
SOlL SUCTIOW EFFECTS OH 
PARTIAL SOlL FREUWB 

- 

Soil Muhanks %ria# - No. Y) 

SOIL MECHANICS LABORATORY 

McGILt UNIVERSITY 

DEPARTMENT OF ClVll  ENGINEERING AND APPLIED MECHANICS 

MONTREAL, CANADA 



SOIL SUCTIWl EFFECTS 

ON PARTIAL SOIL FREEZING 

Preprlnt of Paper for Prrsencatim P L  the 

43rd Annual Meeting 

HlGHWAY RESEAUCH B W D  

January, 19W. 

HASBllKXa, D. C. 

McGi.11 University 
hrrc .1 ,  Canada 



SOIL SUCPION EFFECTS OW PARTIAL SOIL FREEZWG 

by 

R ~ y w n d  8 .  Yon@ 

Synopsis 

Tbn a b i l i t y  of water to move i n  soils under temperature, concan- 

tratica, prcrsur% or othcr gradients, i s  dependent to a great extent on the 

p a r r i c h  interactim characteristics o f  tha s o i l u a t e r  syatem. In both sat- 

urated and unsaturated soils, the t o t a l  effect oE such interaction may b 

rmtaaured and described i n  terms of soi l  s u c t i o n  (pF) or moi4turu potential. 

Thil partatill of water can be a convenient t oo l  since i t  may be uaed with- 

out apacifyinp exactly the nature of the forces holding water to na i l s .  

T h h  paper presents maasurcamts of  soi l  ruct ian aad rcletr# 

them to the p a r t i a l  freezing phenomenon of  three s o 4 1  types  - a kaolinitic 

clay, a medium fe ldspar  quartz c l a y ,  and a a i l t  . Over the range of tern- 

0 0 
peraturerr considered (from 0 C to -16 C),  i t  was a h m  that the quantity 

st water remaining unfrozen may be r e l a t e d  d irec t ly  t o  the s o i l  suction 

parameter. 

The importance o f  freez ing  or thawin8 h i s t o r y  may be noted i n  

the dif ference  i n  quant i ty  or percentage of water remahing unfrozen, de-  

pending upon whether the teet  samples were frozen t o  the teet  temperature, 

or thawed to the t @ s t  t@mperature from a previoua lower temperature. For 

t Associate Professor  and Director, Soi 1 Mechanic8 Laboratory, M c G i  11 Unl- 
versity, %ntreal,  Canada. 



r x q l o  for the -d im clay a t  a p? of 3.11 and a t  -O.S~C, tha unfrozen water 

m t o n t  dropped frm 38.12 tor samplea frozen to the t e s t  temperature, t o  
'. 

21.R f o r  athers thawed frm a lowr c t q ~ r 8 t u t c  to the t a r t  temperature of 

-0.5'~. A t  -16%, the dtog war froa 9.5% Lo 7.1% for the 0- condition. 

A t  e pF df 3.79 and at -lb0c, the drop was from 3.4% to 5.4%. 

The p? parameter and p a r t i a l  *oil freezing relationship8 arc 

ah- and discuseed for the three soils mtuditd, In a l l  cart., the rceulta 

show that  the higher t h e  pF value (measured at rom temperature), the greater 

Im the percentage of  water remaining unfrozen a t  any subfreezing tempeteture. 

In terms of surface tenmion fcrcea and interaction of long and mhort range 

forcer {Gouy forces) a lowering of the  temporaturc would increase the formr 

md decrease the fatter .  

A s i m p l i f i e d  pressure-membrane technique for roi l  ovctim 

.suurem?nte Le presented which w u l d  sllw for rautins aail uuetion dater- 

minations . 



