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SYNOPSI S The per f or mance of  ear t h dams i s l ar gel y  dependent  on t he t r ans i ent  moi s t ur e f l ow 
and t he r es ul t i ng por e pr essur e di s t r i but i on wi t hi n and under  t he embankment .  Thi s  paper  
desc r i bes  t he devel opment  of  a comput er  pr ogr am f or  c al c ul at i ng changes i n bot h pos i t i ve and 
negat i ve por e pr essur es  i n ear t h dams.  Thi s  met hod i nvol ves  t he sol ut i on of  t he s i mpl e 
t wo- di mens i onal  f l ow equat i on f or  i sot her mal  l i qui d phase t r ans f er  of  moi s t ur e i n sat ur at ed 
and par t i al l y  s at ur at ed soi l s.  The pr ogr am has been appl i ed t o t he c l ay  cor e of  t he Fl ag ­
s t af f  Gul l y  Dam,  Tasmani a,  i n whi ch pos i t i ve por e pr essur e r eadi ngs  have been obt ai ned f r om 
Casagr ande t ype pi ezomet er s ,  s i nce i t  was r ef i l l ed f ol l owi ng a c at as t r ophi c  pi pi ng f ai l ur e.
The agr eement  bet ween pr edi c t ed and obs er v ed pos i t i ve por e pr essur es  was  r emar k abl y  good.  
However ,  negat i ve por e pr essur es  meas ur ed i n t he l abor at or y  on sampl es  t aken f r om t he cor e 
wer e not  i n such good agr eement  wi t h t he pr edi c t ed val ues ,  but  di d show t he same r el at i ve 
t r ends .

I NTRODUCTI ON

Soi l  wat er  pot ent i al  or  por e pr essur e pl ays  
a ver y  i mpor t ant  r ol e i n gov er ni ng soi l  
engi neer i ng par amet er s  such as shear  s t r eng ­
t h,  vol ume change and def or mat i on modul i ,  
( Bi shop et  al .  I 960;  Donal d,  1964;  Bl i ght ,  
1965 and 1966;  Ri char ds ,  1968b) .  Cons equ ­
ent l y ,  as has al r eady  been demons t r at ed,  
t hese soi l  wat er  var i abl es  have a l ar ge i n ­
f l uence on s l ope s t abi l i t y  whi ch i s an 
i mpor t ant  c ons i der at i on i n ear t h dam des i gn 
( Bi shop,  1955) .  Fur t her mor e,  bot h chemi cal  
and phys i cal  er os i on or  pi pi ng ( Wood et  al ,  
1964;  Ai t chi son et  al .  1965) ,  wi t hi n t he 
embankment  i s dependent  on f l ow r at es  and 
t her ef or e t he pot ent i al  or  por e pr essur e 
di s t r i but i on wi t hi n and under  t he s t r uc t ur e.

I t  i s t her ef or e ev i dent  t hat  soi l  wat er  
pot ent i al s  and por e pr essur es  have a s i gni ­
f i cant  i nf l uence on t he per f or mance of  an 
ear t h dam at  al l  t i mes dur i ng i t s l i f e and 
must  be cons i der ed i n i t s des i gn.  Pos i t i ve 
por e pr essur es  at  any poi nt  i n t i me can be 
measur ed by pi ezomet r i c  i ns t r ument s  ( Casa-  
gr ande,  1949;  I ngl es  et  al .  1968)  and 
t echni ques  ar e now bec omi ng av ai l abl e f or  
t he meas ur ement  of  negat i ve por e pr essur es  
( Ri char ds,  1968a)  over  t he r ange nor mal l y  
obser ved i n pr ac t i ce.  However ,  por e pr es s ­
ur e pr edi c t i on i nt o t he f ut ur e l i f e of  t he 
dam has r ecei ved l i t t l e at t ent i on.

Pr esent  pr ac t i ce t ends  t o c ons i der  t wo 
cases onl y,  t he c ons t r uc t i on or  i ni t i al  por e 
pr essur e di s t r i but i on and t he f i nal  ul t i r r at e 
condi t i on,  bas ed on f l ow net  t echni ques  
( Casagr ande,  1937) .  The f or mer  i s ex t r eme ­
l y i mpor t ant  and f or ms t he i ni t i al  or  s t ar t ­
i ng cor dl t i oVi  f or  t he t r ans i ent  condi t i ons

