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RESEARCH ON FUNDAMENTAL FROPEATIES AND CHARACTERISTICS
OF FROZEN SOILS

Raymond Yong*

ABSTRACT

The behaviour of Efrozen 50il under leoading conrditions kas bLeen
studied in terms of fundsmental Efactore contributing to the strength of
the soll, Electro—chémical theories based upon forcea of imteraction bhec-
weeny charged particles have been applisad by considering Fine-grained soils
a8 platelets with Inderent unbalanced charges. It has been showm thak the
gquanticy of water remalning wmfrozen in a soil-warer aysrem subject to pro=-
longed freszing temperaturee can be relared to bBoth inherent properties and

external factors.

Properties or factors considered important in Lthe conajderatiom
of unfrozen water content in & frozen soil are original wacer concent,
temperatura, clay content, charge density, and electrolytic concentrationm.
Parrial freezing of tha pore water affects the presaures exerted on the

individual particles as a result of ihe freering process.

The shearing etrength of frozen soil {s¢ dependent upon ice
content, temperature, lateral confinement, time vate of shear, and factors

asgsoclated with pertcial freezing of the pore water,

® Asalstant Professor and Director, Soll Mechanics Laboratory, McGill Univeraity
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Introduction

In the study of soll properties and characteristicas, it 1s often
considered vseful to ebtain Ffundamenkal talationships relating weasured prop-
erties and charactarlatics with behaviour patrerns., For solls existing at rem-
peratures above freezlng, of particular interest are sueh properties as soil
strength and compressibility or deformation characteristics. - gince In the
[inal anslyals thece have the moat direct bearing on éngineering atructures.
The parameters invelved in such behaviour churactefiatica are preaently being
subject to considerable study and scrutiny, For wany clay scils, it is be-
coming more &nd wmore evident that the laws of mechanics applicable to gran-
ular soils may not be as ¢aslly ppplied to 2uch clay soila. The surface for-

ces existing in clay soils anet now be conaldered.

In 851l strength, there is evidence that the method of rLeak evalu-
atlen plays an important part in the detecmination of the factotre giving rise
Lo s0il srrengkh, Between tha limits established by granular soils and claya,
it i3 rhought that friction is primarily responaible for granvlar soil strength
in fie ove imstance, and ''cohesion' 12 the other prime factar in clay seil
strength, "Cohesion" however s an elusive parameter which seems beat inter-
preted as an inherent property of clay sotla dependent upon such factors or
variagbles asi=

a4} type of c¢lay mipneral and soll mass composition,

b) presztress higtory,

£} woil etructurs - particle orientation and arvangement,

d) nature of pore watsr and degree of saturation,

¢} mathod of teat evaluation.

Because of the lack of knowledge of clay soil-water intersction,
it 1a apparent from the interest now shown in this important area of study
that at the present time, it is more a problem of the definition of the term

"cohesion", (Sce for example Lambe 1960, Schmertmann and Hall 1961 and
Rosenguist 1959}



If the problem of defining and establishing the basic parameters
involved in eofl atreapth seems diffileult feor umfrozen seills, the case for
frozen solla ia most complex by comparison. Added to the complexities of
unfrozen so0il are such Factors as temparature, ice content, partial freezing
of the pore water resvlting in the satablishment of unfrozen watar in frozen
soils, nupher of ice crystals formed, orientation of fice eryatals and size of
ice crystals. If may be that some of the complexities of unfrozen sofls will
be cobviated, but on the other hand, they may be multiplied.

Exqperimentztion

To ¢btain an Insight iote the problem of frozen soil atrength and
ita relationship with conventienal measured properties and observed charac-
teristics, three types of soils were used in the study - (sand, silt and
clay - see Filguxe l.). Two types of strength tests were used to measure
shear strength of the frozen sollsa - unconfined compression best and ring
shear teat, A schematic representation of the ring shear test methed is
given in Figure 2, Restraint against axial elongation was provided and as
part of the teat technigue, the test zample was aublect to an axial force

prior to applicatfion of the shear foxce,

Test samples wera prapared in waxed containers in the case of
qand samples, and the 3ilt and clay samples were prepared either by consol-
idatlon or compaclion, Sand samples in both the dense and loose states were
fully satursted and only the consolidated clay samples were completely satu-
rated. Clay and silt samples compacted by the Harvard Minjacure method were
compacted on the dry side and efther frozen in that atate or allowed to take
up water for three days by controlled acaking prior to freszipog.

