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FOREWORD

THE study of unsaturated flow in scils has generally
considered the pituation where the boundaries cof
the so0il material are confined to the extent that
volume change is negligible. In addition,
assumptions are made regarding negligible 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 flow in unsaturated soils. The follawing
four papers consider the problem of fluid flow in
whoth gwelling and nonswelling soils where account
is given to pore geometry changes, volume changes,

and developed swelling forceg in saturations where

volume change is restricted,



THE four papers are reprints from journals and

conferences, and are listed as follows:

1. "On the Physics of Unsaturated Flow in
Expansive 5o0ils", R. N. Yong. Proc.,
3rd Int. Conf. on Expansive S5¢ils,
Haifa, Israel. 1973, Ko/ 2.

2, "A Study of Swelling and Swelling Force
during Unsaturated Flow in Expansive
Seils", H. ¥, Wong and R, H. Yong. Proc.,
3rd Int. Conf. on Expansive Soils, Haifa,
Israel., 1973. W/ /4

3, "Enginearing Problems in Unsaturated Soils”,
H, ¥. Wong and R, M. Yong. Civil Engineering
and Public Works Review (G5t, Britain}.
September 1973.

d. *Impedance Effects on Unsaturated Flow in a
Nonswalling Scil", H. ¥. Wong and R. N. Yong.
J., S0il Mechanics and Foundations Div.,, Proc.,
American Society of Clvil Engineers, V,98:58M3,
August 1972,

S0il Mechanics Research laboratory
November 1974,




Moc., Md Int. Conf. on Expandive Soifs, Haifa, Tsraef, 1973, ot 2.

ON THE PHYSICS OF UNSATURATED FLOW
IN EXPANSIYE SOILS

R. M. YoN,

William Scont Prafesior of il
Enyineering and Applied Mechanics
MoGitl University, Mongreol,
{imada

SYKOPSIS  Unmaturated fiufid #low in porous semi-rigid bodies [e.g. non-awelling clayal can
be descrited in a Fashicon aimilar 1o heat flow analysis, However, whan volume changs occurs
during flow, contlnuity relationshipa zust be suitably medified, In addition, the various
eaterial coafficients relating unsaturated flow charscteriatice %o material propertles are
gean to be divgotly affscrad. Thuz, far a proper predicrion of unsaturated flow in
axpaneive scils whers volume change I: expacted 1o oocur, z proper &ccounting of the physice
of tha problexm La neacessary in order that cérrespondence between the phyaleal and analytical

nodels be achieved,

INTRODUCTION
The dascription of unsatuyrated fluld Eleow in In Type I, we includes unsaturated Fluid flow
azils can be zimply categorizad and analyzed in & awyelling clay where either confined or
sccording to twe general typea and unconfined swallirng le allowe? o oogur.
econditions.  Thess degerdbe the Jifferent Changas in forces of interaction, or im pore
pharomena invelving soil Fabric and vojume and overall goll volume would obvicugly
gtructyre ¢hange pecurring durlng the Flow Alver fluid teantmission chapacteriatice.
as3 and devalopment of associated This atudy diracts itz attention to the
niarnal ﬁradlen:a. Cf particular interest dascription of the physics of untaturated
wera in the phencmencn of wolume changs flow in the typa ¥ case [expansive =olln} -
ayring and as a congegquance of unsaturated with initial descriprion of the general
Elew. This sityation ie typical of fluid type } situarion shown For background develop-
Flow in unsaturated expansive #2oils in the ment. The intent is to provide corrvespond-
enconsirained state. In gensral, however, ence batween both physical and anglytical
wa can clasa the two types of flow as: nodala for adamiesible and wviable predictions
of unsaturated flow in expansive soils.
Type 1| - Unsaturated flow in low swelling
ar non-swelling S4ile where no GENERAL UNSATURATED FLOW EQUATIONS
change in seil Fabrie accurs, i.e, FUR LOW SWELLIKG S01LS
littlam or no changs in pore
geomatpy and porosaity during and The general traatment f£or wunsaturated Fluid
as a ragult of infiltration, flow in soils satiefying the physical
condltion of little &r ne volume change
Iype ¢ - uUnsaturAted Flow in swpansive during and as & result of Flow leads to the
scily where awalling pressures devglopment of & working ejuation anAlogous
davelop in confined flow, or a to the heat [low equatieon, The analytical
coeplate change in fakeic and model invoksd presumes that Darcy’s law is
structura 42eurs Iin uncenetrained valid for unsaturated flow. Thus, if we
flow, i.&. a change in pore replace the hydraulic gradient grad h with
geomatry as well as in poresity the agil water potential gradlent grad ¢, the
ard forcens of interaction. Darcy #quaticn may bé written az:
Typa 1 flow describea the situation for a A
155 pwelling or none-cswalling soil with kgradg .. . oot ‘b
negligible changes in pore geometry and with where
tha physical boundaries perfectly confined.
Thim case fitg the situation sncountared in 7= vector flow velocity

ct:-ntid ar hiﬁ?l? naTgactim;tcria ‘??i 5 ? N A
other low Ewe ng solls with no algn cant + * 5 ;
developnent ¢f awelling pressures, grad ¥ = (ff TFI z [



vhere the negative efgn in equation (1)
accounts for tha Fact that fluid flow is in
the direction of decveasing potential, The
squaticn of continuity, which sat{afies thy
conservation of mass shows that tha fliow of
water Into or out of a unit of soil squals
tha rate of change in water content.
Inplicitiy, thia indicates that the system
is preserved, and that no volume change
CoCeS . Thus:!

-
dJiv v = - 113 - . . . ‘e (2}

Ay 5=l e AT LA,
U'J--ﬁ'.l. -ﬁ;] 1= W
# = volumetric water contert of tha soll.

This situpation i not likaly To be true in
axpansgive 20lls where semi-<onstraiced or
wnrestralned swelling s allowed o Qocur
during infiltration. For the low swelling
pcil however, one procesds to obrain the
three dimensional diffusicn equation by
;::itltuting equation £2) into equatlon [1).
-

B o< div (k graa 0 N £ T

befining v as the suc of Vo ¥y and g the

gasuTE, csadtic and marric patential
ravpectively, we hote that fer low swelling
er inactive solls, ¢ and ¥, may be assumed

te be¢ small and insignificant. This
randers & _ ad the component potential af

prisary interwst and concern, In the
gensral treatment of the problem, the one
dimensional case is conaidered, The usual
procedurs empleysd agsumes that wp iz &

wnique function of &, Thus, equavtign (3]
Ix reduced to:

[ Al 3 in
HIE{DE!] ﬁ} . - - . ful

where ¥ is the horfzontal coordinate axis
ar! DEA) = aiffusivity or di;£usian
coefficient of water = kid) 5;5.

{n) iz seam *o be analogous to the aquation
ynad to describe one dimensional therpal
diffumion of heat.

Equation

Graphically [cngnrim«ntnl? aided sclutions

te equation (4] cap be obtaived in the form
of valuas oF 0 versus x or z at the different
times, t. [Figurs 1], Values of k 2s =
function of B arc determined sxperimentally,
or may in some cases be caloulated, Yaluyes

1]
of ?iP ars measured from the slope of the

s0il wAter potential versus watel content
curve for ihe soil,

The cifimsion equation [i.r. equation (41] is
solved Analyrically within the Cpamework

YOMNG

dafined by tha boundary conditions re&levant
o the problen under concideration. [t ia
sbhaerved that the admiszibllity of the
diffuslon equatlen for solutien ¢f tha
Erobl-n at hand depends upon tha conditionsg
wading to irs forwulation, 1.e. the
assumptlon that (1] Darcy's law is valid,
and [21 & = ©{®), which results from the
dafinition:

"
D=k {8) ;; 21l L. L L

If swelling of the soll sample occurs during
and an & resul? of Infilrratlion, the
specialized ferm of the continulty wqation

ven in aguation {2) whizh reguires Fluld
!ncnﬂprlli EF{Lley and no voluma shange, 19 no
longer valid. Tha rate of movamant of water
relativa to 8 fixed cospdinave syetam is not
simllar to that with respact te the soil
particles Ein vwiew of soll axpanslon.  Thus
the diffusion equatlen shown as equation {4}
utilizingﬂthis continuity condftlon is strict-
ly not admissible. By resorting to a
nimilarkty Sclution techrnlgue, e.g. utilizing
the Boltrman transform:

P fj SO T T T, (8}
T

1t becomes passible to reduca aquatlign (i)
For degeription of inflleration into low
ewalling 4cils to an ordipary differential
equation:

L L &t e (73

Whern the physical pequirements of infiltration
~orrespond to those impozed by utiliration of
the similarity solution, i.e. actual physical
lipeapity is obtainsd Detwesn x and Jt anm
demanded by the Poltzmann transform, soluticn
of equatien {7) will provide for adegquate
description of unsaturated Flod into low
swelling soils. Under the usual experimental
gituations, the physical corstraints Imposed
provide for the folloawing boundary eandition::

t =0, 0 «€x+a {Thug X = w3}, & = @

t=-0, x 2 {thug » = 2% 8 = A |

a

i.e. harx =0

the total amount of water enteping per unit
area tqtln 4t the plane x = 0 can thus be

ehtaimed as:

L 8

o
ta,d, - til ) db = J wdx .. .. (8

¢ ] 9

1 i
The prysical performance demenstrated by
equation {4} may be seen in the thrge-
ginensional representation of flow into an
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ungaturated soil [Figure 1] - depiaring tima,
distance from source of water and volumetric
myisture content. The wetting front pro-
files showun on the vertical plane projecrian
in Flgure 1 are craracteriatic for the
aftuation of ynsaturated flow with little or
po volume charge. Tha total guantity of
water at ary tina [and thus at any position]
will be indicatad by The wolume upder tha

¢ - x - Jy surface shown in Figure 1. We
nota that prajection onto the Rorizontal
plane proviies a3 linear ratationship batween
» and #F thus satisfying the ansumption usad
in epation {6,

Trevsaission

Folumetric ity conbent , & —=i-

Istance from soyrce ——=

FIG.L! CHARACTCRISTIC UNSATURATID FLDW
BEHAYIOUR IN LITTLE DR H0 VOLUME CHAMGE 50YLS,
KOTE THE TYBICAL WET FRONT FROFILE AND
LINEARITY OBTAINED IN THE w - <t PLANE

YOLYME CHANGE COMSIDIRATIGNS
IK UNSATURATED FLOW EQUATICHS

The curves shown ip Figure ? demonstrate
hysical x - o pelationships for unsaturated
gluu into several kinds of acils and under
apecific conditions, Ingluded is the
constant poresity situstion for a low swelling
poi]l where limearity between x and exists,
wvhich thus permits the application of the
Boltimannt tranaform. This situation is
rupresanted by curve B, It is apparent that
¢ ayrves A ¢ apd D in Figure 2 ave
encountered, application of the Boltzmann
transform &3 &4 Fimilarity solutlon technique
ig no lenger possible. It becomes neacessary
therefores to work with the generalized
ditfusion equation [equation ul.

