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PREFACE

This report of the atudy on Soil Freezing and Permafrost concerns
itgelf in part with a review of existing theories on factors centributing to
goil freezing and also in part with ideas on the nature of the phenemenon., 4
portion of the material contained herein is not new and can be recognized ae
belng derived from certain previous published atudies, What the auvthor has
done 1s to gather the more significant studiea to build up the basic theory
of soll freeziug, the aim of which is to bring to the reader a ¢oherent ple-
ture of the phenomenon.With this background, the author has used results Erow
studies conducted in the Scil Mechanics Laboratory of McGill Unfiversitcy te
project further with the intention of obtaining a betrter underptanding of the
behaviour of seils subject to aubfreszing temperatures,

Only the nature of the soll freezing phenomenon ia pré&senced heéra,
Frozen soil strength and factors relating thereto will be considered in a
separate report.

Evidently, the handling of references in this report can be
achieved in many ways. The author has chosen for many reasons to liat the
references as general credit to the whole report Be as not to decrack from
the development of the general theory. Some of the portions contalned there-
in can be easily recognised by the readaﬁpwho is familiar with the refersnces
listed in the end of the report. The author wishes to emphasize that dus credit
musdt De given to che references listed,

The study reported here was supported by the Defence Resgearch Board
of Canada in the form of a Grant-in-Af{d of Research No. 9511-28 {3, and ¢.)
to the aunthor.

Raymond Yong
Agaistant Professor and Mrector
5011 Mechanics Labarltory

April, 1962,
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30IL FREEZTING AND PERMAFROST

In regions whare surface temperatures fall belcow the freezing point of
water, freezing of the subsoil ig possible. This is especially true for land
areas located c¢lose to the Arctie and Antarciic, ‘These areas constitute the
frozen belt., Subsoll conditions within this belt may be coanpletaly frozen
throughout the entire year, or may be frozen only in the winter months, The
limits of the frozen belt can be defined as the frost boundary, This is not
rigidly established since there is considerable fluctustion in winter temp—
eratures for these areas. Flgure 1 shows approximately the limits of submoil

that is permanently frozen throughout the entire year.
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Figuare 1 - Approximate boundary for permefrost
for Merth American Continent



The variation of tempersture with depth can be plotted for anpy one tire
period to show the limits of pemetration of the cold front into the soil -
for any one lscation. The cold front cun create freezing of the pore water

in the =subacil and &35 such is gerwrally defined as the frast front. In
Fipures 23 apd 2b, two conditions of the frost front are given to show the

affect of deep peneiration of the {romt.
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The 'active’ layer shown in Fimures Za ard Zb 15 the layer of subaoil
that freezes in winter and thaws in mimmer, The thickness of this layer depends
wpon several factors - but chiefly upon the penetration of the frost front
into the sabsoil. If frost penstraticon is deep and 1 the right conditions
preavail, then it is possible to have a layer of a1l that will still remain
frozgen in summer, This is shown in Figure 2b, The permanently f{rozen subsoil
layer is defined as the permafrost layer. Here again, although the thickness of
this layer depends on many of the soll properties, the prime factor is the
duration, intenslty and penstraticn of the froat front. The permafrost layer

has been found to vary in thickness from a few inchesa to hundreds of feat.

About one fifth of the land area in the world is underlain by permafrost.
These aroas lis close to or border the Arctic and Antarctic Oceans and the
thickness of permafrost will naturally vary according to the geography of the
area, The closer one pgets to the North or South Pole, the greater will be the
thickness of the permafrost layer. 1In 'cmt-r«ast to this, the further one is

amay from the North or South Pola, the thicler will be the active layer,

The resultant behavicur of soils wmithin the permafrost zone or the actiwve
layer is designated as *frost action!., In geperal, since the active layer
freezes ard thews seasonally, ard the permafrost layer 1a relatively stable.

frost actlon is & direct funetion of freezing of the active layer.

Freezing Index
The variation of temperature with time can be plotted praphically to show

the intepsity of temperature in terms of duration of existing temperature.
Since there is the local fluctuatlon in temperature betwsen day and night. the
mezn daily temperature 1a used, This is shown in Figure 3. The temperature

intensity is the area under the curve which would be defined as the number of
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degroee days, This is time-temperature phenomenon ashowing as a finite quantity,
the tomperature intensity factor vital to the consideration of frost penetration

and itz associated problems,

In apil freszing, the temperature intenaity considered in terms of degree
daye {helow freezing) is impartant since this is an indication of the length
af the [reazing peried , which cmpled with the magnitude of the surface
freezing temperature contrlbutes directly to the pensetration of the frost
front. The term 'freeging index! F refers specifically to the number of deg-

rea days below freezing and is computed with the aid of a graph similar to that
showrt in Figura L,
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Figure 3 - Typical mean daily temperature
for the month of August.
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Figure 4, - Freezing Index from anmual variation
in surface temperature,



The mean daily temperature is plotted for a perlod of one year. The
freeging index F is tha shaded ares defined by the temperature curve. If
tf represents the mean surface temperature during the freezing peried t,
then the freezing index F iz Tr.t degree days. It is evident that the higher

F is, the more critical would be the froat penetration problem,

Frost Penetratiop

Frost penetration or the advance of the frost front into the subseil,
depands upon several facters. These are:

1., Freezing index and assoclated temperature factors.

2, 3Soil type and grain size distribution.

3. Thermal propertiass of the soil-water system,

L. HNature of the pors watar,

Except for the freezing index and associated temperature factors, all
the factors menticned in (2}, (3),and (&) are intrinsic properties and charac-
teristics of the scil-water system. Tha 'heat' constanta {thermal properties)
consideread important are:

a, Specific heat of the mineral particles, 5, ;

b. Volumetric heat of the system, C ;

¢, Latent heat of the pore water, L ;

d. Thermal conductivity of the soil, k ;

The unite for specific heat are generally giwven as BT /pound/dsg.F. or
calorie/gram/deg,C. This represents the gquantity of heat reguired to raise
a unit mess of materlal one degree (Fahrenheit or Centigrade) compared in
terms of & ratio to the heat quantity needed to raise a unit mpas of water

one degree (Fahrenheit or Centigrade).