I~RoDxTIm 

In a given roillrater syatem, s a i l  moirture movement occurs 44 

a res=llt of a variety of causes. These may include temperature, concentra- 

tion, presaure and other physical  m d  chemical gradients. In both maturated 

and unsaturated soil*, the a b i l i t y  of w a t e r  to mve is to a large e x t e n t  da- 

pendent on tke water ho ld ing  capacity of the 4011. The factors which in f lu -  

ence the forces holding water t o  soil are not well knwn or c learly  under- 

atoad. Lm (1958) suggest8 that both Wement and equilibr.ium of water in 

aoil-water system are affected by soil and c lay-wter forces. In general, 

measutemnts of  soi l  suctim expressed in  pF units (Schofield 1935) or ae 

molstt~re potential nerve to provide ri u s e f u l  understanding of moiature re- 

tention, wbich In turn gives an indicatiua of the interaction characteristics 

o f  t h e  &oil-water aystem. This inc ivdes  menisci or c a p i l l a r i t y  e f fects  and 

interactj.on of the 10% and short range forces i n  the system. The moisture 

potential,  or specif ical ly  the soil moisture potential may be defined as 

the energy or mount of writ reqdred to  move a vnit  mass oE water frm a 

position with in  a eoL1 maus t o  a free water surface. 

Since many of thc problems sriqing i n  the determination of  prop- 

erties m d  characteristics of so i l s  are in part depcndent upon  oil mois- 

ture relatimshilrs, i t  then becomes necessary t o  i n v e s t i g a t e  sol1 s u c t i o n  

i n  terms of b u i c  s o i l  parameters. 'the lrurpose of t h i s  study is t o  es tab-  

l i eh  these  re lat fonships  w i t h  i n i t i a l  application to the understanding of  

the role of miature p o t e n t i a l  or pP i n  partial #oil freezing. A secondary 

purpose i a  the design and development o f  simplified equipment and techniques 

whlch w u l d  a l l o w  greater f l e x i b i l i t y  i n  the measuremane o f  pF in general. 

ln previous starlies on mil  freezing (e.g. Yong 1962; Zeonards 

and Andersland 196U;Verehinin et sl, i949) i t  has been e s t a h l i a h e d  that 





Various methods for soil muctimr m a s u r a n t  have besa m d  

are n w  i n  use .  Many of  t h e s e  are euitabLe only  for L h t t e d  pressure or 

suction tangee and auffer from ocher  limitation^ and cons tra in t s .  A de- 

tailed evaluation of these techiquen has W n  presented by Croney and 

Coleman (1961) end will not be repeated here.  In general  the methods and 

r q e 8  of pF capacity are: 
PF 

a. t e n s i m e t e r  0 - 2 . 9  

b. d i r e c t  auct ion  0 - 3.0 

c .  suction p l a t e  0 - 3.0 

d .  centrifuge 3 .0  - 4.5 
e .  sorpttan balance 5.0 - 1.0 

f .  f reez ing  point depress ion  3 .0  - 4 .5  

R. pressure membrane 0 - 6.2 
Other m e t h o d s  ava i lable  for the measurement of s o t 1  suction 

include: 

a )  Continuous flw - variation of auction plate 

8)  Rapid ktM - v n i a t i m  of contiauoua method 

c) Prsn~ure Plat* - anotkr v m i a t i m  of suction plate 

d )  Ocdowtcr ruthpa 

8 )  Vacula dessicstoa - r i a i l u  t o  balance sorption 

f Electrical Resistance gauges. 

The method used for t b i a  rtudy was based upon rhe preanure - 
mmbrane technique since th i s  give8 capacities ranging from 0 to a t  least 



6.1 p8 units  (Croney and Colemso - loc c i t ) .  Hpwever ins tead  of a pressure 

piat- arrangement w k e  com~ressed air  Ig introduced through a point  and 

furttmr actuated by thr piston, the device used i n  t h i s  p a r t i c u l a r  study 

r~mcntially simpliftem both prc##ura application m d  ncaautement systems. 

11 6'lg.l. a schematic p ic ture  of  the experimental technique 

11 dtrcribed with d e t a i l s  of the sample chamber shovn i n  Fig.2 .  The p r i n -  

ciple of applied pressure 4s usz3 i n  t h i s  study i s  more r e a d i l y  e x p l s i n e d  

with the a i d  of Fig.3. I f  a Mil sample is s u f l i c i m t i y  t h i n  to prevent 

wia ture  migration due to preeeure consolidation, water will leave the Sam- 

phe u n t i l  the sum of the sur face  tens:cm forces and forces due to inter- 

action of  in t erpsrc i c l e  forces develop a suction presaure equivalent to 

the applied pressure.  The ceramic f i l t rr  at the b o t t m  end of the test 

cell,  o f  high hovn n i r  ent.ry v a h e ,  i w x e s  the  presence  of a free water 

table adjacent  to the  #oil rompla. Schoficld (1935) suggested t h a t  the air  

y t e s s a e  technique could be used i f  s i ? i t ~ b k  f i l t e r s  could be provided. 