cons i der ed i n t hi s paper .  However ,  t he 
pr edi c t i on of  t hese I ni t i al  por e pr essur es  
t hemsel ves  i s anot her  pr obl em and bey ond t he 
scope of  t hi s  paper .  The ul t i mat e c ondi ­
t i on i s al so i mpor t ant ,  but  i s of t en r eached 
i n t he cor es of  l ar ge dams onl y  af t er  many  
decades.  I n t he meant i me,  t he modes  of  
di s s i pat i on of  cons t r uc t i on por e pr essur es  
and t he devel opment  of  seepage f l ow c ondi ­
t i ons  ar e unknown.  I n addi t i on,  t he 
common t echni ques  of  c ons t r uc t i ng f l ow net s  
f or  t he ul t i mat e condi t i on ar e bas ed on 
assumpt i ons ,  whi c h ar e cor r ec t  onl y  f or  
coar se gr ai ned mat er i al s  I n whi c h t he so 
cal l ed " capi l l ar y  r i se"  i s i ns i gni f i cant  
r el at i ve t o t he di mens i ons  of  t he s t r uc t ur e.  
I n c l ay cor es  t hese assumpt i ons  ar e c om­
pl et el y  er r oneous ,  as 1 ) t he f l ow par a ­
met er s  ar e non- l i near ,  r es ul t i ng i n t he 
br eak down of  t he or t hogonal  Lapl ace condi t i on 
and 2 ) f l ow above t he s o- cal l ed " phr eat i c "  
l i ne i n t he par t i al l y - s at ur at ed r egi ons  i s 
ver y  s i gni f i cant .  Thi s  l at t er  c ondi t i on 
means t hat  t he " phr eat i c "  l i ne i s no l onger  
a f l ow l i ne,  and f l ow i n f act  can cr oss  t hi s  
i magi nar y  l i ne.  I t  al so means  t hat  t he 
ent r y  and ex i t  condi t i ons  ar e al so subj ec t  
t o modi f i cat i on.

Thi s  paper  desc r i bes  a t ec hni que whi ch en ­
abl es  t he t r ans i ent  f l ow condi t i ons  i n bot h 
t he s at ur at ed and par t i al l y  sat ur at ed r egi ons  
of  an ear t h dam t o be anal y s ed at  al l  t i mes  
i n t he l i f e of  t he dam f ol l owi ng t he es t ab ­
l i shment  of  t he i ni t i al  cons t r uc t i on por e 
pr essur es .  The r esul t s  of  t hi s  anal ys i s  
ar e t he subsequent  por e pr essur e di s t r i bu ­
t i ons  as a f unc t i on of  t i me,  whi ch can be 
used i n des i gn cons i der at i ons .
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THEORY

The t heor y  of  wat er  movement  and equi l i br i a 
I n soi l s  as I t  appl i es  t o soi l  engi neer i ng 
has al r eady  been des c r i bed i n det ai l  by  t he 
aut hor  ( Ri char ds,  1968c) ,  wi t h par t i c ul ar  
r ef er ence t o pavement s  and subgr ades .  I t  
I s t her ef or e suf f i c i ent  t o s t at e t hat ,  f or  
t he appl i c at i on cons i der ed her e,  I sot her mal  
condi t i ons  wi t h I ns i gni f i cant  sol ut e gr ad ­
i ent s  can be assumed.  As t he mai n concer n 
I s wi t h c l ay cor es  of  t he embankment  whose 
mat er i al  gener al l y  r emai ns  appr ox i mat el y  
por e space s at ur at ed t o negat i ve por e 
pr essur es  l ess t han - 100 k g. / c m2 ( - 1420 psl )  
( Hol mes,  1955) ,  moi s t ur e f l ow i n t he vapour  
phase need not  be cons i der ed.  I n any  case,  
I n ot her  mat er i al s  at  l ow suc t i ons  and 
under  t he boundar y  condi t i ons  appl i cabl e 
her e,  moi s t ur e f l ow i n t he vapour  phase wi l l  
be I ns i gni f i cant .  Ther ef or e,  I sot her mal  
f l ow i n t he l i qui d phase onl y  can be r epr e ­
sent ed mor e t han adequat el y  f or  t hi s  appl i ­
c at i on by an equat i on of  t he f or m

RICHARDS and CHAN

k 2 = mean per meabi l i t y  f or  u;  and us et c.  
h5 = suc t i on at  t he poi nt  cons i der ed 
Cg ■= | ^  at  t he poi nt  cons i der ed 
u ^ , u 2 , u 3 and u^  ar e suc t i ons  at  adj acent

3u = 3u
3F 70

u = 1
t = 1
e = 1
k( u) = I
z = 1

V ( k ( u) . V ( u + z) ) . .  . .  ( 1 )

t i me
vol umet r i c  wat er  cont ent  
per meabi l i t y  as a f unc t i on of  u 
hei ght  above dat um l evel  i . e.  
pot ent i al  <£ = u + z

