdent on external factors 2

such as: overburden pressure, stress histoty, drainage o
. i \ '

boundary conditions and step temperature. The relative

importance of these factors for the soil types tested is as

follows: . '/ , ! :

Cohesionless soils used wiﬁh‘no fines, expel water
uéon freezing. This phenomenon appears insensitive to
changes in overburden pressure, porosity or dry‘denéﬁty.“

The fféezing behavior of a fine graihed soil (silt)
is not only dependent on soil Properties but is also
dependent on external factors. The freezing behav1or"
exhibited by the silt varied from sucking in to exqpliion
of porewater in open system freezing tests, .

| A definite relationship was shown to exist, for the
soils testedA between the net change in sample porewater
volume, AV, qnd aﬁfective streas, a'. At a partiqular stress
1gve1, Bo' noe net chqnge in the nample porewater volume
occurred._ (This howevcr waa nct verified experimentally) Ah
ntrg-se- &esn than P wntex ia nucked in@o the sanple which '
wenld reoult in ice aggteéation. lonting an& signiti¢ant hgaving .
4L Alland to continuq &ndefinitcly.\ At ntxa:sc; gxcate: thqn |
pggnwngox is qxpéllod dgring f:ggxing ncaulting 1n »&tu |
‘-:;cqq;z,ng And inn&gaiﬁimm: hoav:lng 1: al],and m mm;mue ‘ A ,;
B : R e g’V e pf}f’ﬁsz,k_f“' - R
L e B B
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‘indefiﬁgﬁely. The test resultJ>indicated that the freexzing
,behavio% of the Devon 8silt was a conﬁinuous phenomenon with a
smooth transition from one type of behavior to another. \
Results of tests run on the modif;ed silt further
indiqated that the AV - o'rglation was unique to a
particular soil type and that the slope of the curve and the
P, intercept ié &hflpenced by‘grain size diétribution and
permeability. It wag‘shown that the slope of tﬁe AV - o;
curve decreases and that the PO inﬁercept increases as the
percpntage of fines in a soil increases, or in other words
as the pérmeability.of a soil decreaées.
Besides being stress dependent the 'freezing behavior
of the silt was alsokshown to be dependent on stfess history.
Ovckaﬁhaoiidétion sf the silt‘incrgaSQd the slope of the
AV -~ o' curve and decreased the Po intefcept. Furthermore
it was shpwn that the slope of the AV - @' increased and the
Py intercept dééreased‘as th? degree, of overconsolidation
'increased.
| When the 'stress history¥ data were replotted it was
found ‘that P, was inv§raely proportional to the 1oglo (p /p )
f'wherq P, ia the pracpnsolidation pressure. The data.indicated
;that this curve wgg\f&aa uniqug for a spil type and was '
 dapandent Qn 5t¢p q§mpe;atuxa. This relation batweed P and
fythe lqgln (P /E ) hA! impgxtgn: prgutigal 1mpl§qatigng..i e,f'
3in eatimgging thn éepth ot knzial (QVe:burdeni ﬁequitﬂd t@

: »mvm tmm havlm Qf a ptpal,mg. - LT 7

ol I :
‘

- ® L Lo .

‘,{» ‘=»<“.‘~\
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Test result data also demonstrate that the freezing
behavior of a fine grained soil is dependent on step m
temperature. It is shown that the slope of‘the AV - o
curve increased and the P intercept decreased when the step
temperature was iﬂcreased

Closed system fre;21ng tests on the silt demonstrated
that freezing behavior could also be'monitored in terms of
porQWatér pressures at the freezing front.  Freezing behaviar
of the silt exhibited the same trends th'dia not duplicate
the behavior shown in the open system tests. Based on the
‘experimental data it appears that freezing-conditions are
not identical under ;;en and closed drainage conditions.

The validity of the assumptions and theory of
freezing soils’described earlier wgé demonstrated by the
?xper;@ental resultg, Theoretical predictions of freezing
soil behavior developed in terms of the rélati heat flow '
into ahd out of the soil gample and of the strdss difference
acrogs the ice-water interface were verified by exper{menta}‘

‘reaulta.

