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SOIL SUCTION EFFECTS ON PARTIAL SOIL FREEZING

by
Raymond H. Yong¥
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Synopeis

The ability of water to move in 30ils under temperature, concen-
tration, pressure or other gradients, is dependent to &4 great extent on the
particle interaction characteristica of the soil-water syatem. In both sat=-
urated and unsaturated seils, the total effect of such interaction may be
measured and described in terms of soll syction {pF) or molsture potential.
Thia pacentcial of water can be 3 convenient tool since it may be used with-

out specifying exsckly the nature of the forces holding water to aocils,

This paper presents measurements of soil su¢tion #nd relates
them tc the partial freezing phenomenom of three sofil types - a kaolinitic
clay, a medium feldspar quartz clay, and a aillt. Owver the tange of tem-
peratures congidered {from 0°c to -lﬁﬂﬂ}, it was shown that the quantitcy
of water remalning unfrozen may be relaced directly to the soll suction

parameter.

The importance of Ereezing or thawing hilstory may be noted in
the difference in guantity or percentage of watcer remaining unfrozen, de-
pending upon whether the test samples were frozen to the test Lemperature,

or thawed to the test temperature from a previous lower temperature, For

¥ Asgociate Professor and Director, 5Soil Mechanlcs Laboratory, McGill Uni-
versity, Mgntreal, Canada.



exaeple for the owediwm clay st & pF of 3.11 and ac -0.501‘:, the unfrozeu water
content dropped from 38.1% for samp{fa frozen to the test temperature, to
21.5% for others thawed from a luuer‘ttnperltute ta the tesk temperature of
-0.5°C, At -lﬁﬁc, tha drop was from #.5X to 7.1X for the ssama condition.

At g pF of 3,79 and at -1a“c, the drop was from 7.4% to 5.4%.

The pF parameter and partial sofl freezing relationahipas are
shown and discussed for the three soils studied, In all cases, the results
show that the higher the pF value (measured at room remperature), the greater
is the percentage of water remalning unfrozen at any subfreezing temperature.
In terms of surface tensfion forces and interaction of long end short range
forces {Gouy forces) a lowering of the temparature would increase the former

and decrease tha latter.

A simplified pressure-membrane technique for soil sucticm
measurements is presented which would allow for routine soll suction deter-

minations.



INTRODUCT ION

In a given soil-water system, soil moleture movement occuxrs as
a result of a variety of causes. These wmay Inelude tempersture, concentra=-
tion, pressure and other physicsl and chemical gradients. In both saturated
and unsaturated soils, tha zhility of water to mave {8 to 9 large exteat de-
pendent on the water holding capacity of the moil. The factors which influ-
ence the forces holding water to soil are fot well known or clearly under-
atood, Low (1958) suggesta that both movement and equilibrium of water in
aoil=water systemg are affected by soil and clay-water forces. In general,
measurements of soll zuctiom expressed in pF units (Schofield 1935) or as
moisture potential sarve to piovide a useful understanding of molature re-
tention, which fn turn gives an indication of the intergction characteristics
af the soil-water system. This Inciudes menigci or capililarity effects and
interaction of the long and short range forces in the system. The moisture
petential, or spaecifically the so0il moisture potential may ba defined as
the energy or amount of work reguired to move a unit mass of water from a

position within a soil mass to a frea water surface.

Since many of the problems arising in the determination of prop-
ertiexs and characteristics of s5o0ils are in parc dependent upon scil mois-
ture relationships, it then hecomes neceszary to investigate sofl suction
in terma of basic soil perameters. ‘The purpose of this study is to estab-
lish these relationships with inicistl application to the understanding of
the role of molature potential or pF In partial soll freezing. A secondary
purpose is the design and development of simplified equipment and techniques

which would allow grester flexibility {n the measurement of pF in general.

