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PREFACE

The study of frost action in soils has long been
of interest to the Division of Building Qlesearch, After
considerable study and following consultation with the
Project Committee on Frost Action in Soils of the High-
way Research Board (U.S.) it has been decided to embark
upon a long-term research study of some of the fundament-
als of frost action.

This report by Mr. E, Penner, a member of the 3Soil
Mechanics Section of DU.B.Re, who has his Masteris degree
in soil science from the University of Saskatchewan, has
heen prepared to outline the approach that is being
planned,

It 1s circulated for the 1Information of others
interested in this field and in the hope that the Division
may be favoured with critical comments upon it, Comments
and suggestions will be most welcome and they may be sent
to the undersigned or directly to Mr, Penner.

Ottawa Robert F. Legget,
November 195l Director



A PROGRAM FCR FEOST ACTION STUDIRS

by Ldwayrd Penner
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Some =so0ils when subjected to naturally occurring
subzero temneratures, display certazin characteristiics
undesirable from an engineerines standpoint. TUniform and
differential heaving due to ice segregation and loss of
strength upon thawing arce vrerhaps the most notable. This
behaviour often resulis in the deteriorztion of rouda ard
airport curfaces, destructive action on railroad grades, and
tad effects vpon building foundaticons. A better understanding

of the fundamental phenomena involwed should assist in ths
formulation of more adeguate frost actlon criteria.
One logical process of research reyqulres a study

<
of available research rencrts and the formulation of a
srvstematic approach for an experimental pnase. There are at
'P“”t two excellent literature reviews (1, 2Y deveoted
vnt“r*Ly to frost zcction in soiles arnd associated ohenomena,
Becanme of this, it was thought that no contribution covuld be
made by adding yet another. Where possible thse T*"ila paners

have heen studied. The bibliography compiled by Johnson and
Lovell (3), together with the literature reviews. baxe served 93
excellent guides.

The recorded literature on frost action ard allied
phernomena uader field conditions is voluminous. There are by
comnarison relatively few scientific papers con the theoretical
aspecte which are supnorted with iaboratory ev i idence, It i3
believed that the Interpretation and application of front
action data to best advantage, depend a go od dea’l oa the
understanding of the scil-water system In terms of iis
ninysiochemical properties. This report is concerred with ar

cutline of a precposed frozt action study. Tha detle 1naf
f thoze 01l properties. which will serve 235 a bas for
taing the 20il system is considered an esscntial Duft of

study.

2, The Experimental Apprcach

The comnlete simulation of field conditions in ths
laboratory is not easily achieved. Despite this. thec
environmental conditions must be carefully considered since
the eventual application will be in the field. The freezing
cf =501l specimens in the laboratory was thes basiz of the
apnroacilt of many earlier 4nvust1,it10nsﬁ in narticular in
the work of &. Taber, C. BesLow n, Casagrands and more
recrn"ly the Frost Effects Laboratories, New Ensland
Divielon, Corps of Laginsers, U.5, Army.



Tre exact rethod by vhieh the foill specimen 18
Trozen deverncs on the inforration TGHU“VLJ Botlh For
erriricsl or cemi-erpirical stndies a compariscn of
action <w<c0ﬂt1b1L ty d1g of sreat Zmnortance. This IRV
ripidly contmolled cxporimental conditisus Ir. natuare, fthe

frost action phenomenon has been ”OCO?ulZGd ny d.i dinvestnigators
as a very complicated vrocess, Complications arise from suﬁh
factors as the heterogeneity of the soil mass, the release ci

latent heat of fusicn at the frost line, the difference ¢n
heat conductivity of frozen and unfrozen soily to mentinu but
a few,

Usually, for laboratory studies, an arbitrary set of
conditions is imposed on coil specimens with regard to the
rate of penetration of the frost line, the depth of water
table, the cize of sample, the temverature gradient etc, In
many instances the assumptions made and the oversimplified
conditions impesed are necessary if any useful research is to
he carried out. Unfortunately, this may result in some
important aspects of the frost action phenomena being coverlooked
or ienored,

3. A Brief Discussion on_the Theory of Frest action

- —— »m.\..q..-,,_-_”.._ﬁ-.- - ittt

Yater erxpands anproximately ¢ ner cert vhen it
Ire ~"ehq vhich is an vnusuval property for a liquid. Aithough

carly investisations attributed tle neaving cf socliz to this
nroscrty of water, the work of BDezkow (4) and Taber (5, has
snowvn that excessive heave is due to ice cryvetal prowth and
consequent lens formation.