The volumetric heat is dependent upon the specific heat and can be obtained b
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maltiplying the specific heat by the dry density of the material, This varies
when both frozen and unfrogzen goils are considered., Since this definition

is the guantity of hesat needed to raise a unlt volume of material cne degree,
the units used are BTW/cubic foot/deg.F. or caloris/oubic centimeter/deg.C.

Por unfrozen scils, if C, 1s the volumeiric heat, then:

C. =¥ L o+ -r,,—\'::,._,l veines 1)

where X, = dry denaity of the soil,
and La = watar content,

In the case of frozen soils, if Cp I8 the volumetric heat, then:

L‘_‘,&. = ‘gﬂ[u-n'l-r O;S;f 1 averss (2]

The heat content and the chinge in thermal energy of 8 soil-water gystem as
it freezes or thaws depemds wpon §,, Cp and L, Fron Plgure 5 the relation-
ship botmean these may be seen., The thermal energy change ls linear with
temperature both bslow and above fresging, but is interrupted by the latent
heat of fusion of the pore water at the freezing point. Whilst it is recopgnized
that there could be dissclved foreign matter in the pore water, thes latent
heat L for the pore water is generally taken to be that of water.
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Figure 5 - Heat Content or Thermal Energy
Diagram for an idealizad soil-water system.



For the ssil-water systam, astnce one pound of water relsases 1,434 BiU
as 1t freezes,
Lo 434 WY,
Trhdls represeanta the chénge in thermal energy per unit volume of soil whan the

so0il nolstpre freezes or thams,

Diffusiog

Idealizad heat flow through mecil in tarms of heat trearsmission is necessary
as & prelininayy step tomards estimation of depth of frost penetration, Heat
tranafer tan be achleved by means of rediation, conduction, and ¢onvection.
In pertially saturated soils, rediatlon and conduction are the posaible mech-
apisms for heat transfer, with conductlon playing the major role, In fully
saturated soile however, radiation Is reduced to a negligible mmantity and
heat transfer can be analyzed sclely on tha basis of heat conductlen without
appreciable errors, In this lInetance; this Is the transfer of kinetle energy
from the molecules in the heat alnk (from the warm portion of subsoil at
lower depthz} to those in the cooler portion of the subsoll - c¢loser to the
groand surface, I the temperatures nf, all hodies are considered in relatiwve
terms, all physical bodies can be considered as heat storages. If the temp-
eratuyre surreunding the bodies 1s much lower tinan that of the bodies, some
of the thermsl energy contained within the bodies w4ill be relesased - in
order to maintain tiermal equilibrium {and in acrordarce with the second law

of thermodynamica).

Considering temperatures above and below the freezing point - i,e.
apart from the latent heat of fusion, for both the frezen and unfrozen body.

the change in thermal energy from u; to up 1is given as follows:

'-J,"'U:f- CETL—T-{] EEE R L] 133
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where U = volumetric heat of the body in BN/cu.ft./deg.F,

u = thermal energy in BTU/cu.ft.

Tl and 'l‘2 = tomperature in degrees Fahrenheit corresponding to

thermal energy states of uj and u; respectively.

It will be noticed that the general term for C has been used in the
equation., However, it is understood from Figure 5 and equations (2} and (3}

that either G or Cp shold be used as the case may be.
For small changes,
'd“' = f.'.d'T ar F'l\:" = C AT ET ] (il.]

In the came of heat transfer by conduction, § is given by the Fouriler

equation:
Q=kiA = kDT a craves  (5)
L
and more basirally as:
qu:.}:%{.h U )
where Q = heat transer in BT/hour.

thermal gradient in degrees Fahrenheit/foot

i
Ty and T, = teaperature in degrees Pahrenheit.

k = thermal conductivity in BTU/hour/foot/deg.F.

A = area In square feet,

9= G%h
X = depth taken a3 downmard from top of ground surface

For simplicity, only one dimensicnal flow of heat is considered, i.e. in

the x direction, If therm2l continuity is restricted to abssnce of freezing



or thaming = without introduction of the term L &s shown in Figure 5, then

it follows from the conservation of thermal energy that:

s a
-_a:__ *,..'.';;: = LT (?}

wherea t refers to the particular instance of tims,

From equation {4):

= - 17 TR Y 8
v C S (&)

By miking the appropriate substitations apd since

x

®g. (O

it reeeee O9)
Tharef ore

EATNNR W -

5 - f;'_ﬁl [ E R R {10}
Pefining k/C as 'a' the diffusivity constant,

=T =

--—D_L - ﬁwﬁl [ EEE IR (ll}

Bquation (11) is the diffusion equation, This will represent the temp-
erature profils in the subacll at any instantaneous time, Its importance and
ita2 role will ba demonstrated in the prediction of the depth of frost penetra-

tion.

Estimation of Depth of Frost Panetration

The simplast assumption for eatimation of frost penetration into the sub—
aoll ia that the variation of temperature from the top of the groaund surface to
the frost line is linear. This means that the diffusion squation is not repre-
sented for thls assumption. 4 further sssumplion is that the temperature
remains constapt below the frost line. Figure & shows the assumptions stated

which provide for an approximate analysia, This is the Stafan model.

-0 .



L 1T -l.lb LE L4 F .1

‘TE 1
l—. — N
Foung -] & Tgqp, EHP LSlavLTARErlo o

1
IR L i i R T e e GO Aew R s Ty ped e
Pléi_
1
L)
ally
e
¥
FEuzi'!h s L}'I' i T Catry  oF FResT
|
w M
TR Qb i‘lr "P‘tqll_'iskir';;u.-'l
4]
|
L b ote Frre "’_‘M'_-?_'Lf Ll b-ﬁ"_” l‘r PG YT - e oy

—_— e " — o —

I-l-||'F "i_uzs_;-l ok

-—— P

Figure 6 ~ Thermal conditions assamed for
the Stefan Modael.