Evaluation of unfrogen warer content waa by calorimetric means,

Yaristion of initisl water contént was achieved only by means of moulding

water content - (not by drying out from a uniforwm inftial water content},



RESULTS AND DISCUSS TOW

Some of the data and results have been presented previously In
primarily tabular form (Yong 1958, 1960) for strength tests on laboratory
prapared samples. Subssquently, further experimentation hag been undertaken
ot other moce Eyndamentgl factors such ag reletionships bLetween temperature,
¢odl type and unfrozen water comtent. Only results and data pertinent to the
discnasion on a possihle mechanism of shesr strength of frozen soils will be

presented herein.

It sesmns most appropriate to discuas the philosophy of frozen soil
atrength slong the following lines:

a) What the strength tests indicate, and
b} Ths possible mechanics of the frozen system.

Rate of loading in Unconfined Compression

Projecting from conventional etrength tests on unfrozen agll, the
logical procedure would be to determine strength of frozen so0ils inicfally
in terms of unconfined compression testa. In the genaval wmderstanding of
strength of materials, this ressoolng ias both valid and sound, From previocus
studtes (ACFEL 1951) on frozen soil strength in uncenfined compressicn, the
rate of load application waa found co be important up te a rate of leading
of a2pproximataly 400 psi. per minute, Beyond this, the strangth f{n¢rease
realized from an inereaae in rate of loading was small and relatively insig-

nificant,

At rates of leoading In unconfined compression of approximataly
0 psi. per winute and 500 pei. per minute, {designated as "slow" and “fasc"
tespectively in Table 2) it was noticed that temperature was more effective
in causing marked changes in ultimate strengths and atress-strain moduli -
see Figurea 3 and 4, Rate of loading plays a more deminant role at higher
temperatures in the realization of ultimate strengths of clays and aands.
At these temperatures (approximately -SGC}, the higher rate of loading serves
to decrease ultimate atrength of the frozen sand soilw while incresaing
their stress-strain woduli. On the other hand, while the ultimace strength
of the clay seils decressed with the higher loading rate at the same high



temperature, the stress-gtrain modulus of the test samples were increased.

Based upon limited studics of rate of ztrain loading on clay zoils
at cormal above-ireszing temperatures, the decrease dn ultimate atrength and
skreas-atraln modulus with increased rates of leading experienced at temper-
atures Just belew freezing,indicate that it is not pessible to explain frozen
clay s0il scrength vsing the same model for both frozen snd unfrozen soils .,
While this may seem intulkively obvious, there have been numerous suggestions
proposing Just such analyses. The decrease in ultimate strength of sand soila
with a cozrespimding increase in rate of loading seema to justify the need
for anosther mechanizm or for the search for other factora hitherto unkrown
cancerned with development of {rozen seil etrength. These will be discuased

in the aection on "General factors affecting Frozen 3o0il Strength”.

Ring Shear Test

The ring ahear test shown schematically in Figure 2 was used in
an effort to learn more about the mechanica of shear faflure of the frozen
soils, Inicially, co vestraict from axial elengation was provided for, and
under Eransverde shear, the tendeacy for axial elongatlon was noticed.
Cenzequently, tha shear test was refined to include awxisl prestressing -
with Lhe hope that more could be learnt about the #elatloaship between con-
finemant and shear srress. It must be pointed out chat while this triea to
emulate the conventioral triaxial tese, it {8 0o wey pretenda to ba such,
since restraint and confinement can enly ba contreolled posicively in the
axial dire¢tion. Confinement along the radial direction was sontrolled
directly by the f£it of the frozen #¢il apecimen in the ring shear apparatus.
At extremzly low temperatures, thie was not teo critical, but at temperatu=~
res slightly below freezing, it seemed that the tendency for radial expanaien
induced both by shear and axial reatraint could be che cause for some of the
irreprodeciblilicy of results.