Little success was achiqved in predxcting the heave J

of a soil. This is likely’due to the 1im;tationa of the

]A

' theory and due to the influgnce of the nfrozen water. content: |

and the nmiasion of qverbu:den ;treas }n the development of -
nhe h@Ave qqgngionng mng ta;t rnsulgg ;ndiegted thht hgnva

'~,f3w4& nog a pgpgugny nt frsqting uoil hut 1& A rﬂap@npc qﬁ ;f‘

-

ﬂmﬁiza txccsing neﬂl depondgnt on ﬁhavﬂvgxbuxdgg«pxlglurn hag

n
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drainage boundary.conditions.

| Similarly the test data showed that heave pressure
is not a soil groperty but is also a responsé to the
restralned dlsplacement, drainage.and overburden boundary
conditions. The amount of porewater”expelled;d ing the
heave pressure tests appearéd to be linked to the heave
pressure measured ’

The experlmental data demonstrated the diversity of
freezing behav1ors that a soil (fine grained) can exhibit
depending on the boundary éonditions The'experimentAI data.
also showed that for the soils used the freezing behavxor of
granular soils'does not vary w1thin the same limits as?tﬁé /
fine gralned 30115. Thls evidence clearly indicates that the
_present frost suscepti ility criterla, based on grain gize, |
is 1nadequa.t;e and need:\ r_evxs_ion. It was tlearly denm nstrate:d_
that a fine grained soil cannot be (in absolute ter:ZT classed
as frost or non-frost s scéptible.' The freezing behavior of
‘a soil is dependent on many factors and in order to classify
the degree of frost susc p:ibility of a soil these factors
fmust be dealt with, . A new frost susceptibxlity crzterig
should set definite lim;ts on freezing soil behavior in terms o
. of .011 propefties, drain?ge, semperature and applied streas
bouﬁugry conditiQns.‘ y - _ |
é‘r‘f.,“ o -‘u:_' | v}»
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APPENDIX A

OTTAWA SAND

Specific Gravity 2.67

y Dense * gm/cm3 | 1.76

Y\Loose * T gm/cm3 ’ ‘ 1.54

% Passing P200 0%

DlO\ mm » 0.35

Coefﬁicient of Uniformity,_cu, (DGO/Dlo) ' 1.71

( N | DEVON SILT .

Specifiad Gravity » 2.68
\

Liquid L*mit - 30.2%
\ .

Plastic Limit ' 22.5%

% Pnsaing P b ‘ 31
' F200 |

DlO mm . \ : - . - 0.00016

Coefficient 'of Uniformity, C. ' 238

v



)
MODIFIED DEVON SILT

Specif @} Gravity

Liquid Limit

Plastic Limit

L) Passiqg Paoo0 ) “ ‘

D

60 M

3

Coefficient of Uniformity, C_

®

LY

Source:

2.70
36.0%

20.9%

Personal Communication ~ H. K. Mittal

-
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APPENDIX B.

TYPICAL FREEZING TEST
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APPENDIX B

I

.-\‘P ' {
TABLE 1
\

Summary of Selected 0°C Isotherm g;netration Data

Ly

}‘*'\

NOTE : dtc is defined as the latest time that T, = 0°C

on the temperature time curves

N

Tegt E-1-5 ' Test E~3-2 . | '
tc = t -~ Q ‘ ' tc =t ~ 0
F—: X | \rt: X
J;I; cm " \min cm
0 .0 o 0
7.06 . 0,75 6.64 ' 0.45
8.70 1.75 i 8§.00 1.45
10,69 2.75 10,00 - 2 .45
112,56 3.75 o 12,05° 3.45
1509 4.75 B YN 13 448
16.74 5.75 ' 15.75 5.45
5,75 | .. 5,45 | cm
a_ = wr ™ 0.344 — ay = rEAE - 0,346 -~
a . . " ‘{;‘i; - ‘ L) > min

N : : .: s ) » 7 - . . V "'"A .