in previous studies on soil freezing {e.g. Yong 1962; Leonards

and kndersland 1960;Vershinin et al, 1949} it has heen estalhliahed that
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total freexing of pors water la not eften realized. The results show that
the quantity of soll-water remaining unfrezen varies with factors such ae
temperature, soil composition, and initial water content. It is suggested
(WM1liame 1963; Xolalan and Low 1963} Yong 1963) char unfrozen wster Ln
pavtlally frozen seils, {the term "partislly frozen eolls” {s used to indi-
eate incomplete freezing of the fluid phasa) 1a dependent to a great extent
on the interaction charactaristics of the particular soil-watar system. If
one accepks the thesis that the interaction characteristics of a soll-water
system are a function of soll cempoaition, sonfiguracion, matric potential
and Iinterparticle forces (and there 1s an overwhe lming body of studies to
ilsdicete that this is s0), then {t seems reasonable to expect that a measure
of this interaction (specifically moisture potential or pF) may be vaed to
describe relationships befween original water content and unfrozen water
content for any subfreering temperature, Hence with the indication that
forces holding water to s0il play a dietiackt role in the determinacien of
parcial soil fraazing’then molsture potsdtlal or pF measurements could provide
a veefyvl understanding of unfrozen water content and subfreszing tempera-

ture realationahipa.

lctnauladggpgnt:

Measurements relative to soil freseing and uanfrozea weter con-
tant wera from the study of frozenm soil properties supported by a Grant=In=-
Aid of Research received from the Iefence Research Board of Canada, The
stody on moisture potential {(8oll suction) wes supported by the National

Research Council, The support of both these agencies is gratefully acknowl-
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EXPERTMENTAL TECHNI{NES AND PROCEDURES

pF Measyrement Techniques

Varfous methods for soil suctien messuresmsent have been and
are now in use, Many of these are sultzble only for limited pressure or
suction ranges and suffer from other limitatiene and constraints. A de-
tailed evaluation of these technigues has been presented by Croney and
Coleman (1961} and will not be repeated here, In general the methods and

ranges of pF capacity are:

pF
&, tensiometer o-2.,9
b. direct suction G- 3.0
¢. suction plate 0 - 3.0
d. centrifuge 3.0 = 4.5
e. sorption balance 5.0 - 7.0

f. freezing point depressien 3.0 -~ 4.5

£. pressure membrane 0 - &2

fither nmethods availilabkle for the measurement of soll auecion

include:

a) Continupus Flow - variation of suckticn plate

%) Rapid Mathod - variation of contisucus methed

¢} Frasgure Plate - another varlatioo ¢f zuction plate
d} Oedomster mathod

) Vacuum daessicator - simllar €o balance sorption

£) Electrical Resintance gauges.

The method used for this atudy was based upon the pressyre -

membrane technique since this gives capacities ranging from D to a2t least

-3-



6.2 pF units (Croney and Colemsn - loc cit). However instead of a pressure
platon arrangement where compressed air is introduced through & point and
further actuated by the pisteon, the device usad in this particular study

canentially ainplifies both pressurs spplication and measyvement systems,

In Fig.l. a schematic picture of the experimencal technique
is described with details of the sample chamber shown in Fig.2. The prin-
ciple of mpplied pressure as us2d in cthis study {s more rendily explained
with the aid of Fig.3. If a scil samplm im sofficienciy chin to prevent
peisture migration due ro pressuvre comsalidation, water will leave the sam-
ple until the sum of the surface tension forces and forces due Lo inter-
action of interparticle forces develop a s5uction preasure eguivalent to
the applied pressure. The ceramic filter at the bottom end of the test
cell, of high known ailr eatry walue, inguzes che presence of a free water
tzble adjacent to the soil sample. Schofield (1935) suggested that the air

presscre technique could be used if guitable filters could be provided,

After placing the teat cell with the prepared sample in the
presaure-membrang system, a free standing head of water is introduced on
top of the specimen fn the cell, The application of air pressure to the
water forces water through the scil-water ayatem and with time, equilib-
riym is Teached -~ signified by no further extrusion of water from the
system. The rotal scll moisture stress is then expressible az the mois-
ture potential or soil suction zince the applied air pressure is hnown
emd the residual water contenk can be dekatmined. Since the meisture
patential represents the total! zoil molsture stress of the soil-water
system, 1.e, the suction or prescuye necedsary to eatract moletuxre from

the soil-water aystem for a pexticuler configuration, it can readily be



geen. that It is possible to derive tha

at a funccion of water content for a particular asoil,

Sawple Preparation and Unfrozen Water Content Decermination

r4laticnebip for molsture potential

The soils used were a plastic kaolinite clay, a medium feld-

#par quarctz clay and a clayey silt, the physical properties of which are

given in Table 1,

CONS ISTENCY

LL
L

Specific Gravicy
Grain Size (by weight)

% finer 0.15 mm
0.10 mm
0.05 mm
J.01 mm
0.005 mm
0.002 wm
0.0008 mm

0.0005 mn

PLASTIC
CLAY

14
31

2.75

o0
100
100
100
100
100

80

67

TABLE ).

