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ON THE RELATIONSHIP BETWEEN PARTIAL SO1L FREEZ1NG

AND SURFACE FORCES
by

Raymond H. Yoang*

ABSTRACT

The exlstence of unfrozen warer in frezen soils has heen
documanted in previoud srudies (eo,g, Kelaian and Low, 1963; Vershionin
gt #l,, 1960; snd Yong, 19853, Of primary interestr dis rhe mobiliry of
rhis uplrocon warer In response to pradicnts drising Erom thprmal and

clpcteical sovrceds in rhe demonstrat ion of Lrost heavine,

This paper examlnes Lie relationship between unfrozen
warer {in frozen soil) resulting in the overall phenaomenon of partial
s0il freezing, and Lhe ronsequent mechanical performance of the frozen
s0il under external consirdints. The parameters considered cenfrer
around the energy relationship of acil for water in the initial ugnirozen
stace and the resclrant parcvilally frozen stare., The energy relarionships
may be deseribed in gencral as surtface torce effects, and in particular
as adsorptlon and capillary e¢ffects, Bpecifying interactions =t the
mineral-water Intertace ay adsorption effecrg, and between water and
gas phases as rcaplllary ettects, the phenomenon of unfrozen warer may
ke related direcrly ro both adsorplion and capillary effectrs.  Ineluded
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siry, Montreal, Capada,



in these effeocts is rhe structural parameter which dictares or modifies
the rezultant complex Llnteraction between the adsorption and capillary

forces.

Relationships are drawn describing unfrozen water content
az a function of molsture potential and persisting sublreezing tempera-
ture. In conaidering the strength of frozen seils, iL is seen thar
actual ice content (as opposed to total initial water content) can be

used to relate strenpeth wicth temperature,

The froat heaving protlem is examined analytically on
the basis ol dice-~wateér relationships and existent multi-curvaturss at
the ice front., <Comparisons are made between measured and predicted

frost heaving prossures,



INTRODUCT 10N

The water relacions of zoil are for many applications
the most important physical characteriscics of seils, Warter Is the
variable which has the greatest influence con properties such as strength,
plasticity, compressibility, and in the case of soil freezing, on the
amount of water that is able to be frozen at the persiscing subfreezing

temperature,

The existence of unfrozen water has been well decumented
In previous studies {for example, Kolaian and Low, 1963: Vershinin et
al., 1960; TYoung, 1963)}. One of the most important considerations is
the mobilicy of this unfrozen water in frozen soilz in responsze Lo gra-
dients arising from thermal and electrical forces in the demonstration
of frost heaving, frozen soll strength, and stability. The energy rela-
tionships may be descrilbed as surface force effects which include adsorp-
tion and capillary effects. 1In general, measurement of these energy
relationships may be pursuaed on the basisz of suction measurements des-
cribing therein capillary or adsqrptive suction characteristics, From
the thermodynamic sense, these may be sxpressed in terms of moisture
potentials and may be broken up inte four divisions:

{1} Osmotic potential which arises from difference in
the solute concentration between the soil water and free water,

(2} Matric potential which is due to the adsorprive and
surface tension forces tending to hold wacer teo soil,

{3y Gravitational potential which arises due te the

difference in position ov head between the soil water and free water,



and

(4) Potential due to external gaa pressure,

In the considerations made In thia study, it is necessary
ko speciiy only the potentials in termz of adsorption and capillary
potentials. In terms of mechanical equivalence, these can be broken
dowm in terms of the measured suctien which Includes wmatric and osmocic
suctions. The osmetic potential will be large for active clays and is
relatively small for silts. Since sucticn measurements ndequately des-
eribe the poneral relatilonship between the forces holdiag water to
g0{les and the particular state of the soil, it 18 not unreasonable ro
expact that these same forces could have some influcnce on the degree
of freezing of the pore-water, and thus ultimately dictate the engineeving