Aftor p l a c i x g  the teat crll with  the prepared sample in the 

pressme-mernbrano syetem, a free standing head of water i s  introduced on 

top of  the sptciacn i n  the c e l l .  The application of air pressure to the 

water forces water through the soLl-uacer syatem and w i t h  time, e q u i l i b -  

rim i s  reached - s i g n i f i e d  by no further extrue ion  of water ~ T M  the 

system. The t o t a l  s o i l  moisture stress i s  then e x p r e s s i b l e  as the mois- 

ture potential or soil suctFon a i n c e  the applied a i r  pressure i s  k n o m  

md the residual water content  can be derermined. S ince  the reoiscure 

p t e n t i o l  r e p r e e e n t s  the t o t a l  soil moisture stresa of t h e  so i l -water  

system, i.e. the suction qr prescure nocerrery to extract nmiuture frcm 

the soil-water myatam f o r  a  articular configuraticm, i t  can readi ly  bs 



8- that i t  is poss lbl t  to derive tkt trlatimrhip for noirtur. potential 

u a frnctim of water cmtcnt for P particular mil .  

S m l e  Preparation and Unfrozen Water Content k t e r m i n a t i m  

The nolla used uere a p l a s t i c  kaolinitc clay, a m e d i m  f e l d -  

#par quartz clay and a clayey silt, the physical propettier of which arc 

slven in Table 1. 

LL 

PL 

specific Gravity 

Gmin Size  (by weight) 

X f i n e r  0.15 m 

0.10 mm 

0.05  rmn 

0 . 0 1  rmn 

0.005 nm 

0.002 mn 

0.0008 nm 

0.00[)5 m 

PIASTIC 
C U Y  

HeDTIPI 
C U Y  

LOO 

100 

91 

7 2  

66 

30 

0 

0 

SILT 

TABLE 1. 

Soil Fropertien and Characterietics 

X-ray dl fEract im analyses a h m e d  that the predmtnrnt mineral 

far the s i l t  was quartz wi th  traces of fe ldspar .  In the case of the medium 

clay, both fe ldspar  and quartz were registered together with trace frscrions 

-5- 



of  chlorite, biot ike and m p b i b l a .  Thr plamtic holiniric clay (Ball clay) 

urr firat prosurd M a kaolin clay, W M ~  with rublrquonr urt,  i t  hcmw 

rvidrnt that tha expactad performance urr bring obrcurad. Tha x-ray diffrac-  

tion pattern ohowed tb kaollnf~e peeks but alwo registered trac8 frectione 

of dmgrsded kaolinit#, chlorite, f lora-apat i te  md quartz, It would w e n  

that t ha depradsd kaolinite with proper t iee not unlilre amorphoum arctr i a l o  

har mubverted to name extant the normal behaviour pattern of the k ~ l l n i t e .  

To arrive at varying particle orientation and d e n s i t i e r  for the 

d a r o r a i n a t i m  6 C  pttcent unfraeen water the r e a t  eslapltm mere either compacted 

in a molding cell or conaolidated from a slurry. These prepared aamples were 

~ubseqwnt ly  wrapped i n  wax paper f o l l m i n g  extrusion from the cells and 

atorad in a freezer for a period of seventy-two houra. It will be noted 

here that  the frozm larpples w e n  not empl.toly saturated  - as is evident 
from the method of sample preparation, This procedure seemed necessary i f  

variations in total moisture stre66 were de l i red ,  consistent w i t h  a co9stsnt 

-active effort. The calorimtric methd was ueed t o  a r r i v e  a t  the quan- 

t i t y  oE water remaining unfrozen a t  the deeitad test tamperature. 

