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THE study of unsaturated f l o w  in soils has generally 

considered the s i tuat ion where the boundaries of 

the soil material are confined to the e x t e n t  that 

volume change is negligible. In addition, 

assurnpt ions are made regarding n e g l i g i b l e  pore 

geometry changes and developed swelling forces. 

The above constraints tend to be too restrictive 

at times as a general treatment of the problem of 

fluid f l o w  i n  unsaturated soils. The fo l lowing  

four papers consider the problem of fluid flow in - 
both swelling and nonavelling soil@ where account 

is given to pore geometry changes, volume changes, 

and developed w e l l i n g  forces in saturations where 

volume change is r e s t r i c t e d .  



THE four papers are reprints from journals and 

conferences, and are l i s t 4  as follows: 

1. "On the Physics of Unsaturated Flow in 

Expansive Soils", A .  H. Yong. Proc., 

3rd I n t .  Conf. on Expansive Soils, 

Haifa. Israel. 1973. K 1 . f .  

2 .  " A  Study of Swelling en8 Swelling Force 
during Unsaturated Flow in Expansive 
Soils", H. Y, WDng and R. N. Yong. Proc., 

3rd I n t .  C o n f .  on Expansive Soils, Haifa,  

Israel .  1 9 7 3 .  & I . / .  

3 .  *Engineering Probleme in Unsaturated Sails*, 

H. Y .  Wong and R. N. Yong. C i v i l  Engineering 
and Publ ic  Works Review (Gt . B r i t a i n ) .  

September 1 9 7 3 .  

4 .  *Impedance Effects on Unsaturated Flow in a 
Nonswellinq S o i l " ,  ti. Y. Wong and R. N. Yong. 

J., Soil Mechanics and P o u n d a t i m s  D i v . ,  Proc., 

American S o c i e t y  of Civil Enginaere, V.98:SM8, 

August 1972. 
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November 1 9 7 4 .  



ON THE PHYSIC5 OP UNSATURATED FLOW 
1N EXPAWWE SOILS 

SYNOPSIS UnoaturatPd f l u f d  flow in porws imi-riaid bodies tm.g. non-suellina clry91 can 
k d..cribcd i n  a taahiob simila~ to heat flow analymia. H s w r v m r .  uhm volume chango = c u r s  
&ring I l w ,  contlnuCty rclstionmhipm must bm auitably mediifed . In a d d i t  ion, the verlhlr 
u t a r l a l  cobfficicnte r*larinp unsaturdrcf  f low charbctrrlsticr t o  matmriml proptrtir. are 
nmn to bc dir4crly af fscted. k s  far a proper pr&ielion of u n s l t u r u t t d  flow i n  
mpmoiue soils uherm volume chanpe 1. cxpactcd to occur. a proper accounting of th.  p h y n i c ~  
H thn prsblrm I. ndctsrary i n  o d a r  t h a t  cerraapndbnc4 bmtremn the physical anC analytical 
*Odelo be achievmd, 

The daacr ip t  Son af unaatrratmd f l u i d  flow in 
noilm can hc r i m p l y  catagoria*d and a ~ l y z e d  
~ c ~ p O i n g  t o  tw tenera1 fypea and 
W f t i o n s .  Them* descriw t h e  UifPtrent 
pmnmena inuotving soil fabric and 
s m c t u r e  channt occurrin~ durinm the flow 

& f i n #  and 4 i  a conrsqulnce OF unsaturated 
Elm. Thim s i t u a t i o n  1. typical o f  fluid 
I l w  in unaaturatad twpansiv8 soils i n  the 
unconstrained state. In general, however,  
rs tan clasm the two t y p s  of flow a s :  

Type 1 - Unadcurated flou in low welling 
or non-swellin# sol11 where no, 
Changm in soil fabric accurs, 1 . c .  
littla or no change i n  wre 
gcomatry end Qorosfry during and 
as a result of infiltration, 

fypm 2 - ;Insaturated i l w  i n  t x p a n s i v t  
soil# uherc walling prmssures 
dsvclsp in confined f l o w ,  or 8 
moplate thdngs i n  fabric and 
structurm occurs in unconstralnad 
flow, 1.e. 4 chengm in pert 
geonatry a5 umll as in porosity 
end f o ~ e a  of int*raction. 

T y p  1 flow describes <he situation for  a 
lar w e l l i n g  or non-su~lling m i l  uith 
ncgligibla cMngma i n  pore *cmctry ond u i t h  
tha physical beurdar ies  per  ectly conlined. 
Thin  cast fits tha situation *ncountmwd in  
camnted or h i  h l y  corn ct natrria and t other low w t l f i n '  60& w i t h  no I ant Ticant 
d e w l o p e n t  p l  a w e l l i n g  p r e s s u r e s .  

I n  Typ. I, us includo unsaturated fluid flow 
in a r w l l f n &  clay where c i thcr confinmd or 
unconfin~d subllina i a  a l l w m d  to ocwr. 
Chsngsa in  f o r c e s  a! i n t e r a c t i o n ,  o r  i n  ore 
volunt and ovmrall mil volunc would obv 9 ouply  
a l ter  fluid transmirrion charact~rl•÷t icm.  
This atudy d i r e c t s  it# attantion to thm 
dmscription OF thc physics of u n l s t u r a f d  
f l w  in the typm t casn tlxpanaivc s o l l * l  - 
w i t h  i n i t i a l  damcrlption o f  t h e  p n w a l  
t y p .  l situation e h o m  IOF backlround d.v*lep- 
aent. The intent i r  to provid8 corr.~pod- 
r tce  batween b o t h  p h y r i t a l  and analytical 
modmls for adair8Ib l .  a M  vimblc predictionr 
of unsaturated ilw i n  expansive soi l s .  

G E N E P A L  UNSATUBATED FLOW EQUATIONS 
rnR mu SWELLYE SOILS 

Tht general xraammnt for unsatura ted  Fluid 
f lw i n  ro i l .  ~ t i s I y t n g  the  p h y e i c a l  
condition Of little or no vclume change 
during and am r result of Flaw leads to tne 
dtuelomnr a? w r k i n p  ep ia t ion  m a l o  mn 
t o  tna haat tlou cqurtien. T h e  rnalyt f c a l  
moOel invoked greauaer that Barcy'o law i* 
v a l i d  for  unraturatmd f low. T h u ,  it we 
replacs the hydraulic ~r-dient &r-d h w i t h  
tne 0011 water potential prsdlmnt prld y ,  the 
h r c y  Qquation m y  be w i t t s n  aa: 

whera 



Imcr. tha ncgal ivc s i g n  in equat ion (1) 
accounts for t h a  Fact t h a t  f l u i d  flow is i n  
thm d i r e c t i o n  of dec rmas in  p o t e n t i a l .  The B q u a t i o n  of c o n t i n u i t y ,  uh ch s m t i s f i c ~  t h e  
conservation of mass shows tbt tna flow of  
v l t e r  i n t o  or o u r  of a u n i t  o l  r o i l  mpuals 
tha rate  or change i n  w a t t c  c o n t e n t .  
]rplicitly. t h i a  i n d i c a t e s  tha t  the  n y s t m  
Is preserved.  and t h a t  nu volume change 
oxurs .  Thus: 

4 i vollmerric water c o n t e r t  of iha  sotl. 

Thir s i t u a t i o n  is no t  likely to bm t r u e  i n  
expln.ive soila where sags-construined or 
r n n s t r a i n c d  w e l l i n g  I. rllovcd to occur 
during h i i l t r a t i o n .  h r  t h e  low s u m l l i n g  
~ $ 1  hwevmr, on* proceeds to obtain tha 
tb.. dlmtnsianal  diffusion e q u a t i o n  by 
m b r t l t u t i n g  equation ( 2 )  into cquat Lon 1 1 ) .  
nun:  

I* t d i v  l k  grad *) 

k l i n i n g  v a a  t h e  5 - x  of $p, O, and $,, t h e  

~ m n r n u r * ,  o w t i c  and ~ t r i c  wttnt ia l  
n o  CrivaIy, w t  note that for law s w e l l i n g  
ee L c t i v a  r o i l * .  g, and *1 m a y  ae assumed 

t o  b. wll and i n s i g n i f i c m t .  T h i r  
rmrdars + 1. the  component p c t e n t i a l  o f  

P 
prirrary intcrlst and concern. In t h e  
t a n ~ a l  ireatmmnt of rh. p r o b l t ~ ,  t he  one 
d l m s i o e m l  c a s t  i s  conaMtrcC. The u s u a l  
F c d u r *  m p l s y d  awcumt6 t h a t  U is a  P 
uniqu. l u n c t l o n  o f  0 ,  Thus. equation ( 3 1  
1. rmducd to: 

where r im rhs h o r t r o n t s l  m o r d i n a t t  a x i a  
a i d  D ( B )  - Oilfusivity or dllpcion 
c u s f l i c i r n t  of  v a t a r  n kt#) d. Equa t ion  
t r l  l a  #ern to br ana lozous  t o  the e q u a t i o n  
u a d  to d m r c r i b e  one U l m ~ n ~ i o n a l  t h e r m a l  
d i f t u w i o n  or haat. 

G r a p h i c a l l y  e x  ~ r i p w n t a l l  aided w l u t i o n s  
re r q u s t i c n  c a n  be o b t a i n e d  i n  the  form 
of va1u.S o l  I v e r u u s  x or z at rh* d i f f e r e n t  
 time^, t .  I r i g u r e  11.  values el k as 
f u n c t i o n  of 0 arc  d a t a r m i n e d  s r p a r i m c n t a l l y ,  
OF may i n  mom. cases bc c a l c u l a t a d ,  Values  

a* OP S arm m*dsured from the r l p p  o f  the 
10 

soi l  rat-r p o t o n t i d l  v e r s u s  w a t e r  contant 
c u r v e  tor th*  r u i l .  

