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L e V ice-Président :

A u no m  du C om ité  d ’O rgan isa tion , j ’ai la charge d ’ins ­
ta lle r le b u reau  de la  séance consacrée à  la  discussion de la 
Section 6 .

Le présiden t de ce tte  séance sera  M . M ilan  V ercon (Y ou ­
goslavie), le R ap p o rteu r  G énéra l M . T ro llop e (A ustralie). 
L e gro upe de discussion com pren d , de d ro ite  à  gauche :
M . Bolognesi (A rgentine), M . H o ltz  (U .S .A .), M . F lo ren tin  
(F rance), M . T rofim enkov (U .R .S .S .) e t  M . A rred i (Italie).

Je  passe la  paro le  à  M . V ercon.

D . H . T r o l l o p e  

R a p p o r te u r  G é n é ra l, D iv is io n  6 /  G e n e ra l R e p o r te r ,  D iv is io n  6

Le Président :

M esdam es, M essieurs,
L e C om ité d ’O rg an isa tion  a  vou lu  m ’h o n o re r en m e 

chargean t de tâches assez lourdes, e t  n o tam m en t de celle de 
m ettre  en  discussion u n  sujet qu i es t p a rm i les plus passion ­
n an ts  de la M écanique des Sols, à  sav o ir : S tabilité des 
ta lus —  E volu tion  en fon ction  d u  tem ps —  In terv en tion  de 
l ’ingénieur. D es m em bres d ’u n e  com pétence indiscutable 
o n t été désignés p a r le C om ité  d ’O rgan isa tion , ce qui ren d ra  
m a tâche m oins difficile. D ’ab o rd , le R a p p o r teu r G énéral, 
M . T ro llope (A ustralie), qui, avec so n  rem arq u ab le  travail
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de synthèse, a  su nous présen ter une im age très claire des 
rap p o rts  soum is au  C ongrès sur la question  de la Section 6 . 
V ous avez en tendu  M. O livier M artin  : M. T ro llop e sera 
secondé dans la discussion p a r les m em bres désignés p a r 
le C om ité qui p o u rro n t, p a r leur savo ir e t leur expérience, 
co n trib u e r largem ent à  celle-ci. Le gro upe ainsi form é, 
assisté de M . O livier M artin , est incontestab lem ent com pé ­
ten t p o u r ab o rd e r le problèm e. D ’au tre  p art, je  m e p erm ettra i 
de fa ire  appel à  d ’au tres p artic ipan ts dans la salle.

A v an t de d o nner la paro le  au  R ap p o rteu r général, il m e 
fau t d o n n e r quelques explications d ’o rd re  général.

Le Président donne quelques indications précises sur la manière 
d'intervenir a la tribune, sur la durée de l'intervention et sur 
la façon de présenter les interventions écrites.

...Je m ’excuse de ce tte  exp lica tion  qui é ta it nécessaire et 
je  passe la paro le  au  R a p p o rteu r général.

L e R apporteur G énéral :

Before sta rtin g  on  a  b rief résum é o f  m y general rep ort, 
I w ould like to  tak e  th is o p p o rtu n ity  o f expressing m y sincere 
thanks to  the  F rench  O rganizing C om m ittee and, in  partic ­
u la r to  M essrs M ayer, H ab ib  an d  G enera l C am inade, fo r 
the  very great and  k ind assistance they have given m e th ro u g h ­
o u t th e  p rep ara tio n  fo r this C onference. I t  doss m ean  a 
g reat deal, I am  sure  you realize, to  have a  sym pathetic 
organizing com m ittee.

T here  a re  one o r tw o typographical and , perhaps som e 
slightly m ore serious e rro rs fo r w hich I apologize. I shelter 
u n d e r the  fact th a t 13,000 m iles is a  long way aw ay an d  I was 
n o t ab le to  see the  galley proof.

I will n o t bore  you  w ith  all the  detailed  corrections but, 
before I s ta rt, there  a re  tw o m atters , th a t I w ould  like to  
bring  to  y our a tten tion .

I t  w as n o t m y in ten tion  o f  defining a com pletely  new 

“ fac to r o f  in se cu rity ” ; on  page 862, the  ra tio  o f activating  
m om ent —  resisting m om ent, shou ld  obviously be reversed. 
A nd  sim ilarly on  page 864. I am  very gratefu l to  m y colleague 
M r T rofim enkov for bringing th is to  m y notice.

A n o th er correc tion  th a t m ight be necessary fo r la te r dis ­
cussion : a t  the  foo t o f the  righ t-hand  colum n o f  page 864, 
w ould you please read  for the  line A .B ., the  line A .C .

T h a t is all I w ish to  com m ent o n  a t  th is m om ent.
T he top ic  fo r Section 6 is : Earth Dams, Slopes and Open 

Excavations. In  m any respects the  building o f e a rth  and  
rockfill dam s is viewed as the  p innacle o f o u r achievem ent 

in  th is b ranch  o f soil m echanics, an d  in th is con tex t I th ink  
th a t a t  the  p resen t tim e we find ourselves a t  the beginning 
o f qu ite  an  exciting phase o f developm ent.

As a  profession, it to o k  us q u ite  a  long tim e to  reach  a 
height o f 400 ft. in ea rth  d am  construction . N ow , a t  th is 
C onference we have a  no te  on  th e  co n stru c tio n  o f T rin ity  D am  
to  over 500 ft ;  I u n d erstand  from  discussion th is week th a t 
the  O roville D am  in C alifo rn ia  is going ahead  an d  will, I 
believe, exceed 730 ft. in  he igh t; and , tw o weeks ago a t the  
L arge D am s C onference in  R om e, o u r R ussian  colleagues 
inform ed us o f a  pro jected  d am  w hich will be very close to  
900 ft. in height.

I th in k  th e  stage is set therefo re  fo r an  exciting period  
in this field o f  developm ent and, I w ould like to  try  and  
direct m y rem ark s th is m orn ing  to w ard  so m : elem ent o f 
cau tion . In  this, I am  doing no  m ore th an  echoing the  opin ions 
expressed by o u r P resident, Prof. S kem pton, earlier this 
week.

In  going th ro u g h  m y rep o rt it is n o t m y in ten tion  to  give 
a b rief précis o f all papers. I have selected those w hich I 
th in k  will lead in to  the first discussion th is  m orn ing  and, 
I hope th a t the au th o rs  w ho find th a t their papers a re  n o t 
m en tioned  by m e a t th is stage will u n d erstan d  th a t this is 
done in o rd er to  save tim e. I am  sure we all recognize the
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value o f  a ll th e  papers w hich have been subm itted  an d  I, 
personally , am  very gratefu l fo r having h ad  the  op po rtu n ity  
to  read  them  in som e detail.

C oncern ing  excavations, I th in k  th ere  is a  top ic  w hich 
m erits b rief consideration , a lth o u g h  ou tside the  general trend  
o f discussion. I refer to  the  use o f  drilling m ud (ben ton ite  
suspensions) in  the  fo rm ing  o f  d iaphrag m  cu t off walls. I 
have recen tly  had  the  o p p o rtu n ity  o f seeing som e o f  this 
w ork in  Ita ly  an d  w as du ly  im pressed , as I was by the  accounts 

given in  the  p ap er and , I do  feel th is  technique as described 
in  p ap er 69 by M r C hadeisson an d  in  p ap er 64 by M essrs 
B arbedette  an d  B erra  is qu ite  a n  im p o rtan t step  fo rw ard  in 
o u r co n stru c tio n  techniques.

A lso in  co n nection  w ith  excav ations you will perhaps 
have n o ted  th a t in m y com m ents o n  th e  p ap er by D r Leo 
C asag rande an d  his colleagues, I have m ade som e com m ents 
o n  the ro le  o f  m oistu re  tension  in  ensuring  stab ility  o f  the  
slopes during  co nstruction . I do  th is because I w ould  like 
to  feel th a t considerab le  a tten tio n  w ould  be p a id  to  the  ro le  
o f  m oistu re  tension  in the  stab ility  question . I t  ap p ea rs  in 
ou r analysis as a  negative V  fac to r in  the  s tre n g th  equation  
an d  it app ea rs  to  m e th a t it can  be qu ite  im p o rtan t b o th  in 
co n stru c tio n  a n d  in  long te rm  service.

It is perhaps reg re ttab le , bu t nevertheless realistic, th a t 
one o f  th e  m ost fru itfu l sources o f  stim ulus to  progress is 
th a t o f  failure. I th in k  nearly  all o f us ho p e  to  have th e  chance 
o f investig iting  failu res a t o ne  tim e  o r an o th e r prov ided  
they a re  n o t o u r ow n! W e have one  o r  tw o exam ples in this 
C onference o f  such  investigations, an d  a t  th is stage I w ould 
like to  pay  a  com plim ent to  M r M arsland  (p ap er 6/26) for 
the  really  excellent docu m en ta tio n  o f  th e  descrip tion  o f  this 
co llapse in  the  T ham es Valley. T h e  p o in t I w ou ld  like to  
m ake ab o u t th is —  I th in k  it rep resen ts a  co n d itio n  in rela tion  
to  the  tim e question  —  is, th a t in  engineering, situa tions 
exist w here th ere  is a un ique  o r c ritical set o f  circum stances 
which can  occur a t  any tim e d u ring  the  life o f  the  structu re . 
In  this case w e have a  sud den  very h igh  flood level causing 
failure, as d istinct from  a  progressive bu ild  up  o r b reak  dow n 
o f adverse conditions. It m ay th ere fo re  be p ertin en t to  pay 
m ore a tten tio n , th an  we d o  a t  th e  m om ent, to  assessing the 
sta tistica l p ro bab ility  o f these fac to rs o ccurring  d u ring  the 
life o f the  structure.

A lso in th is con tex t, the  p ap er by M r F u k u o k a  (6/15) is, 
I th ink , a  p o in ter to  us. F o r som e years now  it has been 
evident in fields even ou tside  soil m echanics an d  fo u n d a tio n  
engineering, th a t a  g rea t deal o f w ork  is being done o n  the 
observation  o f m ovem ents in slopes, excavations, etc. The 
techniques en tail pu ttin g  dow n bore holes a n d  surveying 
them  so  th a t w ith  in telligent in te rp re ta tio n  one  can  forecast 
to  som e degree o f  accuracy w hat is h ap p en in g  w ith in  th e  slope 
and  so  perhaps avoid a  ca ta stro p h e . T his, I feel, is a  m ost 
im p o rtan t too l. W e sho u ld  n o t be co n ten t w ith  ca rry in g  ou t 
an  analysis o n  a  piece o f paper, ge tting  the  co n s tru c tio n  done 
an d  th en  going aw ay an d  forgetting  a b o u t it. I th in k  if we 
follow  techniques like th is we can  perh ap s get a  lo t  o f in for ­
m ation , even w ith o u t ca tastro p h ic  failure.

T he accou n t by M essrs. Suklje an d  V idm ar in  p aper (6/37) 
is o f particu la r in terest in  re la tio n  to  the  top ic  selected  for 
discussion. T he s itu a tio n  in th e  G ra d o t landslide is so  com ­
plex th a t I fou nd  it extrem ely  difficult to  get a  personal 
overall p icture. H ow ever, it h ad  obviously been stud ied  in 
great detail by these a u th o rs  and , I th in k  the  least we can 
say is th a t the ir observations a re  encouraging.

D r H enkel has also b ro u g h t fu rth e r evidence tow ards 
su p p o rt fo r th e  now  w ell-know n c =  0 hypothesis. T his is 
an  in triguing hypothesis. H ow ever, I w ould like, a t th is stage, 
to  express a  w ord  o f  cau tio n  in this. T he physical im plic ­
a tions o f c going to  zero  m ust, I feel, be bound  up w ith 
the  n a tu re  and, definitely, the stress h isto ry  o f th e  soil con ­
cerned.



I feel th a t active soils w hich have n o t been desiccated 
severely will rep resen t the  w orst case, w hereas an  inactive 
soil w ith perhaps a  very stable  stru c tu re  having been devel­
oped by high over-consolidation  m ight tend  tow ards the 
o th er end o f the  scale w here this decay o f c to  zero  m ight 
n o t occur.

O ne o f the m ost stim ulating  topics is obviously the  theory  
o f 's tab ility  o f slopes and, fo r a n um ber o f years, this has 
exercised the m inds o f a great n um ber o f people. Before 
getting dow n to  som e detail on  this, I th ink  this is a very 
opp o rtu n e  m om ent, as I have said in m y rep o rt to  recognize 
the g reat p ioneer w ork o f the  F rench  E ngineer o f last cen ­
tu ry , M . C ollin , and  I th in k  th a t as a  society we owe a  great 
deb t o f g ra titude  to  M r Legget and  his co-w orkers, and  to  
Prof. S kem pton, fo r his rea l co n trib u tio n  to  the  h isto ry  o f 
o u r subject.

T he question  o f the  fac to r o f safety is obviously right 
in fron t o f o u r m inds in all aspects o f Soil M echanics. We 
have h eard  a  g reat deal ab o u t it th is week. M ost o f you will 
be aw are o f the  discussion th a t has been going on particu larly  
here, in  E urope, ab o u t a  n um ber o f m ethods. I found it 
encouraging therefo re  th a t —  if I m ay so call them  —  the 
pro tagon ists o f the  friction circle m ethod  have tended to  
bridge the  gap som ew hat in rela ting  the ir fac tor o f safety 
to  a m om ent vector. T w o o f the  papers, the  first by M essrs de 
B eer and  Lousberg, (6 / 6), and  the o ther by M r Fróhlich, (6/14), 
deal w ith this topic. A s I said  in m y rep o rt, I find th a t by 
M essrs de Beer and  L ousberg som ew hat preferable to  the —  
as I feel it —  ra th e r  indefinite concept o f the im pulse pu t 
forw ard  by M r Fróhlich.

T he p aper (6/12) by M r E scario  caused m e a great deal of 
bo th er over my C hristm as dinner! I was severely upse t by 
th e  appearance  o f a negative fac to r o f safety. H ow ever M r 

E scario  obviously an tic ipated  this in his paper and, a fter 
checking w ith him  and  follow ing his analysis, I was able 
to  find th a t a t least the calculations leading to  this negative 
fac tor o f safety were correct. But I still feel th a t the  ra th e r 
arb itra ry  and  1 th in k  un real assum ptions used by M r E scario  

in arriving at th is result do  invalidate m any o f the conclus ­
ions.

I perhaps owe som e exp lanation  w hen I say th a t the  dif­

ferences a re  in reverse o rd er to  th a t previously claim ed in 
re lation  to  D r  B ishop’s m ethod  posed in 1955. I felt th a t the 
divergence a t values o f the F ac to r o f Safety <  1 conflicted 
w ith the  way 1 h ad  becom e used to  th ink ing  o f the  divergence 
between the two m ethods w hen the  F ac to r o f Safety was >  1. 
H ow ever, 1 m ay be w rong in this and  perhaps we could have 
som e discussion on it la ter ?

I w ould like to  say ju s t a  b rief w ord on  the very im p o rtan t 
aspect o f soil p lasticity . This is a  m ost im p o rtan t tool, but 
I w ould like to  em phasise th a t a t the m om ent, as far as I 
can  see, all w ork  in this field is entirely  confined to  applied 
stress variables.

O n an o th er occasion this week I had the  chance o f m en ­
tioning  the seriousness o f elim inating the pore pressure variable 
from  K ó tte r ’s equation . This was b rought ou t by C arillo  
in 1942, and  while these investigations a re  o f great value, 
I w ould like to  see som e m ore a tten tio n  given to  the develop ­
m ent o f an  effective stress philosophy in slopes.

T here are  o th e r aspects o f soil engineering, for exam ple 
instan taneous loading o f foundations, w here applied stress 
variables are  applicable. B ut in slopes 1 th ink  we have gone 
so fa r in effective stress philosophy th a t w ork on  soil p lastic ­
ity should be directed in the sam e way.

Since w riting this rep o rt, 1 have seen and  read  an  im portan t 
p aper by M essrs B ishop and  M orgenstern , published  in Geo- 
technique in 1960, and  I felt th a t my rep o rt to  this C onference 
w ould n o t be com plete w ithout tak ing  this into  account. 
A lso during the  last few m onths in rela tion  to  this w ork  we 
have had the op p o rtu n ity  a t M elbourne o f doing som e exper ­

im ents on the question  o f the fac to r o f safety o f slopes; 
and  if you will bear w ith m e for ju s t a few m om ents, I w ould 
like to  show  you a very sh o rt film o f these experim ents.

T he m odels a re  approx im ately  6 ft. 6 in. high, sym m etrical 
wedges o f single sized (3/8 in) crushed rock, loosely placed.

A t the  cen tre  a cut off is placed w hich is no t extended to  
the full height o f the m odel. W ater is then  allow ed to  discharge 
th ro u g h  the  dow nstream  slope.

In  this way we have been able to  rep roduce cond itions 
w here the failu re occurs on  a  surface o f sliding th a t ap p rox ­
im ates closely to  a c ircu lar arc. T he failure is recorded  by 
cine-cam era on  co lou r film so th a t the cond itions a t failu re 
are  know n. The film shows th a t there are tw o m echanism s 
o f failu re —  one a surface erosion th a t has been called an 
unravelling  failure, the o ther a relatively deep seated circular 
slip. F o r present purposes we m ay disregard the unravelling  
failu re as this can be trea ted  as a  surface su p port problem .

W ith  this technique it is possib le to  analyse conditions 
on the actual failu re surface. As the p o re  pressure d is trib ­
u tion  is know n and  the shear streng th  properties can be m easured 
the unkno w n variable is the d istribu tion  o f norm al stress 
on  the  failure surface.

T he results o f a typical exam ple are:

M ethod Calculated Factor o f  Sa fety

S w e d ish  S lices  (M a y  1936) 1 ................ 1 -13
B ish o p  ( 1 9 5 5 ) ............................................ 1-12
B ish o p  a n d  M o rg e n s te rn  (m o d if ie d )  . 0 -9 5
T ro l lo p e  (N o -A rc h in g  S o lu t io n  1957). 0 -9 4
B ish o p  a n d  M o rg e n s te rn  (1960) 0 -5 9

(1) In the orig inal p resen ta tion  th is value was quo ted  as 0.81 owing 
to  an  arithm etic  error.

T he surprising  result o f 0-59  from  B ishop and  M orgen- 
s te rn ’s m ethod  was ob tained  by ex trapo la ting  their curves 
to  the slope o f 1 • 19: 1 used in these tests and  using the m ethod  
suggested by them  for estim ating  the average value fo r the 
pore pressure coefficient ru. W hsn  the actual pore  pressure  
values as m easured in o u r tests were taken  then  the m ethod  
gave a  fac tor o f safety o f 0-95.

This exam ple does serve to  focus a tten tio n  on the need 
to  p red ic t pore pressures accurately . In  order to  arrive at 
the value o f 0-95 in the m odified m ethod  it was necessary 
to  know  the position  o f the actual slip surface an d  then cal ­
culate the m ean value o f ru on  this surface. It is no t suggested 
a t present th a t the results o f these tests are correct to  the 
ord er o f accuracy show n in the table. It will be necessary 
to  carry  ou t a  considerable num ber o f tests in order to  assess 
the range o f e rro r involved.

