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A Study of a Breach in an Earthen Embankment Caused by 

Uplift Pressures

Ét u d e  d ’u n e b rèch e cau sée p ar  des sous- p ressions d an s u n  talu s d e terre 

by A rth u r M a r s la n d ,  M .Sc. (B uilding R esearch S tation , W atfo rd , H erts. England)

Summary

Investigations made at the site of a large breach in a river 
em bankm ent which occured under flood conditions are described. 
The significant features of the breach were the rapidity with 
which it developed and the massive nature of the debris washed 
out into the marsh. Preliminary soil surveys indicated that the 
bank may have failed as a result of instability caused by uplift 
pressures in an underlying sandy gravel layer.

After the breach had been repaired the variations of the pore 
pressure in this gravel stratum  were measured at intervals over a 
period of about two years so as to cover as wide a range of tidal 
and ground-water conditions as possible. These results were 
extrapolated to give an estimate of the pore pressures just prior 
to collapse of the bank. Stability analysis using these pore pressures 
helped to confirm the suggestion that the breach was caused by 
high water pressures in the underlying gravel.

Introduction

O n the n igh t o f Jan u ary  31 - F eb ruary  1, 1953 extensive 

breaching  occurred  in the sea and  river defences o f  Eastern  

E ng land . O ne o f the w orst breaches in the Tham es Valley 

occurred  on  the Eastern  bank o f  the R iv e r D a ren t dow nstream  

o f  D a rtfo rd  L ock on the N o rth ern  ou tsk irts  o f  D artfo rd , 

K en t (see Crowther, 1953). T he rap id  fo rm ation  o f the breach 

an d  the presence o f  a layer o f  gravel a t a shallow  dep th  sug­

gested tha t failure m ay  been due to  uplift pressures which 

had  developed in the gravel layer at high w ater. T his paper 

describes the investigation  ca rried  o u t to  s tudy  the cause o f 

the  failure.

Description o f the failure

T he first w arning  o f danger was a  rep o rt by the K eeper a t 

D artfo rd  Lock tha t w ater was com ing over the bank  a t m any 

poin ts. S hortly  after this the bank  suddenly gave w ay and 

the m arsch was rap id ly  flooded to  a depth  o f  5-6 ft. By the 

nex t m orn ing  the breach was 90 ft. w ide and  6-8  ft. below 

m arsh  level and  the gravel was exposed a t the sides and bottom  

o f  the  breach. The m ost unusual feature o f  this particu lar 

failure w as the fact tha t large lum ps o f  clayey peat w ith a 

m axim um  size o f 6 ft. cube were carried  as far as a 1,0 0 0  ft. 

in to  the m arsh  (see Fig. 1). A w ay from  the breach only  super­

ficial erosion  o f  the w eak top  soil occurred, and  the bank 

was com pletely  undam aged a t m any o f  the lower spots.

Site investigations and soil properties

In  the locality  o f  the breach site the D aren t Valley is covered 

w ith a th in  layer o f  alluvium  com posed m ainly  o f  peat over- 

lying a stra tum  o f  gravel ab o u t 10  ft. th ick, which rests upon 

chalk. T he gravel is exposed on low hills ab o u t 500 ft. to the 

W est and  2,000 ft. to  the East o f  the river as show n in Fig. 2. 

In  the area o f  the breach the river channel is very close to
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L’objet de ce rapport est de rendre com pte des résultats des 
études faites à l’emplacement d 'une brèche survenue dans le talus 
d’une rivière lors d’une inondation. Les caractéristiques de cette 
rupture sont la rapidité avec laquelle elle s’est développée et la 
nature massive des débris alluviaux déposés dans le marais. Un 
examen préliminaire du sol a m ontré que la rupture du talus pou­
vait être attribuée à l’instabilité causée par des sous-pressions dans 
les couches sous-jacentes de gravier sableux. Après réparation de 
la brèche, on a mesuré les variations de pression interstitielle dans 
cette couche de gravier pour une période de deux ans afin de 
couvrir une gamme aussi étendue que possible de conditions de 
marées et de niveau de la nappe. On a extrapolé ces résultats pour 
déterminer les pressions interstitielles avant la rupture du talus. 
L’analyse de stabilité basée sur ces pressions interstitielles a 
contribué à confirmer l'idée que la brèche avait été causée par de 
hautes pressions de l’eau dans le gravier sous-jacent.

the W estern side o f its flood plain and  in consequence the 

gravel is likely to  be neare r the surface here than  elsewhere.