Equat i on ( 1)  gi ves a mat hemat i c al  ex pr es s ­
i on of  wat er  f l ow i n soi l s  whi ch i s f ar  
mor e ac cur at e t han our  pr esent  phys i cal  
k nowl edge and under s t andi ng of  f l ow i n 
soi l s  and our  abi l i t y  t o measur e t he r el e ­
vant  f l ow par amet er s  and boundar y  c ondi ­
t i ons  i n pr ac t i ce.  Fur t her  j us t i f i c at i on 
f or  t he use of  t hi s  equat i on can be der i v ed 
f r om t he f act  t hat  t he appl i c at i on her e i s 
t o a r el at i v el y  s l owl y  c hangi ng sys t em 
compar ed wi t h t he r api dl y  c hangi ng sys t ems  
such as i r r i gat i on exper i ment s  c ons i der ed 
wi t h t he ai d of  t hi s  equat i on i n agr i cul t ur e 
( Phi l i p;  1957) .

Thus t he por e pr essur e di s t r i but i ons  I n t he 
embankment  can be anal ysed i n t er ms of  onl y
3 par amet er s ,  vi z.  por e pr essur e ( u) ,  k( u) ,

and ( =| ^ ( u) ) .  Nei t her  k( u)  nor  ar e

s i ngl e- v al ued f unc t i ons  of  por e pr essur e
( u) , aç t hey  al so depend on t he pr ev i ous  
s t r ess_and moi s t ur e hi s t or y  of  t he soi l .  
Consequent l y  t hese par amet er s  must  be det er ­
mi ned over  t he appr opr i at e s t r ess  and 
moi s t ur e pat hs  as wi l l  be appl i cabl e t o t he 
f i el d condi t i ons .

Equat i on ( 1)  can be sol ved s i mpl y  and r api d ­
l y wi t h a moder n hi gh speed di gi t al ,  c omput ­
er .  Ex pr es s i ng equat i on ( 1)  i n i t s t wo-  
di mens i onal  di f f er ence f or m

Au 5 = - [ 37J2 • CS[ k l ( Ui  + AÎ  -  us )  + k 2

î u2- u5 ) + k 3 ( u3- àl - us ) + ÏC4 ( U4- U5 ) ] . .

. . . .  (2)

poi nt s  of  t he mesh above,  r i ght ,  bel ow and 
l ef t  of  poi nt  5 r espec t i vel y .

Al t hough t hi s  equat i on appear s  t o be r at her  
appr ox i mat e,  i t  can be accur at e i f  t he 
s t abi l i t y  condi t i on i n equat i on ( 3)  i s ob ­
ser ved wher e

( 3)

Any er r or s  dev el oped by t he use of  equat i on 
( 2)  i n t he s t ep- wi se numer i cal  pr ocedur e 
bel ow wi l l  t end t o di mi ni sh and become i n ­
s i gni f i cant .  As

us,  (t + At ;  = u5j  t + Auj ( 4 )

wher e ug i t  and us t + Lt ar e suc t i ons  at  
poi nt  5 at  t i mes  t and t + At  r espec t i vel y  
and knowi ng t he val ues  of  u at  t  = 0,  s uc c ­
ess i ve val ues  of  u at  t  = At ,  2At ,  et c.  can 
be r eadi l y  cal cul at ed.

The maj or  l i mi t at i ons  i n appl y i ng equat i ons
( 2)  and ( 4)  t o ac t ual  engi neer i ng pr obl ems  
l i e i n t he accur acy  of  def i ni t i on of  t he f l ow 
par amet er s  u,  k( u)  and 3u ( u)  and t he bound ­
ar y condi t i ons .  50”

FLOW PARAMETERS

( a)  Por e Pr essur e ( u)

The i ni t i al  por e pr essur es  at  t he s i t e t o be 
anal ysed and t he r el evant  por e pr essur es  f or  
t he boundar y  condi t i ons  can now be r eadi l y  
meas ur ed bot h i n s i t u i n t he f i el d and i n t he 
l abor at or y  ( Ri char ds,  1968a) .

( b)  Per meabi l i t y  k( u)

The per meabi l i t y  of  sampl es  t aken f r om t he 
s i t e shoul d be det er mi ned as a f unc t i on of  u,  
us i ng t he pr essur e pl at e out f l ow t echni que 
f or  t he case of  negat i ve por e pr essur es  and 
t he c ons ol i dat i on t echni que f or  pos i t i ve por e 
pr essur es  i n c l ay mat er i al s  ( Ri char ds,  1965) .  
For  pos i t i ve por e pr essur es  i n mat er i al s  of  
l ow c l ay  cont ent ,  t he per meabi l i t y  i s best  
meas ur ed i n s t andar d t r ans mi ss i on t ype t est s.

