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ABSTRACT

Eubankment schemes are often built to contain river flooding on alluvial
f lood plains. These f lood plains invariably contain permeable f luvial
deposits and an interaction betneen the river flood and the groundwater
system may reault in high groundwater preaeures evolving inside the area
protected by an embankment. This nay result in either seepage of water to
the ground surface cauaing flooding or instability of the ground due to high
porewater pressures.

The purpoee of this study hae been to investigate this phenomenon and to
eranine ways in which the reaction of the groundnater eystem to en imposed
river flood, contained behind an embankmeot, uay be predicted.

Thie report deecribes the problem in teros of conceptual, mathematical and
numerical modelg. A sinple numerical model hae beea used to conduct
sensitivity aoalysea on parameters that govern the grouadwater flow. A
sinple fornula is preeeated shich '"ay be used to obtain a firet estioate of
the severity of the probleu from the aquifer properties. The importanee of
varioug aspects of the groundwater aysten under consideration are
d igcuseed.
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I

1 . 1

L . 2

INTRODUCTION

The problem

Tackl ing the

problear

F lood  a l l ev ia t i on  schemes  o f t eo  i nco rpo ra te  ea r th

embankments to protect  pr ime agr icu l tura l  or  developed

a reas  o f  t he  f l ood  p la in .  The  embankmen ts  t hemse lves ,

i f  su i t ab l y  cons t ruc ted ,  a re  re la t i ve l y  impermeab le

but  the ground beneath them may be permeable.  River

f lood p la ins are commonly bui l t  up of  permeable

f l uv ia l  sands  and  g rave l s  ove r l a i n  by  l ess  pe rmeab le

a l l u v i a l  s i l t s  a n d  c l a y s .

As  a  resu l t ,  s i gn i f i can t  g roundna te r  f l on  can  take

place through Ehe soi l  once a h igh head of  water  is

mainta ined in the channel  between the ar t i f ic ia l  banks

of  a f lood a l lev iat ion scheme. Such a head of  nater

wi l l  increase groundwater  pressures which may be

transferred through the permeable st rata,  forc ing

groundwater  to the sur face and f looding the land

ins ide the embankment .  This  may be regarded as a

part ia l  fa i lure of  the embankment  scheme even though

overtopping has not  occurred.

The hydraul ics of  such a systeo need to be considered

dur ing the design of  f lood embankment  schemes in order

to  i den t i f y  a reas  a t  r i s k  and  to  assess  the  t rue

degree of  f lood protect ion provided.

In order  to prov ide a v iew of  the problem and to

quan t i f y  an t i c i pa ted  e f f ec t s ,  ma themat i ca l  node l l i ng

techniques may be used.  By us ing mathemat ica l  methods

to  mode l  a  known  sys tem unde r  f l ood  cond i t i ons ,  a

des ign  eng inee r  may  assess  Ehe  po tea t i a l  f o r

groundwat.er  to  shor t . -c i rcu i t  an embankment  scheme. A

p red i c t i on  o f  t he  behav iou r  o f  t he  g roundwa te r  sys tem

to  chosen  f l ood  even ts  can  enab le  an  i den t i f i ca t i on  t o



be  made  o f  pa r t i cu la r  a reas  a t  r i s k  and  p rov ide  a

rea l i s t i c  de te rm ina t i on  o f  t he  deg ree  o f  p ro tec t i on

provided by a proposed scheme.

The  f i r sE  s tep  i n  t h i s  p rocedu re  i s  t o  co l l ec t  and

ana l yse  da ta  on  the  phys i ca l  and  hyd rau l i c

cha rac te r i s t i cs  o f  t he  hyd rogeo log i ca l  sys tem unde r

i nves t i ga t i on .  Th i s  i s  ach ieved  by  ca r r y i ng  ou t  a

f i e l d  i nves t i ga t i on  wh i ch  i nc ludes  the  d r i l l i ng  o f

bo reho les  t o  i den t i f y  sub -so i I  ho r i zons ,  pump ing  ces rs

to  de te rm ine  the  hyd rau l i c  p rope r t i es  o f  t he  sub -so i1s

and p iezometr ic  moni tor ing to s tudy the nature of  the

groundwater  regime.

The next  s tep is  to  form a conceptual  oodel  of  the

sys tem by  i n te rp re ta t i on  o f  t he  f i e l d  da ta .  He re ,  t he

engineer must  gain an understanding of  the physical

processes governing the groundwater  f low in the system

under invest igat ion in  order  to appreciate which

s iup l i f y i ng  assnmpt . i ons  a re  reasonab le .  By  app l y i ng

s inp l i f y i ng  assumpt ions ,  such  as  pu re l y  ho r i zon ta l

f l o w  i n  t h e  a q u i f e r ,  i t  i s  p o s s i b l e  t o  r e s o l v e  a

complex 3-d imensional  problem to a s impler  2 or

1 -d imens iona l  p rob lem.

Once th is  has been done,  the model  can be formulaEed

in  ma themat i ca l  t e rms .  The  pa r t i a l  d i f f e ren t i a l

equat ions governing groundwater  behaviour  may be

wr i t ten in  terms of  the parameters measured dur ing the

si te invest igat ion and set  for  g iven boundary

cond i t i ons .  The  p rob lem we  a re  noe r  f aced  w i th  i s  t he

so lu t i on  o f  t he  pa r t i a l  d i f f e ren t i a l  equa t i ons  unde r

t rans ien t  f l ow  w i th  a  t ime -va r i an t  bounda ry  cond i t i on .

In other  words,  we wish to model  the groundwater

reac t i on  ove r  a  t ime  pe r i od  du r i ng  wh i ch  the  r i ve r

l eve l  ac t s  i n  a  spec i f i ed  manner .



t .3  Work  car r ied  ou t

by  l lR ,  1987-88

The  mos t  su i t ab le  me thod  o f  so l v i ng  th i s  ma themat i ca l

p rob lem i s  by  us ing  an  app rox ima te  numer i ca l  me thod ,

ca r r y i ng  ou t  l eng thy  and  repe t i t i ve  compu ta t i ons  on  a

d ig i t a l  compu te r .  Th i s  me thod  can  a l l ow  a  rev iew  o f

t he  p red i c ted  g round l ra te r  s i t ua t i on  a t  spec i f i ed  t i u re

pe r i ods  du r i ng  a  pa r t i cu la r  f l ood  even t  s imu la t i on .

The  pu rpose  o f  t h i s  s tudy  has  been  to  f o l l ow  th rough

the procedure of  set t ing up numer ical  models of

t yp i ca l ,  bu t  hypo the t i ca l ,  f l ood  embankmen t

s i t ua t i ons .  Th i s  has  se rved  to  i den t i f y  po ten t i a l

obs tac les  t o  t he  app l i ca t i on  o f  t he  t echn ique ,  t o  t he

part icu lar  problem of  groundlrater  f low beneath f lood

embankments.  I t  has h ighl ighted areas in  which a

choice of  conceptual  model  may lead to very d i f ferent

resul ts  and has provided informat ion on the

sens i t i v i t y  o f  a  mode l  t o  t he  i npu t  da ta .

Sect ion 2 of  th is  repor t  descr ibes three conceptual

uodels,  the unconf ined,  conf ined and semi-conf ined

aqu i f e r  mode ls .  The  equa t i ons  gove rn ing  the

g roundwa te r  f l ow  a re  p resen ted  i n  Sec t i on  3 .

Numer ical  methods are in t roduced in Sect ion 4 but  in

the  b r i e fes t  o f  de ta i l .  The  i n te res ted  reade r  shou ld

refer  to  the references c i ted for  fur ther  in format ion.

Sec t i on  5  desc r i bes  the  l - d i nens ioaa l  exp l i c i r  f i n i t e

d i f f e rence  mode l  cons t ruc ted  a t  t lR .  The  sens i t i v i t y

analyses carr ied out  vr i th  the HR FLOODPLAIN model  are

desc r i bed  and  d i scussed  i n  Sec t i on  6 .  The  conc lus ions

and recommendat ions of  the study are cont .a ined in

Sec t i ons  7  and  8  o f  t he  repo r t  r espec t i ve l y .

The  mode ls  wh i ch  a re  env i saged  he re  cons i s t  o f  an

aqu i f e r  o f  known  th i ckness ,  wh i ch  n ray  va ry  ac ross  t he

CSICEPTUAL UCI)ELS



s i t e ,  and  kno r^ rn  hyd rau l i c  conduc t i v i t y  and  s to rage

capac i t y  wh i ch  i s  i n te rcep ted  by  a  r i ve r  channe l .  The

aqui fer  may be capped by an overburden of  considerably

lower permeabi l i ty  than the aqui fer .  F igure 1 shows a

c ross -sec t i on  ske tch  o f  such  a  f l oodp la in  sys rem

where a development  is  protected f rom over land

f looding by an embankment .

The  g roundwa te r  f l ows  a re  i n i t i a l l y  i n  a  s teady -s ta te

cond i t i on ,  usua l l y  w i t h  a  ne t  f l ow  o f  wa te r  t o  t he

r i ve r  wh i ch  ac t s  t o  d ra in  t he  f l oodp la in  (F igu re  1a ) .

With the onset  of  a f  lood event ,  the \^rater  1eve1 in

the r iver  r ises and creates a hydraul ic  head

di f ference wi th the groundwater  in  the adjacent  so i l .

This  reverses the d i rect ion of  groundwater  f low and

the r iver  acts to recharge the aqui fer  (F igure 1-b) .

In  hydrological  terms,  the r iver  changes f rom an

ef f luent  to  an in f luent  nature.  The p iezometr ic

response and resul t ing f low of  groundsrater  wi th in the

aqui fer  due to th is  head d i f ference depends upon the

transmiss iv i ty  of  the aqui fer ,  which is  the product  of

the hydraul ic  conduct iv i ty  of  the aqui fer  and the

saturated th ickness and a lso upon the degree of

storage of  water  that  can occur  wi th in the aqui fer .