In 2 salt-free soil-water system the freezing-
point deprecssion is due to the adsornptive forces ¢f held
water. As more water 1is added the films become thicker thus
decreasing the adsorptive force by which the cutermost layer

of waupr is held, For any coil, there i3z a continucus
relationshir between the force w1th which water 1z held and
meisture content. It can then be seen that for any cne soal
the freezing point depressicn is alse a Tuncticn of water

On the basis of the phase disgram of water by
Tammon and Bridgeman, the work of Winterkorn (£) appears iLo
support the theory of the mechanism of meoisture movement near
the frost lens postulated by Taber and Beskow., While the
leyers of water irmediately adjacent to the s0oil particle =ave
immobilized completely, there can exizt subseguent iayers
(with a reduced freezing noint) which may act az conducting
channels., These layers remain as liguid water, however. under
the influence of the sgil particle. Since the amount of water
neld at any given energy level varies inversely with the
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particle size, heavier textured soil should have a greater
ability to transfer water by this mechanism than light
textured coils, This anpears to be the basis of the
criteria set forth by Casarrande (7).

Benkelman and Olmstead (8) placed emphasis on
the naturally occurring fluctuations of the frost line.
The validity of the supporting evidence produced by these
workers under laboratory conditions is g2till questioned and
their conclu=sions are not generally accepted,

Provided an ice lens is initiated; its rate of
growth is believed to depend largely on the ability of the
01l to transmit water to the freezing zone. In nature the
driving force can be attributed to {a) a terperature gradient
and {(b) a soil moisture suction gradient induced by the liquid
tc soiid phase change., How much each contributes to the total
moisture flow depends on the environment conditions. In the
laboretory it is dependent on the arbitrary conditions chosgen
by the investigator. This appears to justify the independent
study of flow rates due to each of these conditions and how
it is modified vhen both are acting simultaneouslyv.

4, Soil Properties and Identificatiocn

{a) The clay fraction, some characteristic properties and
influence on soill behaviour.

The sand and silt fractions in scil serve largely

as a ckeleton rmaterial since they possess a rather low specific

urface. In contrast, the clay fraction possesses a high

pecific surface wvhich accounts for the hipgh moisture content
of clay soil compmared to lighter =oils at =imrilar suction
levels, This greatly influences the phyvsicchermical properties
of the s0il system. The clay fraction ~ if 0.CO0Zz mm. is
taken as the upper iimit - lies almozt completely within the

0lloidal range (0.001 mm). Many attempts to develop concepts

oI the behaviour of soils in the past were based on the
assumption of spherical particles., It is now well known that
within the ¢lay range the particles are mostly non-spherical.
Thies 1limits the usefulness of mechanical analyses:; it 1is,
howvever, an impcrtant and easily obtained function for
characterizing soils. Assuming spherical particles; the
calculated surface area of clays compared to fand and =i
are large. Real surface areas are still greater if actual
shapes are teken into account (9). The shape, in addition to
affecting specific surfaces, also influences the mechanical
properties of the soil.