T o  ascertain  the sequence o f the soil s tra tum  in m ore detail 

borings were m ade in the area o f  the breach  and  a t intervals 

along the E ast bank o f  the D aren t as far as the R iver Tham es. 

T he levels o f  the ground  surface and  the top  o f the sandy 

gravel are  given against each bore hole in Figs. 2 and 3. It 

will be seen tha t the surface level o f the m arsh  was lowest 

near the breach site (4- 2*5 to  -f- 3-5 O .D .N .) and  tha t the 

top  surface o f the gravel s tra tum  falls from  abou t -3*0 O .D .N . 

a t the breach site to -20 O .D .N . a t the m outh  o f the D aren t. 

The thickness o f peat and  peaty  clay  above the gravel was 

thus on ly  ab o u t 6 ft. a t the breach  site and  gradually  incre­

ased on both  sides.

A section th rough  the b an k  and  m arsh  layers ad jacen t to 

the breach is show n in Fig. 4  together w ith values o f density , 

m oisture con ten t and  the results o f  unconfined com pression 

tests m ade on  undistu rbed  sam ples taken from  the bank during  

norm al tide conditions. S pot levels taken  a t intervals o f  100 ft. 

along the top  o f  the bank  varied between 15-0 and  16-5 

O .D .N . w hile a t e ither side o f  the breach levels o f  15-5 O .D .N . 

were recorded. T he bank  was com posed o f  a firm clay and  

shrinkage cracking  was lim ited to  the top  12  in.

In  o rder to  m ake an  estim ate o f  the stab ility  o f  the bank 

under flood cond itions it was necessary to  have inform ation  

on  the effective stress properties o f  the soil types present. 

O f p articu lar in terest were the soft organic clays, peats and 

the silty  sand w hich occurred  as a  transition  layer 2-3 in. 

thick between the peat an d  the sandy  gravel. Equilibrium  

shear box  tests on  undistu rbed  sam ples o f  the silty sand gave 

a  0 d  o f  only  30° as com pared  w ith an  assum ed value o f  at 

least 40° fo r the underly ing  well graded  Tham es ballast. 

(See Bishop, 1948). Except under abnorm al w ater pressure
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Fig. I Photograph o f out wash debris on marsh at rear o f breach.

Photo des alluvions et de débris sur le marais, derrière la brèche.

con d it io n s the w eakest so il at  th is site is the n o rm ally- conso li ­
dated o rgan ic c lay  w h ich  is sandw iched  between the layers 
o f  peat. Sh ear box  tests on  th is c lay  g ave a 0 d  =  2 4 ° and
0  cu =  1 9 °, w h ile und rained  t r iax ials on  1 I in . d iam . sam ples 
g ave ef fect ive stress param eters 0 '  — 22° and  c =  0- 9 Ibs./ sq. 
in . Rem o u ld in g  reduced  the shear st reng th  to  ab ou t a q u arter 
o f  its o r ig in al valu e.

Th e l ig h t ly  con so lid ated  peat had a n atu ral m o istu re con ­
ten t  o f  250- 450 per cen t. M o st  o f  the und isturbed  1 \  in . d iam . 
sam ples were con so lid ated  in  a t r iax ial cell under an all 
round  pressure fo r  1 -2  d ays af ter  w h ich  th ey w ere strain ed  at a 
con stan t  rate under eith er “ d rain ed ”  o r und rained  con d it ions. 
Po re pressures develop ed  d u rin g  .shear w ere m easured  in  
a ll  the und rained  t r iax ial tests. Th e m ax im um  d eviato r 
st ress (o ,- o 3) occu rred  at  between 10- 15 p er cen t st rain  
af ter  ab ou t 25 m inutes w h ile in  the d rain ed  tests it  
occu rred  at  ab ou t 15- 20 per cen t st rain  in  4 hours. Slo w  
sh ear box  tests in  w h ich  failu re was reached  in  ab ou t
1 0  hours were also  m ade on  und isturbed  sam ples o f  peat 
p revio u sly con so lid ated  fo r  3 d ays. Th e averag e values c f  
c and  0 '  ob tained  from  a ll these t r iax ial and  shear box  tests 
on  peat af ter  ap p lyin g  a ll necessary sheath and  d rain  co rrec­
t io n s, are g iven  b elcw .

