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Preface 

This report is the result of a critical literature surv~ 

of the published information on migration of' moi sture in the thermal 

regime. ·-;his has been preparP.d by Dr. ·Hobert c. Brasted, Associate 

Professor of Chenri.stry at the University of Hinnesota, y;i th the aid of 

others on the staff prosecuting associated researches in the field of 

snow, ice, ·and permafrost . In particular~. Dr. Homer T. Mantis, Ass 't • 
. . \ 

Profesaori 1•1echanical Engineering, aid . i n the development ·and editing 

of the _manuscript and 'n·r. R, r G. ' M~~ada .. m/ .. , ~~~rc~- A.sJ istant, Departm ent . 
... "i~ .. - .. .,.. ~ 'J - _ • ...-- -- / 

of Mechanical Engineering_, prov -i ri~1( • C}:tensi ve help in the development 

and e~ ~een nt of t e bibl:i.ogr8phy, as ..rell as specific contributions 

in such ar as as fro s enetra_t on, oil defo rna ion and .oisture . 

· . : ·. Th' s r.ork· has been prosecuted under Con act DA- 21-01.8 

establi hed at the Univ sity of Iiinnes ta by the ·snot·r, Ice and 

Permafrost Research Establishment, Hilmette, Illinois, for the purposes 

of accomplish.' ng literature research in the fi el s of sno' , ice, and 

rmanentl y fro~ en ground. 

.. / 

.~· 
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Introduction 

The purpose of this survey is to summarize the information 

available in the open literature on moisture migration. Although 

the emphasis is placed on studies reported at low temperatures, it is 

necessary to include certain data made (:lt. temperatures above freezi.ng 

to serve as a foundation for later topics. _ 

Certain of the areas, including those of soil-deformation 

saline solution migration, and migration of moisture through building 

·material s are not intend~'! to be exhaustive treatments. Only material 

. rela ted ·to or at leas-~ sheddinrs some light upon the .thermal regime 

are considered. . Thus, th~ great mass of material allied to fro3t-boils, 

pavem~t failure~ their cure and/orprevention are included only when 

da_ta _pertinent to mointure mi[p:"ation ar e included. 

An ·attempt has b en m de to be critical · in r eporting 

Thus , . \,; er ain _concl usion~ ffii~Y be , rawn by a~ ;.. 

investi~ator \ n thout r gar to . ariables hich might ell af.fect 
' ' 

menta-l· d& t.a • -" ~ 

Areas which need additional experimentation ar-~ notec., as are 

eJ<perimental techniques (used at temperatures above C·°C) which might 

be applicable and useful for fur ther stud4 es of moisture mi gration in 

tha -thermal- regime • . . . 

A ereat deal of pertine t ·. nforma tion is t o b.e f ound in the 

Russian litera The \i:"i er was obliged to depend upon ab tracts 

pr ovided _ either by the usual abs racting services ( uch as Ch emi cal 

Abs~racts, .Bri tisl Abstr" cts and Zentr lblatt) or from SI PP.E f ile 

·. 

.. --'- . 

/ 

: =. 

t--.. -" 
' . "-. 

I. 
'! 
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abstracts for material prir.tecl in the Russian languag .• This survey 

may not be considel" Pd ns complete (or critical) as would be desired 

1vi t hout orie;i na l r efer enc e trnnsla tJ.ons of artiol es o~i r,inating within 

the U.S.S.R. 

Dibliographi~al notati ons a r e included 1dthin the body of the 

manuscript by author and ,journal reference. Referenc es are also 

arr anged alphabetically (by authors) at the end of each sc;ction. A 

suppl ementa ry bibliography is included for certain of the sections • 
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Section 1. Thermodynamic Consi derations Related to t·!oisture Movement 
at Low 'I'emp eratures 

I. Scxne General Definitions &nd Exp e-rimental J.ppro..lc.hes 

There is no complete agreement. among authors {!. K. Frevert 

and D. Kirkharn , Hi gh't~ay Resea rch Board, Proc., 28, 4.33 (19L8) ! in the 

definit'on of t er1ns :elated t o the rate of movement of wa ter in soil • 

Gener lly soe3king the nbilit y of the soil to transmit water is 

r ef erred to .a s the p erneability of s oil. Ce-rtainly, moisture (vapor 

or liquid) mi gra tion in soi l s is a direct function of the permeability 

of the soil. Permeability ha bee defined e:xa·, tJ.y by !1uska t 

C t-1. Muak.at·, "The Flow ·of Ho 1ogeneou s Fluids Through Porous ~1edia", 

McGraw-Hill ; Publishers, New York, p . 71, (19.37D as the vol e of a - - -
f l uid of ~it viscosity assing ~>-].;. ou h ~ ~ ~ c-ection £!: :!£7~ 

S nee 

i soil st:ruct the n uid under c i n i almost wit u 

s 

"ef ctlve pe e oilitv 

hydraulic gr adi.ent 

Frever t and Kirkham [loc . _cit ._ .. ] diff erentiate ·oetueen 

pe. col a i o ,. perme il i y and i il t r tion . Pe co ·a t on is consi de 

t o ~ _2!1 p- ofi le ,. Su h 

rnov .~nt i for urpose of t hi s discuss! n, not rily 

p df!..nt upon n t\u 'e of t h oil atam. As t h p reo 

:tn t.he soi gul r or mall. er, e fri t~o1a r esi tance to 

no in~,.. ses • 1en .he ore· become so ... all in .bination ' t 

o·ther h ~ i ~a1 c. ar&ct.er· s ico that ccpil a tensio 1 ecomes gr ~ter 
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than the force of gravity) subsurface drainage is not elfecti ve. Soils 

contain~ng more than 70 per cent clay are practicully ncn· -:->ercolating. 

Infiltration has been defined by Baver [.~. D. Baver, "Soil Pbysics'', 

John Wiley and Sons, Publishers , NeH York, p. 341 (1940)]as ~ pro..!ess 

!!;ereby , Hater ente!'s the E.nvironmet 't of the EEil throuP.h th e immediate 

surface. Horton [). E, Horton, Proc. Central SnoH Cor.ference, 1, 5-21 

(194lf'i has elaborated considerably upon thH phencr.nenor cf infiltration 

and defined t.he t erm infiltra -tion capacity, f, as the maJ<imum ~ ~ 

~ ~ so)l ~rface ~absorb~ (as frum rain or melting snow). 

If the rain intensity or rate of meltin;:r is less than the infiltrat:ton

capaci:ty, the vtater \>Till B . .~J. be absorbed. Jf greater, t he ~ces s of 

the suppl;y· over infiltration-ca aci ty viill build up s'Jrface dP.tention 

and produce runoff. 

On unfrozen so.' 1 infil trat~on-c:Jpaci+~y is usual ly initiated 
. . 

v1hen rain be ins a .~. a soil infil r ation · paci ty v~lue f d endent on 

d rness, st cturo and texture of .he soil s rfac . As a r ul f 

d~ eas s rapidly fo;." a time . a consta.nt val e ./' f c) aft r 

one to three · hours. BetHeen rains the "Lnfi , tration-capaci ty tends o 

r ecover its original highe:c 3lue as the soil dries 0ut a nd its na+.nral 

structure is restorea. 

One of th') most imp or'·.ont factor s governinp the reduction of 

infiltra tion-c. pacity during ~in is the ffect of en rVJ of fallin~ 

r in in bre king down t,e crumb struct r e of the soi l surface . Th e 

soil surf ... ce i s packed a .d \-rasi ed ree of fine 1:aterial int o ::run-cr.sc s 

and in o the l a r ge soil pores. In summe , VPgeta1 cc.ver if present 

b eals the for~e of fallin ra · n an e infil tr· ion-capacity +~he:-ef re 

if quite igh . hoot perfora io s ea · arm and insect bur d-tS Rnd 
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·'- · 
other bioloeic stru~tures play an ~portant role. In general, snow 

-, 

cover nets in much the s me Hay as vegetal cover and m'lint.a:tns high 

infi1 tr ' tion-capn city of the soil. 

Swe.1linr. of soil colloids· with Hetting affects infiltration-

capacity. Altogeth er, infi. .trat.ior.-capa city is controll d chiefly 
/ 

/ / ; 

at the soil surface, and Hater can usually pa ss down through the soil, 

after it. once has entered, faster than it can enter the ~oil surface, 

Hence th e gl~eat soil surface is rarely sa turated during rain. Another 

reason for this lack of saturation is that air must escape upward in .. · 
an equal volmne and through the same system o.t soil peres through which 

water enters t.h e soil 

If the gro~nd is unfrozen 'ten snow fa ls, the soil surface 

immediately beco11es • et ed y melting at the co ct between 

sno .. - a d oil" Tl e s oil sur ne e r , ains -r et nd, as <J. rul , e 

i a t a / 

/· 

\.'Jhen the · grou ~tlrfac becomes f r o:oen, part £ t he void 

srac e ot Jerwise ava::..labl for downward f lo o.f i n ... ."ltraticm i s r eplac d 

by 'c e, d ... r esing the i nfi lt at.ion-ca a ty. Tis reducti on is, 

however , not proportiontll t the redu~tion of void space, _or various / 

rfla o on . being t . { ... t e 1.. ozen so ·l .·oi tu e ch · fly . .. c p.: s the 

a 1 . r' pores, u'lilo t he larger porns are mo e e_fective in t e t · ons-

mis .-;.s io o t-mt e.r i to an ai o t of 

Since the so:i.l do·.:s not 

i ts ~ · g ai , it ·~ atur ted w ~ fr ze 

a~ the 5' face o t·lh l l y /· 

io s glazed urfL c mav b. orme )y ra n f all "n on soil the 

~ • "· .. ~ ~.; .. t ·- • 
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tgnperature of which is below freezing. Swelling of water in freeztng 

and tanperature effoots are also involved . On the other hand, the 

soil- may freeze "dry'', or with little initial moisture, and then receive 

a snmi cov er and thereafter maintain a r-elatively high infil tratj.on ... 

capacity until melting begins. Excluding heavy clay soils, most soils 

maintain an ppreciable residual infi~tration-capacity when frozen l-let 

or dry. 

Accordin~ to the defjnitions noted for perc~lation and permea-

bility they should have the same nwnerical values. It is the assumption 

of the uriter that p rcolation, p~rmeability and infiltration are of 

sac on cy i mpot tanc.; in· low temperature studies of moisture migration. 

Such a s ent is net made to minimize the importanc of such 

processes of migration in engineeri.ng problems; however, the condition 

of very lov1 t empe1"atur s ass . e at lea t ov r a portion _of th year 

' la ge a titieS aS by 

mieration 

oc .. ·ate-

he. xp in o 1 tee o Fr evert ar1d Kirkham 

in determini.ng t ar ·perr1 € ·ility helow the evel of· the wat r table by 

t 10 ;p rim ntal procedur are desc i in some detail s ince their 

· o be alm~st uni ue in i.. ~ ! tel d. 

Kir '18 r, • Ili ·kham, Pro;;~~ Soil Sci~· Soc o.f 

8-6 ( 9 5)] ad~tj cs pe +h e same size 

s a hole i to e v.· ter tabl e. The pi e is filled 'lr1i~h water 

· bov tho " ter this ~ ater level 

-r-vaJ f t i . e.. 'l' e p e ,, ea i l i ty is th n 

.. 
,• 

·/ . 

... 
:' 1 I 

/ 
·~"" .": 

' ., · . 

... .... 

/ 

.,.i~ 



I / 
! . :--·' 

! • I.~ 

·, 

/ 

; . / 

I 

1/ 
./ ' . 

_., . / 
, · .-/" . 
·/· 

./ .·. 

'/, 
,),.:<·i 

I 

. -.. ·i . . 
, r 

/ ' 

J . 
. , 
'. 

r·-,.. ._• 

':1.< 
~· .I . 

........ _ 

/ 
/ 

/ /~ 

-5-

calculated fo.•om the expression 

K = n R3 ln(h 1~) 

A. (ta - tl) 

to~her K is the permeability in inchos per ·hour ! or unit hydra~ic 

gradient; h 1 and ha are the distance< of water table l evel in the pipe 

fro~ the water table at times t 1 and ~ resp ectively; R is· the radius 

of the pipe. A is the coefficient detennined bv an electric analogue 

where R is the radius of the pipe a :3 befor ; Rm i s the ra us of a 

no el ; o is a speeif ' c conduc ivi.ty of el ,., trol yte sed i n the 

nd W i the resi.sta 1ce etween l ee rod ~ nd a lc bottom. 

Fr vet F e el·t., '!.'l .es s, L ' ra 
' I s, 

It>wa ( 948lj m l o l oce ure, i ·ha 0 

p.ourin 0 +h pipe 0 cr "'te hi gher hy aullc ead in 

Uan out, w t is removed so that t he soil 'ater (fr a Na'Ger ta le) 

moves 1n. The 'ater l evel hl an are then dista ces from the wat 

table to t he initi 1 (lm-1or) an final (higher ) l ev ls respectively • 

The alue of h1 i then gr.::ater than ~ as i6 t e ca e f or Kirkham 1 s 

eouation. The th.~ ry ·for ei her method i s t 1e sa. e. The · lu o t he 

A unction can e ca . culated a 1aly"tlC lly for simp e ase of low 1 

porou media J 

K = 

\vher e is H. z /s :1 s is the d~, th of the ac t ua so · . column. T1 e 

J-funct ' on from a "" "SJ. stan .point .takes int account t h f l o 

/ 

•' 
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pattern of the wa•er ip the Goil. Frevert has listed four advantages 

in the use of his procedure for measurin~ true permeability of soils 

belol-r th~:: water table by the use of !1.oH of water into a pipe rather 

than flow of water out of the pipe • 

1. Natural structures of soil are undisturbed. 

2. Te1nperature corrections to a standa rd are possible. Frevert 

has corr cted all permeabilities to 20.2°C • 

J. Effects of trapp ed air are eliminated when the soil has 

b een_ saturc. t ed long enough for the air to have been 

absorbed in the soil \riater. 
-

.Irregularities in the soil are minimized by using a fairly 

large a rea .of the cross-section of sample. 

,The p ermeab:tlity data by the methods of either Kirkham or 

•o 1 be or i n e ... est if n t empe ature grad ent approac'"' ng °C 

Here :i.n~l ded. T in p 

·-. vhc t · table wo d. of cour e, vc elimin,~t ... d. 

Thermodynami c Considera tions 

Anderson and his c o- wo kers [A . B. C. Ander on, J. F. Fletcher 

·a n N. E. B:Uefsen, Trans . Am. Gop' ya . Union, 23 (2), 35.6-?1 (1942jJ 

have con idered the asic thermodynam·c the017 nec essary to i nterpret 

the observations r e ~ ted to he movement of rnoi st\U'e associated wit 

f rozei aile . The reezing of oil semnles t\ri th v"'r· ous so '1 mois ure 

Dila t metric. Cons · tent r s ts lrlere obtained by both methods a 

rov 1. , v t e act t.h t plot of f reez · _g loint epr ~:· ssio vs. mo sture 

ce nt ~ t . {per c nt b w i _,h\,, dr basis) c;o g ee in their encral tren • 
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Sines Anderson's derivation interr elating the thermodynamic 

variabl es of state "J.nder differF.nt condi tiona of freezing so~.l-moistur-e 

is unusually complete and is one of the f ew found in existing literature 

(19.53), it iF. described in some detail. 

0 

The interrela .ions among the thermodynamic quanti ties de-

scribing the otates of .noisture for frozen sc-ils have al so been expressed 

by Schofield [R. K. Sc.!1ofield, Trans., Soil Sci., Third International 

Cong., 2, 27-4_8 (1935l] Andereon[loc. ~and. Schofield have 

i ependently arri ed at the same gen al exp e sion, not below as 
0 0 

(.3) . Schofi'eld has attributed th '.!.~ressio of +0 e fr eting point of 

soil elution entirel y ~o dissol ved material. ft~so. it must be assumed 

ha in t. e ice • 

re zes 
0 

ut, it s_ep r to · · 

f ne at i)l:Jp. e T:,e e is p esont y insur 1 ient 

to prove t he l a t t r po.:.nt , ho -e· r . A U:t;.)r ' ingly h h pe eentage of 

ater in c ertain so 'ls r ema ins unfrozen even a t tenpe atu e .rell 

belo f r eezi ng. · TS1 to ich QJ. A .. Tsytovi h, I zveotiia Akademii Nauk 

SSSR, Seriia geol ·g!.che kaia$ No. J, 39- ·8 ( 947l see al s o SI PRE File 

84j] sda o 1•1osoow loam ~o taining 21 oo cen f fine cla 

par ti les and 1 pe cent of ater. On b ing subjected to a temperature 

o -1.6 C$ 74 per "' e . v of th water r mained unf zen; at - 17°C 57 

pe CC~"'lt of he wat a unfrozen; an a -2 ° , 50 per cent was 

tion of of co: t o a 

cer i OO<ten~ t o he resi ta c e to f o·eezin 

Accor ng to Ande son et al 

6£ of he m · "ture at any point B in th oil m i ture rr,ay e co aid r 

.-
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ae the sum. total of a n\lrnber of component free energies: 

M: Afp .f. ~£0 + A!F t ArK+ MC1 (1) 

Each of the component free energies is herein defined. 

Afp represents the f1 ea energy of the component at a point B 

due to hydroswtic pressure. This hydrostatic pressure is assumed to 

be in excess of that nonnally present in f:ree, pure water under one 

atmosphere of pressure. If ATP is the freezing point d · ression due 

to the hydrostatic pressure, ~PP, 6quaticn (2) describes ~fp• 

Afp a VAPP = ( ATp/TAV) (2) 

where Jl is the latent heat of fu ion of ice, AV is the change in 

specific volume l-Then ice melts, and· V is the specific volume of water 

·(unity i~ ega system.). A nee s ary asslJlr.!.)t:i. n in the deriv~tion of (2) 

i that the dro tic pressure, 6Pp, s ap 1. ed equ y on both the 

te:r and ce uring ing" 

t e •orr:p nent of t otal fr a a.'1ergy at 

poi nt B due to the pr s ce of dissolved material in t ne soil moisture 

(cf. Schofield, above). If AT
0 

is the fre zin point d ression due 

to the osmotic pres ure 6P 0 , t en Af0 5.s defined by equation (3). 

(3) 

Th e th r~l component nfF~ repre ents the force f' eld 

including grn i tatio ~1, a d a o tion urr un ~ n the soil-particle. 

ine integrcal i to escr be llfF. 

F Co (4) 

rhe e A i s considered to e e <.tatum (locat,ed in a fr _e, pure ody o£ 

·at r a t e given point in the grav· tational fi l d) a B ~s th e roint 

3. 
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l~ation of the wa ter particle under the i nfluence of the field F 

surrounding the soil-particle. The angle between the ele."Tl'3nt of the 

path dx between A and B and the direction of the force F is ¢. . The 

cos ¢ is positive if F 3nd dx are in opposite directions. 