For  t he pur poses  of  us i ng t hese per meabi l i t y  
f unc t i ons  i n t he c omput er  pr ogr am,  a mat h ­
emat i cal  ex pr ess i on of  t he f or m

k( u)  =
A+B. ( - u ) m+C( - u ) n

+E . .  •• ( 5)

wher e A,  B,  C,  D,  E,  m and n ar e cons t ant s ,  
i s usef ul  t o f i t  t he exper i ment al  cur ve as 
shown i n a t ypi cal  exampl e ( Fi gur e 1) .

Fi el d per meabi l i t y  may  al so be det er mi ned 
f r om f i el d por e pr essur e r eadi ngs  ( Ai t chi son 
et  al . ,  1965) ^  Equat i on ( 2)  can be r e ­
wr i t t en wi t h k 1 t o k 4 equal  t o k( us)  i n t he 
f or m
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PREDICTION OF PORE PRESSURES

Fi g. l .  Fl ow par amet er s

TTY n r ,________ 1
5 At . ¿5 ' ( ui +ug+Uj +u^ - Mus ) ' '

Cs can onl y  be det er mi ned I n t he l abor at or y  
at  pr esent .

Di f f er ences  bet ween t he l abor at or y  and f i el d 
per meabi l i t i es  ar e not  unusual ,  as l abor a ­
t or y  det er mi nat i ons  of  per meabi l i t y  ar e 
gener al l y  much l ower  t han t hose meas ur ed i n 
t he f i el d.  Because of  di s t ur banc e and 
st r ess  r el ease i n t he l abor at or y  sampl e and 
i t s r el at i v el y  smal l  s i ze,  i t  I s unl i kel y  
t o be r epr es ent at i v e of  t he soi l  i n s i t u.

The per meabi l i t y  f unc t i ons  of  t he t ype 
expr es s ed by  equat i on ( 5 ) ar e s i ngl e- v al ued 
and wi l l  undoubt edl y  be i n er r or  due t o t he 
ef f ec t s  of  pr ev i ous  moi s t ur e and s t r ess  hi s ­
t or y ,  as al r eady  di scussf ed.  Whet her  or  not  
t he er r or s  wi l l  be s i gni f i cant  and what  
ef f ec t  t hey  wi l l  have i s unknown at  t hi s  
st age.  However ,  i n many  engi neer i ng pr o ­
bl ems  t he pr of i l e under  or  i n t he s t r uc t ur e 
i s ei t her  s t eadi l y  wet t i ng up or  dr y i ng out .  
For  t hi s  condi t i on t he appr opr i at e s i ngl e ­
val ued f unc t i on ( i . e.  wet t i ng up or  dr y i ng 
out  f r om t he i ni t i al  condi t i on)  shoul d gi ve 
a s uf f i c i ent l y  c l ose appr ox i mat i on.

( c)  I nver se di f f er ent i al  wat er  c apac i t y

C5 =.  I t c i s al so det er mi ned dur i ng t he 
det er mi nat i on of  k( u)  us i ng t he pr essur e 
pl at e out f l ow t echni que.  I t  can be appr ox ­
i mat ed by an expr es s i on of  t he f or m

Cs = f £  = a + b ( —u ) p + c ( - u) q . .  . .  ( 7)

wher e a,  b,  c,  p and q ar e cons t ant s ,  f i t t ed 
t o t he dr y i ng cur ve as shown i n Fi gur e 1.

BOUNDARY CONDI TI ONS

( a)  Embankment  di mens i ons

The phy s i c al  di mens i ons  of  a t ypi cal  em­
bankment  f or  t he pur poses  of  t hi s  comput er  
pr ogr am ar e shown i n Fi gur e 2.  Thi s  c on ­
f i gur at i on cons i der s  up t o seven r egi ons  
each wi t h di f f er ent  mat er i al  pr oper t i es ,  
whi c h may  al so be ani sot r opi c  i f  nec es s ar y  
by  al l owi ng kj  and E3 t o be det er mi ned f r om 
k ( u )y  ver t i c al l y  and l eg and It4 f r om k ( u) ff 
hor i zont al l y .  The mes h s i ze,  A I ,  i s 
var i abl e,  dependi ng on t he di mens i ons  of  t he 
s t r uc t ur e and t he bas i c  t i me i nt er val  At  i s
1 week,  but  t hi s  can be c hanged i f  s t abi l i t y  
r equi r ement s  so di c t at e.