S o i l  suc tim 

Figures 4 and 5 describe the relatimahip between soil suction 

und water content at room temperature .  I n i t i a l l y ,  a l l  the soils t e s t e d  for 

roil auction uere compacted in the  molding cell with a spring tamper adjust- 

cd to provide approximately 3 psi compact i v e  pressure. Soil s u c t i o n  or mois- 

ture potential for s m p l e s  cunpactrd i n  thim manner art donignated am "medium 

cmpacted" i n  Figlaes O and 5. 



Resu l tnn t  consolidat ion or compression o f  the medium compacted 

sample8 a r i s i n g  From the a ir  over-preaaure in thf s pressure membrane tech- 

nique i e  n a g l i g t b l e  a t  1- preusures and insignificant a t  the higher prue- 

sure#. To provide s bctter underatanding of coafiguration ox per t i c l e  

wientatlon e f f e c t s  on s o i l  suction, both the kaolinitic c tay  ( B e l l  c lay)  

and milt soils were a l s o  uaed i n  i n i t i a l  s l u r r y  form, i m p .  slurry samples 

were used for aoi  1 suction waaureoeats. Correspmding resultm [or these 

amla ar* #harm together with the = d i m  c q u c t e d  asplplea. In initial 

slurry Iom, oqriilibrirn moisture retention under any appl ied  air over- 

pressure uaa rtaehcd oaly after  some degree o f  consatidation or empaction 

h d  occurred becaumc of the a p p l i e d  pressure.  

AB expee Led, lilt slurry samples produced lmet values for mi#- 

ture potential at corresponding uater contents in emparison with medium 

compacted samples.  The greater degree of scattering For t h e  s i l t  slurry 

mepples would auggeet a high randm r e - o r i e n t a t i o n  in re su l tan t  c ~ r e m i m  

or rwsolidatim. In the plastic Bell clay, w h i l s t  it may not be i m d i -  

ate ly  evident why the elurry s m p l e s  have higher moisture p o t e n t i a l s  or 

mil suction valueu kt corresponding water contents  when c a p a r e d  t o  the 

I- r m p l e s  prepared uith the sprfng tamper, the answer mny be found i n  

the f ina l  reorientated or equi l ibrium structure of the initial miurry sam: 

plcm. The uatar holding capacity of clay sarnples compacted ~teticelly (as 

may be v f a u a l i m d  by the a i r  clver-pressure) i s  h t g k r  than those compacted 

with  a apring tompct. 

As ~ C i c i p a t e d  and ind icated  in previous research, pP or mois- 

ture potential decreesee uith iacreasiag water cantent .  The relationehip 

is not neee~aarily linear. Qo the basis of forcer of iatcraction, i t  i# 



expected that lmrer wstcr content. would g i v e  rime t o  a higher i n t e r a c t i o n  

characttrirric bmtwten p a r t i c l e s  presuming t h a t  the degree of r a t w a t i o n  i a  

maintainad. It will bm noted again here t h a t  the interaction charsctoristics 

include matric and osmotic potentiale. T h i s  may bt verified by examining t h o  

w e l l i n g  and shinkage characteristic8 of much moil*. 

Proceeding along th i s  lint of reaeming, i t  follows that  the abil- 

i t y  t o  freeze  s o i l  water must be d e p e n d e n t  upon the Facility for freezing OF 

water within soil voids wherein h c e r a c c i o n  occurs.  The greater t h e  intensity 

of interaction, i t  would neceusar i ly  seem that  the lover must be the temper- 

ature needed to freeze the pore water. Sc'nofield ( loc .  fit.) suggear. that 

the frte tnersy d i f f erence  (measzred i n  terms of pF or as moisture poteltiel) 

m a y  be related Cirrc t l y  t o  the freez ing  p o i n t  depression.  To avoid pos s ib l e  

confusion, the m i s t u r e  po ten t ia l  or soil suc t ion  roferred to i n  th is  paper 

concmrn4 acamur-tm made at +oom temperature. Moisture p o t e n t i a l  depend- 

racy oo oubfreoslng teapsrature is recognized and dimcursrd i n  s later arc- 

tion, b v e f  tht relationahips s b  and d iscussed  here in  concern then8eIven 

s o l e l y  u i r h  moisture potent:als a t  room temperature. 

guantity of water remaining unfrozen 

I n  Figures 6 through 9 t h e  quantity  of  water remaining unfrozen 

for the s i l t  and medicm clay soils i s  shown i n  terms of i n i t i a l  water con- 

tent, or percent euturntion. For Figure 6 unfrozen water content  ( i . e .  ratio 

of tb weight of water remaining unfrozen and the weight of mineral p a r t i c l e s  

expressed as a percentage) hae h e n  related to the o r i g i n a l  water content .  