At point A on the interface, the equation of contlmity mist be met and
satisfled. This means that at point A , &3 the pore water freetes, the latent
haat released by the a0il moisture a= it freezes to a depth dx in time 4t
mist be equal to the rate of heat confiucted to the ground surface. This ia

shown in equation (12),

il(g___rl_ = Lji‘-r_ e h ok Elz}
Tl

where Tp 1is the temperature below freezing as shown in Fimre 6.

S
Ky rTiﬁ"t - ernere  (13)
| e

Thersfore F e -
x - aki 1T'§ﬂ!l-'t—_ Y ER {11'-})
\.
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fodt. In degree hours is equal to the freezing index F

reported in degree days with the appropriate correctim from Figure 4,

X = J4slkF eosvas  [15)
C

Equation (15) 1s the Stefan scuation derived solely from the model shomn

Thamfore

in Figure 6. The limitations other then those contained in the linear
variation of temperature {rom the ground surface to the frost line and the
einstant femperature below the frost line, include the volumetric heat factors
of both the frozen and unfrozen so0il, It has been found that prediction of
the depth of frost penetration X made on this basls tends to be on the

consarvative side,

The uvae of the diffuslon equation presents a more rigid analysis for
satimation of frost penetration, This methed of treatmsnt was developed by
Berggren and later modified by Aldrich and Paynter. In the modified Berggren
model, the diffusion equation is waed to define the subsoll temperatura profile
shomn in Pigure 7, The scll tempsrature profile is drawn for any instantaneous
time t, The thermal properties for both unfrozen ard frogen soil layers are
given an folloms:

Table 1

Botatjon of Thermal Properties of frozen and unfrozen scils

Unfrozen soil Frozen secil
Thermel conduetivity k,; kg
Volumetric heat Gy Ce
Diffusivity coefficient By = kyfCy ag = kg/Cy

For any ressonable mathematical analysia, it must be assumed that conditios

are analyzed for that particular instantanecus time periocd - which mhy then




be integrated to cover the interval under consideration.
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Figare 7 = Ground Temperaturs Profils for
Modified Barggren Model.

In the frozen acll layer, the gr&'lintl temperature profils is given by the

diffuaion squation with the appropriate thermal constants &3 follows:

B Ty

Similarly, in the unfrozen soil layer:

"E)TI,., - QHEIT“ 'EELER] (17}
o =k

must be valid,

At point A on the frost interface, the equation for contipuity mst be

s2tisfied. his means that the net rata of heat flow from tha froat interface

mst be equal to the latent heat supplied by the scil moisture as it freszes
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to a depth dx in time dt.
Hemﬂ L A—‘ih - A{i LR A NN (13}
AT

whers aq, iz the net rate of heat flow at tha frost interface,

sheref ore
ki 2h - k2% - L ceeven  (19)
T4 "X e
e solution for L , the depth of frost penetration into the mibmil,
48 defined from the boundary conditlons stated has been given by Aldrich and

Payntar as:

X = A fapkF saasas  {20)

1

The correction coefficient A is seen to depend upon the thermal

properties of both the frozen and unfrozen acilys, Valyss for »* can be obtained

from Figure 8.
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Figure 8 - Correction coafficient M



Te dimepsionless fusion parameter 4+ is given as:
MT“C—ETS J__EC'_SF LN (21)
L LA,
It ia fairly obvious from examining the modified Berggren equation that
both idsal heat transfer apd etorage conditions are assumed, The thermal cond-

wetivity of the soil mass waries for different scil types and teamperetures,
{Figures 9 and 10J.
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In order to cbtain the correction cosfficient M , both the fusion par-
apoter anmd thermal ratic o ars needed. Tha thermal ratio is defined as the
ratio beatween the tomperature above freezingz to the temperature below freszing,
1,0, o= 'L'ufo . A3 an approximation, T; may be taken to be equal to F/t .
e values for I, and Ty are absolute values and are measured in terms of
teaperature differerce from the freezing temperature (generally taken as 320F, ),

For exasmple:
Jiven & mean armual surface temperature of 4LO°F, and

®» medn surface temperature during the pericd of freezing of 10°F,,

than:
Lo - =B

11

L
and Tp = 37 ro" - 22°
The following example illustrates the difference in estimation of depth of
froat penetration uaing the Stefan and Modified Berggren equations - i,e.
equations (15) and (20).
Given a uniform homogenecus subsurface soil deposit - silty acil;
water content W = 208 ,  dry demsity 5, = 110 pcf.
Temparatore conditions are as follows:
Freszing index F = 2110 deg,F, days.
Freezing period t = 160 days.
Hean anmal temperature = 34°F,
Therefore T, = 2°F,
From Figures 9 and 10, the values for ky, and ky may be obtained,
by = 102 and kg = 1,30 (all in BTW/hr./ft./deg.F.)

Keffective = ( lyr kp)/2
The latent heat of fusion may now be caleulated aince both water

1.156 BW/hr, /It,/deg,F.

cmtent and dry density ara known.
L =1A3wms, = 3157.8 BM/cubic foot.

The Stefan eqation may now be used to estimate the depth of
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frost penetration. Frow eguation {15):

X = jaBkF
.