( b)  Embankment  sur f ace

The sur f ace i s def i ned as t hat  zone wi t hi n 
AZ/ 2 of  t he t r ue sur f ace,  ver t i cal l y  f or  a 
s l ope l ess t han or  equal  t o 45 or  hor i z ont ­
al l y  ot her wi se.  Thi s  ensur es  t hat  al l  mesh 
poi nt s  i ns i de t he sur f ace zone have f our  
ef f ec t i ve mesh poi nt s  sur r oundi ng t hem,  en ­
abl i ng equat i on ( 2 ) t o be empl oyed.

I n t he sur f ace zone,  t wo di s t i nc t  boundar y  
condi t i ons  occur ,  vi z.

1.  Sur f ace bel ow ei t her  ups t r eam or  down ­
s t r eam wat er  l evel s.  I n t hi s  case t he por e 
pr essur e U5 i s put  equal  t o t he hydr os t at i c  
pr essur e at  t hat  poi nt  over  t he t i me i nt er ­
val .  I t  shoul d be not ed t hat  t he c o- or d ­
i nat es  of  t he ups t r eam and downs t r eam wat er  
l evel s  ar e not  nec es s ar i l y  f i xed and can 
var y  as f unc t i ons  of  t i me,  t .

2.  Sur f ace above t he ups t r eam or  downs t r eam 
wat er  l evel s.  I n t hi s  case equat i on ( 2)  
can be r ewr i t t en,  as s umi ng a moi s t ur e l oss
or  gai n e8urface, nor mal  t o t he sur f ace,  e. g.  
f or  t he l ef t  hand boundar y ,  and t o a f i r s t  
appr ox i mat i on,

= ( A I ) 1 '^5'  ^e8urfaae +

H?2( U2- US) + k 3 ( u3+AZ- us) ] }  . . . . . . . . ( 8)

eeurface can r eadi l y  be cal cul at ed f r om t he 
di f f er ence bet ween év apot r ans pi r at i on and 
i nf i l t r at i on det er mi ned f r om met eor ol ogi cal  
dat a f or  t he si t e ( Ri char ds ,  1968c) .

( c)  Ot her  Boundar i es

I n al l  pr ac t i cal  appl i cat i ons ,  t he condi t i ons  
appl y i ng t o t hese boundar i es  ar e gener al l y  
known and can be adapt ed t o t hi s  anal ys i s .

COMPUTER PROGRAM

The pr ogr am was wr i t t en i n For t r an I I  f or  
t he CSI RCT CDC 3600 comput er .  The I ni t i al  
c ondi t i on can be set  up by a 53 by  97 ar r ay  
PWP( I , J ) ,  us i ng some r el evant  mat hemat i cal  
expr ess i on,  whi ch i s a f unc t i on of  pos i t i on.  
The pr ogr am t hen success i vel y  t r avel s  f r om 
poi nt  t o poi nt  f or  each t i me i nt er val ,  
cal c ul at i ng new val ues  of  hor i zont al  and 
ver t i c al  per meabi l i t i es  and t hen t he new 
por e pr essur e val ue.  For  t hi s  bas i c  t i me 
i nt er val  At  = 1 week,  t he r unni ng t i me f or  
an equi val ent  r eal  t i me of  10 year s  i s of  
t he or der  of  40 mi nut es .

APPLI CATI ON

Fl ags t af f  Gul l y  Dam,  a t own wat er  suppl y  
r es er voi r  of  50 mi l l i on gal l ons  near  t he 
eas t er n subur bs  of  Hobar t ,  Tasmani a,  i s a 
r ock f i l l  s t r uc t ur e wi t h c l ay  cor e,  hav i ng a 
max i mum hei ght  of  51 f t  and a cr est  l engt h 
of  600 f t .  I n Jul y  1963,  t hr ee weeks  af t er  
f i r s t  f i l l i ng,  t hi s  dam f ai l ed cat as t r ophi ­
cal l y ,  due t o a pi pi ng f ai l ur e whi c h i n ­
i t i at ed at  t he J unc t i on of  t he c l ay cor e and 
t he bedr ock.
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Fi g. 2.  Gener al  Geomet r i c  Repr es ent at i on Of  The Embankment  Used I n The Anal ys i s