Because o f  the d i f f i c u l t y  i n  enact duplication of s o i l  samples and conf ig -  

uration before and a f t e r  freezing,  the values pIocted showed s m  s c a t t e r  



which have been encanpassed by upper and lower bounda. T h e  bands shoun, 

which encompass the t e a t  values der ived ,a l so  include the e f f ec t  o f  f r e e z i n g  

or thaulng to the teat temptracure, It I4 perhaps unfortunsta that both 

.carter and hys t ere s i s  tend t o  overlap here.  The upper boundary represents 

tmst r e s u l t s  obtained for samples frozen to the test temperature as  designated, 

and the lower boundary i n d i c a t e s  those r e s u l t s  obta ined  for s m p l e a  thawed t o  

the same t e s t  temperature. It might be argued that  the exact  p o s i t i o n i n g  o f  

the bomdeties i a  affected by the ucat ter .  However it cannot be denied that 

thr differencca i n  frctea-thm *re suff ic ient ly  marked to  d e f i n e  cause and 

e f f e c t .  What might be agreed upon i s  that q u a l i t a t i v e l y ,  these  bands are 

uasful t o  show the freeze-thaw e f f e c t ,  but do not necessarily quantify  t h i s  

e f f e c t  precisely. 

Beating i n  mind that  the asslples teared uere not ccrnpletely 

maturated, the average free energy difference then represents not only  menici 

or c a p i l l a r i t y  e f f e c t s  but a l s o  the interaetim of the adaotbtd water layers 

( a ~  a result of ions range and short  range in terac t ion ) .  In .armce, this 

average f r ra  energy difference is the t o t a l  s o i l - w a t e r  stress. It i s  poa- 

l i b k  to establish re lat ionshipa  batwen mEroaen water content or percent 

of unfrozen weter w i t h  i n i t i a l  water contents  or  degree o f  s a t u r a t i o n ,  Hold- 

i n g  atmospherlc preeeure constant, with increasing i n i t i a l  water contents 

i t  foflws that the percent unfrozen water w i l l  decrease - s i n c e  the average 

free tnctgy difference of the roil water decreases with inctear ing  water 

urntenre. Hence unfrozen water content m e t  also  incroaw wi th  increasing 

Initial uatsr contents  since them are a l l  re ferenced  to the ram quantity 

of solfd particles. The s t a t m n t  of mlgnificance therefore i a  that  is 

m i a t u r e  p t e n t i a l  decreases ,  i .e, if the average free energy d i  Cference 

of the water in the s o i l  decreasee, the unfrozen wetet  content increase3 



m d  t ba  percent of unfrozen water  wi 11 correspondingly decrease. 

I.~I Figtses 10 and 11, an attempt l a  made to incorporate the 

raturation effect  with i n i t i a l  water contents. Thia i s  done hy multiplying 

tb water content vith the corresponding degree of  naturatien thue producing 

the aaturationlr&ter cmtent parameter. Bell c l a y  has been used wi th  th i s  

method of  treatment of unfrozen weter content reaults. Here again,  the re- 

latlonshipa dascrilml reflect those previously  e h n .  The scatter of results  

b m v e r  i a  lams s l x e  sane portion of the error with saturation or weter con- 

tent has been accourltcd for wi th  the use of the saturation-water content par- 

m t e r .  

S o i l  Suction and Unfrozen Water 

With meeeurments of b t h  6o i f  suction end quantity of water 

remaining unErozen for a particular set of cons t ra in t s ,  i t  I*  t h n  pornBible 

t a  proceed to establ iah the inter-relationships between soil ructicm, tent- 

peratura, s o i l  type snd unfrozen wattr. These relstionahips may k prerented 

in e variety o f  ways and Figures 12 through 15 demonstrete s m e  of the more 

ureful ways for gainifig 4 kt ter  understmding of soi l  suction and unfrozen 

water. 