In Figured 5 through 9, soae Leat results relating shear atrength
and final axtal pressure for sands, 3i1lta and clay solla are given. Although
initfal axial confinement may be used as a relating facter in reportiog the
tegt results, it was felt that because of the axial elongation under shear,

the results may bé more meaningful if the final axial pressure was u=ed to
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analyze the inter-relaticuships. To provide further dara in the study of
contribution to shear strength Erom fce strength, Figure 10 showe the in=
fluance of axial pressure on the shearing strength of dece, Ho atkempt wag
made to control the growth or orijntatien of ice cryatale ~ both for rha

sail samples and for the companion ice samples.

It may be argued from an examination of the ice curve in Figure
5 and thoae in Figure 10 that axizl confinements above 50 psi. would begin
te cause crushing of the fce in the soil voida. Thim cannot be deniad, Fail-
vee In frozen sciles however {s not goverosd solely by the ice component - as
witness the curves in Figures 5 through 9. Even in the case sf ice specimens,
while shear strength of the ice gpecimens averaged around 100 pai. with ne
dnitial axial confinemenc at -500, atrength fncrease is noted with Inereasing
axial confinement. It would seem that & "fricticnal" characteristic doea
exlat in ice which tends to influence ice atrength. It would scem obvicus
that there must bo an optimum axial confinement which may be placed on the
ica samples at any temperature - beyoud which ice breaidown would ba too
great and fajlure would gccur before any Eraravexsc shear can be effected,
The curves for ice strength at -57C and -8%C in Figure 10 show Juer this

phenoaenon,

How doea this affect frozen soil mtrength? In frozan saturated
gracular sofls, while {t {s not pessible te separate the frictional charsc-
teristic of the ice from that of the aoill grains, the evidence indicartes
that the total mass behaves similarly with frictioral materisl. The slight
aberrations from linearity must possibly erise from plastic yield snd de-

formation of the ice phase.

While the clay s0il used in the study showed very litrle
frictional chargcteristic in the unfrozen state, the resuits shown in Fi-
gures 8 and 9 fndi{cate otherwise. It mugt he concluded from these results
that the major frictional contribution is davived from the ice whilst par-
ticle interaction and other undetermined factors could also provide some
of chis friccion characteristic, For incomplate eaturacion, much remains
ke be learnt about interpartfcle action fn clay soils in the wnfrozen
gtace, Thiz leck of knowledge restricts intelligent speculation on the

nature of facerparticle action in tha frozen state.



The twa limlts represented by [rictional and Erictionless soils
{pand and clay) both demonstrated that tha ice phase In the frozen scils
contritute pignificantly to the development of frozean =201l atryengrh. Although
there {a difficulty in defining the sctuval eontyibution from the ice phase,
the results obtained by decreasing the Freeging temperature show increased

atrengths,

It would be expected that the frorzea silt #9113 would alse reflect
the sams trends shown in the clay sofls, The {iafluence of tha ica conmporent
seens to be more noticeable - whan the "dey" aad "wet" silt pamples are com-
pared, Thie seema reatonable since 1t was ahown Erom a2tudies of normdl above
freezing temperaturas that friction ie tha geoverrlsg compocent In the sllt
soil. Henmce 1f these same 31lt 20i1ls are prapared in the "dry" scate, i.e.
dry of optimum and at abour 50% saturation, it would be reasonable to assume
that incresases in sirength arising from corresponding increazes in axial
confinement would result primarily from mobilization of granular frictiecn.
By allowing tha silc scils to tzke up water - up to abonr %)% saturation,
the atrength incxesses inown previcusly in the “dry" samplea were not as
pronounced in tha "wet" samples, Whilat ehear etrength of the "wer" silr
sasplen did Increase with {ncreasing axial confilcement gnd siso wich de-
creasing temperature, these increases sszem to depend more on the demonstra-

ted strength propertieaz of the pors ice,

Unfrozen Water Content

It became increasingiy evident from observations on the behavi-
our of frozen ssturated clay soils under unconfined compression, that some
of the demgngtrated yield and plsstic deformation even ar bhelaw freezing
temperatures must be due to the prasence of some water in the frozen samples.
It was not ¢lear whather this vnfrozen water resulted from local melting at
etregs concentrations, or whether it existed despite freeziug of the samplea

with ne relation wharspever with imposed radial shear,

In a detailed study on unfrozen water content, - zome of the
results of which are presented in graphical form in Figures 1l through 15,
it is necassary €0 define certain limitations and conditions. Williams