Af t er  r ec ons t r uc t i on of  t he damaged por t i on S S
of  t he dam,  i t  was c ons i der ed wi se t o moni t or  
condi t i ons  i n t he c l ay cor e when t he dam was  
r ef i l l ed and br ought  I nt o ser v i ce.  Cons e ­
quent l y  el even Cas agr ande t ype pi ez omet er s  
wer e i ns t al l ed i n t he c l ay cor e at  t he c r oss -  
sec t i on of  max i mum hei ght  s uf f i c i ent l y  di s ­
t ant  f r om t he r ec ons t r uc t ed zone t o be f r ee 
f r om any i nt er ac t i on ( I ngl es et  a l . ,  1968) .
Pi ezomet er s  number ed 1 t o 6 wer e i ns t al l ed 
i n Jul y  1964,  and,  based on t he i nf or mat i on 
obt ai ned f r om t hese,  t hose number ed 7- 11 wer e 
i ns t al l ed i n Oc t ober  1967.  Det ai l s  of  t hese 
i ns t al l at i ons ,  obs er vat i ons  and met hods  of  
i nt er pr et at i on have been des c r i bed el sewher e 
( Ri char ds ,  1968c) ,  but  t hei r  pos i t i on i s 
c l ear l y  shown I n Fi gur e 4.

At  f r equent  I nt er val s  over  a f our  year  per i od 
meas ur ement s  have been t aken of  t he wat er  
l evel s  i n t he pi ez omet er  t ubes i ns t al l ed i n 
t he dam.  Af t er  any i ni t i al  equal i z at i on 
movement s  had set t l ed,  t hese obs er vat i ons  
wer e used as a di r ec t  measur e of  t he pos i t i ve 
por e wat er  pr es s ur e i n t he c l ay  cor e at  t he 
pos i t i on of  t he t i p and at  a par t i c ul ar  t i me.
Fi gur es  4 and 5 show t he v ar i at i ons  of  por e 
pr essur e dur i ng t hi s  t i me.

Undi s t ur bed soi l  sampl es  t aken f r om t he hol es  
made f or  t he I ns t al l at i on of  t he second set  
of  pi ez omet er s  wer e l abor at or y  t es t ed f or  
bul k  dens i t y ,  wat er  cont ent  and soi l  suct i on.
Bot h t he t ot al  and sol ut e suc t i ons  ( Ai t chi son 
et  al .  19 6 5) wer e det er mi ned by t he ps y c hr o-  
met r i c  t echni que ( Ri char ds ,  1968a)  and hence 
t he mat r i x  suc t i on or  por e pr essur e f ound by 
di f f er ence us i ng t he t ot al  suc t i on cor r ec t ed 
f or  over bur den pr essur e,  as s umi ng uni t y  f or  
t he por e pr essur e par amet er ,  5.  Bot h t he 
unc or r ec t ed t qt al  suc t i on and t he cal c ul at ed

Fi g . 3.  Cl ay  Cor e Of  Fl ags t af f  Gul l y  Dam

por e pr essur e ar e shown i n Fi gur es  6( a)  and 
6( b) .

When t hese r esul t s  ar e c ompar ed wi t h di r ec t  
por e pr essur e measur ement s ,  as i n Fi gur e 5 
( b) ,  good agr eement  i s seen f or  t he pos i t i on 

. of  t he " phr eat l c "  sur f ace on t he cent r el i ne 
of  t he dam ( Hol es 7,  8) .  On t he downs t r eam 
f ace of  t he c l ay  cor e ( Hol es 9,  10) ,  t he 
agr eement  was not  so good,  due poss i bl y  t o 
t he i nher ent  i naccur ac i es  i n t he cor r ec t i ons  
made f or  over bur den pr essur e and sol ut e 
suc t i on,  and t o uneven i nf i l t r at i on of  r ai n ­
f al l  at  t he downs t r eam f ace of  t he cor e.

I n or der  t o compl ement  t he f i el d and

358



PREDICTION OF PORE PRESSURES

25

30

3

g

10

HOLE 8

- -

HOLE 6

HOLE 3

- - - - - - - 1- - - » .  • ■ »T
A *

♦ -

• •
•

• »0 • • • *
*

A

• • » * .

HOLE

• • HÖLE 9 

7.•

H Ü ■1 .! ■ 1961
—1—1—1—1—LJ- J—1—1—J—1_

19m m V .  ' 1965.

Fi g. 4.  Pi ezomet r i c  Level  Obs er vat i ons

Fi g. 5 ( a)  I ni t i al  Compar i son

l abor at or y  obser vat i ons  i t  was dec i ded t o 

make a mat hemat i c al  anal ys i s  of  t he f l ow 

c ondi t i ons  us i ng t he met hod of  anal ys i s  

des c r i bed bef or ehand.  The I ni t i al  por e 
pr essur es  shown i n Fi gur e 5( a)  wer e set  up 

by a mat hemat i c al  f or mul at i on t o gi ve a 

r eas onabl e f i t  wi t h t he obs er v ed dat a.  