This leads m e to  the topics suggested fo r discussion.
I w ould sta rt off by com bin ing  item s 1 an d  3 suggested 

as the questions. T he decrease o f soil s treng th  and the assoc ­
iated p rob lem  o f the tension  field —  I will have m ore to 
say ab o u t th a t in ju st a m om ent. T he s tarting  po in t for the 
decrease in soil streng th  is obviously the C =  0 hypothesis 
and , I th in k  it w ould be m ost useful if we could view this in 
the light o f the influence o f the tension effects.

T he second p o in t concerns the in ternal stress condition  
and , here I am  going to  e lim inate the fo u n d atio n  com pletely 
if we ju s t  consider the slope. This is som ething  w hich does 
give m e a  little  concern . A t the m om ent, it is m erely a theo r ­
etical p red iction  th a t if a  dam  rests on  a deform able fou ndation  
then  the in ternal shear stress d istribu tion  becom es far m ore 
severe th an  for the case o f a dam  on a rigid fou ndation .

It w ould ap p ea r therefore th a t there is som e reinforcem ent 
to  this feeling th a t as we go to  these higher and  higher dam s,
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we m ay be stepp ing  a  little  beyond  th e  bou n d s o f  o u r exper ­
ience. I  w ould  be m ost in terested  to  k now  o f  any  co n trib ­
u to rs  w ho could  give us som e in fo rm atio n  on  the  behav ­
io u r o f dam s o n  defo rm ab le  fo u ndations.

T he o th er q u estion  is th a t, in  slopes, if one excavates 
in  a  soil th a t heaves a t  the  toe , the  relative deform ation , 
the rise o f  the  to e  relative to  th e  inside, is physically  analog ­
ous to  settlem ent w ith in  th e  slope an d  also gives rise to  
these m ore  serious stress d istribu tions.

I t  is on  th a t n o te  th a t I  w ould  like to  close, a fter trying 
to  d raw  th is together in  a  little  d iag ram  I p rep ared  m erely 
to  give to  you  as a  focussing p o in t fo r som e o f these factors.

In  Fig. 1*, I have  d raw n  w h a t I have n o ted  o f the  S oko ­
lovsky A rch. W e w ere all m ost in terested  in  the last C onfer ­
ence to  read  th is w o rk  by P ro f. Sokolovsky. H ow ever, 
I  feel th a t in re la tio n  to  tim e effects, S oko lovsky’s w ork  
im plies n o t only a  co n s tan t tensile s treng th  o f the  m aterial, 
b u t th a t the  envelope is ex trap o la ted  p as t the origin  in a 
stra igh t line. In  a  geological sense therefo re , a lth o u g h  these 
arch  fo rm ations can  be recognized, they  should  perhaps be 

regarded  as tem porary . T h is depends on  the  ra te  a t w hich 
cem entation , an d  ero sio n  fac to rs , can  tak e  place. In  clays, 
I feel, the b reakdow n will be fa r m ore  rap id.

I  believe a  nu m b er o f  o th er people  have been  fo r a long 
tim e unh ap p y  w ith calcu la ting  the  d ep th  o f  a  tension  crack 
from  sim ple active p ressu re  theory . I  w ould  subm it to  you 
th a t the tension  field exists above the  line A .C ., th a t below 
th is the  soil can  a d ap t itself as g roups o f partic les —  (this 
is clay as well) —  in to  a  com pressive system  an d , by com ­
pressive I  m ean  there  a re  com pressive forces betw een all 
particles, an d  so it will ad ju s t itself to  this.

T he com posite surface o f  failu re  fo r relatively high slopes 
w ith  a  progressive d e te rio ra tio n  tow ards w hat I  have called 
the  equ ilib rium  slope fo llow ing Prof. S k em p to n ’s w ork 
rep o rted  in  the 1957 C onference is perh ap s a  fac to r th a t we 
should  look  a t  in  re la tio n  to  th e  decay o f slopes w ith  tim e.

L e Président :

Je  rem ercie M . T ro llo p e  p o u r la  façon  très in téressan te  

d o n t il nous a  exposé ses idées. Je  suis sûre que cette  expli ­
c a tio n  très claire p o u r ra  n o u s a ider d ans la  d iscussion que 
n o u s allons m ain ten an t déclencher.

M . T ro llop e nous a  p ro p o sé  u ne  spécification p lus étendue 
des sujets à  l ’o rd re  du  jo u r  en  ce qui concerne les p o in ts 
su ivants —  com m e vous pouvez le lire d ans le ra p p o rt 
général —  :

1. R echerche des élém en ts qui co n trib u en t à  la  d im inu ­
tion  de la  résistance des so ls en  fo n c tio n  du  tem ps, dans les 

ta lus ;

2. M odifications des co n tra in te s  en  terre  dans les talus 
des rem blais, en  fo n c tio n  d u  tem ps;

3. Existe-t-il des so ls soum is à  des efforts de tra c tio n  dans 
les ta lus constitués p a r  de l ’arg ile et, dans ce cas, ces sols 
argileux peuvent-ils résister à  ces efforts ?

M . T ro llop e  a  bien vou lu  n o u s expliquer q u ’il s ’agit évi­
dem m ent de questions qu i en cad ren t des p rob lèm es très 
vastes qui peuven t en tra în e r des sous-questions p lus détail ­

lées.
P o u r avo ir une  discussion p lus v ivante, nous avons décidé 

de p o rte r le d ébat su r les p o in ts  1 e t 2 réunis, q u ’il s ’agisse 
de ta lus n a tu re ls ou  de ta lus artificiels, en  rem blais ou en 

déblais.
L a  question  est posée de l ’existence d ans les ta lus de zones 

soum ises à  des efforts de trac tio n . Les m em bres du groupe 
so n t libres de nous p résen te r leu r p o in t de vue qui devra être 
relié  é tro item en t à  la  question  posée p a r  M . T rollope.

(•) Volum e II, page 865.

A van t d ’ouvrir la  discussion, je  p rie  les p artic ip an ts qui 

voudra ien t in terven ir après la  discussion de présen ter leurs 
résum és avan t onze heures, au  m om en t où  une in te rru p tio n  
sera  faite.

P o u r com m encer, je  d onne la paro le  à  M . F lo ren tin  qui 
va nous parle r du  phénom ène co n cernan t les ta lus natu re ls 
considérés com m e « éprouvettes » e t rép o n d ra  —  ou tâchera  
de rép o n d re  — , à  la question  de savoir si o n  peu t constru ire  
sur des glissem ents e t dans quelles conditions.

M . F l o r e n t i n  (F rance)

C ’est une  lou rde  charge qui m ’échoit d ’o uvrir le feu aussitô t 
après le si rem arq uab le  ra p p o rt de M . T ro llope.

D an s  la  M écan ique du  Sol pa tho lo g ique , ce so n t les glis­
sem ents des ta lus argileux qui co nstituen t le cas le p lus in té ­
ressan t e t sans d ou te  le p lus grave. C om m e d ans to u t p h én o ­
m ène où l ’hom m e n ’est p as  m aître  de tous les élém ents, 
l ’é tude de la  stab ilité  p résen te  souvent aux chercheurs des 

aspects différents e t parfo is con trad icto ires. M ais je  crois 
q u ’il fau t se ran g er à  l ’avis de n o tre  ra p p o rte u r général et 
adm ettre  que, m algré ses lacunes, la  m éthod e la  p lu s  sim ple 

et, dans u n e  certaine m esure, la  p lus exacte d o n t n o u s dis ­
posions actuellem ent, après cinq  congrès de M écan ique du 
Sol, est celle qui fa it in terven ir des con tra in tes réelles in te r ­
g ranu laires d ans u n  glissem ent supposé circulaire. Cette 
m éthod e est sou ven t m ise en  discussion.

L ’agnosticism e en  tan t que m éthod e de recherche est 
valable p o u r le savant. Il appelle  l ’ingénieur à  ne pas faire 
tro p  de fautes. M ais il ne fau t pas q u ’il le condu ise  à  l ’inac ­
tion . D e  sorte  q u ’une m éthod e sim ple, à  une  étape  donnée 
du développem ent scientifique, est valable. L a  m éthod e des 
glissem ents circulaires est sim ple e t le progrès de to us les 
jo u rs  a  besoin  d ’une m éthod e sim ple. Les spécialistes que vous 
êtes n e  so n t en  fait au  co u ran t que d ’u n  p etit n o m b re  de 
glissem ents p a r  ra p p o rt à  la  m asse des glissem ents qu i se 
p ro d u isen t su r les chan tie rs au  cours des o p éra tions qui 
in téressen t les sols. Le progrès quotid ien  est à  a tte ind re  
p a r  la  diffusion d ’idées sim ples perm ettan t, su r les chan tiers, 
d ’éviter des fausses m anœ uvres qui peuvent condu ire  à  des 
désordres graves.

D an s  le cadre de la  m éthod e d o n t n o u s d isposons, com ­
m en t s’inscrit la  question  de stabilité à  long term e ?

D eux  seules com m unications y so n t effectivem ent relatives : 
celle de M . Suklje et celle de M . D . J. H enkel. T outes les 
deux sup posen t c' =  0 .

Si on  tien t com pte  en  M écanique du Sol que la  cohésion 
résulte de la  m ém oire que le so l a  gardée des con tra in tes 
réelles an térieures, l ’hypothèse rev ient à  dire q u ’à  la  longue, 
sous l ’influence des forces extérieures, désagrégatrices, le 
so l a  perd u  sa m ém oire.

Je pense que c ’est su r les ta lus n a tu re ls argileux que les 
vérifications de cette théorie so n t p ro b ab lem en t les plus 

efficaces et les m oins coûteuses. P o u r les ta lus en  rem blais, 
l ’ingénieur est, dans une  certaine m esure —  p u isq u ’il les 
crée —  m aître  des cond itions aux lim ites. Il peu t em pêcher 
le sol de perdre  sa m ém oire en m unissan t so n  ouvrage d ’élé­
m ents qui em pêchent cette  p erte  de m ém oire. C itons, p o u r 
les digues en  terre , les recharges perm éables su r le talus 
am on t, les filtres, les zones de transition , etc.

P o u r les ta lus en  déblais, seule l ’analyse des rup tu res est 
fructueuse. Il fau t évidem m ent en profiter. Il y en  a  souvent. 
M ais on  n ’est pas tou jou rs au  couran t.

P a r co n tre , p o u r les talus n a tu re ls  argileux, la  n a tu re  s ’èst 
chargée partie llem en t de faire le travail de désagrégation  et 
l ’observation  est à n o tre  disposition . Ce que je  suggère, en 
som m e, c ’est u n  travail analogue à  celui q u ’a  fa it n o tre  
collègue M . L ane (U .S .A .), su r des ta lus de s tru c tu re  rocheuse, 
m ais de roches altérables. M ais je  suggère q u ’on  ajou te  
aux observations u n e  étude  très poussée des cond itions hydro ­
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géologiques qui rég nent su r le ta lus e t des études de lab o ­
ra to ire . Il fau t choisir des ta lus qui ne so ien t p as m odelés 
p a r  l ’éro sio n  e t qui so ient en  équilibre  lim ite, parce que leur 
stab ilité  a  été progressivem ent dim inuée p a r la  dég radation  

des caractéristiques m écaniques. E n  fait, ces ta lus ne son t 
pas en  perm anence en  équilibre  lim ite. S inon, il y au ra it 
longtem ps q u ’ils n ’existeraient plus. M ais les cond itions les 
p lus sévères se réa lisen t tem pora irem en t et p a r exem ple, 
dans le M idi de la  F rance , o n  a tten d  avec im patience les 
prem ières fortes pluies après la saison  sèche car c ’est réel ­
lem ent la  période où  se déclenchent les glissem ents. L ’angle 
de ces ta lus n a tu re ls  s ’est ad ap té  aux caractéristiques du  sol 
e t aux co n tra in tes réelles qui peuven t exister dans le cas le 
p lus grave. P o u r l ’observation  de ces talus, la  géom étrie 
des parties extrêm es est pertu rbée  p a r la  nécessité du  racco r ­
d em ent avec le relief général. M ais c ’est su rto u t l ’hypothèse 
relative à  l ’écoulem ent de l ’eau  qui constitue  le p o in t le plus 
délicat. Si le ta lus a  une  grande hau teu r, on  suppose en  général 
l ’écoulem ent parallè le  au  talus. Si ¡3 est l ’inclinaison  du  talus, 
le g rad ien t hydrau lique  est i =  sin  p. Si cp' est l ’angle  de 
c isaillem ent in te rg ranu la ire , nous avons la  re la tion

tg|3 =  ---- ^ — -tgcp'
ï l  +  Y«,

D an s la  m esure où  on  suppose que la  densité de l ’eau  
(y,„) et la  densité com pte ten u  de la  poussée d ’A rchim ède

(Yj) so n t égales, o n  a  la  re la tio n  classique tg  |3 =  ^  tg cp'

O n p eu t objecter que, d ans la  n a tu re , on  a  des cond itions 
de circu la tion  d ’eau  qui peuven t ê tre  p lus graves que la c ir ­
cu la tion  parallè le  au  talus.

Vers la  base du  talus, l ’inclinaison de l ’écoulem ent sur 
l ’ho rizon ta le  dim inue, e t p eu t m êm e passer sous l ’horizontale . 

Si oc est l ’inclinaison  de l ’équ ipo ten tie lle  su r la no rm ale  au  
talus, com ptée positivem ent si l ’équipotentie lle  est dirigée 
vers le pied, e t négativem ent si elle s ’en  écarte , la  form ule 
générale devient :

t 6 ^ T i +  y«, (1 +  tg a tg c p ')  ‘ tgCP

L ’angle ¡3 dim inue lo rsqu e a  augm ente.

P o u r un  écoulem ent ho rizo n ta l (a  =  (3) e t avec Yi =  y w =  1,

ta' ,
on  a  ¡3 — -y . Avec 9  =  25 p a r  exem ple, l ’écart su r (3

en tre  l ’écoulem ent parallèle a u  ta lus e t l ’écoulem ent horizon tal 
est de 1°. Il est de 3° 6/10 p o u r cp' =  35°.

Ceci valide p o u r des argiles l ’hypothèse d ’un  écoulem ent 
parallèle au  talus. L ’observation  des ta lus n a tu re ls et la co m p a ­
ra ison  de ¡3 avec 9 ' p résen ten t donc u n  très g ran d  in térêt.

R appelons toutefo is que, dans des m ilieux an iso tropes, il 
p eu t exister, lo in  derrière  le ta lus argileux, des cond itions 
hydrogéologiques plus sévères. C ’est le cas p a r  exem ple d ’un  
p lacage argileux, m êm e épais, co n tre  u n  m assif calcaire 
fissuré, siège de c ircu lations d ’eau.

Peut-on construire sur d'anciens glissements ?

O n co n stru it souvent su r d ’anciens glissem ents sans le 
savoir. C e son t ceux qui se son t passés au p arav an t. P a r  ailleurs, 
il existe ou  m êm e on  p ro je tte  de nom breuses constructions 
su r des ta lus qui so n t en  équilibre  lim ite. L a  charge extérieure 
ne rep résen te  pas to u jo u rs  l ’élém ent le plus p ertu rb a teu r. 
C ’est su rto u t la m odification  des conditions aux  lim ites que 
la co n struction  in tro d u it, qui peu t avoir les conséquences 
les plus graves. D eux  cas so n t possib les. O u bien on  a  modifié 
les conditions aux lim ites dans u n  sens défavorab le  e t le talus 
peu t glisser m êm e av an t la  fin de la construction . O u bien,

alerté  p a r  l ’observation , on  cherche à  m odifier les conditions 
aux  lim ites d ans u n  sens fav orab le  e t o n  p eu t réussir (drainage 
p ro fo n d , p ro tec tio n  co n tre  la  fissuration).

D an s l ’exem ple que je  vais vous donner, les deux cas se 
son t présentés successivem ent. Il s ’agissait d ’un  ta lus d o n t la  
p en te  é ta it de  l ’o rd re  de 20 p o u r  cen t (11°). A pparem m ent 
donc, p o u r u n  angle in te rg ran u la ire  de l ’o rd re  de 30°, le  ta lus 
p ré sen ta it un  coefficient de stab ilité  appréciab le, m êm e po u r 
u n e  circu lation  p erm anen te , parallè lem ent a u  talus. Les 
ham eaux  voisins : « Les R o u le ttes  » —  « A u C ruchon  »
—  « Les F o n ta in es » ■— o n t des nom s évocateurs de conditions 
hydrogéologiques sévères.

D an s une  prem ière m odification  désavantageuse, le glisse­
m en t se p ro d u it car on  a  m is, en  c rê te  de ce talus, u n  dépôt 
de 15 000 m 3 d ’argile in tro d u isan t u n e  charge de 350 tonnes/ 

m ètre  linéaire, ce qui n ’est p as négligeable. D e  plus, la saison 
pluvieuse fa it de ce tte  charge argileuse u n e  réserve d ’eau, 
ce qui p erm et la  réa lisa tion  de cond itions hydrauliques défa ­
vorables. L e ta lu s glisse dès fin 1944 p en d an t près de deux 
ans. L a  vitesse est de  1 à  2 cm  p a r  jo u r  à  p a r tir  du  m om ent 
où  on  a  insta llé  des m oyens d ’observation , so it h u it m ois 
après le  débu t. Perplexité : do it-o n  ab an d o n n er le chan tie r ? 
C e ta lus n ’é ta it pas à  u tiliser en  p rem ière phase ; il ne  servait 
que  de décharge. M ais il é ta it p révu  p o u r une u tilisa tion  
fu tu re . L e seul m oyen d o n t n o u s disposions é ta it de faire 
varier les co n tra in tes in terg ranulaires d ans un  s ; r s  favorable. 
L e  rem bla i est enlevé au  p rin tem ps 1946 en  m êm e tem ps que 
l ’on  sèm e du  gazon  e t que  l ’o n  p lan te  des acacias. O n installe 
en  1946 des d ra ins verticaux avec pom pes et, p a r la  suite, 
des d ra ins horizon taux . L e calcul m o n tre  que, com pte tenu 
du d ra inage  e t des essais de lab o ra to ire , le ta lus a  un  coeffi­
c ien t de sécurité supérieur à  1,5 si le d ra inage perm et de 
m ain ten ir u n e  piézom étrie basse. E n  1952, les extensions 
son t constru ites sur le g lissem ent ap rès que l ’on a it ajouté 
une  n ap p e  de d ra ins horizon taux .