For the medium clay and s i l t  m.mples, the intluanea of t e r  

petature on unfrozen water content for a series of i n i t  l a1  water  content 

couditions i a  ahmn in Figme 12. If desired, s o i l  suction or moisture po- 

tential may also be included with  the water content va lues ,  These may be 

determined from Figuree 4 and 5. These r t l a t i m 8 b I p s  seem t o  be contrary 

to t k  dewnatrated teaultm of other invtetigators (e.g. Williams, 1962) - 
vbere unfrozen water content For e Eully aeturated soil i n ,  under a given 



net o f  con#traints, dependent o n l y  on the freez ing  temperature. The expla-  

nation for this may be found i q  the f a c t  that  the samples conslaered i n  t h i s  

atudy were not  complete ly  saturated. k r x a ,  considcrrd in term o f  total  

moil moisture stress ,  i t  w i l l  be obviour that for pplt ia11y maturated #oils ,  

i n i t i a l  water contents w o u l d  a l s o  influence unfroze= water content .  Because 

of d i f f e r e n c e s  of configuration Lor p a r t i a l l y  enturated s o i l s  formed under 

laboratory condi t ions ,  there w u l d  correspondingly be dl f f e ren t  free energy 

relationships - this i s  ev1der.t from on examination of the desorpt ion curves 

for a )  a s luxry and (b; a dry packed a m p l e  of the  same s o i l .  

The e f f e c t  of f r e e z i n g  or thauing t o  the test temperature 

can s i g n i f i c a n t l y  lx Becn in Figme 13 where r o i i  suction is direct ly  related 

to unfrozen water ConttCt  COT the medim clay aamples wh8m tha r i g h t  boundary 

oE rhe bands repreednr freezing to and t i l e  left  bo~ndary signifies thawing t o  

the t e s t  temperature as noted. Cxce again, as in a l l  the graphs using banda 

ta porkray the roiacionships 6 h m ,  t h e  scatter oE resu l t s  i n  e v i d e n t .  How- 

evrr, tho patterns are v u l l  def ined nnd the points are w%ll bounded betweer. 

the limits as a t a t t d  previou8ly. In Figure 14 boil oucrion m x p r r s s e d  as m i s -  

ture potent ia l  i e  related to unfrozen water content for the W l l  clay. Re- 

membering thet  a decrease i n  frac energy d i f f e r e n c e  of the soii water pro- 

duces upon f r e e z i n g  of the 1011 mass corresponding decrea~es i n  percent of 

uafraxen water, and further taking cognizance of the f o c t  thdt re-arrangement 

of the a r i t h w t i c  valued w i l l  y i e l d  unfrozen water contents thet  w i l l  cone- 

apondingly increase, t h e  inrer-re l a t i m u h i p a  mentioned previously can be es- 

tabl ished.  It i s  important to nott t h a t  freeze-chaw hi s tory  does in f luence  

tha f i n a l  d e t e m i n n t i c n  of unfrozen wrrttr content .  This may p o s s i b l y  be due 

to the re-or ientat ion  of par t i c l ea  and crtber associated aechanisms. In t h i s  

otudy, for the thawing port ion ,  the  soil samplea were g e n e r a l l y  frozer. t o  a 



temperature of about 3Oc lower than the p r e s c r i b d  t e a t  temperature - or a s  

rhown in Figurea 10 and 11 .  

It i* important t8 bear in mind tha t  the r e l a t i o n s h i p s  

described heretofore p e r t a i n  to measurements of moisture p o t e n t i a l  or soil 

suction at room temperature, and that these  have been ured to correlate 

leaawed unfrozen water  contents .  The in t en t ion  here IA to be able to use 

wasured soil sue t i en  v a h s  a t  r- teoperature to predict the quant i ty  of 

unfrozen water for rbe r o i l e  tested. Thia w u l d  e l iminate  the necessity 

for measuring sol1 euctian a# a funct ion of temperature - which I n  imacae- 

urably more d i f f i c u l t .  