The fourth component llfK repres ents the free energy due to 

the kinetic energy of t he water at point B due to mass movement. 

where V ia the etr ming velocity. 

b.fCJ represents the increa·se in total free energy of a 

are is inc rea sed by the amount AA, or 

. fl fo- -

(6) ed to be T 
.1. 

nts ~e th' ~ n"'ss " th .. ur ac ot . ater ; 1 vlhi h ti 

prop r '·ies are r if£ rent from those of the body of the flu d, then the 

average free energy per gram throughout the Rurface layer r ay be 

r epresented by 

a 

wher e p rep1 es-ent · the average dens · .y of wate!' in the l ayer . 

resen · t he total r ee n gy 

of the s o -moi t urca$ Thi uan ty is e;xpress in t rms f t :1e vapor 

aRT log (/p~ .· • '(7} . 

,,. 

, •' 
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The constancy of f.lf s depe-nds upon the equilibrium conditions of the soil 

or moisture. If the latter is in motion (as during moisture migration) 

A:l8 is not the same at all points. Fven at equiJ ibrium where fl£
5 

is 

the same at all point s the component s 6£F and 6fp of total free energy 

llf (equation 1) may va ry considerably from point to point in the soil 

moisture. 

_ Anders on points out an important relation betl'teen freezing-

points and f ree-energies of soil-moi~ture , not obvious without the two 

expressions (2) and (.'3) .- Although a positive hydrostatic · pressure and 

dis solved material lower the fr eezing point or a solution, t hese two 

factors ara not additi ve in producing changes in total free energy. 

equations (2) and (J) i t may be seen that an i ncrease of hydrostatj.c 

pressur liP t:a ses an i ncrease, he ea s a similar change in the -.. · ' 
' p 

osmotic pressure AP
0

-ca se ad rease in the total fr e ener 
~ • • • .... + • .. 

il m isture. -· It ic ent..t.rely p as· ble th t. the om. on t free 

erei s produ e · by Pp an P 
0 

r.my '"' of equal magnitudes ut opposi ta 

in s i gn . The above ·~reatment does not permit an ~planation of \vhether 

i ce f ormed, when moist soil is chilled, i s under the origina l tension, 

or is separa ted out from the ma in body cf t he liquid soil-moisture a t 

only atmospheric p1·e sure. Th atter pressu e is assumed to be 

standard 1 • th re ect to the pressure of Anders n' s dat , • 

Considor the yet 1 re resented s h a tically b Figure 1 . 

In this system Pr represents e pr€S ure e.:xertc uniforml on ice 

by a piston that is p~rmeab e t.o "~ate~- apor onl and Pr
1 

r presents 
'I 

the pr sure exerted Utti."\ .. rm1y on 1-at. b;y a p · ston that is p rmeable 

liket-Iise to water-vap ·)l onl P1_. a d P1 rc !llHays so r elated that 

here is a common vapor pr ssure, p, ti1rou hout. There must be a 

·. 
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constant 6Quilibrium between the liq~d, vapor, and solid phases. The 

total hydr ostatic pressures in the water and in the ice are then 

and 

P2 : p t P14 

P1 = P + ·rr 

respectively. Such a condition is necessary since the vapor pressure 

is acting on both the solid and liqui d phases. 

Assuming T to be the freezing-point of l-<!lter under the condi-

tions described (that is the temperature at which all three phases are 

~t equilibrium), then the following differential expressions relating 

dT .(change of f r eezing poi nt ) to a change in one or all of the. pressure 

may be derived • 

At equilibrium _it is a nec essary .f:.hermodynarrd.c 

the f r ee energies f 1 and f 2 be equal . 

t b a c mpa ni ed by a 

d! = 
The free en ,ies y be e~tpressed i n tems of any 

t wo variables, for exampl e T and F. Thus 

dfl.: 
~· f dPl .. (ar2 ) dT 

·(aT)"'" . (10) 

dfa = d.Pa + ~ T 
T 

(11) 

ermodyna c con i era t .... o s · 

( l.= an (ar) - -s 
p ran· ( 2) 

Th r fo e quation ( I ll (11) b orne 

d.fl:: ldPl - c l .T (13) 

..:.. 
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and (14) 

Substituting (13) and (lL) into (?) 

. (15) 

where dP1 and dP2 arc the total change:> in pressure on the solid and 

liquid states respectively. Whereas, it is customar::v to assume an 

equality in pressures, in the soil-system considered these two pre~sures 

are not, in general, equal to each other. By substituting dP1 and 

dP2 (frorn the original staten ents P1 = p "' Pr) (and P2 = p + P\v) into 

equation (15) and dividing through by the freezing t ea11p erature diff eren

tj al dT, the r sult is 

( 

(~.E. ... £!!) 
oT dT 

of ua io 

~/dT) - (v 

6) the revu.l t is 

/dT) + 

T e term. (S2 'l) · i · equ ti n ( 7) ts A or the .J..! 

in specific entropien o equilibriwn, hich statement 

may also be represented 

as = S2 - S1 = (~/T ) {18) 

where £ is he latr: t heat of fusion of i c e. The f inal equation i s then 

giv n in t e form 

_ (v d~ n ·) v) u Y·> (19) 

·!here dP I az d dP are ( · s d escri total c ~ nges in 

pressu:i e the olid and 1' qt d :r.especti vely, v1 and v2 are ific 

vol e of oli d and liquid 1· .. pe ti e an d' is the cha ge in 

freezing oi t . 

Anaers01 and h · s co-u :rkers [loc . c · C' h ve t1C1d observations 

pertinent to the mo •oment of .. oil- . ois w: e at l o t emp e: ature using 
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the above therrn~dynamic considerations as a basis for their J ~so:dng. 

I£ soil-moisture ~.s subjected to a t E>..mperature low~r than its freezing 

point, at least a portioP o£ the moisture freezes. It is likely that 

the porti n of water frozen w:tll be that which is farthr · _. from the 

sm·face of the soil-particlf., or that \oi'hich in the liquid s+.ate 

possesses the greatest mcbili ty. "This fact coupled Hi th the ccnsidera-

tion that ••••• the space formerly o~cupied by fluid is then occ pied 

by a solid requiring slightly more volume makes it evid:mt that the 

J!lOtion of watsr under a givsn fo rce th."ough a frO ZM soil is markedly 

curtail edt" Two typ es of water mo ement related to fre~z_ing so~ls are 

considered. 

One mov~ent is that downward under gravitational force. Suc;h 

movement has particular be-lring on soil-crosio_i nd wate!'shed r ·m-off. 

Only a f test.s-.3ra avail abl en moistur migration do ·mwar d in 

f oze.r.~ ·oil .-' ho":<;' e;r·; · t appear~ s i J.i t \ile mois , re migra ta~ 

il ... , h3 d . th f net ·a i on is likewise s1 i ght. 

Tests rere conducted on Yolo fine s ndy loam having a 

m~isture- equivalent of 2 .(, perir.anent-viilting percenta ge CJ£ 7. 9 a nd 

a sticky-point of 8. 5 as well as on Capay clay havL g a moisture-

equi·1alent of 28.7, permanent-Hilting percentage of 13.7 and a t icky .. · 

point of 23 .. ,.. The soils ere f roz en at · ·10°C.. rh d&ta plotted in 

Figur e 2 1 rn thP. c.ept..~ of pe etration s a . func ion of moisture-content 

of tha pa~ t i "ular soi .. ~ The loca ion of t. e tna:l{ima i dicate a 

struc~.~ure f ctor 'hich must be of import ance . I n F·' gure 3 t he aver e 

ep't of pe trat on is plot ed as fu ction f the ratl. of percentag 

. oiat ·e to e ce • ge of . o s·vur e at · e s · cky .. poi.n... . n~e soil 
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structure factor is again emphasized by the maximum n9tad for the ..... 

Ca ay clay. 

It is likely that moisture falling on frozen soil will be 

nearly all lost by run-off. Further, it is logical th e1 t the soil below 

the frost l ine will be quite dry. 

A"thermouynamic consideration is, that as wat er penetrates 

the soi l, the heat-content of t he dO\·m-rnigrati ng water d 9Creases until 

the water fre ezes . At the point of freezing an ice layer may form 

pr venting· further downward migration. The water content of the soil 

ab v the ice layer increases. The soil i s thus made v ery susceptible 

to ero ion. 

A second typ e of moisture migratio of importance in the 

thennal r .gime is t h t e to thermal gradient Prob bl, it le 

m tu e moves : roue froz . ac , but ho ~e t i clo 1 a 

~i g Point a, d It to Pr sure 

Although UG_ng an ent:i.rely cliff nt lin of reasoning, 

Hudson (9. S. Huds on, Phys. Revs . 22, 257-64 (1906)] araived at the 

sa e final equation {19) as hat d s rtb by n "'Son . our ways are 

descr~b d by Hudson in hich t e fre zinR point · s chan ed by changes in 

f o r si tuati s ore out, in d riefly . ,i · actual alu 

for dP and d • 

( ) T .h ot 1 change in pra ... sure on t- e i1~. e is always ual to the 

tot ch- nge i pres, .. U'e ~ith. dP :: '-m., t hen dT i 
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(b) Th e pressw-e on the water remains constant while the pres sure on 

the ice i s changed. dP ice a 1 atm., aT then is equal to 0. 0899 °C [note 

that dT for (b) is same 12 times greater than that for (a~. 

{c) · Th e pressure on the ic e r mair,s constant t-lhile the pressure on the 

water i s changed.. dPH : 1 atm., then T is equal to 0.0824.· A com

parison is to be made with Case (b). 

(d) Th a total changes in pressure on the ice and· water are always so 

related t hat the freezing-tempe ature r emains constant. Under such 

conditions the value of dT must be 0. 

Ca se (c) · a ave app oo s to be us ful in de cribing the freezing· 

of water brought up by migration t hroug c pilla i es . Anders on ma kes 

the inter estin suppos i · on of an ice particl e in "" soil cavity some 

di tance -hove · ble, a ov ·hie tab e, pillarles ar e 

ng . e pi ar ... es ,_ vion an w 11, 

t ~refore , t 0 C hav 

Si .ce t e :no tem i t e 

cav ' ty r-1'll d s~ill ovar to . the water it cap:llari e • I f the ter 

table is a ....... umed to be 76 :x 13. 6 em. elovr t e • 

hydrostatic ~essure in ·h water (r ea chin the ca i ty J is -76 x 13.6 :: 

- 1 a -' .. F ron1 C s e (c) t i e-p rticle- .... oil ... ey t em i n the 

cavi ; 1r • .1.11 be n equ br um nt -o . 82u~c J,.t t h s t t 

der te sion 

or 0 e a tmospher 'ri. 0 ea~ • 
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Section 2. Capillarity of Soils Related to Hoisture Migration 

Inves tigations of the lmo~s of soil water move.rnent are divided 

into three broad groups by Schofield~~. K. Schofield, Trans., Soil.Sci., 

3rd International Cong.,2, 37-58 (19352] 

In one, the lrnorm la\·rs of viscosity and surface tension are 

used. The principles of viscous flow can be used successfully in the 

case of movenents of water. in porous soils below the water-table. In 

the second group which he class es as i nductive, are the experiments 

indicated in the field. 

The fewJaws that form the third group, to which Schofield 

contributes , have endeavored to establish 

are valJ.d rhatever the mechani s at wor .. 

S hof:te d r omrnen .s the use o a F scale. This 

log rit · .. -s g .. ) i z c tim ers of a col n 

hie} deno 1, .s 'h • s c ·ior: t or uc ·.ng mt 'c pillarv o+ent.ial' (se 

.fol~oWi 'l s c ion) • ll t:ran f er o cale to any iJUid fin 'n 

i t3 P~ can also b e ma de. 

The pi' c n be calc a ed direct y or may be sti mated fro 

fre ezi g point dep ons and elative hwnidities. 

u. 0 

o 1 4- log
10

t (for ·J; -t 

r : - J.t /!lg) loge (h/lCO) 

- 2 • .103 ( T/1'1g) 1 g
10 

(10 /h) 

pF o~. H = og 2. 303 (R'r /I·g) 

ing point) 

(20} 

(21) 

(22) 
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where 

= 6.5 ~ log10 (2-log10h) (for water at 20°C) (23) 

H = height of liquid column to give equivalent. 
- suction, em., 

T - = absolute temperature, °C, 

g ~ 981 ergs. ~n-1. cm-1 , 

-----s---=· iatent heat of fusion, 3.3.36 x. 109 ergs. gm, -1 
for water, 

t = freezing point depression, °C., 

R = Univer sal gas c:Jnstant 8.315 x 107 ergs . m~le:J-loc-1 ., 

M : Ho1ecula r wei ght in vapor phase 18.02 gm. moles -1 
(for water), 

- h = relative humidit y p er c ent. 

It is observed t hat the moisture content to whi ch a n ordinary 

agricultural soil can be dried by a gi ven suction is considerably 

greater than that _to which it can' ba wetted agai nst t he same euction • 

It is therefore essu."!leu that ft."r "Ch moisture content · ti'ere are t wo 

pF v luesj_ ~ne f'or_ d yin ; nd the other f or ettinr.s the one in the 

.fonner c s b aing greater t 1an the o ... i n t latter ca e. 

. t.faki g due allo ·lance fo r gravity it may be said that. water 

will not move except under the conditions of a pF gradient. Even for 

small pF gradients movement may be sl mv rlue t o l ow permeabili ty. It 

is important t o note that a moisture gradient does not nec essarily 

:i.nvolv-e a pF gradient. 

I. Liquid Higra+ion. 

.Le\-.ris Q·1. R. Lewis , U. S . Dept . Ag . Tech. Bull . 579 , Oct. 

193i) has made a tudy of the rate of flo ..: of capillary moisture with 

i rrigation pro lE>ms i n mi .d. The .reater :importance of roo . movement 

or root gro';.rth to at r ourc es vhan capillary inov ement of wa er to 

/ 

I 

I 

. ! 
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the roots has been emphasized. The elucidation of the problem of 

moisture migration necessitates an understanding of capillary potential 

and capillarY: cond~ctivity of different soils. 'Ihe former is an 

e:xpression for ~ force with ~moisture is held ~ ~ given time and 

~ .3 particular poi~ in the soil ~ capillary action. It is further 

defined and used by Lewis as the work perfonned ~ the cap1_llary ~ 

~moving ~ unit~':.~ of~~ from~ free ~surface~~ point 

~question. A cap i llary potential gra dient would . then be~ rate£! ' 

chan[!_ ~ ~ to point ·of the capillary potential. 

The second .term· defined by. Lewis , capUla17 conduct ivit§, is 

a measure£!.. the soils' ·ability to transm t ~ !h~!.!:! ~unsaturated · 

condition; thus 1 t is ~ ~ of the !:!,.te of now of moisture !E. !!} 

Le ds i rna e a numb of eas ements on th ac•ual rate . 

f moi tur un er t h infi ·ence of capillary force act ng in 

s of d .. rf rant oistur co tents. inc the p r oa c rna e 

by l,elds "'as fr Ii1 ' a pr ctical agricul tur 1 vievr oint, over-dri 

soil .were not considered nor were l m.r t emperature .... 

The repor ts of various investigator on the vol~~e, di tanca 

and quanti y of wa t er rai se f rom a 'ater table by capilla ry action 

are a t · ... uch odd is difficult to correlate the data. Lenis 

h 5 r vi wed the woz-k of others t hro· g the p er-t o 931 and includes 

s ome 57 reference n · s paper.. Funda nt al · ' O. . io is r e ort ed 

on : (1) the r ~ ionship bet een mo · s ,. e content of t • e soil d 

+.be B i la ry pote tial, (2) the ralation t een the capil r poten 

·vi al ~ adi .... nt a d the ate f no\-I u~ cap ·"lary no.1.. "'-ure; and (3} th 

sp eciff ondt cti · i ty of oil for moi t ~e . 
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From a large amount of tabular and graphic data, it is 

concluded that finer te;<tured soils will not transmit capillary water 

as readily as will coarse t~tured soils. For steady flovr in any 

particular case the muisture cont~nt ~adient is always steeper as 

the moisture content becomes less. 'l'he variable of. temperature, 

especially as r_rd giit :;:;ii~.,;ern subfreezi.ng temperatures l-Ias of no concern 

to Lev1is. For this reason only the pl:-:L"llary conclusions reached by 

him are summarized herein. 

(1) \li tli differences in moisture content betHeen 

and .the v1ilting point, water can be rai sed by only~ fev-r inches !JY ~ 

·., caEilla:rz action ·rro11l . a moist subsoil ( eg • 

. · -~uf'fici ent· ~o · s~pport biant l~f~·) ~· 

(2) Most of .the water 

above the wil ting point. · 
;,_ ., r 

(3) At higl-l . 

· si oerable distances ""Vthe ... e s at . ow· 
~, .,... . . . .. . . . ~... . . ~ .... . 

dis·~~c~- •hie .moistur'e rill move is very 
' ,· \; I 

";"' 

(4) The variable f actor s as gravitational field, 

moisture content and t~-np erature ar e of such impo tance that 

capilla r.:r movement. becomes al most an individual problem wit h 

of condi~ions (geographically) . 

II. Mea sure~ent of Capillar,y Conduct i vi y 

'. · · -.. ~ , Richards and f1oor . .;;' G. -A~ Ri chards 'and D. C. I~oore, Tra ns. ·, 

.. •-!._ 

I 

'. 

PJ. o Geophys·. Union, 33 (4), 531-40 (1952D have dev~. s r;\d a pre sure-type 

apparatus f or measuring capill. ry cond ctivi y i nvolving t h.e · use of 

a soil coluu,n mount ed b tw l · .. t 10 porous pl ates . Pres ure cont ol of 



.... ~ j ··· 

i 
. . - . l 
' I 

. :.:0 >,-1 . 

. l 

' ; , ,• I 

I I 

' ~I: 

' I ~ 

.. -,-·,- .. 
__ :;.!_ 

.. - -: ~~\ ' 

i. ... ; • • ~ 

: ....... _.... : '. ... 
... .. 

- - . I I • 

' : 
- 1"-- .. ,~ 

_; ·.,--, -:._ 
- :.. .... :-: 

I . . ·, -
. J . 

. { . \ 

, I. <:. 

.. ( ' . 

\·· . ,/ · 

· .. ~ : 
.' .. ·.· 

,- . 
',·· 

·---: __ 

.· ... 
1')1) . ...,..,-

. water is u• .. ilized rather than that of a vacuum[!. A. Richards, Physics, 

1, )18-)) (1931}] Accurate ~eJ.S\.'.rements of water input and outflow 

are possible . Pressure of 1-rater input is noted as ~ and the hydraulic 

head of the outflow as H
0

• A reference datum for press·Llre, H, is taken 

at the center of 'the soil column. The net hydraulic head ~ · H will then 

be repres ented by AH • H2 - H1 where _tha subscripts 1 and 2 refer to 

head differentials from the soil-column -c ~~ter datum to the bottom of 

the column and the soil-column center to the top of _the col~~n . If H1 

and H
0 

are made equal to zero, then H2 ·and H1 will also approach zero. 