Prenons u n  au tre  exem ple. D an s  u n e  ville com m e Paris, 
A uteu il est co n stru it su r de l ’arg ile p lastique. A vant q u ’A uteuil 
ne  so it inclus dans Paris, c ’é ta it u n  p e tit  village très agréable 
su r lequel il y avait des pentes, très douces, d ’argile plastique. 
Les p rem ières constructions d ans le q u artie r d ’A uteuil on t 
donné lieu  à  de nom breu x  glissem ents. A ctuellem ent, A uteuil 
est d ans Paris, revêtu  de b itum e e t l ’eau  passe dans les go u t ­
tières d ’où  elle gagne les égouts. L ’argile p lastique a  une 
p ression  de conso lidation  élevée e t on  a  beaucoup m oins 
d ’inciden ts m ain ten an t —  je  n e  dis pas q u ’on  n ’en a  pas du 
to u t —  m êm e dans des fouilles plus p ro fondes q u ’autrefois. 
Ceci p rov ien t du  fa it que les cond itions de c ircu lation  de l ’eau 
ne so n t plus les m êm es q u ’autrefo is. Il n ’y a  p robablem ent 
p lus la possib ilité d ’une dessiccation  superficielle qui, au  m o ­
m en t de la reprise des p récip ita tions, p ro v o q u a it des glisse­
m ents dans les chantiers.

L e Président :

M erci, M . F lo ren tin . L a  p a ro le  est à  M . H o ltz  qui va nous 
présen ter son  exposé su r les gonflem ents e t su r la  résistance 
au  cisaillem ent en  fon ction  d u  tem ps.

M. W. G. Hol t z ( E ta t s  U n is )

W hen m oistu re  changes occur in  expansive soils, th e  shear 
stren g th  can  be affected greatly . T h e  sh ear streng ths o f all 
clay soils a re  influenced a  considerab le  am o u n t by m oisture 

changes, b u t expansive clays o ften  a re  sub ject to  extrem e 
changes in shear streng th . In  a d d itio n  to  th e  streng th  factors 
re la ted  to  the  m inerals involved, th e  in terre la tion  o f  m ois ­
tu re , density , an d  load  plays an  im p o rtan t p a rt in the  streng th  
o f  expansive clays. T h e  B ureau  o f  R eclam atio n  has encou n ­
te red  expansive clay soils a t  n u m erou s construction  sites 
located  th ro u g h o u t the  w estern  p a r t  o f  th e  U n ited  States 
(H oltz, 1959).
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T riaxia l shear tests can be used to  determ ine the shear 
streng th . H ow ever, the sequence o f loading and  w etting 
(o r drying) affects the volum e changes and  shear streng ths 
determ ined. T herefore, it is im p o rtan t to  duplica te  p ro to type  
conditions closely. Fig. 1 and  2 a re  typical shear test da ta  
plots. T hese tests w ere m ade on  u nd istu rbed  and  rem olded 
clays, respectively, from  the  G u lf Basins Project, Texas. 
T he clays w ere a  Ca-Beidellite. A  m ost im p o rtan t fact to  be 
n o ted  from  these tests is the loss o f cohesion w hen the soils 
w ere w etted an d  dried  and  rew etted  from  the initial conditions. 
T hese changes a re  caused by expansion  and  re la ted  increased 
m oistu re  con ten t. T he un d istu rb ed  soil (Fig. 1) had  a cohesion 
o f 4 -5  psi a t  n a tu ra l conditions. U pon  w etting, the  density 
decreased and  the cohesion w as reduced to  2 -2  psi. W hen 
th e  soil w as air-dried  and  rew etted, fu rther density  decrease 
occurred, an d  cohesion was reduced to  0 -9  psi. T here m olded 
soil (Fig. 2) (rem olded to  95 per cent o f P ro c to r m axim um  
density  a t op tim um  m oistu re  con ten t, less 2.5 per cent) 
show ed greater streng th  loss. U nder the sam e sequence o f 
testing, the  cohesion varied from  14 psi to  0 -7  psi to  0 -4  psi, 
respectively.

i i i i /  i i ■ 
Speci men’A":  wet t ed Fat  Cl ay (CH)
Speci men’B":  wet t ed,  Organi c,  bl ack 
ai r-dri ed,and rewet t ed.  LL-61, PI*47, SL»8
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Fig. 1 S h e a r test d a ta  - u n d is tu rb e d  soils. G u lf  B asins P ro jec t, 
Texas.

Fig. 3 is a  p h o tograph  o f a  series o f  slides in an  ea rth  section 
on the  F rian t-K ern  C anal in C aliforn ia. T he soil is Porterv ille 
clay o f  the  Ca-Beidellite type. This section is 23 feet deep 
an d  on  a 1-1/2 h o rizon ta l to  1 vertical slope. Slopes reb u ilt 
on  2:1 w ere also unstable . Fig. 4 is a  p h o to g rap h  o f a  slide 
o f  a  1 - 1/4:1 slope o f a  concrete-lined section  o f this canal. 
D eep, longitudinal shrinkage cracks occurred  extensively 
a long the  banks and  the  clays a t the  base o f  the  slopes becam e 
soft. T he ex ten t o f shrinkage cracking  can  be seen  readily  
a t the u p p er p a rt o f  the slide in the  figure. Slides o f  these 
types have been occurring  from  2 to  10 years a fte r th e  canal 
w as pu t in to  opera tion . This exam ple fu rth e r po in ts up  the 
length  o f tim e often  involved for changes in m oistu re  w hich 
cause expansion  and  shrinkage o f these im pervious clays. 
T he orig inal design was used several years ago as a  calculated 
risk  because rep lacem ent soils w ould have requ ired  extrem ely 
long hauls and  very high costs.
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Fig. 5 is a sim plified typical slope co n d ition  for a canal 
section in expansive clay. A s show n on the figure, the  cohesion 
a t the  base o f the  sliding a rc  (C j) will be influenced by sa tu r ­
a tion , low loadings, and  possible dry ing  and  resa tu ra tion . 
H igh volum e changes and  resulting  low  cohesion can, therefore, 

be an tic ipated . T he soil above this segm ent and  below  the 
sa tu ra tio n  line will be sa tu ra ted , will be m oderately  loaded, 
and  will be less likely to  be subject to  severe cycles o f w etting 
an d  drying. T herefore, the  cohesion o f this segm ent (C 2) 
m ay be g reater th an  C,. A bove the line o f sa tu ra tio n , free 
w ater conditions do n o t exist, and  the cohesion o f the soil 
(C 3) is influenced by capillary  and  o th er tension forces, and  
m ay be quite high. A s shrinkage cracks o ften  open to  depths 
o f several feet w hen expansive-type clays becom e very dry, 
the  cohesion  (C4) an d  fric tional streng th  a t the  upperm ost 
p a rt o f  the  a rc  can n o t be relied upon. T he above fac to rs m ust 
be considered  in any stability  study. O nly  the  cohesion 
streng th  fac to r was stressed because this fac to r has the great 
streng th  change.
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Protective m easures w hich can  be tak en  to  guard  against 

shear failu res in expansive-type clays a re  as follows :
T he soil can  be rem oved to  ad eq u ate  dep th  an d  bread th , 

and  be replaced w ith nonexpansive soils.
M eans fo r keeping m oistu re  from  entering  o r leaving the 

clay can  bs adopted . Shear failures have n o t occurred  on  the 
slopes o f the  F rian t-K ern  an d  G atew ay C anals, w here asp hal ­
tic  m em branes w ere placed betw een the  concrete lining and 
the  subgrade clays.

D esigns can  be ad o p ted  w hich will fit the soil conditions. 
F o r  the  m oderate  to  highly expansive clays studied , slopes 
varying from  2 - 1/2:1 to  3 - 1/2:1 will usually  provide 
adequ ate  stability  fo r canal banks ab o u t 25 feet high, even 
un d er relatively rap id  draw dow n conditions.

T he clay soil can  be stabilized o r m odified by the  add ition  
o f cem ent, lim e, o r o th er additives. T he m ost p ractical way 
to  secure such stab ilization  today  is to  rem ove the  expansive 
clay an d  rep lace w ith  com pacted  clay trea ted  w ith  the additive. 
Sufficient d ep th  an d  b read th  o f trea ted  soil, as necessary, to  
achieve the desired stability  w ould be required , ju s t as in the 
m ethod  involving refilling w ith  nonexpansive soils. I u n d er ­
s tan d  M r. L ead ab ran d  plans to  discuss the  soil-cem ent facing 
o f  one o f  o u r dam s. W hile this d am  w as faced for wave p ro ­
tection, the  p rocedure w ould be applicable to  the  above 
rem edial m easure.

Shrinkage in Earth Dams

Shrinkage during  the  construction  o f an  ea rth  dam  can 
also  be an  im p o rtan t consideration . A n  experience w hich 

occurred  a t Lovew ell D am  is cited as an  exam ple. 
Lovew ell D am , w hich was constructed  during  1955 to  1957, 
is an  ea r th  s tru c tu re  located  on  W hite R ock  Creek, a  tr ib u t ­
ary  o f  the  R epublican  R iver in the no rth ern  p a rt o f the 
S ta te  o f  K ansas. T he dam  has a  m axim um  height o f ab o u t 65 
feet and  a  crest length o f 7,500 feet. T he m ain  section o f the 
dam , Z one 1, w as constructed  by com pacting  fine-grained 
soils in 6-inch com pacted  layers using heavy sheepsfoot 
rollers.

A t a  tim e w hen construction  was nearing  com pletion , a 
p ro gram  o f drilling test holes th rough  the  dam  was initiated  
to  study the settlem ent o f fou ndation  soils beneath  the axis 
o f the dam . D u rin g  the drilling, appreciab le am oun ts o f drilling 
w ater w ere lost. In  one test hole this am oun ted  to  750 gallons 
in 5 m inutes in the bo tto m  5 feet o f the  fill. A  test p it w as pu t 
dow n th rough  the d am  a t th is location . E xam ination  o f the 
test p it show ed th a t, while no  cracks w ere fou nd  during  
excavation  o f the  to p  40 feet, m any shrinkage cracks, up  to  
1/4 inch in w idth, developed from  drying w ith in  2 to  7 days 
a fter the p it w as excavated. F ro m  40 to  65 feet, the walls o f 
th e  p it show ed a  w ell-com pacted unstra tified  fill. N o  large 
voids o r cracks could be fou nd  in the b o tto m  5 feet o f the  
fill in w hich w ater losses w ere rep orted  to  have occurred. 
U nd istu rbed  sam ples o f 1-cubic-foot size w ere cu t from  the 
p it an d  shipped to  the  D enver L abo ra to ry  for exam ination  
and  evaluation.

The average characteristics o f the  soil from  this section 
o f the dam  were as follows :

1. M aterial finer th an  0-074 m m  =  97 per cent
2. L iquid Lim it =  43 per cent
3. Plasticity Index =  25 per cent
4. Shrinkage Lim it =  13-5 per sent
5. In-place D ensity  =  105 pcf
6 . P ro c to r M axim um  D ensity  =  101 pcf
7. In-place D ensity in per cent o f P ro cto r M axim um  =  

104 per cent
8 . In-place W ater C on ten t =  19-5 per cent
9. O ptim um  W ater C onten t =  20-3 per cent

10. Perm eability =  0-03 feet per year

11. Soil C lassification (U nified) —  M edium  Plastic Lean 
Clay (CL)

12. C lay F rac tio n  C onsists o f Illite  and  M ontm orillonite.

T he u nd istu rbed  block sam ples show ed no readily noticeable 
cracks. Special shrinkage tests w ere perform ed in the  labo r ­
a to ry  to  study the  effects o f dry ing an d  w etting. Specim ens 
cu t from  the block sam ples show ed cracking a few m inutes 
a fte r s tartin g  air-drying  an d  gained the ir m axim um  surface 
w id th  o f 1/4 inch w ith in  a b o u t 24 hours. D rying was con tinued  
fo r 1 w eek a fter w hich the specim ens were w etted. U pon 
w etting the  cracks closed, but redeveloped w hen the  specim ens 
w ere again allow ed to  dry. C onso lidation  an d  shear tests 
w ere m ade to  study these soil characteristics on  th e  soils 
d ried  and  rew etted. U pon  dry ing  the conso lidation  specim ens, 
volum e shrinkage in the o rd er o f 10 to  13 per cent occurred. 
U p o n  w etting this volum e w as regained, and swelling, under
5 - psi loadings, in the  o rd er o f 1 • 5 per cent occurred. The 
conso lidation  characteristics o f the  com pacted  soil was 
increased som ew hat a fter dry ing and  rew etting.

A  review o f  the  em bankm ent co n struction  show ed th a t the 
first 5 - foo t thickness o f Z one 1, w hich was constructed  at 
th is location, was p erm itted  to  rem ain  exposed for ab ou t 
3 weeks during w hich tim e the  w eather was “ unusually  dry 
an d  w indy Som e o f the  m aterials w hich w ere exposed to 
dry ing w ere particu larly  susceptible to  shrinkage. I t  was, 
therefore, concluded th a t conditions an d  m aterials were 
favorable to  the  fo rm ation  o f large shrinkage cracks w hich, 
as the  resu lt o f light rains, w ere n o t visible w hen em bankm ent 
construction  was resum ed. Since no  cracks w ere evident in 
the  b o ttom  o f  the  test p it a t an  elevation  w here the w ater 
loss occurred, it was believed th a t the  cracks w ere sealed to  a 
m ajo r extent. This w as probab ly  caused by the ad d itio n  o f 
w ater from  the  drilling o f 35 test holes in  the area  p rio r to 
excavating the  test pit. I t  w as fu rth e r concluded th a t sa tu r ­
a tio n  o f the  fill by th e  reservoir shou ld  com plete the  closing 
o f any  rem aining cracks. N o  significant seepage has occurred 
th ro u g h  th is d am  during  several years o f operation .

A lthough  the  results o f this study show ed th a t th ere  was 
n o  danger to  this dam , they do po in t up  the need to  exercise 
cau tio n  during co n struc tion  w ith respect to  the drying o f 
soils subject to  shrinkage. This w ould be particu larly  true 
w hen constructing  a  closure sec tion  against em bankm ent 
soils exposed for long periods. In  this case, it w ould be good 
practice to  excavate previously placed em bankm ent to  suffic­
ien t d ep th  to  rem ove soils in w hich cracks had  developed.
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Le Président .

M erci, M . H oltz.
M. T rofim enkov a ju stem en t voulu  nous poser la question  

de la résistance aux cisaillem ents p o u r savoir si elle dépend  
du  tem ps. M . H o ltz  a  ap p o rté  su r ce sujet la co n trib u tion  de 
ses expériences rem arquables. M. T rofim enkov a, je  pense, 
au tre  chose à  nous d ire  et je  lui passe la parole.

M . T r o f i m e n k o v  (U .R .S .S .)

In  sp ite  o f fac t th a t the  topic o f to d ay ’s discussion : 
stability  o f slopes considered  as a function  o f tim e, was 
indicated  long before the  C onference, only a few papers 
ou t o f 39 con trib u te  d irectly  to  this subject.

It does n o t m ean, I believe, th a t the p rob lem  is un im p o r ­
tan t for practice. I t  shows only th a t the p roblem  is a very
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difficu lt one and  th a t scientific w orkers and  practical engin ­
eers have n o t got very m uch reliab le d a ta  on  th is subject.

In  O ctob er o f the last year a  C onference w as held in  the  
U .S .S .R . on  the flow and  long te rm  streng th  o f  clay soils. 
M o re  th an  20 rep o rts  w ere m ade an d  different opinions 
w ere expressed. T here  w ere assertions th a t during  a  flow 
u n d er a  co n stan t load  th e  shear streng th  o f th e  soil is de ­
creasing w ith  tim e. T h e  rearrang em en t o f  the  clay particles 
m ay be the  cause o f it. T here  also  w ere views expressed 
(Prof. D enissov, K ogan) th a t tim e itself, if th ere  is n o  swel­
ling o r decreasing o f the  cem enting bonds, has n o  influence 
u p o n  a  shear streng th  an d  th a t only th e  change in  extern  il  
conditions m ay influence th e  sh ear streng th .

T he sim ilar co n trad ic tion  we have seen here in  Section 
1 o f o u r C onference. This show s in w hat a  difficult situa tion  
practical engineers are. This m ay be one o f the  questions 
o f to d ay ’s discussion. R eally  it is very difficult to  evaluate 
the  stability  o f  slopes as a  function  o f tim e because the 
stability  depends b o th  on  the  change in stresses o f the  soil 
m ass an d  on the  change o f  th e  soil streng th . T he lack o f 
a  reliable m ethod  o f  evaluating  theoretically  the  long-term  
stability  o f slopes forces engineers in the ir p ractical w ork  
to  search fo r indirect ways to  solve this p roblem . F o r the 
specialists o f o u r coun try  it is o f p articu la r im portance, 
as in m any cases now  the  w orking  o f n a tu ra l resources is 
organized in open cu ts even if the ir d ep th  reaches over 
200  m etres.

W hile speaking ab o u t indirect m ethods I should  like to  
m ention  the  p ap e r 1/54 by S aito  and  U ezaw a in w hich the 
au th o rs  suggest th a t by m easuring  the  surface s tra in  o f 
slopes it is possible to  forecast slope failure. T heir m ethod  
is applicable to  the last stage o f the  creep ju s t before the 
failure, w hich is som ew hat to o  late fo r engineers, I believe.

W e use a  m ethod  w hich w as developed on  the  finding 
th a t very sm all inclinations o f  the  g round  surface near the 
to p  edge o f the  cu t slope can  ind icate  the  la ten t stage o f 
slide m ovem ent an d  th e  change in  th e  slope stability  long 
before  th e  appearance  o f cracks on  the  surface (som e weeks 
o r m onths). T hese inclined m ovem ents (differential deform ­
ations) a re  th e  resu lt o f  local p lastic  deform ations in a  body 
o f  slide m ass.

F ro m  the  p ap er 6/15 presen ted  by F u k u o k a  and T ani- 
guchi it is seen th a t ra th e r  like p ro cedure w as used in Jap an  
to  determ ine th e  a rea  o f the  landslide. T he im portance o f 
such a  m ethod  has been underlined  in to d a y ’s speech 
o f th e  G enera l R ep o rte r, M r Trollope.

F o r the  last few years we have been designing and  m aking 
supervision on the  co n struction  o f a  big m ining open  cut 
o f ab o u t one squ are  km  o f a rea  and  up to  100 m  deep. 
T he b o tto m  o f the  cu t is 60 m  below  the  original w ater 
table. T he special instrum ental con tro l o f th e  slope stability  
carried  o u t in the  course o f the  co n struc tion  should  give 
us som e d a ta  on  slope deform ations in term s o f tim e, w hich 
m ay be o f som e in terest to  o u r Section.

T h e  soil conditions w ere as follow s : 12 m  o f Q u ate r ­
n ary  sandy clay, 30 m  o f sand, 30 m  o f m arl an d  25 m  o f 
Jurrassic  sandy clay.

All o f you und erstan d  to o  well th a t w hile designing the  
slopes o f such a  cut, we used  alm ost all the  m ethods avail ­
ab le  including B ishop’s and  M o rgenstern ’s published re ­
cently.

F o r hom ogeneous soil m edium  we usually  apply  the  
exact so lu tion  o f lim iting equilibrium  theory  developed 
by Prof. Sokolovski. This so lu tion  is tab u la ted  an d  can  be 
used by every engineer.