AA examiration &f The flow characteristics
typifying curves A, € and I, shows that one
of the primary reasons_for departure from
linearity in the ¥ - #t relationchip is
because of volume changes oecurring during
flow. This may be due [1] to a decpease inp
valume a% in the case of low density soils
which #ill céllapse in the presence of
increased water availability[curve AR, or [7]

yoluns change and
po swa1ling pressure
Saily which during 1nfiltration
collapte during
infiltration
[decreasing

spansive soils.
v T ra

increasing
volumt during
infiltration

Net front advance

Confined flow of eipansive solls

7t

FIG.2?: WET FRONT ADVANCE PROFILES SHOWING
INFLUERCE OF VOLUME CHAMGE AND SWELLING
PRESSURE OF PROFILE DEVELCPMENT

1> an Increasa in volume as in the case of
swalling sollx allowed to swell in the
presence of avallable watser [due to
unsaturatesd flowl. This s represanted by
curve €. The situatlion repregented by
curve 0 f3 one of unsaturated Flow in
awelllng so0ils wkere no volums change is
allowed to oocur. The preaence of {ncreasad
swelling pressurss will result in glteraticn
of flow characteristics.

To account For volume changs of soil sanples
during infiltration, an aﬁproninatt et hod
would be ta tim In the volusstrle water
content § with porosity n and degree of
saturation 8. Trws, if wa conslder the
horizental infiltratiosn case for illustrative
purposes, and if #! e yeloacity of 2low 1n the

% direction, ona obtalns:

i-"n'x

- &
E"_'-ﬁ‘nsj

,.[s‘s%m}% S 2

The diffusion equation For horlzcntal unsat-
urated flow now becomes;

an 45 _ @ ab
E,—i*nﬁ-ﬁw E".' - e oo D10

Lauavion {30) is approximate in that the
actual physics of flow which requires that

I ba suitably modified to account for the
inflysance of volume changs on D and alss on

k have not teen incorporatdd in the analysis.
Tor small changeg in porcsity n, it in
cxpected that the approwimate relatiocnshir
Wwill adequately descrite the situation under




congideraticn.

A siapla sccountirg for D and %% in view of

voluse charge can pe achlieved by introducing
& changa im the value of » which recognizes,

in affect, & changing porasity. Thus,
dafining x* as:

an
'.'!‘*ﬁ' as - . . - {11}

eguatisn {10) cean now bz obtained as:

(12}

TR

vhere #" = volumetris water content in view
of x! and D' 2 DE2), i.a. the diffusivity
p' in & fupction of AY.

Im the troataent By Philfp and Srmiles {196%)
the scccunting for volume change ir mada by
ueing a material cogrdinate zystam in the
aralytical formuistlon which renders it
similar, in & senes, tc the po-volume charge

aralysds. Specifying the relaticn betueen
piterial cocrdinate m and ¥ as:

x
» e [ i e e e (133
whers 4 1 vold ratda, the cocresponding
eentlruity condition Ly cbtaired as:

FY |

= [acL ) .}1 R T

wherda ¥ _ = veloclty af water relative o
moving 11331 particlas.

Tha repultart Siffusicon equatior nbrainad by
thilip grd Smilas thus bBacames:

c ;% % ;% {nm A S .. . . £15)

F
whare

e and ¥ are considered furetiocns of % aply,

andd
Calses+a %%

B, * (1% el™! x g%

The similarity transformation technigue wsed
previously can be used te relate in with /%

ta provids:

itz B ‘e .. . .. .. (16}
N3

Thug, #0 long 48 the requiremsnts of this
aimilarlty teansform are met (i.2. linearity]
the s¢lutions obtained In view cof volunme
charnge will bBe corract, Thua equation (151}
can now be reduced to an ocdinary differentia
equation and solved subiest ta appropriate

YONG

cpecification of houndary conditions,
A GENERPALIZED UREATURATED FLOW EQUATICH

Conalder an alemental 5cil volume of
dimensions dx, dy and dz, with one
dimensional unsaturated flow in the x-
direction, Sgil particle Flow into and cut
of the elemantal cubs muat satisfy
cengsarvation principles as follows:

av

5 1 a0 17
_-:—-“ .r._—_lhﬂ . o Foa . " 1."
wherse vsx r welcelty of sail particles ir
the x direcr.cr. Since
— ek . (1es

whepe v & weloizetric strain, ane chtains:

@ .
ax _ v
- 3T . . . . {19)

Decomprzirg the tetal fluid velocity into its
TWo COmpORents:

Tal fluid flew relative ta the moving Bcil
particles, and

[t] =oil particle flow cortained In the
fluid rhase which will ke in a position to
Tove

wos ¥ (20)

NER LS .

- 3

whiere Uwsx z water movement palative to the

maving £oll particles.

(me will obtain with equation {20} and the
Darcian relationship, the following:

BFI 2

g v
‘ﬁ.-.-ﬁ-{nﬁl+aﬁ e .. (21)

Usipg ths same assymptions for the diffusicor
cnef%icitnt D equatica (21) mew states that:

a4y
* . I8 v -
Ti“' [D ﬁ']‘ﬂﬁ.- [ - | |

Using the continuity conditior witk a<terlan-
valume changea suitably accounted for, as:

W, L
-‘-‘— ﬁ w4 "= + o+ =

the rawultant one diprensicon2l herizontal
diffusicn squation whick zllowvs for volume
change thys states that:

(23]

8 » (1) av .
ﬁl H[b Hl-ﬂsf Qb Caw]
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IF mo voluns changs occurs durlng flow,
H- s 4, and equarion (Iu} is reduced to the

form ghown in equation [%1. A eslationship

glnilar 10 that shown hi equation (28] can

bw obtained [with certain simplifying

asgumptions) from a more rigoroun base,

using the requiremsnt that the Flux of sail
nfqlcs must satisfy [a] continuity,

b] Kewtan's law of motion, and {c)

rheologieal equation of state. This

h has recently been used by Wong (873),

Conyidering the motion of aoll particles in
+ha volume changing woll during Eluid flow
as baing slow, the scceleration considerations
1fcit ip Newton's law of motlon can be
safely ignored in the analysis. The
contimuity realationship which satrisfies
congervation of masse can be written Tin a
#iyed coordinate system] as:

ﬂiutpﬁ;i » ;% S0 .. e e ea t2E)

whers a:  goil flux f{vecter)
-
¢ ¢ bulk dansity = 1%-5

r danalty of water . . (267

e = yopid ratio
G = apscific gravity of s0lid particle

t = time

From squaticns (261 and {25}
-t

1 Ja Ay
- .
+ & 3t 1 +a grad @

If the mecond term on the right-hand-side of
aquaticn (27) is rendered ingigniflcant, the

yation I8 similar to that us=d by
Taplavaky (1954},

aiv i; 'y (2h

Introdueing the sBoil flux E; 4B
[

Sawg e oarede . o L @B)
L D‘ v grad e,
vhera

h, " coaff{icient of partiels conductivity
D, * particle diffusivity

and welting:

—a

il ah
W = s + aqﬂ i . ‘e .

: Fluxy of water relative ta moving

{29}

whern ﬁ"“

s2il particles.

Taking the divargence of both sidea, one
ebtalne:

ad

- B - . -
diy q v div g * div Eqs SR - {1}

The sxpanded [ors of the continuity equation
can thus be cbtained, with appropriatse
expansion and subatitution am;

- ;% s diy EL‘ + E[I%: %% t ;%% v grad é]

+ q. - grad = - . . L R3LD

If the secand order terms ara Igrored, the
continuity condition which now accounts for
welumd thange can be stated as:

- ;% z diy E;s + T%E[;% g, grad ;] {12}

1f equatieon {32 j8 combined with a modified
form of the Darcy relatlonahip to yleld the
2irfuston eaquation, If g, is considerad
small In squation (372, it? can be further
reduced to:

1.5 - I
'ﬁ.di“qwﬁ"'ﬁ- - . a

The uselfulness and ehoice of the verious
analytical expressions darived to atudy
unsaturated flow in sxpanmiva scils d4pends
not only on the apility of the investigater
to measure or deteralna the appropriats poil
propertiena, #.g. D X, v wto. but 4180 on the
nesed for precialon or accuracy. Soms
application of the various equations together
will be discussed in the next acction.