- /AR WX 20O
31{'\.&

Therefore X Gu.hh Teat.,

In order to use the Modified Berpigren equation, it is necessary to calculate
both C, and Cp. From equations (1) and (2) :

G = ¥ Lo} = woloni~ 0.2}z 20.9 BV/cu. {t./deg. F,
and Cy

\ﬂu[ﬂ‘l'l‘r GT;_G.Q] = uglﬂ-l"“* u.-'l] 19.3 Emf:ﬂ-ft.fdﬁg.!f.
hrﬂfﬂ‘rﬂ Geffectiw =JEEC"'F* {:51 = 2D-35 Bmfﬂu.f‘t.fdeg,l’,

To calculate the fusion parameter 4» 4and the thermal ratio « needed
toc use Figure 8 to determine the carrection coefficient, of is taken to

be equal to .« .
F
Theref ore of = £l - [ 152

-

From equation {21), e n ©F S Zoag.Pun = 0,085
LT SRR -IR T -

From Figure 8, A = 0,97
Theref ore

f = » fasT
v

e e f.'l:'tﬁ'l. Eq._latriﬂn {H]J

which pives X 5,92 feat,

The overestimation for the depth of frost penetration using the Stefan
sqation can be sean from the preceding example - which pays no attentia to
the wolunetric heat of the soil mass and which further simplifies the estimation
for X by assuming a linearity in temperature distributlon in the scil mass,
Por multi-layered soil profiles, the effective valuea for latent heat of fusion

and volumetric heat of the msubscil must be canputed on a weighted basis -~
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since these are dependent upon both water content and dry density of the soil.
In the same manner, the thermal conductivity must also be computed for the
total subscil thought to be within the zone of frost panetration. Evidently a
firat eatimate of the depth of frost pemetration must be obtained. The Stefan

equation can be used most sppropriately for thils,

Freezing in Coarse-Grained Scils

In coarse-grained solls, becsuse of the size of the particles, gravity
forces predominate both in the mineral and liguid phases. The surface forces
that may be in existence are, by comparison with the grevity forces, so small
that their affect may be neglected., The major portion of the water in a
saturated granular soil {coarse-grained solil) way then be conslidered as free

water.

#en such & soll-water system freezes, because of the mamitude of the
gravity forces involved in the bulk water, mipration of water to any incipient
bud of ice erystallization is difficult. In eonsequence, freezing of the water
contained within the sell valds oceyrs as growth of individual ice erystals
without benefit of migratory sovement of water. Experimental investigations,
supported by field studies indicate no resultant heaving of soils as a result
of {reezing of the gramlar soil-water system, It is quite conceivable that
this resultant frozen scil nmess may then be wisuvallized Az an ice matrix studded
with granular so0il particleas, There i3 experimantal evidence to show that a
liquid-1like film bounds the ice phase, Therefore, the mineral particles wmithin
this frozen granular sil-water system may not be in direct total contact with

the ice phase; but rather would be ssparated by the linuid-like film,

Since the free or bulk water phase is relatlively free from forces other

than gravity forcea - hereafter designated as tension-free water, initiation
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of ice growth in a satprated scll-mater system composed of coarse-grained part-
iclas can well be thought of as that of ordinary freezing of water within the

intaratices of the porous soil maszs.

Following ice nucleation at any one point, growth of the ice erystal will
progress as an advancing front in all directions. Such growth will only stop
when progress cannot occur due to particle barrier or o deficlency of water,
Howaver, it would seem likely that each woid space in the =oil mass would contain
ope or more ice crystals. The formation of ice crystals may occur on the basis
of both heterogeneous and homogengous mucleatlon; i.,e. heterogenesus mucleation
being the initlation of gromth or formation of an ice crystel by a foreipn miba-
tarce, and homogeneous rmclsation belng Anitial pgrowth on the basis of a tud of

crystallization formed within the water phase,

If water mithin the soll msag ia supercocled and sabjected to a suddan
jarring action, spont2neous rmcleation would be llkely to occur, ‘The soil-
water system would freeze instantanecusly tims giving rise to multicrystal for-
mation, If non-spontansous :mcleatianw_ure to oceur, less erystals would be
formed apd the resultant ice mass would be composed of larger crystala which may
grow as a result of propagation of ice fronts, 'This however must depend upon

other factors such as temperature and duration of freezing.

The basis for spontaneous apd ordipary muclsation is not quite clear, When
water is supercooled, ice will mucleate and water will subsequently freeze if
the temperature in the water is below aquilibrium, Howewver, because equilibrium
temperature exists in the water, this does not mean that freezing automatically
occurs, By definition, if the ligqiid and solid phases coexdst at some equilibriu
tamperature, then melting will occur at temperatures above this equilibrium

tapperature arnd freezing will occur at temperatures below tha equilibrium temp-




erature. #hile homogeneous rnucleation cannot be axplained satisfaectorily,
heterogeneous pucleation may be explained on the basls of the presence of
foreign bodies that act as buds of crystallizatlon thus causing the resultant
freezinz, Quits possibly, homogenemus nucleation in & pure water aystem cont-
alning no foreign bodies may occur when & cluster of the water molacules
attains a certain critical radius, The cluster radius will be determined by
the free surface energy of the molejules, and the eritical ¢luster radius is

in tum & function of the temperature.

In a scil-water system, the conditioms prevalling are shown in Pigurs 11.
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Figure 11 - Vapor Pressure Curves for

goll-water system,

where T, - eritical temperature of selution
freazing point of solutlon which varies with
a} water content,
b) sclubls salts,

¢) negative pore pressure.

T, = freezing point of water.

Sclution® = solution composad of water and scne other non soluble

matter {gramular soil particles).
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&4 T = freezing point depression

= 1,86M ; { M - molal concentration).

At any level in the subscil, energy is required tc support the cverburden
pressure. Thix places the soil-wmater aystem under a state of stress and cons-
eqiently tends to lower the critical teaperature T.. If Tn is the rucleation
temperature, then for ice to begin to form ~ i,e, for nuclesation to occur,
the pore water in the soil-water system mmast be cooled to the nuclsation temp-
srature before ice can begin to mcleate. Biperimental tests have shown that
T, mst be at least 7OF, less than T,. MNuclal form slightly bslow T, but
because of the thermal energy of the water melscules, the statistical odds are
greatly in favor of immediate disintegration, The thermal ernergy is also
supplied in tha farm of water belng transported to the nuclei. Cohvicusly the
texperature of the system aust ba lowersd in order to decrease the poasibility
of disintegration of nuclei .- which then establishes the nucleation temperature
T, whers ice can begin to nucleate and water will begin to freezs,

The ability of weter molacules to move fran the water structure toany
incipient ¢crystal nuclsus will gﬂﬂl‘;-thu probability of the formatlion of
melel, Surfaca forces that contributs to ths slsctro-<chenical action in ¢lay
20ils do not play such an Important vart in cosrse-grained scoils, 'They are
sffective only within the lmmediate proximity of the gplid surfaces. This tends
to restrict the establishment of nuclei immaedia’ely pext tc the particle

surfaces.