The head of water in the river rises above ground

1eve1 and is prevented from innundating the ground

above the aquifer by a flood embankment, so a high

head d i f ference is  mainta ined.  When the r iver  level

recedes,  the excess groundwater  heads d iss ipate and

the groundwater  dra ins back toward the r iver

( F i g u r e  1 c ) .

There are three basic  models that  the engineer may

w ish  to  cons ide r :  uncon f i ned ,  con f i ned  and

semi -con f i ned  aqu i f e r s ,  depend ing  upon  the  deg ree  o f

in f luence of  the a l luv ia l  overburden.  The unconf ined

aqui fer  is  one above which the overburden is  e i ther

no t  p resen t  o r  has  neg l i g i b l e  e f f ec t  and  so  does  no t



2 .L  The  uncon f i ned

aqu i f e r

The conf ined

a q u i f e r

res t . r i c t  t he  f l ow  f rom the  aqu i f e r .  I n  t he  con f i ned

case ,  t he  ove rbu rden  i s  cons ide red  to  be  to ta l l y

impermeab l  e  and  so  h igh  g roundwa te r  p ressu res  w i th in

the  aqu i f e r  do  no t  resu l t  i n  a  f l ow  o f  wa te r  t h rough

the overburden Eo the sur face,  though for  th is

s i t u a t i o n ,  o t h e r  d a n g e r s  e x i s t  ( S e c t i o n  2 . 2 ) .  T h e

unconf ined and conf ined model  s  are the t rdo extremes

when consider ing the ef fect  of  the overburden.  The

mos t  l i ke l y  s i t ua t i on  Co  occu r  na tu ra l l y ,  howeve r ,  i s

that  of  a low permeabi l i ty  (but  not  inperneable)

overburden which semi-conf ines the aqui fer  but  may

a l so  a l l ow  seepage  to  t he  g round  su r face .

In  t he  case  o f  t he  uncon f i ned  (ph reac i c )  aqu i f e r ,  t he

wa te r  t ab le  (ph rea t i c  1eve l )  i s  a  re f l ec t i on  o f  t he

hyd rau l i c  head  i n  t he  aqu i f e r .  I f  a  vo luae  o f  wa te r

is  added to a f in i te  unconf ined system, the water

tab le  r i ses  i n  acco rdance  w i th  t he  amoun t  o f  f i l l ab le

po re  space  o r  s to rage  coe f f i c i en t  o f  t he  aqu i f e r .

Th i s  s to rage  coe f f i c i en t  i s  t e rmed  the  spec i f i c  y i e l d

and is  def ined as the d i f ference between the porosicy

o f  t he  so i l  and  the  spec i f i c  r e ten t i on ;  t he  spec i f i c

retent ion being the background moisture content  of  the

unsaturated soi l  due to nater  that  does not  dra in out

under the in f luence of  grav i ty  a lone.  In  an

unconso l i da ted  g ranu la r  so i l ,  t he  spec i f i c  y i e l d  uay

be  i n  t he  reg ion  o f  0 .2  -  0 .4 .

As  the re  i s  no  res t r i c t i ng  l aye r  i n  an  uncon f i ned

aqu i f e r ,  i f  a  hyd rau l i c  head  above  g round  l eve l  i s

p red i c ted r  ex f i l t r a t i oo  o f  ! i l a te r  t o  t he  su r face  i s

i m p l i e d  r e s u l t i n g  i n  s u r f a c e  f l o o d i n g .  T h i s  i s

c o n s i d e r e d  f u r t h e r  i n  S e c t i o n  2 . 4 .

A  c o n f i n e d  a q u i f e r  i s  f u l 1 y  s a t u r a t e d  a n d  t h e

h y d r a u l i c  h e a d  i s  r e f l e c c e d  b y  t h e  p i e z o m e t r i c  l e v e l

2 . 2



wh ich  i s  above  the  top  o f  t he  aqu i f e r .  I f  t he

p iezomet r i c  head  d ropped  be low  the  top  o f  t he  aqu i f e r ,

an  uncon f i ned  cond i t i on  wou ld  ex i s t .  l l i t h  t h i s

de f i n i t i on ,  t he re  can  be  no  s to rage  due  to  t he

s p e c i f i c  y i e l d  o f  t h e  s o i 1 .  I n s t e a d ,  r h e  e l a s t i c

s to rage  (o r  s to ra t i v i t y )  o f  t he  aqu i f e r  cons t i t u tes

t h e  s t o r a g e  c o e f f i c i e n t .  T h i s  e l a s t i c  s t o r a g e  i s  d u e

to  a  s l i gh t  r eo r i en tac ion  o f  t he  so i l  g ra ins  t ha t

takes  p lace  i n  response  to  changes  i n  hyd rau l i c  head

imposed  on  the  so i l  and  a l so  t o  t he  s l i gh t

compress ib i l i t y  o f  wa te r .  The  va lue  o f  t h i s  s to rage

coe f f i c i en t  i s  usua l l y  sma l l ,  f r equen t l y  i n  t he  reg ion

0 . 0 0 1  -  0 . 0 1 .  D u e  t o  r h i s  l o w  s t o r a g e  c a p a c i t y  i n

compar ison wi th unconf ined aqui fers,  h igh p iezometr ic

heads may evolve in  a conf ined aqui fer  wi thout  a

co r respond ing  l a rge  f l ow  o f  wa te r  be ing  requ i red .

As no exf i l t ra t ion of  water  through the overburden can

occur,  there is  no danger of  f looding by seepage when

the  p iezomet r i c  l eve l  exceeds  g round  l eve l .  The re  i s ,

howeve r ,  a  dange r  o f  up l i f t  p ressu res  exceed ing  the

weight  of  the overburden which may resul t  in

f l oa ta t i on  o f  t he  so i l  p rov id ing  a  f l ow  pa th  t o  t he

sur face.  Under h igh p iezometr ic  heads,  th is  mode of

f a i l u re  may  be  h igh l y  des t ruc t i ve .  A  fu r the r

cons ide ra t i on  he re  i s  t ha t  b igh  up l i f t  p ressu res  may

occur beneath the foundat ions of  bui ld ings which

penetrate through the conf in ing layer  aad an

inves t i ga t i on  o f  t h i s  i s  an  app rop r i a te  app l i ca t i on  o f

the type of  model  considered in th is  repor t .

2 .3  Semi -con f i ned

a q u i  f e r s

The  rheo ry  o f  l eaky  aqu i f e r s  desc r i bes  the  f l ow  o f

q ra te r  w i t h i n  two  aqu i f e r s  sepa ra ted  by  a

seu r i - pe rmeab le  1aye r ,  t he  f ea tu res  o f  wh i ch  a re

inco rpo ra ted  i n  a  l eakage  te rm.  By  t rea t i ng  t he  space

above  the  g round  su r face  as  an  uppe r  aqu i f e r  w i t h  a



2 . 4  D i s t r i b u t i o n  o f

sur face ponded

water

storage capaci ty  of .  lOO"l ,  i t  is  reasonable to apply

t .he leaky aqui fer  approach to our  rnodel  and calculate

the  head  o f  wa te r  t ha t  ponds  on  the  g round  su r face .

A d i f f icu l ty  ar ises here when the hydraul ic  head in

the aqui fer  is  above the base of  the overburden but

below the ground sur face.  The 'upper aqui fer '  then

has no ef fect  on the f low and so the leaky aqui fer

theory cannot  be appl ied.  This means that  the aqui fer

must  be t reated as fu l ly  conf ined when the p lezometr ic

head is  between the levels of  the top and base of  the

overburden. To account for the head in the

ove rbu rden ,  i t  i s  necessa ry ,  t he re fo re ,  t o  make  a

simpl i fy ing assunpt ion such as:  the head in the

overburden is equal t.o the head in the aquifer unti l

the la t ter  exceeds ground 1evel .  The error  in t roduced

by th is  approximat ion is  unknown. I t  is  essenLia l ly

assuming the overburden to be just  fu l ly  saturated

wi th a zero pore pressure at  a l l  po ints outs ide the

inf luence of  rhe p iezonetr ic  level  of  the aqui fer .

This nay wel l  be just . i f ied as the ef fect  of  any

inf i l t ra t ing ra inwater  upon the rnois ture potent ia l  o f

the overburden is unknown.

When nodel l ing the semi-conf ined case,  i t  ls  possib le

to take account  of  both groundwater  seepage to the

sur face,  as wi th unconf ined aqui fers and a lso upl i f t

p ressu res ,  as  w i t h  con f i ned  aqu i f e r s .

Once \ " rater  ponds on t .he ground sur face,  there is

uncer ta inty  as to whether  i t  reuains in  i ts  ponded

loca t i on  o r  whe the r  i t  i s  d i s t r l bu ted  by  f l ow ing  ove r

the land sur face t .o  an equi l ibr ium level .

I f  a  sma l1  dep th  o f  wa te r  ponds ,  i t  i s  un l i ke l y  t o  be

red i s t r i bu ted  due  to  t he  e f f ec t s  o f  vege ta t i on ,



f oocpa ths ,  hedge ro rds  e t c  wh i ch  a re  oo t  accoun ted  fo r

on  the  topog raph i c  sca le  o f  t he  mode l .  Fu r the rmore ,

g roundwa te r  wou ld  be  l i ke l y  t o  pond  aE  the  l owes t

l y i ng  a reas  f i r s t ,  obv ia t i ng  rhe  need  fo r

red i s t r i bu t i on ,  t hough  th i s  i s  no t  necessa r i l y  t he

ca's_e.  The problem ar ises when substant iaL ponding

occu rs  wh i ch ,  i f  no t  r ed i s t r i bu ted ,  l eads  to

cons ide rab le  g rad ien ts  appea r i ng  on  the  f ree  wa te r

su r face .  The  bes t  l i ne  o f  app roach  i s  p robab l y  t o

assume tha t  no  su r face  f l ow  cakes  p lace  un less  t he

resu l t s  i nd i ca te  s i gn i f i can t  red i s t r i bu t i on .  I f  t h i s

happens,  the model  may be rerun us ing sur face water

red i  s  t r i bu t i on .