The equivalent soil-moisture tension of water in the soil at the \!enter 

of the column is . then controlled by and becomes equal to the air pressure 

(H) maintained in the pr ssure -chamber • . The soil~moisture t ension and 

the corref.l-ponding moisture cor,tent of the scil c£ n be varied t will . 

· ~ith the application of an ov ra'Il ciJ..lving head equal to H1 - . H0 , water 

js ~oved t hrough_ th poro plot at t.e t op oft e ooil~column nd out 

thro• 0 t e po~"'U ... plat .A t the botto 

sult r l'E!OO by R c rds d Mo re on ·x. soi.~ 

~ 

the f llmving particle size characteri tic (T ble I) . 

Table I. Particl~ Si ze Analysis of Soils Subject .. d to 

Conductivity Measurements 

Soil Typ Sand Silt Clay 

Super ti tioz sand 89.6 4.8 5.6 

Goac' .... lla Loamy f ine an 85.1 10 .. 5 lh4 

ac la?P fine san ., loam 59. h. )2,9 7$7 

fJillv' lle sil~.~ loam 2!.!. 9 60.3 14.8 

Ch sil ty cl~y loam 5.8 58.1 36.1 

Clay (Preston, I ' h 1~5 52.9 45.6 
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Tabulaticn of cor.ducti vity (~) in relatio:u,;!lip to air pressure 

clearly shotls a progressive decrease :i_n the conducti vi tr l.zi th in-

creasing silt and clay content. The sandy soils have higher conduc-

tivity at low tension ar~d loHer conductivity at high tension (0.2 atm.) 

than medium textured soils. 

A relati on between soil-moistrL.re tension a rid the moisture 

content of the soi l is e~pressed as 

Pw = aT·b 

where P\AJ repre~ents the mois ture percent.:age on a dry weight basis, 

a and b are constants of the syst em, and T i s the soil moisture tension • 

Data on the capillar,y-conduct ivity o£ the differ~~t soils 

studied show that it may vary from 0.2 to 20 cc per hour. As the 

soil-moisture tension increases up to about 250 em vf water, the 

capillary conducti _ty drops rapidly. 

wVidenc f or a hystere i s e ec v ie r eport d in th8 ata by 

rds a 1d !"lo re ~· The onducti vi ty is much lmo~er at cor egp ndir.g 

tGnsion·'v lu s ~ en the t nsic is de easi ng than .rhen t he t 

increa sing. 'l'his hysteres s in the rela.~-ion o.r tension to both 

moi sture · content and capillary conduct · vi t~, is a very r eal effGct in 

soi ls anci i .s oppos..:. t ely direc t ed in drying and wetting processes . 

During t he process of Het tin of a dry soil, th e transfer 

of' water cross t.Le -v e ~.~ting fr nt dll progress a t a f inite a The 

hydraulic gradient nt thiG front is h beca se of the rapid change 

.of soil - mois t ure tension \v th distanc , whereas ·Ii ~hin t e u e ·C-ed ma s s 

of soil t he co . . ctivity i s rel ati\ ely hi her and the mo.:..s ture ten ion 

and hydraulic radient 1ill be lowe 1l h a given r~ t of a er : 0\v 
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ne r the wetting fro . · , it is obviot s that the avera e r te of change 

of the noisture content in th wett.:d zone wi 1 vary invers y td.th 

th volume of relativt-:ly mobile wa ex in the ;etted zone • 

Th w ttin:'f' nd mo1stura-retain1n proc sses can be e~l ined 

:,.n t .·'Iris f c pllle.ry n ucti vi ty. In the · tt.i 2) n 1 tho c ondu ... -

tivity is loro, but th hy raulic adient is t gh 0 hat the nO"..r 

vel. ·1 ty is · e!ini t ly . preeiable and pr vents the · ntenance of 

mo oture fJt the fi.eld capacity i! the wettin ext nds to the soil 

s f ce. Hoil.'e er, as the wettin:~ front. proc ds do·m rd throu"'. 

th soU, t.h ra comos a time \.rhen t e moistur content the ~ev ide 

or the wetti g zon is high enoug 1 to e on tE: rapi risine part 

of a ca ill ry cond cti vi t y-curv • l1oisture content 

valu cannot pers .>t in the overlyi ng o 

soil. 1-U. hor , the 1 ld ca ac· ty does ot i n any sens r sen an 

e uilibri~~ conditi n. If the factors that t e d to control the rate 

of transfer of \Ya ter through the wetting zo e t end to ke th ra .. 

of transfer somewhat cons nt, then the trdc cr the 2 ne of wet, soil is~ 

th mor e sl o .rly doec- it mo1.sture content c ange · 

T ere is ... ... r ong in ca·vi on that s 

to that t en content at · ch c uct vi y b s 

ncgligi.ble. This lotte. sup o i tion· l not y t ~omp t eJ y ' er·'fiable. 
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In th~ work of Richards anrl Ho re, the Darcy relation~in the 

form v • k r is assumed to e valid for th typ e of no-~ ~ected in 

the six oils ~tudied. In this uat.ion V is t he velocity vector 

( volu.one per ur.i t area por unit t ime) ' and r is a vector sum of tlle 

forc e due to a ity nd th pres ure gradien . ~h e term k is sometimes 

ref rred to as t e Darcy co f i ci nt of pa.rmaabili t y. If the term 

"p rm{?iibilityu i re erved for re!'er en e to a specific hysic-11 propcrt~ 

relat only to the pore structure and ind nde.1)t of the n tll!'e of 

the fl uid, tl ~n k may be tem d as the hydr ulio conductivity. tihen 

moi t ·a c ntent 
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maintaining tenperature gradients o-r a magnitude to ive data of interest 

to migra.tion studies in the thermal regime, Initially. ·trozen soils 

migl t f or instance e studied using water at 0°C for permeability studies , 

Benkelman and Olmstead [A. C. Benkelman and F. R. Olmstead, 

Proc. Fleventh Ann. "'eetin , !li ghway Res . Board, ll, 152 (1931IJhave 

ap lied the migration of moisture from a 'ater table (or oth r source) 

at higher temperatures than the nnear surf ce" soil to eltplain ice l ens 

fonnation. The nature of the soil is \d thout. questio an important 

f ctor in tho degree of moisture migrat on from a wat er table upward. 

I elativel r cohe ionless si lt-soils it is c a· t at the moisture 

y m. II'S u ward 30 r t by ca. pillar· ty. There is dis greem·ent·, 

· howevei 1 amo g authors on t.he hei ght to w ch moisture migrates by 

Too ft eq ent y in ort mi at ion 

t ory 

t -10 l y r s of oam · nt rl y ,.... of 

1 t o 2 illary 

ise 'rh 

12 U'.t i di .. tet 

I rlsy 

ion abov ar 

d=r P, s 
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III. Capillerity and Soil Deformation 

rlnery [n. J. Fmery 1 Canadian r..ne., 72, 5-9 (1937) Harc'EJ 

has expressed the i mp or tance of water r.D. gration via capillarJ action 

in e.xnlaining the fonnation of ice lense , The minute dr cpl ets within 

a soil subgrade r esi st fre ezing even at tempera tures e .1 below 0°C 

(values down to -70°C have been reported, however, there is some r eason 

to doubt the e>:eessively lovl fi gures). An i•1cre:ase in the droplet size 

through moisture migration via capilJ~aries l eads to a water body of 

such dimensions that freezing is possible at 0°C. Migration is again 

not ed in the drawing of minute dr oplets from C8pillaries by the larger 

·fr ezable drops . An ever i ncrea sin frozen body or ler~s i ~ favor ed by 

t his trapping processlt 

A step- by s t investi gation of ~-mt er freezin 

r • th ha·s be ... n · rri ou b Kal as ikov !]. 0. niko , Doklady 

emii 2 I ) 99- 91 (1952Il Soi.l ·ate s. in 

-·at .... increa s e t-ri_-th decreas in soil t e"'Tlpc ature. T e va ria tions in 

t he r a tio or pnt to i c p r odl;c es a chan e in t he t her rr.a l propert i s 

of t l e frozen s oil bee usa the t her. al characterist ics of ic e and Ha ter 

The total ermount of t er r · is d fro . a \,·ater table to a 

·en s-pend~ up n ev r a f c or ; .he orce of capillar..:. ty 1 

t e r - 01 P ... ~ 3 epa e, and ric i o 1 r sis .a .c e . Capi 1~ ry _ es ure 

The fricti na l re is-

uOi is a f . . ct ~ . 0" th S f C rea 

an a es t must i nc~ ase ·: · th decrease i n 

. :.' ~ . 
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grain size at a much greater rate than does the capillary pressure. 

If ·auffici nt water is to be raised from a groUP.ct t~.ble by capillary 

pressure , the pore size must b e small enough to furnish a ppreciable 

pressur , yet l arge eno gh to prevont higb frictional resistance to flow. 

\·lith sufficient information .on the capillarity properties 

or a soil 1 t should be possibl e to make reasonably ccurote predictions 

as to the magni t de of ice lens fo rmation sinc e moisture migration 

lJill be predictable. Coh esionle s ~ ld th little cap.L.llari ty should 

fr eeze \-.ri th little expans.;.on since the occluded· water will be in drop 

· siz s l arge enough to fr eze ind&pendently with li tle mi gra tion and 

coel "'scence of drops. Little or nc moisture dll be expected to ris~ 

from a water .t able in uch a soil ystem. It is reasonable to expect 

tha t. a soil may have lo . cohesion ~ hiBh apillaritz. The frictional 

r esistance due t0 small pore size will not favor moisture migration. 

e9 , h~ ·at tabl e is abnorrna y close to the r f ace; 

·Ha"'er shoul rise. 

cyni . ' b. P~ , -Hi~1vua , 

74-8 . (1 it6'1 ha .. ortca in orne eta_ 1 a. 

capillary migr tion i n gr v l s and s i lts . The eq a ion d eloped by 

va _..able ; t ime. ( ) and ca il ary 

height {h) ~nd tin constant, c. 

hn ct (25) 

of· l may or 1n.a no on ·:,ant. h e f the curves 

Older or n 2 . In so ept .s (tu 

1 , ea em t of 4 t . , it as found 

uni o but le s t l an a"" ura ion, moi t ure 
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content throughout. The moisture content wa s usually lower at the top. 

Krynine has concluded that under conditions of very tight packing as 

well as very loose packing capillary rise is retarded. 

Osterberg [J. o. Osterb erg, Civil Engineering, 10(2), 

100-2 (19402] in a survey of the frost heaving problem has pointed out 

the general agreement among several investigators '-ri th regard to the 

factor of soil particle size and its relation to capillary migration. 

The latter ?henomenon, as already discussed, is an important con-

sideration on the extent of soil ·defonnation. On the basis of tests 

on pure fractions of soil, a particle diamet"er of 0.1 w.m is maximum 

for any appreciable deformation (ice lens formatio n). [9. Beskow, 

Sve~iges Geologi .ska Undersokning, Stockholm, 1935, Series , Cv, No. 375 
-, 

~2_42 ppiJ • 
~ . .. - . 
~ests on actua l soils (rath er tnan fractions) give _a 

critical size of 0.02 mm. f].. Casa rande and s. Taber, Proc. Ele·;enth 

Animal Meeti~g of Hi ghway Res. Board, 11, 168 (1931] • \vith 

·quartz only the faint #lst· indicati on of ler1s for nation is · ·ob erved 

t -a p.srtd.cle s ze -of 0.01 mm. A a C!iz of .o.o ... migr. ~ io. tal<:es 

place read:5.l .". s. aber, J . Geolo51, )8 , 30.3 .. 17 (19.30LJ * 

>'I' From a prac t i cal s t ana oint a lack of uniformity in par-ticle 

size is to be expected in natural soils . For well grad ed soils only 

3 pe cent of ~ains finer tha n 0.02 mm is req ired to produce defor-

ma t ion . For v ery un:~..!.'or . soil s a t least 10 p er cent of V"a i ns fine:r 

t n 0. 02 mn . • s ... :·equ.i ed. 

Th moi0t so ' ls (Js previous1y · 

describ e ) may be simply measured. by determininu the heir;ht to .rhich 

\vater will rise above a f ee water surface n a "soiJ. ~.:.u e11 • Hai·tever, 
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for soils with fine particles (large capillarities) the determination 

is more difficult . The limit of capillarity betHeen soils that do 

not eY.hibit deformation (by lens forw3 tion) and soils that do is given 

by the simple relationship c1 Q 1 meter and CD • 1 1/4 meters where 

c
1 

is the capillarity for loose packing arrl CD the capillarity for tha 

densest p ssible packing. The limit for soils which normally do not 

heave is C • 1.5 meters and CD o 2. 0 meters. 
L . 
It has ' been found empirically that _the rate of lens formation 

varies inversely as the square of the prt;::Jsure and inversely as the 

cube of the particle diameter. Pressure, here, refers to the total . . 

pressure at the frost line and is dependent on (among other factors) 

the capillary pres51Jre. For clays the capillary pressure is very 

large a i chan es in s~face pressure affect lens formation only 

S" re is ' · t littl changed. For coars er 

s oi c tll sur wy r io rna terially. As a 
-~ -

.~.ai or . ti s ..,t , lens formation 

t a. certai n rit ze the ca illa. y p s ure 

increases reatl.t with decreasing rain si e and the combined effect 

i s to decre~se lens f ormation a nd sub s q ent soil deformation. In 

saturat cla s shri 1kage (as vi d · ced b cr~c .s) may occur a t 

to the t•i h atrral of ater to form ice 

la as. · 

B~nke1 an hotm by carefully 

d labor vati ons that · e fo_ m ~ion, a s lenses , 

(1 a ing to ~~oil accom_lished in ooi ls whic1 

ar · aturat ei "'he bJ c pi11 tri t r or ry s cpa g • As the ai 
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temperature drops below freezing the frost line is shown to move 

dowm-rard into the soil. The interstitial water (eit her from capillary 

rise or seepa ge) is f r ozen. The expansion of the soil mass due to 

this ice is known t o be only slight. "-'lith an increase in the freezing 

tanperature the frost line moves upHard. The ultimate effect of this 

migration is to leave a cumula t ive water void following the contact 

line of the frozen and unfrozen soil. \.Jater will t end to fill this 

void, the amount of which is dependent on several factors: (1) inter-· 

facial · t ension between water and ice; (2) hydrostatic head; (3) at

mosp~eric pressure; (4) other pressure effects existing below the 
~ . . . 

fro_zen s oil ( e. g. capillari ty pr operties of the s oil). More t han one 

of the voids may r esult in alternating freezing and thatdng conditions. 

The eJtpansion of the ice · fonTled in the nm~ wa ter fill ed voids accounts 

f or . t he frost heave. The importance of und~rstandin p.; moisture 
.. . 

migrat.ion at lcH t e nerature c nnot be underestimat 

migration of grest import.(rnca sine Iater bro ght i nt o 

such a process ca~~ot be dr ined. 

ByKuv and Kapte-r ev ~. I. Bykov and P. N. Kapter ev , 

I zves t iia AkadEmii Nauk SSSR, Seriia geograf" cheskaia 1 geofizicheskaia 1 

. bull. no . 1, 93-99 (1938f] have det ermi ned the moisture content of 

s ome 200 .. oil samples befor·e and after freezing in order to study t he 

ext,ent of t·at er migration. due to freezing and th e s bscquent f orm tion 

of ice l enses . : Their data indicate t~at moisture i n sandy soils moves 

al-ay f rom a freezi g layer . T 1e moistwe in loa .y soils vrith a 

moii;)t ure content of 40 per c ent , accumulates nP3r the freezing surface 

and car ri trith i t min t e particles o soil • .. o d i_nite regular.;ty 
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is observed in the ~i <>tributlon of moisture in a ver·tical dir ec "-ion 

under normal conditions. The force developed during the growth of 

ice crystals in an open soil is quite negligible and cannot account for 

the soil deformations in the course of freezing. 

It has been clairne.d tha t the voltune change in a soi~ (during 

freezing) due to lens formati.on is independent ot the i r tanp erature 

[A. Di.icker, .Die Stra s se, 4, 1.38-LO (1937.D • Experiments were 

conducted on sa ndy soils at a moisture content of 20-23 p er cent 

placed in ).9 em. diameter glass tubes so insulated as to permit cold 

p enetration ,o_rily fr.Jm the top. r.ens formation and deformation rates 

were measured with decr easing tempera ture . Results indicated that 

d eforma tion incr ea sed continuously to a t emperatur e of -l6°C at which 

t emp_erature a :na>:irnum deforma t i on rate of 0.150 em ., per hour was 

e deforma t ion rate d rea s d ;. It must be con ... 

clu ed t hat ai t p erature (belo f reezi g) !!.... infl er.ce t.he rate 

, a t least in the a r ti ular j e of soil use 

ucker. 

No s'ngle t heory of 'cc formation i s adequate in scope to 

cover all type~ of soils a nd all met hods of moisture migration • 

·.atkins {Pen "elme n a n Olmst ea d , ibid. , see pnge 160 suggests t hat 

coo t-Jea h r serve as a "primer" in f avoring s t rong capil ary acti o 

to FJC ie saturation of the upper subgrad soils . A supersa turat.ed 

l ay ay form ju t b ow the f r ozen la er connected~~ capillary t bes 

to a wate tab ... e . vJi tr r apid fr c.ezine of +he upper supersaturated 

l a' r r , voids i :')ht dev op l~hich 11os · i bly mieht agai be fille with 

t ois e t ou h migration f o he u t t ab e or ever by seepage. 

Freezing o . the i ater in this pa c e (lens fo rma t i on) .might l>~ell accoUl t 

f or the soil ex~ansion. 

·, 
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is notable that Benkcl.man and Olmstead suggest alternate 

freezing and thaHing whereas Watkins and others feel the cyclic action 

is ur~ecessary. Regardless of the theory of lens formation, it is 

obvious that there is insuffici ent data on the processes of water 

migration under conditions o~ low temp erature • 

Beskow [§. Beskow, Svet·iges Geol. Undersokn. Arsbok., 26. 

Ser. c. Avhandl. och Uppsat. No, 37!), 242 w (1935). See also SIPRE 

File U 66i} has observed that th e a bs orption film ·surrounding large 

particles is r elati_vely thin. Pl-- easur e decrea ses th thickness of 

absorptiofl: f i lms, an t he ra t e of move:nent of wat er to t he fr eezing 
... 

areas is reduc ed. The dis t ributi on of .the ice in a frozen soi l is 

influenc ed by particle si ze as well as pres sure and the nature of the 

wat !I" · suppl y. '-later must be p es ent in the soil i n e.xces of satura-

tion, either a~ tl} e begill!li g of freezi g by s bse-<r e t capl.l lary 

t e g W1 rate-r T ic l en 'e of ch l.~.e · 

s e ap reciab~~ so: de£ r.ma~~ n e to f or. , additional 

must be .... uppl i ed to t fros t zone. From l aboratory studies Beskow 

concludes t hat t he rate or· heavi ng ( hich in t urn must be related to 

the r ate of moisture mi gr ation to p ermi t ice l ens fo rma tion) is 

invers :ly proport _anal to the ground t-na t er d ep t .! i n highl y capillary 

The hydrodynamic subpre sure control ling the cohesi on of 

s surrounding the soil gr ins has b een c alcul t ed f rom t h e 

r ate o heaving n f reezing t ests a well as by di rec t rna omet i c 

P oc . 2nd I nterna t 'l. Con! on Soil 

Mecha cs, 2, 282-87 (1948IJ 
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The fonnation of an ice lens and thence so'il deformation has 

been shown possible in the abs ence of capillary pressure in soil 

sample . overflm·Jed with water. The cause of soil defonation is th~n 

attributed to the cohesion of water films surro~~ding the soil grain~. 