rhi c j f l , , z i o n  equaticr: [ i . ~ .  c q u a t i o n  C u l l  i s  
so lved  a r m l y t i c a l l y  u i t h l n  ttrr r f m ~ o r k  

d a f l n t d  by tha boundary c o n d i t i o n s  rFlevant  
7 0  iha  roblem under cansidcration. [ T  i a  
absarvsg t h a t  the ddniscibllity o f  the 
d i l f u 8 h  s q u a t l o o  for solufion of thm 
roblm a t  hard dependads u p n  t h u  conditlon~ 

r e a d i n g  to i t  o i n  i... the 
asrrrmpticn rhat [11 Darcy'a l a w  is v a l i d .  
and 121 i, * D(8l, which resulte from the 
U d I n i t f o n :  

tt  mwcllhp of tho sol1 a m p l a  occurs dur ing  
And # a  a r ~ c u l t  o f  i n r i l t r a t i n n  the 
1 sclr l izrd f e r n  of  t h e  C o n t i n u i t y  .quation 

f v e n  i n  u a t i o n  ( 1 1  which requires Cluid 
! n c o n p c ~ l S h l i r y  and no volrrm chsnsa, 19 no 
longer v a l i d .  Tho rat8 of w v a w n t  of water 
relativa t o  s f iwc4 cmrdinsre systmm i r  no t  
m h i l a r  t o  rhat w i t h  rmpmct to the soil 
particl.8 in v l t w  d l  s o i l  iwpanaion. Thus 
m a  d i l f u r i a n  .qustlon lhovn a s  equat- ion I 4  ) 
utilicln t h i s  c o n t l n u l l y  condltlon i s  strict- 
l y  n o  i s  By r e s o r t i n g  t o  a 
~isllarlty r o l u t i o n  t e c h n i q u e ,  8.g. u t i l i z i n g  
t h  Bolt-art transiorm: 

i t  becomes w s s i b l a  t o  reduce a q u s t l o n  ( ' 1 )  

l o r  d e s c r i p t i o n  of i n l l l t r s t i o n  i n t o  l o w  
s u o l l i n g  r o i l n  t o  a n o r d i n a r y  d l f l d r e n r l s l  
e q u a t i o n :  

Whtn the  physical r e  u I r c m e n t 5  of i n f i l t r a t i o n  
-orrespond t o  those ?rnpos& by utilitarian o f  
t h e  s i m i l a r i t y  solution, i.e. actual p; h a  1 
l i n e a r i t y  is o b t a i n &  between x  and 
demanded by  the  Peltenam trdnsfora, s o l u t i o n  
of e q u a t i o n  (7) v i l l  p r o v i d e  tor a d e q u a t r  
d * s c r i p t h n  of u n s a t u r c r s d  Ilou i n t o  l o w  
s w e l l i n s  sailr. Under t h e  usual e x p e r i m e n t a l  
situations, t n t  physicrl c o x s t r l i n t s  inpcs*d 
provide f o r  the following boundary c e n d i t i o m s :  

t h t  to ta l  rswrunt of wttr entering p e r  u n i t  
a r t  t a t  th plane  I = 0 can thus  be t 0 

ebtdined as:  

IT.. p F y s i c a l  performance denenstrated by 
r u a t i o n  ( e l  may be seen i n  t h s  three-  
d?mansional r e p r e s e n t a t i o n  of f low i n t o  a n  



trnracrarcQ soil irigure 11 + drplcring thm. 
dirrsncm fro. ~ O U P C P  of vbter mnd volumetric 
mirtur* content. The wet t ing  front pro- 
filer show on t h  vtrtical pldnm projmction 
i n  r ipre  1 a r p  characrcrlatic l o t  the 
situsticn of un$srurat8d t lw with  l l t t h  or 
rn voltme cF.mnpe, Tka rural quant i ty  of 
l a te r  at ar.y tima t a d  t h u l  at m y  po~itionl 
dl1 b. i n d a c ~ t a d  by ths volumr urde? rha 
1 - x - 4 murfbce shown i n  Figure 1 .  We 
not. t h t  cajmction onto tha horiront.1 
+a p-ouf$ea a l inear m l m t i o n $ h l p  batwe-n 
x md A thus  s a t i s f y i n g  tr.0 m ~ m r m ~ t i o n  usmd 
i n  c ~ a t i o n  {61. 

Tha curvoa shown in Figure ? demonstrate 
hysical x - d? rclation~hips For unsaturate6 

Lw in to  nsvera l  k i n d s  of ~oi15 and under  
mpcif ic conditions. Ineludcd is the 
constant poraslty situation for a  leu suellnp 
r o i l  whare linearity between I ard A e x i s t s ,  
vb,ich thus  parnits  the a p p l i c a t i o n  o t  t h e  
b l trmann transform. T h i s  s i t u a t i o n  is 
mpresnnted by curvm B. It is apparent that 
i f  curves b .  t o r d  D i n  F i ~ u r e  2 are  
t n c w n t a r & .  a p p l i c a t i o n  of  the Boltzrann 
rransrorm d a  a ~ i m i l d r i t y  s01ution technique 
i o  no longer posalbls .  It becorner nwcsaary 
thw#lort  to work w i t h  t h e  ~tnaralixed 
diffusion equatim laquat ion  41. 

ha exaai-ation of rhe flow c h a r a c t e r i s t i c s  
typifying curve. A .  C and D, shws t h a t  on* 
of the ~ r i m a r y  raasons-for departure from 
linearity in t k e  x - /t relationship is 
bocause of volume changes  #curring during 
flow. 7 P . l ~  M Y  be due I11 to a decrease i n  
volumm a$ i n  the case OF lw density soils 
which will c o l l a p s e  i n  t h e  present* of 
Increas td  vater a v a i l a b i l i t y [ c u r v s  111, or [ ? I  

Confined flow of expanshe solls r#n 
FIG.?: w r r  FRONT ADVANCE PROFILES SHOWING 
IKFWEKL OF VOWHE CMWr AFlD SWELLING 
PRESSURE 011 PROFILE DEVELGPMEHT 

4) on Sncrcasa in volune 18 i n  t h e  c l S a  of 
snlling soils allowad to svcll in th* 
prestncm of a v s i l a b l a  water [due to 
unmaturatcd flwl. Thin i s  represantad by 
curva C .  fie mituatlon reprcaanted by 
cl;rur 0 r a  one o t  unsaturated !low in  
a u c l l h g  soils ukerc no velumm change i s  
allow4 t o  o c c u r .  The prmscncc OC incrc?sod 
rurllinl preasuras w i l l  result i n  4 l t e r a t l o n  
of ?loo charlctcrilticr. 

To account for volume change of  roil  samp1.s 
Quring i n f l l t r a t  iar. an a ~ r o a h a t t  *athod P wulE ba to t i n  in  the vo umstrlc vater 
content 0 uitk p m $ i t y  n and da rle o f  f sazuratlan S. Thusr if r* cons dtr  thm 
lwrimntal infiltration cans for illurtratlve 
purposes, and i f  Y x  = vcl~eity O? flow 13 t h e  

x circctlon, o m  o b t r i b s :  

The  d i f t u r i o n  squat ion  for horirontbl u w a r  - 
uratd  Ylov nov bacamm~: 

Equation ( 1 0 )  IS approzimats i n  t h s t  tP.e 
actual  h y s i c s  of  Ilou which r q u i r c .  t h s t  
D ba su!tsbly n o d I f h d  to recount  for tk.e 
inf luence  of voluae chang. on D and also on 
k h u e  not teen ineorporatdd in t he  annlysi-. 
ror small changes i n  p o r o r l t y  n ,  i t  i:. 
c x  set04 that the a p p r m i ~ t t  relntiocshi~ 
wi f 1 adwuataly  d t s c r l t .  the situation under 



ae A .i.plm accomticg  for D and i n  uiew of 
w1w chp~?#c can b. schievtd by i n t r d u c i n ~  
4 Ghana. i m  the valce of x which recognizes, 
la d t ~ t t  ,,a changing pomsi ty .  Thus, 
k f i n i q  u as: 

+tion (10) can mu be obtained a s :  

0 '  = volumetric water content  i n  v i e w  
01 r' a d  D '  . D i... The diffusivity 

L m  a f u r r t i m  of 0 ' .  

In t k 8  trol tamt by P h i l i p  a d  Srr.ile6 ( 1 9 6 9 )  
tlm accountin for v o l u ~  channc i: msda by f wins a ruter a1 coordinate sy8tem i n  rhe 
a n a l v t i c a l  iarmulatlon which renders it 
jGliar, i n  b renra. to t h e  no-vallrc c t a r ~ e  
w l y r i n .  Spec i fy ing  rho relati-r t e r i e t r  
u t w i a l  wordinat* 8 and r as:  

The similarity transfcrmatiorl  technique u s e d  
~ r s v i m s l y  can be used to r c l a t c  i n  w i t h  Ji 
ta prov ide :  

Thus. so long as tho r.quirsa.nt5 nf t b . 1 ~  
aimilarlty t r a n s l o r n  arc mat l 1 . c .  lineariryl 
the svlutions obta ined  in VIM or volume 
change w i l l  bc correct .  Thua equat ion 115) 
can new be reduced to an ordinary di f lcrer;Ti& 
equation and solvad subj*et  t a  a ~ p r o p r ! a r r  

cprcification of boundary conditioos. 

A G E N L R A L I R ~  UNSATJRATED n o w  L(IIIATICI~ 

Coneider an alemanta1 soil volume of 
dimensions 4 x ,  dv and d r ,  w i t h  one 
diebnsional unsaruratud flaw in the w- 
dirrc t i en .  S o i l  partielm ?lw i n t o  and cut 
of tha alenrbntd c u b s  muat sari6 ly  
censervatien principles  a s  fol lows: 

Dec0mpczir.g t k c  tct.1 f l u i d  ve loc i ty  irto i t 5  
two cor,porents: 

I a l  flu!< f l c w  r c l a t i v c  ta tho  moving scil 
~ ~ r t i c l a s .  end 

[bl so i l   article Flow contained in t h e  
f l u i d  Fhasa w t . i i ' r .  b ' i l l  te in a p c s i t i m  to 
u.0ve : 

where VWsx = Later, t rouenent  r s l s t i v t  to the 
moving soil p a r t i c l e 5 .  

One wili obtair: u i t h  equation ( 2 0 1  and the 
Dorcien r e l a t i o n s h i p .  the follouing: 

U s i n a  tha continuity conditier u:rk a?ter<snr  
V O ~ U H  chan$eo suitably accumteC for, a s :  

th+ rmrultant one dir.enslona1 h o r i z o n t a l  
dlfrurion quat ion  which allow Ior v o t ~ m t  
change thus Itatas  that:  

/ 



Ii rn uolumr =hung. =curs durlng flow, 
i V  w I, mA e q u a t i o n  (14) 1. rOduc~4 t o  t h e  

f- ihwn i n  aquation Ilrl. A r e l a t i o n s h i p  
b i l r r  t o  that ahoun b t q u a t l w r  (211  can  1 h cbtainad 1 ~ 3 t h  cwrta n m i a p l i l y i n g  
1wmptionn3 fra. a iorr rigoroun balm, 
- x t h m  *mui rqmcnt  t h a t  thm Clur of sail 

Its lust m t i r f y  [a1 c o n t i n u i t y .  
E m o n ' s  l a w  ~i mtim. and CCI 
rhplo#lcaf equation of stat.. t h i s  
*pprwch h.3 recently bsmn ms#d by Yong ( B 7 3 ) .  
CmriQarfry tha w t i o n  OF r o i l  particles i n  

volume cl-anpibu wail d u r i n g  t l u i d  flow 
am M i n i  *lor, t h e  r c c c l c r a t i o n  consideratbns 

cit i n  Newcon's Isu of v r t l o n  can be 
3 : i y  h m r d  i n  t h e  analysis. Tbm 
m t h i t y  r o l a t i o e s h i p  whrch satisfirm 
mns.rv.tim of  mass can be w i t t e n  t i n  a 
firad wordinate  s y s t e m ]  as: 

= void ra t io  
6 m n p u t f i c  g r a v i t y  of solid particle 
I 

q u a t i o n s  ( 2 6 1  and ( 2 5 )  
2 

If th. m c o n d  t a m  on the r i g h t - h s n d - s i d e  of 
.purtiw ( 2 7 )  i s  randered i n s i g n i f i c a n t ,  the 
quation i s  similar t o  t h a t  used by 
~ ~ U v m k y  I l96U I .  