Choosing Eel1  c l a y  as an example, the inEluence of temper- 

ature on the percent of unfrozen water for any one moisture potent ia l  or 

soil suction value may be seen i n  Ffgure 15. The moisture p o t e n t i a l s  vere 

mpsured a t  room tamperature and do not represent the moisture p o t e n t i a l  at  

the same subfreezing temperature. Preliminary tens iuneter measurements 

(bzberuren OOC and -3'~) for silt samples stnm that r o i l  suction tends LO 

increase as t k  temperature is lowered belm O'C. H-vet, i r  is d i f t i e u l r  

t o  quantify t h i s  phenoptnm exactly s i n c e  one oust nsce#saxily conmidor the 

fact t h a t  there w i l l  exist a temperature gradiant w i t h i n  the prensure meas- 

urement section of the tanaiornstor. Wil l iams (1963) haa presented data, 

using the unique relationship of uater content - dry denaity from oedmeter  

t t a t a ,  showing that #oil nuction incrtasea i s  the temperature dacrarses  

r c to c ~s V C T I ~ I F I I C ~ ~  ~f this,  he ha# caaputod roil  mcrim 

and temporatura uaing the equatiwi p r w e d  by SchoCieId ( loe,  e i t . 1 .  

hewer ,  i f  m e  Mars i n  mind that t h i a  prnticu1.r q u a t f i o n  rrlataa roil  

auction to ~ p e c i f i c a l l y  ttnporature depression, i t  bectnror obvioum that  



higher sol 1 suction values  must be r e f l e c t e d  by greater temperature  deprens ione  

in the soil water. 

In order t o  relate effects of l m r e d  tarnWr*Furea on 8eu- 

wtd s o i l  s u c t i o n  ( q u i t e  a p a r t  from a l l  t h e  p rev ious  d i s c u s s i o n  h e r e i n  on soil 

#uct ion measurements a t  room temperature)  i t  i s  necessa ry  t o  cons ide r  c o n t r i -  

bution to s o i l  s u c t i o n  f r o m  t w o  major sources:  (a) s u r f a c e  t e n s i o n  fo r ce s ,  

d (b) Couy f o r c e s .  I n  the absence of i c e  format ion,  lowered tempera tures  

wluld tend to increase (a) and dec rea se  (b). Yong e t  a 1  (1963) have shown 

kha l a t t e r  t o  ba t r u e .  Hence, i t  b c m s  necensary  t o  think i n  term6 of t he  

a lgeb ra i c  a d d i t  ion of two q u a n t i t i e s ,  i .e. one i n c r e a s i n g  and t h e  o t h e r  de- 

crees ing f o r  t he  sum t o t a l  demons t ra t ion  of s o i l  s u c t i o n .  It i s  p o s s i b l e  t o  

have sysre ,ns  where one would caaplerely dominate t he  o t h e r .  For s i l ts ,  su r -  

feet t ena ioa  f o r c e s  uould dominate and for  a c t i v e  clays, the r e v e r s e  uou ld  

be t rue .  S ; x e  s o i l  auc t i on  measurements performed a t  room temperature 

r ep r e sen t  tne t o t a l  contribution of these  forces f o r  that p a r t i c u l a r  temp- 

e r a tu r e ,  end s i n c e  i t  i s  p o s s i b l e  t o  e v a l u a t e  t he  i n f l uence  of  temperature  

on t h e  demonat ra t ion  o f  these forces, i t  seems r ea sonab l e  t o  eKpect t h a t  

r e l a t i o n e h i p s  between s o i l  s u c t i o n  (measured a t  roan temperature)  and un- 

froaen water  content  can be e s t a b l i s h e d .  

Acknowledging the r e l a t i o n s h i p  between mo i s tu r e  p o t e n t i a l  

and temperature  (and t he  p r e l im ina ry  t ens iomete r  data for s i l t s  i n d i c a t e  

that  as -3Oc i s  reached t h i s  r e l a t i o n s h i p  seem t o  become nea r  c o n s t a n t )  

i t  i s  e v i d e n t  t h a t  i t  is poes ib l e  t o  u t i l i z e  i n i t i a l  mois tu r@ p o t e n t i a l  

r s l a t i o n ~ h i p s  i n  the ecudy oE unfrozen water .  It can k% noted frmm F i g . 1 5  