properties of the semi-frozen seil,

The intent of this paper, therefore, is to examine
{@) =soil-freezing relationships In terms of rthe forces holding water
to soil (expressed as the solsture potential or the suction capacity of
the so0il), {b) freozen soil stvength relative to actual frozen water

content {l,e. actual ice content) and {c} the frost hraving problem,

EXFEREMENTAT LON

Most of the eaperimencal techniques and procedures have
bean detailed elsewhere {o,g. Yong, 19563). Only a brief review will be
given here. The materials used for the experiments consisted of a

plastic kaolinite clay identified by its trade name as "Bell" c¢lay, a



medivm foldapac-quartz clay, and an inorganic silt, The physical pro-

pecties of those sulls are piven in Table I in the appendix,

Suction measurements were copducted using the pressure
sembrane technlque, while a modified double ring shear test was used to
examine the strengeh of the f{rozen solls. Axial confining pressures
ranging from O psi to 240 psi were used as axial prestressing prier to
application of radial shear. In the case of the determination of the
quankity of water remaining frozen, the approximate calorimetric method

was uded.

In the study of Frost heaving prossures, a gimple uni-
axlal systom was used, A thin ice lens was allowed to develop at the
frase front, before the application of an equilibrating pressure, Res-
trietion of Ffurthor growth of ice lens was taken as the criterion for

equiiibrating pressure.

RESILTS AND DISCUSSTON

Infrozen Water Content

The principle of applied pressure used in Lhe meagure-
menk of total petentilal of the soil water prescribes that the work
required to remove warer againatc suctien forees of the asoil, and esmotic
forces of the soll water, defines the total potential of soil water.

The relationship between water content and moisture potential for the
three =o0ils used in the study may be seen in Figure 1, The total mois-

ture potential at any cne moisture content reflects the activity of the



gsil., Thus, the Ball clay with the highest plasticily index (indicative
of the activity of the s0il) has the higher meisture potential far the

ssme waler content, i.e, compared ta the medium clay and the ailr,

The amount of water remainlng unfrozen at any one per-
plsting subfreezing temperature can be related to rthe kension in the
soll water arising from the geometrical arrangemenl of particles, forcaes
arising from curved air-water iIncerfaces, and iateraction of the surface
forces, Thus, with measurements of Lotal moisture potential which
reflect the degree of Interaction arising from surface and capillary
forces, and alsc of soll structure, an evaluakion of quantity of water
remdining unirozen (designated as unfrozen water content) may be made,
Such a relationship for cxample is shown in Figure 2 for the Bell clay.
The common base wsed to establish the relatfonship depends on imitisl
water content. Since litrle 15 known ol Lhe eiiect of sublreezing rem-
peratures on molsture potenlial relacionships, the assumption is made
that during process ¢of I{rcering, initial tension 1in the pore water must
dictate ulcimate ireezing of the pore water., The sasumptlon is viable
in that the critical temperature of Lhe pora water which deLermines
freezing of the pore water will depend on the energy status oi the water
within the porea, In 4 scparate study on depressed remperature cifects
(IOC to 20°C) on ths diffuse ion-layers of sodium montmorillonite, it
hags been shown for example that the Gouy-Chapman theory may be used to
predict osmotic swelling of the pure clay (Yeng er 2l1., 1963}, While
this does not provide posictive evidence, support may be drawn for accep-

tance of the assumption used.



Il one expresses the gquantity of water remaining unfrozen
a8 a percentage of the original moulding water content, by interpnlation
from Flgure 2, Lhe potential-unfrozen water surface shown In Figure 3
can be established. Any part of the surface represents the percent of
original water remaining unfiroczen as a function of subfreezing tempera-
ture and moisture porential For the Bell clay. Similar surfacesz may be

drawn Eor the other soils tested.

