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Ground Water Movement in a Sand Dyke Subject to Tidal 

influence

Comportement de l ’eau à l ’intérieur d ’une digue en sable soumise à l’influence de la marée

by E. C. W . A. G e u z e , P rofessor o f  Civil Engineering D elft Technological U niversity 

and

M . B. A b b o t t , U niversity  o f  S o u th am p to n

Summary

In a continuous sand stratum exposed to the cyclic rise and 
fall of the tide in a coastal region, gradients are set up accompanied 
by movement of the water. The flow occurs as a distorted reflection 
of tidal variations, the nature and extent of the distortion depend­
ing on the perm eability of the sand.

If an impervious cover is used for slope protection against 
wave action, the time lag may, during a falling tide, allow the 
phreatic table inside the cover to stand at a higher level than 
the free water outside. Excess upward pressure may cause failure 
of the cover. The technical solution demands that the extent 
of the upward pressure be known ; in other words both the 
time lag and the attenuation in the tidal wave be determined.

Theory

D a rc y ’s fo rm ula  gives :

Somm aire

Dans une masse de sable, exposée aux variations des marées, 
les gradients hydrauliques qui se produisent sont accompagnés 
par l'écoulement de l'eau interstitielle. Ce mouvement de l’eau 
se manifeste comme une image distordue des variations du niveau 
des marées, la nature et l’échelle de la distorsion dépendant de 
la perméabilité du sable.

Dans le cas des talus, protégés contre l'action des vagues, 
par une couverture imperméable, la nappe aquifère derrière 
la couverture se trouve à un niveau plus élevé qu 'à  l’extérieur 
pendant la marée descendante. La couverture est alors en danger 
d’être soulevée par la pression de l’eau exercée à sa base.

La solution technique de ce problème demande qu’on connaisse 
le décalage dans le temps et l’atténuation de l’onde de la marée 
à l’intérieur du massif.

L 'étude présente une méthode de calcul qu’on pourrait 
appliquer dans un grand nombre de cas pratiques.

T he change in q u an tity  o f flow, Sej, in the x  d irection  will 

increase the height o f the colum n a t x  (see Fig. 2). such th a t :

S<? =  +  " ( s f )  S* ’

w here n is the po rosity  o f the soil.

C om bining (1) and  (2) gives :

òy  , ^ I / b y \ 2 b2y l

ö7 “  +  L \ ö^ /  ^~2J

Fig. 1 Forces on bitumen cover at foot of dyke.

Pressions exercées sur la couverture bitumineuse 
pied de la digue.
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We m ay follow Boussinesq in assum ing tha t :

2

The one o f these so lu tions which has the value A cos 

(co/ —  0) a t x  =  0 is then :

b y \

b x )
<é y

d2y

ô7 2 ’ y  = A exp

w hence ( - V £ )
cos CO/ — 0  —

_  ky  b2y  

bt n bx2

If  fu rther we assum e tha t y  rem ains constan t, =  /?,

by l<hbh> _  b^y 

b/ n b x2 c\v2

In teg ra tion  o f E quation  (3).

Since the response m ust be periodic, we seek a so lu tion  

o f  the from  :
y  = u exp [/(co/ — 0)]

w here :

u = u(x) only.

(5)

exp

This derivation , w hich follow s th a t o f  L am b (H ydrod yna­

mics, Section 345) leads to  the follow ing conclusions :

I. The am plitude o f the tidal oscillations dim inishes as

/  co

\ Z l K j

and  is then a tten u a ted  m ore rap id ly  for higher frequencies. 

If the orig inal tidal w ave is given by a  F o u rie r series, the 

higher harm onics d isappear m ore rap id ly  than  the lower 

harm onics.

II. There is a progressive tim e lag,

co

2 K

This solu tion  will have a  period of 

in to  the differential equation  (3) gives : 

d 2u /co

271
Substitu ting  it in  the phase o f the tidal wave. This lag increases w ith co.

I I I .  The tidal w ave is p ropagated  in  the soil w ith a  celerity

w here :

bx2 K
(3)

V 2 K u

2t c

T he solu tion  o f (4) which is finite as x  -*-00 is :

( V t )_

V £ j

11 = A exp

=  A exp I — .v(l -f i \  / —¡z

2ti
T hus the solutions o f (3) o f period  —  are :

co

y  =  A exp | cos I co/ —

and

( _v ^ )

,  -  A  e*p  (  - y  £  ) ^ . [ ------- e - V ^ ]

It thus appears th a t if K  is know n, co being hrs 1,

the am plitude and  celerity  o f the w ave m ay  be determ ined a t 

any  p o in t in d istance and  tim e.

Summary of data taken from dyke a t Veeregat

1. B oreholes sunk  on  the site to  a depth  o f  20 m showed 

con tinuous sand layers w ith a  few isolated lenses o f clay, 

the la tte r being too  isolated to  influence the fluid flow to  any 

appreciable  extent.