D rain ed  t r iax ial tests 0 '  =  2 l°- 2 4 5 c ' =  0 —  0- 8 lbs./ sq. 
inch.

D rain ed  shear box  tests 0 '  =  3 3 °

Un d rain ed  t r iax ial tests 0 '  =  2 4 ° c =  2- 0 lbs./ sq. in . 

T h e values o f  c and  0 '  g iven  b y the var io u s typ es o f  test 
d if fer co n sid erab ly. A  co n t r ib u to ry cause o f  th is var iat io n  
m ay be th at  the tim e o f  test  used in  the d rain ed  t r iax ials was

insu ff icien t  to  allo w  fu ll d rain age to  tak e p lace. Som e o f  the 
sam ples w h ich  were lef t  o vern ig h t  under the m ax im um  d evia ­
to r  stress g ave strengths f ro m  6- 27 per cen t h igher w hen they 
were strain ed  fu r th er. On  the o th er hand ano th er d rain ed  
t r iax ial test  on  a sam ple con so lid ated  fo r  6  d ays and  then 
strain ed  to  failu re o ver  3 d ays g ave a M o h rs en velo p e in  
agreem ent w ith  the averag e values o f  c' and  0 '  g iven  ab ove 
fo r  the d rain ed  t r iax ials. T h is sam p le was d rain ed  at  the 
bottom  and  the pore- pressure was m easured at  the top  and  
allo w an ce was m ade fo r  the sm all resid u al pore- pressure 
m easured at  failu re. Th e high values o f  0 '  ob tained  fo r  p eat 
in the slow  d rained  shear box  tests m ay be due to  the sm all 
th ickness o f  the sam ples and  the f ib ro u s tex tu re o f  the peat. 
Po sit ive pore p ressure developed d u rin g  shear in the u nd rained  
t r iax ial tests caused  the sam ples to  be overcon so lid ated  at  
failu re and  th is resu lted  in  valu es o f  c' h igher than  those 
g iven  b y the d rain ed  tests.

M easurem ent of the pore pressure changes caused by the tide

A t  the tim e o f  m ak ing  the general site in vest ig at io n s in  
M arch  1953 tem p o rary ap p aratu s was used to m ake p relim i­
n ary m easurem ents o f  the changes in  p ore w ater pressure in  
the top  o f  the g ravel w h ich  were p roduced b y the t id e (see 
p t. J,  Fig . 5 ). These m easurem ents ind icated  th at  the p ore 
w ater pressures in  the g ravel var ied  w ith  the t id e and  a m ore 
ex ten sive set o f  p iezom eters were in stalled  to  co ver  fu tu re 
h igh tides. Bo th  ver t ical standp ipes using \  in . d iam . p o ly ­
thene tube and  tw in  tube p iezom eters o f  the typ e described  
b y P e n m a n  (1956) were used. By  the t im e the p iezom eters 
had  been installed  the bank  had been reb u ilt  and  the rem ains
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Fig. 2 Geological map and section across valley. 

Carte géologique et seclion de la vallée.

o f  the scour h o le on the r iver  side o f  the bank  had  becom e 
covered  w ith  a th ick  layer  o f  m ud. Befo re choosing  a su itab le 
sect ion  fo r  d etailed  stu d y m easurem ents were f irst  m ade on 
a num ber o f  p iezom eters in stalled  at  in tervals alo n g  the bank . 
Th ese g ave su b stan t ially the sam e resu lts w h ich  ind icated  
th at  an y lo cal changes in  the ground w ater f lo w  p roduced 
b y the b reach ing  had  been larg ely restored . Th e m ain  pore
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pressure sect ion  was chosen on the lin e o f  one o f  the p o in ts 
used in  these p relim in ary m easurem ents.