Test F-3-2

\

t =t -0
c \ .

\‘Itc ‘ X

min cm
0 0
3.77 0.40
5.48 1.40
7.35 2.40
8.60 3.40
9.59 4.40
10.58 5.40

AN
»

L3
[=]

min ) , cm
0 . " 0,0
4.12 " 0.67
6,08 1.67
9,53 . 2.87
. 12,59 . 3,67

t =t -0
‘C
Itc X
min cm
0 0’
3.74 '0.40
5.48 1.40
7.09 2.40
8.37 3.40
9.28 - - 4.40
10.00 5.40
5.40 cm
a = == = 0.540 ——
a . 10.00 in
Test F~5-2
t,=t~0
Jtc ’ X
min cm
0 0
' 7.20 0.58
8.70 1.58 -
10.94 * 2.58
12.48 3.58
14.0Q6 A58
15.04 * | 5.588 .
a, = rp38 w 0,370 P
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APPENDIX B

1. ' ion -

Rate ‘ . (

Considerin§ Test E-1~2

q

By using Simpson's Integration formula the
Ts-time plot shown in Appendix E, (Figure E-1-2) was

integrated and an equivalent temperature T, was determined

or: o
152%% 2_ at
Ts = T = ~3_.68°C
280
From Nixon (1973): \
"ﬁ cal
Kf = 5.3 x, IEEEEEEE]
TEST DATA: w = 27u5t
’*d " t55 qm/cm .
L = . - e
o I.-‘ Y'd w(lf 'w,u) L | ' ﬁ
for w = 5% " |

137




138
APPENDIX B
2. Hater Balance - Sample Calcuylation
o, .
Consider Test E-~1-4 T
Test Data
h = 6.916 [cm] ﬁ 83.4 [cm]
n = 0.402 W, = 918.0 [gms]
X (thermocouple) = 5.316 [cm] t = 200 min
X (qﬁﬁ;ured) = 4.516 [cm] t = 280 [min]

= 0.112 [cm] ° AV, = -0:11 [en’]

Heave Volume V,_,

v, = 0.112 [cm] x 83.4 [em’] = 9.35 [cm’)

)

(a) Using X (the;mocouple)

A

V= XA'm5.316 [cm] x 83.4 [em?] = 443.0 [cm’] -

' from equation 3.16

. LUVt AV - .
v &“%—o'r& = %‘%%T%ﬁ%r 256.0 [en’]
‘ Substituting into equation 4,14 L ‘ ) | vl
| Vh.égé‘ . ,443,9'—,25599,5~ ;gjga.;cméjr
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l ' :
(b) 'Using X (measured) .- :

V_ = XA = 4.516 [cm] x 83.4 (em?] = 377 .0 [cm’] .

il

Substituting in equation'4.l4

oy o= V, -wW; = 377.0 - 256.0 = 121.0 fem>)

fowa
' nv | nn /
W ~n _ 0.402 x 1210 .gm, _
wu‘ = ws . 9181) [gm] N P
N b ‘ St .
‘ = 5.3% A
3. Porewater Pressure - Sgéélg Calculation
- z [cm ’ ’c.Av' |
Y .
ol s's _ W e ‘
Py = oia 17 F (s ~T) + & Ty~ Tg)
. dt dT . ‘— o o
). Consider Test F-1-4
! Test Data: a f
. Tt = 200 (min] = 1.2 x 104 [aée}_a‘ ’
Y : E o .
, X = 5,402 (cm] - ' » o
! “. s ) * . ' -
| ® 1,60 [cml | o S
\ ?4 N k = o 123 x ;Lo [gk/,ec] “\‘-,.. LY o % (.‘;\,-