(33}

DRSATURATED FLOW PERFORMANCE IN SWELLING S0ILS

It ig apparent from the previout development

that fundamental to tha raguirsments of any

of the equaticns shown, is the neamt for a
proper knowladge of the variation of the
dAiffusion coefficlant b with water gontent 6.
In the case of unsaturated flow Inta law or
non-gwelling zoils whare litrles or ng volume
change occurs, the characteristic molisture
profile development shown i{n Figure 1 can be
ayxpected, However, for casan where volums
change upon infiltration becomes sigpificant,
or where other mechanisms exist which are not
accountad for im the slmple formulations
previded previcusly, the poisturs profiles ae
geen in Figure 3 can damenstrate aeny differ-
ent shapes:

1— unconf ired

Advance of wetting front -

A
TIG.3: COMPARISON OF MOISTURE PROFILES AND
CONFINED AND UNCONTINED FLOW TWIC
UNSATURATED ENPANSINE S0ILS




Fa

In order To establish an appropriate valua
for O, & matching method can be tngloaed
shich patches -ngsture rofile with the
chwracterintic diffusivity gonstant. Tha
influsnce Of varicus kinda of relaticnahips
betwesn 9 and [ can be sean by writing the

r ~hand-side of equation (243 in filnirte
diffarence form (without the cecond term on
tha pight-hand-side) and solving for certain
sptcdflc catqa governing 0 and D.  This
siapliflcation iz acceptable since

. ;; dogs not peslly anter Intoe or need
¥|rtic1patl in the characrerization of D,

bt volupd change term Lo squation (Fu} will
affect the nuserical wvalus of T but has an
insignificant offect on characterizing
[shapal the @=D relaticnahip.

Thus, vriting zquatien (] as:
i) 1 .
E * {h]’ [Dﬂ-!(aﬂ‘l N .n"l ?ﬂﬂj
+ D4y - nn_iitln+] - 'n’] N 1)

whers the mubscripT n hare danetes space
1tevation such that x ¥ nldxl). Considering

only the adsorprion process, five relation—
ghipa batween 8 and [ have bean examined, the
resulte of which are shown in Figurs &,

[Worg €1913). Yong and Wang (197327,

Digtance from source - £ —F

FIG.w: THEQRETICAL MQISTURE PROFILES
MREDICTED FROM EVALUATION OF DIFFUSE

EQUATION

Tha cases considered in Tigurs 4 are:

Casa 1 D = constant
Casa 2 D = af, where a = positive constant
Case 3 D =be™" Ghere b and ¢ are positive

ConStants

1]
-
]
[

1
]

3
I
o

—

Caxzsa N [}

Casa b b =

In the procedure used to calculate the
diffusion ccefficlent from the moistyre pro-
fila, the profile I{m divided into n equal
parte in regard to & between Initial & and
satyratad 9 i.4. 8, and 61 IWong and Yonp

i
(197321,
Thus, with

{HD - Bi}fn =A@

and any wvalue of §

8 = (n-riAfl + 8.
r i

Taking 88 aufficiently small and a paint C as
the polnt fr(lr+!}, ar*i} on the part of the

nointura profile curve between A and B.
and Yang (1%73} ghow that Bince 6. is

approuimately equal to

Wonp

By DIBLY = DEB 4 )5

CICIERE TP

]
xiH ¥ - =6 T+
- T+l -
TOEE l xd%}
%1
i=r

. x(3r+1} - xfﬂr}

< z x{ﬂ;l.’rﬁﬁ 4 RI .. {35}

2thB jTa-1

whers

=]
IR L PR x(8(8, _\ ~ 8,) . 138

5

in low swalling or inactive moils,
unsaturated Flow occcurs in ceaponer to tha
pressure and matric potentialg, 1.x. ¥_ and

L The oemotic [or solute) pottnting v, 1z

inafgnificant and cen be ignored. Am The

vt front sdvances in an unsatyrated sail,
the incrsase in water content will result in
a4 decrease in a0l suctlon [L.e. an increass
in ail water potentlsl]). The vime vaken

for equilibriue to be re-established depends
on the Initisl water contant of the
unsaturated s0il and the potentials Op and - .

[¥ong and Warkentin {187%}].

In the case of ynxsturated flow in ewpuansive
unlils however, if (ree swalling is parmitted
during unsaturated Flew, the omsotic

component of the total potentfal, i.e. ¥
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%111 decrease to a minimum when the wetting
front has progressed beyond the peint of

jntarest. Thus, tha machenism GCaysing the
ungaturated flow must account for ¢ _, t‘ ard

Byt In actual fact, *w wWill Be a

centinugualy varying quanticy at any one
podnt of lnterest. lgure 5§ shows tha
velunetric supansion developed during
horizontal unsaturated flow into 4 swalling
soil. The informatlon cbtained from

Figur® 5 can b= used in the general 4iffusiom

For coat rad T3V InCrdasy —

Mvance of wetting front ——
Fl4,.5: VOLUMETRIC EXPANSION IN SWELLING SOIL
HIE TO UNSATURATED FLOW

aquation [I.e. squaticn (24)] 4o predict the
mefgture profile for the swalling soil. Tre
eanparison batwesn predicted and meas.red
valuas have heen made by Yong and Wong (1977)
and nay e seaen Iin Figure 6.

Froe twelling casa

- = Eypariment ab L+ 35N almytes
--+= Pradiction [Wong, 1%731]
ux Mradiction {ctassical]

0.4
‘-r-‘i-l" -
e -

=
N

=Y
—
&

bt — o

o & & 1z 16 20
Bistance from scurce, ms

F16.6: COMPARISON G6F ACTUAL AND HEASURED
MOISTURE PROFILE

Yolwmtric molsture conteat, B
a
H
_,"

The analysis or predictica cf volumetric
streine can also L& performed Ly extendirng
equation (19).

f 4 ls the internal pressurs Tesponsible
‘or rovement of the goil vticlea in view
cf the developing [luid flow, && MAY write:

v s 3% . 2 v )
VR AT IS
) 3v
= 4 DS T s .s . “n {387}
whe e

.t goll particle conductivity coefficient
aﬂalo;nus tao k for fluid flow,

Dal * s5Cll particle 2iffusivity coefficiert,

Firce # 1s responsible For particla movement
in ynsaturatad Flew of & swelllng s0ll, tha

relationship betwesn volunetric atrain v and
# =zan be established, Thust

b, = ks ;%-as used in ecgquatlon {34).

Fouation {38) can nov be ysed in egquation 49}
to yleld:

r)
v _ dw
] 7Ty . .o ‘e . {39

“ o
Fubject te the wundary condition:

TERE w =0 t>»0

=}

o= 8- * > 0 t =z

tre analytical selution will he cbtained aw:

wix,th = uu[] - erf(i—1—~l] {ag)
]

!
0.0?'1& = Experivantal resylts

x Theoretical rasult
D " 0.00A3[1-¢ 0¥

* + Thegretical resylt
'\.‘ !
s 0, = 0.00834 o™ jain

AT rasulis at

8

e
=

Yolumetric strain,
i 3
=
L

0,02} 4 At t = 2625 ain
\ “.“
- m
- N
. . b
o 1 ) 12 16

Plitance from source, cm

scd Markentin {1972).Deta from Wong |VG71)

From Yong
FREDICTED ABD FEASUNED VOLUMETRIC

FIG.7:
STRAINE



the varicus components of swalling and the
variation of swelling force with time have
been reported by Wong and Yong (19732, It
1n of {nterest to pote that the separatinn
between cryatalline and cspotic swelling can
e mads with the technigue shown - [5es
Pigure 5 of Wong and Yong (1873)). The
degree of confinement during infiltration
fin aupansive soils] will pravide for varyirg
D{%) and molsture proflles At any one parti-
eular tima, in vlew of the developad

awalling Forcea. This is not unexpected
tince varicus characteristle shapes similar
to thosa shown in Figure 5 can be abtained
a3 & fupctien of Jdegres of confintment.
Figure B ghows the schematic for x~+# {in
vimw of degree of confirement. These can be

No comTinement,
1.0, free swalling

—_—
r——-
b

Range of x-/1
depgrding an
degres  of
corfinormnt

Complate confinement,
i.8. pa wolume Chiroe

Advance of wetting front

B

FIlG.%: INFLLUENCE CF LEGREL OF CONTIKEMEMT
[AND ALLOWED YOLUKE CHANGE) ON x-¥T CURVES
IN UNSATURATED FLOM IN EXFANSIVE S0TLE

directly ralated to the eoilsture profiles
ahown L Tigure 9 of Wong and Yorg (197111,
The tima rate of penetcation of the wet front
increases with decreasing restraint,  Thus,
if DiE) takes the form represented
approximataly by Case 1 shown ir Figure b, it
is apparent that D8} will be larger for +he
samea time period for the sawe scil, If
1weliling 15 allowed to ccoyr during
irfiltration.