When consider ing the semi-conf ined aqui fer  condi t ion,

t hese  tno  cases  can  be  mode l l ed  ve ry  eas i l y  us ing  the

leaky aqui fer  approach because an upper aqui fer  wi th

1002 storage capaci ty  is  envisaged above ground level

to handle the sur face ponded water .  I f  the ponded

g ra te r  i s  no t  t o  be  red i s t r i bu ted ,  t he  uppe r  aqu i f e r  i s

ass igned  a  zeEo  t ransmiss i v i t y  va lue  and  i f  t he  wa te r

i s  t o  be  red i s t r i bu ted  ove r  t he  l and  su r face ,  an

ext . remely large value of  t ransmiss iv i ty  is  ass igned to

the  uppe r  aqu i f e r .  I n  o rde r  t o  do  th i s ,  howeve r ,  t he

expl ic i t  FDIr I  cannot  be used as th is  would lead to

excess i ve l y  sma l l  t imes teps  (Sec t i on  4 .2 )  and  so  an

imp l i c i t  scheme i s  requ i red .

In the unconf ined aqui fer  case,  once the head is

p red i c ted  above  g round  1eve l ,  changes  i n  hyd rau l i c

head  a re  ca l cu la ted  us ing  a  s to rage  coe f f i c i en t  o f

un i t y .  Th i s  t akes  accoun t  o f  t he  f ac t  t haE  a  100%

s to rage  capac i t y  i s  ava i l ab le  above  g round  l eve l .



3 ilATI{EMATICAL

I{ODELS

3 . 1  N o n - s t e a d y  f l o w

in  t he  aqu i f e r

In the absence of  sources and s inks,  the par t ia l

d i f f e ren t i a l  equa t i on  desc r i b i ng  non -s teady

groundwater  f low in an aqui fer  is  g iven by

sE=r( r tn  *  3 'h  *  3 'n )  (1)
ar  ?x2  DyZ  Dz2

where  g  =  s to rage  coe f f i c i en t

T  =  t r ansm iss i v i t y

h = hydraul ic  head

t  = t ime

xsy tz  =  l eng th  d imens ions

I f  we make the assumpt ion that  only  hor izonEal  f low

occurs in  the aqui fer  and that  the f low does not  vary

along the length of the embankment (l-dirnensional

f l ow)  ,  t he  pa r t i a l -  d i f f e ren t i a l  equa t i on  s imp l i f i es

t o

s ! !  = r  a2h (1a)
at Dx2

This equat ion uay be used to model  f low in the

aqui fer .  In  the unconf ined case,  the storage

coe f f i c i en t  i s  t he  spec i f i c  y i e l d  and  the

transmiss iv i ty  is  the product  of  the hydraul ic

conduct iv i ty  and the hydraul ic  head (saturated

th i ckness ) .  I n  t he  con f i ned  case ,  t he  s to rage

coe f f i c i en t  i s  t he  e las t i c  s to rage  and  the

transmiss iv i ty  is  g iven by the product  of  the

hyd rau l i c  conduc t i v i t y  and  the  aqu i f e r  t h i ckness

( s a t u r a t e d  t h i c k n e s s ) .



3 .2  Leaky  aqu i f e r

approach

A  l ow  pe rmeab l i l i t y  l aye r  sepa ra t i ng  two  aqu i f e r s  w i l l

have  a  res i s tance  to  f l ow ,  c ,  whe reby

c  =  d / K t ( 2 )

where d = th ickness of  layer

K r  =  ve r t i ca l  hyd rau l i c  conduc t i v i t y  o f  l aye r

Flow through such a layer  between two aqui fers is

descr ibed by a leakage term,

h ,  -  h , .
I  = .  - :  ( r )

c

where h,  = hydraul ic  head in aqui fer  1

h,  = hydraul ic  head in aqui fer  2

Assuming only hor izonta l  f low in the aqui fer  and only

ver t ica l  f low in the semi-conf in ing layer ,  the f low in

each aqui fer  is  governed by the coupled equat ions

3h. ,  a2h,
S,.  i  = T, J + t ,  in aquifer 1-

at 2x2

and (4 )

3h, }rh,

" ,  
J  =  Tc  J  -  f .  in  aqu i fe r  2
a t  

'  
a * 2

where  S112 =  s to rage coef f i c ien ts  o f  aqu i fe rs  1  and 2

T L r 2 =  t r a n s m i s i v i t i e s  o f  a q u i f e r s  1  a n d  2

1 0



3 . 3  U p l i f t  p r e s s u r e s

and seepage

grad ien ts

f,I'UERICAL

uoDsLs

An upward hydrostat ic  pressure on the overburden

occurs when the hydraul ic  head in the aqui fer  exceeds

the hydraul ic  head above the overbu-rden.  Upl i f t  and

mechanical  fa i lure of  the overburden cao occur  when

the upward hydrostat ic  pressure exceeds the downward

so i l  l oad ing  p ressu re .

upward

Net  up l i f t  p ressure  =  hydros ta t i c

pres  sure

downward

-  s o i l

p ressure

Yw (h r  -  hz ) Y " d

where  U =  up l i f t  p ressure

Y" = unit  weight of water

y"  =  sa tura ted  un i t  we igh t  o f  so i l

(s)

The

i " '

c r i t i ca l  hyd rau l i c  g rad ien t  ac ross  t he  ove rbu rden ,

at  r f ,h ich fa i lure occurs is  therefore

( 6 )

The two main numer ical  methods used for  so lv ing the

g roundwa te r  f l ow  equa t i ons  a re  t he  f i n i t e  d i f f e rence

method ( fOU) and Ehe f in i te  e lement  method (FEl t ) .  The

FDM is  the most  widely used but  the FEM is  equal ly

app l i cab le  t o  t he  p rob len  we  w ish  to  mode l  he re .  The

FEI ' I  has the advantage that  non-regular  gr id  spacings

may  be  used ,  a l l ow ing  spec i f i c  a reas  o f  i n te res t  t o  be

examined  i n  g rea te r  de ta i l  t han  the  gene ra l  doma in  o f

the model ,  but  is  much more complex than the FDl . { .

h t  -  hz
= -

c d
=Ys

Yvt

1 1



4 . I  T h e  f i n i t e

d i f f e r e n c e

method

The  bas i c  concep t  o f  t he  FDM i s  t o  rep lace  the

de r i va t i ves  a t  a  po in t  by  ra t i os  o f  t he  changes  i n

app rop r i a te  va r i ab les  ove r  a  sma l l  bu t  f i n i t e

i n te rva l .  ' rThe  app rox ima t i on  i s  made  a t  a  f i n i t e

number of  points and reduces a cont inuous boundary

p rob lem to  a  se t  o f  a l geb ra i c  equa t i ons " ,  Re f  1 .

Var ious techniques may be appl ied to the FDM depending

on the type of  procedure used to solve Ehe equat ions.

The  mode l  desc r i bed  i n  Sec t i on  5  and  used  fo r  t he

sens i t i v i t y  ana l yses  i n  Sec t i on  6  i s  based  on  the

exp l i c i t  f i n i t e  d i f f e rence  me thod .

4 . 2  T h e  e x p l i c i r

f i n i t e  d i f f e rence

method

Cons ide r  a  se r i es  o f  po in t s  i n  a  l i ne ,  d i s tance  Ax

apa r t ,  a t  pos i t i ons

i - 1 ,  i ,  i  +  1 ,  . . . ,  i  + n  -  1 ,  i  +  n

By  app l y i ng  a  f i n i t e  d i f f e rence  app rox ima t i on  to

equa t i on  2 ,  t he  ne rd  hyd rau l i c  head  tha t  occu rs  a f t e r

t ime interval  Ac,  at  t ime j  + 1r  may be g iven by

h i ,5*1  =  n i , j  .  
h  (n r * , . , j  *  h i - l , j  - ' n r , j )  (7 )

Th is  i s  an  exp l i c i t  f o rnu la  wh i ch  i s  ob ta ined  f roo

fac t  t ha t  a  f o rwa rd  f i n i t e  d i f f e rence  app rox ima t i on

has been made for  the t ime der ivat ives.  I f  i  -  1

i  + n are boundary points wi th heads g iven at  t ime

j  + 1,  the above formula may be used to compute the

new heads  a t  t ime  j  +  l  f o r  a l l  t he  po in t s  be tween

i - 1 a n d i + n .

l 2



One d rawback  o f  t he  exp l i c i t  FOM i s  t hac  the re  i s

max imum s i ze  o f  t imes tep  fo r  wh i ch  the  app rox ima t i on
-< lt(,,11t E-

is  iwa' l - i { .  I f  too large a value of  At  is  used,  the

solut ion becomes uostable.  The rnagni tude of  the

maximum t imestep is  g iven by the formula

( 8 )

and  so  i n  o rde r  t o  avo id  excess i ve l y  sma l l  t imes teps

i t  i s  necessa ry  t o  choose  su f f i c i en t l y  sma l l  va lues

fo r  t he  l eng th  i nc remen ts .

The  f i n i t e  d i f f e rence  fo rmu la ,  equa t i on  (7 ) ,  r e l a tes

to l -d inensional  f low in the aqui fer  but  may be

expanded to incorporate 2 and 3-d imensional  f low by

d i sc re t i s i ng  t he  aqu i f e r  i n to  e lemen ts  i n  t he  x  a r rd  z ,

x  and y or  x ,  y  and z d imensions.

Figure 2a shows a cross-sect ion through which f low is

node l led  in  the  x  d i rec t ion  on ly .  Th is  type  o f  mode l

makes the assumptions that

_+(

^r<*z

4 . 3  S c o p e  o f  m o d e l s

( a )  a l l  f l o w  i n

( b )  a l l  f l o w  i n

l ine of  the

F low  i s  mode l l ed

spaces  a long  the

the aqui fer

t he  aqu i f e r

embankment

hor i  zonta 1

perpendicular  to  the

1 S

1 S

bet t reen the gr id points at  equal

c ross  - sec t i on .

F igu re  2b  shows  a  c ross -sec t i on  d i sc re t i sed  to

inco rpo ra te  ve r t i ca l  f l ow .  App rox ima t i on  (a )  i s  no

longe r  requ i red  bu t  app rox ima t i on  (U )  s t i l l  app l i es .