F o r unhom ogeneous m edium  we applied  the approx im ate 
so lu tion  o f lim iting equilibrium  theory  developed w ith the 
help  o f a  digital com puter. T he average angle o f inclination 
o f th e  cut sides was accep ted  to  be 25°. T he average fac tor 
o f safety was o f a b o u t 1 • 40 calculated by the  slip circle

m ethod  using effective stress param eters. By the  ap p ro x im ­
a te  so lu tion  o f  lim iting equilibrium  theory , the  fac to r o f  
safety w as determ ined  a t  a b o u t 1 • 50.

In  ad d itio n  to  these theo re tica l investigations, th e  in stru m ­
en ta l observations o f th e  g ro und  surface inclinations a t 
th e  to p  o f slopes and  on  berm s have been perfo rm ed  d u ring  
construction  by special c linom eters o r precise levelling o f  
bench  m arks. F o r  th e  surveying crack  developm ent crack- 
m eters have been used  w ith  th e  e rro r  o f  read ing  0-01  m m.

T he dip o f the  surface is charac terised  by th e  angle o f 
its inclination  p er day.

T he supervisions in  clay slopes w ith  th e  fac to r o f  safety 
o f ab o u t un ity  have show n th a t th e  speed  o f  th e  surface 
inclination  (angle dip) up  to  20  seconds a  day characterises 
the  la ten t stage o f  slide developm ent w hen cracks h ad  n o t 
appeared . In  som e cases (on  different jo b  sites) cracks had  
been form ed a t th e  speed o f  th e  surface inclination , from  
40 seconds to  a b o u t 3 m inutes a  day. I t  should  be n o ted  
th a t th ere  w ere surface inclinations in  th e  d irec tion  o f  an  
open cu t an d  in th e  opposite  direction .

Very in teresting  d a ta  w ere received by S. N . N ik itin  w hile 
m easuring  th e  ra te  o f cracks w idening. I t  w as several m m  
a day an d  reached  30 m m  a day  on  th e  eve o f th e  failu re.

W hile m easuring  th e  ra te  o f  th e  w idening o f  cracks w ith 
instrum en ts o f  g reat accuracy, it w as fo u n d  o u t th a t th e  
w idening w as n o t un ifo rm  d u ring  a  day  b u t p ro ceeded  in 
steps. In  the  observations p erfo rm ed  every one  to  th ree  
h o u rs  a  leap o f 0 -3 -0 -4  m m  to o k  place. T hese leaps m ay 
be considered  as a  resu lt o f a  local fa ilu re  o f  th e  soil in 
a  zone o f  th e  slip surface.

Since th e  described investigations allow  th e  p red ic tion  
o f the  tran sitio n  o f a  slope in  an  u n stab le  co n d itio n  they  
a re  very useful in p ractical w ork.

The in-situ in strum en ta l observations o n  th e  long-term  
stability  o f slopes m ay be also  a sub ject fo r to d a y ’s discussion.

L e Présiden t :

Je  rem ercie M . Trofim enkov.
M. le Prof. A rred i se p ro pose  de vous p résen te r u n e  com ­

m unica tion  sur les surfaces de ru p tu re  e t su r la  stab ilité  des 
barrages en  fonction  du  tem ps.

L a paro le  est à  M . le Prof. A rredi.

M . A r r e d i  (Italie)

M a co n trib u tio n  à  la  discussion sera  lim itée a u  su jet de 
l ’évolution, en  fonction  du  tem ps, de la  stab ilité  des b a r ­
rages en  terre .

J ’essayerai de souligner le fac teu r qui, à  m on  avis, p o u r ­
ra it  influencer à  long term e les caractéris tiques m écaniques 
ou  hydrau liques des m atériaux  qui com posen t ces ouvrages.

Je m ’excuse de reg ard er la q u estion  su rto u t d ’u n  point 
de vue techn ique; c ’est-à-d ire  de chercher des conclusions 
p ra tiques m êm e si les phénom ènes observés ne so n t pas 
encore éclaircis, du  po in t de vue scientifique; je  pense que 
ceci est exigé p a r l ’im portance  de tels ouvrages. J ’espère 
que m es cam arades du  gro upe de discussion e t tous les 
C ongressistes v o u d ro n t bien m ’a p p o rte r  leu r aide. Il se 
peu t que la question  dans le cas des barrages so it p lus facile 
à  d iscuter parce  que nous connaissons m ieux les carac téris ­
tiques des m atériaux  d ’un  m assif artificiel que des m atériaux  
natu re ls en  place.

D an s u n  barrage  en  te rre  nous avons en  général tro is 
espèces de m atériaux  : la te rre  plus grossière co n stitu an t 
les deux dem i corps à  l ’am o n t e t à  l ’aval, la  te rre  fine plus 
ou  m oins argileuse co n stitu an t le n oyau  e t enfin le m até ­
riau  de fo n dation  : chacune de ces espèces pose une  question  
particulière  au  sujet des ra p p o rts  en tre  le tem ps et les cond i ­
tions de stab ilité  de l ’ouvrage.
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L a caractéristique m écanique fondam enta le  e t un ique du  
m até riau  g ranu la ire  grossier, avec lequel, en général, sont 
form és les dem i corps de l ’ouvrage, est l ’angle de fro ttem ent. 
E t a u jo u rd ’hu i on  ne dou te  pas q u ’il ne dem eurera  cons ­
tan t dans le tem ps que si les caractéristiques des surfaces 
des grains dem euren t inaltérées.

M ais il est possib le de penser que, à  long term e, l ’eau  du  
réservoir p o u rra  développer des réactions chim iques de 
con tact, et, il fau t, à  ce p ro pos d istinguer des réactions de 
corrosion  et des réactions de dépôts. Les réactions de co r ­
ro sion  son t plus ra res ; d ’au tre  p a rt elles ne do n n ero n t pas 
une  d im inution  du  coefficient de fro ttem en t e t si le m até ­
r iau  est régulièrem ent choisi elles n ’au ro n t pas une influence 
p ra tiq u e  rem arq uab le  sur le tassem ent.

Les réactions chim iques de d épô t son t m oins rares, su r ­
to u t celles concernan t des sels calcaires. Ces dépôts p o u rro n t 
don n er une  soudure des élém ents du  m atériau  laquelle, 
m êm e légère, augm entera  la résistance au  cisaillem ent. M ais 
d ’au tre  p a r t  ce tte  sou dure  p ro v o q u era  une  réd uction  de la 
perm éabilité et, p o u r cette  raison , la  cond ition  sta tique  du  
m até riau  sera ren due plus m auvaise d u ran t la  vidange du  
réservo ir.

D o n c  si les caractéristiques chim iques des eaux fon t sou p ­
çonner les réactions chim iques prévues ci-dessus, il ap p ara ît 
convenable d ’em ployer u n  m atériau  de perm éabilité  élevée.

L a  question  de la d ég radation  de la résistance posée p ar 
M . le R ap p o rteu r G énéral se réfère aux sols argileux, donc 
en  particu lier aux noyaux des barrages en terre.

M . le R a p p o rte u r a  souligné que l ’hypothèse de la dégra ­
d a tio n  de la  résistance au  cisaillem ent, e t en particu lier la 
réd u c tio n  ju sq u ’à  la  valeur zéro de la cohésion, son t fondées 
su r des élém ents lim ités; au  po in t de vue théorique il serait 
à  im pu ter ces faits à  des changem ents de la d istribu tion  
des tensions capillaires dans le sol. Je suis de la  m êm e op i ­
n ion , e t en  considéran t la  s itua tion  du  noyau  d ’un  barrage 

en  terre , je  pense que, dans une  prem ière période d ’exploi ­
ta tio n  on  arrivera  à  une  d istribu tion  des tensions capillaires 
qui res te ra  p resque co n stan te  dans les tem ps successifs si 
l ’exp lo ita tion  d u  réservoir dem eure régulière. P resque cons ­
tan te  veut d ire  q u ’il y au ra  peu d ’influence à  chaque rem plis ­
sage ou  vidange du  réservoir en  ra ison  de la  len teu r des 
varia tions de la d istribu tion  capillaire e t de  la p ro tec tion  
co n tre  les varia tions de la tem pératu re  et de l ’hum idité 
a tm osphérique exercée p a r les corps du  barrage  e t les filtres 
qui ren ferm ent le noyau.

M ais si le ry thm e des rem plissages et des vidanges change 
no tab lem ent et su rto u t si l ’on  a  de longues périodes ex tra ­
o rd inaires, de vide ou  de plein, il est possible d ’arriver à 
des red istribu tions des tensions capillaires d o n t il fau dra  
tire r les conséquences, si on  le peut.

Les m êm es questions que j ’ai évoquées p o u r le corps et 
le n oyau  du  barrage  se posen t égalem ent p o u r la  fon dation  
en  sol granuleux ou  en  sol argileux.

E n  ce qu i concerne la fo n d a tio n  il fau t considérer aussi 
le gonflem ent de l ’argile.

L ’on  est quelquefois obligé de fo n der des barrages en 
te rre  sur des argiles gonflantes e t rem aniées e t le problèm e 
se pose de conna ître  la p ro fo n d eu r su r laquelle le phéno ­
m ène du gonflem ent se développera.

Le phénom ène intéresse la  stab ilité  générale du  barrage 
du  po in t de vue de la varia tion  des caractéristiques m éca ­
n iques des argiles gonflées et du  po in t de vue du  soulèvem ent 
de la  surface de fon dation . Il fau t en  p articu lie r considérer 
que ce soulèvem ent n ’est pas un ifo rm e; il sera  nu l à  l ’aval 
du  n oyau  où il n ’y a  pas d ’eau, g ran d ira  à  l ’am o n t à p artir 
du  n o y au  e t deviendra m axim um  au p ied  du  ta lus à  l ’am ont, 
e t ceci en  ra iso n  de la d is tribu tion  des pressions exercées 
p a r  le m assif. C e soulèvem ent ressem blera à  un  tassem ent 
renversé; il se développera à  long term e en  fonction  de la

len teu r de la p én é tra tio n  de l ’eau  dans le sol d ’une telle 
fon dation .

D ans de telles conditions je  cro is u tile  de p rendre  des 
p récau tions. Je  pense q u ’il fau d ra it ad o p te r la so lu tion  du 
n oyau  incliné qui d im inue la la rgeur de la zone de fo n d a ­
tio n  à  l ’am on t, c ’est-à-d ire la  largeur intéressée dans ce 
tassem ent renversé. P lus efficace encore p o u rra  ê tre  l ’em ploi 
d ’u n  tap is su r la surface de fo n d a tio n  du  m assif à  l ’am o n t 
du  noyau , éventuellem ent p ro longé quelque p eu  à  l ’am on t 
du  p ied  du  barrage , tap is im perm éable et non  gonflant, 
co nstitué  avec le m até riau  du  n o y au  e t qui a u ra  p o u r but 
d ’em pêcher le co n tac t de l ’eau  avec le sol gonflant.

L e Président :

M erci, M. le P rofesseur A rred i.
M . Bolognesi v o udra  bien m a in ten an t nous exposer ses 

expériences.

M . B o l o g n e s i  (A rgentine)

Since I  com e from  a co u n try  w here we are  ju s t constructing  
o u r m a jo r e a rth  dam s I c a n ’t co n trib u te  very m uch  to  a 
discussion dealing w ith  the decrease o f soil streng th  w ith 

tim e in  slopes.
N evertheless, as a  designer engineer I w ould like to  take 

a  very sh o rt tim e to  m ake som e com m ents on  the c' =  0 

hypothesis because o f its p ractical im portance, w ith the hope 
o f ob ta in ing  m ore in fo rm atio n  fo r its use. Being an  em pirical 
hypothesis su p ported  by field evidence o f first class researches, 
we m ust accep t its p artia l validity, an d  w atch  o u t fo r those 
soils w here c' m ay becom e equal to  0 .

In  m y experience I have had  a t least two types o f practical 
p roblem s w here I  m ade use o f a  c' value larger th an  0 an d  I 
cam e o u t w ith  designs sim ilar to  the cross sections o f dam s 
th a t have been stand ing  fo r m any  years.

I have n o t h ea rd  o f any high dam s m ade exclusively o f 
clays (except o f course the filters, rip -rap , etc), b u t there 
are  m any  published  cross sections o f clay dam s up to  abo u t 
30 to  40 m eters high  w here the  c' =  0 hypothesis can  be tested.

F o r  exam ple, if we assum e th a t in  each  slice p o re  pressure 
m ay  reach  a  value o f roughly  40 to  60 per cent o f the w eight 
o f the m ateria l on  top  o f the  sliding circle, we will find th a t 
a  certain  am o u n t o f cohesion  m ust be in tro duced  in  stability 

analysis to  justify  the slopes o f these dam s.
F o r th a t reason  I believe th a t as long as we keep the m ethod  

o f slices fo r stab ility  analysis, we are  perfectly  safe in using, 
a t least fo r certa in  soils, a c ' value larger th an  0. This is 
p articu larly  true fo r clays o f the C L  type, (w hich are  p referred  
because they are  so m uch  easier to  handle  during  construc ­
tion). T hese clays do  n o t swell an d  they keep their shear 
s treng th  pro v ided  there is enoug h  overburden  lo ad  to  avoid  
leaking.

In  h igh  dam s w here clays a re  generally lim ited  to  the 
im pervious core, the assum ption  o f c ' =  0  has n o  practical 
consequences, since m ost o f  the streng th  is fu rn ished  by 
fric tion  a long  o ther m aterials. B u t there is a  very im p o rtan t 
p ractical p ro b lem  w here the c' =  0 hypothesis requires a 

m ost carefu l analysis.
In  m any  high dam s the  critical section is n o t the highest, 

th a t is usually  p laced  on  to p  o f the  gravel river bed, b u t one 
on  the  abu tm ents. This section  is very frequently  p laced  on  

top  o f clays.
In  analyzing  the  possib ility  th a t the w hole dam  m ay slide 

dow nstream  on  the  stability  o f the u p stream  slope, we m ight 

o r m igh t n o t use the c' value ob ta in ed  from  tests. Since these 
clays have h a d  the o p p o rtu n ity  to  swell, fo r a t  least several 

decades by  the tim e the sam ples a re  taken , I  th in k  this can 
be p resen ted  as an o th e r case in  w hich, even fo r C H  clays, 
we m ay safely in troduce a  c' value larger th an  0 in to  o u r design.
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I shall now  m ention a  fact w hich 1 have n o t seen previously 
in books o r papers on  earth  dam s. It is the intense lam ination  
th a t certa in  soils, particu larly  CL and  M L soils, suffer u nder 
the effect o f som e types o f com paction  equipm ent. This 
effect can be intensified by w eather cond itions, such as 
the one prevailing during  h o t and  dry sum m ers.

This I th ink  is a case w here the stability  analysis (o f these 
com pacted  lam inated  soils) m ust be m ade w ith the c' =  0 

hypothesis assum ing th a t n o  cohesion  exists a long  horizon ta l 

planes.

Le Président :

M erci, M onsieur Bolognesi.
Je  crois que dans les sujets que les m em bres de la tribune 

o n t exposés, on  peu t trouver les élém ents d ’une discussion 
vivante. Je suis sûr q u ’on a  encore beaucoup  à  dire. D es 
sujets aussi passio nnan ts que ceux q u ’on a  abordés exigent 
des in terventions volon ta ires —  dirai-je —  de la p a rt des 
personnalités de g rande no torié té  en m atière de m écanique 
des sols. Je voudrais bien appeler à la tribu ne  M. le D r 

B jerrum , M. le D r B ishop et M . le D r Skem pton.
La paro le  est à M . le D r Bishop.

M. B i s h o p  (G rande-B retagne)

T here are tw o po in ts to  w hich I w ish to  refer. T he first 
is the  fac to r o f safety as determ ined by the various m ethods.

T he Swedish m ethod  w hich is show n in the G eneral R ep o r ­
te r ’s exam ple as giving F  =  0-81 is the simplified Swedish 
m ethod  used by Prof. Terzaghi and  detailed, fo r exam ple, 
by M ay and  B rah tz  (1936). The o rig inal Swedish m ethod  
described by Fellenius (1927) included the forces betw een 
the slices, and  should give the sam e result as the m ethod  
a ttrib u ted  to  me, since my a ltera tion  was prim arily  a  p ro ced ­
u ra l one to  m ake num erical analysis easier. T he inclusion 
o f the forces between the slices in w hat we m ay call the Felle ­
nius m ethod  in fact takes account o f “ arch ing  ” , if one 
wishes to  use this term , in th a t the shear forces betw een the 
slices allow  for red istribu tion  o f the vertical stresses w ithin 

the sliding m ass.
T he range o f this red istribu tion  and  its effect on  the fac to r 

o f safety were discussed in m y p ap er to  the  C onference on 
the Stability o f E arth  Slopes at S tockholm  in 1954, to  w hich 

D r T ro llope has referred. It appeared  th a t in a  c ircu lar arc 
analysis red istribu tion  has a  very m in o r effect on  the fac tor 

o f safety, a difference o f only  a few per cent being ob tained  
in the case exam ined.

This effect was also exam ined by Jacobson  in a  discussion 
subm itted  to  the sam e C onference. T w o lim iting cases o f 
the circu lar arc  analysis were considered , the  forces acting 
on  the soil m ass being replaced either by a  single vector near 
the m iddle o f the arc  o r by two vectors acting  a t its ends. 
Even w ith these two extrem e assum ptions the factors o f safety 
lay w ithin a  relatively n arrow  band.

These earlier exam ples m ake m e th ink , therefore, th a t my 
ow n m ethod  an d  D r T ro llo p e ’s m ethod  w hich takes arching 
in to  account should  give sim ilar results, p roviding the sam e 
assum ptions a b o u t p o re  pressure are  included. It is possible 
th a t the difference w hich is in fact n o t very large m ay be 
accounted  for by the m ethods used to  deal w ith the forces 

betw een the slices.
It is basic th a t any  m ethod  in w hich the sum  o f the forces 

acting  on the sliding surface balances the w eight o f soil 
above it m ust lead to  an  a lm ost identical result, provided 
th a t the sam e soil p ro perties and  the sam e pore pressures 
are  used and  th a t the fac to r o f safety is defined in the sam e 
way. In  the m ethod  I was using I follow ed Fellenius (1936) 
an d  T aylor (1948) and  defined the  fac to r o f safety as the 
fac to r by w hich the tw o shear streng th  param eters c' and  
tan  cp' h ad  to  be divided to  bring the slope in to  lim iting

equilibrium . This definition has the advan tage  th a t it can 

be extended to  any m ethod  o f p lastic analysis an d  to  nor.- 
circu lar slip surfaces w ithout m odification.