Pigure 12 shons a aghematic view {enlarged several times and considerably
sxsgnerated) of soll freezing in & goarse-grained soil-mater system, The
aysten 1s assumed to be completely saturated for simplicity in presentation.

A lignid film separates the ice phase frem the mineral phase bacause of the
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4ltared structure of the water next to the surface of the particles, This has

been designatad as aipercoolad watsr in the achematic picture of granular =oil

fresezing.

For a semi-infinite subsoil aystem, an uniaxial direction of freezing as
shown in Figure 12 is a wvalid assumption, The frest line representz the positior
of the T, isothern. This is not necessarily a straight horizontal line a=
seaveral other physical properties of the s¢il massz have to be considered, The
mater contained in the soil pores imaedlately behind the frest line is super-
ecoolad and will nucleate when the frost line advances further thus lowering the

temperature to T, the nuclsation temperature,

Preezing in Fine-Grained Soils

Measuremsnts on the total wolume expansicn in open aystems of fine-grained
20ils subjected teo freezing temperatures indicais that the mmount of wlune
increasa is pot propertionate to tha amount of increase in wolume due to fresa-
ing of the water ln the soll, Instead of the expacted 10% to 11% increase in
voluns of the pore watar, a larger tofdl volume increase is exparienced. This
overall incresase in volume may sometimes amount to 100% or more, and is the
result of formation of lensea of ice in the subsoll. Heaving of the ground
surface rasults and detrimental action to surface structuresa can arise fram

this resultant fprost heaws,

Conditicns pacessary for frost heaving to ocCur are:
1, Frmt susceptible 50il - Casagrande has anown that for well
graded sails, if 3% or more of the scil particles is less tha
.02 pr, the possibility of frost actlien in such solls is

good. In the case of uniformly graded soils, if 10% or
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. Supercooled water in contact with sarface of
particles apd mabjlect to surface forces,

[} ice

[

Suparcooled water in bulk water phase

Figure 12 -~ 3chematic Vew of Scil Freezing in
Coarse-Crained Solls,
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mere of the aoil particles are less than 0,02 mm, in size,
then {rost action in such scils is possible.

2, Tenmperature - Subfreezing temperatures must be suc¢h that
they penetrate into the subsolil, The raie of change mat
be relatively slow tc allew for & build-up of ilce lanses,

3, Availability of moisture - There must be a supply of water

to foster the growth of ice lenses., This generally means
that the ground water level should be at least 6 feet from

the grourd surface - if net c¢loser.

In the previous chapter, it has been shown that there is moisturs migration
under & thermal regime. However, the &ctual mschanism invclved is not too well
defired, In saturated fine-grained solls subjected to freezing temperatures,
freezing will not occur when the ¢ritical temperature is reached. Nuclsation
will only occur when the temperature in the liquid phase is depressed much lower
than the critical temperature T,. In this case however, T, may be less than
the eritical temperature of tha pore water in comparazble coarse-—grained solla -
since the pore water in fine—grained suj.lp would be under sane tension arising

from the interaction of interparticls forces,

In the chapter on physico—chemical propertles of £1ays it was shown that
the character of water surrcunding the clay particle is altered and oriented to
conform to certain structeral pattarns. For an understanding of the phenomenon
of ice lens growth, the water surrounding the soil particles may he classified
into two categories:

a) 3trctured or orisnted water,
b) Pree or bulk water,
This simplification in classification is welid in this instance since the

mechanism involved describes qmalitatiwely the role of 3o0il water in the dev-
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elopment of ice lenses. The diatinction between these two classes is shown in
Figurs 13, Bescause of the alectro—chamleal interaction of the colloidal-aized
particles, water nithin the soll voids ia subjected to some tension. This
varies exporentially with the grestest force closest to the awrface and the
least at aome distance awmay from the surface of the particles. Tenslon free

water is represented by the btulk or frees water,

1.1 Q"-“T ._LK\'- L3

Figure 13 -~ Schematic Picture of thes two
clasges of water in a saturated fins—grained aoil.

=

When micleatioy and asubsequent crysiallization cccurs in the free water
portion { aasuming that fres water doea exist in the soil voilds) gromih woanld
¢mtirne if heat loss is fracticnally larger than heat gainédd, Considering
water as & heat quantity, then any additilon of water to the bud of crystalliza-
tion would mean an addition of heat. It follows then that unlass heat lost
from this tmd is squal to or greater than the heat gained from water brought in
to the bud to foeter growth, subsequent melting would occur. If heat logs is

equal to heat zain, eaquilibrium is maintained,

For open systems, whers water is available { over and &bove the origimal

water content of the moil} amd under favorable conditicns, all the free watsr
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in tha imoediats pore space would be used up for erystal growth., BEither one
of two things can happen if further growth is to oecur,
a) The structured water would be usad to foster further growth,