If there is no eJttended ground-level, the water needed to 

supply the ir-e-lenses is drawn from free water, accumulated in pores 

of the soil beside and under the lenses. The resultine plane (two- · 

dimensional) and spatial (three-dimensional) ground ~ater flow towards 

an ice lens was calcu.la ted. Ruckli agrees essentially with Beskow 

[o. Be~ko'~I, Sveriees Geologis a Undersoknin , Stockholm, 
. . 

2L2pp, Se~ies Cv, No. 375 ( 1935 Ij in the conclusijn t 

flow and therefore the frost heav£ng in the center of tha lens is 

inv~sely proportional i:-o the d · met t• of the len • For tt4s reason 

sma 1 len es may cause r, eator oil deform t on lih3 a 

.Tab" r , S .. Tabe!·, J . of Geol gy~ 37, 28-6 

(1?3 [] on the Rsis of ext a v t st l. r; a g .ent 

l<lith oth~r ln est ' gcltors 11hose w r · t' a s b een r p ort ed h r ei n, that the 

pr~s ure effect accomp~nyiP~ th e freezing f soils are due to the 

growth of ice lenses and crysta s and not t o any gen ral soil eipansion.· 

The pres sure and hercfore defo a t on is developed i n the direction of 

crys 1 owth (r ther than direct' gn of 1 · t r e istanc e) which is 

in turn dete f ly y th ~ direc t i on of coolj~g (o heat conduc ·ion). 

Tab or -rth ,.. concl des tha t so_l s he subject d to 

eez · ng u."lder • ·omaJ usu l l y b .ave s o en s.yst s . Thu , 

s limite.:l by 

th e t ~ns'le s+res that can be de ed i n t e io~a ~ .... • De orrn t i n 

.· 
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in a clay type soil is greater than in sandy soils even though only a 

part of the vra ter in the fonner soi l fr eezes. The boiling point of a 

liqui d permea t i ng the soil seems to be of gr eater importance than the 

freezing point in determini ng U e pressure developed by f:c eezing in an 

open system. 

The actual pres sure exerted by the expa nsion of gravitational 

and c apiliary water ha s been estimated by Tsyto·1ich [N. A. Tsytovich, . 

Akademiia Nauk SSSR, · Insti tuta I er zlotovenediia im. V. A. Obrucheva, 

p. 7-1.5 (1946] as 2,115 * lq; . p er s q. · em. on founda tions of engineering 

structures . 

IV. Vapor Migration 

~'rom condensation obs ervations Kryni.ne l}oc . ci.tJ c-oncludes 

that water vapor migration not only pr c edes the rrtovil'E ~r,illary 

moisture but also acccmp ni es i t . Moisture fi ns ppear to be formed 

arti cles a o e the risible ou dary o t e l iqui . phase . No 

efini ve conc.Lv. i on co d ~ r eac. ed as to \-lllich r or both) of bm 

factors caus e cond·ensa t ion of the m:i.rrrati g mo_sture . Cer ta nly a 

decrea~e in ternperEitures favors condensa tio. ; however , a decreas e i n 

r elati ve humi d ' ty of thE surrow1d ' ng a tmospher e is contributory when 

the tempera t ure does not change . There i s obv:ously a need for f urther 

e.:xp .. rimental data to permi t he ir.clu.,ion os-- t empera tw· ~ as a t hird 

ar i abl e in the apil ary & . .f t. tion hn a ct. 

·Vapor rnigration an its eff ect o j soil co e i 0n have be n 

di scuosed by Wint~rkorn [H . F. Hinterkor , 'ighway Res . Board, 28, 421 

(1948) In the water :proof'n . o soi s it is nec ess ry tv maint~in 

part o the cohesion-gi vine Hatar- ai fini ty 9f the soil part i cl _s and to 

gives 31 k /cm-2 _as hing 
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make part of the internal soil surface water repellant. A thin 

undisturb ed l-rater film between inlvidual soil particles contributes 

to th o cohesive attraction, wat / proofing agents are added in very 

\.._,-
small percentages to provide non- ettable barriers throughout tl,e soil 

system. Although liquid water ca ot readily penetrate the barriers, 

vapor can pass over them , e water proof area and add ""-'Clter 

layers" to the previously coatir.~s. The system then swells 

and cohesion is lost. 

Le.~is [M. R, L.,..ns, U ·IS, De;><. Ag. Tech, Bull,, 579, Oct, 

1931J has repor~ed data on vapor i grati n at t emperatures above 

free"ing. Soil in a dition was placed i~ tubes within 

which were screened 3paces· 1 rr~ . dth. The amount of moisture 

L wis con ltd t.a i f no (or 

across i g P; 

moist soi " 'h s conclusion of 

with t ·ose of Krynin U ·oc. cit . , 

~ li tt e) moi tur . vapor migrated 

pa 

~ • s are no\, -4 n complete a ·cord 

Additiona l it1fo ation on vapor mi gra tion is i ncluded under 

4, Ther~al Or · dients nd Thermal TranSlocation 

of Hoi t ure. 

Compres in C;, il ary 1i . a ion 

tint r korx H. F. oil ience 56 (1) 169 

of wata~ in soi l pores . 

{on or -s ecr th cin d.:.stan..., 

from the sclid a· s~rb ti:i i Ll, 25-3 (19.36) • In a -
/ 
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it would be e>ipocted that water should be held most strong~v and compressed 

moat hi ghly at the ore wall.. At the center of the pore the water 

rrt.ght be more or les s freo (corresponding to gravitational water} to move 

under the force of gravity [ 0. J. Btcuycu~'Cs, Soil Science, 11, 33-48 

{1921U • At lovz ta11peratures water in a s oi l-systen may vary from 

that \-Thl ch is already solid above 0°C du e to pressure effects 

{corresponding to ice VI and V) through water with melting points 

decreasing to ~22°C. There might also be water with J'llel ting point in

creasing to 0° or slightly above, (as can be understood from the 

phase diagram. of w8ter). Ice I may be obta ined above 0° if the water 

is under t ension. The follo\oring equation describes t ·he condition 

dtjdp a: T(V ... v) /s (26) 

wher T = ab..,o~ute melting ·nperature; dt c: change i n melting 

t p_erat e; dp. 1!: change in ressure, V cifil.i \l oltune 

wa ter;. ·· v: of ice; and S late t eat of '-' sicn 

From he a ove equati on (26) · it follo\fS that a decrease in 

pressure on normal water increa ses the melting point by 0.0075°C/kg/cm2
• 

I mmediately belotv a capillary meni scus , wat r is under a pr es sure 

decrease of P c: 2 T/r, ,.;here T. is the surface tension, r is the radius of 

curvature of the meniscus , a1d Pis the pressured ~rease (or suction) • 

For a droplet of c loi<.la l diinens." ons (r :o 10-5 em.) the pressure 

effect 1-T.i.ll be 15 g/cm thereby increa ing the freezing -p oint of 

v1ater directly under the m niscus by 0.1 3°C. This l oint H'll t!. reby 

aot as a normal center for ic e formation. Betw en t is p0int and the 

sol ' dly absorb d pa ter on the po vall is a zone o ... 1,·ater (liquid) 

~assessing melti g oints dmn to -22°C. This z. e serves as a 

passagm-ray for the conducti n of Hater to the freezing or c rystallization 
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center ~ee also s. Tab er, Jour. Geol. 37~ L28-61 ~1929); ibid., 38, 

JOJ (1930); Public Road , 11, 113-32; and Beskow, G., Sveriges Oeol. 

Undersokn. Ser. c, No. J7[} • 

The dir ec t ion and the amour.t of volu..'ft~ change occurrin upon 

coolin below the norm 1 freezing point of ater depends upon hot 

only the t emp erature reached and the normal moi&ture content, but also 

on the distribution of this moisture in the different ranges of absorp-

tion pressures. The henomcnon of certain soils contracting upon 

coolin:~ (ratter than expand_ing which wouJ.d be the exp cted beh vior) 

becomes r easonAbl E rtS Well 85 predictable. 

Winterkor n 1]1. F. Winterkor n, Trans., Am. Geophysical 

25, 405-11. (1941J) h s further sta t ed that the entrance of water into 

or f th t mat hr01.1gh a soil is due to the a .finity o a er for 

t 0 the yst I 0 ~ thout. t is ffini 

i:u rr ·. ·eetive of th aur fac t nsio 0 

nee o 1e ffi - ity of the liquid for the ur e of t a 

solid {as in a soil system) mus t be consi dered n the undPrstanding 

any migration phen menan. A second actor in w ter mi grs tion is the 

cohes · ve force bi ·. ng t he soil. The above t 10 fac tor s (their 

magn·tude) de·ermine the general reaction, however, the peed depend 

l arg l pon t e eri eabili ty of the s oil- ' vst and upon e se 

· th ·hich free and absorbed gases may esc~p-e .f'ro a pore- ace. If 

apor migration an thence escape i pre ented in a soil, a ilure may 

r e (as t a r s rface) o unl e an ex )losion. I t e concept 

of i vin . ing th-J f in tv 0.1. • e ~ nt rnal surface or atar 

S CC€p ed 1 it i \ihy moist co e..,i v tams r1ky b e 

· ' I 

; I 
I 

.i 
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exposed to tree water without observable chl!nge. In such a system the 

affinity for water i:r1 satisfied and no driving force for the water

attack is left. \•lithout \-Iater attack eneral deter).oration of a 

soil-systf!'!l (scrfac e !laws 1 erosion, slides, etc.) will not occur. 
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Section ). Moisture Migration Through Snow 

The rate of absorption of melt--v1ater from snow cover by the 

underlying soil is 1imi ted by the lesser of tHo qnanti ties: (1) ·the 

melting r ate, (2) the nfiltra tion capacit y of . the soil Q ... D. Horton, 

Proc, Central Snow Conf~rence, 1, 5-21 (19411] • 

A snm1 cover is like a l ayer of soil. ,.,Jhen in a given condi

tion of structure and compactness it ca11 absorb rc•in and me1t-l'la ter · 

from the surface and hold it as a sponge holds water, up to its capillary-

capacity~ This is eener~l,y less than its saturation capacity. New 

light snow with densi, .. y 0.25 to u • .SO may hold in capillary suspensi_on 

a volume of water of the same order of magnitude s; s the volume of snm-1. 

When rain or melt-water enters a snow layer t he moisture 

qf the s m i built up .. vo cap ill ry-capac'i· ... y progr 

e dm 1nward. At any moment, 

dp -W 

·where dp 1 
a tht' depth of p ent3 ration in inch s , 

W a water added, inches depth on su f~c e, 

and Gd = capill r:{ defici ency &s a fraction of the ~now volume. 

For dry now the capil ary-deficie cy an c·apillary-capaci ty 

are identical or nearly identi.,al a d both relatively ·small; for 

w .t s oggy snm,; the c pi lacy-deficiency nay be uch . ess th n the 

capil ary-cap city. Tat r up to .. apilla -car acity is held in the 

snow :against the orce o gravity ·a . hen e no es dO\·nn rd only · 

slo· ly, y diffus·· on . The ef re, el ·ater or rain i not add to 

t h · base of a snoH la t th ,ronnd surfac unvi l tho !'ull dept 
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of snow is saturated to cnoillary-capacity, and no runoff occurs from 

snow cover until the rain or melt-water has penetrated to the ground 

surfac e. 

Ahlman':1 ·jJr. ~ • Ahlmar111 , Union Geodesi~ue at Geophysi1ue Int. 

D'Hydrologi e Scientifiquc, Commi sion des Heiges, 2 (1) Rapport 2, 4 pp. 

(1939}.] ~nvesti a ted the capacity of snow t o 2bsorb water and stor9 

it. Shafts· up to seven m t ere deep were jug into snow and firn 

layers to determine the depth and \ota t er content o.f the total winter 

accumulation. · It was cbserved that 1·ain generally did not caus_e 

ablation, but p ermeated t he snow where it wa absorbed in arious 

ties by different layer C~mpaction of the snm1 ma as occurs . Part 

of the \<mt r _is retained at the urfac e of ice layers where freezing 

. ~k 8 p T ec y ta-. zatio of firn d gr ·- al c a e in 

i e:x posA in a . ir~ .mas 

bel O.,C . Firn on lac:.e s with eJCtens_ atio , posses ses a 

l ar g c paci ty for wo. t er absorption. The wat r.1ay be converted i 1to 

i ce layers, retained in t-Ja ter~saturated l ayers , or it may drain off. 

~eepage o a t er into 

echslin M. 0 chslin, id., 

nm-1 covor 

ues • 1: 

as been rep ortect by 

pport 1 4 pp. (1939] 

A known -r. mount of color _' a ter t 4°C ··as p . ed over .snc ' surfac s 

r ngi n r ·om t n q. m .. 0 10-1 em. s. in hil ir. · g t e rate 

of p I t s no "'· tb:a' th tirte f s epag, 

tdth ec fie we · Nht of the sn f co. act a d 

OJ.d s 'h , u d " rm pe 1 tra .io, !" t ma ecauso. o e ence 

cf o n duct • ,) ep "e is . o+ equ 11 i stri te ii the sno pro ~ e 
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due to obstructions at layer limits. Rete:itivity \-zas measured by means 

of a transparent snow tube 10 em :x 10 em :x 50 em. containing a lmovm 

quantity of snm.z. One dm. 3 uf colored 'Hater at 4 •c is poured ove::- the 

snow and the qUBnti ty of water caught in a container below th<. tube 

is measured ovar specifi.ed time limits . It "A'as l;Oncluded that. snow 

loses its ability to retain l·mtP.r when saturateci and its retentivity 

increases with decreasing temperaturP.. 

The same general experimental approach has been used by Clyde 

[ G. D. Clyd~, rlonthly ;-Jc=+.r. er Review, 57, 328 (19~9I} • ·Fluorescein 

dy_e l-WS used to trac e the course of rain Hater tl".ro,1~h snow. During a 
.' 

me~i\.un downpour wat~· ·reached the ground first through omall continuous 

ch3nnels and later throug!! a general do\omh'ard movenent 

the snow. The general do~nl-Jard movement l-Ias uni.form; ho~ever 1 on 

clea~ wa:rm days '!.-Jell def~.ned channels were indicated ·bY --· 

e1 6t ra tion dtL .. in~ col \·Jeat-her was nly 
-- .•• 1-

·a tio· in a loJ,~ing dir ct ion · hrou h s .o· c vr:;r 

slope H s . not to be very sli ght. . Clyde al so .a ~ s t' e sta vment 
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::.ion 4. Thermal Gradients and Thermal Translocation of Moisture 

One of the earliest com~Jrehensi ve discussi.ons of the effect 

of temperature on the r.1ovanent cf moisture is by Bouyoucos (a. J. 

Bouyoucos, J. Agric. Research 4 (V) lu5 (19152] The variation of 

viscosity with tefll>eratur-~ is noted as being more pronounced than the 

variation of surface tensi on over an identical range. Thus for the same 

range in temperature, 0 to 50° 1 the viscosity changes frcm 100 to 30.17 . 

while the surface tension changes from 100 to 85,. 

· 'l'he capillary action d ~v~nds largely upor~ surface t nsion 

wl?-le the f acility ,or moisture movemen~ is a function of viscosit y . · 

\~ater translocation should, from a theoretical etandfloin , . be tol:Tard 

the cooler area fr om the warmer ar In hot climates , hmte•ier, the 

migl" tion w.y be i the r ev&> e t i on accor -l.n \JO studies on 

t ctur s., 
.: 

Bouycuco 

soils wi h a large \~ ~a ion n initial moiatur con~ents o a 

t empe ature g adi ,t f rom 0 to 20°C as well as 0 to 40 c. He eon-

eluded that the ma:xi1num the.. l water mov .ent d e1 s upon a definite 

condition of moisture f or a y particula r soil. Any deviati from 

thi s definite p er.ce.YJ. gG of moisture in either direc ion causae a 

decrease i n hermal tO ane t of 1.vater. The bove escribed ntage 

app ars to be a . constant for, a gi Vel'l sci , nd t.1e te::tm 

percentage. A t herm 1 

cri ical moist ure in soil i s defined by Bouyo co as ~ centage of 
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Light sandy soils were observed as being extremely sensitive to 

the maxim'.,;Il\ thermal move;nent with slight. variation in moisture content. 

A silt loam soil (as Clyde uilt loam) with 30-35 per cent mois-

. ture exhtbi ts very low water movement. It appears that the inht:rent 

capacity of such a soil to hold to~ater by attractive forces is high 

and free movement of water (as hy gravitational fore~) may take place 

only until this capacity is ~atisfied. 

Bouyoucos has ~~de four assumptions to explain the thermal 

translocation of water which cannot be accoun~cd for entirely or in 

part by viscosity and surface tension variations vr.i. th changf'S in 

temperature. 

The woil possesses n attractive power for water and h lds it with 

gr eat adhesive forc e, as noted from exper!.inental observatlona. 

The adhesi ve f orces d ~rease wit h increase in temperature, a 

easonabl e as.suri.'f. ;,1.or! 'if basec! on o"'hing more than kinetic principle 

ThA surface tension and. coh .os ve po 1ers of th liqu d d · · ni :'' l-Ji h 

· se in t empe.a t,r • 

Th f o ces arising _fr cm capillary attrac.,ion re decreas \dth 

increas e in ~.rater c ont, nt of the s oil. 

The validity of th e thi rd postulate has been questioned, how

ever, Bouyoucos feels l:3tron :rly that ru<pel·imental evidence is over

whel minaly in its favor. 

Using the four ostulut es a s a basis , t e t 1ermel Na ter 

movement in so "ls of various moisture contents nay b ex a ined as 

follois: (a) r or soils of low moi t e content, t he wat r is held by 

the oi l Hith reat tenacity (the order to rna nit de may be f om 6oOO 



to 2$,000 ·atmospheres). Hith a tenperature gradient impr.esaed over a 

column of soil the equilibrium condi tion is disrupted. In a warm 

area the attractive and adhesive forces of the so)~ for water decrease 

and in the co::! area tho forces increas e. The cold area thereby ro<erts 

a "pull" effect and draws 't-ThattJVer r1a ter is S\l.3ctptible to movement 

into the cold area . Only a arr..sll .quantity of watp.r would be expected 

to move by this mechaniSr.l, however. 