I have em phasised th a t the  red istribu tion  o f forces w ithin 
the sliding m ass is n o t o f great significance in the circular 
arc  analysis. H ow ever, in the  n o n-c ircu lar analysis it becom es 
a  m atte r o f great im portance. W e are  a t present investigating 
the general case. Som e pre lim inary  results were published 
in a  m aste r’s thesis by K enney (1956) an d  attem pts a re  now  
being m ade to  persuade the digital electronic com puter to 
produce sim ilar results very m uch  m ore rap idly. I t  is clear 
th a t, w ith dam s on soft fo u ndations, w ith  stratified  em ban k ­
m ents o r w ith narro w  cores subject to  high pore  pressures, 
it is absolutely  necessary to  use a  non-c ircu lar slip surface 

to  ob ta in  the m ost critical case.
M y second po in t relates m ore directly to  the  question 

before the panel. U ncerta in ties in stability  analysis have 
often appeared  to  lie m ore in the  difficulty o f determ ining  
the re levan t soil p ro perties th an  in the applied  m echanics 
o f the analysis. W here the calculated  fac to r o f safety ap p ro x ­
im ates to  un ity  in a  case w here a  slip has occurred (as in 
the L odalen  slip  described by Sevaldson, 1956), we tend to 
claim  th a t th is has p ro ved  th a t bo th  the m ethod  o f analysis 
and  the soil p roperties are  correct. This m ay well be true, 
b u t it is open to  the philosophical objection th a t there are 
in fact two uncerta in ties and th a t they should  be considered 
separately.

H ow ever, the G eneral R ep o rte r has suggested, in his 
Sum m ary and  C onclusions (Vol. II, p. 864) th a t there  is 
a t present no  satisfactory  theoretical basis fo r circu lar arc  

m ethods o f stability  analysis. T his seems to  m e a  little un just 
b o th  to  him self and  to  those o thers w ho have been  w orking  
on  this problem  since the tim e o f Collin , and also to  co n trib ­
u to rs  to  this C onference such as K opacsy  (Paper 23, D iv i ­
sion 6) w ho has successfully applied  the calculus o f vari ­
a tions to  the shape o f the failure surface. Som e w ork  o n  sim ilar 
lines by m y colleagues D r  G ibson  an d  M r M o rgenstern  has 
recently been subm itted  fo r publica tion . T his show s th a t 
fo r a  hom ogeneous soil analysed in term s o f effective stress, 
the shape o f the failure surface can  be predicted  an d  th a t a 
circu lar a rc  an d  a  logarithm ic spiral resu lt in special cases.

T he G eneral R ep o rte r also said  th a t the fact th a t w ater 
tension h ad  n o t so far been taken  in to  account invalidated 

m ost, if n o t all, o f the com parisons published  to  date. I 
disagree w ith him  on this po in t. In  the  case o f the slip at 
L odalen  and  in a  m ore recent slip a t Selset (Skem pton and 
B row n, 1961) the w ater tab le was so high th a t the only part 
o f the slip surface over w hich the p o re  pressure could  be neg ­
ative lay in the zone w here a  tension crack was allow ed for 
in the  analysis. This zone is generally so fissured th a t no 
account can be taken o f cohesion o r o f the negative pore 
pressure.

I also disagree w ith the G eneral R ep o rte r’s rem arks abo u t 
field pore pressure m easurem ents. T he effective stress in 
partly  sa tu ra ted  soil depends bo th  on  the p o re  a ir pressure 
and  the pore  w ater pressure, an d  the p o re  air pressure is 
higher than  the w ater pressure  due to  surface tension. The 
effective stress will therefore have a  low er value if we pu t 
the correct a ir p ressure  in the equatio n  th an  if we assum e 
the a ir pressure is equal to  the w ater pressure. H ence, if we 
apply the correct soil p ro perties in the analysis and  use the 
correctly m easured pore  w ater pressure (for exam ple using 
a  sa tu ra ted  fine grain  ceram ic disc) bu t ignore the air pres ­
sure, we ob ta in  an over-estim ate o f the fac tor o f  safety.
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L e Président :

M erci, M . B ishop. M. T ro llo p s  vo u d ra it rép ondre  à  M. 

B ishop su r les controverses soulevées p a r celui-ci, peut- 
ê tre  ?

L e R apporteur G énéral

O n  the  first p o in t o f D r B ishop’s discussion concerning  
fac to rs o f  safety , I  d o n ’t  th in k  I have a  g reat deal to  add. 
I th in k  in general I am  in  agreem ent w ith his sta tem en t th a t 
w hen we tak e  everything in to  accou n t all m ethods should 
give the  righ t answer.

H ow ever, w hat I am  concerned ab o u t, b u t as yet have no 

definite evidence, is th a t all these m ethods pred ict a  un ique 
failu re co n d itio n  w ith in  the  slope, irrespective o f the defor ­
m ation  o f the  fo u n d a tio n  ; an d  it is perh ap s in  this respect 
th a t I  w ould  say we have n o t yet fully  answ ered this problem . 
I t  m ay well be th a t there  are  tw o stages o f  failure w hen a 
fo u n d a tio n  deform s a n d  an  in ternal red istribu tion  o f  stresses 
occurs w hich does n o t lead to  a  com plete collapse an d , th a t 
follow ing this red istribu tion  the final collapse is independen t 
o f  the  stress red istrib u tio n  in tro duced  by the fou ndation . 
H ow ever, th is is being experim ented  on  a t the p resen t tim e 
a n d  will be rep orted  as soo n  as possible.

I w ould  hasten  to  agree w ith  the last top ic  he m entioned. 

T his is the effect o f p o re  air. I t  has only  very recently  been 
em phasised  in a  p aper to  this C onference by D r B ishop and  
D r D o n ald  an d  in som e o ther pub lica tions, th a t the im por ­

tance o f tak ing  in to  account the p o re  air pressure is no t 
only o f g reat research  significance b u t, as has been po in ted  
ou t, can  also be o f p ractical significance.

H ow ever, I th in k  we m ust leave the question  o f justification  
o f existing design m ethods from  records o f actual slip  failures 
in  a  stage o f  disagreem ent. I am  n o t happy  w ith the accuracy 
o f m easurem ents actually  taken  in the field. Even though  the 
w ater-tab le  is relatively high, there is a fringe effect w hich 
can  be quite significant. In  m any instances the actual depth  
o f w ater, the actual p o re  pressure, in a  positive sense, is n o t 
very m uch greater th an  the com ponen t th a t cou ld  be devel­
oped  due to  a  negative stress. In  o ther w ords, the  negative 
stress, even though  the w ater-tab le  is high, cou ld  be a signific­
a n t p ro p o rtio n  o f the positive pore  pressures th a t are  taken  

in to  account.

So I have no  d o u b t th a t th is w hole question needs very 
close an d  th o ro u g h  exam ination . I f  I may, M r C hairm an , 
a t th is po in t I w ould beg leave to  con tinu e the debate.

M erci, M . T rollope.
Je dem ande à  n o tre  h o n orab le  Président, M. Skem pton, 

d ’in tervenir dans la  discussion, su rto u t su r le désaccord  qui 
con tinu e  à  exister.

M. S k e m p t o n  (G ran d e  Bretagne)

I have listened to  the  Panel discussion this m o rn ing  with 
the greatest in terest, an d  the  m ore  so as the discussion by the 
P anel has tended  to  cen tre  o n  a  p rob lem  w ith  w hich I have 
been very m uch concerned  for a  considerab le  nu m b er o f 
years. I refer to  the question  as to  w hether the cohesion  
in tercep t c' tends to  zero w ith tim e in  clay soils o f various 
k inds ; a n d  I go t the im pression from  the  P anel discussion 
th a t the  suggestion th a t c' does ten d  to  zero w ith  tim e in clay 

soils is, first o f  all, considered  now  to be ra th e r generally 
applicable and , secondly, th a t th is idea is particu larly  associat ­
ed  w ith  m y ow n nam e.

I th ink  therefore, M r C h airm an , th a t th is m ay be an  o p p o r ­
tu n e  m om en t to  say a  few w ords a b o u t th is question  because I 
am  qu ite  sure th a t c ' does n o t ten d  to  zero in  all clay soils 
u n d er all conditions.

T his subject is perhaps m ore  th an  any o ther dependen t 
on  field evidence, an d  I  will therefore confine m y rem arks 
en tirely  to  evidence o f this kind.

In  E n g land  we have investigated tw o landslips w hich have 
occurred  u n d er perfectly n a tu ra l cond itions and  after a  very 
long tim e ; th a t is to  say we are  considering  n a tu ra l slopes 
w hich have failed due to  som e very slow  sequence o f geolog ­
ical events such as slow  erosion  a t  the  toe o f a slip by a 
river o r som e such case. B oth  o f these, one  being in the ca rbo n ­
iferous clays in S hropshire a n d  the  o th er in the Lias clays 
in W orcestersh ire , have show n qu ite  clearly th a t c' was zero 
in the field, a lth o u g h  there  is equally  n o t the slightest doub t 
th a t in  the  und istu rbed  m aterial, n o t taken  from  the actual 

slip surface b u t from  im m ediately ad jo in ing  it, c' was very 
different from  zero, having a  value o f the o rd er o f 200  pounds 
per sq.ft.

I w ould like to  em phasize how ever th a t in the fo rm er case 
we were exceptionally  fo rtu n a te  in  being able to  ob ta in  two 
sam ples b o th  o f w hich included the actual slip surface itself. 
In  this zone o r surface —  it was only a m atte r o f an  inch 
th ick  —  the clay w as greatly  softened as com pared  w ith the 
rest o f the body o f the clay and , in this narrow  zone, lab o r ­
a to ry  tests show ed th a t c' was zero.

W hen we say th a t c' tends to  zero w hat we m ean is th a t if 
we were to  go to  a  site w hen it was still a  level field and  we 
to o k  sam ples, an d  we m easured a  certain  value o f c ', then  if 
a  cu tting  o r an  excavation  is m ade w ould the value o f the 
cohesion  in tercep t in the clay decrease progressively w ith 
tim e, o r w ould  it n o t ? I f  it does decrease progressively w ith 
tim e, then  this is reflected necessarily in  increased w ater con ­
tents in a p o ten tia l shear zone and , finally, if a  failure does 
occur the w ater co n ten t in the shear zone w ould be such as 
to  be entirely  consisten t w ith the cohesion  in tercep t being 
zero.

W e have a  num ber o f cases in the L o n d o n  clay where 
cuttings have been m ade an d  w here slips have occurred at 
various tim es after excavation . O ur tim e scale ranges, in 
ab o u t twelve cases, from  th irteen  years to  eighty years after 
excavation. T he analysis o f these failu res show s fairly clearly 
th a t c' is decreasing w ith time. T he lab o ra to ry  value on un d is ­
tu rb ed  clay is o f the o rd er o f 280 pound s per sq.ft. This decreases 
to  ab o u t 200 a fter th irteen  years and  reaches values o f abou t 

50 pound s per sq.ft. a fter 80 years.
O nce again  I wish to  po in t o u t th a t this reduction  in c' is 

unquestionab ly  associated w ith very local softening in the 

shear zone ; an d , in three cases in  the L o n d o n  clay, we have

Le Président :
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been fo rtun ate  in actua lly  discovering this very narrow , 
highly softened zone o f clay. I am  certain  th a t th is is n o t a 
pre-existing zone bu t is a  direct consequence o f deform ations 
an d  o ther effects follow ing the opening up  o f the excavation.

W e have also fo u n d  in  several n a tu ra l slopes, w here slides 
had  occurred  in L o n d o n  clay, a fter very m any years, perhaps 
after m any centuries, th a t c' is v irtually  zero. B ut these slips 
are  shallow  an d  a re  a t  least approach ing  the zone o f  w eather ­
ing ; w hich is an o th e r m a tte r altogether.

I w ould like to  em phasize, how ever, th a t in  S hropshire the 
shear surface in  the carboniferous clays w as well beneath  
the w eathering zone.

N ow , all the  cases I  have so fa r m entioned  have this in 
com m on : the  clays were fissured. They belong in  fact to  
the category first defined by T erzaghi as “ stiff-fissured clays

B ut n o t all clays are  fissured o r fractured. T here are a 
num ber o f clays w hich a re  in tac t an d  one o f these is the clay 
a t L odalen  in  N orw ay. A  slide occurred  a t th is site in  1954 
and  w as analysed w ith the  u tm o st care. A  num ber o f  careful 
triax ial tests were carried  o u t an d  a  nu m b er o f p o re  pressure 
m easurem ents were m ade a t  the  site.

T he analysis, published by M r Sevaldson, show ed th a t the 

fac tor o f  safety w as 1 • 0 if the full value o f  c' was tak en  into  
account (th a t value being a b o u t 210  pou n d s per sq.ft.) bu t 
if c' w as equal to  zero the  calcula ted  fac to r o f  safety fell to 
0 -7  ; a  30 per cent e rro r w hich, u n d er the conditions o f th a t 
particu la r investigation , is m ost im probab le. In  o ther w ords, 
in  th is case we haye an  instance w here c' w as n o t zero but, 
indeed, was either equal to  o r very close to  its full value.

W e have long  been w anting a  fu rth e r exam ple in  the sam e 
category and , n o t long ago, we h a d  the  opp o rtu n ity  o f invest ­
igating a  slip w hich occurred  in  a n  in tact clay in  the Pennines, 
in n o r th  Y orksh ire  in  E ngland. T his w as a  n a tu ra l slide in an  
in tact, n o n  fissured clay till, o r b ou lder clay, in  a  n a tu ra l 
hillside. W e know  from  o ld  m aps th a t the river h ad  been 
run n ing  a t this particu la r p o in t, ju s t a t  the toe  o f the slope, 
w ithin a  very few feet o f its p resen t position , fo r a t least one 
century. T hus we were dealing w ith a  very long  term  slip. 
The lab o ra to ry  value o f c' in  this case was 180 po u n d s per 
sq.ft. and  here again, as a t  L odalen , th is full value o f c' is 
required  in  o rd er to  ob ta in  a  fac to r o f  safety o f unity . I f  c' 
were equal to  zero, the fac to r o f safety falls to  0 65 ; th a t is 
a  35 per cent e rro r w hich, again, I  th in k  is unacceptable.

T he conclusion  is th a t the full value —  o r very nearly  the 
full value —  o f the cohesion in tercep t is operative. This clay 
is n o t fissured o r cracked ; an d  the  slip w as fairly deep. A t 
the sam e tim e how ever, the surface o f the  slope was also 
unstable. This o f course is in  the  w eathering zone, an d  in 
the w eathering zone w ith  repeated  dry ing an d  w etting it is 
inconceivable th a t the  cohesion  in tercep t cou ld  rem ain  fo r 
any length  o f  tim e a t its full value and , sure enough, w hen 
we analyse these surface slips, perhaps only 3 o r 4 ft. deep
—  we find the value o f c' to  be a b o u t 40 po u n d s per sq.ft.

T herefore it seems th a t we m ust be very careful indeed in 
this subject, an d  it is n o t a  universal ru le  th a t c' tends to  
zero in  clays, on  a  long term  basis. In  som e cases, in  som e 
clays, it does go to  zero w hile in o thers it does no t. A n d  it 
seems to  m e th a t an  exp lanation  o f these facts should  s tart 
from  o u r field observations w hich p o in t very strong ly  in  the 
direction  th a t the  in itia tion  o f w hatever process it is w hich 
starts  th is decrease in  c' is very likely to  be associated  w ith 

cracks o r fissures in  the  clay.

I  th in k  th a t the  fissures can lead  to  local over-stressing 
an d  stress concen tra tions w hich w ould  lead  to  progressive 
fa ilu re and , in particu lar, to  take  the stress-stra in  curve 
over the peak, dow n to  the residual o r u ltim ate  value. A nd  it 
appears th a t the  cohesion  intercepts associated w ith those 
residual streng ths are  either zero or, a t any rate , very m uch 
sm aller th an  the values associated w ith the peak  strengths.

N ow , in an  in tac t clay, I can n o t see w hat m echanism  in 
general is going to  be p resen t to  take the deform ations past 
the peak , w hereas in  a  fissured clay I  th in k  th a t the local 

overstressing due to  the  cracks o r fissures m ay be the reason  
why the  stra ins can  pass the  peak  a n d  reach the  residual 
value. O f course, by  going over the peak , in overconso lidated  
clays, there is an  increase in  w ater co n ten t ; w hich also  
fits in w ith  the field observation , since there  is a  very con ­
siderable increase in  w ater co n ten t actually  in  the slip zone 
itself.

M y last po in t refers to  a  m a tte r  ra ised  by D r Bolognesi 
w hen he suggested th a t c' m ay  n o t fall to  zero in  com pacted  
clay fills, in  an  ea rth d am  core. A n d  I  also th in k  he suggested 
th a t th is m igh t n o t  be the  case in  fou ndations. I  agree w ith 
this view, fo r a  well com pacted  clay core certain ly  ough t n o t 

to  be intersected  w ith  cracks an d  fissures. I  w ould  say therefo re  
th a t w ith  a  well com pacted  fill w hich is statistically  iso tropic 
o r hom ogeneous, one  m ight n o t expect th is p h eno m eno n  to  
occur. B ut this is a  p o in t o n  w hich w e a re  desperately  needing 
field evidence an d  on  w hich I  am  n o t aw are o f any satisfactory  
published  papers.

T he availab le evidence suggests th a t th e  soften ing action  
leading to  a  decrease in  c ' does n o t  occur u n d e r fo u ndations, 
an d  perh ap s th is is due  to  the  fac t th a t the  average effective 
stresses a re  increasing u n d er fo u ndations, n o t decreasing as 
in  the  case o f an  excavation.

L e Président :

Je  vous rem ercie, M . S kem pton , p o u r vo tre  in terven tion  
extrêm em ent intéressan te.

A v an t de term iner n o tre  discussion, je  voudra is don n er 
la  paro le  à  M . H o ltz  qui a im erait in terven ir su r le com m en ­
ta ire  de M. T ro llop e  en  ce qui concerne la  com p ara iso n  des 
con tra in tes de cisaillem ent du  m atériau  des noyau x  de b a r ­
rage avec les résu lta ts de labora to ire .

M. Hol t z

A t the  b o tto m  o f  page 859 o f M r T ro llo p e’s rep o rt a  s ta te ­
m en t is m ade th a t " the  w riter“ canno t see th a t the size 
a lone  should  account fo r the  difference unless there  is a 
d istinct change in  m ineralog ical ch arac te r an d /o r shape 
o f th e  larger pieces This com pares lab o ra to ry  tests on  
sandy o r finer grained cohesionless soils w ith  tests on  the 
streng th  o f to ta l  gravel-zone o r rockfill m aterials. I w ould 
n o t disagree entirely  w ith this, because I  th in k  w e generally 
find th a t the  shape o f  th e  m ateria l fo r a  rockfill dam , and  
som e o f th e  perv ious zones o f  ea rth  dam s, a re  different 
F ro m  sand  and, also, the g rad a tio n  is considerably  different.

H ow ever, I w ould  bring up  this po in t : T he streng th  is 
also affected by th e  void-ratio . O n som e o f the  large-scale 
shear tests we have m ade, we have observed extrem ely high 
values fo r very w ell-graded m aterials w ith  large angular 
partic les (H o ltz  an d  G ibbs, 1956). T hese m aterials h ad  low 
void-ratios. O n the  o th er hand , streng ths o f rockfill m aterials 
fo r the  F u rn as D am , Brazil, in  w hich the  partic les w ere very 
flat and  h ad  sharp  po in ts, w ere n o t o f th e  h ighest order, 
because there  w as very little  fine m ateria l and  the  void- 
ratio s w ere qu ite  high. Perhaps, D r. C asagrande m ight 
favor us during th e  discussion w ith  a b rie f com m ent on  this.