MEDTUM
CLAY

67
28.8

2.73

LOG
100
91
72
1.

30

So0il Properties and Charactexristics

S5ILT

25.1
17.0

2.68

100
93
83

22

Z-ray diffraction analyses showed that the predominant mineral

Eor the silt was quartz with traces af Feldspar,

In the case of the medium

clay, both feldspar snd gquartz were regiscered together with trace fractions
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of chlorite, biotite and amphibole, The plastic kaolinicie clay (Ball clay)
was firat procured ag & kaolin clay. Howsver with subssquent use, {1t becsme
evident that the expected performance waa being obscursd. Tha x-ray diffrac-
tion pattern ahowed the kaolinice peaks bub alsc regletered trace fractions
of degraded kaclinite, chlorite, flour-apatite and quartz, It would seen
that cthe degraded kaolinite with properties not unlike amorphous materials

has subverted to aome extent the normal behaviour pattern of tha kaslinite.

Te srrive at varying particle orlentation and densitiles for the
determination of percent unfrozen water the tedt samples were either compacted
in & molding call or consclidated from a2 slurry. These prepared samples were
subsequently wrappred in wax paper following extrusion from the cells and
stored in a freeger for a period of seventy~-two hours. It will be noted
hare that the frozen samples were not complecely saturated = as 1s evident
from the method of sample preparation, This procedure seemed necessary if
variations In total molsture stress were desired, consistent with a gonstant
compactive effort. The calorimetric method was used to arrive at the quan-

tity of water remaining unfrozen at the desired Lesl temperature,

DISCUSSION OF RESULTS

$o0il Sucrion

Figures 4 and 5 describe the relstionship batween soil suction
and water contenmt at room temperature. Initially, all the seils tested for
soil suction were compacted in the melding cell with a spring tamper adjust=
ed to provide approximately 3 psi compactive pressure, Soil suction or mois-
ture potencial for samples compacted im thie manner sre designated as "medium

¢ompacted” in Figures 4 and 5.



Resultant conselidation or compression of the medium compacted
aamples ariszing from the sir over-pressure In thiz pressure membrane tech-
nique is negligible at low pressures and insignificant at the higher pres-
sured. To provide g better understanding of configuration or particle
orientation effects on soil suetion, both the kaclinitic clay (Bell clay)
and silt agila were alsa used in initial slurry form, i.e. slurry samples
were used for soil suction messuremenks. Corresponding results for these
dsapples are sahown together with the medium compacted smmples. In inlrial
slvrry form, equilibrium moimture retention under any applied air over-
preasure wad reached only after some degree of consolidacion or compaction

had occcurred becayse of the applied pressure,

As expected, silt slurry samples produced lewer values for mois-
ture potential at corresponding wakter contents In comparison with medium
compacted samples, The greater degree of scattering for the silr slurry
samplea would suggest a high random re-orientation in resultant compression
or consplidation. In the plastic Bell clay, whilse it way not be {immedi-
ately evident why the slurry samples have higher moisture potentials or
g0i] suction walues at corresponding water contents when compared to the
ssoe samples prepared with the spring tamper, the answer may be found in
tha final reorientated or equilibrivm atructure of the iaittal slurry sam-
ples. Tha water holding capacity of clay samples compacted statically {(as
may be visualized by the ailr over-pressure? is higher than those compacted

with a spring tamper,

As anticipated and Indicated In previous research, pF or mois-
ture potentlial decreases with increasing water content, The relationship

i not pecessarily linear, Ono the basiz of forces of interaction, it is
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eNpected that lower water contents would give rise to a higher imteraction
characreristic between particles presuming that the degree of saturation ia
maintained. It will be noted again here that the interacticn characreristics
in¢lude matric and osmotic potentlals. This may be verified by examining the

swelling and shinkage characteristics of such soils.