In-ucing the e o i l  f l u r  qs as: 
. . . . . .  k , E . g r a d a . .  ( I B )  

= D, , graC e ,  

h I c o e f f i c i e n t  o f  p a r t i c l a  c o n d u c t i v i t y  m 
D, . p r t i c l e  d i f l u s i v i t y  

4 
" h e 8  qws : f l u r  of w a t e r  relative t o  movinrr 
moil p r t i c l c m .  

?akin& t h e  d i v a r g t n c e  o l  bath sides. one 
e n t a i n r :  

A 
d l v  m div cm + d i v  8 q S  : - ?F ' "  I l O I  

Th. o x p n d d  Iora of rh* continuity e q u a t i o n  
can thus b* obtained, With a p p r o p r i a t l  
expanlion 4rd muaatltutinn 4 s :  

1t  t h l  6+Cond ord t r  t r r m s  ara ignored, the  
continuity c o n d i t i o n  which n w  aecourr tu  for 
n o l u p r  c h n g e  can b e  stated as: 

lf tqumttan ( 3 2 1  i n  combined w i t h  a modIfied 
C m  o f  the h r c y  r e l s t i o n a h i p  t o  y i e l d  t h e  
di!fu8lon a q u a t i o n .  I f  q 10 coneiderad 
-11 i n  q u a t i o n  (37). its can be f u r t h e r  
rcduccd tor 

ma u**ru lna r r  and c h i e r  of thr v r r icus  
a n a l y t i c a l  eapremnianr d e r i v d  to mtudy 
unsaturatsd flm i n  *xpannlvm soil. dapendr  
mt only  on the a b i l i t y  of tho i n v m r t i p t o r  
to ascsure a d e t c m i n r  tne I p r c p r l a t a  soi l  
p rop*r t i+e .  +.g. D k, v r tc .  1 u t  alro on tnr 
n&.a  Ior p r e c i g i o n  er accurmcy. Sm. 
application of the various q u a t l o n s  t o a r t h e r  
will h discussed i n  the next a c c r i o n .  

?INSAWRAPED FWW PERFORK4NCt IW S ~ E L L l t G  SOILS 

I t  is a p p a r e n t  f r o m  t h e  prevlou% b t v a l o p o e n t  
t h a t  fundamenta l  t o  t h e  r equ i r . r*n t .  of any 
of tha e q u a t i o n s  shovn. im-the mod for a 
proper knoulmdg* d t h e  v a r f a t i m  d t h r  
d i f f u s i o n  coeffiei.nt D with ub te f  c e n t e n t  8 .  
I n  the cane of unsaturstad flou l n t o  law or 
m r n - w e l l i n g  s o i l 8  v h w e  l f t t l m  or w uolumr 
chanEc sccurs, t h e  c h a r a c t a r i a t i c  m o t r t u r a  
p r o f i l e  d c v r l o p s e n t  shown i n  Figure 1 can be 
expected. However, lor c s s ~ w  vhcra volume 
chM#fc upon I n f i l t r a t i o n  P K M s  mianif i c a n t ,  
or uhmre ether mechanism e x i s t  which a r t  n o t  
accwnted fa i n  t h e  s i m p l e  f o r m u l a t i o n s  
prov ld td  cwlcusLy, t h e  a s i s t u r a  profiles ae 
seen in r F g w a  3 cam d a m m n t r r t t  m n y  d i f f e r -  
ant 5hapmd.- + I / runconf lned  



f a d e r  to es tab l i sh  an appropriate valu* 
Mr D, & mtchln method can b. t n  lo  ed 

P R F: rlht~h w t t h a  moftiturt r o ~ i l c  w i t  t a 
ck.ractttiatlc d i f f u s i v  t y  constant. Tha 
Mlumcs of rariwm kindm of r t l a t i o n m h i p s  
p m m  0 md D can bm w a n  by writin rha f -hand-side of r q u a t i o n  ( Z r )  In I nit. 
df "s" farenee lom (withwt t h r  second t e r n  on 
tho ri hr-heM-oldt) and w l v i n t  for certain 
swif !c =*=*a ywrf~ in#  0 m d  D. 7hi. 
~i.pliCLwtim r acc.ptsbl* wince 

iv d w s  not really mtsr into or need 
I u 

icipsta i n  thc charsctrrizstinn of D. 
b voluw C b l y c  t a m  in aquat io? 1 uill + 

& f f ~ t  t h e  nlvsaricel vatu* of D But has an 
hian lCicdnt  fCect on Cnaract t r i  zing 
[mhnpl tho 0-3 rmht icamhip .  

lfflllv t h r  auQscrlpT n hmra dmnotes space 
1t.lution much that x, r n t b x l .  Cons ider i3g  

only the ademption p r ~ r r l .  l i v e  r e l a t i o n -  
o h i p l  bbtwmmn 0 bnd D kave b8.n examined,  the 
rwulta of uhlch 4ra rhown i n  Figure b .  
LUmg (1915) .  Yqng and Yon* ll973)I. 

MG.h : THEORETICAL UOISWRE PROl7LES 
PRWICTED FRO?! EVAWATION OF DIFFUSE 
m r r o a  
Thm cases considered i n  Ffgure 4 are: 

k s e 1  D:constant 

Case I 0 = a @ ,  uhere d : p s i t i v e  c o n s t a n t  

Case 3 3 = b t a P  rihere b and c are pes ir ive  
constants 

In thm p r o c d u r s  used to calculate the 
d i f f u s i o n  coef t ic lent  from the vr i s turc  pro- 
fil4, th* profils l a  d i v i d e d  into n equal 
p e r t r  i n  r e ~ a r d  t o  % between i n i t i a l  4 and 
8aturat.d W i .r. Oi and B o ,  bong and Yon3 

1197311.  

- .bus, w i t h  

and any v a l u e  of B 

taking 40 auffieiently small and a p o i n t  C a 5  
thm point + Or+,> on the  part of tne 
wi.mturm r d i l e  curve between A and 8. W o w  
and Yaw 7 19111 .how t h a t  since er  is 

where 

fn lcu w a l l i n g  or i n a c t i v e  uoih, 
unrnturstcd flow occur. i n  rtaponme t o  tM 
prcasurt  and mtr ic  p f e n t i b l 6 .  i . r +  1 and 

+,. ?hs o m t i c  Inr nelut~l wtrerir ! *m is 
i n d g n i l i e a n t  end con bs S p o r e d .  A. tha 
~t Iront 4Qvanc.r i n  an unaeturotcd s o i l .  
the inerrass i n  Hltw t e n t a n t  v i l l  rmavlt i n  
4 decraaaa i n  sail suction l i . 8 .  an i n c r u r .  
i n  rail u a t w  p o t m t h l l .  7h. ti- takmn 
for ~quillbrlua to be rm-cstsbLi0h.d dbptndr 
on The i n l t i a l  water cantant O F  th. 
unsaturated soil and t h o  p o t l n t i b l .  and rm. 

P 
tYong and Warkentin { l W U ) l .  

In t h .  C 4 1 m  O f  unYeturat4d f l o w  in aapanaive  
%oils h w w a r ,  i f  Ir+8 rurlling is parmitted 
dur ing  unsaturatd i lar ,  t h e  o s ~ e t i c  
compon*nt of  t h e  t o t a l  potmtlml, i.m . v, 



hll decrease to a minimum when the umtting 
Imnt b s  pmgrecrtd beyond the point el 
i n t e c t .  Thus. thm n*chmiam c w ~ l n g  t h e  
ueraturArad f low m u s t  account for @ p~ #a a d  

p,. I n  actual fact, *11 will kc a 

mntlmrously varying uant i t y  st any one 
p d n t  or interest. ! i ~ u r e  5 shous t h  
Wumrtric expansion dcvolopad during 
hrriz~nt.1 unseturattd f l o #  into 4 swalling 
6011. Tha information obtainad from 
Flwr 5 can bc ulcd i n  the tenera1 Q i I f u s i m  

f fO .5 :  VOWWETRIC EXPANSIOY I H  SWELLING S O I L  
W E  TO UWATURATLD SLOW 

d w 4 t l O h  [ I . * .  +quation ( 2 4 1 1  t o  prtaict  t h e  
WICturP ?rotile for t k t  s w l l i n g  roil. Tb.e 
0 ~ p a r h 0 n  betueon predicted and mtss;red 
vbluas h a w  born mud+ by Yong and Uong (197?) 
4rd MY be seen i n  Figure 6. 

Distance frm source. m 
F l G . 6 :  COMYR3ISON OF .ArTCAL AND MEASURED 
WlSTJRF. PROFILE 

?h a n a l y s i s  or prrddictton c f  volunctric 
strminr can 81- ha prrfomd t y  e x t e n d i x g  
equat ion (19).  

f 4 1s the internal pressura rmrpansible  
i p r  rmvamnt of t h e  * o i l  rticlmr i n  view 
21 t h c  devmloping f l u i d  f P" OW, we may write: 

Sima 4 i s  rs.wnsiblc lor particlo aouemant 
in unsaturated flow of e s w l l l n g  soil, tha 
r n l a t i o n s h i p  betuarn voluncrric strain v and 
I can be establfshed. Thus[ 

a+ 
U R  = kS 6 8  used in cc.uatlon < I # ) .  