The importance of identifying the clay mineral
conposition of the soil systems studied is unquestioned.,
Complex mixtures of clay mineralis are often encountsred Z:n



soile; in addition, considerable variation in the properties
of a particular clay mineral originating frem different
localities, can occur, Because of this, further methods of
characterizing clays, such as measurement of interlayer
swelling, surface areas, base exchanpe capacity and base
exchange lons are necessary,

Recognizing the importance of the clay fraction

in the soil system and that the large associated surface is

a characteristic property, research workers have developed
methods to deterrine an index of surface area. The PXpandlnP
lattice clays possess an internal as well as an external
surface. In montmorillonite clays, the internali surfeace 1is
approximately 20 times as great as the external surface
depending somewhat on the nature of the adsorbed icn. Dyal
ard Hendricks (10) have developed a method using ethylene
glycol to determine interlayer swelling. They have shown

that in specimens of c¢lay heated for 23 hours at 600°C,.
interlayer swelling is inhibited. The difference in glyco
retention bestween heated and unheated samples serve &as a basis
for apprcximating the extent to which the c¢lay has mont-
morilionoid interlayer sweliing. Grim (11) and DHcker (123
predicted that of the c¢lay minerals mont~orillomnite zhould
be the least susceptible to frost heaving., Preliminary tests
by the Frest Effects Laboratory, Corps of Engineers, U.5, Army
(12) have. in part, verified this predicticr.

Orchiston (1) has recently investigated the
vsefulness of water vapour adsorption data for speczific
surface determinations. The adsorption data obtained fronm
the vacuum desiccator method was used as a paszis for zomparing
the basically different theories of Brunauer (1%5) Harkens and
Jura (16) and Bradley (17). The adzorption isotherms fcr all
the s0ils tested were sho'm to be sigmoidal or S shaped, to
which the theories examined apply.

A thorough study (18) of water adsorption isotherns
has proven useful in elucidating the adsorption mechanism.
Adsorptiorn cdata for a series of homionic montmorilionites
and kzolinites were deterrined with a somewhat different
apparatus. The magnitude of the effect of various exchange-
able cations on adscrrtion isotherms was demonstrated. The
application of the B-E-T thecry to the data, in the case of
kaclinitp, the auvthors concluded, appeared justified on the
srounds that the adsorption data showed the usuval
characteristics of phyzical adsorpticn. The authors further
concluded that only in the case of Li kaolinite were true
surface areas measured. A comparison of the Li molecule size
and spaces occupied In the clay lattice structure justifies
this to =ome extent, Assuming this to be true, the number
of water molecules associated with each caticn of tha other
homionic kaolinites cculd then be calculated. Wherear
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adzsorption and decorption were perfectly reversiblie for
kzolinite, there was considerable hysteresis in the case of
rontmorillonite,. Adding further to the difficulty, adsorption
values were not reproducible. This was attributed teo slipat
vuriatinnc of moi=ture contcnt at the beginning of the
determination. Accerdingly descrption data were usesd for
calcnlatinge B-E-T funectiones, ciace c‘aqe were both repronducible
and a2lso vere pelieved Lo renresent true eguilibriun values
wore closely, Again, as in the case of kaolinite, large
differences in adscrption isotherms occurred w1tn adifferent

ations, The effoeet of exchangeable catlons on the adsorption
1cotherm has been previously show, Tnis additional evidence
was nowever obtained by a somewnat different annroach.

Normallv., in the field, exchange iong are of a complex
nature, Thuﬁ the B-E-T sgsurface area, determined by vater
vepour adsorption, aithough not an absolute measure of surface
area, still rermains & well defined characteristic value for a
given soll under natural conditions.

(bY Soil identification.

The Atterberg limits and prain size distribution are
enginecring aids for soil identification. he dry density 1is
knowm to affect frost action so that normally &ifferent soil
syztems will “o compared at constant densitiss. These
determinations 711l be based on the anvroved methods (19) used
by the Soil Mechanics Laboratory of the Division of Brilding
Regearczl. "hile the above identification tezte for the
classification of soil annear limited in scope tnese shouid he
sufficient for normal scils; others will be added as they
ADNear necessary.