Proceeding aloag this line of reasaning, it follows thar the abil-
ity to freeze soll water must be dependent upon the Facllity for freezing of
water within soll volds whereln interaction occurs. The greater the intensity
of interaction, it would n=cessarily seem that the lower must be the temper-
ature negded to freeze the pore water. Schofield {(loc. cit.) suggests that
the free energy difference (measured in terms of pF or as molature poteatial)
may be relared directly to the freezing point depression. Tg avold possible
confusion, the moisture potentisl or soll sucticn raferred to in thia paper
CONCATNS Measurements madeé ak voom Lemperature. Molsture potentisl depend-
sncy on subfreesing tewmparature Leé recognized and discussed in & later sec-
tion, however the relationkhips shown and discussed herefn concern themselves

solely with moisture potentials at room temperature,

Quantity of water remaining unfrozen

In Figures 6 through 9 the quantity of water remaining unfrozen
for the silt and medivm clay sclls is shown in terms of Initial waker con-
tent, or percent suturatioen, For Figure 6 unfrozen water content (i.e. ratio
of tha walght of water remaining unfrozen and the weight of mineral particles
expressed as a percentage} has been related to rthe original water conteat.
Because of the difficulty in exact duplication of spil samples and config-

uratfon before and after freezing, the values plotted showed scme scatter
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which have besn encompassed by upper and lower bounda. The bands shown,
which encompass the test values derived,also include the effect of freezing
or thawing to tha test témpérature., It {8 perhaps unfortunate rthat beth
scatter and hysteresis tend to overlap here. The upper houndary represents
test results obtained for samples frozen tc the test temperature as designated,
and the lower boundary Indicates those results obtained for samples thawed to
the same test temperature, It might be argued that the exact positioning of
the boundaries i3 affected by the scatter. However Lt cannot be denied that
tha differences in freeze-thaw are euffieiently marked to define cause and
effect. Wnat might be agreed upon is that qualitatively, these banda are
vdeful to show rhe freeze-thaw effect, bur do not necessarily quantify this

effect precisely.

Bearing in mind that the asmples tested were not completely
saturated, the average free energy difference then represents not only menici
or capillarity efiects but alsc the interaction of the adacrbed water layers
{(as a result of long range and short ranga interaction). In essance, this
sverage frea energy difference 1s the total solil-water stress. It is pos-
sible to satablish relationships between wnfrozen water content por pesrcent
of unfrozen water with initial water contents or degree of saturatien., Hald-
ing atmospherl¢ pressure constant, with inc¢reasing initial water ¢ontents
it follows that the percent unfrozen water will decrease - since the asverage
free energy difference of the moil water decresses with inersasing water
conkenta, Hence unfrozen water coatent wust also Increase with increasing
initial water contents since thase are all referenced to the same quantity
of solid particles, The statement of significance therefora is that is
molature potential decreases, l.e¢. if the average free energy difference

of the water in the soil decreases, Lhe unfrozen water tontent increasesy
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and the pexcent of unfrozen water will correspondingly decrease.

In Figtres 10 and 11, 2n attempt is made t¢ incorporate the
saturation effect with initial water contents. This is done hy multiplying
the water content with the corresponding degreae of saturation thus producing
the aaturabion-water comtent parameter. Bell ¢lay has been used with this
nethod of treatment of unfrozen water content resulets., Here agaln, the re-
lationshipa deseribed reflect those previously shown., The scacter of resulrs
howaver 1 lass since some portion of the error with saturation or wakter con-
teat has been accounted for with the uase of the saturaticn-water content par-

amelCer,

S50il Suction and Unfrozen Water

With measurements of boeth soll suction and quanticy of water
remaining wnfrozen for a particular set of constraints, it is them possible
ta procerd to estsblish the inter-relationships between acil suction, tem—
perature, soll type and unfrozen water, Thege Telationships may be presented
in & variety of ways and Pigures 12 through 13 dewmonstrate some of the more
usefyl ways for galning a better understanding of soil suctien and unfrozen