Al t hough t hi s  f or mul at i on was onl y  empi r i ­
cal ,  i t  was equi val ent  t o ass umi ng an 
i ni t i al  c ompac t i on por e pr essur e of  - 2. 85 

Kg. / c m2 ( - 40. 5 p. s . i . ) ,  B equal  t o uni t y  
and a hei ght  of  ov er bur den and wat er  appr ox ­
i mat el y  equal  t o t he ac t ual  hei ght s .  I m­
pr ov ed s t r ess  di s t r i but i on anal yses  appl i ed 

t o t hi s  pr obl em woul d t her ef or e be a nec es s ­
ar y pr er equi s i t e f or  det er mi ni ng t he i ni t i al  

c ondi t i ons  i n any  anal ys i s  of  t hi s  t ype pr i ­
or  t o commencement  of  cons t r uc t i on.

The geomet r i c  r epr es ent at i on of  t he pr obl em 

i s shown i n Fi gur e 3-  I n t hi s  case,  t he 

c l ay cor e onl y  was anal ysed,  as s umi ng t hat

| PIEZOMETER HOLES ( WET)

¡PIEZOMETER HOLES (DRY)

Fi g. 5( b)  Mi d- 1967 Compar i son

t he s l ope and f i l t er  mat er i al s  wer e i nf i n ­
i t el y  mor e per meabl e t han t he cor e,  i . e.  
t he ups t r eam and downs t r eam wat er  l evel s  

wer e r api dl y  es t abl i s hed agai ns t  t he f aces 

df  t he cor e.  The base of  t he cor e was al so 

t aken as t he l ower  boundar y  of  t he mesh net ­
wor k  at  whi ch t wo boundar y  condi t i ons  wer e 

assumed,  vi z.

1.  t he f oundat i on mat er i al  was i mper v i ous ,  

al l owi ng no f l ow acr oss  t hi s  boundar y ;

2.  t he f oundat i on mat er i al  was  ex t r emel y  

per v i ous  wi t h a t r apez oi dal  or  l i near  por e 
pr essur e di s t r i but i on on t he base of  t he cor e.

Al t er nat i ve es t i mat es  of  t he per meabi l i t y  at  

appr ox i mat el y  zer o por e pr essur e wer e ob ­
t ai ned f r om f our  di f f er ent  t ypes  of  meas ur e ­
ment  and t oget her  wi t h t he f i nal  adopt ed 
f i gur e ar e s ummar i zed i n Tabl e I .
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| PIEZOMETER HOLES (WET) 

|] PIEZOMETER HOLES (DRY)

Pi g. 5( c )  J anuar y  1968 Compar i son

| PIEZOMETER HOLES (WET) 

Q PIEZOMETER HOLES (DOT)

Fi g. 5( d)  Dec ember  1971 Compar i s on

PRESSURE (psi) SUCTION (psi)

w ( %)

Fi g. 6( a)  Ver t i cal  Pr of i l e at  Cent r el i ne

Per meabi l i t y  Val ues  Tabl e I

PRESSURE (psi) SUCTION (psi)

wCA>)

Fi g. 6( b)  Sl opi ng Pr of i l e t hr ough Cent r el i ne

Met hod Per meabi l i t y  ( cm. / sec. )

Labor at or y  per meabi l i t y  t est  

Fi el d i nf i l t r at i on 

I ni t i al  pi ez omet er  r esponse 

Pi ezomet er  r ecover y  r esponse 

Comput er  anal ys i s

3 x 10- 7 t o 3 x 10- b 

1 x 10- 4 t o 1 x 10" 6 

1 x 10- 7 t o 5 x 10" 8

1 x 10~6

2 x 10" 6

3 6 0
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These val ues  show c ons i der abl e v ar i at i on 
and as a s t ar t i ng poi nt ,  a val ue of  1 x 10 
_* cm. / sec.  was as s umed and t he f ul l  k( u)  
f unc t i on was chosen bas ed on exper i enc e wi t h 
a s i mi l ar  c l ay  f r om t he Hor s ham ar ea,  Vi c ­
t or i a ( Ri char ds,  1965) -  The f i nal  k( u)  and 
j g-  f unc t i ons  adopt ed ar e shown i n Fi gur e 1.