Références

[1] H o l t z , W . C. a n d  G i b b s , H . J . (1956). « T ria x ia l S h ear 
T ests  on  P e rv io u s  G rav e l Soils », Journal o f  the Soil 
Mechanics and Foundations Division, A .S .C .E ., J a n u a ry  
1956, P a p e r  N o . 867.
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M erci, M . H o ltz.
Je  m ’excuse de ne pas avo ir respecté l ’ho ra ire  prévu. M ais 

la  discussion é ta it très in téressan te  e t je  n ’ai pas pu  l ’in ter ­
rom pre . Je vous p ro pose  de suspendre la séance p en d an t 
quinze m inutes ; nous rep ren d ro n s la suite de nos travaux  
à  m idi m oins le qu art.

(La séance est suspendue)

Le Président :
M essieurs, je  vous inform e que le résum é de la  discussion 

sera donné p a r M . T ro llop e dans les conclusions des R ap p o r ­
teurs G énéraux.

Je  passe la paro le  à  M . B jerrum , le p rem ier o ra teu r inscrit.

M . L. B j e r r u m  (N orvège)

In  connection  w ith the discussion o f the  long-term  streng th  
o f soils in  n a tu ra l slopes, I should  like to  m ention  som e 
observations m ade in connection  w ith  the  investigation  o f 
the  landslide w hich occurred  on  A pril 14th, 1959, a t F u rre  
in  the  N am sen  V alley in N orw ay. This landslide is certain ly  
un ique, as a single flake o f  g round  w ith  th e  dim ensions 800 m  
by 300 m  slid ou t rap id ly  on a  long inclined surface form ed 
by a  10 cm  th ick  layer o f norm ally  consolidated  quick clay.

T he m ain  slide failed u n d er d ra in ed  conditions, and, from  
an  analysis o f its stability  in term s o f effective stresses, a  
cp' - angle o f 7° is ob tained  fo r th e  quick  clay on  the  sliding 
surface. This value is certain ly  low and  it am oun ts to  only 
one-th ird  o f th a t fou nd  by triax ial tests.

D u e  to  th e  large ho rizo n ta l m ovem ents o f th e  sliding m asses 
the  slip surface was exposed a t the  rea r o f  the  slide. This 
gave us an  op p o rtu n ity  to  carry  o u t in situ a  large-scale drained 
shear box test on  th e  quick clay. T hese tests confirm ed the 
low  <p' - value o f  the  quick clay given by the  stab ility  analysis.

F ro m  th e  study  o f  the  slide tw o im p o rtan t conclusions 
cou ld  be draw n. F irst, the  v irtual agreem ent o f th e  cp' - values 
observed in  the  shear box tests and  given by th e  stab ility  
analysis indicate th a t a t  failu re th e  shear s treng th  w as m obil ­
ized sim ultaneously  over the  w hole sliding surface a t the  m ain  
slide. This finding is o f p a rticu la r in terest as quick  clay w ith 
its sm all stra in  a t  fa ilu re  an d  com plete loss o f  streng th  on 
rem ould ing , is a  m ateria l in  w hich progressive failu re m ight 
be expected.

T he second conclusion was draw n from  th e  observations 
m ade during  th e  large-scale shear box tests. T he shear defor ­
m a tions in  the shear box p ro ved  to  be accom panied  by a 
considerable  vertical co n trac tio n  o f  the  clay. T he in ternal 
energy thus released  con tribu tes therefo re  to  the  overcom ing 
o f th e  shearing  resistance a n d  accounts fully fo r the  low value 
o f  the  angle o f shearing  resistance th a t w as found. This effect 
o f th e  “  con trac tancy  ” o f  a soil sam ple subjected to  shear 
deform ations has n o t been observed before as it does n o t 
show  up  in  the  triax ia l test.

R e tu rn in g  to  th e  question  o f the  long-term  stability  o f slopes, 
we have now  learned  th a t soil com pressibility  m ay be an  
im p o rtan t fac to r. In  th e  case o f the  slide a t  F u rre  the com press ­
ibility o f  th e  clay has increased greatly  since its deposition  
as a  resu lt o f leaching o u t o f  salt w hich originally  w as confined 
in  the  pores o f  the  m arine  clay. This increase in  com press ­
ibility has tak en  place w ithou t causing any appreciab le  red uc ­
t io n  in  w ater co n ten t an d  it first appears w hen the  clay is 
subjected to  increased shear stresses.

A  shear d efo rm ation  will, how ever, lead  to  a release o f  the  

“ unstab le  ” p o ten tia l energy sto red  in  the  m ineral structu re, 
an d  th is energy will con trib u te  to  th e  overcom ing o f the  
shearing resistance. In  th e  case o f F u rre , the  red uction  o f 

th e  angle o f shearing  resistance due to  the  con tractancy  
effect w as o f  th e  o rd e r o f 15°.

Le Président : A  detailed  descrip tion  o f th e  investigation o f the  landslide 
a t  F u rre  has been published in  th e  Jun e  issue o f Geotechnique 
by M r J.N . H u tch inso n  w ho carried  o u t the  investigations 
fo r th e  N orw egian  G eotechnical Institu te .

Le Président :

Je rem ercie M . B jerrum .
M . F rôh lich  qui devait p rendre  la  paro le  é tan t absent, 

je  dem ande à  M. A nagnosti de p a rle r le prem ier. M . B ishop 
lui succédera.

M . P. V. A n a g n o s t i  (Y ougoslavie)

T he m ain  question  th a t  should  be trea ted  a t the  present 
C onference is th a t o f shear stren g th  an d  stresses in slopes and  
the ir change in the  function  o f tim e. This is a p ro posed  subject 
to  be discussed in the  6th  section.

This sh o rt no te  will re fer to  the  stability  o f the slopes o f 
an  ea rth  em bankm ent during th e  draw  dow n cond ition  o f a 
reservoir. T he p apers 6/7 o f M r B row sin and  6/30 o f M r Patel 
w ith M r M aheshw ani have also dealt w ith the subject.

In  the rep o rt 6/7 a sim ple so lu tion  o f the nonsteady filtration  
in  an  ea rth  em bankm ent is presented. T he so lu tion  is based 
on the Bóussinesq equatio n  o f nonsteady  flow. F o r the  
analysis o f the  stability  o f an  ea rth  slope the  m ost interesting  
subject is th e  d issipation  o f p o re  pressures during draw  dow n 
if the low ering o f th e  w ater level is n o t sudden. In  this case 
the  line o f sa tu ra tio n  in the em bankm ent will follow  the  level 
in  the  reservoir a t  a  certa in  d istance and  the  shape o f the 
flow net depends on  the  level in the reservoir.

The estim ation  o f th e  m agnitude o f the  initial gradient 
as the  necessary cond ition  for causing the filtra tion  due to  
th e  w a te r’s ow n w eight in  the  voids o f the fill, is very im por ­
ta n t because o f very high tensile stresses in  the vo id s’ w ater 
w hich can  reduce o r p revent the perco latio n  o f the  w ater 
ou t o f  the  fill.

In  the  rep o rt 6/30 m odel test m easurem ents a re  presented  
fo r the  sam e problem , i.e. fo r the  draw  dow n case. T he special 
shape o f a  dow nstream  filter b lanket is recom m ended and  
its influence on  the  shape o f the  flow n e t a fter draw  dow n 
p o in ted  out. Som e useful ch arts  an d  graphs have been pres- 
énted , too.

I t  is necessary to  em phasize th a t the  results p resented  in 
the  rep o rt and  the  calculations m ay be used only in  the  case 
o f a  rigid  incom pressible em bankm ent. P o re  pressures in 
an  ea rth  fill em bankm en t due to  the  conso lidation  o f the 
fill a fter d raw  dow n should  be investigated, applying the 
theory  o f conso lidation  o r by in troducing  the  triax ial test 
constan ts A and  B  in  the  well know n S kem pton  equation . 
T herefore, the  p o re  pressure  due to  conso lidation  o f the  fill 
is to  be add ed  to  the  pressure o f the  w ater head  o f the 
nonsteady  filtration . I t  is n o t clear a t  the  m om ent w hat the 
effect o f  the éxcessive p o re  pressure  is to  the  filtra tion  flow net, 
so th a t to  keep on  the  safe side it is b e tte r to  tak e  them  sep ar ­
ately and  to  o b ta in  the  final pore pressure by superposition  
o f the  tw o pressures m entioned. I t  is obvious th a t the  position  
o f the  line o f sa tu ra tio n  in  the  fill is very im p o rtan t n o t only 
fo r the  filtra tion  flow net de term ina tion  b u t a lso  fo r the 
conso lidation  pressure estim ate.

T herefore  th e  stability  fac to r should  be evaluated  on the 
basis o f a  study o f  fill conso lidation  as well as o f the  flow 
net. T he m ost dangerous conditions need  n o t arise  a t  the 
m om en t w hen the  reservoir is em pty, b u t all stages o f the 

draw  dow n case should  be investigated, especially if there  is 
question  o f sem ipervious fill, th e  perm eability  o f w hich is o f 
the  sam e o rd er as the  velocity o f draw  dow n. T he d isregarding 
o f all these fac tors in the  calculations o f  the  stability  o f  an  
e a rth  d am  m ay cause new  failures, as it  is po in ted  o u t in 
M r S k em p to n ’s discussion. T he exam ple o f  an  extrem ely
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steep slope (upstream ) is presented in the design o f the M att- 
m ark  D am  in re p o rt 6/16, w here fo r a m oraine m ateria l the 
angle o f in ternal friction w as found to  be o f th e  o rd er o f 40° 
and  the coefficient B o f 5 per cent in a  large scale triax ial 
test. T he result o f such favourable  characteristics obtained 
in testing is a design o f the  upstream  slope o f a  dam
100 m  height ranged from  1:1,7 to  1:2,0. T he cross section 
o f the  dam  consists o f the  upstream  core w ith  rip -rap  slope 
pro tec tion  and  wide dow nstream  rockfill shell. T he upstream  
slope o f the  m oraine core on  the average 35-40 m  in th ick ­
ness was checked by slip circle analysis, as sta ted  in the  rep ort, 
and  the ob tained  stability  fac to r fo r rap id  draw  dow n was 
1,3. I t  seems th a t a  very low pore pressure has bsen  used in 
the  stability  calculations. In  th e  case o f a  very high dam  with 
a  ra th e r steep slope for an  im pervious core m ateria l, very 
careful investigations should  be u n d ertak en  to  be absolutely 
sure  o f low p o re  pressure in the  core in th e  case o f a rap id  
d raw  down.

Le Président :
M erci, M . A nagnosti. L a paro le  est à  M . B ishop.

M . B i s h o p

I wish to  reply to  one po in t raised by the  G enera l R eporter, 
and  by o th e r m em bers o f the C onference, ab o u t the value 
o f the fac to r o f safety given by the  stability  coefficients for 
the  particu la r exam ple show n in his film.

T he stability  coefficients a re  sim ply a  tabu la ted  form  o f 
the Fellenius so lu tion  w ith  th e  assum ption  th a t the  pore 
pressure th ro u g h o u t the  slope bears a constan t ra tio  to  the 
weight o f soil above it. W here this assum ption  holds they 
correspond  to  the  so lu tion  given by P rofessor T ay lo r’s tables 
and have a sim ilar degree o f accuracy. H ow ever, in presenting 
th e  coefficients we realized th a t this assum ption  did no t 
apply in a great m any p ractical problem s and  we therefore  
developed a sim ple averaging technique to  be used  in cases 

w here the pore  pressure ra tio  is n o t constan t. This represen ts 
a separate  stage in the  calculation  and  its accuracy is quite 
a separate  p rob lem  from  th a t o f  the  stab ility  coefficients 
them selves. W ith the  averaging m ethod  described in o u r 
paper in Geolechnique an  e rro r o f  2 to  3 per cent m ight arise 
in a  typical steady seepage case.

In  th a t p aper tw o particu la r exam ples o f steady seepage 
w ere given. T he larger e rro r occurred  in the  case o f the 
Lodalen  slip and  was 7 per cent. In  th e  case o f the  Selset slip 
the  e rro r was a b o u t 1 per cent. T he steepest slope quo ted  in 
o u r p aper w as 2 to  1, because we w ere considering the  range 
o f n a tu ra l clay slopes and  earth  dam s ra th e r  th an  rock  fills.

D r T rollope, in his illustra tion , has a  steeper slope and  a 
very unusual flow pa tte rn . I t  is p ro b ab le  th a t th is requ ires a 
different averaging technique th an  the  one suggested in our 
paper, particu larly  as the  use o f the  pore pressure  on the  
observed failu re  surface led to  a fac to r o f safety o f 0-95 
w ith ex trapo la ted  stability  coefficients.

I am  surprised  th a t the  fac to r o f safety based on  average 
p o re  pressures w as low er th a n  this an d  I w ould like to  look 
a t th is case in m ore  detail. E x trap o la tio n  o f th e  coefficients 
m ay be a co n tribu to ry  cause and  this can  easily be checked 
against th e  values a lready  availab le in L ondon.

H ow ever, I th ink  th a t the  large e rro r in this case arises from  
applying th e  m ethods in o u r p ap er outside the  range fo r 
w hich we originally in tended them . W ith in  th a t range the  
erro rs  ap p ea r to  be less th an  i  10 per cent.

Le Président :
M erci, M . B ishop.
L a paro le  est à  M. le D o cteu r R ao  qui sera suivi 

p a r  M. B azant.

In Ind ia  we a re  now  constructing  a very large n um ber 
o f dam s u n d er various cond itions an d , ju s t  as I w as called 
up  here, I was reading  a  le tter in form ing  m e th a t one o f our 
ea rthdam s, ju s t  nearing  com ple tion , b reached, causing  an  
im m ense loss in the valley.

O n the  question  o f earthdam s, I w ish to  confine my rem arks 
to  tw o aspects w hich affect the  stab ility  o f earth  dam s w ith 
tim e; the p o re  p ressure an d  the effective shearing  streng th  
com ponen t c' =  0. They a re  the  tw o fac to rs w hich actually  
give a  very good idea o f the effect o f tim e on  the stability  

o f e a rth  dam s.
T here is un fo rtu n a te ly  a  so rt o f fear created  on account 

o f som e m isin terp re ta tion  o r m isu nderstand ing  o f these 

tw o factors. I am  very glad M r S kem pton  has clarified one 
o f these po in ts this m orn ing ; this is o f very great value and  
will close the controversies. F o r exam ple, there is absolutely  
no  necessity, as regards m odern  dam s—  I am  n o t ta lk ing  
ab o u t p u re  clay expensive structures —  to  be w orried  ab ou t 
the p o re  pressure, ju s t as the tem peratu re-rise  in concrete 
dam s is no  longer a  problem . T he p o re  pressure is practically  
a sim ilar p heno m eno n ; ju s t as in a  m ass concrete  dam  it is 
possible to  co n tro l the tem peratu re-rise  by d ifferent tech ­
n iques, sim ilarly in ea rth d am s it is possib le by m odern  p ro ­
cedures to  see th a t there is no  p ro b lem  o f excessive p o re  
pressure.

If  the  reservoir gets filled up there  is a  com plete change 
in the pore  pressures pa tte rn . T he pressures becom e co in ­
c ident w ith a  hydrau lic  g rad ien t curve tend ing  to  be com ean 
inclined s tra igh t line in course o f tim e. T he one fac tor, how ­
ever, concerning the design o f earthdam s on  w hich the In ter ­
n a tio n a l C onference o f Soil M echanics can  give valuable 
advice, is ab o u t the pore  pressures an d  the d issipation  o f 
the pressures due to  sudden draw dow n. T he persistence o f 
pressures n ear the  upstream  p lane o f the  im pervious zone 
in  the case o f  a  sudden draw dow n is noticeable. T herefore  
field observations an d  experim ents on  this aspect o f the 
d issipation  o f the p ressures in consequence o f a  sudden 
draw dow n will be o f great assistance and  value.

W ith  reg ard  to  the  c' =  0, M r S kem pton  has m ade it 
qu ite  clear th a t th is is app licab le  only  to  the excavated 
slopes o f overconso lidated  clays w ith inheren t fissures o f 
slickensided conditions. B ut in  the case o f con tro lled  dam s 
w here the  com paction  is no rm al, there  is absolutely  no neces­
sity to  assum e th a t c' reaches zero o r any appreciab le  d im in ­

ishing value.
In  In d ia  we have a  large n um ber o f dam s w hich have been 

existing fo r seven centuries and , in particu lar, we have anal ­
ysed the p ro p erty  o f these soils w hich have been stan d in g  
for seven centuries. T he dam s w ere co n structed  before 1300 
A D  an d  we have fou nd  th a t the  cohesion  in  effective shear 
streng th  w as qu ite  appreciab le —  som ething  like 600 pou nd s 
per sq. ft. T herefore  I do  n o t th in k  th a t tim e has any effect 
on  the stability  o f earthdam s. O n  the  co n tra ry , due to  dissip ­
a tio n  o f co n struction  p o re  pressure, due to  the fact that 
fines con ta in ing  the w ater get injected in  the  em bankm ent 
in to  the soil, due to  increase in  stru c tu ra l b o n d  in course 
o f tim e and , due to  the  fact th a t the deform ability  o f the 
structu re  gets reduced, it is only  a  logical conclusion to  say 
th a t tim e w ill, if any th ing , im prove the  stability  and  m ake 
the structure  m ore lasting  even th an  anticipated .

A s M r S kem pton p o in ted  o u t, it is very useful to  conduct 
field experim ents to  confirm  the  o ld  saying th a t earthdam s 
grow  stronger w ith age.

Le Président :

M erci, M . R ao.
L a paro le  est à M . Bazant.

M. Rao (Inde)
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M . Z. Bazant  Jr. (T chécoslovaquie)

T he effect o f tim e is to  be fo u n d  in sa tu ra ted  san d  also. 
In  P aper 6/5, V olum e II, p . 539 I have tried  to  clarify the 
com plexities o f the  dynam ical stability  o f sa tu ra ted  sand, 
w hich w ere follow ed by som e exam ples from  R ussian  research. 
T esting  dynam ical stab ility  in the F o u n d a tio n  Engineering  
L ab o ra to ry  o f the T echnical U niversity  o f P rague we have 
fo u n d  it useful to  m easure, besides the  th irteen  unknow ns 
m en tioned  in eq. (2) o f P aper 6/5, an o th er one, the settlem ent 
o f  surface. T he re la tio n  betw een settlem ent s and  tim e t 
being easy to  m easure, we have trea ted  w ith the use o f dim en- 
sionless analysis especially the  case o f vertical v ib ra tion  o f 
sa tu ra ted  sand  w ith a  ho rizo n ta l surface, w hich is relatively 
a  sim ple one (n ine u nkno w ns only). W e have established  
the fun ction  o f five unknow ns, settlem ent s, am plitude Ay 
frequency n, perm eability  k, an d  tim e t

f'i- V- t )-° . . . . ( 1)

the  o th er unknow ns : angle o f friction  cp, surcharge p, sa tu r ­
a ted  u n it  w eight y t an d  specific w eight y w o f  w ater com bined 
in  d im ensionless fo rm  cp, y i l y w , p l A y '{ w assum ing constan t. 
T his fun ction  allow s to  m easure the settlem ent s as function  
o f tim e an d  it is possib le to  pred ic t the lim it settlem ent for 
t->oo.