Equation t 38 )  can m u  be uscC i n  equation 0 s )  
to yield: 

2;bjcct t Q  the boundary cqndition: 

V Z U  n = o  t * O  

u = o  x * O  t r 0  

tF.e analytical solutica will be obtainod a s :  

2 = - I A11 results i t  
2 0.02 t - 2G-s min 

\ -\. 



h various components or r w r l l i n g  and t h c  
v e r b t i o n  of w a l l i n &  force w i t h  t ima have 
k e n  ruported by Wong end Yong ( 1 9 7 3 ) ,  I t  
i r  of i m t a e r t  t o  not. t h a t  t h a  s e p a r a t i n n  
m t w w n  c r y e t s l l  l n s  and ormut iC W a l l  h a  can 
Dl radr u i t h  th. t.chniqu4 shewn - [see 
r i p e  5 of wmg and Yonp ( 1 9 7 3 ) j .  Th. 
d w e e  of  conf inemant d h r i n p  i n f i l t r a t i o n  
I i n  arpansiv.  wils l  w i l l  prowids for varyire 
D(PI and moiaturs p r o f i l d r  a t  any m a  parri-  
enlar tins, i n  v i e w  or the d s v l l o p 4 d  
m m l l i n g  Porccs. Thia  i r  not unexp4cted 
*kc. var ious c h a r a c t e r l a t i c  rhap.8 s i m i l a r  
t o  tnoaa Shown i n  rilurc 5 c a n  br a b t a i n c d  
43 a f u n c t i o n  of dtgrea o f  c o n f l n a m m t .  
fi;ure 0 shows the schematic f a r  x - J i  i n  
uisv of d e e r e e  of c o n f i n e r e n t .  ?has* can 

d i r e c t l y  rmlatcd t o  the r o i s t u r e  prof i les  
mtmwn i n  r i g u r c  '1 of Wong and Yorg ( 1 9 7 3 ) l .  
t lw tima rate of ? e n a t c a t i o n  of the wet f w n t  
t n c r e e s c s  w i t h  uucressiy restraint. T h ~ s ,  
i l  0 1 E )  tdkcs t h e  t o m  r t p r t s e n t e  
approwlmata ly  by Case 1 shwn ir. Figwe I r ,  jt 
i s  a p p a r e n t  t h a t  DtO)  w i l l  be l a r g e r  fc r  :he 
MU t h e  priai for t h e  sarea r o i l ,  if 
I u ~ I l i n a  1s allo-rd t o  cccur d u r i n g  
f c f l l t r a t i o n .  

In tha t y  leal c a a r  c f  ~ n c o n ~ r ~ a i n e d  s w e l l i n g  
Cur inn  i n  ! iltrhtiar. t h e r r o r o u p l *  Fsychrc- 
m t r l c  o e a r l ; r t r e n t s  i r d i c a t c  fss cxprcrrc 
fm t h e  thwry ot i n t t r p e r . a t r a t i o n  of diffla 
ionic l e y c r 6 l  that i r . i t i e l  moi l  s u c t i o r .  
value1 w i l l  CKP*dn* with passago  of the uet  
t Tha change i n  r o i l  s u c t i a n  due  t o  
pnttr4t ior .  o r  . d v a m t  of t h e  w t  front i s  
r h w r .  I n  Figurm 9. As the urn7 fr0r.t 
arrive# st 4 particular l o c a t i o n  t h e  
L n I t t a l  h i a h  moil auctior. v a l u a  fdue t o  

4- - 
T l G . 9 :  CPAHGE fK SOlL SUCTION W t T Y  
FEHE'TPATIOK C F  WIT FPO!47 I N  CXFAh'Sli'T .',: 11 

i n i t i a l  ucsafuretionl begin8 to  d.crca:.s. 
Thc rat. of dccrcao* of tbm * o i l  s u c t i o n  
v a l u e  i r  d+prnd*nt  on t h e  dears4 01 constraint 
s p ~ l i e E  a g a i n s t  w e l l i n g ,  t h a  onmat ic 
p e t r n t i a l .  rind n t h w  factorn .surrcimtcd w i t h  
the activity a? th. 1 rarer  8yntm w h i c h  
define %hm r e c u l r 4 n t  rat. o t  s d v a n c s  of t h e  
wet fr0r.f - Par h l $ h  nwal l ing  c l a y ,  and 
for t h a  c o r . d i t i o n  ~f u n r 4 P t r a i n . d  &umlllngt 
the t i m e  r a t e  Q L  d*craarc of t h e  soil b u c t ~ o n  
v a l w  i s  g r r a t e r  t h a n  t h a t  of a l u r  w e l l ! n &  
clay. Thus, thm d c t t r a i n a t i o n  of t h 8  
sfllctivc Dt 0 )  Bacoms d i t E 1 c u l t  a s  d dirac: 
meaSurcment t e c h n i q u e .  Thr  mtkod  
=useeat& f o r  drrermination o f  D ( 8 )  u s i n g  t h e  
U e t  f m n t  p r o f i l e  14 in a l l  p r o b a b i l i t y  tke 
most a c c s p t a b l c  snd u s c I u l  w e r a l l  method f o r  
o b t a i n i n g  D ( b 1 .  Tha r e a l i z a t i o n  cf the wet 
f ront  prcf i le  i s  one which tokes i n t o  a c c o u n t  
t h e  Ddny interactions and i n t e r d e p e n d e n c i e s  
t h a t  Occur durinm u n e e t u r a t t d  Flow i n  a n  
e x p a n s i v e  soil. Thus .uch roblems es 
dewwe oi conf inement .  d c t i V f t y  of t h e  s y s t e n ,  
m d  other  e n v i r o n m e n t a l  f e c t o r s  pertaining t o  
t h  i n f i l t r a t i o n  process w i l l  d e m o n s t r a t e  
t t a m s c l v t e  in t h e  c h a r a c t e r i s t i c  wet f r o n t  

r e f i l e ,  frm which, a c c o u n t  f o r  t h e  change 
fn L(0) can  be made. Tha prsd ic t im h r  
r;MatWatod flw i n  e x p a n s i v e  aoila can t h e n  
proceed u s i n g  in p a r t ,  knovlmdgc of the 
change i n  sol1 s u c t i o n  [or soi l  water 
p o t e n t  i a l l .  rhe devalopod wet f r o n t  ~ r o l i l a ,  
t h *  mount af swelling, t h o  c h a n g e  in D(e) 
acd a proper knowledge or t h e  continuity 
r e l a t i o n r h i p s .  

CONCLUSIOYS 

It l a  c l e a r  that i f  p r o p e r  p-edictiorr for 
u n s a t u r a t e d  f low in e x  n s l v a  soils is t o  be 
made, a p r o p e r  account !? ng at  t h e  s w e l l i n g  
~ W E F  and t h e  volume than e s  occurring m ~ s t  
be madc. Where rha phys!ca of t h e  p r o k l a  
have been p r o p e r l y  mode l l ed ,  t h e  ar-alyt i ca l  



.wlutien corresponding t o  thm a i t u a t i e n  on 
can dequata ly  dmmcribt the flo*. fn 

m, thr c o n t i n u i t y  ralationrhips i n  thr 
8ittu n i v i t y  coeCflo3entr m p p a r  to be thb 
*y componmntn which d i r t i n ~ u I m h  
.mp.naive a o i l  unlaturdtcd flov frm m- 
mwlliw roi l  un6aturat.d flow. 

?k stuUy w s  support& urder National 
Rtearrh Council of Canada Grant M0.A-682.  
khamuledgeent i n  w d t  t o  t h  a u t h o r r =  
rracrrch atudant* - 6 .  L. Ycbb, . X. Chsng 
wa 13. Y .  Ymg. r h o  p r t i c i p t e d  fully i n  tha 
dsvolopsnt  and conduct of the ixpcrl*cnCs. 

WIUP, J ,  8 ,  and WILES. D. F.. (IQUS), 
Mlmticr of sorption and vollve changa i n  

h u s t .  J. So11 Fts., 

Yrm6, H. Y.. (1173). Unmturated  flm i n  c l q  
1 Ph.D. Thesis, Faculty of E n g . .  
lrwn U n l v t r s i t y .  Wontreal. 

YDIIB. H. Y. m d  Y O X .  R . M . ,  (19731, A simple 
m l u t i o n  of sraa practical cnainrrr in 

a l a r  cwerniw unraturatad sollm! Clv. 
pun. Worka Rev. (6r8at Britain1 <in 

Y m ,  P. M. and UARKENTTN, 8 .  P . ,  (1972) ,  
Pr*turmt*d Clw in awvanrlua $oils. Proc, 

osnt S p p .  on Furdmsnr~ls a? Transport 
W n m m a  i n  Porwa Wsdia,  Univarsity of 
Wolph, Ontario. 



STUDY OF S W E L U W  AND SWELLING MRCE DURING 
U MATURATED FLOW IN EXPANSIVE SONS 

In a m q ,  for  m rrpmnolv. soil therc  4ra tw 
limttlw c m d l t i a a s  dur ing M l S i l y .  l twsa #ref ( 1  1 
8h. M Q t e t C l y  uncwf leed  c o n d l t i m  i n  h l e h  tha 
,011 1s ill& te 1-11 f r t m l y  i t -  a l l  d l r * ~ t l o n r ,  
m4 (2)  the coaph ra l y  conf Loed c o n d l t l m  In uhlch 
m a r t r r l l  v o l e  rhang. 14 # I  Lomd. In p i .C t icc ,  
th. r t w l  t o n d l t l m  must be i n r e m d i a t m  h t m e n  
w tvo .xtr..r~. a v a r ,  l o r  f m d l r m r r a l  mrk. 
I t  i r  mmcaasacl rv .Rudy i l r a t l v  i h c  l l m l r 1 q  
condlt ioar. 

I n  wiw eC r l l  t k n a  cm.Ld.ratlon*, ur#.Lwrated I l n c  
w a r s  e r u  pa r l amed  l e  r x p n a l v e  clmy r o l l =  O l  

cyHndr  Lcal  & h a p  end ol r e m i - i n f i n l r a  *=tent  under 
th. ~ Y P  .be"*-mrloned l i m l t l n g  condlt lona, lo  
d d l r l n n  t o  aha acaaurmaal  m t  vnrioum t lma Ln ra rvah  
o l  thc vcttlw front +dvncc  nd the w l r t u r t  p r o t l l q  
the -uat ol  n e i l  ~ r l l i n g  4 I o q  bo th  the cadt.1 and 
th. arl.1 4 l r r c t l o n  d u r  tha c a p i * t * t y  unconfined 
conditiom, b 4  iha  t u t l l l n $  I o r t t  yrneratmd du t l na  
v r t t i n u  u n h r  tha cemolacaiv con l lnud  condi t ion.  have 

~ - . ~ - 7  

also been nrrrurcd. F ina l l y ,  the mcchnn:sn~.r undcr- 
l y l n g  the abmrrved phenomna are sut;#.~rted. 

Rm ser lea 01 tascr wrra parformtd, u l l h  th. f i r s t  
r e r l e *  mdmr c m p l e t e l y  unconfined cond i t i on  w h i l e  
the  accond one under 4 p e r f e c t l y  confined one. I n  
rach  arctea OI t e y u .  wr t4 t  was al lovad to L l ev  I n t o  

e a d - i n f l n i r c  cy 1indrir . l  5011 soaple DI i o i t i a l  l y  
u n l f o r a  u a t a r  twtent through one oi l r m  c i r c u l a r  
mndr w d e r  zaro hydros ta t i c  head. 