(1962 and parsonal coumumication) used the technique of drying ocut of
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samp les from a constant initfal high wacar content &2 standard procedure for
sample preparation, For this study, variacion ir. water contect was achleved
by varying initial moulding water content. The cifference in technique here
although seemivgly alight has resulced in ax inreresting and mesningful deve-

lopment,

The results presented in Figures 11 through 15 show thar variacion
in the initisl moulding water contenrt resultz In correspoading variations in
the quantity of water remalning unfrozen measured ab different subfreeziog
temperaturea. Flgure 15 showa this phenomencn. For claye and alles, it 15 a
matter of great Importance whether the specimen I8 preparid sr above optimum,
optimum, or below optimum water contents, Unfrozen water coatent decreases
as temperature decreases, but the position of the curve depends upon the ini-
tial moulding water ceatent. Further to this, unfrozen water content varies
at rhe same remperature dependent upon whether the epecimen f2 froazen to the
test remperaturxe or frozen at & lower temperatuve and allowed to thaw to the
test temperature, This is demonatrated by the basd lines or curves in Fipgures
11 through 14, The upper liwmlts af the banda tepresext the unfrozen water con-
tent meagured as the spacimens were frozen directly to the teat temperature
shown, while the lower limite of the bicds représent measuremeats of unfrocen
water content as the specimens thawed Lo the fest temperature from aboul 2%
lower than the rest tewparature. Sinmflav hyetzresea were reported by leonards
ard dnderaland (1960} and Wiltfama (19572).

By relating unfrozen water in termd of percent saturstion or
percent of original moulding water content remaining unfrozer, a betier un-

derstanding of the phenomenon of partial freezing may be obtzined.

Williame {loc.cit.) reports that the quantity of water remzining
utfrozen 1s not dependant on Initial water content. On the basis of drying
out from & constant initial water content to different water contents prior
to freezing, this may be expected, In terms of sofl etruecture or orientation
of so0ll particles, little particle re-arrangement occurs ynder slow drying
{within limite} from the reported technique. Hence it would be expacted that
301l suction measured in terms of pF would not chamge significantly. It
follows then that with this rechnique of zample preparaticn, the gquanticy

of water remaining unfrazen et & constant pF would be derendent on the test

- ¥-



temperatyrs and the means of attainment or sxriving at the tegk temperature.

On the othexr hand, with tha tectnique of variation of inirial
noulding water content, individual specimen soil structures would be varied
and from previcus studiea (Warkentim 1962, Schofield 19353) pF would corres-
pondingly vary. Consequently, the rzéaults given in Figure 15 reflect unfrozen
wakter contents based uvpon variations in pF's arising from differences in

structural oriencation,

The factors giving rise to partial freezing and unfrozen water
cantent have been discussed in previous studies {e.g. Yong 1962), Aa expected,
the silt solls prepared and tested do not show the same magnitudes of unfrozen
watar. Howaver they showed the game inter-relationghipa between initial moul-

ding water content, temperature, and unfrozen water content.

Bactors affecting frozen scil-strength

At this present stage of research on frozen soil properties and
characteristics, the evidence indicates that much remains to be done, Whilst
it 1a not possible te give positive results or to draw conclusions, it Ls
possible to examine the factorm considered in the development of frozen soil

atrength,

It is evident that frozen soil strength increases as temperature
is decreased and as restraint on axial elongation 13 lncreased. Projecting
this further, it would seem feasible to suggest (based upon the data) that
1f normal pressure 1s increased, shear strength would correspondingly in-
crease = or 1f volume change 18 restricted, shear strength would be increased.
The 1ce "frictional” characteristic c¢an be vaed to an advantage to develop

greater acrength potentlial in the frozen soil,

The quantity of water remaining unfrozen Iin partially frozen
sails will affect atrength development since it 1s fairly obvicus that more
unfrozen water means lesa pore ice present in the seil, Under load applica-
tlon, strength development 1s thought to depend upon not only shear strength
of ice and soll particles, but also oo the adhesion of ice to soll particles.