T he tests were perfo rm ed  in a glass cylinder, filled w ith 
san d  a n d  w ater. T he cylinder was bo lted  to  the tab le  o f the 
v ib ra ting  m achine o f U T A M  A cadem y o f Sciences, Prague, 

w hich assured vertical v ib ra tions, the d istu rb ing  effect o f 
h o rizo n ta l v ib ra tions being very sm all. C are  w as taken  to  
experim ent w ith sinuso idal v ib ra tion  only, nevertheless this 
was n o t achieved a t all frequencies and  am plitudes.

T he eigenfrequency o f sand  being in the range o f 40 H z, 
we m easured from  30 H z under. This cond ition  lim its the 
scale o f reduction . E .g . fo r the  scale 1 :30 we m odel w ith 
30 H z frequency 1 H z, w hich is the frequency o f som e K ap lan  
hydrau lic  tu rb ines. If  we needed to  test h igher frequency, 
we w ould  have been obliged to  use a sm aller reduction  o f 
scale, and  m odels w ould have been very large.

i  10 20 SO 100 200 500 1000

F ig . 6 V e rtica l v ib ra tio n  o f  s a tu ra te d  san d  w ith  h o riz o n ta l 
su rface .

R esults o f tests w ithou t surcharge are  given in full lines in 
Fig. 6 , p lo tted  in  logarithm ic scale. T he sand  from  the river 
V ltava a t Stechovice had  cp =  35°, ( y (/y , „  =  1-92, n = 
45 per cent, Ra = 0 -19. G ra ins were o f m edium  size, from  
0 -2  to  0 -5  m m . F ro m  Fig. 6 we can  for given am plitude 
Ay, frequency n and  perm eability  k  com pute the settlem ent s,

w hich is the function  o f tim e t, the lim it o f settlem ent assum ed 
to  be slightly higher than  gives the curve kt/Ay = 10,000. 
T he com puted  settlem ent is a tta ined  fo r very loose sand 
having as relative density Rd =  0 1 9  only. C h art Fig. 6 is 
restricted  to  the settlem ent a t sinusoidal frequencies. Pure 
sinuso idal v ib ra tion  w as pro duced  for frequency 30 H z 
and  it was tested in the range o f am plitudes from  50 to  260u..

Fig. 6 gives the m axim um  settlem ent. I t  was ob tained  
as the result o f fifteen tests, trea ted  in such a way th a t we 
have taken  the fou r highest settlem ents, then  we com puted  
the m ean m, s tan d ard  deviation  a and  as highest settlem ent 
was assum ed the value s = m -r 2a. R igorous m athem atical 
trea tm en t was n o t possible, as the num ber o f tests w as n o t 
sufficient and  therefore we have n o t ob tained  the G auss 
p robability  curve.

V ib ra tion  w ith frequency 20 H z had  on  the m ain  sinusoid 
an  appreciab le am o u n t o f v ibration  w ith frequencies three 
tim es higher an d  am plitudes three to  five tim es sm aller th an  
v ib rations an d  therefore we ob tained  higher settlem ent than  
w ith p u re  sinuso idal v ib ra tion  only. This result is represen ted  
on Fig. 6 by do tted  lines. A t first glance do tted  lines which 
differ from  full ones can  be m isunderstood  as the p ro o f 
th a t Eq (1) is n o t valid . V ib ra tion  w ith frequency 10 H z  had 
sm aller d istu rbances th an  w ith 20 H z. A t higher am plitudes 
d istu rbances were fo r 10 an d  20 H z also sm aller.

Because m any  m achines a re  p ro ducin g  nonsinuso idal 
v ib rations, we can  expect in som e cases settlem ents greater 
th an  are  given by Fig. 6 . H ighest settlem ents are o b ta ined  in 
the case resonance, w hen it is necessary to be p rep ared  to  

cope w ith very quickly p roduced  settlem ents ab o u t 10 tim es 
higher th an  Fig. 6 predicts.

Le Président :

M erci, M . Bazant.
L a  paro le  est à  M. Penm an.

M. P e n m a n  (G rande-B retagne)

M r. C hairm an , Ladies an d  G entlem en. I w ould ju s t like 
to  em phasize the im portance o f pore pressures in the stability  
o f clay slopes w hich have been stand ing  for som e tim e and  
I will do  this by m eans o f an  exam ple.

A n  analysis o f a  clay slope m ay show  th a t it is quite stable 
an d  an  engineer m ay be very happy  w ith this result. B ut a 
change in the p iezom etric level beh ind  the slope m ay cause 
a  certain  em barrassm ent. In  a p articu la r case w hich I have 
been looking a t, there is a clay slope th a t had  a t one tim e 
been the  face o f the clay p it fo r an  old brick  w orks. I t  had  
n o t been w orked for ab o u t 70 years an d  it orig inally  had 
been ab o u t 60 ft high. It is now  slum ped dow n to an  irreg ­
u la r slope, form ed by a series o f slips, bu t these have n o t 
m oved a t all during  the last ten years. The old  brick  w orks 
h ad  been changed in to  a  m odern  fac tory ; and  the factory  
w ished to  expand  : it was necessary to  p u t up  a new building. 
T he engineers w ho were responsib le fo r the building m ade 
the assum ption  th a t the old  clay slope w hich had been stable 
fo r 10 years an d  was 70 years o ld  w ould rem ain  stable.

O f course we know  th a t they had  a  good chance o f being 
ra th e r w rong. T he build ing was p u t up  and  then we had  the 
m isfortune to  have an exceptionally  long rainy  period , w hich 
in E ngland  extended from  the m iddle o f last sum m er until 

the beginning o f this one. T he effect was to  raise the piezo ­
m etric level behind this clay slope w hich m oved and  caused 
som e concern by piling a large am o u n t o f clay against the 
w alls o f the new building.

Ju s t in conclusion , I w ould like to  em phasize th a t we 
m ust be very very careful o f o u r assum ptions ab o u t the 
piezom etric level and  the pore  w ater pressure conditions 
in any  o f these slopes th a t look to  be stable.
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M erci, M. P enm an.

L a  paro le  est au  P ro fesseur T er-S tepanian .

Le Président :

M. G. Ter -St epanian (U.R.S.S.)

F u rth e r developm ent o f  princip les o f  landslide m echanism  
proposed  by Prof. T erzagh i (1950) p erm itted  a  type o f  slow  
grav ita tional d efo rm ations o f  slopes to  be distinguished. 
These deform ations, called  th e  d ep th  creep o f  slopes occur 
in  the  landslide h ea rth , i.e. in  th a t p a rt o f  the  slope body, 
w here th e  local co n cen tra tio n  o f  highly m obilized shear 
resistance takes p lace (G oldste in  an d  T er-S tepan ian  1957).

T he ra te  o f  d ep th  creep varies w ith  th e  in tensity  o f  p ro ­
cesses, leading to  landslides, such as th e  developm ent o f 
p o re  w ater p ressu re  etc. (T er-S tepan ian  1960 6 ). In  m ost 
cases these slow  d efo rm ations can  be considered  as the  p re ­
p a ra to ry  phase  o f  sliding, w hich tu rn s in to  th e  fa ilu re  phase 
w hen th e  to ta l sh ear resistance along th e  po ten tia l surface 
o f  sliding is m obilized.

A ccording  to  th e  local geological conditions different 
types o f dep th  creep  o f  slopes a re  observed. In  hom ogeneous 
soils ro ta tio n a l d ep th  creep  o f slopes develops, w hich leads 
to  the  ro ta tio n a l sliding. I f  th e  slope body is com posed o f 
inclined stratified soils w ith  dip  paralle l to  th e  slope, o r if 
th e  inclined surface o f  u nw eathered  rocks is covered by 
clayey p ro ducts o f  w eathering, an o th e r type o f d ep th  creep 
o f  slopes m ay occur.

T he slope d efo rm ations o f  th is type, w hich we call p lan a r 
d ep th  creep o f slopes a re  a lso  very com m on. W hen  developed 
they  lead  to  th e  p lan a r sliding. Since the  thicknesses o f clay 
layers a re  usually  sm all as com pared  w ith th e  heights o f 
slopes, by co m p u ta tio n  o f  p lan a r d ep th  creep the  sym pli- 
fying concept o f infin ite slope m ay be assum ed (T aylor 1948).

T he ra te  o f  d ep th  creep  is co n tro lled  by th e  values o f  the 
coefficient o f m obilized sh ear resistance, tg  0. This coefficient 
is th e  ra tio  o f th e  sh ear stress, t  acting  on  th e  p o ten tia l p lane 
o f  sliding to  th e  red uced  effective stress H  + a' acting  on  
the  sam e plane, w here H  =  c c tg  <p' is th e  tension  in tercept 
o r th e  trac tio n  resistance in term s o f  effective stresses :

t g o  =
H  + a'

In  the  case o f  p lan a r d ep th  creep o f  an  infinite slope the 
planes o f po ten tia l sliding a re  paralle l to  the  slope. T he value 
o f  the  coefficient o f  m obilized  shear resis tance acting  on such 
planes a t the  heigh t z  from  th e  b o tto m  o f  clay layer equals

tg  0 =
<it -  Y - *

Pt ~  T r J ,  -  Y - z
tg P -----  ( 1)

o f m obilized shear resistance ever less, th an  th e  bon d  resis ­
tance o f the  soil, t 0 and  corresponding ly , th e  clay m ay be 

in  the  s ta te  o f  rigidity.

T he position  o f  th e  b o u nd ary  betw een zones o f  creep and  
rigid ity  varies accord ing  to  th e  intensity  o f  processes leading 
to  landslides, such as the  fluctuation  o f  p o re  w ater pressure. 
T his depends o n  the  p o sitio n  o f th e  piezom etric level. W hen  
th e  heigh t o f  p iezom etric level reaches its critical value, the 
coefficient o f  m obilized  shear resistance o f  clay in  th e  surface 
o f co n tac t w ith  th e  ro ck  bed equals to  th e  to ta l shear 
resistance o f  the  soil, a n d  th e  failu re  o f  th e  slope occurs.

T he ra te  o f  the  p lan a r d ep th  creep o f  slopes m ay be found 
using the  B ingham  Theological equatio n . I t  is m ore conven ­
ien t to  express it in  th e  form

tg 0 =  tg  0O +  y

is th e  coefficient o f b o n d  shear resis-
H

w here tg  0 O =  

tance  o f  soil.

X =  H  ^  ?  ¡s th e  coefficient o f liquidity ,

7) =  coefficient o f  viscosity o f soil, an d  
è =  ra te  o f  shear deform ations.

T he ra te  o f  p la n a r d ep th  creep  o f slopes is

v =  X cos (3 j ^ -  tg  (3 -  tg 0Ô  hT +  ^

&
—, \ P t  ~  Y,» h p ~  <7t I n 1 -]

r 'K

Pt Yw
.... (2)

w here

<lt =  % + Yh

P t  = ^ 3 p + g ° + y h

q0 =  charge co rresp o n d in g  to  w eight o f overburden , 
y  =  u n it w eight o f  soil, 

y w =  u n it w eight o f  w ater, 
y ' =  subm erged u n it w eight o f  soil, 
h =  height o f  clay layer, 

hp =  height o f p iezom etric  level from  th e  b o tto m  o f clay 
layer, and  

P =  angle o f  th e  slope.

Since th e  values o f  th e  coefficient o f  m obilized shear re ­
sistance increase to w ard s th e  b o tto m  o f th e  clay layer, the 
low est p a r t  o f th is layer reveals the  h igher ra te  o f  creep. O n 
th e  con trary , th e  u p p e r p a r t  o f  th e  clay lay e r m ay show  values

w here h T is height o f b o u n d ary  o f rig id ity  zone.

A nalysis o f  equatio ns (1) an d  (2) enables to  solve different 
p ractical problem s, such as :

1. D ete rm in a tio n  o f th e  critica l heigh t o f piezom etric 
level; th is m ay be necessary fo r p red ic tio n  o f  fa ilu re  o f  the  

slope.

2. D ete rm in a tio n  o f th e  fac to r o f safety  o f an  existing slope.
3. D ete rm in a tio n  o f th e  height o f a llow able p iezom etric 

level, w hich co rresponds to  the  given fac to r o f safety  o f  slopes; 
th is m ay be used fo r calcu la tion  o f d ra inage  system  on slopes.

4. E stim ation  o f th e  re la tio n  betw een th e  heigh t o f piezo ­
m etric level an d  th e  ra te  o f  p lan a r d ep th  creep o f  slopes, etc.

T h e  validity o f such conclusions m ay be proved  by m eans 
o f field observations on  landslides. T hese observations a re  
very m uch recom m ended. Som e results o f such  observations 
w ere published recently (T er-S tepan ian  1960 a).
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M erci, M onsieur le Professeur.
L a  paro le  est à  M . Suklje.

M . Sukl je (Y ougoslavie)

M onsieur le R a p p o rteu r G énéra l a  p ro posé  que la discus ­
sion p o r te  su r l ’existence des con tra in te s  de tra c tio n  dans le 
sol ainsi que sur la  résistance à  la  tra c tio n  des sols. A  ce sujet, 
je  p ren d ra i la  liberté  de p résen ter quelques données résul ­
tan t de l ’analyse s ta tiq u e  d ’une ru p tu re  de l ’excavation  du 

canal T isza-D anube, en  Y ougoslavie, p o r ta n t su r u n e  lon ­
gueur de 800 m ètres à  peu  près, la  p ro fo n d eu r de l ’excava ­
tio n  é tan t de 20 m ètres environ . C e tte  ru p tu re  é ta it prévue, 
m ais les pu its  déchargean t la  p ression  de l ’eau  artésienne, 

proposés p o u r p réven ir la  ru p tu re , n ’é ta ien t pas encore 
réalisés.

L a  base argileuse (C H  — C I) de l ’excavation , susjacente 
au  récip ient sableux (S F s — SP — SU ) de l ’eau  artésienne, 
é ta it analysée com m e un  systèm e s ta tiq u e  où  les forces de 
gravité é ta ien t équilibrées p a r  des forces de p ression  a r té ­
sienne. Ce systèm e s ta tiq u e  é ta it supposé ê tre  chargé aux 
surfaces lim ites p a r  des m om en ts d ’en castrem en t ainsi que 
p a r la  p ression  du  te rra in  en v ironn an t, les deux charges é tan t 
supposées ê tre  en équilibre indépendan t e t co rresp o n d an t 
à  l ’hypothèse que les con tra in te s  de trac tio n  aux lim ites supé ­
rieure  e t inférieure de la  base cohéren te  é ta ien t égales.

Le Président :

L a Fig. 7 m o n tre  la coupe de l ’excavation  à  l ’in s tan t de 
la ru p tu re , à  l ’endro it où  la prem ière  des sources artésiennes 
précédant la  ru p tu re  est apparue . L a p o sition  de la source 
(A) tom be dans le dom aine des co n tra in tes de trac tio n  m axi ­
m um . Celles-ci s ’élèvent ju sq u ’àcrm =  4 t/m 2, et les co n tra in tes 
de cisaillem ent m oyennes dans la d irec tion  verticale ju s q u ’à 
z mmed =  1,9 t/m 2. L ’analyse de la coupe où le p rem ier 
grand  ren a rd  est ap p aru , a  donné un  ré su lta t sem blable : 
a m =  3 t/m 2, Tm mc(, =  2,4 t/m 2, m ais avec l ’ap p a ritio n  du  
ren ard  dans le dom aine des co n tra in tes de cisaillem ent 
m axim um  (L. Suklje, 1961).

L a Fig. 8 m o n tre  la  résistance à  la com pression  sim ple des 
échan tillons cylindriques pris dans les différents sondages le 
long du  canal, confron tée aux valeurs co rresp o n d an t à  la

loi "if =  1,5 -i- tg 24° g' (t/m 2) qu i se dégage des essais de 
cisaillem ent d irect fa its d ans les ap p are ils  à torsion .

S ur la  F ig. 9 nous avons p résen té  les cercles de M o hr des 
é ta ts  de co n tra in te s  in itiaux  (av an t l ’excavation) et finaux 
(à la  ru p tu re ) p o u r les élévations 68 e t 58 aux endro its  de 
Gm = 4 t /m 2 (voir Fig. 7) ainsi q ue  les cercles de M o h r po u r 
le p o in t avec t to  =  1,5 -zm mcd =  2,9 t /m 2. Les tangentes 
aux cercles de M o h r des é ta ts  de co n tra in te s  finaux passan t 
p a r  les p o in ts de la  résistance in itia le  co rresp o n d an te  form ent 

avec l ’axe a des angles com pris en tre  18° 45 ' e t 20° 15' tandis 
que les essais de cisaillem ent d irec t fa its  su r des échantillons 

préconsolidés et déchargés —  p eu  no m b reu x  d ’ailleurs —  
o n t d onné  u n  angle de 17°.

F ig . 9

Les résu lta ts  présentés ci-dessus ainsi q u e  les au tres an a ­
lyses de la fouille après ru p tu re  m o n tre n t q u e  les contrain tes 
de trac tio n  in terv iennent considérab lem ent d an s la stabilité 
des excavations soum ises aux surpressions hydrauliques. Les 
cond itions de ru p tu re  dépendent aussi b ien  d e  la résistance 
au  cisaillem ent due aux co n tra in te s  effectives que  de la résis ­
tance à  la  trac tio n , et l ’an iso trop ie  du  so l a insi que les effets 
du fluage et de la ru p tu re  progressive y  jo u e n t u n  rô le  im ­
p o rtan t.
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Référence :
[1] S u k l j e , L . (1961). « Facteurs gouvernant les gradients 

critiques dans la base d'excavation ». AIRH, Neuvième 
Assemblée Générale, Belgrade 1961, R apport 11/23.

Le Président :

M erci, M . Suklje.
La paro le  est à M. O sterm an.

M . J. O s t e r m a n  (Suède)

As m entioned  by D r B ishop, the  Swedish slice m athod  
in  in terna tional usage refers to  a sim plification. D uring  
1916-1929 the reactions betw een the  individual slices were 
often  taken  into account in the calculations. U sing a graphical 
so lution, W. Fellenius (1929) discussed in a p aper the e rro r 
involved in the sim plification (ho rizon tal instead  o f inclined 
forces in sand), finding som e 12 per cent e rro r in som e ra th e r 
extrem e cases.

T he im portance o f m easuring  creep in slopes was po in ted  
o u t in  the panel discussion. I  w ould like to  m ention  th a t an  
in te rp re ta tio n  o f the results dem ands a  th o ro u g h  know ledge 
o f the  clim atic influences on  slope travel.

W ith  reference to  the co n trib u tio n  by Prof. Skem pton, 
I w ish to  m ention th a t a  dry  crust, from  a p reh isto ric  slide, 
was found in a Sw edish lake m any years ago, th e  pieces of 
the  crust still being stiff. T hus, the  cohesion  in tercept c 
can n o t always be neglected in an  overconsolidated  clay. If, 
how ever, w ater and  dissolved chem icals by a  pressure g ra ­
d ien t a re  forced th ro u g h  an  overconsolidated  clay, softening 
occurs, w hich has also been indicated in som e cases in  Swedish 
clays.