In the typleal case cof unconstrained swelling
curlng infiltratiorn, thersocouple psychro-
axtric measuresents irdicate Tas expectec
from the thecry of Interperatration of diffue
lonic Leyers] thar iritisl goil sucticr
values will decreass with passage of the we:
frort. The charge In #0il suetian due to
penerration or advance of the wet front is
whowr in Figure 4. Az the wet frant

arvives 2t a particyler locatien, the

fnitial high soi} suctior valuae Ldue to

So1) suction

1

F1G. % CHANGT IX SGIL SUCTLION wWiTH
FENETRATION EF WIT TRONT TN LXFARSIVY S0 1)

iritlal ursaturation] beging o decrea:..,
The rate of decrease of the sail suctian
valug Is dependent on the degree of copstraint
applied against swelling, thw ocsmatis
potentisl, and cther factord associated with
the sctivity of the sail wster aysram which
c4fine the cesyltant rate of advance of the
wet frort. For a hlgh ewelling clay, and
for the cordition of uprastrained guelling,
tha time cate of decrasse of the goil suction
valye ie greater than that of a luw swelllng
clay. Thus, tha determinaticon of the
effactive D{B) beccwmes difficult as a direct
meagyrement techniqué.  The aethod

suggested Ffor determination of D{&) using the
wst front profile is In all probsability the
a05T accaptable and ussful overall method for
cbtaining DCG). The reallzation of the wet
front prefile it one which takes into account
the many interactloens and interdependencles
that o¢cur during unsatuyrated Flow in an
expanalve sell, Thua such problems as
degree of copfinement, actiwfty of tha system,
and &sther envircnmental factors pertaining to
the infiltration process will Jdemcnstrate
trexselves in the chacacteriatic wet front
Erefila, from which, accoynt far the change

n T{#) can be mada. Tra pretictien For
unsaturated flow in expansive acils can than
procesd using in part, knowlsdge of the
change in e0!l suction [er so0ll water
potentiall, the developed wat front profile,
the ampunt af swelling, the changs in D{&}
ard A proper knowledge of the continulty
relationehips.

CONCLUSTONS

It is glear that if proper prediciiors for
unsaturated flow in axpansive solils & to he
made, a proper accounting f the swelllng
force and tha volume changes ocgurring oust
be made. Where the phy:?ca of the protlem
have been properly modelled, the aralytical




PAYSICS OF UNSATURATED FLOW

solution gorresponding to the gituatien on
mand ean adequataly describe the Flow. in
art, tha gontinuity relationships in the
Eirruniuity coefflolents apperar to be the
peipary comporants which distinguizh
sapanaive =0l unaaturated flow Crom non-
gwelling soil unsaturated flow.
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A STUDY OF SWELLING AND SWELLING FORCE DURING

UNSATURATED FLOW IN EXPANSIVE SOILS

EYHORE 1S
lspayrdant role in Eoundation design.

axpansivé cley eoila of cyplimdrical shaps and yemi-infinite enzent under two llelting conditions.
tes camplataty wncomflned comdition ln which the soil is allowed to swvell Erealy along bath the radial

)

H. ¥, Wong, Ressarch and Develop-
ment Engineer, Cementation Research
Lidf, Rickmansworth, Englond, and
R. M. Yong, Profescor and Director,
Soil Mechanics Laboratory, MeGill
Univergity, Canada

Bwelllrg and shrlnkage in expansive clay solls wa & resull of poll wabée movemant alwkys play an
En tha presant papet, unsaturaked flow casts hava heen performad in

These arey

md tha adlal #draction: snd 11} the completaly confined condition In which be averall voloow chenge b3 ellowed.
In addLtlon ta the messurement of wetious tled Intervaly pf the weceing fromt pivance and cha salature prafille,
tha mmownt of acil swelling mlong Both the radial and tha swfal dbr¢ccion under tha Z2res swelllng condleion,

and the awalling farce generated during wetting uader the complacely conllexd eondition hava alsc baen

weasuted.

INTRODDE T 10M

tuslling wnd swlting force developed In expanaive
clay a¢dls se a Tanult &f soll wabar movewsat slunys
play s impottenc role in Feyndetion deaign. In the
casd of saturatad solls, it cen be stwdled |n
con]oeckion with condelldatios, snd 8 lokt of wrk
has already been dotm em that {4, Terzaghl, 19433,
Wewgver, In the casw of unsaturscad solls, tha
problem 15 lass wall defilmed #ince most of the wotk
docs bt bean denling malnly with small sasplés of
[inlew sxtont {o.g. Kassiff and Bakez, 197]| Kasslff
et al, 195 neles and Gibby, 19%), and wery faw
with sangles of 3eai-lnfinite extant. In tha datter
caany worlling and awelling Force will ¥x clamcly
Talatled to the vrate of the wettlng fromc sdvance and
the corresponding woisture prafile behind |e.

Ia cheary, for s expanslvae soll there are tun
limiting condlitans durimg wetting, Thess arer (1)
tha completely uncenfined condltion in which tha

apll La allowed tp swall fremly along il directlons,
*rl {2) the cooplataly confloed condlilan in which
mi cvarall volwne changs Ls allowed. In practice,
tha sctual conditlon must be intermedipts betwecn
thase two axtremad. Howvewar, For Fundamantal work,
It Lh mecasaacy o skudy Firstly the llaleing

corvd| tioms.,

Finally, tha pasilble machanlems yndutlylng tha chserved phenomens BEs puggested.

In view of all thess conaldaratlons, wvnsaterated [low
Ceats wkix paffermed In axpaadlve clay soila af
cylindrlcal shapd and of aemi=infinlia extent under
tha tww abgve-mancloned Limiting conditiona, In
eddlclon to whe wessurenant st waTloum thme Lotervaks
aof the wetting Ercat advance snd Lhe nolature proflle,
the anount of apil swelling aloog both the radigl and
the anial divection mder the completaly voconfined
condition, msad the swelilng foree ganerated duclng
webting undar the completeiy conflned condition, have
also been measured. Finally, the mechanisns undera
Iylng the abaerved phenomena are sup.osted.

EXFERLMENTATLON

Two serlea of tescs were parformed, wlth the Eirst
serles under @ complerely unconfined condition while
the second one under a4 perfectly confined pne. In
wich aacles of teyta, wabér was allowsd to flow dnga
a semi-infinive cylindrical soll ssmple of dbieiaily
mliern water content throuth one of lre circulax
ands under rare hydrostatic head.

FPUTS{CAL FROPERTIES OF TESTING MATERIALS

The clay soil studiad was ® high swelling cne identi-
[ied 23 Ste Rosalie clay. In arder te wvary the
scblvity of the tcuting suples, the wosL convenien:s
way was to mix 1f with differsant propoxcions of ziass
beads, The physical propertles of the materlals uged
werg summarised im Table 1.

TABLE 1: PeY51CAL PROPERTIES OF MATERIALS USED
ical Propertles] Mlneral Content ( Speciffc | Liquid | Plastic Graln 5ize
Matarial Type - Gravlty Limdt Li=it Disceibuti-sn

I'nica, Chloriee, wich [

Sce Reaalie {lap |auphibole snd a small 2.70 a8 7 ;g'ﬂ. 4 .;g'g rm.
L amount of monteordilonite | T !

Glass Bead Xo. Q4 2,44 | *33-1 wit ameLer

e & L J——

C 4
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SAHELE PREFARAT I8

50, 75% and 1007 by weIpht of Sce Rosalle clay
posalog through a D075 me dlave were mixad
respectively whih 30T, 2% and 0% Ly woight of Ke.l4
glass beads inta a2 ~lurecy, with water centent just
above the rorrcsponding Ihypmld llmit. The slurrcy
whi de-alred wnder vasgum and that poured inte a
apllt lucice mowld of 13mm Enalde dipmerer, Constam
wapping of the lucite mould was maintuloed during
cthe pouting pracess !'moareder o rwmove trapped air,
The slurry was allowed to sat in the mould £o form a
201fd zample, whith wan taken out [vom the mould
afvar cne day's deyling and then wir-deied. To
accelerate soratian, meall holes wote drilled on tha
wall of the mguld, Leakage uf the slurry Lhraugh
these holes was prevented by . pating the !naide aof
the wall with nylon meash.

TEST FAOCREICKRES

In the twe seriea of Leaty, de-alred, diatilled
water was supplied Lhreugh & constant head device Lo
one ena] of the Jenple st fero cine, and was dain-
tained at rero hydrostatle bead throughout the test,
The advance of the wecting [ron: was recocrded at
different time incervala, and the eoiscurd profile
at ihe end :f vach test was Jdetermloed by allcing
_the savple into secilons ¢! I10ma thich, and then
flmding the water content of dach sectisn. All
seasuTementa worc mads At & Iaism lﬂmperat'u:e of

2+ 1%C.

TEST SEAIES 1 - The sec up of tha apparatus was as
shown In Fig. 1.

BIAL GAUGES

H{ MAT OTTE MEASUNING
Wt FLAsK RADIAL -
EXPANS 10N

1-LAY LUCLTE

TR LwG
S50TL SAMPLE

EFOXY <Edecr.
T TEIND BANE
FIG. | SET LP OF APPARATUS FCA TEST SERIES

ane end of rhe swaple war [lzat flaed o a patous
plate by weans of cpoxy wement, (b was [hen pus inbe
L cransparent luclte tybin;., and then supported
horizonbalkly dmside by naciow pleces of sponge which
was 50 500t Lthat bt Tesiotance o seil swelling wes
consldered Eo bo neyldisible.  The tetol amowunt of
axfal expanaian 4. well as the tadlal aspansinon at
points 10, 70 and Lafue, respectively from the water
oufern wore measured by mioan- of dial gauges, with
the apxzz of the gauges ocfenbol rwapectively along
tha anral and the radial dlrection, [n cegsuriag the
radial enpaniion, the dlal gauges, both the top and
the bottom ones, at distapces 'O and Ladmm from the
water spurce could nat be put incd centace <ith the
gall sampla belore che stact of the Lest as the axial
novesens of the sample would tend io dustroy the
orlgiral contact between the gauge and the szbl,

WONG sune YWDNG
{ThI% concart wat tined by dpony cemenc,) In wlew af
the ahave face 4nd else the fact that the subseguent
ovenent &f the partlan of scll behind vhe wetting
fromt was relativily amall, thoe dlal gavges a3z these
twe: podiflony weze {{ued 1o tha awll when the wobblng
Feenl waz ahgut LOnm dway [(com the posltlian cuncelncd.
For & cylindrleal sofl +umple Lhe radlal esxpansion ac
any palot was equal wo tha increase of disgmores ac
thal potnl sand was glven by the sum of the readings
reglavered by Ehe top and bottem dial gauges,