Since unfrozen water and the concepta proposed for the ewxletence of unfrozen

-2 -



water suggest that a film of water separates Individual soll particles from
the pore ice or ice phase, it follows that adhesion between ice and soil par-~
ticles depends upon the properties of this unfrozen water. Ho results are

available however to allow for any speculation on the properties of the un-

frozen water.

Not only cemperature, soil type, coniinement, and water content
#ffect iroren soil atrength, the Ereezing or thawing history of the frozen
aoll mass must alsc be :onsideredh It may be argued that present avallable
teat techniques do not weagurd or yleld the naceamary propertiss for inter-
pretation of inherent parametera however these are the only ones avalilable

presently.



CORCLIUS IONS

The present atage of knowledge of the mechanice of frozen seil
leaves wuch to be desired. While scuwdies and reports are avallable detalling
strength of frozen soil as a funetion of soil type, temperature and a few
other factors, a clear understanding of the mechaniam involved therein is
lacking. Much remains to ba dona and further atudy is presently under way
to determine the more fundamental parsmecers thought to be important in tha

conglderation of frozen agils.
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TABIE 1

Properties of solls uged for study

Sand, - @ =137°, ¢ =o, s, = 2.65
S11c. Clay
LL 25.1 &7.0
FL 17.0 28.8
Sn 2.68 2,73
Wopt, 16.5 28.5
Opt. dry density 114.5 pef B7.8 pef
Mineral Contert in approx. %
Chlorite - 2 =13
Biotite - 10
Amphibole - 2 -3
Feldapar 20 50 = &0
Quartz 80 23




WOTE!:

Group
¥o.

B R B wvwowewdwmm

Svmmary of unconfined compression résults

TABLE 2

Groups coneist of 5 indfvidual samples.

Sample
Nog.
15-31-35
DE=-31-35
15-36-40
D5-36=-40
LS-41=45
DE-41=45
1S-46-50
D5 -4 A=50
CL-1-5
CL-6-10
CL-11-15
CL=16=20

Teat
Temp.,
SG

-17.8
-17.8
-17.8
-17.8

]
o~
- - R e e )

Rate of
Test
Faat
Fast
5low
51low
Fast
Fast
5low
3low
Fast
51low
Fagk
Slow

Ave.
Denai:;
1bs/ft
115.3
132.5
118.5
13z.0
123.0
132.0
123.2
130.3
108.6
109, 7
111.5
111.3

Ave,
Void
Ratio €
0.784
0.446
0.81l0
0.4564
0.679
0.461
0.661
0_4AB
1.111
1.202
1.123
1.153

-13 =

Ave

Water Ultimate
Content Strength
K.5.F,

W%

29.8
16.9
30.8
17.5
26,0
17.5
25.4
18.6
39.7
43.1
40.3
41.6

Ave,

311.
k1Y
269,
3ls.
L24.
223.
164,
259,

B4,
105.
236,
208,

£ 0 0 O 0O ~w O O Bk

2
7
3

Ave Stress
Strain Mod.
K.5.F.

14300
L6700
11500
12600
9300
1120G
3300
6100
191G
2570
6720
6780
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Compressive Stress - KS5F

400

50

320

280

240

200

160

120

B0

40

UNCCONF INED COMPRESSTION TESTS
ON SAND

-1
@
FA'E'i: LT \‘[v'b o=

Lo 3 & O

- o ké-5a
iLuwl --!'I.-bf_, ﬁ“¥'ﬂ,*4‘1“—

e de-mw
< Dhawy, —a. O




Shearing Strength psi.

SHEARTHG STRENGTH
AND
FINAL AXIAL PRESSORE
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5D5 = Denge Sand
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Figure 5
- 18 -



Shearing Strength - psi.

LOO0

BOD

600

400

200

SHEARING STRENGTH
AND
FINAL AXIAL PRESSURE
SILT

m = Madium water content
d = Ity

o5 700 40 700

Flual Axisel Pressure - psi.
Figure 6
- 19 -




Shasring Strength - pei.
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Shearing Strength - psi

m = Medium warer coatent SHEARING YTRENGTH
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Shearing Strength - psi
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Sheariog Stresgth = pai
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Thfrozen Water Cogtsmt = X
] = s
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