2. Pore pressure m easurem ents were taken  a t various 

points across the dyke, w ith concen tra tion  o f m easurem ents 

a t the seaw ard foo t o f the dyke. The readings taken  a t the 

foo t were corrected  fo r tem peratu re  and  barom etric  pressure 

variations.

Analysis of test results, determination of constant K

I. Propagation o f  ground water inshore :

1. Body o f  dyke— T est results give the tim e taken for the 

crest o f the w ave to  travel from  a free w ater surface (abou t 

sta tion  18) to  sta tions 15 an d  16 (Fig. 3).

32 A m _________________TLkm _______ _________  610 m

T  üünwNAP

lOOmtNAP

l »  . . . . u  . ,

1*1 17' 1? »

Fig. 3 Cross section at Veeregatdam, with numbers of stations. 

Profil de la digue du Veeregat, avec les points de mesure.
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The velocity o f p ropaga tion  or celerity, c, o f the wave 

varied from  5-6 m /h o u r to  17-5 m /hour, this representing an

c2
increase in  K, g iven by K  =  — , from  K  =  32 to  K  =  306.

2co

The m ean velocity o f 9-2 m /hou r gives K  =  85.

2. Foot o f  dyke— The progress o f five different w aves from  

free w ater to  sta tion  10 (see Fig. 4) w ith a celerity varia tion  

from  10-8 m /hou r to  7-2 m /hour, giving K  =  90 for an  average 

celerity  o f 9-5 m /hour. This is the K  value used in calculations 

for the 3 m  —  tide synthetic phreatic table.

N A P

Fig. 4 Detail of foot of dyke.

Détail du pied de la digue.

II. Attenuation o f  ground water wave inshore :

1. Body o f  dyke— A ny investigation  o f the w ave a ttenuation  

is com plicated by  the fact th a t only  a h a lf wave initially  

enters in to  the system . T he negative p a rt o f the w ave is cut 

off a t 20 cm +  N .A .P . a t w hich level lays the sand-bank, 

this p a rt o f the dyke is built on. T hus the am plitudes m easured 

are .fo rm ed  o f the envelope o f m axim um  phreatic  table  levels 

and  som e o ther line representing  the level o f the tab le  ju s t 

before the nex t input. Fig. 5 represents this situation .

WAVE LENGTH__________

Fig. 5 A ttenuation of ground water wave.

Amortissement des vagues de fond.

A lthough the process o f superposition  gives a w ave form  

of the type observed, it is very difficult to  estim ate the shape 

of the low er line to  a sufficient accuracy for calculation . O n 

the o ther hand  the accuracy o f the observations does no t 

w arran t a calculation  based upon  an  average w ater level 

phreatic table, which can be calculated  from  theory . A lthough 

it seems possible th a t a value o f K  m ight be calculated from  

this inform ation , such a  calculation  did n o t seem justified at 

this stage.

2. Foot o f  dyke— The results ob tained  a t the foot o f the 

dyke were considerab ly  m ore com prehensive and  accurate 

than those ob tained  for the body o f the d y k e ; and  therefore 

a trial calculation  o f K  was m ade. F o r  this purpose Fig. 6 

was draw n, w hereby the position o f the preatic  table  a t high 

water and N .A .P . +  0-20 could be determ ined.

Fig. 6 Comparison of observed results with those calculated 
theoretically.

Comparaison des résultats des mesures avec ceux 
obtenus par le calcul.

U sing a A'-value o f  90 the theoretical phreatic tab les were 

calculated  and  draw n on  the sam e diagram  fo r com parison 

w ith a p ractical case (Fig. 7, where a tidal curve o f alm ost 

sinusoidal form  and  o f 1-5 m eters effective half am plitude 

obtained).

The m ethod o f  calculation  used is set ou t in the re levant 

section below.

The results ob tained  in Fig. 6 com pare favourab ly  with 

those calculated for K  =  90, sufficiently for a calculation  

based on this value to  appear justified.

I I I . Permeability o f  sand mass :

If  the value o f K  =  90, derived above is substitu ted  in the 

expression :
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Fig. 7 Observed results at Veeregatdam.

Résultats des mesures dans la digue du Veeregat.

tak ing  h as 48 m etres (site observation)

(j. as 50 per cent,

then

900-5
k  =  ——— m etres/hour

48

15 100 100

16 3-600 32-120
=  0-026 cm/sec.

It thus seems possible to  accoun t fo r the effects o f capillarity  

b y  adding  a  constan t height, t i , to  the level calculated  w ithout 

capillary  effects. Investigations carried  ou t independently  

o f  this rep o rt suggest th a t t i  is alw ays less than  10 cms fo r the 

site sand, and  this value was accordingly  taken.

R esults from  labo ra to ry  tests also gave K  =  0-0258 cm/sec.

IV. Conclusion :

T he value o f K  =  90 appeared  to give a  sa tisfactory  agree­

m en t w ith observations and  was accord ing ly  adopted .