Tests wera porfovmed on che 50%, 75% and 1G0T, Sce
Rogalle clay samples, but molature proflles at varigus
time duratlons were only detecnined for the 5L
pamplez,

The water supply system was the Mariotte Flasw type
constunl head devica which comslated of esscobtjally
Iwc gepacdte ynita [onnected by @ three-way valwve,
which waa in [urn comidcted to the water suppiy Lloe.
A device Live thism ensbled a continuous supply of
water poasible, sveiding tho necessiey of steppin
che supply during the refilling proceaa,

TEST SEHIES L] - The sat up cf apparazus for thia
secles af teits wadr a3 shewn En Fig. (.

h.J
-  MaReTFRE | LUCITH RLate
LASK [ . BORCUS PLATE
Fuliay LIty SPLIT MCULD
CWALWE Sl BAMPLE
FTHMOS MRALS BOLTS —
1}1;:5.;1.]3!-:

MLET

HiEE L{GITE | PROVLNG
GLASE TUBING CLAMPS PLETON RING
FIG.2 SET L# OF APPARATUS FOR TEST SER1ES 11

Inltially, tho sample wes conflned In a [ocite rurang
by filling the apoce belwoen them with melicd parowasx.
Husewver, the ssnples prapared in thls wiv woce itill
rot pevleccly conflned &3 expansion alon: the axial
diraction and some alight enpansfion along Lhe radial
divectlon gtibl rooal place. Better confinement wa-
attalred in subzequant tests by confining the cample
in a cylindrieal lucite aplic —owld. The somple -
Eiragt cub by the lathe to & 31se hawirg the sane
disneter 13 tha roeernil digmerec of the split mould,
and wat then put dnte it with good corsact BeTwesn
tha agil aurfuce and the wall of tha splir —would
malontained by the wiae el Lheee hoge clanpz which al-a
secved [a prevent any lateral swelling of the zample
duilng webtbing. Thre Intter mechod woe adopted fo th
present fnvesktlgation. With the bmproved design,
further infocmat lon cor crning the swelling farce
gieaerared alang Lhe divecelon of flow can be chrained
by brimging the othie end of the eylindrical smpte
[nta contact, thoow:h a Ingite pfstan, with o proving
cing. Im Lhls cervy, the othet end of the proving ring
and altso thar of the soll sample bolder west be [lxed
(o an Lwdavabl: base for the woasuce=ent of che
swelllng fouru. (see Fig.2). In crder to teduce che
frictiamal fuere belwewn Lhe wall of the Jugizc . :_1d
and the scjil -anple, soame vaseline was put in befween,
ang ooy peactiatlon of the vaseline into the sample
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wan prevented by coaciag che a0ll ssnple firally wich
& Layer of liquid rubber.

Al tha ops o awelling force itasurtd in the presant
camd wal fig more than 0.18875¢" (20 psl), hence the
voluae change due Fe FRe amall compreasion of the
praving ring and 'he elasTic espanafon vl fhe lucife
sould will ba yguiive nagllglhle,  [* [oliowd tnat the
ample could b tamer 0s omplezoly confined along
all directlons,

Tests la Lhis seriss were concentrated on cthe J0% e
Biesalla clay samples. Thily was hecause tha tlme
sacessacy for one test in the 75T and 1000 samples

was sxtegmuly long. The watecr supply aystem was
slmllar te that of tedc gavies L. \

DISCHSS 10 OF TEST NESILTS AND POSSIBLE MECHAM|SMS
SWELLIWG 16 THE COMPLETELY UNCQNFINEN CASE

Taploying the Lest resulvs of radial expannion which
L5 & whasure of Lhe Jismtler Increate, & J-di=ension-
al plok is {ncroduced, uaing di:ugte from water
goarce {x), squate Toct of bime ("), and vadral
wiraln {«_}, wilch i3 equal Le tha radlad expansion
divided b% tha orlginal sample dignetar, as cha throc
axes, Frowm this plor, s surface will Be gencrated as
canl b2 fewa [rom Figa.da, b wnd ¢ Lor samples of W%, 1)
5% and LOO% Sie Rosalile cloy respesbively. Any
palnt on this surface will glee the radlal ytrain at
g cerimin distance [rom Che walter source snd at a
certala bine. This <11l ansble a more comprahensive
study of the swalllog problem posslble az at any Lime
{4 the correzsponding varlation of the radial straln
ﬂiﬂl distence [fom water source can be obialned ftam
the :ur!- g[ intersecrian al the surfaca with cthe
plane E™=1 . In thuJ}am way, the varlatich af the
Tadlal 1trlin with t° ok o cettain distance » From
ihe vutkr svurcc can alsg be obtained from cthé curye
ef intersectlon of the surfaca with the plane x=u,,
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A atyudy of Figs.Ja, b and c shows thatl ip che
uncontioed case, the ratw of swelllng at any point s /

quita fasL on [irst smiting, but diops off very -l L Pl i z
capidly wlth tlme. IE tum be aten Ehat Lhere exists o i & 13 16 20 E4
gome sort of expanentisl telatlonship betwwen Tadial DISTANCE FIOL WATER SOUNCE x om
sttaln aod squeta rook of tlme, Aowvever, LI such an
smpirical relationship should exiet, it owst satiafy
the following actuwal conditians)

RALIAL STRAIS

{(}) For twt., where T, is the tine requiced for Hel 004 STE 0IALIE
the uettlng Frone Bo arrive ot a cercain paint, CLat
. = 1)
12} For b= e -4 flajee quantizy

The first condition is obvicus sipce no swwlling can
oCcut at m point before wetting. The second one
implies thal the maximum gaoynt of swelling st any
piint has an wpper Limjt, which depeads wpon the

3081 aLlructure ax well a3 the testiog condltlona. Ok
| ]
It should al:c Bw noced that O(f o {5 to be cbtalnad
from e« mathomotical selutson, LR fer & cxrtaln -.Qj
valug of x and for £t 51 , the acrual conditlen of 4 o
atw & value will be aépmximnled by a mathamatlical i, 22
salurifn which glves Insignilicantly swmall e valucs., [
wWith the abave [wn accual condiclins in mind, the v e
following empirical eyuatlan )
- te PP YOI .
e =B expl-b? - tfll ) MO R T I T H

T iy | E X tm
fot time valocs LEE  agems bo be bhe moat TAIANCE FROX WATER SQURG

appropriate one. B and b in the above equeilon are Fid. 1 RADLAL STRALN SUAFACES




paremstery which depand om the type of soil, the
testing conditlons an weil an the dlatance Irem the
wALHr dcuTck, o gemnral the parmnectar b wlll
coRerol the magnitude of sawelilng. It cen ba acan
from whe abowve #q.{1) that =2

+
-
S ‘I. lr-tﬂ
[ e =+ B

-

[the syahol + mtand chat © mppramches ¢ fTom velues

Largay thmn tll !

Takitg the satursl logerithm of both eides of eg.il}

tog 4+ log B - bt - t?} (1)

Il tha above empirical reletionahlp la to hgld, ‘.
plotLing &f log 4 [or log Dtr} versum LF(e" » &3]
abuld give & ur:!aht Iiﬂ-*. By ploetting the tedt
vesulta of che varicus Lypes of samples In thlas way
st varlauns weloes of bt low. at varlous positions
aof chew g0} sampla} &a in Figa.4n, b and c, It cao ke
apen that btwo Intersectime stiaight Llnes arce
obtalped [natesd of only one. Thils stclking result
seggasta Lhet thacd mighe Bé two JlstIncl stages of
swalllimg, wach [ollowing the same Fotm of functiooal
relaclonakip, but wllth dlifevant B and b pacesatars,
4y the machanlamy invglwed in esch phase of sweiling
will ba differant.

Agcording £o Nercish (1954), swmlllng takes place In
Eva dlakinct ways, with crystallina swelling in the
ficec mcage, and camocle cwxlling in tha 3sacond ona.
Chang #and Warkentdn [(1%aa) clasalflied Lthese an
ftructural swell ond noroal swell, with some of che
peras wof fllled In the stage of stfuctursl fwell,
and tha seople fully smlureted in the stape of norasl
pwall. For compacced cley, swalllng vendency,
accarding to Secd, Mlzchall and Chan {1961}, may be
claspifind Inca cwo geners! categacies) physico-
chimical amd mechanlcal, The wechaniam pf mechanical
awelling concerning the Yending of ciay plates han
alpo bears proposed by Tezzaghl {1931). In the
grevant caso, as dha soil sumple la prepared by
dryimg, large caplllary force will be induced,
causing the bending of clay plater. These wiil
acralgheen agaln on the relessa of the caplllery
pressure duting the process af wereipg.

tw wiew of the above consideratlons, mechanlcal and
crystalline swalliog saem te be the domimatlng cne !o
the fITac staga while gomotic (or novmal} swelling

im the sacond one. 1 13 ohvlous that tha 4ividing
llna batwesn these Cwn gtages catnst be oo diitinct;
sone samotlc swelling wight have slready sterted in
the later part of the [lrat atage,

Furtker expecigentsl suppsIt for the abive [wo-sStage
swelling mechanism can be obtained by ploteing
volwnattle scTain {l.e. swelling per unlt gross scil
wolune} sgalnst volumerzlc water content as In Flg.5
far the varisus samples. The graph shous Lhat the
Inccwyse of volumetrfc scrafm will be approaimately
equnl Lo the corresponding incraase of volumetric
wWatdr content poly when the snount of sweliing has
axcerded ghour 407 of the total, Sincet the awunt of
vilume change will be equal to the amsumt of water
shsacbed in che case of osmetic swxlling, hence the
sbove Tesult Indicates that assocle swelllng wlll be
dozinatlog In the latez stage of the swelling process
&t g gerlain position i the sail semple during tha

wdvancw of the wctting frant.