or b) more free water is drawn up or to the bud of crystallization,

Dapanding upon the ease with which the heat loss can be replenished, &
combination of thass two actions is possible, However, the temperature must
now ba lowered significantly as (a) the structured water 1s under tension,
and (b) energy would be required if water is to be drawn up to the growing
bud, No further growth occurs if heat balance is maintained after all the free
water in the immediate pore space haz bean expended. I howmever the tenperature
i= depressed further, then subsequent growlh mey occur. A the temperature I3
depreassad, there iz an induced presaure deficiency at the ice front, whether
this deficiency in pressure ia saificient to result in movement of watar to the
growing bud would depend upon the mobllity of the fras watsr in the adjacent
pores - 1,s, pore spaces not within the immediate vieinity, some of the struct-
ured water would probably e used to add to the growing ice crystal. The hest
balance or unbalance would be greater bacause of the ever growing crystal thus
requiring more free water. This process can be carried further and further and
more free watar would be brought in fran pore spaces not in the lmmediate wvicinit
Hore structured water from the immediate popre space and from the adjacent pore
spaces would also be used to satisfy the demand for mater. Homever, & point 1s
reached whereby the crystal can no longer be satiafisd In terms of demand for
heat balance or unbalance and hence growth stops, The energy requirad to
sustain growth would be too larges. In sach a cass, another nucleus wenld be
formed further ahead of the ice front - where the temperature may be well
Within the miclesation temperature range. The pictorial sequence for growth of

the ice lens is presented in Figure 1,
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In Stage 1, the bud of crystaliigzation is formed in the {ree mater phase
found withdn theboundaries defined by the limita of the atructured water
surrounding the soil mrticles. The ice ¢rystal may grow if the heat balance
conditions are satisfied, All the fres water within this pore space will nom

be maad to add to the growing crystal.

#hen all the free mater within the pore space has hesan used up - a5 shown
in stage 2, free water is drawn fran the adjacont pore within +the immediate
vieinity tc foster growth, The outer Mmits or fringes of the struc¢tured matar
wowld alo be used to add to this growth. Some particla displacement occurs

a3 2 result of this - induced by the developing size of the growlng crystal.

¥ith further depression of the temperaturs, mora particle displacemmt
oceurs when water is drawn from sources furthar away from the bud of crysatall-
isation and also because of the growing size of thas ice crystal, This is
shown a3 stage 3 in Figure 1lic. Since heat tranzfar is essentially unli—direct-
iopal, the crystal begins to assume the shape of & lens in its contimiied
groath, If growth of the ice lens ia'ta contdnue - remembering that the
tamperature 1s still heing depressed furthar and that the heat transfer will
be consequently much greater, more of ths structured water in the immediate
pore space and more fres water from adjacent pore spaces must be drawn up to

the ice lanag.

Stage 4 shown in Figure lid of the growth of ice lenses occurs when all
the available water supply within the nelghbouring area has been expended and
farther supply cannot be made availabla becauss of the enargy requirements in-
yolved., When this bhappens, and with the further progreas of the cold front.
other lenzas will he farmed on the same basis as the preceding one. This

procesa wlill be repeated 4s long as the cold frant is mobile,
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Figure lhia - 3tage 1 = Free water being used in
Immediate pore spaca for growth of ics erystal,
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Figure iy - Staga 2 - Free water being drawn from
neighbouring pores and sane structured water being
used to further arystal gromth,
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Pigure lic - 3tage 3 = Free mater is being drawn in
from pore saphces further away, and more structured water
in the immediats pere space is being used up. Particle
ddaplacement cecurs because of growth of crystal into
lens =hape.

. .r:'l.tw CGRonrds RorLE

qunmLL @
o ks

L0

Figure 14d =~ Stage 4 = Macroascopic viem of formation
formation of ice lanses 4n subsail dus to progress of
frost llne and depletion of water supply around immediate
crystal growth,
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Growth of the crystal takes the ahape of lenses which form perpendieularly
or tramsversely to the heat loss, With the completion of growth of @ ice lens,
ard if the temperature is decressed further, more 9tcuctured water in the
immadiate pore space would be used to add to the gromth of the lens. This howm-
eaver, does not add significantly to the size of the lens, The temperature in
advance of the ice froant drops to the nucleatlon temperature T, and the poas-
Ibility of nuclei forming is favorable, There is deficiency of water in the
immediets vicinity of the ice front, but not too far ahead, nueleation can
aml does ccour, The cycle of ice lens formation and growth contimues as long

a3 cornditims favoring such growth are available,

The growth of ice lenses displaces Lhe soll particles mirrounding the lens
eausing in general a total volume change, and in particular, & resiltant up-
heaval of the soil mass on the surface, This iz the contributory cause to

froat heaves.

Ice lenses may xtill be formed in closed systamd - whare water is not
readlly evailable, b such lenses would be minute or amall since only the
original water ¢content provides the ;oi:rca of water for lce lens formaticn ard
growthi, As a result, little or no upheawal cccurs, Bnergy required for water
transport to any growing crystal is generslly too much for any measurable

growth to take place,

Upfrozen Water in Frozen Soils

The mech&nism used to deseribe soil freezing demors trates that there
is the posesibility that not all the water in the void spaces is frogen -
for & avil rass =zubjected to subfreezing temperatures, This has been shomn to
be trus for =cils containing a high percentage of fines. Elactro=chemical

interaction of the fine particles - considered aa platelets and as charged
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particlas in an slectrolytic system, reaulte in the creation of charged fields,
Thwas constitute and define the mature and limits of the structured or oriented
water that surrounds these particles. The effect of these charged fields is
felt in the form of temperature depression in the structured wmater, The closer
ons approaches the particle surface, the higher is the activity of interaction
and the highar 13 the farce required to move & molascule of mater into or out
from this area - as shoan in tie Chapters on Soil #ater and Phyzico-Chenical
Proparties of Clays. The tempmratore requirement for freezing of the structured
water will accordingly wary with the intensity of the interection within the
struetured water. Because of this, partial freezing of the watar phase under

subfreczing tomperatures remulta.