P H I S i C h l  PIIOPERT tES OF TESTIKG HATERIALS 

The c lay  ro t1  ~ t u d t e d  wna high  r v e l l l n g  one ident i -  
lied S t e  ilosallc clay. In o r d t r  t o  Y A C Y  Ihb 

w t l v l t y  o f  the t s r t l n g  $~hpl*s,  th* COIL COWB~LC.: 
u y  w r  t o  m i x  i t  ullh diiirrpnt proparr iona of ; la55 
Oeoda. The phys ica l  p rope r t l us  01 &he r nn t c r l r t s  ueed 
=re s m a r l a e d  i n  Table 1. 

Phui ical  Propert 10s 
k t a r l a l  Type 

- 
Groin S i ~ s  
D i a ~ r l b u t  i ,n  

H l n t r s l  Contunr ' Spttlllc 
CravIt~ 

b97. < ,200 mn 
52, , .002""> 

L iqu id  
L i m i t  

Scs RornLie C l a y  i 
' - ' u l c a ; t h l ~ r l t e ,  with 

amphibola ~ l d  a a r u l l  
, awrunt o f  m o n r m r l l l o n l t c  

V l s r t i c  
L i ~ i t  

a% 2.70 

I 9 ~ - 1 0 G ~ I ~ i t h  dlameter  

zJa 
G h r a  Bead su. 1; . - .  - -  . 141-- 

2,&4 



T e x t #  w r a  performed on t l lu  5 G %  7 5 1  nod 1CQL Sce 
R o s e l l c  c l a y  samplaa ,  bu t  oolature p r u f l l e r  a t  var lous 
t ime d u r e t l o n a  ucra only d r t e r n i n c d  f o r  the Xn. 
wamplcs. 



wm p t w a n t e d  by t o a c l u  c h t  s a i l  a m p l t  f i r a t l y  % l t h  
1 I y t r  o f  l i q u i d  rubber. 

t ~ l u  i n  t h i s  herims were concentr4tma on chc 3rn % K C  

b a l l *  c l y  raaplc* .  Th l r  vrs betau** tha t h e  
YCPsIarJr  for MI. t C 5 t  in  Lhe 75% m d  im a m p l e 3  
~ 1 4  a x t r m m l y  long. Phe r a t e r  supply rrrrem was 
i t  to  that 0 t e a t  t r r iem I. \ 

A study of Fig.?.3a,  8 ~d c shovm t h a t  in  rhe 
u n c m f i m d  care,  the rat. u t  r u e l l l n q  a t  any p o l n t  i s  
quit. task on f i r s t  uertrng. bur d r o p s  o f 1  very 
d l  I t  r r  c ~ n  be =em that  thore e n i r t s  
~ e m r  s o r t  o f  e x y m a n t l b l  r=let ionshlp k t w m  r a d i a l  
strain dad square root o I  t l m ,  Howuer ,  11 auch an 
- 1 r i t . l  relationship mhould exlmt. it m u r L  s e t i a f y  
the i o l l o v l n e  n c t u a l  c o n d i t i o n a l  
( 1 )  Vor t a r  , uhetc  r I s  rhe r l w  r tqu l rad  [or 

thc w e t t i n g  f r o n t  10 a r r i v e  mt a c e r t a i n  po in l .  . - 0  

( 2 )  Fcr r - *  el  , 4 t h I t c  q u a n t i t y  

I t  ahould a l s c  b~ n o t e d  l k a r  [ I  . i n  t o  br obtainad 
tram machcna:irrt solu:lon. I ~ J  t o t  r t n r t a i n  
vrluo o l  x and l o r  1 5  1 , the x t l r e l  candl t lon 0 1  I 
r a t u  r u a l w  v i  11 be ebprox imsted b y  4 m m t h m a t l r m l  
sa lurrdn c h i c h  g l r e s  I n r i ~ n l r i c a n l l y  sad11 or v a l u r a .  



pmr rc te r *  h i c k  depmrrd on mt t ype  or r o i l ,  tha 
mat- c t 4 l t I w  om w l i  4n the d l r t e n ~ m  !rum t h r  
urt.1 a m = * .  In &en-.! the p a r m r a r  b rlll 
cmctel iba mayaitudu ai mmIi In#. I t  rmn b. rean 
I r a  rhc d w r e  * q . ( l )  tha t  as 

4 
t + t l  - 0  r 

uco r4 lng  r o  w r r i a h  0 9 5 6 ) .  **.I I l n f  tmkca p lace  In 
tw d l r t l n c r  r 4 y a .  v l t h  r r y r t a l l l n .  mulling i n  the 
f i r r r  r c u t .  And oantlrlc i n l l i n a  in  &ha racood on.. 
P a n #  an4 Warhmrln ( IW-) c l a s r l t l o d  t h e r e  40 
I t r u t h r h l  but1 1 md normal rwI I, v l l h  imt o I  the 
per., rot i l l l t d  In the & r u e  o l  s t ruc tu rml  rK11. 
und tb. 1-1s f u l l y  .rlur.rd I n  t h t  tram* or noraal 
rw l i .  For cmpscred c1.y. ~ w l  l l n l  Lmdency, 
accarding to S e d ,  Mlcchmli and than t LVbI 1, l a y  Dc 
c l .ar i fL~d l n r o  cro tuner*! cmtmporlesl phyrico- 
ehmie.1 m d  M f h a n l c ~ l .  T h m  mechml- of u r h a l c a l  
f i w l l l n &  conce~n lsp  the bending of c1.y p l a te r  haa 
a l t o  bern p r a p o a d  b v  Terr.ghL (1931 ). In the  
pramant c a w .  ad t h  s o i l  b m p l -  i s  prepared by 
Irylmp. L l rga t s p l l l a r y  iDrce w l l l  be induced.  
caul in8 Chr brnding of c lay  p l a t e r .  These w i l l  
srr4lahtan hgaln on the r c l c#sa  o t  the  r a p l l l a r y  
prcsrur* dur ing the process of wert ina.  

tm u l a  of the ebeu* considerations, m e c h ~ n l c ~ l  snd 
crystaL1 in. s m l l i a g  saem t o  be the domlnatlng onr i n  
the l l r a r  r t r t s  u h l l e  v m o t l c  (or n o r r u l )  s u c l l i n g  
im t k  sacond on*. I t  1% obuioua thsr  th4 d i v i d l n g  
Iln. b a r m n  these tw 8tag.s cmno t  be too dirtinc!; 
. a ~  o-t lc  awl I i n p  mlght have already stsrted ir. 
P a  latmr por t  o r  the I1r.t e t q e .  

r u r t k a t  trgerIment.1 rupparr f o r  the a b v e  t r - s t a g e  
s * c l l l n g  mchami~m can be obtalned by p l o t r i n p  
w l ~ r ~ t t l c  i c r a i ~  ( i . ~ .  5 w ~ l l i q  p r  u n i t  #rOIa so11 
vo lme)  . gs l n * t  r o l - r r i c  var t r  c o . ~ t t a t  a4 l n  F18.5 
i o r  the var iour  sarpirs .  The graph shows rha t  ma 
IRL~..E~ of  r o l m e t r f c  s t r a i n  w i l l  be approaimrrely 
q ~ r l  t o  the corresponding i nc r ra r c  o l  v o l u m t r i c  
*.tar content only vkm the m u n t  of r*I i lna  h b  

c*c.dcd abzut 407. 01 t k  t o t n l .  Since the m u n t  
v v l m  chmge u l l l  be q u a 1  l o  L)rc anount o f  v a l c r  
&sorbed in  r k  case at ormetic r s l l l a g ,  h m c e  thm 
.bow resul t  l nd j r a te r  t h a t  3-c l c  r v e l l l n g  w l l l  be 
me lnac lng  I n  t h e  l a t e r  stage o l  tha r ~ e l I i n t  proces*  
a t  a c e r l n i n  p a s i r i o n  i n  Lne r a i l  s n p l c  dur lng Ih4  



1* thcory, the lo tml  *aunt OI r * t l l l n &  f o r  L t r c n  
m. o l  so11 ahodld hs t h a  r& iv.ry*er* u h a  : 
I w r w c h e t  I n l l n l t y .  A4 the r lm valua Lnuolu*d i n  
ILI prr6.nL testa 1. pot w f f l c l m t l y  largo, I t  cnn 
b~ * r p c t c d  I h M  the  l valua f a r  p l n t  f u r t h c r  
* r r y  (I- t h ~  w a t * c  S O U ~ C U  u111 harm A -1 lsr  uwlue 
r h n  that of a ncntar  po in t .  ar c n  b. w e n  I r m  
# i p . 4 s .  b and t .  no*rever, rhl curv rs  to: variou; 
points do show some senera1 Imndwrcy t o  C D O V t r g 4  : n t ~  
4 r l n ~ l e  po in t  on the log,,.- u r l s .  PI course, <> 

Furlharmre. by praduclng the  f i r s t  r t r a i p h r  lLna 
brv lch bcyond rh. c u r o l n ~  palot ,  i t s  i n r c r c r p l  om 
rhb 108 c ex ia  should g l v r  a v e t y  rough r ~ c I n a t e  
d the k i n t  of the t l r s t  at* .  rmLLLnp (1.. . 
ftqe t ) .  S u b c r x l l n g  thi* from the t o t a l  awl11812 

(1.t. the i o r r r r e p t  o f  the rpcond s t r l l g h t  l i n e  
brmch on tho : ~ # ~ ~ c ,  axla, Datagc + Igta%e 1 :  tic 
mrrult of r d i . :  srr .>in d u t l n e  the secand i t a g e  (1.e 
6 ) can b l r o  be va ry  r uu lh l y  estimated. ovlng 
tb%C 3ar lour  m u n t r  of oworlappin& o f  thcse tw 
r l w e *  a t  v r r l o u r  polnta. the a x r c t  B value fo r  each 
r t ~ m  u l l l  be c x t r r a e l y  d l t [ L c u l t  re dctermlns. 