X ﬁ:L} 5'?' B‘% Rolu-;i—ﬂu

™

Eud

4

'.lnsmlcuir

TIG.4  VARIATION OF LIEI'IY;I.I

a

Er\lITH'-

Z?L .
: 1008 stz

I
ROSALTE

50
YOLUKETRIL WATER CONVEN? ¢  ecfos
FI16.% VARIATION OF SWELLLNG WITH WATEA CONTENT




PWELLING DURING LKSATURATED FLOW

Compidaring in & mire guanticative mynner, the )
valys, which repressnts the tolsl amounc of radial
acralm at & ceTbaln polnk From the wabter fouruw
seould be evaluated praphlcslly fyom Figa.4a, b and «
et 2wz v of the bue stage swelling, thare will be Lwa

b vatues 1. e, l;:a;- 1 and !53!‘. ji. Th: total

amownt of radial stcalin |i.a, Ia:agi ' I“MﬁE 2}
Is given Dy the Lnturcept on the log e axiy of

tha amcond stralighe [ine branch af the lugwtr
b

varmus LA - IE] cutve Ln Flgm.%a, b and c.

I theary, the Letel swount of gwelllng for e given
tyge of so0ll should ba tha yeng everywhers when
dpprosches Iallnlty. As the tlma valos Llavolved in
thy preswnc boaca la moe sufflclently latga, Lt can
b axpected that the B value for e polnt further
sway (rom the water source will hawe & smaller walue
thpq thar of = nearar peiat, a3 cm ba szen fros
Figs.ba, b and ¢, Howaver, The cutves [0 vacious
points do show some genaral Leandency to convergd .ota
a slngle point on the lagwlr uxls. OfF coucae, o

#ore preclza valus con only be chtslned by tunning
thx tzst for an Intinitely jeong clme,

Furthatnere, by praducing the Eirab stroaighe line

branch boyond tha cutnlng polel, its inCercapt on

th l.ugme adkis should glve a vory rough eagimate
gf the amount of the Elrst stage awelllng {l.e.

l’t“! !]. Subtrarting thia [Tom the tobal awellicg

{l.x. the intercept of the second stralghr line

branch on the talluer axla, B the

b
stage | + !stage N
Amount of rwdiai strain dyelnd the secand stage (l.e,
[ b J can alav be very roughly eatlmated. Oving
i1 3arl¢un pocunts of gverlapplng of those fwn
ptages at yprlaum polnts, the axect B value for each
stage will Be extremely diEficult o determine,

Comparing tha vace of swelling ar \rar{i:lu! pnsitl{ms
afbec che elopan of the same value of (e - ¢}, it
can be seen that for polote further avay from the
water source, the trace of swailing becomes progress-
ively alower, This can ba wxpected because of the
decreasa of the rate of watclng front advarce, and
hemce the rate of watwsr supplied, The reca of
swalling ¢an mlag be compared iR a marg qoantltatlve
marnes by oessuring_the carrasponding b velues from
Figs.duw, » snd ¢ B b3 Just ihe slope g[ ;ha seralght
Line portinon of the logluﬂ vergus LA{E"~t7) curve
divided by log e, ¢ varles with the type of
3odl as well] .* the atage of svelling, However, owlng
ko the vedy mnplrical naturce of eg.(l}, Bo exact
phvsical slgniflcence can be attached ta this
paTamerer,

For the axjal expaniion data, as only the measuremenc
ef the cotsl sxlal expaniion over bthe whole welted
portion hay becen made {s#e Fig. b}, thatefore only the
avarage walye (2 _} gver this portion Le hnowa.
Accordingly, thil shauld be comparcd with the garres-
pondlng eversge cadial straln {e } owsr the canc
weteed porbion, The o valucs ab varlous stages of
witiing can be easiiy feeatned from Fl:.6 by dividing
che total aalal expansicon by the cocrexpondling length
of the wotted poritiom (L,e. the distance of che
wettlng front Ered the water sourcd}. Ad far the
coffasponding o valedd, this is equal la the ares
under tha 4 w£Tdus & cucve at o cercaln time € (when
eqe wetting front Ls ag N] divided by X. The e,
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versyus N curve Ly ghtainod frogm Figs,Ja, b and o by
iqtersecllng the tadia! strain surface with the
L” = constant plana. :

The ¢ wsnd ® velues at varipus stages of wecting are
sumatisad {8 Table 1I.

TAALE []

:a ANEH :r VALUES FOB VARLOUS STE ROSALLIE CLAY SAMPLES
Type of Wetking Front T, z T—;:: -
Semgie Advancur, ¥, om T a 1
0L Sea A6 L0158 L FO%AL .
fosalis LF.D L1599 00593 S
Clay 230 T R [ EL ER
7% Ste L2,k L0289 L DL3&0 l.ars-
Rojalle 14.8 L2208 L GLosd L.an-
Ciay zi.1 ML PE IR (N E ] Lo
LG, Ste 11.0 LO¥9L 02430 1.4,
Rasall. L3.1 L0384 D230 L.v.
Clay 18,5 TS R L.r

It should be ncted that for a_given spnple at oo ious
stages GF wetting, the ratla & /e ds practically
constant, but e i: considerably fazivr than woe o abe
lacter phmmngn weafy that the puiccntage of o 0
Ls Lar.cr along the gire-ti-a of watc: flo=. [
quite sxpoctable aecording to bthe poeviqus progo ..
mechaniamy sfnce the inigially bent . 1wy paccl i
will have a higher tenduency ta steal;biten along e
direction of water flow on wekcing.

SWELLESG FORCE LN THE COMPLETELY CORFLLFL CAsE

Lo Lo g pletey vonfoime) ~zpls R el L
imecgaoe ot sobl owolew coanmat o0 g, have
seelling, Fovoe decuoloped Jocdng the Tlew i
play o domleane rale. Fig.7 ows e wgrlaliovn ol o
the tlan of the ratal cwclling e devcboped ale,
the direciion of wai o Vlow,  Thi o Indi ates a tr:
rapid, but thea a cote cadeal 800 el w00 0 0,
The firct rapid dncieaw §- probably T
twelling forze developed Eroe the bydrciam f -

clay plates amd the exchangeable cutfon. (oo, ro
crystalline swelling proposed by Morci-h, l9ia),



tending to push the clay particles apart, ord alng
From the tendency of the clay plates to stralghten
[L.®. the mechanleal ewelling propesed by Terzaghi,
1911; and Seed et ai, 1961}, The subpegquent gradua.
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FiG.7 VARLATION OF SWELLIMG FORCE WITH TIMZ

incresse 13 probably due to the ELlLing of toe
caplllary pores, resultlng in a I:zndenc:,r i ocsmanollc
swalling. The above machanisms seam te Be Lhe wvalld
ones since ceystalline and nechanleal awelllng are
much faster than the filllog af the caplilary pores,
At the gamw timm, the pozsible remrrangement of the
soil particles sleng the dirgctlon of water Elow (e.g.
Midter and Low, L1963} will veeult Lln & decresase of
smlilng force in this directlon, and this can
furcher decreaze the rate of fncraate af che tetal
avelling [oree at large Lime values In the presant
La%4.

it [a alea worthwhlle to mention thak in the testing
of & shogter sample, the swelling force does show a
gradual decrease s [ew days after the whole length
of roll sample has bean wetted, Thia is very similat
to the agiog effect ag obzerved by Kaasiff and Raker
{19713, Howevrer, the amount of daia avallabic i not
shough to deaw any specific concluslon.

WETTING FRONT ADVANCE AWD SCIL HCISTUAE DISTRIBLTION
The importance of a kogwledge of the amount of
awelling and the awelling force as a resolt of
wattipg Lo Faumdarion design is abwloua. From the
previoys data, 1t can be seen thak both the totai
amgunt of swelllng and the swelllng force are
dependent upon Che length of the uetted portivn Li.é.
the poaltion of the wetting front), which, in turm,
is affected by the dagree of conilnement.

In addition, the mechanical properties of a given
type of soil alie depend om the water contant. Aa
only the weter centent in that portion of soil behind
the werting [ront 1 altersd, Lt 13 thereforge alsa
necezsary Lo study the corresponding water content
distribution at voarlous stage: of wettinmg.

Fig.d shows a comparison of the varietlon of the

wetting Eront advance wlth the square rook of Llme

under the twe Limiting testing condlelons. From the

figuee, it can be zeen that

[Ll} the wetting Eromt advance vEIsUg Square Toot
of time curves {i.e. X versus t* curyes) far
baeh tazes start te bend coptinuwausly downward
after a certain time interval, with the
completely confined case starting much earlier,

{1} fThe rate of werting front advance [s much
glower in rhe comaletely confined rase,

WONG v YONG

e y—=
] 1
24 = 1
L - Hiﬂ
| 20 ] I:

&

|

WETTING TRONT ALY

g 20 40 &d ?0 100 320
+¥ min
F15.4 WETTINC FRONT ADVANCE

Tha above phenomena can he explained as follows. As
the linear Telatlonship hetween wattlng freat adwance
and gquare taot of tlma is commonly used a3 a test of
the uniformicy of packlng of a non-sweliing medlum in
an unsaturated [low syatem [e.g. Nlelsen et al, 1943
Jackson et al, 1961, a daylagtion from this linear
relotionahip Implies therefore a non-uniform packing
In & non-swelling medlum. In the case of & swelling
medivm, thls deviastlon might lmpiy & aweiilng which
glves rlae to an extension of the diffuse double
tayer as well as 2 pore geometry change, as proposed
ty Rawling and Gardner {1963}, and Christenson and
Fergusom [ 19%u}, 1In general, Lf swaliilng reaultsaln
a Larger effective mean pore slze, fhe X versus t
curve will beand <ontlnwowsly upward; and if a

smal ler effective mean pore size resules, then the
revearse will happen. The change in cucvature of this
zurve will be centinuously aleng sither diveccion
slnce swelilng of & soil coallald is a time-dependent
phenomengn, ad recognised by many workers {e.:.
Neerlsh, 19534; Rowell, 1963), and a3 indlcated in the
pregent vest results {e.g. Figs.da, b and c, Fig.t and
Flg.?}.