F low  i s  mode l l ed  be tween  the  nodes  o f  t he  supe r imposed

mesh .

A p lan v iew of  an embankment  scheme is  shown in F igure

2 c ,  d i s c r e t i s e d  f o r  f l o w  i n  t h e  h o r i z o n t a l  p l a n e .  F o r

r3



THE TLOODPLAIN

I,IODEL

5 .  1  D i s c r e t i s a t i o n

th i s  mode l ,  app rox ina t i on  (a )  i s  app l i ed  bu t  no t

a p p r o x i n a E i o n  ( b ) .

I t  i s  equa l l y  poss ib le  t o  mode l  an  aqu i f e r  i n  a l l

t h ree  d imens ions  by  d i sc re t i s i ng  t he  aqu i f e r  i n to

cubes .  Ne i t he r  o f  app rox ima t i ons  (a )  and  (b )  t hen

need to be appl ied.  The resul t ing nodel ,  however,

wi l l  be very conplex and the quest , ion ar ises as to

whether  suf f ic ient  f ie ld data can be suppl ied in  order

to  j us t i f y  such  a  de ta i l ed  node l .

A l -d inensional  expl ic i t  f in l te  d l f ference model  was

constructed at  HR on a smal l  desk- top computer .  The

model  was based on a cross-sect ion through t ,he f lood

pla in such as those shown on Figures 1 and 2a.  The

assumpt ion that  only  hor izonta l  f low perpendicular  to

the l lne of the embankment occurs in the aqulfer is

applied to provi.de full-y l-dirnensional f1ow.

The model  may be used to s imulate the response of

groundwater  pressures (hydraul ic  heads)  in  an aqul fer

due to a flood event contained by an embankment. The

aqul fer  may be conf ined,  unconf lned or  semi-conf lned

and the pr inc ip les descr ibed in Sect ions 2,  3 and 4

were fo l lowed.

The level of the hydraullc head within the aquifer or

above the ground sur face is  ealeulated.  No at tenpt  is

made t .o redis t r ibuLe sur face ponded water .

The  l eng th  o f  c ross -sec t i oa  we  w ish  to  mode l ,  L ,  l s

d iv ided into N segments of  length,  lu< = L/N.  There

are then N + I  points separated by the segments.  For

convenience \4re may say that the end point is at i - I

on the l ine of  the embankment  and the other  end point

t 4



5 . 2  D a t a  i n p u t

5.3  Boundary

condit ions

a t  i  +  n  i s  t he  l im i t  o f  t he  mode l  a t  d i s tance  L  f r om

the embankment.

A t  each  po in t ,  o r  node ,  t he  mode l  requ i res  i n fo rma t i on

on the hydraul ic  conduct iv i ty  of  aqui fer  and

overburden,  appropr iate st rorage coef f ic ient  and

leve l s  o f  t he  base  o f  t he  aqu i f e t  (ZL ) ,  t op  o f

aqui fer /base of  overburder .  (zZ) ,  top of  overburden/

ground level  (23)  and in i t ia l  hydraul ic  head in the

aqu i f e r  (h ) .  The  1eve1s  a re  a l l  i npu t  as  he igh t

re lat ive to a common datum.

The hydraul ic  head at  node i -1 is  g iven by the r iver

level  according to the design f lood hydrograph.  The

hydrograph should be that expected for the embanked

scheme tak ing account  of  the channel  rest r ic t ions.

The value of the other boundary head at node i + n is

approximated as being equal  to  the hydraul ic  head at

node  i  +  n  -  1  and  the re fo re  cons t i t u tes  a  no - f l ow

boundary.  I f  the ef fect  of  the f lood reaches as far

a long  the  c ross -sec t i on  as  i  +  n  -  1 ,  s l i gh t  e r ro rs

wi l l  occur  due to th is  approximat ion.  In  ef fect ,  we

are assuming an axis of syrnmetry around the point

i  +  n  -  ! .  Th i s  may  we l l  be  j us t i f i ed  as  t he  e f f ec t

of groundrcater entering the rnodel domain fron higher

ground is  not  otherwise taken into account .

This boundary condi t ion may be rnodi f ied to sui t  a

pa r t i cu la r  concep tua l  mode l .  Fo r  i ns tance ,  an  a rea  o f

the f lood p la in protected by embankments on both s ides

may be model led by apply ing bouodary heads g iven by

f l ood  hyd rog raphs  a t  bo th  ends  o f  t he  c ross -sec t i ons .

Ano the r  me thod  i s  t o  se t  t he  l eng th  L  su f f i c i en t l y

l a rge  so  tha t  no  e f f ec t  o f  t he  r i ve r  f l ood  occu rs

there.  The model  mav be run once and the hydraul ic

l 5



head at  a point ,  say L/20,  may be computed.  The model

may then be rerun wi th a new boundary set  at  the

previous value of  L/2O which exper iences the

hydrograph recorded t ,here dur ing the f i rs t  run.

5 . 4  T i n e s t e p s

The minimurn t imestep,  At ,  is  ca lculated f ron the

parameters Ax,  S and T.  The length increment ,  Ax,  is

constant  throughout  t ,he nodeL and assuming that  the

storage coef f ic ient  and hydraul ic  conduct iv i ty  are

constant  throughout  the aqui fer ,  At  depends upon B,

the th ickness of  the aqui fer .  The node wi th the

g rea tes t  va lue  o f  B  =  (22 -Z I )  l s  t he re fo re  used  to

calculate the nininum timestep according to the

fo rmu la  (8 )  g l ven  i n  Sec t i oa  4 .2 .

5 .5  Ca l cu la t i on

proeedure

Consider ing the case of  the semi-conf lned aqul fer  and

assurnming a zeto transmissivit.y and a storage

coef f ie ient  of  uni ty  for  the upper aqui fer ,  the

coupled equat ions (4)  nay be wr i t ten

Oht 02 trr 2
= T - * .{.  lower aquifer (1)

Or Ox2
(e)

ohz

o t - = - t  u P P e r a q u i f e r ( 2 )

where .1.  is  g iven by equat ion (4)

In f in i te  d i f ference terms th is  may be wr i t ten

T A t  A t  h r ,  ,  -  h r .  ,
h l .  . , ,  =  h 1 , ,  +  - - ;  ( h l r - ,  .  

-  2 h l . .  . )  +  
"  

( - - # )
" l - r J f l  ' l r J  

s A x 2  
r t _ + l , J  . a ' J  5  c  '

( 1 0 )

h 2  =  h 2  *  A t  
( h z i , j -  h l l , j )

i , j + l  i , j  c

1 6



I n  t he  cases  o f  t he  f u l1y  con f i ned  o r  f u1 l y  uncon f i ned

aqu i f e r s ,  t he  uppe r  aqu i f e r  and  the  l eakage  Ee rm a re

both ignored and so eqrrat ion (10)  reduces to equat ion

( l ) .  Th i s  equa t i on  i s  t hen  so l ved  us ing  the

app rop r i a te  va lues  o f  t he  s to rage  coe f f i c i en t s -

5 . 6  R e s u l t s  o u t p u t

The hydraul ic  heads occur ing at  each node may be

l i s ted  a t  se lec ted  t ime  i n te rva l s  a f t e r  t he  s ta r t  o f

the f lood s imulat ion.  For  the case of  the semi-

con f i ned  aqu i f e r ,  two  se ts  o f  r esu l t s  a re  ou tpu t

referr ing to the hydraul ic  heads above and below the

overburden.

The model may be run for some time after the flood has

passed because the ef fect  of  the f lood in the aqui fer

may be pro longed compared to the ef fect  in  the r iver .

The resul ts  Bay be d isplayed graphical ly  Eo provide a

view of the groundwater response, as has been done

w i th  t he  resu l t s  o f  t he  sens i t i v i t y  ana l yses .

6 SENSITIVIfi

ANALYSES

The l-dimensional FLOODPLAIN model was run for a set

standard conf igurat ion and hydraul ic  condi t ions and

also for  deviat ions f rom that  s tandard in  order  to

study the sensi t iv i ty  of  the model  to  the parameters

der ived f roo the f ie ld invest igat ion,  for  the fu1ly

conf ined and fu l1v unconf ined cases.

A d imensionless parameter  has then been used to

desc r i be  t he  suscep t i b i l i t y  o f  t he  aqu i f e r  t o  f a i l u re

of an embankment scheme due to flow beneath the

embankment .  F inal ly ,  some model  runs have been

ca r r i ed  ou t  t o  s imu la te  more  rea l i s t i c  s i t ua t i ons

using leaky aqui fer  theory to model  water  ponding

above ground level .
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6 . 1  T h e  s t a n d a r d

case

6 .2  Dev ia t i ons  f r om

the standard case

Tab le  I  l i s t s  t he  mode l  runs  ca r r i ed  ou t  w i t h  t he

FLOODPLAIN  mode l ,  t he  resu l t s  o f  wh i ch  a re  p resen ted

i n  F i g u r e s  3  t o  2 3 .

The  s tanda rd  case  cons i s t s  o f  a  un i f o rm  ho r i zon ta l

aqu i f e r  wh i ch  may  be  e i t he r  f u l l y  con f i ned  o r  f u l l y

uncon f i ned .  The  base  o f  t he  aqu i f e r  (21 )  i s  a t  da tum

leve l .  The  top  o f  t he  con f i ned  aqu i f e r  (22 )  i s  a t  5m

above  da tum.  The  i n i r i a l  r i ve r  l eve l  (F1 )  ana  i n i t i a l

hydraul ic  heads are a lso at  5m above datum. The r iver

l eve l  r i ses  acco rd ing  to  a  f l ood  hyd rog raph  wh ich  i s  a

s inple harmonic cyc le wi th a peak (F2)  at  10n above

da tum and  a  pe r i od  ( t )  o f  100  hou rs .  The  g round  l eve l

i s  a t  l eas t  10n  above  da rum.  The  f l oodp la in  i s

mode l l ed  ove r  a  d i s tance  ( f , )  o f  500n  f rom rhe

embankment  us ing 20 length increments.  The hydraul ic

conduc t i v i t y  o f  t he  aqu i f e r  (K )  i s  0 .001n /s  t he

s p e c i f i c  y i e l d  ( S y )  i s  0 . 3  a n d  r h e  e l a s E i c  s r o r a g e

( S e )  i s  0 . 0 0 1 .