As the moisture contents of a soil increase, two factors 

(adhesive and at_traotive fore s) tend to balance out. There is an 

i.ncrease in the ease w1 th which water can be emoved (a decreas e in 
' ~ 

ad.hE:~i ve forces) from "the i-1arm area but a decr·easa in the capacity of 

the soil in the cold area to attract water. The ease of moi s ture loss 

in _t .. e \-arm a~ea appea~J +.o be m~re i nnuent .ial, resultin in an 
.' 

s o moi ture tran 1 at on ' Ji th increas percanta e. 

At tb prs .. ious y ent!o 

·n t e wa at'ea y· .lds ater t ··th a ch ease th t a ;a~i ~tun 

therma water translocation · r; observed. This ma ' imum i s re.oched in 

spite of th t:! decrease in attractive f orce from the already moist cold 

area . A ove the cri t1.cal moisture value the attractive· .force of U.Lq 

soil in t he col area is too 3mall to furth -r moisture migration, end ~ 

decrease in· migration t , ency begins . Moi sture m gratio may and 

doe occ1r a o ·e thie sat ration poin·, howev r, the mi g ation i s not a 

f nction of the soil ut rc. t. P.!' t he s "~"f& t ns on of the soi H ter. 

· The therm 1 movement f moi ur ~,..cordi g ·~o 0 ..2 oucos in 

is a v-1ay'-~ upua-d and never ownward w ich may un.a e-r c t in 

temp erature condi tion a p ··r to be an an001.a y. Even t ough the 

! . 

<\ 
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tcmpera~ure below is usually less than that above, the water

attractive forc es of the soil be1ow are more sat:l.sfied than these 

above. Tho t crnperature-·differential, resulti ng in differences in 

attraction, adhesion, and surface tension, is not as i.mp.:rta~1t as 

the upward pull. Durine cold weather (or at nieht when a t empe-rature 

drop is expected) all forces act 1.n parallel and the moistur e migra

tion is upHard. 

Additional light m.i.eht be shed on mois -ture migration if the 

thiclmess of the moisture shell around soil particles at the point 

of maximum thermal translocation were · known. Due to the irregularities 

in shape of soil· particl es (lack of sph r ical shape) and air spaces 

the determina t ion of such a film thickness i~ould be extremely 

difficult and l-Tould vary trenendously f r om soil to soil. 

· . ~ Bouyoucc has report further on the phase of moistu "e 

rrQgrati.on from a moist and warm a rea (or column) t o a dry an col 

ar ea of sc1.l assurr.ing an ai · spa ce betvJeen the two area or columns. 

This vaporiza tion an·l cond lG"tio of soil -vrater from a point 

of high temperat..ul'e to a poi nt of lmv temper atur e is of particul ar 

interest to the prima ry subj ect under c onsideration . In his 

experiniental approach, Bouyouc os US bd columns of moist soil (1 1/2 

i n. di "11 ter) separated from dry soil by a 1/4 in. space. The moist 

soil was maintai n d at 20 and 40°C a nd t.he dry soil at 0 °C. The 

duration of each sep ~ ro t c mea ~urement Pas 8 hour s. Fi~ e t ypes of soil 

wer e used eac! a t three different moi stm e c ntents : Ounrtz sand at 

3.90, 6.83, a .. d 13.)2 p er c ent ; sandy loam at 7.23, 10 . 27 and 15. 82 

per cent j Niami silt l oa 1 at 9.161 14.52, a nd 16.40 per c ent.; Clyde 

•' 

./ 

"· 
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~ilt loam at 9.85, 15.51 ~nd 16.40 per cent; and Miami clay at 

10. 77, 15.36, and 20.7~ per cent. The pel'centage of moisture 

vaporization nd grating (and being absor1Jed) on th9 dry column uas so 

small in every ~as e as to be insignificant; a ve:ry surprising resul~ 

in view of the observations reported by others (See also Section 2, 

IV, Vapor Hi !;ra tion). Even soils td th over 20 per cent moisture 

shmred only about 0.3 p er cer.t mi gration and th~ increas e from a 20 

to a 40° gradient brou~ht about only e. few tenths of a percent increase 

moi~tur ~ migration. 

'·Bu~kingham '[}:. Buckingham, U. s. Dept. Agric. ur. Soils, 

Bull. 38, 61 p~ has noted very slight vapor migration in studying 

t he loss of , oil moistu· e by direct evaporation from points below 

t he surface. That 1.~, tho ~ctual mean rate of. l os·s_ of ua ter thro gh 

dif~ sion of water vapor ·, rou soi l s i n till ir' is verJ small . 

Th ~ r · sul ts o;: b th ouyo 1 o and u kingh m 1 u1 belie 

the • tatem t th"t ground de· is formed f om vapor ris · ng from 

'rarmer soil into ·a coln atmosphere. 

Tho movanent of moisture from a moist and l-l&:rm area (column) 

to a dry a nd c old area of ~ oil as well as from a moist and cold area 

to a dry and warm a r .a is e_ ort ed by Bouyoucos. From a pract.ical 

a g i cultural s hrJ, oint the movement ()f mois ure f o oist grou; d. 

t o a surf ce mulch i s ~ J volred The am soi1 as _revi usly 

d s r · o ~ ·bov by o youcos ' ere se n vhis l att study. Th ee 

ct.iff()..rant moiotu ·e contents er USEd Dr.d the t eiT;'Perature gr .dients 

0 to 20° a d U t o 4C/'C wr.1re i m r s .. ed as hefor~ about 8 hours . 

Thn::J, f or 0ach soil, at each o.f throe mois ur ontcnts ata :lere 

I . 
l 

.. , 

. ·-

-.. 
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obtained for water mov~d from a moist column at 2o•c and 4o•c to a 

ctry column at o•c; and water moved from a moist column at o• to a dry 

· The results shot-Jed th3t thr.3 amount '=>f ~rater moving from the 

moist and warm column to the dry and cold colu.~~ i3: (1) nearly 

twice as grea t at 40 6 a s at 2o•c; also (2) someHhat greatsr in soils 

with higher than with lcrwer colloida l content; (3) incl'P.ases with a 

rise in moi fJ ture content. All of these observations are nothing 

more than lvould h e .eJ< pected from el ementary kinetic behavior • 

. . 1·~e? 4ry soil i s kep t at either of the higher temp eratures 
-~ ·-;,···· .... 

or 4~0) ·and the moist soil at o•c, the dry soil wa s f ound to 

take up very l i ttle tmter from the rn oi~t soil. The quDnt ity of 

water, s~all as it i s , decreases ith a }!ider t empera t ure gra di ent. 

The et:"~en~a ge of Ha~e absor bed by the ·dry" soil at ·20°C in every 
":.: 

c se i ('ireat than that abe01· d t 4t. •c. 

~a ken p . i nc;r wit1 e col· oid, l co~te1t in he s il. The 

i nsulath1g effect of a ·dry '3r. mulch plays an important part in t he 

p ercentage of moisture migra t i on fr om lm-ler and cooler a r ea s · benea th 

t he surfacee 

. Edel f sen and Bodman IJ . E • . :de] fs en a nd G. B. Bodman, 

J . fun or ·. Soc • . .Agr n. , . 33 (8) 713-31 ( 941] .hav reported on 

moisture mir:ration ba sAd u on l abora t ory test only at t empera tures 

above 0°C and, therefore, of somt.-what limited use 1.n the present 

study . Th ir results are im: ortatt enough to 1.-arr-mt a brief dis-

m1ssion • . Duri g the 'Hi ,t er in ihe t op ten feet of soil the 

te1npe VX"" gradient is such · s to c.1use v1ater i:1 tho vapor and liquid 

•,'" • I 

I ' • ··· '· 
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phaSP,S to move upt·tard. The revt::rse is found to bP, tr-ue in the 

summer, tmt is a d.m-mward mieration of liquid 1nd vapor l--ratcr . 1~he 

actu.:-.1 nw. it~de of thie moisture rnr;vement 1n :mmraer and winter is 

sli r.ht :.>ut may be great enough to explaL:. !Some field conru. tions. 

The ve7'Y large aubj ect of ice lenses and frost heaving is 

fundai~1 entally a moisture migra ti.:m prcb: em. (See S~tion 2, III). 

Anders on and others have poi 1ted out that when _a so:~ is frot;en from 

the surface dol--m to a defini te depth and a warme~"' mcit't layer existfi 

below 1 the ternperaturp-.-grndients are such as to move th9 water 

(liquid and vapor ) up to the frozen l ayer , favorin~· the ~ormation of 

lenses . There is not complete agreement, however, amvng authors in 

reports of thi s djrec~ion of migration, It is also reported that 

wate should mov e in the direction of the ~oHer t perature and should 

thu~ move tH1a y f r om the ice-strata. Th~ de lop.r ent of arge ic.a 

l en es or e~ten~ive ic·e str a tifica .ion sho d not t e favore • · .Field 

eJ< m.iru-tion - oul d .,a r the fonne :xo. anati-o 'movemen to t. a 

fro zen l ayer) of moisture ~igration. 

Among the significant contr ibutiond from the U. S . s. R. to 

the theory of moisture migration under thermal rad'ents is that of 

Bozhenova ~· P. Bozhenova, A ademii a Nauk SSSR, Rer ra ty 

Muchnois l e ovatel t sk ~ h rabot za 191~5 g. Hoscow, 1947. otdelenie 

geo o "' ;eogr f ie. kikh naulc, r. 15 . S-9e a "' c-;o SifRE Fi le U,. l6l1rf 

\ ho r port on the ~t nt of \-later migr&t.ion - n re at;.on to OJ.l 

atur t on durin fr eezing. The reBult3 indicate that lo'"a s migration 

d ecrees a~ t .e moisture content is d rP.Bsed.. The pr sence of 

air spaces appvars to e t e main factor det r· ining_ t e vel cl .y of 

·' 
I • 
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water migration when th~ moisture content is di.minishe<!, the porosity 

is constant, and the soil ie i."'l the three-phase system, soil-l-nlter-air. 

The velocity of \vater migration can be determined by the amount of 

free water in the soil when porosity and saturati on are simultaneously 

decreased and the soil is in a two-phase systemJ ·water-soil. 

t,J. 0. Smith C'. 04 Smith, Trans., Am. Geophys. Uni0r., ~4, 

-:--. 
(2) 523 (19!.d2J has reported som6 data on. moisture transf~~ at 

t. ~mperatures above freezing. Previous work of Bouyouc-oe C..a. J. 

Bouyottcos, i'1i~higan Agric. Exp. Sta. Tech. Bull., 22, 1-63 (191W 

appears to be subj ect to criticism. Smith has observed a much greater 

magnitude of moisture transfer for thermal gradients which are ·even 

smaller than those impressed by Bcuyoucos. Smith reports that 

moisture is transferred from a \.J"arm .'3nd moist soil to a cold and dry 

one or~· by the slow proc ess of vapo~-diffusion a .d po~5ibly by 

cor.vection . An W<ception :ls in the r egi n of actual · ~ c t act. 
' ' 
~· ., . 

a temp erature-gra i t i s ap 1· ed, a large trans er occur"' f '· 

l .~ite~ ranre o~mois ure-c onditions and is c onf~n~ ent i r el y to tne 

region in hich the temperature gradi ant is aprlied. Smi th e:xpl'" 'ns 

the movement by capillary action induced bv vopcr-condensati.cn • 

. Thermal transfer of moi'1ture, even mder smal l gr adie:1ts, beeins at 

a water-conter.t rough1 :; .)u t beloov that I uired for equil5 brium 

with r l t ti ve hu.midi ty of 99 per ce t and ceases appro:xirnate y a t 

moisture-equiva~ ent. Ther 1 tr~ns.f r occur c:Uef y tth f.u. ' cular 

water ~cc ording to Smith. Itreaches a .aximum at a 01 hal f he 

moisturl:3 equivalent water-conte:1t , a soil condivio 1 descr'bed by 
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transter i::; greatly influenced by the physical condition or the soil, 

for e>:ample, it is small i .n clays in a na ~ural state, but large 

when the clays are f~agmented. Th6 need for more investigation and 

data is admitted by all authors , before accurate and comprehensive 

explanations can be made Under varied conditions for thermal transfer 

of moistur~. 

A relationship between the ground moisture migration and the 

heat conduction has ·been given by SemiakinLF. n. Semiakin and 

P. F. Hi khalov , Comp t. Rend. ~ca d. Sci. USSR, 17, 405 (1937). See 

-also si E Fi.le U 193Q) ThP. above variables have b een in ttirn re-

lated to th spacing between ice streaks formed during t he process 

of -oil freezing. An equation sindlar to t he exp er imental r 

ship tor t e f o.nnatio or· Li~sa :!ang ' s ,.. .~ 1 gs mti sts an 1 a b en 

s'a ·· siactor · y t o phot o ra h~ o f o"" en cylinde s of o·i s • 

. 11 the ~p r · ental ob erva · ons t i~ more t han 

·ha t .· he 1.- ti c -f'J: ct lays n irnportant pa:.:· i 1 t e 

absorpt i ve po er of s oi l s fo r rater . The pos~ibility s ould not be 

over looked, however,. of greatly ex~ lted migra tions wi ~.h cold ar s 

be.in m inta i ed a t t 'emperat · es in t.he r gion of -10 to -30°C 

r at. er th n 0 °C ~ Un er t he eo,.d.i t i on of aubfre zi t peratures 

e ohenome on of wa . !:; by f r"e zi g • eht well so disrupt 

t h . igra t i on (bo h J i u · d a d 

vap r , :oul\ be ea t l .fa 11 · tated 

. \ 
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Section 5. Frost Penetration as InfluenceJ by Soil Type, Soil Moisture 

and Soil Cover 

I. Measurement of Frost Penetration. 

Bay and his co-workers (Q. E. Day , G. H. l'llmnecke and 

o. E. ~ays , Trans., km. Geophys. Union, 33 (L) 5Ll-L6 (195~ have 

studied s everal of the factors affecting frost penetration using 

the electrical resistance method. In this method-blocks (as or 

plaster of Paris or fabric material) are placed in contact with th€ 

soil at desired depths. Because of the pore space and absorptive 

_ properties of the material of construction, an equilibrium between 

moisture in the soil and the block is quickly established. The 

electrical r esistance {as measured on a \Vheatstone bridge) varies 

P.ccordi g y, High m'=>istur e -content give l ow r eadings , and with 
- -

decr easing _rnoi_sture the r sistan~~ i ncr eases. 

is indica e by· a sharp rise in sis t a ncev Bouyoucos and Hick 

J.Q. · J. ouyoucos- and A. H. 11ick , Soil Sci., 661 217-32 (194§'il. 
state in this respect tha t th fr zing of soil water produces a 

curve (temper-atur e vs resistance) similar tc a drying curve . As 

long as unfrozen water remains in the unit, a fairly high conductivity 

i s ma int i ned . vfuen no furt . er liquid r emains the reJistance rises 

sharpl y. Fabric bloc s have been used succ ~sfull~ as r es i s tance 

units s ince f r eezing doe not destroy t he ab orbent nor have any 

detriment 1 effoo-c,s on the subs eqt ent f unction..i.ng of t he fabr ic 

absorb nt. 

· T. e onclusi ons of Bay r egarding fros t per .... tra t icn i nto soil 

using r~sist.anc unite are i n gener al a gr eem nt · th those us ing 

~ 

I "· . 

; . 
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the King soil-tube and hammer method made some 12 years earlier 

[ii. B. Atkinson and C. E. Bay , Trans., Am. Geophys. Union, 21, 

935-47 (1940] • 

Typical resistance observations (using f abric blocks) in terms 

of moisture and temp era ture are those of Col man and Hendrix [E. A. Col-

man , and T. M. Hendrix. , Soil Sci., 67, h25-38 (194W • In a 

completely sa turated soil the resistance rises from 120 to 150 ohms 

as the t emperature drops from 60 to 28°F. Soi l moisture freezes at 

28°F and the resistance rises sharply to ·250,000 ohms. A drop in tem

perature to l0°F br .ngs th1:1 resistanc e up t o 1.3 megohms . This 18° 

temperature differential with over a million ohms difference in 

· resista ce indica tes the l arger increase in resistance per. degree 

c ange in temperature for ic e t h n for l ' quid wat ·.-
. . 

capacitY: moist tire fre zes at 24o 5°F. The resis nee on freezin 

£ou to rise from 1250 ·to 50,000 ohm • satura ed soil .shows an 

even gr eater rise i n resist nee thoug.' the initial ,..esistance is also 

quite high. The difference is quite suffi cient to distinguish 

between the fro zen and liquiJ tates of uater in this type of soil. A 

lower moisture (as fo ins tance at the wilting point) content soil 

at freezing t emperature,. but l-.1. t the W3ter as et unfrozen, ·~as 

observed to ha -e an i. tial re istance ~~ about 200,000 ohms . Upon 

fr eezin the resistance r ose to 600 000 ohms. · e differential is 

thus not as great as for higher moi. t ure-co env oils. 

The c onclu ion drawn from the bovc f i eld nd labor a ory 

r e~istanc observations is that as long as a ~o l contains more than 

wilting-point moi.s"·'.lre the r sistance met d is n accur t guide fo 

. 
I 

,' 
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detecting freezing and thawing in soils. Below wilting-point 

moisture the resistance differential is not enough to give conclusive 

results. The advantages of the resistance method over that of the 

King hammer and tube method are obvious, 

II. Factors Affecting Frost Penetration. 

Using gypsum resistance units Bay Q.oc. ci Q c·oncluded that 

dense vegetative and snow cover insulate the soil and reduce the 

rate of soil freezing the thawing. Certain crops (as winter wheat) 

give very little protection to the soil. t ~!hen very· little snov7 has 

fallen, ·frost may penetrate to a depth of 36 in •. "lith an average 

daily minimum temp erature of about -l3°F. Eiehteen inches of snow 

provide insulation to an Almena soil preventing frost penetration 

further than 12 in. when the weekly average minimum temperatures 

wer ·as f ow as - l) 0 f .. The same snm·1 cover liould not prevent frost 

·penetration t,o h s depth wi. th an average weekly minimum temp era ture 

of -21.°F .. However, 24 in. of ~no; woul' prev nt fro"'t pen tra t ion 

belo 12 i n. at t his lower aver age temperature (- 2l °F). 

Surface slop& ha s an impor tant bearing on the depth of 

penetration as l-Tould be exp ected. Frost p enetra tion is gr eater on 

a northt-rest slope than on a southern or eastern slope. Field data 

on uch· slopes with similar vegeta t ive cover , however , show only a 

4 to 6 i n. differenti al in the northwast a d east ern slopes. As 

air t emperatureo ri se a ove t hawing it ha been obs erved that th e 

frost l ine rise~ Jue to heat f orn th earth as well as heat from the 

surface. If su ficient in ulation is provi ed on the soil surfac e, 

f rost pe,etration may be prevented or !r st may be drawn from he 

soil by the warmth o~ the earth. 

f 
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An important observation of Bay ~ ci Q is tt.at concern

inc the l ack of moisture penetration on frosted soils. The ultimate 

and very detri mental effect of this impervious l ayer below the 

surface is that of soil erosion and water run off. 