, ‘?f’fié— - Yd 1. 2.+ w) -2 ss (o 2+ o 229) = o 712 i




oo : - 3 " 140
Iy
ot ‘ ‘: ) 2 ”h;
7.002 [gm/cm”]
L 2 '
P, = 5.402 [gm/cm] N
o W . ,, L ' ‘ "y
VS = CTS 5;?38— 362.0 [cm ] E
Vg = WW_ = 0.229 x 970.0 = 222.0 [cm’]’
- . ) i i " I ‘ = . v ‘3"
VT = Vé + Vw = '362.0 + 222.0 584.0 [cm™]
from Nixon (1973): R o
. ' ".Ku = 4.0 X 10-3 \{._9_&}:_'.‘_.]\ K ‘
v ‘ o ‘w‘;Ccmse'g B
s , , o
. \ . ) “3 . c 1 ‘/‘
. . Kg = 5.2x10 7 [—%F—"C, sec] | " \.
e . - ‘. - \ . ' '1."
_ : ‘ O\ I AR \
‘ 2 . ]14,89°¢ \ : '
v \
’ By using Simpson s Integrhtxon formd%s the T -~ time
d‘ \ “ ’

plot shown in Appendix f, (Figure ;-13 was’integrated |

and an equivalenu temperature T was fouhd orﬂ\ :
v ‘\ o . L " .Q .
200 B N W SRR
T = t?a d.t = -2 56°C. \ g \ ST
xf'8 ) c, t 3 R X0 A N W . . - \’ ) . vy
o . TR00 T TN
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c M - -~ "0.712 9qcm§ x 584 [ecm’] (1. 89:-0) j“C]

t ‘ 1.2 x 10 [sec]

v . N . ‘ . ‘ »

6.55 x 10

.

| I
“2\;§§§1 C {

L ' . ‘ ' | “
MCwAV ' - — {cal | (-0. 23) [cm 1. X (0 ﬂ

[
|
P
’

0) [°C]

2 (r -1, = ]
£ Vw VUf scemd 1.2 x 104 [se@l :
.‘ ” . \\ | \v;il\‘-
:.= -' v e Eé—l- : | .a ’
0.958 X loOj _ [sec] . ' |
D S S SN
.u _ A = 4 x 10 [b(:c.msevci‘ 1.6 [cm] ){\,83.4 [Cm ] )
-' ‘ ?2 cal, ' "
e = 1,0.91 X. lo * , '[—8?6] ! : ao

4 . (SN i

AT . Ll g cal 1 2.65-0. (°C, . g 3
ke G B 78T X IOCGmSecl 507 o) x 83-4 l;y.l
C - ‘n : -2 .cal, ' . . L
. -1.9.75 X 1‘0. [EEE] ‘ - _ .

. ' \ : .‘ ) ‘ ' ‘ .\‘,
@ Lo |
p B = 7.0027- 5.402. % 1.600 [g/em?] e

- ' ‘_» o ‘Q

f i
* gt ' ; i,
u . . R 1
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Ay

[

Subgtitutihg P, into equation 2.5

W

1N ,
P~ By = 0.74 - (-0.12) = 0.86 (Kg/cm? )

»

s = % [0.09 % v + 1.09 v, ] 0

Consider .Tdst F-1-3

Tagt-fata: !
£ = 7.029 [cm] n = 0.382

3
X = 5.}29 (om) Vg = *1:13 ;cm ]
A = 33.4 [em?)

Vv = % A= 7.029 [cm] x 83.4 [cm?] =~ 589 [cm’]
s = ghg 1009 x §E%§% {g%; x 0.382 x 589 [am’] +.1.13]

= 0.200(cm]
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APPLINDIX C

CONSTANT TEMPEékTURE BATH/CIRCULATOR MODEL 334

Available from HOTPACK (CANADA) -LTD.
Y '

385 Phillip Street N., Waterloo, Ontario.

TEMPERATURE RECORDER

HONEYWELL ELECTRONIK 15 STRIP CHART MULTIPOINT
RECORDER 15303836 -24-04-0-000-004 10
@y Available from HONEYWELL INDUSTRIAL PRODUCTS GROUP

Wayne and Windrim AJEnue, Philadelphia 44, Pa.

'BELLOFRAM' FLEX-WEAVE MEMBRANE

Catalogue No. 3-400-244 DBT
Available from ANTEUS LABORATORY EQUIPMENT INC.