D etailed  m easurem ents were m ade o f  the w ater pressure 
changes w h ich  occu rred  d u rin g  t id es o f  var io u s heights through ­
ou t  the seasons d u rin g  1953, 1954 and 1955. Th e resu lts 
o f  t yp ical ob servat io n s m ade d u rin g  th is p eriod  are p lo t ted  
in Fig . 5. Th e changes in  the w ater pressure in  the g ravel 
were o n ly  o f  the o rd er o f  2- 3 f t . o f  w ater w h ich  represented  
ab ou t 25 p er cen t o f  the t id al range. Measurem ents taken 
at  d if feren t  d istances from  the b ank  (in clu d in g  p o in ts 1 2  and
13 Fig . 2 ) showed  th at  at  h igh  w ater the pressure decreases 
w ith  d istan ce from  the bank  fo r  som e w ay and  then starts 
to  increase ag ain  as the general w ater tab le in  the r iver  basin 
(Fig . 2 (b )) becom es the p red om inating  facto r. A t  low  w ater 
the f lo w  o f  ground  w ater is tow ard s the r iver . In  general the 
resu lts showed th at  h igher in it ia l w ater pressures in  the 
g ravel at  low  w ater g ave r ise to  g reater w ater p ressures at  
h igh  t id e. Th e decrease in  slop e o f  the p lo t  o f  w ater pressure 
again st  t id e level, as h igh t ide was ap proached , was also  less 
when the in it ia l ground  w ater pressu re was h igh . Th ere was 
som e in d icat io n  th at  the m ax im um  w ater pressure depended 
to  som e ex ten t  on  the leng th  o f  tim e th at  the t id e rem ained  
near its peak  b u t  th is cou ld  n o t  be d ef in itely  estab lished .

These resu lts can  be ex t rap o lated  to  g ive an  est im ate o f  the 
p o re w ater p ressures w h ich  ex isted  ju st  p r io r  to  the co llap se 
o f  the b ank  d u rin g  the f lood  on  the 1st Feb ru ary 1953. On  
th at  occasion  sh allo w  o verto p p in g  flooded  the m arsh beh ind 
the b ank  to  a lim ited  ex ten t , w h ich  reduced  the storage cap a­
c it y  o f  the m arsh so ils and  m ay h ave caused a m ore rap id  
increase in  the p ore p ressure than  w ou ld  n o rm ally occu r.

Stability  analyses

Ap p rox im ate st ab ilit y  analyses o f  the typ e shown in  Fig . 6  

h ave been m ade fo r  the bank  sub jected  to  d if feren t  t id al con d i ­
t io n s. Th e sh ear strengths o f  the s i lt y  sand  and  peat were est i ­
m ated  from  the slo w  d rain ed  sh ear box  tests assum ing the 
p ore pressures to  be the sam e as those ex t rap o lated  from  the 
m easurem ents m ade in  the top  o f  the san d y g ravel. Because o f  
the d if f icu lty o f  est im at in g  the actu al pore pressure changes 
in  the c lay  w ith in  the b ank  altern at ive values o f  st reng th  
based on  unconfined  com pression  tests o r on fu l ly  d rain ed  
sh ear tests using  a stead y seepage con d it io n  h ave been used 
in  som e o f  the analyses. It  has also  been assum ed th at  the fu ll 
sh ear streng th  o f  a ll  the so ils was m ob ilised  sim u ltan eou sly.

In  view  o f  the ab ove rem ark s and  also  the d if f icu lt y  o f  
d ecid ing  w h at  tension  crack s, i f  an y, to  allo w , i t  is o b vio u sly 
no t  possib le to  ob tain  p recise figures to  represent the stab ilit y  
o f  the b ank . It  is, how ever, considered  that  the resu lts g iven  
b elow  p ro vid e a reasonab le gu ide as to  the facto r o f  safety 
o f  the bank  und er the var io u s con d it io n s. Th e facto r o f  safety 
is defined th rou g h out as the rat io  o f  the m easured to  the 
m ob ilised  sh ear st rength .