The resul ts  f rom th is  s tandard case are shown for  an

uncon f i ned  aqu i f e r  i n  F igu re  3  and  fo r  a  con f i ned

aqu i f e r  i n  F igu re  8 .

I n  o rde r  t o  demons t ra te  t he  sens i t i v i t y  o f  t he  mode l

to  t he  pa rame te rs  de r i ved  f rom f i e l d  t es t s ,  mode l  runs

have  been  ca r r i ed  ou t  us ing  the  s tanda rd  case  bu t  w i t h

d i f f e ren t  va lues  o f  s to rage  coe f f i c i en t  and  hyd rau l i c

conduc t  i v i  t y .
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6 . 2 . L  S t o r a g e  c o e f f i c i e n t

F igu res  3 ,  4  and  5  show the  resu l t i ng  ph rea t i c  head

p ro f i l es  f o r  an  uncon f i ned  aqu i f e r  w i t h  spec i f i c  y i e l d

o f  0 . 3 ,  0 . 2  a n d  0 . 1  r e s p e c t i v e l y .  T h e  e f f e c t  o f  t h e

r i ve r  f l ood  can  be  seen  to  i nc rease  w i th  dec reas ing

s to rage  though  the  e f f ec t  i s  sma l l  ove r  Lhese  ranges .

Figures 6,  7 ar .d 8 show the resul t ing p iezometr ic  head

p ro f i l es  f o r  a  con f i ned  aqu i f e r  w i t h  e las t i c  s to rage

o f  0 . 1 ,  0 . 0 1  a o d  0 . 0 0 1  r e s p e c t i v e l y .  I t  c a n  b e  s e e n

tha t  t hese  o rde r -o f -magn i tude  reduc t i ons  i n  s to rage

cause  a  s i gn i f i can t  i nc rease  i n  t he  e f f ec t  o f  t he

r i ve r  f l ood  on  g roundwa te r  p ressu res .

Figures 5 and 6 present  the unconf ined and conf ined

cases  w i th  t he  same s to rage  coe f f i c i en t s .  These  two

cases  a re  no t  qu i t e  i den t i ca l  because  f l ow  i n  t he

con f i ned  aqu i f e r  i s  res t r i c ted  to  a  t h i ckness  o f  5m

and f low in the unconf ined aqui fer  may occur  through

the  en t i r e  sa tu ra ted  th i ckness ,  up  to  10n .  Compar i son

of  F igures 5 and 5,  however,  shows that  for  th is  case,

where  the  r i ve r  f l uc tua t i on  i s  equa l  t o  Ehe  th i ckness

of  the conf ined aqui fer ,  the d i f ference between the

uncon f i ned  and  con f i ned  cases  w i th  equa l  s to rage

coe f f i c i en t  i s  ve ry  sma1 l  i ndeed .  C lose  i nspec t i on  o f

F igu res  5  and  6  revea l s  t ha t  t he  e f f ec t  o f  t he  r i ve r

f l ood  i s  s l i gh t l y  g rea te r  i n  t he  uncon f i ned  case  due

to  t he  tempora r i l y  i nc reased  E ransmiss i v i t y .

6 .2 .2  l l yd rau l i c  conduc t i v i t y

The standard model  assumes a constant  aqui fer

t h i ckness  and  a  change  i n  hyd rau l i c  cooduc t i v i t y

p roduces  a  p ropo r t i ona l  change  i n  t r ansm iss i v i t y .

F igu re  9  p resen ts  t he  resu l t s  f o r  an  uncon f i ned

aqu i f e r  o f  hyd rau l i c  conduc t i v i t y  0 .01m/s  and

F igu re  10  the  resu l t s  f o r  a  con f i ned  aqu i f e r  o f

1 9



hyd rau l i c  conduc t i v i

con f i ned  aqu i f e r  o f

s to rage  coe f f i c i en t

t v  0 . 0 0 0 1 m / s .  F i e u r e  1 1  s h o w s  a

hydrau l i c  conduct iv i t y  0 .01  and

0 . 1  .

Note that the

S  =  0 . 0 0 1  a r e

K = 0 . 0 1  S -

S  =  0 . 1 .

r e s u l t s  o f  F i g u r e  1 0 ,  K  =  0 . 0 0 0 1

ident ica l  to  those o f  F igure  11 ,

0 . 1  a n d  o f  F i g u r e  7 ,  K  =  0 . 0 0 1 ,

6 .3 S u s c e p t i b i l i t y

t o  f a i l u r e

The suscept ib i l iCy of  the embankment  scheme to

fa i lure due to groundwater  f low in the aqui fer  is

increased wi th the t ime that  f looding is  susta ined and

w i rh  i nc reas ing  t ransm iss i v i t y  o f  t he  aqu i f e r  bu t  i s

decreased wi th increasing storage coef f ic ient  and wi th

increasing d is tance f rom the embankment .

From Equat ion (7),  i t  can be seen that proport ional

changes in the hydraul ic head in the aquifer,

Ah
E - q

TAt

sAxz

The suscept ib i l i ty  of  a scheme to fa i lure

groundvater f low through the aquifer may

in terms of  the r ise in  hydraul ic  head at

concern.  Subst i tu t ing the per iod of  the

t  for  At ,  the d is tance to the model  l imi t

and  the  suscep t i b i l i t v  f o r  f a i l u re  o f  t he

E ,  f o r  Ah /h

- T tt s = -
SL2

(  1 0 )

due t,o

be expressed

the point of

f lood event ,

, L f o r [ x

schemer say

(  1 1 )

where  E  i s  a  d imens ion less  pa rame te r  wh i ch  desc r i bes

t h e  s u s p e c c i b i l i t y  o f  a  f l o o d p l a i n  t o  r a i s e d

20



groundwater  levels  due to a f lood event  conta ined

behind an embankment .  Because E is  non-dimensional ,

i t  can  be  used  to  cha rac te r i se  t he  o rob lem.

Values of E are included in Table 1 which explains the

s imi la r i t y  in  the  resu l ts  p resented  in  F igures  7 ,  10

a n d  1 1 .

Figures 12, 13, 14 and 15 are type curves which show

the hydrau l i c  head pro f i les  fo r  s i tua t ions  where  the

va lue  o f  E  =  0 .01 ,  0 .1 ,  l -  and 10  respec t ive ly .  For

ease of comparison these are plotted on the same scale

as Figures 3 to lL.  Inspect ion of these f igures show

that for B = 0.01 the effect of  the r iver f lood at

distance L from the embankment is negl igible.  I f

E  =  0 .1 ,  the  e f fec t  i s  very  smal l .  I f  E  =  1 ,  then the

ef fec t  i s  cons iderab le  and the  loca t ion  a t  L

experiences more than half  the r iver f lood peak,

Ehough at a later t ime. In the si tuat ion where E =

10, the aquifer at  the locat ion L experiences about

997" of. the river flood peak.

order  ro  assess  the  sever i ty  o f  a  g iven  s i tua t ion ,

may make the fol lowing general isat ion:

Suscept ib i  1  i t y

In

vre

0 .1

1

E  <  0 .1

<E<1

<E

Sever i ty

l ow

moderate

high

and use the type curves f ron Figures 1-2 to 15 as a

guide to the magni tude of  ground$racer  r ise to be

an t i c i pa ted .  I n  f ac t ,  t he  t r ue  seve r i t y  o f  a  g i ven

si tuat ion depends upon the ground leve1 at  the

loca t i on  o f  conce rn  i n  re la t i on  t o  t he  r i ve r  l eve l s  F1

and  F2 .  I t  i s  impo r tan t  t o  no te  t ha t  i n  t h i s  mode l ,  L

represents an assumed point  of  symmetry and not  just  a

d i s tance  f rom the  embankmen t .  The  pos i t i on ing  o f  t h i s
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6 . 4 Further

dev ia t ions  f rom

the standard case

point  in  the model  is  obviously  an inpor tant  factor

a f f ec t i ng  t he  va lue  o f  E .

The standard case refers to an aqui fer  of  unl form

t ransmiss i v i t y  wh i ch  i s  e i t he r  f u l l y  con f i ned  o r  f u l l y

unconf ined.  Real  s l tuat ions are l ike ly  to involve

aqui fers wi th undulat ing boundar ies which are conf ined

for  some of  the t ime,  for  par t  of  the aqul fer .  A lso,

the standard case has not  considered the ef fect  of

water  ponding on the ground sur face.  These cases are

considered below.

6 .4 .1  Va ry ing  t ransm iss i v i t y

The standard case assumes a constant  t ransniss iv i ty

due to a constant  th ickness of  aqui fer .  An increase

or reduct ion in  depth of  f low wi l l  lead t .o  a

corresponding change in t ransmi.ss iv i ty .  Changes ln

aqui fer  th ickness,  however,  are 1 ike1y to be fa i r ly

snal1 (not  orders-of -magni tude)  and so t .he

corresponding changes ln the hydraul ic  head prof i le

are a lso l ike ly  to be sna1l .  F igures 16 and 17 show

the ef fect  of  a gradual ly  i -nereasing and gradual ly

decreaslng t ransmiss iv i ty  respect , ive ly ,  on the

eonf ined case wi . th  a mean value of  E = 0.432 in both

c a s e s .