Frozen 50il Strength

Evaluarion of {rozen so0il strengeth was performed using
a modified double ring shear device, Both the medium clay and ingrganic
s1lt soils were tested tp determine the physical characreristics defining
frozen soil strength. Axlal prestressing up to 240 psi was used with
different samples subijected to varying prestressing presaures -- i,e,

&, &1, 120, 180, and 240 psi.

I[ one plocs wlrimate shear strength agalnst initial
water conteut, one abtains a fairly decipherable relationship for the
silt soil, but a widely scattered plot far the clay samples -- as shown
in Figure 4. The evidence shown points out the Ffact that while the
water content paramerer may provide ap indication af frozen soil
atrength at any one [reezing temperature, the fundamental parameter of
unfeczen water content, which is more significant for clay soils, 1s
parhaps more important. Sioce unfrozen water contents for the frozen
aile ave small in comparison to the elay samples (Yong, 1965}, correc-
tlon for actual ice contemt, i.e. initial water content minus unfrozen

wialer content, is not sufficiently large to distorr the relatiomship



shown in Figure 4, Thus in Figure 5, the relation between shear stirength

and actual ice content bears similar resemblance to that shown in Figure

4.

The correction made for conversion of inltial water con-
kent to actual ice content for the clay mamples provides a lessening in
the acatter of points seen In Figure 4, A more reasonable relacicnship
for the frozen clay scrength may then be obtained -- as shown in Figure
é. In both Figures 5 and &, an anomaly is evidenced., The shear strength
behaviour of the frozen sotls at -15°C does not seem to conform to the
trends shown Eor -10°C and -2000. Ko reason can be glven at the present
time for thie beshaviour, It is perhaps iInteresting to note that the
strengthe tend to simllar values for 2ll rtemperatures as the lece content

iz increased, This indicaction 13 not unrealistice,

Frost Heaving

The [rost heaving problem has been examined by many inves-
tigators in terms of principles, mechanisms, and pressurcs generated
{e.g. Miller evL nl., 1960; Takagl, 1$65; Penner, 1959; and Hockstra
2t al,, 1965}, A comprehcnsive review of the literature given by
Takagi (1965) shows varied conclusions. It is not the intent of this
section of the study to engage in a discussion on the results of diffe-
rent theories, but to present evidence ¢f a viable theory for prediction
of frost heaving pressures based on pore and particle radi{, substanti-
ated by corresponding eessured pressuras For rhe silt samples studied,
Assuming that thermodynamic relations can be written for & curved ice-

wvater interface in a pore, from Maxwell's thermodynamic relation:



(), - @)

using the usual notation

3, -

L]

For small incremental changes

ar _ 4T
AP I cea (2)
considering AF as 2 /r where
< = Lce-warer interfacial energy
r = radius of curved surface
v, = volume ofF ice = lf'ﬁa_fur unit wolume consideration
Fi = density of lce
L = latent heat of fusion
AT = freezing poilnt change at curved surface.
Equation (2) may be writtren as
AT = - f;i’_r_: e (D)

which 1s the same form used by 5ill and Skapskl (1956).

For the configuration ashown im Figure 7, since the [ree
energy of the ilce must equal that of the water at equilibrium, the
reversed curvatura of rhe ice front berween pore space and particle must
be ac¢ounted for, Since minlmum potentisl energy configuratlon for the
ice Exont must be a flat plane, both the ice radil in the pore r, and
around the particle 1:‘1::I wust be conaldered. In this case, if one assumed

cubicle packing’
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rv rp ( 1L =n )
T
OHT = -'E—FEE In the pore
ﬁﬁ v
o T
T = +-—2-;—£ for the particle.
Pi p
Hence in the local reglon encompassing a particle and a void space, the
net AT is given as
29T 1 1
.&T = - II.OiL - 4= rv] .o (&]

which s similar in form to that given by Miller et al, (1960). Since
AP, the pressure generated between the ice and particle 15 given by the

Clapeyron telation (see, for example, Penner, 1959},

LAT
M = T{?H - vi} L (5}

Substituting the appropriate values for rP, L and

in equation (4) will provide the valus for AT ip equation (5).