Assum ing  th at  tension  crack s did no t  ex ist  then und er low  
t id e con d it io n s the facto r  o f  safety again st  the p o ssib ilit y o f  a 
lan d w ard  slip  o ccu rr in g  was estim ated  to  be ab ou t 1*5. A t  
h ig her t id e levels the p ore pressures in  the g ravel increase and  
the b ank  becom es less stab le. Th u s, fo r  a w ater pressure 
d istr ib u t io n  in  the g ravel I f t . lo w er than  th at  estim ated  fo r  
the 1953 storm  surge (ex trap o lated  from  the N o vem b er 1953 
cu rves in  Fig . 5 ), the correspond in g  facto r o f  safety was 
ab ou t 1-3. W it h  th is w ater pressu re d istr ib u t io n  in  the g ravel 
(l in e (a ), Fig . 6 ) the w eig h t  o f  the clayey peat ab ove the g ravel 
in the m arsh is alm ost balanced  b y the w ater pressure and  the 
rat io  o f  the u p lif t  p ressures to  the weig h t o f  the o ver ly in g  
m arsh layer  is :

Y 1 vH  62*5 x  6-5
1 —  =  - - - - - =  0- 9
yD  72 X 6
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Fig. 3 Position of boreholes and pore pressure points.

Position des forages et des points de pression interstitielle.
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Fig. 4 Section through bank showing soil data.

Section du talus m ontrant les propriétés du sol.

where y w =  d en sity o f  w ater ;

y  =  averag e saturated  d en sity o f  peat and  c lay  
layers;

H  =  head o f  w ater under peat (w ater  pressure in 
the g ravel) in f t .;

D =  d ep th  o f  peat and  c lay  ab ove the g ravel in  f t .

A s the t id e level rises fu r th er the w ater pressures in  the g ravel 
increase u n t il a con d it io n  is reached  when the m arsh at  the 
toe o f  the b ank  (t o  the r ig h t  o f  A B in  Fig . 6 ) begins to  heave.

Th is m eans th at  the p assive resistance p rovid ed  b y the m arsh 
at  the toe o f  the bank  is reduced  to zero  and  in  ad d it io n  a 
sm all u p lif t  fo rce begins to  act  on the bank  across the p lane 
A B. Th is co n d it io n  is attain ed  b y the pore pressu re d istr ib u t io n  
ex t rap o lated  fo r  a 15*5 O .D .N . t id e from  the resu lts ob tained  
in  N o vem b er 1953 in  Fig . 5, and  shown as lin e (b ) in  Fig . 6 , 

v H
w hen =  1- 09. Water  pressures slig h t ly  g reater than  

yD
were necessary to  l i f t  th e layer  o f  peat and  c lay  cou ld  occu r 
at  th is site because o f  the lim ited  ex ten t o f  the low  area.

T yp ica l values o f  the estim ated  facto r  o f  safety fo r  a t id e 
level a t  the top  o f  the bank  using  var io u s assum ptions are

6 6 6
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(b )  T YPICA L T ID E AND PRESSU RE 

RESU LT S 24- 11- 53.

Fig.

(C ) PO REWA T ER p r e s s u r e  

M EA SURED  AT PO IN T  A9  PLOTTED  

A GA IN ST  T ID E L EV EL  O V ER  

V A RIO U S T ID ES.

5 Pore pressure measurements.

Mesures des pressions interstitielles.

( d )  POREWATER PRESSURE M EASURED  
AT POIN T  A7 PLO T TED  AGA IN ST  T ID E 

L EV EL  O V ER V A RIO U S T ID ES.

g iven  in  the tab le. In  calcu lat in g  these values o f  F  no 
allo w an ce has been m ade fo r  tension  crack s. Fo r  th is reason 
th e facto r  o f  safety ( F )  m ay be ab ou t  2 0  p er cen t too  h igh  
w here a ^  =  0  shear st reng th  co n d it io n  has been assum ed fo r 
th e b ank  m ater ial. In  the analyses using  0 '  =  2 4 ° fo r  the clay

in  the b ank  the effect o f  in clu d in g  a tension  crack  was sm all 
because o f  the lo w  n o rm al ef fect ive stress across the upper 
p art  o f  the shear p lane. I t  w ill  thus be seen th at  th e facto r 
o f  safety fo r  o verall stab ilit y  under the ex trem e f lood  con d i ­
t ions p r io r  to  the fo rm at io n  o f  the b reach was n ear u n it y.