far rhc a x i a l  rxpanalon data .  as only the measurmnr 
o f  the t o t a l  ax141 *kpanaioo over  tha *ole v e t t e d  
p o r t i o n  has bcez ma& (see Fig. b), thhre to re  o n l y  th r  
w s r . s a  value {e 1 aver  r h l a  p r r i o n  l r  h u m .  
k t o r d k n u l y ,  thif s h u l d  be c-rcd with thc  corre,. 
poad ln l  w c r a g e  r n d l a i  s t r r l n  (a 1 ever the su.xc 
uerted por t lon ,  The e valuer s t  var ieur  stagas o I  
m t t l n g  chn be easily #bra ined tcws FL:.:.b by d i v i d t n g  
rhc tvt.1 a n i l l  expansion by the corr~,pondlos lena th  
o f  the r s t t e d  portiom (I.R. the dis t lnce  of the 
u e t t l n g  I r w i t i r m  the vatmr sourto). As f a r  t h e  
corrs3gondiog a valued, l h l s  is equal l o  the area 
mrkr th. I ,  VE:~UO x CUT*. a t  cercaln t l m  t  <*en 
ths w t t i n p  Irunt I s  a t  1I1 d lu ldsd  by %. The e, 

versus M c u r v e  L a  obtalnod f rom l i ,,. 31, b snC c ?,- 
strain surface w i t h  thc  

- .. - 
Type of Wettin,, Front Ta - - 

= r  I< ,  S q L S  ad van^^,, X ,  c m  d 

5W S t 0  8 . 6  -0158 .OO$N ?.'w 
a ~ ~ l i *  1i.D .C159 .PO593 . 
C l 4 Y  11.0 .315d .PG>19 2.; 

151. Stc 1 l . b  ,0109 .DI?LO 1.2,- 

11vsaLle 18.6 .Olh9 .014BU 1 . 1 8 i  

c l a y  22.1 . O L S ~  ,01190 t . l r ,  



tndb t o  push the c l a y  . p s r t i ~ I a a  sphrt, w.81 
trm the tmdancy o i  the cldy p l a t e r  ta s t r n l t 3 t c n  
(I.*. the a e c h a n l c ~ I  s n l l i n g  proposed by Torzaghi. 
1911: md  Seed e t  r L ,  l qb l ) ,  The aubaequant tcadua: 
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increkse i s  probably due to the  L L l I i ~  ot the 
cap l l lo ry  pores, r e s u i t l n g  in  a tendency 0: ormLl :  
~ m l l i n g .  me aboua mathanisms s e m  to bc LI:~ vu: l d  
onas r i ncc  ~ r y a t a l l i n e  and nrchan lca l  s w l l l n g  ire 
a c h  faster than the f i l l  In6 of the f e p l i  lacy pores. 
*t the r e  time, the possib le r e a t r a n g m n t  o f  the 
soiL pa r t i c l es  n lon$ t h r  d l r e c t l o n  o t  whter f low (e.8 
H i l l e r  and Lor, 1941) w i l l  remul t  In a decrease of  
s* l l lnk force In t h i s  direction, end t h i s  can 
hr tkar  decrease tw ra ra  bL tnc raas t  4L the total 
a ~ l l i n g  force a t  Lsrgc t imp values In the prescnt  
Sam. 

I t  L4 4110 wrtmhllt t o  mmtion t h a t  01 Lh* t u s t i n g  
01 n shorter ample,  the swe l l ing  f o r ce  data show 3 

g t d u s l  decrease a feu  Pays a f t e r  the  m o l e  1 ~ 3 t h  
of m l L  amp le  has been wetted. T h f a  i s  very s im i la r  
to tbe aping e l f c c t  ea ob~e rved  by Kaas i f f  and Baker 
(1971). Howaver, the m u n t  o f  ddra availaLic 1 % not 
mough t o  draw any spec i f i c  conclusion. 

Yt IT ING FRONT mVUlU UIV SOIL HCiSTUW DISTRlBI:?IOH 
The importance o I  a hnouledge of the anaunt a i  
r w l I i n g  and the  auslHng f o r ce  ma a r e s u l t  of  
uc t t i eg  In foundetfon design i s  obvlous. Prm the 
previous data, i t  can be seen tha t  both the tot.,; 
mount oi s w l l l n g  and rhe  s v c l l l n g  force arc 
dhpndmt  upon the l q t h  o f  thc w t t a d  p o r t i u : ~  (1.a. 
the p 1 1 t i c m  of the v t t t i n g  front).  uhlch. in  : v - r * ,  
i s  a f f t c t ed  by the degree o f  coni lnment .  

IR addi t ion,  the m c c h e n i ~ r I  p ropcr t iea  o f  a $ ivy# :  
type ot 3011 also depend an the ue ter  tonthnt .  ha 
only the water content i n  tha t  po r t i on  of s o i l  behind 
the u c t t l n g  f r on t  is a l te red ,  i t  14 therefore a lso 
necessary to atudy the corresponding water cantent 
distribution a t  verioua a t s g e s  o f  H t t i n g .  

rlg.8 shorn e comparison oC the v a r i r t l o n  of the 
w t t i n g  f ron t  advance v l t h  the  square roo t  o f  time 
under the two L i m i c i n ~  t e s t i n g  cmd lc i on r .  From the 
t lguta. i t  can be seen tha t  
[I} the re th i ng  f r o n t  advance versu square r o o t  4 of t i m e  curve* (i.e. X versus t curve$) f o r  

bo th  C ~ S C S  $ t a r t  t~ bend tost fnboualy dovnward 
a f te r  e c e r t a i n  tim interval , .  w i t h  rhe 
completely ~0nfLn.d case s t a r t l n g  much eerl ia ,r ,  

i m e  r s t a  of wet t ion  front advance i s  much 
s l w e r  i n  rh? r m p l ~ t e l y  rnnflned r-rre. 

F1t.a U E ~ W  FRONT ADY~WCE 

Pha sbov. phenomena can be explained 4 5  f o l  Iowa. N 
the l i n e a r  r e l a t l onah ip  between m t t l n g  f r o n t  advsncc 
a n d  square r o o t  o f  tlm i s  mmwnly used as a tes t  o f  
thc unl for f l lcy o f  packlng of e n m - s % r l l t n g  medium i n  
a unsatvrsted f l ow  system 1e.g. YLtlsen e t  rl. IWl;  
Jackson rt el. LPbl). r dev la t l on  from t h i s  l i n e a r  
r.Lmtionahip lmp l ie r  t h e r t f o r u  a nm-un i fo rm packinl: 

. a  In a n m - s u ~ L l i n g  medium. In the case o f  a r w L l I n &  
medim, t h l s  dev la t loo  mlght I w l y  e awc l i l ng  m i c h  
e lves r l s c  t o  an e r tens ion  of the  d i f f use  double 
I a y r r  as e l l  ar a pore g-ctry thanme, as proposed 
by #au l ina  and Cardner (19b3), end Chrletensom and 
~ t r g c s o n  (1960). In ~ e n e r s l ,  I f  w a l l  lsg reerr l ts  in 
a Larger a f f ec t i ve  mean pore slae, the X versus t 

4 
cur"* w i l l  band cont lnuously upuard; a d  i f  s 
r a a l l c t  e f l e c t i v a  meen pore s ize  resul ts ,  then the  
r w a r r t  w i l l  happen. The change in  curvature o f  t h i s  
curve r l i l  be cont inuously along e i t h e r  d i r e c t i o n  
r l nce  r w l i l n g  o f  a s o i l  c o l l o l d  i s  a time-depender.t 
phelmmnon, M rocogoiacd by many workers ( e . 5 .  
Sotrleh, 1654; Rs~qL1, 1969), and ma indicated i n  the  
prement te rc  r esu l t s  ( e - g .  Figs.la. b and r. P1g.b wd 
PI&.?). 

v l t h  the extension o f  the  d i f f u s e  double layer, more 
water m o l ~ c u l e r  uLL1 be under the  in f luence o f  thc 
c lay  p l a t e s  sod the exchangerble cations. Sbir water 
i s  c a l i t d  thc adsorbed water which has, according t o  
Uemper (lVuD}, a v i r c o a i t y  value h igher  than thc 
normal ra te r ,  o r  nccordinc tu Lou ( 1 9 ~ 1 ) ,  M i l l e r  m d  
Lou {1969), a q u a r i - c r y s t a l l l n r  s t r u c t u r r .  T5:, 
pos tu la te  by Yong and Yarkent lu ( l90b)  t l . . j t  t!>f, 
d r l v i n g  forces o l  f l o u  -3% e x c e ~ d  these C o y :  ... 
' Inldlnc wacer t o  the s o i l  pa r t i c l es ,  and thal L i h  

ni d-plane po ten t i n l  betreen these two p a r t i c l e s  must 
I:c cncaeded before i l q u i d  t r eo r f e r  can occur i s  i n  
li::~ d t h  tha t  proposed by Low (19bi} ,  and t h a t  show 
~ v x - ~ ~ :  imrncal ly  by H i l l e r  and Lou ( 19ul). Al te rno t ive-  
l y .  !l:chatL and L i n  (1954), and Kernper (1960) h w c  
s h v m  experimentally tha t  e lectro-osmot ic  rounte: LLuv 
c~:.:,! be operating, and t h i s  wuLd n a t u r a l l y  inc rae jc  
.-.!I!> the axtension of the d i f f use  double layer. h 
t o -  y o r e  seametry c h e n ~ e ,  a mchenism DI vo id  p lusglng 
:c.?l>; t l n g  from pa rc i c l e  moucment ha* been p r o ~ ~ o ~ l  1:y 
I k ~ n n b o  (19bO) end *arc in  (1Vol).  

Y:JT. Lhe above constderatiens, i r  r a n  be seen t K ~ t  . 
cc.:~Li~tucus reduct ion in the e I f e c t i v e  w a n  pore % i  1 8 .  

w i l l  resm.!l t ! f  75 .  3vrr3!1 v 0 l u m  i s  t o  remain r h , ,  



Ih. t h  dapendent nmturt - 1  ihu b w l l I n &  p h e w n n  
v l l l  a t s o  bo refIect.8 In the shape of the s a l l t u r e  

I* crm 3x expected, ~ 1 y . q  L n d t c a l e s  < h r ~ r  
(11 f o r  appro~lm.tmly t h e  smr t lw c l  n t t l n s  and 

a t  the a m c  d i s l v r t a  frm the u u t r l o 8  zour t t ,  
tho w a t e r  ra:r,tent i n  the uacontlned tea. la 
t t c s l d e r a h l y  hlph-r  than tha t  I n  thc completely 
c o n f l e d  r d s r ;  and 

( 1 )  the w a t e r  r o n l r n c  a t  my polnt  l n r reasas  
r o r . ~ l ~ u w r l r  w l th  <:%, rnd the r r t r  v t  increase 
I s  o ~ t r  tdstt~ I n  t h e  urnconlined cart. 