water,

For the medium c¢ley and silt samples, the {nflusnce of tem-
perature on unfrozen water conteat For a serles of initial water content
conditions 1s ahown in Figure 12, If desired, soll suetion or meisture po-
tentisl may also be included with the water content values, These may be
datermined from Figures 4 and 5. These relationships seem to be contrary
te the demonstrated results of other investigators (e.g. Willlams, 1962) -

where unfrozen water content for a Eully ssturated soll {a, under a given
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et of constraints, dependent only on the freezing temperacure, The expla-
aation for this may be found in the Fact that the samples considered in this
study were not completely saturated. Hence, considexed in terms of toral

gell moeisture stress, it will be obwious that for partially saturated aoils,
initial water contents would also influence unfrozen water content. Because
of differences of configuration lor partially saturared soils formed under
laboratory conditions, there would correspondingly be different free enerpy
relationships - this is evident from an examination of the desorption curves

for (a) a slurry and (b) a dry packed sample of Lthe same soil.

The effect of freezing or thawing to the rest temperTature
can significantly be secn in Figure 13 wherw soil succlion is directiy related
to umfrozen water content for the mediuvm ¢lay samples wherw ths right boundary
of the bands rvepreszent freszing to and the left boundary signifies thawing to
the test temperature as noted. Once again, as in all the graphs using bands
te porteay Lthe relatienships shown, the scatter of resulie Is svident, How-
ever, the patcerns are well defired sod the polnts are well bounded betweern
the limits 2= stated previously, In Figure 14 sofl succion sapressed as moia-
ture potenctial is related ¢o unirvozen water content for the Rell clay. He-
membering that a decresse in free energy difference of the soii water pro-
duces upon freezing of the sofl mass corresponding decreases in percent of
unfrazen water, and further taking cognizance of the fact that re-arrangament
of the arithmeric values will yield unfrozen water contents that will corre-
spondingly inerease, the inter-relationshipa wentioned previously can be es-
tablished. Tt is important co note chact fresze-thaw history deoes influence
the fimal determination of unfrozen water content. This may possibly be due
to the re-oriencation of perticles and other associated sechanisms. In rhis

#study, for the thawing portion, the soil samples were generally [rozer to a
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temperature of about 3°C lower than the prescribed Eest temperature - or as

ghown in Figures 10 and 11,

It is important co bear in mind ethae rhe relationshipa
described heretofore pertain Lo measurements of moisture potential or soll
suction at room femperature, and that these have been used to correlate
measured unfrczen water contents., The intention here {8 ko be able ta use
measured soil suction values at room temperature to predict the quancity of
unfrozen water for tha solls tested. This would eliminate the necespity
for measuring sefl suction as a function of temperature - which 15 immeas-

urably more difficult.

Choosing Bell clay as an example, the influence of ctempar~
gture on the percent of unfrozen water for any one moisture potential or
20il suction value may be Been in Figure 15, The molsture potentials were
measured at room temperature and do not represent the moisture potential at
the same subfreezing temperature. Preliminary tensicmeter measurements
{berween 0%C and -EGC} for ailt samples show that soii suckion tends co
increase as the temperature i6 lowered below o’c, Howaever, ic is difficulr
to quantify this phenomenon exactly since one wust necessarily consider the
fact rhat there will exiar a CLemperature gradisnt within the pressure meas-
urement section of the tensiometer. Williams (1963) has presented data,
psing the unique relationship of water content = dry densicy Erom oedometer
tests, showing that sodil suatien increazes &3 Lha cemperature Jecreases
from %C to —loﬂ. As verification of this, he has computed soil suction
and tempavature using the squaktien proposed by Schofield {lee, eik,.],
However, if one besrs in mind that this perticular squatfon ralatea soll

suctlon to specifically temparature depression, it becowes obvious that
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higher soil suction values muat be reflected by graster temperature depressions

in the soil water.