The ultimate aim of the frost action studies vill be
tn male noscible the nrediction of the frost susceptivility of

a soil from its characteristic nrorverities. It aDDedP’ desirable
therefore to evalnate these pvopertiow of the soil systems to

be ured In Th@ investigation of the more fundamental aspect of
frost arntion. That a single soil vwroperty is not surficient
has already bren zhovn by the n=ze of the Ca:agrande criteria
based on particls size and particle daistribution. Many "tools™
are now available, although their usefulaess denznds on the

emuloyment of rigidly countrolled laboratory techalgues if
different soils are to be compared with reasonable success.
S _Soil Vater Poteatials

The iatroduction and applicaticn of the energy
corncept In soil moisture retention and movement has placed the
«Zuady of soil water on a fundamental tasis. HMany research
workers have contributed to the better underukandlng of zoil
noisture energy relationshine but the most comprehensive
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theoretical treatise has been contributed by Edlefson and
Anderzon (20). Several attempts in the past to classify soil
water arbitrarily have failed. The continnity of the adsorption
isothern clearly shows that the forces involved overlap in

water retention., HNevertheless, =some distinction may be
warranted between adsorbed water and vater held by surface
tension forces since the mechaniem of retenticn is vastly
different. '

The force with which water is held on the soil
particle is usually described in terms of suction pressure and
is negative in character compared to a free water surface.
Normally the suction nressure is expnressed in centimeters of
vater. At very high suction pressures, the values are usually
exprescsed in terms of Schofield's pF. For example, suppose a
moist soil sample is in suction eguilibrium with a column of
water 10 cm. above a free water surface. The suction pressure
or potential would then be -10 cm. of water, and the
corresponding pF would be logip =~ (-10) = 1,

™e oo Ltion - moisture-content relationship is by no
means unigque out depends on whether 1t 1s determined by dryiag
or by wetting. All porous materials, like soil, exhibit the
hvsteresis phenomenon., The moisture content at any given
suction pressure 1s greater if determined by dryiag than by
wetting. The exact mechanism is not- fully understood but it
appears that the quasi-equilibrium theory is no longer
completely tenable. The hysteresis effects has been an
important factor in hampnerineg a solution of the water movement
mechanism.

In this laboratory, three methods have been selected

to measure pF from saturation to oven dryness. At low pF‘®s

(0 to 3) the ceramic plate avnaratus is used; for pF’s from

2 tc 1,5 porous membranes replace the ceramic plates. The
liguid water tension is cnnditioned by air pressure in the
normal vay. The pF's from O +to b4.5are usually considered to
constitute the so-called '"suction range', For pFfs from

L,5 tc 7, the vacuum desiccator technique is used. Here, the
relative humidity is controlled by sulphuric acid solutions of
tnown concentration. It 1s usually not considered practicable
‘to extend the vacuum desiccator technique below pF 4.5, since
the correspending values of R.H. lie too c¢lose to 100 per cent
for accurate control. In saline soils the use of R.H. for pF
control ineludee in additinn the osmotin notr-+tdal ™he 2
comnlete pF - moiisture-content curve determined from both suction
and R.H. controliec¢ potentials may show some discontinuities.

Every porous material like «nil has a characteristic
water-content -~ suction potential relationship within the limits
of hysteresis. Recently Croney and Ccleman {<Ll) have shovn
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pF - moisture-content curves for several soills which illustrate

ifferences in the behaviour of various materials, in particular
soll structure and its relation to pF. The concept of soll-
moisture - suction potential relationships has caused a shifting
of emphasls with regard to soill moisture. Formerly the moisture
distribution 1in a soll profile was consldered of prime 1lmportance;
now 1t 1s realized that the forces which retain the soill water
governs its movement and distribution,

6. Unsaturated Permeabilities

Beskow (4) and other have attached considerable
importance to saturated permeabllity studies in connection with
frost action. " In many cases the water table lies below the
frostline. It appears reasonable to suspect that the unsaturated
permeabllity may then be of more significance. One important
feature of unsaturated permeabllity needs emphasls. The magnitude
of the permeabllity coefficient depends directly on the average
suction potential, even if similar potential gradlents are used.
As the average pF increases, the thickness of the water films
decreases, and molsture transfer along the liquid films decreases.
Consequently, lower permeabllity coefficients are obtained.