6.4.2 Unconf ined/conf i .ned models

Figures 18 and 19 present  the resul ts  of  nodel  runs

wl th a conf ined aqui fer  wi th the top of  the aqul fer

( Z Z >  a t  5 . 0 1  a n d  5 . 1 m  a b o v e  d a t u n  ( 0 . 0 1  a n d  0 . 1 m  a b o v e

the in i t ia l  water  level )  respect , ive ly .  The case where

22 equals the in i t ia l  water  level  is  g iven by Figure

10 .  Th i s  means  tha t  t he  aqu i f e r  i s  uncon f i ned  un t i l

2 2



the hydraul ic  head reaches 22 and then acts as a

con f i ned  aqu i f e r  w i t h  a  co r respond ing l y  reduced

s t o r a g e  c o e f f i c i e n t .  T h e  p o s s i b i l i t y  o f  f a i l u r e  o f

t he  scheme i s  reduced  d rama t i ca l l y  i f  t he  aqu i f e r

rema ins  i n  t he  uncon f i ned  cond i t i on  f o r  i us t  a  sma l l

amount  of  t ime.

6 .4 .3  Semi -con f i ned  mode ls

The semi-conf ined model  is  t reated as unconf ined for

hyd rau l i c  head  i n  t he  aqu i f e r ,  h ,  I  22 ,  con f i ned  fo r

Z2  <  h I  (  23  and  l eaky  fo r  h ,  >  23 .

Figures 20-24 consider

permeabi  l i ty  overburden

the base of  the aqui fer

above datum, the top of

and 6m above datum and

7m and 9m above datum.

the ef fect  of  the low

on a hypothet ica l  system where

(21)  var ies between 0 and 2m

the aquifer (22) between 4m

the ground 1evel  (23)  between

F igu re  20  shows  the  resu l t i ng  p ro f i l e  f o r  a  f u l l y

unconfined aquifer which is the case when the

hydraul ic  conduct iv i ty  of  the overburden Kr = K.

Figure 21 presents the prof i le  for  a fu1ly  conf ined

aqui fer  which is  the case when Kr = 0.  Note how the

ph rea t i c  po r t i ons  o f  t he  aqu i f e r  res t r i c t  t he

development  of  the p iezometr ic  head.

Figure 22 shows the p iezometr ic  head and the resul t ing

sur face water  prof i le  for  the case where the over

burden has a ver t ica l  hydraul ic  conduct iv i ty  of

10 -7m/s  ( t r '  =  Kx10 -4 ) .  Compar ing  F igu res  2 l  aod  22

demons t ra tes  t ha t  f o r  t h i s  con f i gu ra t i on ,  v i r t ua l l y

a l1 of  the p iezometr ic  head above ground is  expressed

as sur face ponding.  F igure 2-3 shows a s imi lar

s i t ua t i on  bu t  w i t h  t he  ve r t i ca l  hyd rau l i c

conduct iv i ty  of  the overburden reduced to 10-9m/s

( t< t  =  Kx10 -5 ) .  I n  t h i s  case  the  res i s tance  to  f l ow

23



6 . 5  D i s c u s s i o n  o f

s e n s  i t i v i t y

ana lyses

o f fe red  by  t he  ove rbu rden  i s  su f f i c i en t  t o  res t r i c t

t he  su r face  pond ing  to  a  neg l i g i b l e  amoun t .

T h e  s u s c e p t i b i l i t y  o f  a  f l o o d p l a i n  t o  r a i s e d

g roundwa te r  l eve l s ,  E ,  as  de f i ned  i n  Sec t i on  6 .3e

demons t ra tes  t he  e f f ec t  o f  t he  des ign  pa rame te rs ,  t

and L,  and of  the measured parameters,  T and S,  on the

resul t ing groundwater  behaviour  of  a model  s imi lar  in

nature to the standard case of  the FLOODPLAIN model

anC i s  g i ven  by  equa t i on  (11 ) .  The  i r np l i ca t i ons  o f

the re lat ive importance of  aqui fer  propert ies are

geoe ra l l y  app l i cab le  t o  va r i a t i ons  o f  t h i s  pa r t i cu la r

mode l  and ,  t he re fo re ,  t o  a l l uv ia l  f l oodp la ins  i n

gene ra l .

An error  in  the value of  E of  one order  of  magni tude

i s  s u f f i c i e n t  t o  d r a s t i c a l l y  a l t e r  t h e  r e s u l t s

predicted by the model  as demonstrated in  F igures 12

to 15.  An error  of  two orders of  magni tude is

su f f i c i en t  t o  make  the  d i f f e rence  be tween  a  p red i c ted

low sever i ty  and h igh sever i ty  problem such as between

the resul ts  shown in F igures 6 and 8.  As the value of

E  i s  equa l l y  sens i t i ve  t o  S ,  T ,  t  and  L2 ,  each  o f

these parameters should be known to the same order  of

accu racy .

The parameter  t  represents the length of  t ime over

wh ich  f l ood ing  occu rs  and  i s  f i xed  by  t he  des ign

cond i t i ons .  A11  the  rnode l  r uns  p resen ted  he re in

re la te  t o  a  f l ood  hyd rog raph  based  on  a  s imp le

ha rmon ic  cyc le .  Shou ld  a  rea l  f l ood  hyd rog raph  reach

i t s  peak  qu i ck l y  and /o r  ma in ta in  t he  peak  fo r  some

t ime  the  suscep t i b i l i t y  t o  f l ood ing  wou ld  be  g rea te r

than  fo r  t he  cases  p resen ted  i n  F ieu res  3 -23 .
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The  pa rame te r  L  rep resen ts  a  bounda ry  cond i t i on .  As  E

i s  i nve rse l y  p ropo r t i ona l  t o  L2 ,  t he  co r rec t

posi t ion ing of  th is  boundary is  important  but  wi th a

good conceptual  model  and carefu l ly  chosen boundary

cond i t i ons ,  i t  i s  un l i ke l y  t ha t  L2  wou ld  be  i n  e r ro r

by an order  of  magni tude.  The a l ternat ive methods of

spec i f y i ng  t he  bounda ry  cond i t i oas  d i scussed  i n

Sec t i on  5 .3  may  be  more  app l i cab le  t o  many

s i t ua t i ons .

The  s to rage  coe f f i c i en t ,  S ,  i s  un l i ke l y  t o  va ry  much

for  an unconf ined aqui fer  ( f igs 3r4r5)  but  the range

of  values that  may apply to a conf ined aqui fer  can

eas i l y  va ry  by  o rde rs  o f  magn i tude  (F igs  617 rg ) .

The t ransrn iss iv i ty ,  T,  depends d i rect ly  on the value

used for  the hydraul ic  conduct iv i ty  of  the aqui fer  as

the aqui fer  th ickness is  unl ike ly  to be uouch in error .

Hyd rau l i c  conduc t i v i t i es  and  e las t i c  s to rage

coef f ic ients are der ived f rom carry ing out  punping

tests.  Both parameters can be h ighly  var iable and are

usual ly  only  quoted to an accuracy of  one order  of

magni tude.

The area in which the greatest  error  is  l ike ly  to

occur  is  in  assessing the degree of  conf inement

provided by the overburden.  E is  l iab le to be in

error  by several  orders of  magni tude i f  a  coaf ined

aqui fer  is  t reated as unconf ined or  v ice versa

( f i gs  358  and  F igs  18119 ) .  The  i np l i ca t i on  o f  t h i s  i s

that  i t  is  worthwhi le  expanding par t icu lar  ef for t  to

assess the degree of  conf inement  prov ided by the

overburden.

I f  groundwater  f low through the overburden is

a n t i c i p a t e d ,  t h e  v e r t i c a l  h y d r a u l i c  c o n d u c t i v i t y  o f

the overburden may be taken into account  us ing the

leaky  aqu i f e r  t heo ry .  The  hyd rau l i c  conduc t i v i t y  o f

t he  ove rbu rden  ma te r i a l  w i t h i n  t he  no rma l l y
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u n s a t u r a t e d  s o i l  z o n e  i s  a  p a r t i c u l a r l y  d i f f i c u l t

quan t i t y  t o  measu re  (Ae t  6 )  and  aga in ,  o rde r  o f

magn i tude  e r ro rs  a re  poss ib le  wh i ch  may  l ead  to  l a rge

d i sc repanc ies  ( f i gs  22 r23 ) .

7 CONCLUSIONS

The  reac t i on  o f  a  f l oodp la in  g roundwa te r  sys tem,  w i t h

known  hyd rau l i c  p rope r t i es ,  t o  an  imposed  r i ve r  f l ood

conta ined behind an embankment ,  may be predicted us ing

numer ical  model l ing techniques and by fo l lowing the

p rocedu res  ou t l i nes  i n  t h i s  repo r t .

The  ca l cu la t i on  i s  c l ea r l y  de f i ned  fo r  f u l l y

unconf ined or  fu l ly  conf ined aqui fers but  not  for  the

si tuat ion where a semi-conf in iog layer  over l ies the

aqu i f e r ,  wh i ch  i s  common  i n  a l l uv ia l  f l oodp la ins .

A f i rs t  est imate of  the sever i ty  of  the problem may be

made  fo r  a  gene ra l i sed  mode l  o f  a  f l ood  p la in  us ing

equat ion (11)  to obta in a value of  the d imensionless

parameter ,  E.  This prov ides an indicat ion of  the

sever i ty  of  the problem for  g iven condi t ions.  A range

of  possib le condi t ions may then be examined to prov ide

an  i nd i ca t i on  o f  t he  l i ke l i hood  o f  a  p rob lem ex i s t i ng

and  whe the r  rno re  de ta i l ed  mode l l i ng  i s ,  i ndeed ,

requ i red .

The main area in  which error  is  l ike1y to occur  is  in

def in ing the degree of  conf inement  prov ided by the

overburden and the degree of  s torage avai lable wi th in

i r .

The  mode l  resu l t s  a re  a l so  sens i t i ve  t o  e r ro rs  i n  t he

hyd rau l i c  conduc t i v i t y  and  e las t i c  s to rage  coe f f i c i en t

o f  t he  aqu i f e r ,  as  de r i ved  f rom the  f i e l d

i nves t i ga t i on .  I t  i s  impo r tan t ,  t he re fo re ,  t o  ga in  a

f i r s t  es t ima te  o f  t hese  va lues  f rom the  f i e l d

i nves t i ga t i on ,  bu t  t o  be  p repa red  to  ad jus t  t hese  by

ca l i b ra t i ng  t he  mode l  aga ins t  a  measu red  reac t i on  o f
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RECOUMENDATIONS

t he  g roundwa te r  sys tem to  f l uc tua t i ons  i n  f l ow

cond i t i ons .  Th i s  shou ld  p rov ide  more  rep resen ta t i ve

values of  the parameters T and S and help ver i fy  and

improve  the  concep tua l  mode l  as  much  as  poss ib le .