Fuller (H. u. Fuller, J. New England -Water \~orks Ass 1n., 

54, (3), 275-816 (1 9ho]J has correla ted data on frost penet ration 

and mean tempera tures througn vrinter months for clays and gravel soils. 

The air t emperature acts more· r apidly in gravel than in clay. 

However, the ult i ma te penet ra tion was found t o be slightly gr ea ter 

in clay tha~ gravel . A" minimum temp era ture of ?.4°F was ·obser ved 

in gravel and 29°F i n clay. The maximum depth of penet ration -vra s 

observed to b e 48 i n . in clay and 45 in. in gravel . Under the in-

f l u .nee of i ncreasing daily temperature the frost ~ ent out of t he . ~ . 

gravel in one.:.fourth the time required for the clay (o e 1;1eek as 

oppo d to fo r ) .. ·The surf ces of · t he ·t free 

snow and other i ns· ati ng cov 

From the· ab ove discussion i t is obvious t a t s everal f actors 

affect the depth of fros t pen tra t i on, assuming that s oil freezes 

without incr ease in i ts water content dur i ng t h e f reezi ng process~ 

_l4mong the most impo~tant factors Sham~on 1}!. L. ~hannon , . J . Ne-w 

i.!i gland :·fa ter 1,1orKs As s 'nq 59, 356-6) (1945I} has suggeste~: 

{a) T! e l?'.agnitude and du~a ti on o · nir t a11 era ,ures b l ow freezi.ng . 

(b} The thermal .pr pert ies of soilJ including """1e s urface, 

(c) The temperature conditions l-Tit in the s il at, t e art of a.n 

during freezing. 

1· 

!···· 
I· 
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III. Freezing IndeJ< Related to Frost Penetratio!l. 

Casagrande""[}. Casagrande, Proc. Highway P.es. Board, ,2, 

168-72 (1932}] has suggested a method of correlating the 2bove noted 

factor (a) with frost p enetration by assigning a numerical index 

(Freezing Index) to the magnitude and duration of air temperaturP.S 

below freezing. This m thod consists of plotting the cw.lul.:tti ve de

partures (differences) of temperatures from )2°F. These differences 

are summed consecutively commencing with the first day in the fall 

or early l~inter on which the temperature drops below freezing . \\,hen 

the average temperature is above freezing (32°F) the numerical 

diff~rence is given a negative val ue . The differenc e bet-vreen the 

highest negative _'value and · the largest positi ve value durine the 

winter months is termed the fr eezing index. The greater the 

magriitude of the freezing index > t he greater will be t he frost pene-

tration, o~!or factors of r-oil pr operties and insulati on IJ ein~ h e 

same. 

An approximate value fo r the fr zing index (F'I) may be · 

computed from monthly average t emperatures from the follovling 

expressi on : 

T<: = (32y- :x) 30.2 (28) 

in which y i .J the number of months during which the avera ge temperature 

is less t han · 32°F; x is the sum of the ave a. e temoera t ,lres f or th ese 

months ; and 30.2 is the average numb er of days f or the months of 

severest winter (Dec errtb "' , ·January, February and Hare h) c The value 

computed will al ays be found to be le s th n t he true index but 1-.rill. 

approach i t Hi t h incr a sing rna g ·tude of the actual index . The 
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formula is of little value when the actual freezing index is less than 

about 300. 

The thermal propertieG of the soil influence grt}atly the 

depth to which f rost penetrates. The thermal prcperties of froz ~l 

soil are not the ~me as those of unfrozen soil. The color of the 

surface soil (or vegetative cover) gr€6tly influences the depth of 

frost penetraticn due to variations in the amount of hea t reflected 

or absorbed. The teJTq) era ture of the soil mass at the sta te C?f 

· freezing will influenc e the depth of frost penetration. S0il tern-

peratures near freezing ir~tially will result in deeper penetr ation 

than soil t emparattires that ar~ warmer. 

IV. The Prediction of Depth of Frost Penetration. 

Berggren ·I};. P. B r gren, Trans ., Am. Geophys . Union, 24, 

(3) 71~77 .( 9 ·3 has ·. t' eveloped rigorous olv.tion t o t he :;n·oblem 

- of d . tl · of freezing p n · ich ·it1clud '5 c et'ta:Ln 

of the n~ p l"viea of eoil li thennal co u i-ivit r ea ~.~ cap ci ty; 

t emp erature condition of the oil (as well as the air) ; and the 

·lat nt h at of ~lsion of at r in the soil. It is admitted t hat 

great di ficult ies are encounterea in mea suring ther mal properties 

of soil a subject t o uch complex variablea s structure, packing, 

moiwture content, and m grat. on of moistu e d ing freszin" The l ast 

rne tioned phenoineno i lik y to 

initial soil properties • 

ny . d ete .,.in tion ng 

. Berggre has do'\r lo ed his pene, atior r el· t..' o ships thr ouoh 

th of em. 

\ · : 
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may then be rigorous. Failure of the theoretical to agree with 

~perimental results are charged to excessive idealization. The 

·idealized equations at least will serve as: (a) a guide to inter-

polation or e>:tra.polation of observed soil-temperat-ure varir1tio.ns under 

freezing conditions; (b) an indication of the departure of soil

properties (i ncluding moisture-di s tribution during freezing) in ~ 

from l aboratory mea sur ements en samples; (c) a means of prE:d.icting 

the rate of freezing, particularly as influenced by the initial and 

subsequently-imposed conditions of temper ature and/or the ·presence 

of snow or vegetation. 

The predi cti o.ns of r a te of freezing may b e assumed to be 

fairly :rel iable s i nce it has b een found t ha t the rate of increase 

the depth of the frozen l ay er is rel a t i vely insensitive to departu:re 

of f ield condit ions from t he p r opert ies of idealized systems 

[.Ber e;gr_en1 loc. £itJ 

Ber ~eren has de ined t.r.e i deal system as a semi- i nfinite 

· through. lli h a .1 · q· id , initially a t uniform tempera ture t 0 (abo e 

t he freezing point) , i s u~tformly diffused. 

i s then r educed to, and .. maintai n E;d at a sub-freezing value, t 8 , at 

a certain t ime Y a o. A ~rozen laye~ is t hen assumed ~o for m at 

surface, :x =- 0. The increasi ng t hic .ness of this layer is t o b e 

denot d by ~ · h e t erm X. Th e f reezing . oi t of the permeati ng liquid 

i s ,deno ,e by .t:f. Its la·tont hea t of f sion (p er unit volume of 

Jrt3t.rix ·nr .terial) is J~ . It is assumed trat no volw e-change v-1ill 

during f1·eezing. Ot h er thermal properti s of the 
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material are identified as follovrs: 

Property Solid Liquld 

Thermal conductivity k
1 

Volumetric heat-capacity C1 

Thennal diffusivity [· (k/~~ 

The differential equation applicable to the solid zone is 

• for o (:<~X (29) 

For the liquid zone the differential 

for JC>X 

X "' 0 for Q :~r 0 

t s for :x - 0 1 Q > 0 

. The conditions at the advancing boundary ·or the f ro zen layer uill 

th en be 
\ 

.... )· . ' 
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The temperature-distribution at any time Q, in conformity with the 

foregcing conditions are of the form 

t ., A2 ,.. B2G ( x ) 
2•, a;a== 

for x> X .,., 

wher& A1 , B1 , A2 and B2 are constants defined by 

A2 • - (t0 - · tf) G( v;:;:;a; ~) , 
1-G (\I a1/a2 · ~) 

G ·{~) . 

B a t - · tf 2 0 -----
1-G('/a;Ta; M 

G{y) ._· ca n b ~pproximated fai r y we11 by G(y) ~ y up to y 

The .ma gnitude of t he f unction t.hen e'pproaches unity. 

(36) 

(37) 

(38) 

(39) 

'!'he thiclmess of the frozen l ayer is found to be proportional 

to the square root of time 

x-2~~ 

where a 1 is the thermal diffu ~iv ty i1 the frozen zone a d~ ·a a 

"growth coe_f cie1 T..n .. .t.he magn_tu e of in rns of ~hv ai n~ion-

l ess para eters k2 C2 ( t 0 - tr ) 
tr - s 

ar g noted. in 

. .. ... . . 
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Table II. Hagnitudes o! ~ in the equation X "'2~va;,:g 

[ t:~: ) __ x 
~1~.;1 ( tr - t aTI 

a 

0 0 1 5 10 20 

v(to- tr)] ~ for 
~ for (a 1/ aa ) • 1.82 IB 1/a2 c:l, 00 

tf' - ts_ 

0,10 1.195 1.130" o. 578 0.299 0.216 0.155 
0.20 0.978 0.915 o.54o 0.291 0.213 0.153 
o. 50 0.648 o.635 0. 455 0.271 0.203 0.148 
1.00 0.477 l . 442 0,)61 0.241 0.187 0.141 
2.00 0.305 0. ~85 0.257 0.197 0.162 0.127 

I 
$.00 P.l488 0.11.~25 I 0. 138 0,124 0.112 0.0961 " 

10.00 b.0807 ).0?86 0.0779 0.0747 0,0714 0 .0662 
i 

) : 
In ccmputing tne time r equir ed for a soil to freeze to a 

given depth the equation previously des.cribed in the £on11 

. Q .:J.AX-

'' £ eez ng-time coeffici ent " 

_M (1/La 1 ~2 ) 

The dimensions of.)). are then time/distance~ ·or an inverse thermal 

diffus ... vi ty Tabl e II:r inclu es certain data pertinent ~o fresh 

~no i, dl1f s oi~, moist s oil (f r ozen and unfrozen), wet soii (frozen 

an unfrozen), · c e , an water. The dns i gna t i ons as p r evi.ously 

i denti fie ar~H a , t E:rmal diffus · vi t} o k/QJ ; k, ther mal 

c cnd' ct.iv-ity · C, "\i olumet i c heat-capaci y · L, volumetric hea t of 

fusi n a nd e1 S def ine ~bove ( ... or t
5 

s:z 2) °F, tfc )2 °F , and 
0 

= 50°F}. 

I .. ~"' 



. ·~ 

. ._ 

, ' . 
i' 

-68-

Table III. Representative Thermal Properties and Freezing Time 
(Q =_A Xz) 

,-- Per cent mois- l r;- ~~ Substance ture by voluJne a . k L 

Fresh Snow 10 0.04 0.12 3 900 -
pry Soil 0 0.012 0.19 16 0 220 
Noist Soil, frozen - 0.031 0.68 22 - -
~oist Soil, unfrozen 20 0.017 0.48 29 1800 280 
wet Soil, frozen - 0.042 1.21 29 - -
Wet Soil, unfrozen L5 0.022 0.97 44 4000 330 
Ice - o.o48 I 1.34 28 - -
~vater 100 o.oo5 0.31 62 9000 510 

Berggren has considered the temperature changes in dry soil. 

The problem reduces to that of a semi - infin:i.t e slab l-Ihose surface-

temperature is sudd€nly" changed. The rate at Hhich a given temperature 

penetrates the dry soil is, as before, proportional to the square 

root of time. A computed plot of inches penetra tion to ) 2°F vs. hours 

i ndicates a progressive incr ea se ·in penetration .in the or er : d~ 

aoi, mois ., "'Oil, l'le.t so~l , a·nd moist soil under 4 .:.no snor; i th the 

first mentio e sh wing the rnos · rapid penet ation. After some . 54 hours 

a 3 1/2 in~ penetration· is noted in wet soil as contrasted to 18 l ours 

for the same penetration for dry soil wit-h a 50°F i nitial temp er<1ture 

cooled to a surface temperature of 2)°F . It is recogruzed that the compu-

tations result ing in the curves describ ed neglect the heat removed 

f rom the unfrozen soil, therefore, the actual d epths frozen under a 

sno-v1 (or ve etal cover) layer at any E;iven til'il e is quite possibly lm er 

by as much as hO . er c nt th;J n the estimated depth. 

The expre sio!l for temperatures in t he solid (t 1) and liquid 

( t 2 ) zones are given by Berggr en as : 

C 1 c .fi; .o · ~ 54.1G(0 . 90:x ) (45) 

\. 

; 
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andE:-2 co 26.8 ~ 2.3.2G(l.2l:xiJ (46) 

where :x is the depth in f eet from the soil-surface. 

Several adaptations of the above described ideal analyses may 

be considered. Stefan [j. Stefan, · Si tzBer. (Math-Natur.) der V.7iener 

Ak., 90(IIa), 965-83 (1890] obtains for the case of the initial soil-

tmper&. tu.re coinciding with the freezing point the rocpression 

(47) 

assuminG that the latent heat of the material is large compared to its 

heat capacity. Tht) 11 gro-1th coefficient'' {3 is given for this case 

~ • ·{3 ·Jc1 (tr - t 5 )/2L (48) 
• 't: • -' 

Good agreement between experimental and calculated penetrations have 

been r eported usin~ these simplificati ons D· B. Frandin, Proc. Roy. 

Soc. Edinburgh, 40, 5o-79 (1919-2olJ , 

S~efa._- fioc_ c~ has furthel~ i rnp fi ' the case of 

co ection . fo 
· t imo... riati on in Sllrl'ace-te.rrq:>erature is ap l ied, eplacing the pro · ct 

~(tf - t9)~ - in. equation (47) above f r x, by the integ al of the 

v3rying t emperature-diff~~ enc e (tf - t 8) over t he time interval cone rned. 

Shannon [loc. cit] has used the Bergp,re equation for 

dete~n ng the depth of frost-temperature penetration 

i n r ation to tl Ufl"' ezing ~ nder.u alues. A lof! pl ot r lating 

(43) 

fr eezing in sx and frost per.etrat · give flat cur ve approxi 1a t ing 

a straight line . EJ.:pe ·i m ntall ~ m..,a ur ed values of fros t penetration, 

hm..;over , are less t ha t h se caJ ulRte by , .. e gg:r c f :rmula by 

ne;n·ly 50 per c n~ . Therma l char cteristi c f t he s oil, ten erature 

I 

; . . 

,• 
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conditions, and the effect of the surface bounaary upon penetration 

differ so widely from one soil to the next that a direct application 

of Berggren's equation is useful only as an approximation. The 

specific heat of dry ~· oil is nearly constant for all practical purposes, 

hence the value of th3 heat capacity of soil varies directly v1i th its 

unit weight and water content. Also, the total latent heat of fusion of 

the water permeating into a soil varies directly with the water content 

of the soil~ Hhen soils of similar thermal properties are observed, 

the linearity of the plot of depth of freezing of so:i.l vs. freezing is 

well defined. Gravels, for instance, show a much sreater themal 

conductivity than such soils as silt, clay, oro peat. 

Shannon's conclusion is in agreement with that of 3erggren, 

that the dept h of freezing i~ greatest in dry sand or gravel. If, 

however , ice segregation , occurs in soil ldth the resulting increase in 

uater -~ontent/ .the depth of f r ozen oil ' uld be reduc ed d e· to th e 

.. h~t requir ~ ·to cha ge the t empe tur an freeze the a ition 1 

migrating Nater. 

Berggren has ecogniz d the t ransP.l.igJ•ation of moisture .under 

the influence of gravity after f reezing has begun, a condition discussed 

h erein l}. B. C. Anderson, et. al., Trans., .Am. Geophys . Un.i.on, 23, 

355-71 (194W ; however, no corrections have been an lied to the 

id '"'li zed .equa t ions . LikeHise no corr ections h(lve been appl i ed due 

to diss olved salts and internal • ressure of smal droplets. Ther is 

no question but that these fac tors may affect the ideal ized equations 

apprec ·ably and may ac.count in pa rt for the diff r ences b et-vie en 

calculated and observ values r eported y Sh nnon. 

; : 

I 

I 

/ 

,. 

4 . 



/ . 

. i 

("" 

I 
I 

/ 
l 

-71-

Kostin [?. I. Kostin, Csnovy meteorologii 1 klimatologii, 

Leningrad: Gidrometeorologicheskoe Izdatel• stvo, pp. 86-90, 93-95, 

(1951] includes among the variable~ affecting frost penetrationt 

climate, snow cove~, surface relieZ, soil structure, moisture content, 

type of soil, veget:Jtive ground cover, and grounc'.-water level. Rep eated 

freezing and thaNing have been shown to chAnge the phyaical properties 

o£ the soil mainly by increasing porosity and permeability. The 

moisture content of the soil under the frozen layer increases through 

condensation of vapor from dea? er and warmer layers of soil. 

A st~ll different approach ·co the problem of frost formation 

and penetration into a soil mass is that of Keranen Q. Keranen, 

Fannia, 73, (1), 14 pp • . (195o-51IJ. Frost formatioz: i s c onsi d ered · 

as a_. negativ~ . h~t. phenomenon . The d rot.h of .frost pen et ation i s. 

calculated there ically as f unction of t he col d -str eam, the 
- . . 

cclli~ul t ed a~ount of hea t (depend nt upon t h specific eat of the 

ubsoi l ) , an t he vol ume · perc~~ta g~ of he ·pa t er i n the soil . T a-rling 

of the frost layer i s noted to be more r apid in f i el ds 1here steps have 

been t aken to dra i n :noi sture by ditching. The moi s ture c o tent 

decrea s es in pa ssing from th e fros t layer t c the ltnder lyj ng unfrozen 

gr ound. 

J. ·. 
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Section 6. Migration_ of Saline Solutions 

The literature is rich in publications concerning the use of 

various salts, lyes, sulfite liquors, and saline solutions as related 

to frost heave, lens, &nd frost boil prevention. Few o! the articles, 

howeve~, concern themselves with the migration of the salts after 

thawing .. The effect or ions, liberated by base exchange phenomena, on 

the freezing of moisture has herein been discussed in part but 11 ttle 

quantitative information could be found in this area. 

, The importance of dissolved substances which alter pH has 

been. ·.recog~ized ?Y C~are (!<. E. C are, Proc. Second I tt~n. Con!. 

Soil 11ech. Foundation, Eng., 1, 230-)6 (19482] • It was noted that 

wAter absorntion is gr eater in alkaline soils than in soils having 

very alkaline soi1 s , owe\"er, may be wate 

r->ions . 

ub 

I~. Jw~ b ~ •• m-m· · y Os erg Q_. 04> 
,' r } • 1 .. • ~ 

Enginee~:l.ng, 10 (?.).·-! lU0-02 (1940l_l that elutions cha ge the ion 

cone ntration through base exch ge eff cts. The thickne s of an 

adsor bed wat •• film is thereby changed. Haste sulfite iquor bleachee 

h ve p , ticularly 1 r ge effect. 

f So U.'n Cl lor de, Calcium Chl.owid, 
ol tions at Lo ·1 TempQ .ture . 

Cal ium a nesium 

n of cert i 1 ts ~ s odium &n · lei m chlor· a 

i rpe 0 so.: s h a stu i EI in detaiL br Sless-

[c. s E.:sser1 d e Univ Res . Ser. 87 , .. es. 

Sei1 ~s 1~l Tha stud es 1 ec a in -. 
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regard to freezing of soils and formation of ice lenses. Certain of the 

conclusions pertinent to moisture migration are herein reported. 