Wlth the extension of the diffuse double layer, more
water molecules will te under the influence of the
¢lay platea pod the exchangeable catiensi. This waker
is called the adsorbed water which has, according to
Hemper {19u0), & vizcosity value higher than the
noraal water, oF accavding to Low (19%0l), Miller and
Low {1963), & quasi-coystalline structute. The
postulate by Yong and Warkentin {1906} that the
drlving favces of flow must exceed these lorova
Anlding water to the soll particlas, and ifhalb Lo
rid-plane potential bhetiween these two particles must
lr'e exceeded before iilquid tramifer ¢am occur Lx in
linr with ihat preoposed by Low {1981}, and that shown
raze: imentally by Miller and Low [L9u1). Alternative-
ly, Michael and Lin {1934}, and Eemper (1960} have
shown experlmentally that electro-dsmotic caunter Elow
witi! e pparating, anod thiz would naturally imcrease
=l the extenstsn of the diffwse double layar. As
tar pore geemetty change, o mechanism pf void plugping
resniting ETom parcicle movement has been proposcd Ly
I'ansks {1900} and Marein (1962),

Frur Lhe above considerations, it can be seen that a
cenlikagus reduckicn in the elfective mean pare =i
Wwill resudc §F the averall volume is te cemain the



FWELLMNG DURING UHNSA TLURATED FLOW

sema pa Ln vhe copplezely confined case because thr
comt lauoun fncresse of pemlling force will result in
a Mnervass of wid-plane potential, and Einally ao
squilvalent swaller effacclya mean pace sfze, For the
feex wwelling case, thla teduczjon will be Councac-
belanchd momewhat by tha increase of the pverald
veluma. Thla expleins gquite sablafactorfdy the
phenomenas (1) the starting gi the curvillnase
telatlonship betwwer X and t° at = muck later weape
In the coepletely weonfined 50T Sta Rosslle cley
waplie, md at an cavrlier sbage in Lhe complately
confined one, nd {I) tha farter rats of weeting
front sdvance in the coxeplecely unconfined cawe.

Tha eime dopendent nature of tha Juelling phenonena
wijl| atzo be reflecked Ln the shape of the molature
profiles 4t varlpus pltw durationa as shows Ie Pig.4.

S SUSRET |
DISTANCE PACL TafEd suuﬂct o
FIC. 5 SGL1. MALSTURE PRCFLLE

Bacuuae of the contifiueus swelling of the semie,

Mater content st any polat, on v voluzstrie basli,
might dwcrcase with Eime even though the mass of

wutvr per unit mass of woll lo tpermaning) In Lhe

FARE MATTET, Lhe wal#il concelt at = p&iht near Lhe
waler scucce might be [ower than thal az the poinc
further auay. In corder ko avzid the shove avkward
aleparlon, weter conlent on & Mass basia has been

vand here for cemperliom,

'i[l_

A can be expected, Flg.9 Indicates chare

(L] for appronimataly 1he zame tloe o wwtting and
at the same¢ distsnce from the wettlng sdurce,
the water content i the yoconflned cete L3
censlderably higher than that In the completely
conf lned casg; and

{2} the water conrent at any point Increases
cotLinuoubly with 1w, end the rate of jocrease
i% meh Laster Ln the uaconfined ciae.

Howgwer, for poartical conzideracions, the water

content digtribution dits oust be abla fo ke related
t¢ the corresponding suctiszs distributlon, In visw
of the difflcclidloy of measuring che soucelon profile

dizectly during tha watting of a saml-Infinite sample

puction teats have teen pecfocmed geapatately on smal.
ithlo sa-plesa, with the corresponding volume changs
alsa prazured in tha wnconfined cose, Fig.ld 13 a
J-dimeraional piet, ashowing the celmtionahip between
voluocbrle expanslon, weter contoht and suction, for
the unconfined cage fuaing che wetiing cycle, It
should be poted that in the prescnt fos€, there is
ne longer & unkgqua relayionshlp betwern water content
and suctlon for a given sadple £ven For bhe welting
cycla -lone. The volumetele vapenilon parameter musr
plsc be rakon (nto acccunk. L wrdoy that the
sucCiom=-waret coentert relaclonthip ay deteratned

from sucklon feats on small findte samplay to be

} i P

. EANFLE 3

Ll

SUCTICH

-2

.4
WATER CONT=NT BY REL[QHE

FIG. 10 VARIATION OF SUCTION WiTH WATER
CONTENT abu 50IL SWELLLNG

sppliceble to the seal-intlodte wample duvieg the
unpaturated Flow test, the voiwmetcle expanslon-
“ALRE Content relat{caphlp muyt he ldentical in hoth
Lypes of vests. From Fig.da and Takle IJ, the
volumctric aapsnsicn profdle can be obtalned fat q
wivan water content prafila. From these, the
vilumetric expatnslon-walef content relatioaship for
the wetting of & aeml-{Rlinice aample can be dediccd
and compared wlth tha corcwapondlog one foar the
sectlon test, ax ahown in Flg.l0. The pwo cucves
1iff#r considerably, andicating that the sucliom leor
tagulta a1e pot direccly applicable. The ahove
difference 1s probably due to the Jifference In

nature gf the flow procdss in Lhese 5o Lypes of tos's
In the wetting of a aesi-infimice somplé, the f.iow iy
alwaya ab & tTensient stata because the sanple 1y of
suml-infigite eatent as Car a3 bhe [low process is
conckrned. (0 the othor hand, the water contenr Ln a
wuc bion teést can be devarmined at & gtate of
vquilibrivee ab whileh no further [iow of waler wl:il
covur bececse of tha flndte thickarss of the sample.
Alag bearing im mind that suelllng is a clke-dependent
pracess, the shove Jeviatior L3 guite in |lume with the
srchenlas proposed so far, This diflféreRce In natare
¢f the flow preceas ILnm these Lwg typea of lests
certalnly «ill have simliar effects on the complerciy
gor{ined case, but only tg a different ewtent.
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FATER COMTENT BY YEILHE
Flo, 11
SUILTION TEST RESULTS (COMPLETELY CONFLINED CAZE)
Fiy. 1. dshows the relatlonshlp betwern suclion and
waber venfenl lor P cospletely cenl licd fas.e.
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In these resty, imall semples of flakte thickne.,.
ware ¢onfined by perowan on all atfdem except Lhe
contact planc «lth ENe pu¥ous plate,  Expdnailon
along the yoertical dicectbon wam further preveated
by adding doad welghts on the fup.  This mathod of
conflnement was Calcly succosnful for samples at
high suttlon valuas, Sgme voludetric expsnslion wWas
visible ip spite of the fart Lhat the mrownt of
dead welght was Inireased caetinusuaily. The auctiaon
data thus asbrained can sgaln only offer & rather
qualirative Indlcation of Lhe #ctval volue Lo the
amii-tofinite sample duzing waitlng,

CORCLYS | (S

It is obvious from the present Leskt results wm the
weibing af somi-Lnfinlte exparsive soll samploe
khaty

{1} uvhe vate of werting Sa affected conalderariv
the degree of conf Lnement,

(4] bath tha rcial amcuat of gwelling and the
magnitude of the swalllong foece developed
increase wlihh the bncreass of the Rength of the
wetied portian, which, 1n turn, ifcreaics witih
time,

(3) the race of swelling for & ghven dample 2 an:
peint i3 depandent upon the tloe of wertling as
well a3 the mulature cacdition &f che
neigkhbourlng peints, and

(4] whe svalling preflle ar sy inztantl assumes a
concave shape {i.¢. Lhe percanl awall decreases
rapidly wlth the incresse of distunce Erom
the wverting eaurce},

Furthermate, the suction waluen in o semi-icfinite

expansive sanple during weetlng cannot he deduced

indicectly from the conventional Labucatocy tedf oo

small samples of flaita thickneas as The flow

procedd in the former casw 1a elways &t & Eyaniient
slata, while the Lavtter will spprodach an squilibrium
state during the final stage.