Beskow concluded from his studies that liquid water
transmission and not vapour diffusion was the important mechanism
in frost heaving. Since the suction potential gradients in the
soll determine the direction of water movement, tlris may imply
movement in the liquid phase in the absence of temperature gradients.
It is well to note that there 1s a continuous relationship between
suction potential and R.H., (22). The relative importance of vapour
movement in systems of this kind is still a controversial issue.
Darcy's law developed for saturated laminar flow states that the
flow rate is proportional to the hydraulic gradient. The most
simple mathematical form 1s:

= kgi
where V — velocilty of flow
ks .- saturated permeabllity constant
1 = hydraulic gradient

The counterpart of thls expression for unsaturated conditions 1s
generally applied in a modified form.
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VEIr kL

where velocity of flow/unit time/unit area
volume of water

area

time

unsaturated permeability coefficient
suction potentials at the planes under
consideration

flow path length

{1 T T 1 I 1 I

v
Q
A
T
1
S1 and Sp
L=

The above expression 1s in its simplest, and basic, form. Such
refinements as temperature effects on liquid density and pF

and flow rate may be introduced. Moore (22) and Russell and
Spangler (24), and Richards and lMoore (25), have described in
detail laboratory apparatus for the measurement of unsaturated
permeability. It is of interest to note that Ruscell and
Spangler in their treatment of molsture potentials stress the
significance of unsaturated permeabilities in relation to

frost action.

The apparatus shown in Fig. 1 has been designed to
measure noisture flow in soils in the unsaturated state. The
spiral grooves and tubes attached to the upper and liower
porous plate holders are carefully filled with water and flushed
until all the bubbles are removed. The copper tubing coil is
attached to a constant pressure water reservoir. This is
necescary o that a constant pressure is maintained while
water flows from the reservoir through the system.. The sample
holders are perforated near the outer surface of the porous
plates for suction conditioning by the controlled ailr pressure,
P1. To obtain a suction differential any desired back
pressure Pp is anplied from the constant pressure water
reservoir. The upper plate holder is spring loaded to allow
food contact between soil sample and porous plates when the
301l shrinks or swells depending oh the degree of saturation.
The amount vhich flows through the sample is measured with a
pipette or capillary tube depending on the flow rate. For
any desired suction values the flow rate is measured
intermittently until it reaches a constant rate.

7. S0i1l Water Potentials Induvced by Ice Lensing

In a recent paper, Jumikis (26) deals with a
mathematical analysis of moisture flow in a soil system under
the influence of a temperature gradient and a freezing plane.
"His treatment of the forces involved in water transmirssion to
the freezing zones is a significant contribution in this field.
The method of approach suggested in this outline recognizes two
fundamentally different processes involved in water movement
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under natural conditions which are the movement of moisture due
to (a) the temperature gradient and (b) to the suction gradient

It is proposed that in the initial studies these two
processes must be evaluated separately, recognizing as stated
before that these processes, acting simultaneounsly, are not
negesgarily a simple summation of the two. In addition both
nrocesses are unnecessarily complicated experimentally by an
advancing frost line.

The requirements of & practical frost cell for
evelnating the suction phenomena independently are {(a) a
controlled stationary frost line, (b) a sharp tewperature
gradient at the frost line with a constant temperature
spanning the main body of the specimen (as shown in Fig. 2).
Thermocouples imbedded in the specimenz at fixed rositions
would he nsed to indicate the temperature distribution. A
froet cell to fill these requirements is now being designed,
The moisture tension at the lower end of the =soil specimen
will be controlled by a tension-conditioned suction plate to
any desired suction value., %“When the rate of moisture flow has
reached a constant rate the specimen will be cecticned for
Lui ture content determination. During constant rate of heave
{ize leng growth) the rate of water entry into the sample will
be cl=s0 noted This is more desirable than atter; ting te
ecstinate the rﬁanflty of vater moved from the thickness of the
ice lens. Since the moisture content - pF relationship can be
casily determined for each soil tcsted, the unsaturated

perreability equation can be apnlied:

o= & L)
U AT (81 - 82)