PIC.19 VMlATIW W SUCPIOH WITH WATER 
C M E N T  ANU 501L SUXLLLNC 

appltc.bla i s  chc o e n l - i n l l n i t r  ermplt  4uvir.g t k  
,mraturatcP flm tes t ,  the v o l m e t r l c  expansloo- 
srter cootent r e l a t l w r h l p  mu*! DF l d r n t l c l l  I n  hoah 
rypaa o I  r r l t a .  frm Pip.>. and Ta3lc I& t h r  
V o L V n c t r i c  a a p ~ . > i o n  p f o I I I *  tan b. obralnad l o t  i 
givnn water contcnt  prallia. I t m  these, the 
uolum-trlc ~rpanslon-uaL=r content r e l a t l o n ~ h i p  f c r  
: h t  c* t t lng  o f  a rtmi-iclinirr a m p l e  can h t  de&.rtd  
and compared u l t h  the corrrapondlng one f o r  t h c  
r u c l l o n  r*%t. a- ~ C O H I  bn Fl&.lO. The two curvur 
ilfftr rons id r rab l$ ,  m d i c r t i l r b  that  the *uclim I r:;r 
~ a a u l t a  ale not  l l r r t r l y  . pp l i ~ab lo .  r h u  above 
4 I i I o r r n c c  i r  p r o b a b l t  durn t o  the d : l fe r@n<& I n  
narur. o t  the $19- y r o t c r l  i n  L k s t  tsn Lyper cf t r s ! %  
In rhu r e t t l m p  c l  a re~l-Infinlre s ~ l e .  me tios i s  
aluays  a t  s trmxlrct stat. becbure  t h e  s q l .  : r  e l  
s u m l - i n f i v i t e  extent  ro f a r  A J  the ILow y r 0 c c 1 1  :> 
eoncemed. Cn the othcr  hand, the r a L c r  ~ o n t c n r  I n  a 
burt iun tos l  can b. #!etarmlneP a t  8 s t a t .  o f  
c q p l l i b r i m  4.I A l c h  no I ~ r t h r r  I i o u  o f  uuler  w l : l  
& c u r  beckuse VI tho l l n i t e  t h i c k w ~ s  91 the r m p l c .  
A 1 w  b e a r l ~ g  i s  mind t h t  r & e l l l r @  La r I ce -dep~cdcnt  
pracwss, the .bore d e r l a t i o r  1s quite i n  l l o ~  uiit.  t t i x o .  

r c h m l w s  pr3posed ao f a r .  f k l ~  d l f ro rvnce  in n d t x r c  
GI ike f l o w  prolens I n  t h e r e  L u r  fypcs o f  tests 
t r r t m l n t y  kt11 have a i m l i a r  effect .  o? rho c a ~ p l r r i i y  
coc i lned  case, b u l  o n l y  to a d i l f . r * n t  = * t m t .  
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la them test., imll s m y l o  o i  1 I ~ L t m  thi~krhe. , : ,  
rsre confined by p r r u u ~ x  ran 411 i tdra .rc*pt the 
c - t a ~ t  plant  * l t h  t h  puroh- pht.. R x y ~ n ~ i n n  
alwrg the v c r t i c a l  d l < u c t l o n  r d m  1urrh.r p r q v c n t c d  
by adding dead wslphts on thc coy. Th l *  nalhod o f  
fonflnemellt v a a  I a i r l y  ~ < l c c c r r t u l  I P L  s ~ r n p t e s  a t  
hiah s u t t l ~  v a t u s l .  S m e  uolumclrLc .rpbnrlom us5 
v i r i b l c  in s p i t e  P I  the  i a t t  tha t  t h r  almeunL o l  
&d velgkt war Inrrosn-d coc:fnueu~ 1,. Tht a u c t  Ion 
date thus 6btaln.d can mgaln nn l f  of1.r A rstkcr  
qualitative lndlcmtion of the ~ t u a l  v r l w  in il.r 
armi-tnflnita r m p l e  during ur:tln&. 

I =  is o b v i o u  from the presenl  t e s t  r r r u l l s  sr: :he 
wrL lng  o f  s c a l - l n t i n i l r  ~ x p . n + I u t  r o l l  s m ; . l r )  
t h t r  
(1) the r a t e  c f  r t r t l n q  1 1  . l f *c t*d c o n a l d e : ~ : : ~  ':) 

tho dc$rse o f  run t lncorn t .  
( 1 )  both tha rc:.1 -4-t 01 ,"?llinq .rid :I:? 

w n i t u d c  uf  t h e  l n l  lLna l o t r *  d ~ u * l o p l d  
r n c r e h t  *LIh t h e  inrrmar. o f  th. I ene th  o r  rl!r 
c*cIed p r t i o n ,  uni rh ,  i n  turn, +ncm~a*ws wi:k 

t h ,  
(1) thc rbce o l  w.11 in# [or  a l v m  r a ~ l a  a: an)  

point i r  dependent upon rh. t [ 5 *  01 vcttlng ~i 

MIL .I the mulatmre c d r U I t i o n  of me 
neiqhbourlng pc in td ,  and 

(6 )  the a s e l  l l n s  p r c f l l c  m t  my I n s t a n t  P J J U ~ ~ Y  a 
concave shape ( i . ~ .  I h e  prrronL a v r l l  der reoscs 
r ap id l y  with the Incre-r  of d i s c m c t  tram 
the w r t l n g  aourre).  

p u r t h a m r P ,  the auct ion v a l u * a  in r domi-il:tlr.:ro 
expanaive saeple  drrr ine ucrc lnb ( m o o t  ha dcducrd 
i n d i r e t t l y  trm Lhr rbnvcu~t ional  Inbur r to ry  ra4t  on 
small samples o f  f lnica thi<knea* .B ah* I Lou 
p m . 0 4  in tho  f o m r  car0 i b  i l r a y r  4 t  r l r a n r l r n t  
riata,  h i l e  the 1aLt.r w i l l  i pp ruarh  an . q ~ l I l i b r I m  
6 t . t ~  d u r i n l  the f l n a l  I t age .  
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In grrcrd. 11se m i l  1%-~trr rnwclwm auld Irc18;c riurr ~ r m l c r r  
di%lr i l?ul iv~~ for s ~ r m  1 ) ~  nl hi1 *,:I bc comp*ttly 
t p i h i  lby i f 5  w i ~ c c  and wrmihh l~!y  (Ll % a b k 5  *thh 
arc func~ioua oTw.licr FIYIICI~~ (I11 nd~ in !h. C.IY OI A .LAM. 
poro~rr n l~d i l l l l l  (E): a VmuIar wit or rn l ~ i r t y  L w  s ld l i np  
crny wil). I J n h  such toudiriuna, n FUIII~HI.IIL(-LI n l  I l a y ' ,  
I rw  slld ;Ilc cuniimrily <quut~un will r o u k  In llr c l m l h l  
wlrcluira~ion dclxndwt-tyyc dilluriusl cqbuuon. Idc~l ly.  II 
bill %~;cr;on and pmicsbiliry haw k l a w m  14naiu-l 
rdarlnnrhip wilh wln cunlcnl 1h a $ i w I  typp a t  . d l .  
it uwld ir advimbk ro inlrodurcc a rifr [>ar.hnwcr, D. uhch 
Ir a kmtion 01 suninn. p n w ~ b i l i l y  slld r s i r r  wnlulit, 
bnd km a luncliom ol *,In o lnkn l  n d y .  

This plFr prwnr :  I cuww 01 ils mnununr iurulah or1 
Jclcmlinrel lhir k'il U,~ICI dlllu.ridy j h r d d n .  ~ ~ d l r n  
v i i l ~  a d i e m i a l l  or t l r~ i r  rr ipcl i~11hortc~17:#np A ma ldml  
~ W l l O d  mrolvhq n vrr) si.~l]lle ir.II171: l ~ ~ l h n v  I) -dl a 
simpk cihtcuhhm prurc.lurn i~ pmpxd. I Iw wl& l id>  51 
lhir nwhod i r  rlwn arw,wd lmy imlirlg i l?  :.,pd~bhrhly. 
u i ~ l g  diffcnui ~ r r i  or IN ilm r r w  lllc r,wbc np or ril. 
Thc m l b s  b r  ~pplv ius  !ku 1 0  tlir rolnli<m d pracrk,bl 
mpr~ter : l~g ;rrr,!,k:.br udu .I! t l i cc  n k - l h w d  c a r i i ~  ar* 
subq"c,ll;: curl. h r r l .  

,\ rtrkm d tk ~WLI~OI.~ m l  w i l  v : r k  dilhr.\~* id? 
ddrrtdnal;on 
Irr ~ h q .  I ~ F  WIIY or diil;:hily ID1 ai L U I ~  U.IIU c ~ ~ I ~ c I ~ ~  
valur (U) c < ~ o  b wlrul.::d ':MIL ..qu.b18on I:] ytur iA4 ti.! 
lhr- ccrrf5~on~ling vd:..~; <rr wil rlrclion lc) l l ld  hlil w1tr 
wrn~eabilit> ( I )  wc hrinue. Thir rcqwrcr 91.: m.nummnl 
o t  bolh ihc soil rucliclt srd lhc wil r:hlo p r h r * H i l r  A i  
*arlrnl< %vier tunkhts orr idcrl; iul rm>I,% 



i ' r ~ r h  16, l:md O ~ F ~ ~ I I I ! I ! I : J ~  
ljx l7:;>.!,,, l,q,!l>,,w,l ,,,c,: ..,, I c l  ~.!',:.,,Iil,,-,> ,\ I :.,:I? ., 
r i ~ ~ i ~ ~ l i l i . ~ l  r,,,.i.m~u ,.I' r h . ~ t  11,.11.1'.-.ml 1;: 1 L h  , , : I  1: ' : ; :~  t i  
11111 ,%,\I, :,I! :1* , . , # ~ 1 1 1  ,111..:.. ,6I,.::::.r.u l! I .' 11 . 1 . .  '.. 
L I : . . ~ ~ .  r . t I .  I . , , i v n b . t y  b,. . . . ... 
k 8 .  ' Ily a 1 1 : .  t d  : c..  I,U'.:- 11.: 
prinri;'.:r r l  l l r  p n x n l  ..:. ;11d arc 4 1 1 ~ 1 1  I.,I.:A 



F i r  2 dw"s Ihc r m m a l  o l  U l u i r l l  cl as c a t c ~ ~ l u d  rrmi #he 
I h w  d~Uuwni innirhirc nrnfi1~- o t  i d c n i ~ d  run+ o r  1 

Laolinilit m i l  t -dcn l i rd  ar Enbli,h thy) bul Uilh d l r lmm 
li lnt apalll. It <&I hU Wfl 1 h I  l l l f  rclaliolurhip b*wm I3 
dnd b ir priucliully 1[x urn (or l n l r  a1 diRcmr81 l ine s p a s .  
' Ihir iu i icak.  I l r  viahilily or ihc p w m l  m i h a l  o l  mkw 
I;lIioo wd Illw 1bo"cr i rcmhd.  I'urlhrmrrwc, il rhoukl :~lw 
bc mrlnl lbll i k r c  is r WQ 4lurk.d lincnr rcWrmrhip 
kt%-n I re  I) a d  @lor D a r d  t9, c\njw a1 [la r~~ututmmc 
cndv o t  r h r  innimwr cunlml ran*. I: rollo*r ihl a lur t l r r  
h l r ly  silnt7lc chwk oo lhc rpplical!iliry o l l k  p m n t  nxlh,M 
oB ilrUusivi!y cAlnl l~t ion 8s porribtc by m k r i n g  thc m~rir.1 
~ t l a l i m ~ h i p  bclrrcn D and rn obr~ l l~cd  fru::i 1:;s 2 ioio ihc 
dilr!usinrh qwlim [Ll. T t h  can then bo robed nlunrtksfly 
hy the R~riiv d;flcrcnrc mllld and wrnparcd wilh aclunl 
1-1 1m11I1 

4. &)i (dm - #" , ?, 4-  & 
. . .  .I' 5. 