In order to relate effects of lowered temperaturea on meas-
pred s0il suctlon (quite apart from all the previcus discussion hereln on seil
fyttion measurements at room temperature) Lt i3 necessary to consider contri-
buticn te soil suction Erom Ewo major sources: (a) surface tension forces,
and (b) Gouy ferces. In the absence of ice formation, lowered temperatures
would tend te increase {a) and decrease (b). Yong et al {1961} have shown
the latter to be true, Hence, it hecomes necessary to think in terme of the
algebrailc asddition of tweo gquantities, i.e. one lnc¢reasing and the other de-
¢regsing for the sum total demonstration of soill suction, It is possible to
have systens where one would completely deminate the other. For silta, sur-
fece tension forces would dominate and for actlve c¢lays, the reverse would
be true. Siuce s0il suction measurements performed at room temperature
represent the total contributicn of thege forces for that particular temp-
erature, and sinc¢e it is possible to evaluate the influence of Cemperature
on the demonstration of these forces, it seems reasonsable to expect that
relationships between soil suction {measured at room temparature) and un-

frozen water content can be established.

Acknowledging the relationship between moisture potential
and temperature (and the preliminary tensiometer data for silts indicate
that as -3°C is reached this relationship seems to hecome near constant)
it 1s evident that it is peasible to utilize inltial moisture potential
relationships in the study of unfrozen water. It can be noted £rom Fig.l3
that with {ncreasing initial molstura potentials {i.z. measvred at reoom
temperature), the percent of unfrozen water content for zny one temperature

correspondingly increases. Since the moisture potential is a measure of
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tha average free energy difference of the water in the soil mass, tha rela-
tiooahip described may be used interchangeably in terms of room temperatura

seasurements of moisture potential, soll suction or free energy difference

of tha soil watar.
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SUMMARY AND CONCLUSIONS

In this presentation; the terms soil suction (pF) and moisture
potential have been used interchangeably. It is by design that this has
been done sincea these both répresent the rame measure of the free snargy
difference of the water in a soil masa. Based upon previous studies, it
becomes evident from a study of sclil-moisture relationships that there
could be similar relationahips which would establish the phenomenon of
partial soll freezing, With chis in mind, it then follows that the de-
pendence of unfrozen water in a frozen soil mass on the forces holding
wateTr to s50il may be dirvectly thought of in terms on a4 minimal number of
parameters. This would bypass the necessity of obtaining an exact defi-
nition of the forces that hold water to soils, but would In essence establish
a measure of che consequent action of rthese Forces interacting in the soil-
water system. The total potential of soil moisture is a useful toal since,
whilat it does nnt require specific definition of the forces by which
vater I1s rerained im soils, it permits one to measure the end effect in
terms of a convenlent parameter. The pressure membrane technigque used in
thia study is relatively aceurate if little or po particle reorientation

OCCUrs.

The results of this srudy indicate that the forces holding water
to soil measured in terms of the soil suction capacity (pF), or as moisture
potential at room temperature, may be used to relate unfrozen water content
In parcial scoil freezing. In terms of moisture potential measured at room
temparature, the resulta show thar soil-water systems (and cthere s no

specific requirement for complete saturation of specimens) with higher
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molsture potentlals will upon freezing retailn more unfrozer, water - when

comparad to those with lower molsturs potentials,

It is pecemaary to consider wolsture potential io terms of specific
conteibutions from surface tension forces and Gouy forces since temperature
effacts on these sre not eimilar., Sioce it is poseibis to qualitatively
wvaluate the temporatura effect on the demonstration of these farceas, it
then is further possible to sumnate these effects and use room temperature
measurements of molsture potentisals to predicet ynfrozen water contenta for

solls specifically studied,
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Principle of Applied Pressure
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Moisture potential = ems. water

10000

5000

1000

500

100

—
) sitt
x
\ o
A
1
=z
Y -
Pl
/ \X\
2~ X &\
v’ L7V Mediufn compagted
\_ N\ /
( / \X
o’
) b
5
O h o)
>~ /\ N Px
o~ ‘_>.
~ / P a
~ ¢ ‘l? ‘-%
sl e
Legend:
@ |Loose sturry}
X IMedium ¢ pacted
- |Dense-clompacted