These tasulvs are af preccical afgnificance for
loundation design in saganaive cluy soils as che
acchve layer of the foundation goll uzgslly con be
coniidered as of scndimfindte catent as far aw Lhe
wetLing proceéss {s concorned. At the sanc tina,
mormal practice for foundstton design on sach 30lls
iz to determine Lhe perientags *E wvertlcsl awsll
woder 3 certain vertiedl conlining atcess om a
saople of [inite thiowrz.y @ uken Trom vaficus Qapths
joside the sctlve 2266, U.ually, the ssrple Ly
spaked Fer o ol period of omly & Taw days; i
werticul gon::ning %trea~ i1 aqual to the correspond
ing owerhurden pressure; and the sz wple thickaess n
mosk cases varies [rom LE=30:0 Le.g. Holtd and
Gibkbs, [B50; Facry, 196o; alpan, L9357 wesslir,
Livneh and Wisvtan, 9693, The total espected swmels
13 then obt.ined by integrating Lbe parcent awell
phtained Fror rhe swelling feskbs wich dopth, A% fur
the relationahip Between sudllen snd wateRy cangeck,
this i~ usually determined separately on damples of
finite thicknuss by such methods ss suction plate,
pres<uis fwcbrane, Bte. [sui Utonep ot al, 1752,

All these tagether wleh the prusent testc tenulta

indicale ther toundatior doalgn on expenaive elay

soils waw Be Further :apeoved alpag the Lollnwing

lingsy

(1Y te perfwis cwelling test on w loogur sample
with rhe dndtial warer .ucdent disteibut lyn
sonal Lo Lthat in The ~ite,

WOMG 4wy Y OMG

W4 b owary rhe cateral confineament wocarding an
Ehe apprapiiate cendittaon an rhe wlie.

[3% to measuio dizec! |y, duvany the weltang wf o
gemi=lafinlie swmple, bhe corrgaponding savthiua
prof#le ar vAaTious tima intecvals,
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TMPEGANCE EFFECTS ON UNSATURATRD BLIMY
N A KONSWELLING 5011,

Hy Hongr-7as Wong' and Raymend &% Yono,? M. ASCH
INTHODUCTION

o laimratory studies of unsaturated Ilow in Soils, conbart Boiwery e ui-
satorated tesl apecimen and avallable water ia through a satarausl porous
plate (F1g. 1), klea) conditions are established when Lhe gorreaislay of the
porois plate 18 exicemely large in companson with the glleciive jermealnlly
of Lhe teal Apacimen, However, becavsd JpeCimen perreabillly [ seldam cs-
tabhjished g priori, Lhe permeab:!th of 1he p-uma plate, &, iz (requently near
to,eremalier than, that of the specimen, &, ln1t11rﬂ1‘ plaite ympedance
r.:-:mld arise which In o could produce annmaluua. tesl reauits,

The purpeae of this atidy istoprovide s mwans for predicting tha impedance
effect on infulration through capillaty MNow analysis, and to explain thersiy
ifrom laboralory leshing) the concavity obageved in the wetling front distanve
vo= e oplationshiy,

rHEORY

ta vosaturated (luid flow throwe'h ronswelliag solla, the movement of walcr
ls desceibad by an equation derived Irerm the Darcy equalion and Lhe equation
al conlinuily. Where the proper expenmental consirainls are applwd, o 18
secn lhat the reélationship Between v and /47 is linear; in which ¥ = wetting
[rom distance Trom porous plate: and | = tlme, With the {ntroduction of o
plata impadarca at the water inlel, problems arise as followy .

First, the plate iteel! is Just eguivalent to & [ayer ol onsaturated soil having
1 permeabillty valag different from that of the sample. Therefare, water wi:l
be Powing through a layered goil system, The thicker the plate, and the Towoer
1g permeability walue, the larger will be it effect on the fow, especinliy
during the nlllal singe,

Secondly, the amounl of lime ha! has elapsed before the plane v = O can
amain fall satoration will increase with the increasie In plate ympedamce, The
larger the time lag, the mare the Mow wi.l be affecied.

To account for the first effecl a ainple analysld 13 emplayed, using the
eqnatn:m which coverns the horizontal rapnlary Now In graputary sail as de-

“Note,—Thia pmn 1 Lperrd of the copy righted Jouenal i the S0l Mechambea and Frrun
dationa Divieton, Fo-eedioge of the Armerican Sockely of Cleld Eagineers, vol, M1, Na.
wMH, Aot LBTE, hla:-... e was submitted {oe cevbew for pessible publication a:
Fobrunry 22, 1972,

bl T Engrr., The Comentation Hesearsh Ceepany Lbniled, cticaormanseereh,
Yovia, England,

Zpvol,, Dopl, of Civ. Engrg. 2nd Applicd Mechanbes, MicGall Deiv,, Socte o), Loang
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rividd by Taylos (1), This equalicn is

1% A, + k!
- 0 L xl
Su 2 My P e e a e mE e e e e - L
mwhlck K, = capillaryperrmeability; v = poroslly af the sample s = capilacy
dogrer of saturalion; &t = eifaclive tapillary bead; &, = spplind Rydrostatic
hegd: and 1 IF measured foom the inle rface belween the porcys plats and e
doil sample, The use of the preceding equation ts a tow swelling £lay soil s
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justified betause Lhe average degree of agturdatlon 18 practically tine
independent,

Let the plalr bBave R thickness [, permeability K,, sand lhe same cross-
sectionalarea s that of the sample. Ab lime 7, he welling front has advaneced
a distance X, then the effective permeability X of the system will be given by

X + [ .
‘-L—:-:‘I_. ...................... T 4.
LI
F
and the &ffective hydraulic gradiant = rar e AR 1]

thwhlch & a by » @8,
Bubzlituilng Eqe. & and 1 inta Eq, L and solving the resultant ordinary dif -
lerential equation, subjecd Lo the initial condition, ! - v - [ gives

LEAY X iz N
= o F - < |
o [(fcp)*—r"n f] e I £
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The attple analysis shows that o Ky »» K00 4 g lnrge, the wrm 2LK, Ay
K.F wili be neglglle, @nd ¥ will thos wary hoearly wilh the square root of
hme,

T eaiamine e aecond effecy of plate i nipsdance (¢ ig assumed hal a toeme,
Af forthe plane 1 < 0t atlaln the saturated water content iz necded, During:
Wriz time Enterval &f , the water Content, 4, at the plane v = 0 increases linearly
with time, For cenvenlence the varahle # tu changed o B by putting @ = 471,
in which & = the voluneiric molsture contenl: and A, « the =toraled voly-

- ! _
meiric moistare content, Atanyume [ « Af Falx = Qi» ghven by [, #5707}

dr. At Umar = &f, Fata = 0 s glvenby ,f: {ograsl At = 1. A Al - 0O, 8w
A = A1), the Dirac furction.

Tiollowns that the initial and Loundzry conditions for the classleal diffeaion
equation:

a a 1w |
57 -E[DIH}E] N I3

shoald be tewritten 43

L« I 1 T N 1 -
gr.l‘
— LAY .
FEEA | TR TR '[1'”[5'5“‘;.' L | LEIE . ¥ B IR

mwahich Mi6 » AP @ ¢ Al
....... T 2

al ¢ ® Al

A5 the unsaturated permeatilicy snd thos, the rate of wetling front gdvance
will increase wilh Uw increase n water conterd at the plan:: v = O, the qurye
of & vergus F1E wil] therefore concave upward until f - ar, followingr which
1t should remain genaibly lineaz.

Tt van pe Gean thagretically Lhet the preceding two effecis tend to gwve W v
versues /1 cyrve m curvilinear porbon concaving upward at amall values o
time.

EXPERIMENTATION

The canence of Ut present sxperimentation consizled of 4 seviea of three
badic kinde of testa in which water was allowed to (low (nio & semlainfinile,
rylindrical, air-dried ol sample undar zero hydrosteils hezd, aod aubject
ta the niliml and boundacy couditlons aa given in Egs. § and 1o, In pach west,
the plate (mpedance waa viried while the mme type of 3000 shmple was used,

The parova plate used was 2 sand cemenl minture of L-3/8 (0. diam and
thickness 3.3 in. In arder o prepare porouy plates of various impedance, dif-
ferent propartions of samd, ceppent and waler were used, These were aie-
dried, znd then saturiled with de-afred and dlstilled water.

ANALYSIS

The typical expervimental tests shown in Fig. 2 using plates of vanous
inpodance values indicats Lt the o veraus (177 cupve {a inktlally enrvilinear,
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concaving upwarl at sniall time vatues. This i e geod agree ment with the
previgusly deyveloped theoretical constderatvong, A& comparison of permeabilily
values of e various porous plates with that of the Peerless clay shows {hat
the effeit of plate ympedance is quilte appreciable even for a pormeabelily
value of the plate of abgul the same azder of mapnitude as thal of the sarrated
clay, The results show thal wher Ue peemeat by value of the plate is about
104 times larper than that of the sample, 1t dwn becomes pecliginle apd the
X versed FUT cyrve will be a stranght hine passing tiroogh the ogin,

Furthcrmare, dic solidcurves in Fig. 2 reprofent the thearetical predicion
fram Eq. 4, using e vabigus ratlos of K /K, eiven, Thede are slightly abgve
the experimenlal points, with the excepllon of.l.es'l 1. Bedaring in mind that Eq,
4 only takes 1ne account the first cifect, the procedine prediction secied o be
in the rlpht arder.

1t 13 shown that on the olther baod, (rom o comparison of the aml mosturs
protiflcy an Fip. 3 that the present vanpee of plate impedance values has prac-
tically no cifect on the shape of the profiles.

CONCLUSIS

In the method developed Inr exawisation of plate tppedance #11ec14 an in-
friteation (nto nonswe lling 8oila, iy s shown that when K, K, he impedance
aeffect i9 negligible. However, when K, = N, inlﬁafcmavtly ig bwth pre-
dicted amt chwarved in the x - FH5E palationship, It is further shown from ex-
perimentatian that while plate ympidance effects are obwerved Ln Llime-rate
of inflitralion, the modsture profiles remain senaibly wpalfacted,

It Fallowe thal i order 1o obtain a reliable eatimate &f the rate of soil
welting In practice, elther & plate with prraneability value al legst 100 Himes
larger than Lhal of the sample should ba used, or the teshing Limes should be
incredsed g0 as to obtain (and clvde] & sulliciently larga linear porucn of
tha v = (M pelationship.
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