= quantity of flow in cm?

where Q
A = cross-sectional area of the specimen in
T
L

C
E

tire in seconds

dietance in cm. from ice lens to lower
end of sample in cm,

expressed in cm., of water

ky unzaturated vnermeability coefficient
in en/zec.

i

N
2!
e
]
0
[\V)
.’
uh

The valves of ky obtained jn this way shon]d be numerically
eqgual toc the ky valves obtained with the unesturated
permeabllity cell under 51r11ar conditions of suction. Ths
equality of these coefficients would provide evidence oa ths
importance of flow due to suctlon gradients during ice lens
forrmation. This approach would also make possible the indirect
measurement of suctlion values in the coil water near the ice
lens without interference from moisture movement due to thermal
gradientz.

PO
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The suction potential of the soil would be egnal
throughout for specimen moulding. In the frost cell a
predetermined suction would be aprlied at the lcwer end of
the specimen and sufficient time would be allowed for
equilibrium to be estabiished. If the steady-state suction
distribution during freezing wvere such that one end of the
specimen was hnigher than the suction potential at which it
was prepared, and the other end lower, both legs of the
hysteresis loop would be represented. This -rould be
wdesirable., It is believed that with practice the criginal
moizture content could be adjusted so that both ends of the
samnle were either on the drying or the wetting curve.

The study of suction correlations with the properties
of the =o0il such as suction valnes limiting ice lens formation
arnd rates of mcisture novement will constitute the initial
nhase of the frost action program. In the second nhase the
effects of temperature gradients on molsture moverent in
cormbination rith suction gradients would be studied. The
aterials Saection of the Division of Building Research
investigeting the movement of moisture in various porous
materials at ternerature gradients above freezing. These studies
are mainly concerned with the mechanism invelved and considerable
progress has bheen made., The third phase would be concerned with
the study of variables such as density, and surcharge, Thece
constitnte at the moment the greater portion of the resear:h
carried out by the Frost Effects Laboratory, New Iingland Division,
Corps of Engineers, 1.5. Army.

8, 8oils for Test Specimens

Since frost action phenomena contaln all the
comnlexities of moisture movement stuvdies. plus the additional
freezing process 'y, there 1s ccnsiderable Juﬂtiflcatlun for
attehptlnb tc control the physical properties of the soil within
certain limits. The rise of blended solls Zs belng ccoasidered,
From stoeclk sarples of sand, silt, and clay of known composition
a wide range of grain size distributions could be prepared by
varying the proporticas of tne various fractinns In whis way,
some undesirable variables could be elimianated, It would
Fur*hnr reduce the experimental worlk involwved in detecimining

the physicel p”operticr nroposed. Such a pTOCedure hes heen
fo?love: by the T.5, Frost Effects Laboratory at Bnston 1n one

thelir worl,

. oummary

The rate of ice lens formation in «oils i:s believed
to devnend cn the ability of the co0il mass to transmit moisture.
Thisz in turn is a function of its nhysinchemicsl nrorerties.
Whether an ice lens can be initiated depends on the adsorptive
force of water Iin the vicinity of the frost line, Tha tota
driving force is believed to be a combination of (2} the
temnerature pradient and (b) the #cil roisture suction gradient.
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, The first phase of these proposed studies will be
concerned with a study of the limiting pF at which ice leasing
can be induced and the determination of soil moisture potential
gradients under steady-state flow conditions in the absence of
terperature gradients, except in the immediate vicinity of the
ice lens. The flow rates induced by ice lensing will be
compared witnh flow rates in the unsaturated permeability
anparatus., The physiochiemicel nroperties are largely determined
by the clay mineral fraction anéd will be described in terms of
its type, specific surface aree index, interlayer swelling, base
exchange capacity and base exchange complex etc. Some
identification tests will also be done as a means of describing
the co0il for classification purposes. The test specimens will
consist of artificially blended sand =silt and clay fractions,
Further studies will include the effect of normal temperature
groedients, It is believed that such an approach will assist in
the formulation of more adequate frost action criteria.
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