that with i n c r e a s i n g  i n i t i a l  mois tu re  p o t e n t i a l s  ( i . e .  measured a t  room 

t q e r a t u r e ) ,  t h e  percen t  o f  unf rozen  water con t en t  Eor any one temperature  

co t responding ly  i n c r e a s e s .  Since t h e  moLsture p o t e n t i a l  i s  a m a n u r e  of 



the average free energy difference of the water i n  the e o i l  maam, the te la -  

tionrhip d u c r i k d  may ba used interchangeably in  term. of row tamperature 

wuurc*pntr of  misturt potential, aoi l  I U C C i ( M  or frm energy dif  fatence 

of tlm #oi l  water. 



SUMMARY AND CONCLUSIONS 

I n  t h i s  pre*entation, the E e r m  soil suction (pF) and maigture 

potential  have h e n  uard inr*rchangeably. It i 6  by d e s i g n  t h a t  t h i n  has 

been d w u  mincm them both represent the t a w  reasure of the free murgy 

difference of tho vater i n  a soil maaa. Based upon previous atudies, i t  

kc-r evident f t ~ a  a ~ t u d y  of s o i l - m o i s t u r e  r e l a t i o n s h i p s  that  there 

could be similar relationnhipu w h i c h  would e s t a b l i s h  t h e  phenomenon o f  

partlml r o i l  ft*szing. With t h i s  i n  mind, i t  t h e n  fo l lows  t h a t  t h e  de- 

pendence of unf rozen  wa te r  i n  a Frozen s o i l  mass on t h e  forces holdiq 

vattr t o  s o i l  may be d i r e c t l y  thought  of i n  terms on a minimal number of 

par-ters.  Th i s  would  bypaas the n e c e s s i t y  of  o b t a i n i n g  an e x a c t  d e f i -  

nltion of t h e  forces t h a t  hold  water to soils, but would in essence e s t a b l i s h  

4 a e s s u r e  of t h e  consequent a c t i o n  of these f o r c e s  i n t e r a c t i n g  i n  t h e  s o i l -  

water system. The t o t a l  p o t e n t i a l  of  s o i I  m o i s t u r e  is a u s e f u l  tool since, 

w h i h t  i t  does not r e q u i r e  s p e c i f i c  d e f i d t i o n  of t h e  forces by which 

water i s  r e t a ined  1~ soils, i t  p e r m i t s  one to meas- l r r  t h e  evld e f f w t  in 

W r u  o f  a convenient parameter .  The p r e s s u r e  membrane technique used in 

eM. study is r e l a t i v e l y  accura te  if l i t t l e  or no  p a r t i c l e  r e o r i e n t a t i o n  

&=cuts. 

The t e 6 u l t 6  of t h i s  study i n d i c a t e  t h a t  t h e  forces h o l d i n g  water  

t o  roil measured i n  terms of the s o i l  s u c t i o n  c a p a c i t y  (pF), or  aa m o i s t u r e  

p o t t n t i a l  a t  room tempera tu re ,  may be u s e d  to relate unf rozen  water content  

i n  p a r t i a l  s o i l  freez ing .  111 terms of  m o i s t u r e  p o t e n t i a l  measured a t  room 

temperature ,  the r e s u l t s  show that s o i l - w a t e r  systems (and t h e r e  i s  no 

specific requ i rement  for complete s a t u r a t i o n  o f  s p e c i m e ~ ~ s )  w i t h  h l g h e r  



mieture potentiale  will upon freezing retain more unfrzaeri uater - when 
clrmparad to thoee: with lower moimturr potentials. 

It in necemmary to coauider wrlsturs potential in terms of s p e c i f i c  

~ o n t r i b ~ t i m s  frm aurfsce tension forcer srtd Couy forcer mince temperature 

affect# on there arm not 6 L m i l ~ .  Since it i r  posoibh t o  gualitariv8ly 

wrluate the tatpratura effect m the demonstratlon of these forcea, i t  

t h n  is further porsible to . m a t e  these e f f e c t s  md use room tampreture 

ntrsurarmtm of  noirture potcntlalr to predict uafrozor. water coiltentR for 

soils specifically ~ t u d i e d .  
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