In order  to extend the work carr ied out  in  1987-88

unde r  t h i s  con t rac t ,  t he  f o l l ow ing  d i rec t i ons  o f

fur ther  s tudy are recommended.

Use the basic FLOODPLAIN model to examine the

appl icabi l i ty  of  the type curves based on the

d imens ion less  pa rame te r ,  E ,  t o  s i t ua t i ons  w i th

di f ferent  boundary condi t ions to those used

herein and a lso to a range of  t rue f lood

hydrographs.

Car ry  ou t  more  de ta i l ed  node l l i ng  o f  hypo the t i ca l

s i tuat ions.  This would enable a compar ison of

more complex models wi th the s inple type of  model

used here and test  i ts  assumpt ions and

l im i ta t i ons .

Ref ine the semi-conf ined aqui fer  theory.  The

standard groundwater  equat ions need to be re lated

to an aqui fer  which is  semi-conf ined by a layer

of  lower permeabi l i ty  and non-negLig ib le s torage

capaci ty .  At  present ,  the overburden can only be

model led us ing leaky aqui fer  Eheory once i t  is

f u1 l y  sa tu ra ted  thus  i gno r i ng  the  s to rage .

Ob ta in  f i e l d  da ta  f r om a  s i t e  a t  wh i ch  a  f l ood

embankment scheme already exists and monitor

groundwater  react ions to real  f lood events.  This

would prov ide in format ion on the choice of

conceptual  model  and test  the re lat ive importance

o f  t he  va r i ous  aspec ts  o f  t he  hypo the t i ca l

schemes  cons ide red  i n  t h i s  repo r t .

Use  the  f i e l d  da ta  ob ta ined  to  rev i se / re f i ne

theo ry  and  concep ts  as  necessa ry .

1 .

2 .

3 .

4 .

5 .

2 7



9 REFERENCES

1 .  R e m s o a ,  I ,  e t  a I .  n N u m e r i c a l  M e t h o d s  i n

S u b s u r f a c e  H y d r o l o g y " .  W i l e y ,  L 9 7 L .

2 .  Bea r ,  J .  r rDynamics  o f  F lu ids  i n  po rous  Med ia i l .

E I s e v i e r ,  L 9 7 2 .

3 .  Wang ,  H ,  Ande rsoa ,  M .  r r l n t roduc t i on  t o

Groundwater  Model l ing ' , .  Freeman,  1-9BZ.

4.  Verru i t  ,  A.  t 'Groundwater  F lowrr .  Macmi I  lan,

L982.

5 .  K inze lbach ,  W.  r tG roundva te r  l ' { ode11 ing " .

Developments in  I , Ia ter  Science 25,  Elsevier ,

1 9 8 6 .

6 .  Wa tk ins ,  D .  r rEva lua t i on  o f  an  A i r -en t r y

Permeameterr r .  Report  SR 102,  Hydraul ics

R e s e a r c h r  1 9 8 7 .

2B



TABLE.





TABLE

Fig No

I Model results presented

T

0 . 0 0 5

0 . 0 0 5

0  . 0 0 5

0 . 0 0 5

0 . 0 0 5

0 . 0 0 5

0 . 0 5

0 . 0 0 0 5

0 . 0 0 5

- 0 . 0 0 0 0 3

-0 .00003

0 . 0 0 0 5 0  I

Sy

0 .3

0 .2

0 .1

0 .3

0 . 1

0 . 0 1

0 . 0 0  I

0 . 0 0  1

0 . 1

0 . 0 0 1

0 . 0 0 1

0 . 0 0 1

0 . 0 0 1

0 . 0 0 1

0 . 0 0  I

0 .  0 0 1

0 . 0 0 1

Se

o . 0 2 4

0 . 0 3 6

o . o 7  2

0 . 0 7 2

0 . 7 2

7 . 2

0 . 2 4

0 . 1 2

0 . 7 2

0.0  r

0 . 1

I

t 0

0 . 4 3

0 . 4 3

0 . 0 0 2 4 - 0 . 7  2

a .0024-0 .7  2

Remarks

Standard case

Standard case

T decreasing

T increasing

2 2  =  5 . O l

2 2  =  5 . 0 5

Unconfined

Conf ined

Semi-conf ined

Semi-conf lned

3

4

5

6

I

9

l 0

l l

t 2

1 3

t 4

t 5

l 6

T 7

1 8

l 9

20

2 T

2 2

23

0 . 3

0 . 3

0 . 3

0 . 3

0 . 3

0 . 3





FIGURES.





development

(a)

(b)

(c )

aquifer

Fig 1 Groundwater  f tow beneath a f tood embankment



Embankment

Piezomefric
head

Ftow
x

}*

(a)  1D [ ross-sect ion

Piezomelric
head

Ftow
x

T-
Y

(b)  2D f ross-sect ion

Piezometric head
contours

Flow

It l-*
x

(c)  2D Ptan

Embankment

Fig 2 Numerical  modett ing opt ions



(t
qJ
L
tJ
AJ
E

O
o
n
ll
J

c]
N

ll
z

i
ll
x
a
(t)

E

r{

cl
CI

ll
Y

(/)
L A
E L

E
o
on

u t l
Lrl ll H
L L  F g

f L
C 3  E O '

-
U L

O Ft .Fl

t!
z  | | L

N ]
l r  t l - o
Z { J
oc
( J  E O
z0
: f n

tl
H

LL

riitlviiilt

fj{K/l
MA

FL00DBANK model nesuits
see text for detqi ls

Fig 3



I(/)
q,
L

{J
CI
E

C]
o
lJ-)

tl
J

a
L O
- cL

E
c]
Q l n

0 r l t
u l l  - r
L L  F t r
H

: ] Lg  E o

o g
O Fl .r{
lJ-J
z  I L
H  c v f
L L  L L O
Z+)
oc
C J  E O
z0
ln

l l
d

l r

cl
N

t
tl

a

CI

E

cl
o

I
Y

fllti
{//i'//!ii

W#,
ffi4WJ71-'v

Fig  4 FL0ODBANK model  resu l ts
see tex t  fo r  det .q i is



i
I
I

IU}
0,
L

{J

0l
E

cl
CI
n
tl
J

a
L O

.C, L
E

O
c ]n

v. tl
UJ ll .<
l l .  F U
H

= L
g  E 0 t

oc
Cl d .r{

tu
z. lt L
H  N f
L L  t L O
Z + J
c t c
( J  E O
z (J
fn

l l
H

LL

:

ll

a
a
E

r{

Cf

:

ll
Y

lt!llt
[//ltriit

WA/ia#14(,it
7;#,'\'x,)l{/l

F ; -  t r
'  ^ :  J FL00DBANK model  nesul ts

see text  for  deta i  ls



I

I
g)
OJ
L
{J
0t
E

c]
n
ll

J

o
(\l

il
z

:

il
o
a
(t)

E

f{

c]
o

t

I
Y

rfl
;M,M,
E
L lllllil
s tttl:ilA: xttilu
.tllllllli

a
L

E

(f
C]

il
F

E

o
r{

ll
N
TL

n
tl

t!

/:

u
trj
LL
H

f
g

e
II
z
H

LL
z
Cf,
LJ

L

FLOODBANK modei  resu l ts
see lext  for  deta i  ls

F i ^  A, 1 3  u



a
c,
L
.p
0,
E

(]
cl
n
tl

J

l-

cf,
N

ll
z

d

:

T
0,
a

a

E

o
:

tl
Y

FL00DBANK model  resu l ts
see lext .  for  deto i is

Fig 7



(n
0,
L
p
0,
E

o
o
tt)

ll
J

o
N

ll
z

t{

o
:

{
CI
a

o
E

o
c]

t l

Y

tl
ll
ll
I
|l
il

l t t t r l

ililrl
il|tl
ililil
llilll
ll,llll
il l||l
tllill
il {||l
il ll ll
il ll tl
lrltll
ll Ull
ll,l
il ilil
il ilil
lt ll il
t1ilil
ililt1
rlllll

lrlt
II
iltl
i l i\

\/\/\i
\/\t\l
\i\/\l

i l i l  t  t  t  l  l

ililil l| l
llilil l| t
lltil t l t l
ill il il l t
ililil | t
llill il il
ilill il tl
ill|t^il lt
lrl ililfl II
lil ltsfr lt
t* il; lt lt
Itl*F u
tEt=$ I
tfiil:fi il
rffililt5 il
16il=tH I I
lilll"tl I 1
ililH1rI
nl fi l/ 1i
ililt lt lt
IIIII
|t1 il il fl
ilil ll t1 il
lill /1 / 1 /
fil/ 1t 1/
ilt/ 1r \t

.l
F - i . '  A FLO0DBANK rnodel  resu l ts

see lext .  for^  detq i ls



0
0,
L
+J
0,
E

cf
C]
n
ll
J

o
N

uz

i
ll

CI

o
E

o

il
)<

liliiliilit
il/ffi

L O
.C. L

E
O

E 3n lili,t llltt

H:i{lltlttit

lIl ffi//t
W^fJ' I,fr)/r/#w; 'i'

/1ilffi|il
Fig I FLO0DBANK modei  nesul ts

see t.ext f  or deta i  ls



o(U
L

{J
0,
E

(f
o
n
ll
J

t-
I
I
I
t

(f
N

llz

c]
Cf

a

ll
(U
a
a
E

FI

Cf
CI
C]

ll
Yn 

,/li,i,,/t

/

I

IL
Ftg 10 FL00DBANK model  resu l t .s

see fext  for  deto i  Is



I

o
CI
I

{J
0,
E

o
cl
lo
tr

J

o
N

ll
z.