. Malden Mass. 02148

JAYCOR UNSATURATED POLYVINYL CHLORIDE (URVC) PIPE

V . 7 : ~4 cal

Thermal cpnductivity at 20°C = 4 x 10 [~ —]
o : - cm” sec¢ °C

/ o .
Specific/Heat 0.24 [gﬁ%qu

| ' ¢

Spaecific Gravity 1.47 lgn/Gm?l . '

uédhlnf'ot Rlasticity ~ tension QSQ,OOO (p.s.14
. r
’ ~ flexuxe 400,000 [p.s.i.]
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Thermal Expansion 3.6 x 107° (T2s—=]

in°F
41°F to 140°F

N

Available from JOHNSTON MDUSTRIAL PLASTICS
9537 -~ 62nd Ave,.

Edmonton, Alberta.

NULLMATIC PRESSURE REGULATORS MODEL 40

Available from MOORE PRODUCTS, Rexdale, Ontario.

/ * \
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"l Ottawa Sand -
Normally Consolidated
ol " NOpen System
c = 1.04 }'g/cm2
. U = 0 Kg/'cmz‘ ’
" 3 b -
E . n= 0.415
L _4 _ . W = 26.5%
i 3 7
Yq" 1.56 gm/cm
g‘ sl cp 1.7
D _ . a—l
3 Ho"‘ 11034 cm
. ’ - - ) v .
> -6} Tpz ~10%C ‘«
z ]
k-7
é - ~. 5
, »
fo
m .
c -8 - )
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s
’

60 T RGO
- TIME - misvtes .
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SAMPLE DEPTH-cm

POREWATER VOLUME

-9}

Ottawa Sand -
Normally Consolidated ‘
Open System

o= 1.04 kg/cm2 1
. - Ub= 0 kq/cm2

n = 0.426 =

W = 27.8%

Yqg ™ 1.70 gm/cm3 -

Cu = 1.71
Ho = 11.62 cm |
Tb - -19°C

‘n_
o .
E

‘71"'190f’7”“ ,lﬁl,sgiqgéofﬁ;  800
TIME ~ minutes ' ‘poume p-2. .
£ N y‘:hb . o "bu x ’ . f‘ “‘.al, v "‘e o ! ' .‘ 'A
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» Onen System
= 0.5 kg/cm2r .
U= 0 kg/cm®
n = 0.408 _
W =25.8%
& Vg~ 1-72 gm/crri3 A
Cu = 1.71
"H_ = 10.66 cm .-

~9.39°C

52



APPE&DIx~E
SUMMA#Y OF DATA
DEVON SILT
°(N0RMALLX CONSOLIDATED) .

.
.
\ A

P

.
.
\
L}
¢ H ‘
«
.
. ,
.
s \ .
' \
* ~
“ea gy . .
’, . [ v
-
[
S
b i
"t
-
: B
[
L
" P
b i X at
: ol Loy
I Cody el el



154

26 2971 8€T+  0°S56 . 9¥0°L o030 0T © . 90°§
9°1¢ vs T 8E€Z G'T¥6. €ZE'L -- D %0  TTE. : . ‘
6'25 S5 T - 8ET  §'TZ6 EET L 9 20Tg - 6¥Y .

o
@
10

‘!
<«

L°zs 85T 8€Z <0'6¥6 .. zZZ'L D _ . 00°E .u@yqﬂgw.
L'zs 65T 8€Z  0°ST6  §68°9 D - - BE'E . TLUWY -

v 9¥ LT 8€Z  £°S00T €96'9: O . 8e"€ €€V .
9 1¢ SS'T . 8EZ  G'E€S6  9WE'L ‘ o eete ¢
b 0S 29'T ~ 8€Z 0°9Z6  998°9

o.mm‘ﬁm.ﬂ mmmn.mmm.ﬁﬁnum”