In the case of the silt uvsed dn this study, . and ',
were comparatively constant threughout the seldl. Since AP would act
on the s90lid particles Eor a physical demonstration of frost heaving
preasure, projection for a total frost heaving pressure must he made
considering the effective particle surfa¢e area contacted. This can be

2/3

approximated by modifying the total cross-scctional area by (1 - n) s

where n = porosity,

In the data obtained by McKyes (1966), using o= 20

2
ergsfcm , exact correspondence was cbtained between predicted and
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measured values. The method was tested for results given by Hoekstra
ot &1, (1963} and Penner {1939) using the 10T passing size of rp and r,
and was found to be walild. Figure B shcws the correlation., If frost
heaving pressures can be transmitted to the zurface wirhout loss due

Lo compreasion of the [rozen soil above {as is the case In laboratory
experimentation), the principle of multiple curvature shows wvalid
theoretical applicarion, The existence of adsorbed water on soil par-
ticles is seen to be a requirement, without which the fce-water inter-
facial relavionship cannot be tenable at the lce-water-particle region.
In siltes, since adseorbed water {controlled by surface forces) is suf-

ficlently =mall, rP capn be reasonably represented by the particle radius,

A better determinacion of rp and T, omay be obtained by
using the capillary potential at some representative and effective satu-
tation, In silts and sands, the teoral potential is due to the capillary
potential, and thus an effective rP denored by r; can be computed, using

T= Ji ergs!cm2 for air-water interfaclal energy, r;, the effective
pore tadiuvs, can thus be computed, From initial controlled experiments,
the representacive saturation was established as J0%.. Thus, a relation-
ship between frost heaving pressure and soil meoisture potential may be
establizshed (see Figure 9), where the lipk is provided through che com-
puted effective rvadii of curvatures r; and r; followed by the use of

eguations (4) and {5). The role of surface forces In the determiration

of frost heaving now becomes evident,

In clays, however, larger surface force effeces will not

allow an easy approximation of ré and r; baged on capillary potantial.
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The problem then remainling (s to determine not only an effeccive r!,

but also a corresponding r;.
CONCLUS TONS

The role ol the sarlace forces is seen to Influence many
af the scil freezing problems. Unfrozen water in frogen solls 1s scon
to depend on the total moisture potential of the soifl, In turn, this
will infivence frogen strength directly, and will Indirecely influrnce

the magnicude of froat heaving pressures,
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APPENDIX

CONS ISTERCY PLASTIC MEDLLRE SILT
KAOLINITE CLAY CLAY

L 74 07 25,1

PL 3l 28.8 17.0

Specific Gravity 2,75 2.73 2.68

Grain Slze {by weight)

% finer 0.15 wm 100 100 100
Q0,10 mm 100 100 93
0,05 mm 100 91 B3
0,01 mm 100 72 22
0,005 mm 100 66 2
0.002 mm 100 ao o
0.0008 mm a0 0 0
0.0005 wmm 67 0 0
TAELE 1

S50il Propertles and Characteristics
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FIGURE CAPTIDNS

Relationships between Moisture Potential and Water Content

Influence of Moisture Porential on Quantity of Water
Remaining Unfrozen {Unfrozen Water Content) for
Bell Clay

Porential-Unfrcozen Water Content Surface

Shearing Strength as & Funcetien of Inltial Water Content

Shearing S5trength of 5ilc Relacive to Actval Ice Content

Shearing Strength of Clay Relative to Actual Ice Content

Schematic Representation of Local Reglon at Freezring
Front Showing Ice Front Curvatures

Comparison betwesn Measured and Predicted Frost lleaving
Pressures Using Actual Partiels Radius

Comparison between Measured and Predicted Frogt Heaving
Pressures Using Radius of Curvature Computed

from Moisture-Potential,
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