1. Calcium chloride and sodium chloride migrate differently under 

similar conditions. The latter tends to cry~tallize e•1d form a 

white surface which is susceptible to surface washing. The hygro-

scopici ty of calci'un chloride at relative humidities above 30 per cent 

provides for its redissolution and re-entranoeinto the soil profile. 

Dur ing natural weathering there is a dot~ward movement of the salt 

in subgrades under chemically treated base courses, without surface 

cour~es. ·.. ... . 

As determined by chloride analysi s , ·ther e is no direct 

betl'reen moisture content and salt content. 

The· amo~,t of sodium chlor i de decreases mor e 
.. 

than does calciuin ·· hloride. ,-

: Th€(-~gra ~ion of~_C'l lt sol on (sod ' \L.-n c~uorid . ~n calci 
:: ~ .... 

rid~) · i~ a ec·~;ed a {edly y a _s 1:rface layer of gr vel & 

-T e 

capill ary move ent of salt sol~tion to the sur fac e during dry 

periods is gr eatly reta r ded, t h er eby preventing sodi um chloride 

runoff' . The cal ciu."Tl chloride cont ent in the upp .r horizon is dim-

i nished by r educin t he ef ecti veness of t he evaporo tion for ces . 

The dotmward mo ernent of c lc ··um chloride and odiur.l chloride i a 

a.ccelerat by a r ceding b~t still high ground-H tcr t a l e . The 

fo mer salt migr te rno e r dily th3n the latter . The experiment 

conducted to t a 1' sh he alidi ty of th.e above statement were 

conducted duri g a cold er o of high "'nov7 and r~i niall. 

•,. 
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7. Fine tmctured ~oils are more capable of holding water soluble salts 

and in replacing the ~91 t con+.ent after do-wnwa rd migration 'oy 

re-entry (up\orard movement) by capillarity th&n are coarse-textured 

soils. ThF:> importance of deflning soil texture ip a study of vapor 

or liquid migration cannot be overemphasized • 

8. A bitumino~s paving over a soil accelerates tPe downward migration 

of saline solution (both sodium and calcium chloride) from coarse

textured ba se courses "into underlying fine-textured subgrades. 

The base eJtchan.ge binding · capacity of clays play an tmportant factor 
' . 

in the migration of salt solution. Cation migration ia lorrer due 

to their att raction to soil ~olloids. The divalent calcitL~ ion is 

more per!!lanent th n the chloride ion under comparable condi tiona. 

· Sleeser ·hae esta ·"'·ish d u h vari ble as soil t~t e, 

_atio~ temp ra t ure, ereo at1.or. ra·~ ..., an oil cover 1 of. l h h 

!feet .t~ e u ation of n oi s . Labc t ory s· dies to 

- c omplement r eld studies are r po-r ed cova':'ing t e above riabl s . 

di£1 culty in segregating each of t h e variables \v s recognized. :rl.nc.e 

s cil te~ture actually determines soil capillarity, The l a t ter is 

closel y associ ated vrith vaporation and leaching phen en n. Certain 

of th~ experiments n co elusions reach by Sle er are enumer a ted 

belowfl 

1. The upt-ra d rrJ.grati n f calci chlorid , s dium chl rid ,, and 

calciun ma~nesium chloride (CaM ~c14) i s --ery pronour.ce-d d~ 

con it one- of lrnv hurn dity (rap:i cvapora ·on). The 1 _ g_ tio is 

ru ,ction 0 t e soil t J\tur - . A morv p onounce lllOVen ent is 

f ound 'n fine t~tur d soils. 

l - . __ ,_ 
~ 
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2. Temperature aa a variable wae studied in the laboratory for four 

4. 

ail t models vii th 2 per cent calcium chloride un1er impervious 

pavement conditions. The teets included a surfACe temperature of 

room temper~ture) for 21 days; anct 63 hours at -60°C (-76 4 F, usin~ 

dry ice). Additional samples co.1taining calcium magnesh1m chlo!'ide 

and sodium chloride were subjected to ~vaporation and heat tests 

which permitted additional coP.clusi0ns to be drawn with regard to 

chemical migration. ~11 tests shc•wed that the effect. of the tan-

p~ .. ..ibJ.re o""_ nti.gt·dtion (as indeed for any of the variables ) of 

-~·alcium chloride, sodium chloride, or calcium magnesi chloride is 

always in thP same direction, although the degree may be different • 

If the magnitude of the ternperature ~hange is enough to brl.ng about . 

~-- change in phas~ oi wa ter, the variable is :i.mportan in governing 

chemical mi atio1 in soil . If' no cr:.a e in ph se occurs , _tempera-

ture is of le importan 

A'1 has been tated from fi d ob erva ions e sa t conte t of a 

soil decreases wlth d ep-t·.h. The conce t· .·a tion of salt in t he soil 

will be an influencinrr foetor on the nmcunt of up't-mi·d chemical 

movement.. The conditio of impervious pavement is assurn'3d here alsv. 

Wat er migration by percolati on depletes rapidly the ch mical 

contE-nt of oil l-Ihet :er he che; ical be sodiure chloride, calcium 

. chloride r calcium rna gnesi't.:m chlor · de .. 

~·. gration f !aturall:> Occurr · n 
H d.dity. 

Pur i e [~. N. Fur e, Punj·o 
--., 

·n So ' l Relate to 

Re t. Y ar 

Ending April 1936, p . 3-~j i a repo t on eL a;, :Cnd:i.Lin 5oil 

l, 
, . 
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that salts tend to accumulate in the surface horizon rolring periods of 

low tempercture. Such would be reasonable due to the low r ate of 

evaporation of W')isture permitting unbroken capillary movement of 

salt~laden wat er from l~Ner horizons. 

Highly saline soils of the area ( sodiwn sulfate and sodium 

chloride) show white crystalline surface forma tion due to the migration 

of saline solution to the surface . The effect is more marked in the 

case of sodium sulfate t.han sodium chloride . The t exture of the soil 
-. ', 

is changed to a loose fluffy consistency ~nth the rise of t he sodium 

chloride. Atmospheric humidity is an important factor in causing the 

migrat~on of saline n1oisture. Loi.J temperature and wide range in 

humidity are "-:importa.n~ .facto~ in' cau ing the migration 0.~ saline 

1 hum. dity 

.. duri y ·nd night (.30 to _lOO r ·o n sodiUin sulfate W-38 

. ~ ' 

by Purie s mo . ing tc the surface nd ef!lor eing, tat is, tke 

alternate absorption of moisture f rom tha atmosphere and i t s ev~poration 

appears to be responsible for the salt efflorescence~ The r.alt content 

ot the surfaee .soil is affect~d by the same moisture migrat~on effects 

s tihe a lt. content of· oil a out 5 feet in ciept • The soil bela 

5 f et act as a -r ec 'Ptical for aline . 

al1..ne n i ture to u:~ er 

level by , oisture mi :>ra tion • 

III. The E' foot f Ja ve.:, Var ou the ! ti. j,1ltl.on of Salt . 

Lnbora ~Or"J' axp r n nts by Ellen-ne or ~. Erle ·ey r, Ch .• 

F de, 8, 317 (1933) I have shown that the ~~era tion f sal s in soils 

,.,. 
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may be effected by wa t er vapor in the abs ence of ground or even capillarJ 

water. This mi gration Has established by allowine l>Tater vapor to diffuse 

through sand underlying a sodium ni trate l ayer on top of which was a 

filter paper . The sodium nitrate \vas found in appreeiable quantities 

in the fil ter paper. 

·. 
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Section 7. Barometric Pressure as a Function of Hoisture 11igration. 

The influ nee of barometric pressure on the absorption and 

tr.igration of moisture \oms proven by· Krynine ~· D • . Krynine, Hiphway 

Res. Board, Proc., 9, 66-74 (192~ Tubes filled with hydroscopically 

moist clay whose Pnds Here i mmersed in Hater ·;ere wei e:hed at intervals 

over a 35-day p eriod. From the \ncrease and decrease of wei e;ht l'liti·, 

changes in ~romBtric pressure it was found that with hieh pressures 

entrapped air bubbles c ont r act ed and moisture migrated into the soil, 

with deer-ea .. e in or es sure t he entrapped air bubbles Ojtpan~ed1 a nd water 

wa s driven fr om the t ube (that is, a decr ea se noted i n the wei ght of 

the tube). 

An e~ception to t e above gener al pr inc i p e \>las r porte 'hic:1 

corresr onds to a violent dec t. ea.,e · n at! osphe c p sure. t<Ti t h ·ch 

a chan e, he ' r ck ut l.t .. elf oacapes . 

f r om ti e y .. ,te. l ead· ng o a o erall 1 vre· gh • 

h~ sig d.ficance of entrapp ai.r i s , of course, mol e 

i n r ee nt earth fil ls than i n nci nt natura clays . I t is e~pected 

t hat wa t er would mi~rate more f reely i to ar t i fic i al f ills during E.t 

decrease in barometrl~ r~·essure . Rising t emp erat ure uould have t he 

aa e f£ ct. Fr ~sh fil wb,uld sh' onsid ble s ttl ent dur ng 

a conti al of barometri c res ure foll r· ng r ecipitation. 

I · s not c pl e . cer in that usu 1 a m <:<.ph eric press u a ·.rariationa 

\ o · d be of ma gnitude t o cause the described e!f cts . 
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Section 8. Deterioration of Building Materials by Moisture ~~gration 
and Frost Action. 

The causes of and factors likely to play a role in the deterior-

ation of building materials by frost ~ction have been studied by 

Wilsdon (B. H. Wilsdon, J. Soc. Chemical Industry, Trans., 53, 

397T-402T (1930] • The work of \t-/ilsdon is unique and comprehensive ana 

will be discussed in some detail. 

Certain selected types of buildi.ng stones and bricks were 

subjected to natural frost for two seasons under the test condi tiona 

described by ButterHorth ~rans. Ceram. Soc., 33, 495 (193ill • 'the 

conditions essentially demand that half the stone (or brick) be in the 

ground and half exposer to the atmosphere . Table IV includes s trength, 

absorption~ and resia~nce data for a selected group of bricks. The 

type EK is an e:xc ep tionally ·strong, dense atone. The types EG, EA and 

EE as noted in the ttDry11 cnlumn are of _about th same strength. 

Tab e IV. Frost Resist nee in r. ·cks 

Strengt 
.l bs/ s • in. at r absorp ~.~ion 

Dr--J lJet t-rei ht !_ 

896o 816o 8.6 
4060 4050 17.7 
4090 4030 17.2 45 
h590 4110 16.9 22 

. 4290 3870 20 4 95 
1724 1440 25.1 80 

33 
51 
5 

100 
100 

22 
27 

0 
20 

It is o vious tat n ith r t1ength nor b orption alone is 

a comple+ y relia e gui t o the f r os t -r sistance of a buildiqg brick., 

The physical factors related to a nd governi g porosi t mu" t be defined 

and studi ed sir ce it i r ea onabl e that th ... fro t a ction is clo ly 

• :r. 

.. 
l 
I 

. - _....-

- / 

_ ..... " 

/ 
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dependent upon porosity. Porosity is more than a measure of the per-

centage of pore space. The size, shape, and distribution of pore 

spaces are factors, and govern capillary movement of moisture. They 

will, therefore, be related to frost action on building materials. 

Failure of con~rete always comes from one of two causes 

[[. M. Lea and N. Dewey, J. Ins t. Civil r:ngrs., 32, 248-95 (19L9) I 
Those which are inter nal to the concret e and those which determine its 

quality (dependent in turn upon mixing, placing, and curing). Factors 

such as shrinkage, creep and thermal ala.o must be considered. The 

external causes of deterioration, broadly classifi ed as physical , 

che~~ca1 1 or · mecha~ical, arise from natural weathering, exposure to 

e:xtrsnes of temperature of mechanical overload, or from more unusual 

de tructive agencies such as el ectrolysis . 

The follo · ng faotot' - are di cussed in some detail they 

1. Pa.rm ~ i i 

2. uct~ ~ (a erm hough not perhap i t b ~t 

that can be d vi ad to de cribe t he beha · or of a porous solid 

h1.th respect to a liquid. Variab es affecting capillary pressure 

are the i a ture of the liquid, the cl arac"' ristics of the poro s 

structure, . and the r lative amount of pore space occupi d by the . 

li.qu;. 

3. hechanical effec by e ting or by moi e ov m t into 

and thrOUfY bo 



; 
I 

. : 

4 

' -
. · ~ - :- ... ...... ' 

I. Permeability in Porous Solids. 

The movement of a liquid in a porous solid may be defined 

by the general equation 

Q "'-k a ¢ 
aJ< 

where Q is the flow p er unit cross section, norma l to x, ¢ is the 

h~drost&tic pressure, and k is the transmission constant. 

v.Jhen all pores are saturated l-Ii th moisture and as long as 

(4?) 

the velocity is small, the value of k will be a function characteristic 

of the porous solid and the velocity of the liquid. Under such 

condi t ions the flmot of liquid is described as percolation and is to be 
,..: .. 

distingJished f r om permeation. Th e lo tte~ is descriptive of ~igration 

of rr.oisture when t he pores ar e not saturat ed. In permeation t he now 
is restricted to films and t he pressure l>Ji thin the liquid is a function 

e . The value of Q is hen given by t he expression 

Q -[~ ·¢1~ J (a,"Y'ax ) ( 50) 

re e'1.t the moi -tur c onc...;;ritr t i ori in the poro s ·lid. 

·ex es,;;)ion ' a comple-x perm abi~ i ty i'unct on relatin , the 

now t o t he moisture gradient . 

· · · Various a t t empts have been ma de, . Nith little s uccess, to 

-describe ¢ explicitly in such geometri call y simpl e cases as tr.ose 

presented b;-)" clo e-pa eked unifonn spheres ~ . H. \Vilsdon, Hem , Dept . 

A ic . India, 6, 154 {1921) ; R. A. Fish J. Agric. Sci. , 16 , L92 

(192 ' ); E. ll1anegol~, c. Stu"ver and \·. gelhn ·dt, I olloi - Z, 64, 12 ,307 

(19.:332] A stati t1 c 1 tr~.a tment of g .etrical pr perties of a 

porous m ·ium, i n luding a · :Jl'Bdin of ze an ' shapes of p rticles and 
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their compaction, has been somm.;hat successful in explaining ¢ and will 

be described. An ~irical appr· ach is used by Wilsdon [!oc • ..:_~1- to 
' ' 

obtain as clos'~ a relationship as possible between experiment and theory. 

II. Suction. 

Laplace 1 s equation for the hydrostatic pressure ¢ is assumed 

to be valid. The force responsible for suction is postulated as 

(51) 

The term T is the air-liquid rmrface tension, and rt and r 2 are ·the 

principle radii of curva tures of the surface. 

The water in a porous mediwn is assumed to be held at the 

points of contact of the constituent particles. If this assQ~ption is 

true the Cfrvat~ea · may be positive or negative-. For a pair of spheres 

which are wetted by a liquid p to a P int \·!h e r1 ""'-r· , the curva-

ures w.:.11 e negati e an·d from c..q Of rj 11\US ~ e · 

ne T al essur d :..cie .c-o; 

m st re in a in:; acr ss e i q frc ,, Ait' to .uid. T.ha 

dr ops of liq· id can O! y be ass , eel as independ t over a limit range 

of mois ture contents for t.he un fo m assemblages of spheres in the 

orou s.Jlid lli oen, J. Agric. Sci., 4, 170 (192 41] ·• For. graded 

assemblages of spheres the limit~ tion just ·described may not be too 

ser· oue sine a there haul be e at ly f rt con ct point \tJhen 

c mp r d i i;. tha 12 per she ... · . fo trigonal s tblag-a of' form 

spher .. g 

A s cond dil'fic y s the v i . tion of r. a t res of the 

solid c:u f ces . <Prom p nt to poi t .. c var atio s a\~ co re~ondi 

vol.m e · anges .. It i ov rthel as unr son 1 t hat e 

( 

( 

·. 
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pressure in tho free t-rater will folJ..:>w some such law as already giv€'n 

by equation 

Efforts have been made to determine the ~ange ov'::Jr wh:lch 

equation (51) is valid. Four c~perimental approaches have been used 

to estimate the value of ¢ (hydrostatic pressure) . All involve the 

determination of moisture content at equilibrium; (a) under direct 

hydrostatic pull fo!' pressure deficiencies less than one atr.10sph~re, 

(b) und~r osmotic suction thro~e;h ~mnipermeable membranest (c) under 

red•lced vapor pressures, and (d) under centrifugal force. 

(SO) 

Wilsdon [}oc • .:_:~ repol'ts data on three types of material 

(ball clay, pozzuolana, and sand) 3nd c0mpares the press~e deficie~ciea 

in these p~ous mnterials at vari ous moisture contents by hydrostatic 

· (method a) and by osmotic suction (method b) tnethods. The estimates 
,.. 

by hydr·. static were actually of s different orner of magnitude to those 

o-f osnt ::i c suction . Th hydrosta t i c pr essure r ertuired . to r educe the 

wat conte t of a saturated materi al to a ei ven value was always 
-. 

foiu d to e ·sm ll f."l-r b 1/10 to l/100 tha t c rP.spondlng o t h e o 1 otic 

pressure ethod. Th. discr pn~1cy is c<} 1p r ble -rrhsn data for methods 

(a) and (c) ar e c ompar ed. Experimental values of ¢ dif f er f r om thos e 

calculated from the vapcr pressur e data of Szigeti ~olloid-Beih., 38,99 

(193ill by the !{eJ. vtn formula _Q' i l. H g., 42, 1 .!~8 (lfl71Il 

(52) 

where R' ia t he gas cons t p r gram, \J is t he spe"'ific vol ume or 
water at tern r &ture Q (i 1 °A) 1 t~ .. d p and ?o are va or pr .ssures in 

the . poro •.,. mater_a _ nd flat surfo:~ r~ cti vely. The di screp nc!. a 

i press~re deficienc es for H-. vrmutit and H-cl~y u ng Szi geti'& 
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data (and the Kelvin equatior.) compared with actual vapor pressure 

measurement~ are large. 

· Scofia..ld ffi. H. Scofield, Am. Soc. Testine ~iaterials, Proc., 

37, )06 (19JiJ has r eported tests to show the effect of freezing on 

perm ~bility, strength, and elasticity of concrete and mortars. Russian 

enr.ineers have reported the pra~tice of freezing concrete solid in 

the forms ·in cold months folloiored by the ranoval of the forms after the · 

concrete hns· thawed and hardened in the spring. No injury was reported 

to the c.:>ncrete. · In Scofield 's tests specimens to be f~ozen immediately 

were subjected to a tempera_ture · of l0°F for freezing periods of 1 to 7 

days. Certain of the specimens were subj ected to a delayed fz·eezing 

cycle in which the concrete was allowed to hnrden for various periods 

b efore free ing. The freezing period for t.hese samples Has 2 days at 

5°F'. An avera ge loss of r en th for cone ete immediately "rozen t-.ta s 

s e .40-60 per cen· of he normal unfro z strength of the same age . 