©
o
o
"
N

sote . 0stgr .
€TE . B n.owe.m‘...;..\qﬁm wlﬁlﬂ

lo o ©

2 6¥ 09°1 8€z  0°8L6  L¥E'L ¥6°z . - "9§°¥% . . G-T-T
b0 65'T - 8€Z 0°8T6  9T6°9 0 0T'E * -~:¥¥°B- =  p=T~F . -
P'TS - SS°T 86z §'ST6  2LO0°L . 0 00°€ €2y

z°0s SSTL. . 8EZ  0°806  L¥O'L s 0 N 9T'E 26

T'1s §s°T 8€T go'STE  T80°L K ToTe L eEte

o A . ® o . A UO/BR .
‘ IS o) M q ebeuteadg e

pPO31epPITOSUo) h.m,m«mu.nowﬂ - 3TTS A..HOSNQ -
mfﬂu \ eieq soTueyosy {T0§ jo Aremms - . L

T JI9VYL , .

Fs

© @ XIOGNZdAY ST e



T o
" ‘ .,M
- - © S6E°0 - 0§90 20T . 666 - T
8LZ°0 9z°1 ZEY* 0 SEL"0 PTLZ .§'86  SOVCT.C L
- - 44 3} 9ZL°0 'Lz 0%00T  ¥zmT.
99€°0 §S°T 7 ETP'O - €0L"0 29T 0'00T  OTH'T.
y0¥°0 62V T LOV"0 989°0 ~ 9°SZ-  ¥'L6 09¥°T .
62570 T0€6°T €S€°0  ¥¥S°0 €02 " 0°€0I  LETT - 17
B} - o= 8IV'0 TTILQ 8'9Z  $°66 .,.ommﬁﬂ.mmw
96Z°0 . sLo'z L6E*0  459°0 §°¥Z  0°00T. TSE'T U Tl-Te® .
ZI€°0 S¥9°1 T0%°0 0L9°0 0°G2 0“E0T . TTP'T - . 9-T-F -
0LE"O S¥8°T ~ - SOV"0  .089°0 PrSz z8§,  TEETT- . S~T~F -
¥Zv°0 089°T <  Z0%°0 9L9°0. "Z'§T  0°06T | 0GE'T .~ Fer-m T
1L9g°0 S6€°T ozv-o STL*0 T°L2 0°86_ T6ET -1-4
0S¥ 0 SYT'T  ° _vZ¥'0  6EX°0 - S°LZ 6766  6FE'T
. 6ZF°0 0TO'T Zey'o  -TIEL°O0 . TLZ  0“ZOT - . 6WE'T
_0TX - L . e
90T x (99s/ud) Aomm\wwov ; g . o
) b : u =] "M S - 2
- \M ~, s.
- (PonuUTIUOD T &TAVI) . o
, " g XIGNEdAY | -



156

L J
LyE"0 5oy o€E . 996" 1% 00° G- z-€-3
LZE"O Lz ¢ 0LE €TL Y 60Z ~ ¥F¥ ¥- 1-¢-9
Tee"C €y g 00z €€S°S A4 ¥ F- G-Z-8
§8E°C zs ¥ 9€2 zz9°s *otz bE v y-2-9
96€°0 BE ¥ ote S6T S 962 vy y- € c-r-3
£E€°0 \9% ¥ 0TE €9€°S 652 vy ¥- z-z-3
10570 $6°¢ 00z 9¥L"S TeT v ¥ L 1-z-%
19€°0 Ley 09z 99z°S 96T T L LeT-®
SE£°0 3 092 1TT°s " 82z ve v . 9-1-%
FHE0 08z SYLS 08T T | g-1-7
$LE°0 5y, 08¢ aTE" S 00z trr- - r-T-%
Lo% 0 = 05z ZLh s 08T Frr- £~T-T
Z9€°0 Sy [ I 72 42 0Lt e - Z-1-%
8520 80 £ 09 8%y zog reey- 1-1-%
AR
uzm/wo . .
o |} o 4 ‘
.uwnu ¢ STIW utw « OUY3 uTw M. Isel
T X 2 R~ 1, L -exnbtg

pa3eprrosuo) ATTPWION - 11Ts woaaq

exeq 1s9l Butzaeaig jo Arewmms

Z FTFaYL

d XIANZdd¥Y

-



PIINSUIU - . SCOW

——

ardnooowrayy - Lowgy

N - ‘A7 « :UT payous semazod .