Typ ical values o f  estim ated facto r o f  safety under flood cond itions

Circle

Wedge

T ype o f  

analysis
Water pressures used

W ater level in clay and peat taken as 
same as tha t in underlying gravel

Steady seepage in bank

Peat, silty sand and foundation clay 
same as in underlying gravel

Strengths used

Foundation clay Peat

0 '  =  24° 

0 '  =  24°

0 '  =  24°
10' = 22°
I c = 0 -9  lbs./in .2

0  =  24°

0 '  =  33°
) 0 '  =  33° 
i c' = 2  lbs./in .2

0'

0'

0'

■■ 33°

: 33° 

= 33°

Bank * clay

0 '  -  24°

0 '  =  24°

0  = 3 3 °
L j  =  400 lbs./ft. 2

0 '  = 24°
0' = 22° 
c' =  0-9 lbs./in .2 

0=0
\ s =  400 lbs./ft.2

Estimated
F

10
10

0-7

0-9

' C l a y  in  p ar t  o f  b an k  t h rough  w h ich  shear  p lan e passes is wet ted  every t id e an d  the- st rength  is m u ch  lo w er  t h an  in  cent re o f  b ank .
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( a )  W E D G E  A N A L Y S I S  - F A C T O R  O F  S A F E T Y  ( F )  N E G L E C T I N G  P A S S I V E  R E S I S T A N C E  O F  T O E  =  (wA! ' u j ) t a ! a  + u,- u4'

(b) CIRCLE ANALYSIS. FACTOR OF SAFETY = a F Vu, -u~ " "**

Fig. 6  Analyses.

Analyses.

Conclusions

Th e evid ence p ro vid ed  in  th is paper suggests th at  the 
rap id  d evelop m en t o f  the large b reach w h ich  occu rred  at  
D ar t fo rd  d u r in g  an  ex t rao rd in ar ily  h igh t ide in  1953 was 
due to  h igh  w ater pressures in  the u n d erlyin g  stratum  o f  
san d y g ravel. Th is con clu sion  is based on the fo llo w in g  facts :

(1 ) Th is was the o n ly  m ajo r b reach alo n g  the Riv e r  D aren t  
and  it  occu rred  at  a p o in t  w here the levels o f  the ground  
su rface and  the g ravel layer , together w ith  the general w ater 
tab le p ro f ile, gave the w o rst  com b in ation  o f  con d it io n s fo r  
th is typ e o f  failu re.

(2 ) Th e larg e size o f  the ou tw ash deb ris m ake it  u n lik ely 
that  failu re occu rred  as a resu lt  o f  o verto p p in g  erosio n  espe­
c ia l ly  since som e o f  the larg er lum ps were com posed o f  c layey 
peat from  b elow  m arsh level. Th is w as substan t iated  b y the 
fact  th at  even  though sh allo w  o verto p p in g  occu rred  o ver 
a ll  the banks in  the area the su rface erosion  was o n ly  slig h t  
because o f  the re lat ive ly  f irm  co n d it io n  o f  the c lay  in  the 
bank.

(3 ) St ab ili t y  analyses, in  w h ich  estim ates o f  the w ater 
pressure in  the san d y g ravel based on field  m easurem ents 
were used, ind icated  th at  a failu re due to  u p lif t  was possib le.

T h is in vest ig at io n  shows the im p ortan ce o f  con sid erin g  
the effect o f  u p lif t  p ressures on the o verall stab ilit y  o f  f lood  
defence b anks in  a ll  cases w here i t  is k n ow n  th at  there are

p ervio u s layers w ith  access to  the r iver  o r  sea. Because o f  the 
m an y lo cal facto rs w h ich  m ay in f luence ground w ater f lo w  it  
is necessary to  m easure the w ater pressures in  the p ervio u s 
st rata o ver  as w id e a range o f  w eather and  t id e con d it io n s as 
possib le. St ab ili t y  an alyses using  th is d ata can  then be m ade to 
g ive an ap p rox im ate idea o f  the degree o f  stab ilit y  l ik e ly  under 
f lood  con d it io n s. It  is, h o w ever, necessary to  tak e in to  cons­
id erat io n  an y facto rs w h ich  m ay change the p attern  o f  ground 
w ater f lo w  as fo r  ex am p le an im p ro ved  con n ection  between 
the p revio u s layers and  the r iver  caused b y erosio n .
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