The gquantity of unfrogen water expressed in terms of unfresen water cmtert
o percant unfrozen water wvaries with
a) Original water content,
b) percent saturation,
c} freezing temperature,
d) e¢lay content (porceftt of active clay particles in the
soil-water syatem),
a@) charge density of the soil particles,
f) electrolytic concentratian,

Flgures 15 and 15 show the form of varlation of unfrozan water with the
conditions stated ahowe. In sae instancea, the freezing polnt depresaion
caused by the intensity of interaction of the interparticle forees may be as
high as 15°C, at a distance 01" about 10 A? from the surface of the mrticle,
Prem the curves in the figures on unfrozen water, 1t 1s evident that the temp-
srature depresaion for many active olay scils will be more then 20P G, - and

certainly mch more at lower initlal water eontenta. (Temperature depression
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Pigure 15 - HRelation hetween unfrozen water conient
and temperature for clay and silt.
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Figure 15 - Relation between per¢ent unfrozen water
md percent of original saturation.
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i the difference between the freezing point of »ater and the freeszing point

of the structured water surrcunding the scil particle).

The calorimetriec method iz a slmple method that can be used to determine
the ice captent or unfromen water content of partially frozen acils. If this
method is to be used successfully, it is essontial that radiastion loss during
ehlorimetric teating must be accaunted far, 'This can be achieved by uwairg the
rating procedure., If

. = weight of aoil particles,
ws_= wWaight of water in the acil sample prior to freezing,
< . apecific¢ heat of water,
<; - specific heat of ice,
<, 8pecific heat of =0il particles,
L - latent heat of fusion,
%, = initial =pecimen femperaturae,
&7 - tamperature change of calorimster and contents durlng taest,
&1 = Tj_‘ -1
% = final temperature fequilibrium temperature},
. - weight of water in calorimetar,
wy = calorimetar equivalent,
= '1 - W,
» = weight of unfrozen water,
A= 0% -1
AT o= T_.[. - Daﬂ.,
than for thermodynamic equilibrium:

RV s JU (EWRRS WP T AR N

-ri_\stw-n-'}(.wé";t’ -1-3((:"&'_"._1_5 \-*J’Cwﬂ'ﬁ., PR {22}
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20lving for I the weight of unfrozen water:

W= wiy[r:m"i;_ ahw d,_,aﬂiﬂ oy L AT = AT,
AT v ATy - s,

cerese  (23)

Determination of AN, from the rating methed is ahown in Pigure 17,
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Figupe 17 - Schematic pleture of calorimeter
gorrection during test.

It is zasential that the freezing history of the soil to be tosted is
koowa since the lce content of the 20il will vary depending on whether the
sesgpls i3 coolad or marmed to the temperature at which the ice content cor
nnfroeen water content 18 to be evaluated, The reasons for the diffsrence in
valyes for elther ice content or unfrozen content determined from wvarylng cool-
ing historie=z lia in the fact that particle crientatioc and arrangement may
ba changed during freszing and thawing -~ thus cavaing a change in the

interaction of interparticle forces as showmn 1n the previoua chapters.
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The difference in unfrozen water content at the same test temperature is
ahown quite markedly in Figure 18. The bands repre=ent the variation in
unfrozen wmater cantent at the same test temperature and initial water conterk.
The upper 1limit of the band is the unfrozen water content measured as the
#¢i) freezas to the test temperature, and the lower limlt of the band represents
the unfrozen mater contert far the same soil frozen to & much lower temperature
but wapmed to the same test temperature, For the example shown in Pigure 18,

& mediun clay was chosen and frozen to the desired test temperature and alao
to & tempsrature of 29C, lower than the test tempsrature before warming to the
test temperature. The degree of varlation in unfrozen water content is much

greater at hizher temperatures,
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Figure 18 - Unfrozen water content variation with
original water content and freezing history.
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Iroat Heavinz

The effects of frost heaving are detrimental in two ways. (a) Heaving of
the ground surface due to the formatlon of icc lensmes in the subsoll, and
(b) loss of bearing support in the subsocil when the ice lsnwes thaw and
capaequently lezve pocketa of water in their placae. 'The baaie conditions giving
rise to formation of ice lenses necessary for freost heaving have been detailed

previously,

The development of freezing pressuras contributing to ground surface heaves
My be treated thermodynamically far the more granular scils - consldaring
the interface condition for ice ard solid particles, This does not neceasarily
give the actusl heave pressure at the ground surface, but does foar the first
approximtion give an indication of the pressures that may be necessary to

sounterect heaving due to subacil freezing.

The freeo energy for the piases on either side of the interface can be
written in terms of Gibb's thermodynamic potential, Assuming that a film of
-

mparcocled water ssparates the lece phase from the mineral particlss, thent

F='I.'i-‘r?‘i’" s [ AR NN (?-'li}

mhere F = (Abbl's free energy,

v = internal enargy

p = pressure
v = apeciflc wolume
T = temperature
3 = specific entropy.
The two varisbles imvolved are p and T,

Sirce du = -pdv + Tds
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Therafore:

d.F‘-f vdP-SdT TTLRE (25)

Using subscripts i and w todencte the ice and water phases respectively,

dFL= vidpi - aidTTl. L ER N T Y] (26)

dF*-r' ‘depw - Swd'rw, YRy {2?)

Following a chenge, the conditions for equilibrium are that:

dF.;_ - drw,
Trerefore:

Yidpi — a'll.di:. = ¥ dp b swdTw LA RN X R (27)
But since dT.» dT - temperaturs depression,
therafara:

v AT, —wde - (B.-50) = B
a1 Al

wmhere L = Iatent heat of fusion,

Hanga :
wa-'b?w - Vtﬂ't = L‘i_-t-. LA E LR {25)
Y
Asguming that
dp < dp - dp
then
(v -vd4dp = Lal
ey
Therefore: wa_wi“) Ap 2 \__9_.1-1_-1_ LI (29}
T
Hence S = “ ﬂvﬂﬂ P {3{)}

o ‘“"i. T'I.
Bmation {30} gives the pressure increase at the interface due to a temp-
erature depression in the pore matar, Assuming that v _- 1.00 cc/gm. and

% = 1.09 cc/gm. and using L = 79.8 x 4.184 x 10.7 ergs/pm. and Ty = 273%K,

- 535



® relationship betmeen ap and T, may be dremn - (Figure 19).
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Figura 19 - ‘Temperature and equilibrium presaure.