. N+ ‘A7 - :poTtedxe Ioemexod - :dLOK
Butseazcut §L0° 0E"'T - 2zZ°0 v S T-¢-4
Sursesidsp 080°0 - 06°0 - ¥LZ°0Q 1-e-g

N 0°0- 080°0 - - = €TE 0 ¢~T-I

Z0" 0=~ e Z80°0 - : v6Z°0 y-Z-%

< zoT0- zLoo - a¥z-0 © g%
6E°0+ £390°9 - ¥SZ°0 z-T-%
€T°0- 680°0 - 8LZ"0 -z-2
- 9%0°0 11z - TLZ°0 - L-T-2
- 1900 “10°T - 6vZ°0 9-1-4
- TL0°0 SL°0 - $9Z°0 S-1-2
- 8L0°0 . €0 - . ez oe =1-3
- 160°0 0E°0 + 66Z°0 £21-7
- £60°0 06°0 + o eszta =tz
- 660°0 SO°'T + ¥SZ0 1-1-2
wo /by ¢

- s.mudmmmua w ‘s £ nMMﬁwxﬁu .
I331eM3DIOd aArvayg AV - a«“ﬂs &8
utw 097 = 3 3E® . 0 - ~axnbtg !

er
- #‘ -

(peUTIUOCD 7 TIGYL)

4 XIQN3IddVY



X (zw2/0Y) SS3¥LS  3IAILD3I443
. ot - (o oo
B | d , .
— -170
[ J
... ol 190
M .
g o | ./ | |
- - ~ / l-j.d
ANy  uoiseidwo ) E.o:,>V
- -0t
— —
.*m._m
1-0-2 TN§AZI4 . .
‘3 XIMAd4Ev «A\ )
3AIND d bor -~ a Qm—,
LTIS NOA3Q -
. 2 f

olVE QI0A



POREWATER YOLUME - cm®

TEMPERATURE - °C

T

/O°C Isotherm

1

—

L]

= 27.2%

¥ Devon Sil
Normally Condolidated

Onen System
0o = 3.R2 l'.g/cm2
U= 2.10 kg/cm’
n = 0,422

1.585 gm/cni3

\.Yd a
c, =238 § ~ -
‘ HQ » 7.081 cm
T, = -5°C .
e ' S
, 60 300
TIME - minvtes AGURE E ~1-~1

159




-~

b .
[ 1] n = 0.424 : -
W= 27.5%
3 .
. = 1. 58 cm »
y Yq« 5 gmf . . y
£ ool Ho 7.047 cm . /. -
o o T 4 Ad0C
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e MQH* -
2
Snzo»- l ~
| P

IO*‘ Devon sSilt - - . -

Normally Congolidatnn

- Onen Syastom .
a= 3,92 '.q/c'm2 .o =
U~ 3.16 Fg/cm? '

~ TIMET - minutes

L]
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o = 4.23 kg/cm -]
:Ub- 3.00 kg/cm ,
n = 0.420 g 7
W= 27.1% L '
g~ 1.55 am/cm’ .
:Cuf 238 ~‘ '
Hou“7.072 cm -
T. = *4,44°C v

R




POREWATER VYOLUME - o3
-

2
~
T
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] 1

Devon Silt
Normally Consolidated
Open System

o = 4,44 }tg/cm2
U= 3.10 kg/cm”
n = 0.402

N a___o o W= 25.2%

= 1.59 gm/cmj‘

T4
C = 238
u il
Ho = 6.916 cm
T, = =4_,44°C
b 1 L
k| B
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POREWATER VOLUME - cmd

TEMPERATURE - °C

T
Isotherm
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—:=='=:___f_____~‘5 ’!.
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1 1 o
1 — T 1
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. Nevon Xilt .
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Oopen Zygtem
@ = 5.50 kg/cm? -
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‘ ] -y
,nos f.8€6 cm
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