RESULTS

The as s umpt i on of  an i mper v i ous  f oundat i on 
was f i r s t  used,  as t hi s  supposedl y  was  t he 
des i gn c r i t er i a used i n t he des i gn of  t he 
dam.  The r esul t s  obt ai ned sugges t ed a 
r easonabl e agr eement  ups t r eam,  but  poor  
agr eement  downs t r eam.  Due t o t hi s  r esul t ,  
t he f act  t hat  t he dam cor e had f ai l ed i n 
pi pi ng at  t he Junc t i on of  t he cor e and t he 
f i s sur ed bedr oc k  and t he s i gni f i cant  seepage 
and r i se i n wat er  t abl e downs t r eam of  t he 
dam,  t he second ass umpt i on of  t r apezoi dal  
por e pr essur e di s t r i but i on on t he base of  
t he cor e was t r i ed.  Thi s  gave r emar kabl y  
good agr eement  ( wi t hi n a f ew f eet  head of  
wat er )  bet ween t he cal cul at ed and obser ved 
por e pr essur es  at  al l  poi nt s  i n t he cor e 
over  t he per i od of  obser vat i ons .  However ,  
t he r esul t s  f r om pi ezomet er  No. 5.  do 
sugges t  t hat  t hi s  ass umpt i on coul d have 
been even f ur t her  i mpr oved i f  necessar y .

Fur t her mor e,  t he obser ved r at es  of  change 
of  t he por e pr essur es  as shown i n Fi gur e 4 
wer e mat c hed wi t h t he cal cul at ed val ues.
The par amet er s  best  f i t t i ng t he obs er v ed 
dat a wer e obt ai ned by t r i al  and er r or  and 
ar e shown i n Fi gur e 1,  gi v i ng t he val ue of  
k( u)  at  zer o por e pr essur e of  2 x 10- 6 cm. /  
sec.  i n Tabl e I .  Thi s  was compat i bl e wi t h 
t he val ues  det er mi ned by t he ot her  met hods .

The r esul t s  of  t he f i nal  anal ys i s  us i ng 
t he par amet er s  i n Fi gur e 1 and t he l at t er  
boundar y  c ondi t i on at  t he base of  t he cor e,  
ar e s ummar i zed i n Fi gur es  4 and 5-  These 
f i gur es  i ndi cat e t he excel l ent  agr eement  
t hat  i s poss i bl e us i ng t hi s  met hod of  
anal ys i s  wi t h sui t abl e f l ow par amet er s  and 
boundar y  condi t i ons ,  but  i t  must  be r ea ­
l i zed t hat  such good agr eement  woul d not  be 
poss i bl e wi t hout  t he knowl edge of  t he per ­
f or mance of  t he dam,  as i n t hi s  case.  
Consequent l y ,  i t  i s not  so much t he mat he ­
mat i cal  anal ys i s ,  but  t he under s t andi ng and 
meas ur ement  of  t he f l ow par amet er s  and 
boundar y  condi t i ons ,  whi c h r equi r e f ur t her  
devel opment .  However ,  t hi s  i s not  t o 
sugges t  t hat  usef ul  i nf or mat i on of  f l ow 
condi t i ons  i n ear t h dams cannot  be obt ai ned 
at  t hi s  t i me wi t h our  pr esent  l evel  of  
under s t andi ng of  t hi s  pr obl em.

CONCLUSI ONS

The met hod des c r i bed i n t hi s  paper  f or  t he 
mat hemat i cal  anal ys i s  of  moi s t ur e f l ow c on ­
di t i ons  i n ear t h dams does pr ov i de a pr ac t i ­
cal  met hod f or  t he pr edi c t i on of  f ut ur e por e 
pr essur e di s t r i but i ons  i n t hese s t r uc t ur es .  
When t es t ed agai ns t  t he obser ved condi t i ons  
i n t he Fl ags t af f  Gul l y  Dam i t  was shown t o

be capabl e of  gi v i ng excel l ent  r esul t s .  
However ,  i t s usef ul ness  i n t he des i gn of  
ear t h dams i n gener al  wi l l  be l i mi t ed by our  
under s t andi ng of  t he r el evant  f l ow par amet er s  
and boundar y  condi t i ons.

The r esul t s  of  anal yses  of  r eal  pr ac t i cal  
pr obl ems  do sugges t  t ha t :

1.  The di s s i pat i on of  I ni t i al  cons t r uc t i on 
por e pr essur es  and t he es t abl i shment  of  
seepage f l ow i s ex t r emel y  s l ow i n c l ay  cor es.

2.  The t r ans i ent  f l ow pat t er ns  bear  no 
r el at i on t o t he ul t i mat e f l ow pat t er n det er ­
mi ned by convent i onal  f l ow net s.

3.  The ul t i mat e f l ow pat t er n i s not  nec es s ­
ar i l y  t hat  pr edi c t ed by conv ent i onal  f l ow 
net s,  par t i cul ar l y  i n r espec t  t o t he s i gni ­
f i cant  f l ow poss i bl e i n t he r egi on of  nega ­
t i ve por e pr essur es .
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