:

ll
0
a
(fi

E

f{

i
I

X

o
L O

E L
E

c]
on

E. ll
UJ ll .<
l J -  F O
H

f L
g  E 0 ,

oc
O r { . d
lr,
z lt L
H  N t r
u _  t l - o
Z { J( f c
( J  E o

()
n
ll

lJ_

I
I

____l

-o

o

FL0ODBANK model  resu l ts
see lex t  fo r  deto i ls

F ig  1 l



u,
IJ
&
t-l

f
ct

o
LJ.lz
l!
z
cl
(J

FI

o

l

LU

Fig 12 FL00DBANK model  resu l ts
see Lext  for  det .c i  ls



u
lrl
TL

:l
g

cl
trl
z
lr
z
c]
(J

Fig 13 FL00DBANK model  resu l ts
see text .  for^  det .a i ls



_lt--
I
I

I
I
I
I

J

illlJtrjJjlll
illilillt/liir
Irjilitt /lllit

ffi tttl ///lrlll/l/l/r/ir
ffi til,'l'\/ I l t!lit

H i'11,\l I I ',liit
fi ,u'i,,i /!' ! i it!l
r ti ,t'tv{,/ I i !ll''fr !i,1,''/\'\{r'lilll

ll'lt't\i ,i ,' ll,
[]'tr':\'!\,j(' i lii
I l' )' \''',''\.i\. ,/ ! !
,['i'li',1'\uu\ui, X i i I
ttrtit i\ it r\ )i v I

tl )) Y Y v\/\/ |
tltltlt\ /\ /\ /\ /\[l

V.V V \/ \VVryl/

d

ll
LU

Fig t4 FL0ODBANK model  resu l ts
see t.exf f  or- deta i  ls

o



il
il

tl
il

l t
t l

l l

il
ll
tl
tl
tl

iltl
lttl
iltl
ilil

tl
tl

tl
tl
t l
il

ll
il
I I

I
I
I
l
I

I,
t
l
I
I
I

I
I

I
I
I
I

r l

tl
l l
l|
I
t1
t t
t l
I t

I
I

l l
tl
ll
ll
lt
II
{

I
il
f t

l t
il
II
f l
l t
t t
j
I
I

I

I
I
I
I

tl
illl
lill
ll
ll
il|l
il ili
lllll
nill

l l
l l
{

l
l1
il
t1
r l
i l

tl
ll
lf
I
n
I I
II
t l

I
I
I

I
I

I
I
I
I
t

I
I
I
ll
ll

ll
I
l
ll
il

illt
ilil
Ill

ili
ili

tl
t l
l l
t l
t l

I

I

I
I ttl{II

d

|! I
I

_____,-l

Frg 15 FLO0DBANK model  resu l ts
see fex t  fo r  deto i is



o(u
L

{J
o,
E

CI
o
n

ffiilf{

i /#!,'rt ,/, I
/[:'t$/!,
//l^,,#x"l,t l,'(,1'/,' ,'/,'X'fY/

o
L

E,

cl
o
d

u,
Lrj I
l! {J
F'

f
g E

C]
CI
UJ
z I

N
tL tL
z
c]
L J E

n
tl

Fa

TL

/,
/.

/ l

/// 1,,

FL00DBANK model  resu l ts
see text  for  deto i  }s

F ig  16



i

a(U
L
+)
o
E

cf
o
tn
ll

J

o
N

I
z

illllllltjlil
a1.ffi
- C L

n ?f w////[A
gil M///A* ,{!fo' ,' tlililti)(l,i ,l lll{1,,/iy' ,t I t,t

/liiir,^/r" I|!
/[L'rn,.X,r',Y' ,' I

/7')',r/'\^v^y',/ ]

FL0ODBANK rnodel  resu l ts
see tex t  fo r -  deto i ls

Fig 17

o
(f

ll
o
U'

o
E

-t
(3
o
(f

|l
)<



o
(U
L
+)
q,
E

cf
o
n
I
J

o
?
ll
o
a

i
ll
(n
o
E

o
Cf
CI

tl
X

a
L O

C L
E

o
on

0r l r
lrl I et
t L  $ g
H

f L
C 3  E O

( f , c
( ] F l r l

Lrl
z  I L
H  N f
| J .  | J . O
Z + Joc
C J  E O
\ ( )( ]m
ut
z I
H

| r . l r
z
o
CJz
:f

I,l
r//

/ t '

/ /
/ ' / l  t

t r l  /
. / t / . ,  t. . /  t , '  I

lf l/ t.
/ / , 1  n

, l  / l  / l
/ i / . '  t  i

, ' / /  l /  l t
/l / j'

. /  / t  / l

,y't/ , | , I
/ / 7 ' r r ' , t  7  '  ,

','ylli
iift
t[,, I ,
l,' L'
fttl,
llill / t
il!( t'',
lltl(
ffi,{/,'
ll IVr r /
It l/trt 1' ,

/t,{ I !'l/ /

ff{,unn'
,l'i,{ ,'{ ,{ / \ /,1,1,:(,1 ,)"^/,,'

,,1' ,)' ,l' l,' \./\ ,l
it lt I i\,4 \t| ,t[ ,4 ,,( lr'\l,' r/ \,' \ l'\ /, ,
.,'"1 7'\ i\ A X

Fig 1B FL0ODBANK model  resu i ts
see text .  for  deto i  is



o
(U
L
+)
0l
E

Cf,
o
to
n

J

c3
N

ll
z

C]
c]

ll
o
a

(T)

ll
\
a
o
E

o
C]
(]

a

ll
x

o
L O

C L
c

o
on

E , I
U l I e t
u  p t

: ] L
o Eo

oc
O F l r l
lrl
z  ! L
H  N t r
t l .  t L O
Z + J
C I c
L J  E O
\ 0
on
lrl
z I
H F I

t ! l r .
z
o
U
z
3

/ -7,

I

FLO0DBANK modei  resuLts
see text  for  deto i  ls

i4)
,;i,/,irti'" i

,t7'.r'','
./'_n'.1;', -/ :( L );

":.tiiif;fl,

./;'
i r . . 'a,r/,.

./t l 
"':2

Fig  1g



o
L O

E L
Eo

on
E. tl
k J [ . <
l L  + J O

: ] L
g  E o

oc
f] Fa ..{

u.l
z  I L
H  N f
t L  L O
Z + J
oc
u  Eo
z (J
: l l n

ll
Fl

tt

FL00DBANK modei  resu l ts
see text  for  deto i  Is

FiS 20

gt
g
L
+J
o
E
(]
cl
n
ll

J

c]
(\|

tl
z

Ctr
o

l
q,
UI

i
tl

a
o
E

Fl

c]
c]

I
Y

tuiii
lr;ffi

1,[lltii:/i't,

::^*"t!1,



o
o
L
+)
0l
E

o
(]
n
u
J

E
!lt

,li
{1'

lll
I

c]
CI

T
o
a

(r)

!
x
a
o
E

Cf

?
0
Y

I

i1l
,)

rl

//

//t
4(

o
L O

E L
.C

clon
E I
l J [ ' <
t L  + r O
H

: f L
C f ,  E O

oc
f] F,a rl

lrl
Z T L
H  ( \ l ]
t L  t l . O
Z { ,
c tc
C J  E O

o
lf)

' l r

il
It
l i
tl

li/
v,
tl
! i
ti

li
l l
t ,
rl

tl
fi
ti
ll
il'r:, 

/

(

1 r

t l / l ' !  t I

,fill,t! |
,/lti,' [ ! !' l  / l  i l
i tt I tt' i ,  t  l tr , ' I  l l' l i l l

t  l l l
I  l l  I

t/ I
4l

I
/ !  |

t l  I

t l
t l

it
l l /
l t '
t  . (
l t  |  /

, l y
I  l /

I

I

I

I
r
I
I
t

I
I

,//i/1,
\ ,fl//,'li

V,'il i
/rl/iit I
ry/\/ | !,
{ l l  i  t l

,ll ! ,{
[ | ,ii

l /  I

t l  I
lt I I

lil
/ '  t  I

l : ll l l l

t ! .'i
t4 l
I  I  ' l
. A - / l

t_
Fig 2I FL00DBANK modei  resu l ts

see text  for  dets i  ls



o l(U i
L i
+ r l
o i
E ]

o
CI
an
tl

J

ID

E

f{

o
o
Cf
cf,
o(]

l
N
Y

o
L O

C L
E

o( ] ro
u t l
td [ .-t
t . | .  $ U

: f L
g  E o

oc
(] F{ .Fr

ul
z  [L
H  ( \ l l
L L  l ' t . O
Z + ,
oc( J  E o
t ( l

H |tl
=
lrl ll
| J ) F r

tt

FLO0DBANK model  resu l ts
see tex l  for '  detq i is

\ //,1,f,4/ll
\ /{fi{ m
\ [!,'tilllV
\ l{ftttX
V//i ttttl
l/v! ri t Y tl

{/';il/ l I A ll
liiil i tlt rr
,{lirlt Y llltf't/ l ,4 | lt'V l,/l I ll'lt / I I U
,'l ,l:n

,,[],

(,"

,ri

Fig 22



ol
fl l
+r l
o l
E I
c]
o
n
I
J

o
N

Iz

o
E

(]
o
CI(]
C]
cl
t3

:

l
N
Y

F.

o
cl

a
o
a

m
I

I
x
a
o
E

FI

o
cl

I
Y

q

ll
lt

o
L O

.C. L
T,

Cf
C f n
d

u
I r <
+t t,

L
E O

{J( ] c
F{ t{

I L
Nt r
l r O

+)
c

E O()

\ ,fllfill
\ l[i/i't tw
\ fi'li I lX
\ff|l I |tll
Vl/t / r ll

Y t itill
ltIlll

/ l,/l I ll
(t l,'/ | \/,

)l ,{ | 'rt
,l il,l::Afff'rr

u
lrj I
tL +t
t{

3
A E

(]
Cf F{
lrl
z I
H N
tL lr
z
C]
L ) E
I

H lt)
=
lrl ll
U l H

lr

FLOODBANK modei  resu l ts
see tex t  fo r  deto i ls

r - -
F 1 ^  / <
I  I 9  L J