These reol lts are not in acco n t h t hose r p<>rted by the Ru~:isian 

engineers. 

Hoisture permeability t ests were also report :d. A large 

increase in leakr1ge f or frozen specimens t-la ... not ed , esp eci-ally for · 

sa 'les froz en O\ • a 7·· y period . · The leakage was less for specimens 

tes l at one ye r, hmo~ev r . Specime:-~ s cur d for 24-27 ho 1 in dry 

wa:nn air before fr ztng H e not injured . 

I t is a n cess r co cl sian thnt the water hel' y a porous 

med um co ends :tn some nner p n t e way n which equilib ·ium is 

ap roac ... d The 1 ar f n d ~ 1 t e o o1s s ructure 

.• . . -..... 
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are not in the same equilibrium state under all the above described 

conditions. Wilsdon postul1tes that the films brought to equilibrium 

through vapor phase or throueh a semipermeable membrane may possess an 

o1'iented structure llich reduces their vapor pressure sufficiently to 

invalidate the Kelvin equation for the systems. Other lines of evidence 

j J erja~uin, z. Physik, 84, 657 (1933); Hardy, Phil. Trans., 230A, 1 

(1932}] confirm these Rbnomal pressure behaviors of thin \-later films, 

1-iethods based upon the centrifuge (method d) pernd tting v er.J high 

pressure deficiency measuranents may add to the fund of' infonnation, 

Capillary Rise:: in Porous Hedium. 

Frost effects in porous solius should be closely related 

to capillary rise, :r~ua tion (52) r..ay be modified to show the i,elation-

ship· b~b een vap or and hy~ostati c pressures at any poi t in a solid. 

Summing the constants of equation (53) 

(53) 

values of p and p
0 

in atmospheres~ Assumin a collection of 

unifo~ spheres of 0.0001 em. radius in a system 5 per cent by weight 

moisture, a pressure deficiency of 4. 3 atmosnheres exists. The vapor 

pressure lm-1ering \vould be 0.51 p er cent . The heir,lt at Hhich this 

vapor pressur e would be attained above a sat1rateri surface may be 

calculated frcm Royl s lal..r in the f orm 

h c (R '~/g) loge(p/p
0

) 

or to 145 ft. Uo s uch heig ts have b e obs t>.rv ed experimentally (see 

paee 26 ), mvever, the diff renee between f act and the ry aga i n l)Oints 

out the abnormal beh vior of thin tva t r f" lms, as ·1ell a the inadequate 

kno Nledge of' the nature of small parti cles and por e spa es in por ous 

ma t erials • 
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IV. Hechanical Effects Produced by Crystallization of Solids ln Porous 
Bodies. 

In addition to the p crcenta ge pore space and over all 

strength of building materials, the formation of solids (as ice cr.ystals) 

greatly influences the mechanical resistance to disintegration. A 

stone material (as a cement) whose pores are in the effective diameter 

of 0.0005 em. (highly microporous) .is very susc€?tible to detrimental 

frost action. Convenient e}:perimental observations on porous moterials 

may be made involvinG the cryst allization of sodium sulfate decahydrate1 

Na 2 S04 lOH2 01 at t emperatur es above and below the _transition temp erature, 

3~.4°. The ult~mate results clos ely res emble_ those derived when 

water is alloHed to fr eeze and thar~ in the poi~ous medium. 

The concept of crysta~ _t hrus t is inade<"}Uate in 

many of the rather viol ent disiz tegratioz s noted i n porous bodi es 

subj ec · t9 altnrnate frc zin an?· thawin There i s doubt that 

is thcrmodyr1mica ' y poss 'bl for an inc et y confined satura-ted 

solution of a salt (as sodium sulfate) to do 'ork under isot.hermul 

conditions uy crystal growth only . I t · must be as sumed, ·~hen, that . 

energy · due to transfo1~a tion i n a p orous solid of a s olid phase is 

available for work t o be done. In t he case of i ce cryftallization it 

L. probable ha-t;. no stres es could b pr duced i f the transf ormati on 

from liquid to sol d could take 1lace er sl owly without confi ning the· 

l ter . The gr rtest damage is note pores are sealed y freezing 

the outside surf ce ·and under c onditions of the greatest supercooli g. 

It ha e n obJerved that hiR' ly mic po ous olicis are characterized 

by m r ' Ed _,endenc~es toward supercooling. Higl y hydra ed ... 1 ts (in 

solutio. ) l1ave l)e n known to cause nearly explosive disinteorati ons 

L. micr orous solids under conditions of str ng s percooling. 

.· 



I 
I 
I. 

'-·- .. 

• J 

.. :~ -

.. - -.:, 

."" · .... 

·- · ) ' . 

..... ... ... .. 

. . - ~-

-· .... 

t.'· ~-: 

-91-

The conclusion is obvious that building materials of high 

microp.orosi ty should only be used in dry regions of low frost action. 

' Building materials may be examined for their resistance to frost action 

by relatively simple s~lt solution tests. Th8 simple application of the 

KGlvin equation is inadequate in e::xplaining the properties of Hater in 

microporous solids. 

! -
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Section 9. Conclusiona and Recommendations 

1 • . Considering the rather considernble coverage of the literature in 

this survey, it is obvious that there are large gaps in. the pub-

lished data on thermal translocation of water in soils. The few 

papers containing extensive data on the subject of transmigration 

of moisture do not use a 101-1 temperature zone in the thermal 

gradient lm.Jer than 0°C. It 1.muld appear to this l-tri ter that very 

sharp differences might occur in the quantity of water moved if a 

low tenperature zone at -20°C were used. 'I'he very small amounts 

of water noted as b~ing moved to or from a oec zone might well 

be . greatly increased. 
·' ··. 

Th·e experimental 'methods of followinc moist.urE' migration have been 

general 11.-ni.ted to gravimetric procedures. The use of x-ray 

· t ecl'lnique may be of interest. Indeed one paper published in the 

USSR [I. Sedletskii, H. Sumgin, and A. l•ialovichko, ·Doklady 

.. Akader~Ji i Nau SSSR, 47 ~ · 296 (1945) , see· a so SI £ · 'i .e U 107~__1 

includes this me hod in the st ld ,- of moi st.ur e mi rration at sub-

freezing temp eratures. The intern 1 structures of soil specimens 

(as well as migration) were follOi~ed using air-dry clay and sand 

samples, moistened to the desired degr ee and ~-rayed before and 

after freezing, Dfter standing for 24 hours in a chamber at -l0°C 

. and after thawing for 24 hGiurs at room temp erature .. such a 

t~hniqu the very important and still little understood behavior 

of small droplets absorbed and froz en on soil surfaces might be 

better defined. 

' . ~ 

,. 

\ - .. 
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3. It is the understanding of this ~Titer that some elPeriments have 

boen performed on moisture migration. using tracer techr~ques. Such 

t.echni<:ues appear on the surface to be well-adapted to such studies, 

Since non-radioactive oxygen or hydrogen wwuld of a nee essi ty have 

to be used in the production of water for the studi es , any data 

published should be examined critically for exchange ph enom~non. 

Thus, tracer water appearing 1n a capillary column above the water 

source (as a water table) miaht be so located because of eJ<change 

of the isotope from one water molecule t o another ra t her t ha n by 

actual translocation. SUch exc hange :ould be dependent upon the 

, initial moisture content or the soil and would be of minor i~port

ance in the mi gr a tion of water in highly dried soils. 

Such an assor tment of. ft gures l.z ere found on the quantity 

rai~ed from a "'' t~r table by capill~ ri y tha~ fm:th r da t a is 

b dl~ need d o~ ttds typ of gration 

~.h t he i . vi 1 mo.L tur C011 nt of t he '1 h s n 

ently · ell- ef1n d in c e t ai of the capi l lary migr tion 

s tudi es. The varia t i ons from 30 f eet to a few i nches as bei ng 

t he maximum r i se of ., ater mi ght well be e>:Pl aine i n· terr.~ cf the 

initial wetness of th e soil above a t able. 

5. It do s not e m j usti fie o mak a y . general r ules on t hE. di r ection 

of migra ion (a from a w rm to a cool z n ) of \-Iat.er · n soi l. 

} e V riabl'1S a barometric f'r SS re, i i tial Il10 tu conte t of 

the soil, and h 1idi ty a p r to e ilnportdnt factor hich ake 

general rules quest onabl 

I . .... _. 

·-

. ./ 
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6.· Th~ work of Tsytovi'oh ( se~ page 7 of survey manuscript) seems highly 

significant in the migration of water to very low temperature 

. regions. The fact that some .50 per cent of soil moisture remains 

unfrozen at -24°C ir, a Moscow loam might account for inconsistencies 

in published data involving migration to lee lenses. Too little 

attention has been paid to the nature o.~ the ground water. High 

mineral content of the water or ions passinc into the migrating 
~ 

water by base exchange must surely have an effect on the freezing 

temperature. 

7. The gen er~l stat~men~ has b een made that only small amounts of 

moisture move dmrn mrd in frozen soils. That is, only run-off 
. . 

should result. \·n1at the exact fieures are, for water percolati.on · 

when water stands on fro zen top soil, shoUld be deterndned. The 

· porosity of frozen s9il types needs clarification. 

The brevity of the section in thio litera ture st~vey on the subject 

of Vapor fJ gra~ l.S an indication or· ·th b n ed for further studi s 

. -~ ~ ~h · field. _is poss~_ble t .' t c,he apor pressure is st fficiently 

lov~ at s bfre z g t a+ures to inimize this m·t h?t of trans-

· . ··location;. however, th ere are not ~noug' e;<perimental da ta 

whether this is the case or not. 

There is no complet agreement among various investigators on the 

exact derinition of diff rent terms use in the study of moist~ e 

mivra t ion. A~ an e2< n le the pro, ortiona lit.y t erm k in the Darcy 

equatio is not a cha ·acteri tic conntant of a iven soil since it 

he moistu e cont ent of ,e s o;- ~nd upon the t emp r atur 

1 
! I 



10. 

.· 

,r' . 

I • 

No measurments of k have baen foWld at low tanperatures. The 

validity of the Darcy relationship for lm-1 t~peratures needs 

fur ther :nvest iga tion. 

Th e resi sta nce mea surements of Ri chards and Moore (see page 21} 

app ear admirably sdted to migrati- on studies at low t emperatures 

and 1-fould adc! t o the e){isti ng knO\.Jl edge of moisture movements in 

the thermal regime. It is aug~est ed that initially frozen soils 

mi ght be studied using water &t 0°C for p ermeabi lity measur ements. 

Capillary a nd · adsorption effects have been consider ed a s a combined 

phenomenon. ~n the case of vapor transmission through a soil 

which i' unsa t ura t ed, the adsorption effect is quite pronounced due 

to the inher ent hydroscopici ty of mos t soils. Capillarity seemR 

to be ffective only in t.h mo ement of wa t er in t he Jiquid phase. 

There i (Jen~·al a emcnt n,on investigators on the r el ationship 

b et·..;ee tl - g 1 a·· n s. .z. e of a so.: 1 and thd e ·t t f c pill· ri. ty 

PlOVement • . T r 1 n · co le aerean t , ho· eve-.·, on t h c it~ ca 

size of oil particles· a oring ma:ximun rn ati n Info a t.ion on 

t hi s subject at f reezi ng ternp era t ures is partie llarly scant . ·The 

variabl f acto s such gravitational f i eld, tex t ure, initial 

moisture .content and temperat re all have sue a l a r ge b eari ng on 

the pro 1 t at it ould a ear as )~f s~,.;h local i t.y present s i ts 

situatio 

c ncei"ne Hi t h t e d ' 1 ect' n of .ois t e igra ion u dar 

tha-mal ~ di . ts r not c n i stent. Alth.o h the gen ral rnove.me 

a e hi :rh t eh . · '"atArre .., n to the lo ·, ough 

evid a is r po:" t th . · c to infer l e o:r nee of 

soi l t ·tw e variab e 
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1.3. The whole area of water migration through snow cover is not as 

comt?letely investigated as might be expected • . 

14. Insulation of frozen .ground by inrucpensive and abundant ~at.eriAls 

for the purpose of constructing enginE,ering or architectural 

structures Appears to be possible. The search for suitable 

insulators would be desirable. 

1.5. · The susceptibili t.y of highly microporous building stont:..i to moisture 

pe:nneation (and migration) and s lbsequent detrimental frost action 

has been definite1_j' proven. Add~.-C.icmal evidence should be presented 

for the limi tirig pore size permissible in concrete and other 

-poured foundation materials to be used in cold re~ions. 

\ r \ 
\ 
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SUNMAHY 

Throughout this literature search a lack of continuity in 

defined t erms was evident. Definitior.s relating to soil characteristics 

were not urd versally ace epted. The development of applicable thermo-

dynamic th~ori es to p ermit predicting moisture transmieration, therefore, 

becomes understandably difficult, 

·The initial moisture states of soils are usually ill defined 

in the published data treating moisture migration. The difficulties 

are therefore magnified when· attempting to cor r elate the exp erimental 

works of s evera l authors. 

The sea rei t y of experimental (laboratory and fi eld) data 

relatin .J s oi l parti cle si ze to the en er gy ~f absorption of wa ter dropl ets 

m k s di f~. cult the deve o ment of eqUat i ons r el ati n moisture flo~v t o 

t p :ratur and soil cha cter . The forces of attract· on associated ,.u t h 

v ry f ne pa ticle t be extreme .y 

l i .,h. 

General t r ends in moisture migration by cap.i la r ity a re 

r •die ble from knmvl dg of soi l particle size and i niti al moisture 

c t ent a t ten erat.u ~s a bove freezing. The capillarity 

f frozen ~o ls r~ 90 v1ell ur.d .r tood • 

Th w i t ar :l.s of th e pir ion tha t a v ery i ortant r~hase of 

m stur · gration has been neg1 '.ct t.J.- t of liquids stan · 11 

0 f OHi ) OVer froz rn S i l. S Ch a COndition iOuld bG prevalent in 

· no· rn (a ret· c or subarctic ) r gio . the lacial m lt \4at (or -w ter 

from i ce nd sn ow) eith sta d or f ois o 

the n ..... re of t . ·i se of a ·at 1 il layer 

tter t e predi . .... e • 

J ... · :::---_ 
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Probably the richest source of information on lm-r temperature 

moisture migration is found under the general heading of the formation 

and cure of frost heave (boils). Unfortuna t ely the compl ete description 

of the nature of th o soil, initial moisture content, pa r t icle size, 

etc., of the various soils for each r eport are ofte!1 l cC!king. The lack 

in uniformi ty reported on the natu~p and dir ection of rni F;ration as l-1ell 

as on the nature of crystal gr o\<lth and. direc t i on of soil exnansion is 

undoubtedly due to the vari ety of soil conditions e!1countered. 

'l'he direction aml t he ma gnitude of soil expansion encountered 

upon cooling a soil mass b elm normal freezing point of water has been 

pr oven to depend upon the t empera ture rea ched and t' '.e normal 1nois ture con-

tent of t he soil. The distributi on of the soil moi sture through a 

soil prof ile al s o has been shm·m t o be an influencing f actf'"' :. ·-- -:-·t:ction 

of moisture mi gration . Thi s latter f ac t or cor~ . .:. j . u i n a measure t h e 

phenomenon of s oil contractior £·. - ::.i1~... t han the usua l expansi c.n on fr eezing. 

·-
, ,. '·· Moi . ture' ~_, ... otion t hrough sno.v su f aces and int f irn ma ss es 

i s r;;IJ01't· "' -~ 1.n consider ab e detail and ap ears t o be bet ter und erstood 

and more pr edi ctabl e than mi gr ation into and through soils . -.:-xp eri-

ment al met hods providing v:i.. sual observa t ion ar e more readily avai lable 

(b;-{ colored solutions) f or snow sys t ens than t hose of soi l. 

_ A con~i..derable amount of data are publi shed c onc erni ng the 

t ansmigrat.ion of mo' ~ture under controlled thermal gra ient s . The 

experiments are well , la 1ned an ccurately r eported. Fr m •the stand-

poi nt of i ntere t to thi s par ticulC! r suney (th r al r e .' e),. ho rever, 

a 1 w t emperatur .... zone of 0 °C do s not permit the r eader t "" draw 

gen · al one usions as o tl e poss i le behu vi or in a-ea s v!here a zone 

may wall bs - 20°C ·or lower . The ext . t ;,.f migr tion migh-~ ,. ell 

~· 

~ -: 
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gr~tly exalted under such conditions, and the extent of vapor migration 

mi ght be a more important factor than at higher temperatures • 

Additional _light mi ght be shed on ·moisture migration (under 

the influenc e of thermal gradients) if the thickness C\f +~ .... moistur·e 

shell around soil particles at the point af ~~~imum thermal trans-

location were knmvn. The obv". ;· :s C:i1'ficul ties in such a determination 

are in the irr'='~·.!.:;.c~ t~es in shape of soil particle5 (lack of spherical 

~-~. ·.: :'e) and the prevalenc e of air spaces. Variations from one soil to 

another tvould be profound. 

Some of the b etter €)Cp erimental work is reported on fros t 

penetration since electrical resistance metho~s adapt themselves well 

to frost 3tudies as long as a soil contains more than the wilting 

moisture. The e:xt -nt of J:.rotection • o frost penetr tion by sno-vr, 

(crop), and lope d rection are \vel -defined. Measur eme ts of f ro t 

ion at temperat.ures to 21 °F re r eported, s is ho protection 

afforded by ?4 inches of snm , A1 hou :h ndmi ttedly mpi rical , kno '!led 

of freez.i ng ind e:x , p ermits an ap1 ro>:i.J ~tion of the de; th of f r ost 

pen~tra ti on. · Berg ren's detailed thert. odyna.mic trer -nent of frost 

pE.netr t.ion is admirabl e but A compariso n of redicted values for 

e etration 'i th e.)(perimental obs r atio s are off by· SO p er cent, due 

i n a measure to differ . t thenjal char 9t •i stics of soils,. temper t re 

condi . ons (c:.s in the subsu face), ef_ects of the S'trfae; 

u on pe4 etratio Hhic differ -v.rL ely f oiJ. to soil and location 

to loca tion. 

.' 
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The migration of saline solutit'ns at low temperature is quite 

WE>ll-cle.L'ined and the reader is referred to pages 74 and 75 of this 

report for a summary of conclusions pertinent to this type of mit!,ration. 

For practical importance the effect of barometer pressure is 

neeligible on moisture migration through sojls. 

The penetration of l110isture and frost intc building materials 

is highly dependent upon particle size as 1-1ell as size, shape, and 

distribution of pores, The curing time of concrete materials poured 

during low tenperature is a function of the ro<tent of moisture 

· migration and thence of strength. Inconsiste..Tlcies are found in the 

literature originating from the U.S.S.R. since R'lssion engineers 

report highe1~ strength of concl~ete p·oured at- lovl temperature.s all.owed 

to freeze, and the molds rr..moved w.1i't~ the re:,,U'n of wArmer temperatures 

than concrete handled sim:aarly in the Unit~· ·~ tates. ----

I 
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