Effect of capillarity

Fig. 8 shows how the psrcentage sa tu ra tion  of sand  m ay 

vary  w ith height above the phreatic  table. C onsider the effect 

o f  “ in jecting” an additionnal q u an tity  o f w ater o f volum e V 
in to  this system . The height h represents the cap illary  head 

before injection. If the w ater is injected in such a w ay as to 

fill the volum e V  (Fig. 8) the instantaneous rise in the phreatic 

tab le  w ould be t i . H ow ever, the forces which crea ted  the 

o rig inal d is tribu tion  w ould again  com e in to  effect, so as to 

d is tribu te  V upw ards in to  the sand mass.

T hus ultim ately  the w ater w ould fill volum e V" w hen the 

ph reatic  table  w ould have risen h", an am oun t m uch sm aller 

th an  t i .  In  practice, with considerable varia tion  in the phreatic 

levels, som e in term ediate effect m ay be expected.

F rom  the shape o f the curve of Fig. 8 it m ay be said, qualita ­

tively, th a t a lthough  a sm all q u an tity  o f w ater rising in to  the 

soil m ay  induce a large increase in the level o f the phreatic 

table initially , fu rther quan tities will generate com m ensurably  

sm aller increases (Fig. 9).

QUANTITY OF WATER INJECTED

Fig. 9
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Calculations

Synthetic phreatic table —  3 m tide :

W ith K  =  90.

A m plitude

-' [exp (-* v»)]" 3'° Icxp ("
To this m ay  be added  10 cm  for capillary  rise (see effect 

o f  capillarity).

C elerity  =  ■\/2k(x>, =  \  /  2"90 •

T im e lag =  x i  / —  = x  \ l -----— -----
Y  2k  Y  2-12,5-90

These give:

A m plitude =  3 exp ( — 0-0528 x) meters 

Celerity =  9-5 m /hour 

Lag =  0-0528 x

These results are plotted in Fig. 10, giving the profiles o f 

the phreatic table across the dyke for a distance o f 30 m 

inshore. ( I t was from  these results tha t Fig. 6 was determined).

E

z

Ss

s

D ISTAN CE FROM F R E E  WATER  IN m . iT «

Fig . 10 Synthetic ground water tables, 3 m- tide (illustrating 
means o f construction).

Nappe aquifère pour une marée de 3 mètres d’amplitude 
(m ontrant la méthode de construction).
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The phreatic  table profile is a  m easure o f the pressure 

ob tain ing  in the sa turated  zone beneath the table, and  this 

fact has been utilised in  o rder to  construct a  pressure at m ean 

w ater +  0-20. I t  is suggested tha t this should be checked 

in practice w ith pore  pressure m eters sealed under a bitum en 

cover.

Synthetic Phreatic Table, 8 m tide :

l o n g  w a v e  

_____ \ - - - - - - - -

MATHEMATICAL MODELA

A m plitude =  8-0 exp
2n

=  8-0 exp
* \ /  2-12, 5-90 

(— 0-0528 x) m eters. C elerity and  tim e lag as before.

This has been p lo tted  in Fig. 11, from  w hich the pressure 

d is tribu tion  behind a b itum en cover can be calculated a t any 

stage o f the tide effective on  the dyke and the foot o f the dyke 

below low w ater level.
Fig.

Calculations

The m ethod  developed above is open to  tw o m ain  objec­

tions, N am ely  :

1. D ifferences between the highly idealised m athem atical 

m odel and  the real dyke.

2. T he effects o f capillarity .

1. In  Fig. 12 the m athem atical m odel is com pared w ith the 

actual dyke. I t will be seen th a t the “ geom etry” o f  the two 

cases differs considerably , so th a t in B  a  certain  p a rt o f the 

tidal w ave is entire ly  cu t off. T hus in  region “ 6” the process 

o f upw ard flow canno t occur and  the theory  is accordingly 

invalidated . If, how ever, the region “ 6” is sm all com pared 

w ith the length o f the tidal wave, the e rro r involved will no t 

be so great, fo r then  the inner flow process will com pensate 

for the flow obstruction  under the im pervious layer.

2. A bove the phreatic  tab le  there m ay exist a  sa tu rated  

capillary  zone. In  calculations on  seepage flow in sem i-im per­

vious soils (e.g. clays), overlying im pervious beds a t shallow 

depth , this zone m ay be o f considerable im portance for seepage

calculation. In sand how ever, especially o f the depths such as 

ob tained  in  and  under the D elta  dykes, this aspect o f capillary 

action  is hard ly  significant.

A no ther aspect o f capillarity  which does en ter this study 

concerns the “ m agnification” o f phreatic  level rise due to  

the low quan tity  o f unsatu ra ted  voids available in the soil to 

absorb  upw ard flow. A llow ance can be m ade fo r this by the 

add ition  o f a constan t height (in this case 10 cm) to  the calcul­

ated  phreatic level (see Fig. 9). This appears to  cover adequa­

tely those capillary  effects w hich do occur.
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12 Com parison of the m athem atical model w ith the 
actual dyke.

Com paraison du modèle m athém atique avec la digue 
réelle.
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