I1 ?:IIPAL imm c q u ~ i # u ~ ~  1151 lhl i f  bbllt (1) t l x  ~ m ! ; d ~ ~ r ~ ~  
~ra:~~lz a m r ~ i n  m~ r -; +I .  =MI (3 nhc m!U f u ~ i t l i ~  01, 
~ r c  k w ~ ~  lkclh .k profilc .I+ ulhcr l b w  v:hlucrr~ll I x c ~ L v  
l s i d  n,un~ricxtly b) It*: c~nrlpulcr YO1 ~ l l t d i l y  Iu(l l l l l~n,' l l !  
01 the m r i w :  r d u l h r .  tllc Jr and .I.* v : d r r  n1u.t k- 
c h o w  in rrvh z na? rhd l  

w l w ~  l&, i$ ulw W , Q I ~ I U ~ ~  dnKchi$iiy uuluc w l ~ i t l ~  i* ~IU;,', 
10 WOO? in ~ l l c  v w n t  rare Ih now diaxcraeb f:r ihir 
mmpulm p r o p d m  tb ~ l w s ~ u  i n  A v p d i a  II 

Fwtka l  *L,xliasb 
Thc prrimr si. pr&um nmpnrrd in dclr:rrmi~iii~c lhc 
*-it uriw MImnily-nalcr wll lnbl rcbt iun~l i ip urd th? 
lvliif dllrcrpnre lqua lhn {!I1 tqxilrr w41h ihr. cnmiwcr 
p w a m  ~ I ~ c : o l w d  fnr fk .hm~ qulrm. ~ r r l  1- k d b l ~  
sy~lial ic ci'c nn ~ P ~ X P L I I F  hUI q-Ak whit+ !IT r k ~ h  
pr~qkrl  prrWrhnh 3%. 

Ii) I t r  infdtrauh-. d rrlm*.Wr :dr urmtmnln i  &I in 4n 
W I ~ U I C V ~ L ~  *aLrr-d &IF, and 

12) i lw p ~ - + i n y  cl UI.* I IYI .V~ wd I11 fr!ued.lim !ma:- 
m l n  im pl rn l la i ly  r n d ~ p w g  or I x rnc j  uvl,. 

In both E-  rhe inilial u a l ~ r  cnnlcnr S w r I b u ~ ~ f f .  6 
onlform, h n n  1 p d d o n  u( r h  w h q w l l t  wrn m v r m - :  
Jimihkrl im a q61ilc ~IRKuR. I l o u r r r .  for &Itr:nrr*~# rl.c 



UA>lli[g of IIw ulwrrW II~I nulutd r luy~, or i t ~ c  suhcqucnl A&rm&d~mrut 
k l i l t  a 1 l I -  i n  n fhc rcrl;lr~h war r w m ~ ~ l c d  ilrnk( a Nrui~rtul  k rws r i l l  
1 I . U  I 1 H t n l  i n i l  Cuuwil  r~,slrl. Ca;ln~d:u 111 N Yung, CiratbtceJ nl  hldiill 
nhi* r u ~  rum 1c d u ~  q w  L..#UI? .I\ 1',~1l~i%i: Ulli\aG[y. 
111 Corulwl umr: ri~bgh: h o r i : ~ ~ ~ m I  i i d l :~ rK ln  1016  on IIY. 

I*. olrv.trr.bti;*e. (2; C-Ihmw u &  m m h n  c l  r q d  intrrr.ih v. mla  r h k k  
4 i I I ! : :  i n .  I I ! .  2nd I (deL h,!, J, & d , , r ~  1 .n,,l *h,, 10 *,I] a:,n b.: 
mrn Muiiw-u.w ramurbl rL.l.uhlmhy :A lmun. ,I* s d  fm,,, 13) ,,, ,.. yrc.:nl cTG,, npq:, <,,  : -,.: 1, 
makr mxm rli.: : :,:,on ;I m v  im EAO I c C+ dtw- d- . (*t F,. 3,. .l,,,l 1. ."< .(.. ,, , lhYII d,,. ,, (nl,,*rl 

(31 Krlltr rmsn r 9 lo r - -  0 i l l  cnlunlll (11 oi Tnbk : 
lhrn thr if. 1:l:~:cr in <nlumn ( 2 )  c::? bF (IIIFICI! % i l ~ h n . : l i  
by lk w or c,luarinn I I h ] .  
(4i T I w  c r r r r t w d i ~  a(>,) wlwr colurn~r ( l t c , ~ a  bc rc.8rl 

l roo~rhc Lr+fillcd w l c r  cr~rhlo~l (11. wrwr d~rlrncr (rl tuwc 
h Fig 3. 
: - 1  i 1 1 . I:. .:!r~r!d ? r w  
(61l:min (11 hy d*r.nclinn. 
$6) MI', , ,\ - x(fl,>?!30 in m h i i i n  0) tau Lw r8,1 > ~ d  h 
di~ i l l i h~ t  Ille rwrL%p8tlding valw in w l w n ~  (,I) bk A J  
(11 .dU.lld in C O ~ I I I  (6) m 1 1  h- ttlrmwl by?l~ultlp )illu I:C 
corw\r~indmg Y ~ U C  iu TOIL~IM (3) 111 .\o ' 

Wilh :h ~ I I ( H V ~ ~ ! C  id I11c soil > t r~n?lh  di<;ribstinn a1 ax7 
h1u1 l  ~ ~ . ~ h b t r .  I1 !ICM p>illk in j:w+Ii.? IIWW com- 
p a n l l y  l b  , l i~b i l l l~  O F  ill, UIIII,U~L.CI~II li.dural %!apt under 
prdnn%J k,tq r:!ilwlun#i, end 10 I.LLu pn4wlivc mcsruns 
M Wd%,hry, or l n  rk1o111;iu Ihc Opiinhllul liw tcqUiA8! -;,I 
lho p w - p n ~ ~ l i ~ i ( t  o l  IU i r ~ n u h l ~ l i o ~ .  
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to uusrlurated Ihld flow rhroqh naravelllng so!la. the mowment at w t c r  
I s  descrtbad b~ 19 esat ion d e r i v d  i roa lhe h r c y  equalion and lhe eqution 



juatllhl &muse Ulr avemge  degree 01 anturatlon le pnctical ly lillbc 
indeppndenc. 

k t  the plmlv imvv n i h j c h w s a  L, pernitablllry K , D n d  lhe sanw vross- 
sectima1rm.s ctmt oi the r m p l e .  A t  lrms ,,the vclflng Lrorul ha% nduanwd 
a distance 1, 1hr.n the eflectiw pernieaMHty K 01 Ihe system will be pirrn t ~ y  



I 
metric moirlurccmlcnt. A u n y  ume I < 41, $ at + . 0 1s ~ l r e n  tq 1, 1G/ w )  

shmld bC rewritten ns 

be r h l c h  Clft - At) m 0 

2 1  / * A t  . . . . . . . . . . . . . . . . . . . . . . . . i l h :  

A5 t h ~  imhalurabd permePblllq wd tbtbru, lh# rate 01 uetllng Iron1 adiancc 
will incrp.# uilh ih. Increase in 81Yr conknt a t  Lhe phnc 1 = 0, rhc curvc 
u i  .r vcraus 1 ' "  ri l l  rtrreiow ccotave upwmrd untjl I - nr. followLn(: ,which 
l t  vheuld remain oenaibly linear. 

EXPERIMENTATION 

The cnmncc of iht prraenl .xperlmcnlaudn Consisld or 1 swiea 01 three 
baaic kindm of testa ~n which w t a r  was illowed W l b w  tnID a send-irdjnile. 
ryl jndr~cal .  alr-dried &all sarnplc under zero hydrmtmllc head. mid aubjecl 
co ihe i r l l l l m l  and ~ ~ ~ r y  Cwdltlws aa plvea in Ew. 6 O r d l  la.  In moth %?at. 
Ihc plat? InipedPnen ama varied vhrle h e  a n l c  typ? d mil aam~le u1b used. 

Thc wroua plat* uLC4 was a w d  cenroi nllrhre of L-3/4 1.. d i a n ~  and 
thic;mesr 0.3 in. In ordrr to prepare pro- plates oi rmrlmrs impedance, dii- 
lercnr proprtiow ui mnd, csment rrd walcr were uaed. T b s c  were a i t -  
dried, a d  men aaturalud Wlth de-rlmd and dlslilled wmter. 



Flt.  2.-RFIATIO%SAIP BETHTEN DISTASCE OF W t ' I T I W  FWRT FHDY 1i~A' I 'b : l l  
SDUHCE A R D  A 1 C A R I  ROD? OF TILIE 



IMPEDANCE EFFECTS 

In Ihr nwlhod &wlopcd lor cana lu t lon  of plate t e e  cller.in on rn- 

f i l t r n t h l n w  moawlltngeolla, 11 lrrhom that when 2 ;t, K,, ths ln~pfrlance 
elfeel I# nsgligihlc. However, wWo K p  r K,, inld cmavtky l e  twur vre- 
dicted ardl oherred in the x - I"' Falallonrhlp. It  is lutuler  mhowi~ Iron# ex-  
perlnwnhtlan ihat while plate lmfiancc elfecta are obsurvmd in l irrz-rate 
of inlllrrrlion, the mdshrre pmfllcr rtnraln aenaibly unalfectod. 

I t  tollmm t h l l  IR order to oMrln a ~ellahle ustlmatc 01 the rrtc 01 soil 

inchaded BO as W  in ( a d  lnClvOPl & rulticiently l n r&~ncar  p r r m n  ol  
ttrc r - I ' ' I  rclatlonship. 

Thh  nludv was conducu:d hn llw mil Mcchanlcs LaMratory of  HcGill Uni- 
vumi(u w i t h  linanclala8slubncc urdnwport  provided by the Satialxl Research . . 
CIIUIIF;I 01 Canada. 
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