The prossure predicted ard shown in the graph in Figure 19, is the pressure
existing at equilibrium conditions. Considered on a amall differential element,
this would ke the pressure needed to malntain equilibrium for the depressad
teaperatore, If the process is reversible, then at any depressed temperature,
i no volome incresase is allowed and il epecific entropy remsins conatant, the
equilibrium pressure mould be the pressure rasulting from the temperature depre-
aadon after equilibrium has been re-established, This reasoning is valid for
a amall differential element under consideration. If however the entire soil-
wter systen is considered from the integration of these differential elements,
the procesa may not be reversible, The equilibrium may not be the resultant
freezing pressure, There are too many uncertaintiss or varlables in the ice

phase which woild rule cut the possibility of reversibility,

The model assumed for reversibility in the aystem consldered would have to
depend upon:

{2¢) Homcgeneocus y i1sotropic, uniform and elastic conditions in the ice
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and mineral phases,
(b} no air volds or air spaces,
{¢) no energy losses or volume change, and

(a) " constant specific entropy.

The pressures meamred At any freezing temperature with the abowe model
would be the actual freezing pressures, However, any of the stated shortcomings
or Mmitations exdsting in & a0il mass and necessarily required by the model woul
affect actunl freezing pressures. For this reason, free2ing pressures measured
efthar as & result of restraint of ground heave, or internally in the subsoil.
would not correspond to the theorstieal pressurea predicted fram equation (30),.
Howsever, the model studied here doesa serve to demonstrate:

1. The maximen possible heaving pressures - under very ideal conditions

and restricted Limitations, and

2. the very high counterzcting pressures needed to prevent graind heave -

even if ideal condition® are not met.

Experimental results have shown that pressures as high as 20 p.s.i, wera
nesded to restrict heaving at temperdtures just below freezing - (=5°C.) .

In actual practics, surface structurss in general do not provide sufficient
overburden pressure to restrain ground heave cdue to aubsoil freezing or to
formation of ice lensea. The most common victim of detrimental frost heaving
1s highways., In this case, very little if any extra overburden pressure is
present, and because of the protective covering of the highway, there ia in
general a greater amount of stored moisture. The general profile for a hijhway
founded on frost ausceptible soil in winter is ome with excessive bumps and

eraeks, and 1n spring, potholes and sirks.
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It is evident that 1o prevent detrimental frost heaving from cccurring, it
is necamary to eliminate or restrict the conditions giving rise to froat
heaw, 3Since there is nothing that cap be dome with the temperature, corprect—
iva actiom will be restricted to the submoll., The following methoda describe
procedures that counteract tha sonditims favoring frost heawing,

1. Replacement of frost suscsptible w0il - This is the most obwicua
pethod. Following the eriterion satablished by Casagramde, freet action
nold be preduced if the subaoll gradation is adjusted such that the

percentags of finaz in the subsoll would not fall within the limits
eatablished for frost susceptibiiity, Although the gradation limits
definad are not rigidly set, they act as a gulde for comparison of frost
asuaceptibility, - i,e. if & well graded soil has 2% of ita fine part—
icles less than 0.02mm. in sizs, this doss not necessarily mean that it
is pot Trost susceptible, It 1= posalble that the sgoil with 2% of ita
fineg less than 0.(2am. in sise may be frost susceptible, but the chances
of the same moil with 3% of i%s fines less than 0,02wn. in slze belng
unwe froat susceptible are very good.
T correct this, it is beat ti;.l"ﬂplﬂl:ﬂ the frost suaceptible soil with
gramlar material. In this way, freezing of the soil will be restricted
to the similar situation of {reezing of coarse-grained solls - mithout
development of Ice lenses.

2. Lowaring the freezing point of the pors water - With the addition of
salta, it may be possible to lomer the freezing point of the pore
wter such that freezing in the subsell will be minimized. However,
mith the passape o time, it will be necessary to recharge the pore
water since drainage and groundwater flow during the gummer montha may

carry amay Lks dissolwed salts in the pore water.
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3, Restricting the witer supply - In effect this means creating a ¢losed
aystan, The nater supply can be eliminated ~r paduced by inataliing a
cut=of f blanket in the subsoll, This cut-off blanket may be an imperviocus
¢lay layer, 3 bliuminows membrane or even a concrete memhbrane. The
1dea involwed hers is to limit the supply of water oo that ice lenses
my not develeop, This methed may be feasible, but may not be too
economnical,

4. Additives - The use of additiwes to change the properties of the sab-
goil may take the form of either:

a, Dispersants, or

h. aggregants,
Either of these will change the soil properties to make the arbscil
nore or less permeable -  together wlth further preparatory compaction,
If watar 1z fed too fast or teoo slowly to the bud of crystaliization,
the bud will either melt or bs restricted in aize since water supply
i3 one of the prime factors contributing to the gresth of the ice lenses.
The use of additives to change the permeability charactaristics tries
to alter the 1deal heat balance c;_tdition, whiich in bturn either destiwys
the tud or inhibitas its growth. laboratory tests on the sbsoil mat
be conductad to establish whether dispersant. s or aggregants can be |
wped feasibly fer this purpoee.

K. Increase the mircharge pressure - This metihod relies on the imposition
of a hipher sirchdarge pressurs which serves to counteract the heaving
presasure, and more important, raise the frost line possibly away from
the influence a the ready supply of water. Since it is esasential that
tha watar supply rmust come under the influence of the thermal regime -

iIn the nature of the frost fronit, them removing the influence of the
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thermal regime on the water supply would prevent water from belng dranwn
to the growlrng bud of ¢rystallization, Experience Mas shown that if the
wiater table is more than #ix feet below the ground surface, the prowth
of e lanses 1s made difficult. Hence adding a mrcharge load not only
creates an additiomal surcharge presoure which will lower the critical
temperature of the pore wmatar, 1t alac serves to lower the effectlive

ground weter tavlse,
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