8 12

Water content - ¢/,

Figure

4

16

Moisture Potential and Watler Content




Moisture potential — ¢ms. water

\
Y
X X
10000 i\
\ x| & X
A\ \\
\_ \\ A
5000 \
Y.
Bell [Clay A a\
Mediuf compadted X
&
o
x
Medlium clay
1000
\ ~
500
Legend:
0 |lLocse Kslurry)
X IMedium |compactgd
* |IDense [compact|ed
& | Medium Clay
100 |
O 10 20 30 40 50

Water content °f,
Figure 5
Moisture Potenllal and Water Content



g aJnbig
°le  JUBINCD JaIRM leuibup

12 &1 Ll Sl £l it 6 /

I I 1 ! H 1 ¥

5,01 /

WaIU0D J31BM [Bu1Bluo p
pue / -
IUSIUCT JOTBM U204 uN 7

0Ol

HUajuoD Jalepy uazouun

%/



. oanbig
UOIjRINIES Ua518d

001 06 08 Q4L 09 oS 93

> T T,

JB1BM USZOJIUN JUSD4ad
puE
UONRINIES JIUSIAE

102

10

105

408

100]

JBIBM USZOoJun IUSDIS4



“fo

Unfrozen water content

Unfroezen water Content

anhd

Original Water Content

28 I

24 |

Medium
Clay

16

L I [

24

28 32 a6
Original water content -,

Figure 8

40




6 34nbg

o?ycmw:uu._m,nm?_m:_m.
b Oy e OE =T ...RWN

Ot

I..ll.ll-l..ll..l-j..llju.lll..
[
e —

—
e
S
—_—

{Ae1D wnipa)

Aels

Jojem Uazodiun juoddad
pue

WSIU0D Joiewm (euiblg

“j ©

L
O
22484 o

\
o
\!]

1
O
L
Jaiem Uszodun )

O
o

Q0L




i
(4]

_LE l‘l'l'._Ii %fe
S
] )

-
N
!

Unfrozen wﬂter CON
O
—

b & »

(L]
L)

Note:First figure refers to test temperatures and second -

T — 14

Unfrozen Water Content
and Saturation ‘Water Content Parameter

Bell Clay

tigure to undercooling

'l [ ] [ ] A b, I

o1

Q2 Q3 04 05 06
Saturation water content parameter

Figure 10

o7



Percent unfrozen

ﬁvater
)

o
O

n
O

iy
o

o
o

o

Percent Unfrozen Water
and Saturation Water Content Parameter

Bell Clay

Note : First figure refers to test temp

'l " A A - "* . "Jr'r“'-"JP i F LR A
"I-ﬂ';-";.;?.. -.,I g ': ¥ "'I”';;;;:;'

and second figure to undercooling -

01 Q2 03 04 05 06 Q7
saturation water content parameter

Figure 11



Unfrozen water content

Influence of Original

30F water Content
on
Shape of Curve

25

W e

Medium clay and silt

20
Gof, W,
16 i
280/, w, = optimum w
10
lay
6
€5 W« Ooptimum w
l | [ [ ¥
O -5 -10 -15 ~-20
Temperature ¢
Figure 12

Temperature and unfrozen water content




pF

40}

36

34 |

32

pF and Unfrozen Water

Medium Clay

L

12 16 20 24 28 32 36
Unfrozen water content
Figure 13




1 1 \
1 \
1 xx\ O\ O
10000 { AW
p 1 K‘.K gTﬂl
: ' \\ \\
® 500 (1 % °,
3 5000 l \ \
" X “_
g |
» X
)
L
E Bell C!
d e ay o
3
10Q0 { \
: \ v
5 H}: >
2 w00
Lﬂend
e [-24 10-27"¢
X {11 to-14"¢
o] 3 to B8 ¢
100 —
6 7 8

Unfrozen water content -°f.

Figure

14

Molsture potential and unfrozen water content



36

0
oo

Constant Moisture Potentials
of 10,40,80, 120, 240 psi

Note : Curves

derived from
Bell Clay ir."nterpolatlon of

Figure 14

=
ﬂ 24
g
E —
=
7 20 20
O
!
2 /BO
16
/40
12 /10 _
> —— h | .- L
0 5 10 15 20
Temperature ~%
Figure 15

Percent unfrozen water and temperature