In  the  discussion, the “ effective stress philosophy ” was 
m entioned, bu t the m ethod o f effective stresses is o ften  diffic­
u lt to  use.

W hen  investigating a landslide in norm ally  consolidated  
clay, fo r instance, the cohesion m ethod  gives a  safety fac to r 
o f ab o u t one. A ssum ing n orm al stress G n , and  em ploying a 
reasonab le  pore w ater pressure u, deduced from  inquiries 
and  m easurem ents in the vicinity  o f the  slide area  an d  ap ­
plying the  shear streng th  equatio n

Tf  =  c +  (an — u) tan  <p

one can  calculate an  angle o f ap p aren t friction  utilized, say 
16-17°, w hich is th en  fou nd  to  fit an  u n dra ined  test, thus

I f  using an  angle, o f say, <p' =  22°, w hich m ay correspo nd  

to  a d ra ined  test o r to  an  effective stress in te rp re ta tio n  o f an  
undra ined  test, one m ust in troduce in to  th e  equatio n  an  excess 
p o re  pressure uf  arising a t  failure.

This excess pressure is n o t know n. This dilem m a seem s to  
m e to  be one o f the  m ain  reasons fo r being cau tious w hen 
venturing  the  effective stress m ethod  in  Sw eden an d  o ther 
countries w ith sa tu ra ted  soft clays.

Le Président :

M erci, M . O sterm an.
L a paro le  est à M . L ittle.

M. L i t t l e  (G ran d e  Bretagne)

I have been interested  to  hear o f M r O ste rm an ’s difficulties, 
because I have com e across difficulties o f m y ow n in doing 
stability  analysis.

In  the course o f doing a  large n um ber o f stab ility  analyses 
o n  ea rth  dam s o f various k inds, we have used different m ethods 
o f  stability  analysis, in the p as t to ta l stress m ethods but 
now adays effective stress m ethods.

U nfortunately , in  o rd er to  use a n  effective stress m ethod  
it is necessary to  decide on  the p o re  pressure to  be used ; 
an d  this is w here m y difficulty com es in. I refer particu larly  

to  the case o f the sa tu ra ted  upstream  slope o f an  earth  dam . 
T im e does n o t p erm it m e to  enlarge u p o n  the m ethods th a t 
we use, b u t it is sufficient to  say th a t we have to  m ake certain  
assum ptions an d  insert them  in the calcula tions in o rd er to 
arrive a t a  fac to r o f safety. W e w ould , therefore, very m uch 
like to  have observations on  p o re  pressures so as to  be able 
to  check these assum ptions.

T he am o u n t o f  in fo rm ation  th a t has been published  so 
far is ra th e r m eagre ; som e o f it is n o t really applicable, 
either because the slopes a re  n o t sa tu ra ted , o r the m ateria l 
is o f sufficiently high  perm eability  to  p erm it rap id  dissipation  
o f  the  p o re  pressures.

T he m aterial in  w hich I am  p articu larly  in terested  is th a t 
w here the ra te  o f d rainage is slow  an d  presum ably  ra th er 
large pore pressures are  left. In  fact, som e m easurem ents 
have been m ade in G rea t B rita in  an d  in C anada , w hich indicate 
th a t qu ite  high  residual po re  pressures a re  left a fter draw dow n.
I w ould  therefore p lead  fo r m any m ore results to  be published.

I appreciate th a t n o t m any  engineers can  persuade em ployers 
to  em pty  their reservoirs fo r the benefit o f o ther engineers 
a n d  o f  o ther em ployers, b u t in the case o f hydro-electric 
schem es, w here d raw dow n is fairly frequen t, I feel th a t there 
m ust be som e in form ation , p ro b ab ly  on  files o f various o rgan ­

izations, w hich could  be m ade available.
O n the m atte r o f c' —  in o u r m ethods o f analysis w hen 

dealing  w ith over-consolidated  clays, we p u t c' =  0  and  are  
usually  satisfied so long as the fac to r o f safety w ith this co n d ­
ition  is g reater th an  unity.

Le Président :

M erci, M. Little.
L a  paro le  est à  M. M arsland.

M .  A. M a r s l a n d  (G ran d e  Bretagne)

Low  em bankm ents (10-30 ft. high) used for flood p ro tec tion  
receive m uch less a tten tio n  th an  high dam s, bu t they can 
present the soil engineer w ith equally  difficult problem s. 
T he stability  o f such banks varies appreciab ly  w ith b o th  tim e 
an d  external conditions. I  w ill illustra te  this by the case o f a 
flood ban k  constructed  w ith  soft sensitive clay dug from  
the ad jacen t m arsh . In  E ng land  the in-situ  streng th  o f these 
clays is from  250-350 Ib/sq ft. while the  fully rem oulded 
streng th  is only ab o u t one q u arte r o f these values.

E xcavation  an d  placing d istu rbs the clay and  slips during 
construction  a re  com m on. T hese slips can  be adequately  
investigated on  a  cp =  0 basis. A fter construction  the streng th  
o f the  clay w ithin the bank  increases due to  the conso lidation  
p ro duced  by its ow n w eight an d  suction  forces resulting  
from  its elevated p o sition  above the average w ater tab le  and  
surface drying. T he shear streng th  increase follow s the effec­
tive stress envelope fo r the norm ally  conso lidated , partially  
rem oulded soil fo r w hich the effective stress param eters 
are  <p' =  25° an d  c =  0. Shear streng ths o f the o rd er o f 
800 lb /sq  ft. are  reached in  a  few m o n th s an d  we then  have 
a  stable bank  capab le o f w ithstanding  a  reasonab le  am oun t 
o f overtopp ing  during flood conditions, since the clay is 
in tac t an d  n o t quickly softened. In  a  hum id clim ate such as 
th a t in E ngland , this favourab le  sta te  o f affairs m ay last 
several years.

Progressive surface drying resulting m ainly from  the presence 
o f vegetation  causes fu rth e r shrinkage, w hich in tim e leads 
to  the developm ent o f cracks an d  to  a  highly-fissured zone 
several feet deep. T he clay in this zone is in  the form  o f 
rec tangu lar shaped  nodules an d  behaves in a  sim ilar m anner 
to  an  in terlocking gravel. W hen a  flood level reaches this
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high ly-fissured zone, appreciab le  seepage occurs and  the 
com bin ation  o f softening and  seepage forces can lead to  a 
slip on  the dow nw ard  slope o f the bank and to  the  rap id  
b reaching o f the  em bankm ent, p rio r to, o r during  the initial 
stages o f overtopp ing  (R eference : C ooling  and  M arsland, 
1953).

In  o rd er to  study the  shear p roperties o f the  fissured clay 
under flood conditions, in situ  field tests w ere m ade in which 
a narrow  trench  w as dug ro u n d  pedestals o f  soil 3 ft. long 
by 2 ft. w ide by 2 ft. deep. T he to p  and  sides o f the pedestals 
w ere su p ported  by an  open-bordered  box and  a  w ate rp ro o f 
su rro u n d  w as placed ro u n d  th e  o u te r sides o f  the trench  
to  facilitate flooding o f the pedestal o f soil. In  all the  tests 
the pedestal o f clay w as sa tu ra ted  fo r a t  least h a lf an  h o u r 
before being sheared  across its base. Som e tests  w ere m ade 
in w hich the  pedestal w as subm erged during  the  shearing 
process, while in o thers it was allow ed to  d ra in  ju s t p rio r 
to  shearing. In  one o f the tests an  ad d itional dead  load  o f 
600 lb. w as placed on  the  top  o f the  pedestal. P iezom eter 
p o in ts w ere inserted to  m easure the  pore-w ater pressure in 
the fissures along  the shear plane. These tests gave effective 
stress param eters betw een c '  = 20 Ib/sq ft., cp' =  25° and 
c' =  30 lb /sq  ft., 0’ =  30°. M ore pro longed w etting, such 
as occurs in n a tu ra l slopes, m ay reduce the  effective stress 
param eters to  even low er values. It should  be no ted  th a t the 
effective stress envelope for the  highly-fissured soil is a little 
higher th an  the norm ally  conso lidated  envelope as a result 
o f  the  o th er conso lidation  w hich has taken  place, b u t is 
well below th a t fo r an  in tac t soil subjected to  the  sam e stress 
histo ry . H ad  the  clay n o t fissured it w ould  have reta ined  a 
c' o f a t  least 200 lb /sq  ft. u n d er fully softened conditions, 
an d  thus the low  c' o b ta ined  is prim arily  due to  th e  Assuring 
o f the  clay. In  ad d itio n  to  having a low c ' the  fissured soil 
responds very rap id ly  to  changes in seepage forces.

This exam ple em phasizes the  need to  consider the  long ­
term  changes in the shear p roperties o f the  soil w hich can 
occur in earth  banks, as well as the  changes in p o re  pressures 
w hich occur during  floods.

Référence :

[1] C o o l i n g , L. F ., M a r s l a n d , A . (1953). « S o i l  M ech an ics 
S tu d ies  o f  fa ilu res  in th e  sea defence b a n k s  o f  E ssex an d  
K e n t ». Proceedings of a conference on the north sea 
floods, 31st J a n u a ry , 1st F e b ru a ry , 1953; Institution of 
Civil Engineers.

Le Présiden t :

M erci, M. M arsland.
La paro le  est au Prof. N aylo r.

M. N a y l o r  (G ran d e  Bretagne)

T he norm al concep tion  o f the fac to r o f safety is based 
upo n  the stab ility  o f the  w hole o f the m aterial above the slip 
surface. In  the  case o f  a bank  o f purely frictional m aterial 
the circu lar slip surface degenerates in to  a s tra igh t slip surface 
parallel to  the dow nstream  slope w ith a fac to r o f safety equal

to  w here cp is the angle o f in ternal friction and  0 is
tan  0  T

the slope o f the bank  face. This gives neither the  tru e  lowest 
fac to r o f safety n o r is it the failure surface in the case o f a 
frictional bank  reta in ing  a w eak o r low frictional fill. This 
surface w ould in fact pass th rough  the  soft fill, Fig. 10. T hus 
the fac to r o f safety as norm ally  conceived and  derived is 
no  longer valid. This is n o t surprising  w ith a slip surface 
w hich falls into two co n trasting  parts  : one convex in the 

bank and the o th er concave in the fill.

In  cases like this w here a soft fill exerts an  active pressure 
on a passive resisting bank it is logical to  regard  the bank 
as the  s tru c tu re  and  to  base the  fac to r o f safety on it alone. 
It is suggested th a t it should  be the  ra tio  o f the density  o f 
fill necessary to  cause failure to  its actual density, the “ c ”  
and  “ cp ”  p roperties rem aining  unchanged.

It w ould ap p ea r th a t the no rm al definition o f fac to r o f 
safety should  be confined to  cases w here the failure surface 
is concave th ro u g h o u t. W ith a bank  re ta in ing  fill, the above 
definition m ust be used. T o  avoid confusion it could be called 
the “ load  fac to r ” .

N onveiller (1957) first m entioned this m atte r [1] and  it is 
dealt w ith by m yself and  colleagues in g reater detail in the 
cu rren t Geotechnique (June 1961).

Référence :

[1] N o n v e i l l e r  : “  S tab ility  o f  n o n -h o m o g e n eo u s  d am s ” , 
Hydrotechnical Institute o f Yugoslavia.

L e Président :

M erci, M . N aylo r. La paro le  est à M . Lewis.

M . L e w i s  (A ustralie)

I wish to  com m ent also on  this value o f c' especially in 
re la tion  to  sudden draw dow n on som e earth d am s th a t have 
been built in A ustralia . I w ould like to  say th a t I was delighted 
to  hear the  rem arks o f professor Skem pton, because 1 feel 
th a t in a way he has this m orning prevented  a m ental land ­
slide tow ards the c' = 0 .  I had  gathered  the  im pression that 
every one w as going th a t way.

W e have built in the w estern p a rt o f A ustralia  in the last 
15 years a num ber o f dam s between 150 ft. and 200 ft. high, 
on  com pressible foundations and  built also o f residual 
gran itic  soils w ith a p lasticity  index from  25 to  40. They have 
an  angle o f friction o f abou t 15 to  20° only and  w hen we 
calculate the stab ility  for the Slices M ethod , we find tha t 
if c' is 0, the fac to r o f safety o f these dam s is a b o u t .7 to  
•8 . If  c' is 3 lb p.s.i. the fac to r is abou t 1 -1; and  if c' is

6 lb p .s.i., the fac tor goes up  to  ab o u t 1 -4.
I certain ly  believe th a t c' will never reach 0 in this class o f 

m aterial. So, I w ould disagree w ith any tendency tow ards a 
general sta tem en t th a t c' will tend to  0 for all m aterials. I 
do th ink , how ever, th a t we should look fu rth e r in to  this 
problem . M r H oltz gave us exam ples yesterday and today  
o f com parisons o f streng th  o f existing dam s by tak ing  und is ­
tu rb ed  sam ples.

I feel th a t m uch m ore should  be done in this regard . It 
w ould be o f great value fo r the next C onference if we could 
produce data  from  dam s o f som e considerable  age to  com pare 
w hat the com puted  fac tor o f safety is and com pare  it against 
the  perform ance record . In  th ink  this is all I have tim e to  
m ention.
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Le Président z  =  R  cos oc

M erci, M . Lewis.

L a paro le  est a  M . E scario .

M . V e n t u r a  E s c a r i o  (E spagne)

Prof. T ro llop e  show s h im self som ew hat surprised  in his 
G eneral R e p o rt w ith  respect to  the results p resen ted  in  the  
above-m entioned R ep o rt.

T he th ree  p o in ts w hich induce h im  to  have som e d oub ts 
a re  the  follow ing ones :

1. By apply ing th e  conventional m ethod  o f th e  slices for 
estim ating  th e  slope stab ility  to  the  case in  question , negative 
safety fac to rs a re  ob tained .

2. T he differences am ong the  safety fac to rs ob tained  
w ith  the th ree m ethod s app lied  are  very large.

3. In  his op in ion , th e  values a re  in reverse o rd e r to  those 
previously estab lished  by o th e r investigators.

In  connection  w ith  th e  first po in t, we w ish to  m ake it 

clear th a t it is n o t necessary to  choose p o re  pressures co rres ­
ponding  to  a  very ex trem e set o f  assum ptions, in  o rd er to  
o b ta in  negative safety fac to rs , w hen apply ing  th e  conven ­
tional m ethod . In  th e  case o f F ig. 11, fo r instance, o f a  sem i­
infin ite body  w ith  w ater level on  th e  surface o f the  g round, 
to  w hich a  un ifo rm  p ressure is applied , w hen estim ating  the  
resisting  m om en t co rrespo nd ing  to  sh o rt te rm  stability  we 
have

we ob ta in

M , =  R2 l(p +  y 'z )cos2 oc — «]tgcp'da

w here y ' is the  subm erged  specific gravity  o f th e  g ro u n d ; 
tak ing  in to  accou n t th a t

« =  p

M t  =  R2 tg  <p' y 'R -  y  /T j

C onsequently , fo r values

p > Tt-:!'r

a safety fac to r o f — bo is ob tained , because the  overtu rn ing  

m om ent is zero.

WATER LEVEL

O bviously, this resu lt is entirely  absurd , fo r u n d er these 
conditions th e  g ro und  is stable.

A s to  th e  second po in t, w e have checked a  few circles 
using th e  th ree  m eth o d s; the  co rrespo nd ing  calcula tions 
have been carried  o u t by a n  A ssistan t E ngineer different 
to  th e  one  w ho w orked  them  o u t th e  first tim e an d  the  
values o b ta ined  a re  given in the  follow ing T able.

TABLE I
Values o f the Safety Factor

Conventional M ethod

Location of the Circle

=  5
Xb  =  10

Y0 =  0

x 0 =  o

XB =  14,50
Y0 = 15

x 0 = o
XB =  9

Y0 =  5

X0 =  5
XB = 15

Yo = 0

©II£OIl 
II

Orig.
calc. Checkg.

Orig.
calc. Checkg.

Orig.
calc. Checkg.

Orig.
calc. Checkg.

Orig.
calc. Checkg.

— 0,49 — 0,49 0,18 0,16 0,18 0,05

Considering effect of 
pore press, on sides 
of slices.................. 1,54 1,64 1,47 1,45 0,87 0,76

Bishop’s M ethod . . . . 1,30 1,29 1,60 1,52

X 0, Y0 a re  th e  abcissa a n d  o rd in a te  o f the  cen tre  o f the 
circle and  XB is th e  abcissa o f the  po in t o f in tersection  o f the  
circle w ith  th e  g ro und  surface u n d er the  dyke.

Som e o f the  circles chosen do  n o t co rresp o n d  to  m inim um  
safety fac to r circles a n d  th erefo re  the  co rresponding  fac tors 
o f safety do  n o t coincide w ith  those  given fo r th e  sam e center 
in  th e  R eport.

A s it m ay b e  observed, th e  results o f the  checking do 
agree ra th e r  satisfactorily  w ith  th o se  previously calcula ted; 
th e  percentage difference is only im p o rtan t in one case w here 
th e  safety fac to r is very sm all, arising from  th e  difference 
betw een tw o figures o f  th e  sam e ord er o f  m agnitude.

O ne th ing  we w ant to  po in t o u t is th a t the calcula tions 
given in  the  R e p o rt an d  in the  checking w ere carried  o u t fo r 
a  height o f coun terd yke o f 4,00 m eters in the conventional 
m eth o d  as well as in  th e  second m eth o d ; B ishop’s m ethod  
w as app lied  w ith  a  height o f co u n terd yke o f  3,75 m. This 
fac t still increases th e  difference betw een this m ethod  an d  the  
tw o o th e r ones.

T he expressions used  in  th e  calcula tions fo r each  o f  the  
m ethod s a re  given a t  th e  end  o f th is discussion, follow ing 
th e  w ishes o f th e  G enera l R ep o rte r.

So fa r as the  th ird  po in t is concerned, it surprises us th a t 
P rof. T ro llop e  should  assert th a t th e  results a re  in  reverse
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o rd e r  to  those  n o ted  in prev ious studies. O n th e  co n trary  

B ishop’s m e thod  gives h igher safety  fac to r values th a n  those  
given by th e  o th e r tw o m ethods, as it w as expected.

Computation o f  the safety factors.

T h e  calcu la tion  o f th e  safety fac to rs  has been  perform ed 
in  th e  follow ing w ay :

__M r ___O r 2 c

0 _ M 0 ~

w here :

+
Ti h +  Y 2 h 

M n
tgcp' =  (X Nc +

'i

h  — I  I z i  Y d x  h  = /
J  B «- I

Z 9 Ydx

X =
tg ? '

Mç

M „
Nf =

Yi h +  Y 2 h _ Mf
M n

F o r ob tain ing  the  afo resaid  expressions it has been assum ed 
th a t there  a re  no  stresses w hatsoever on  the  sides o f  the 
slices. N eglecting  the  effective pressures acting on b o th  sides 
o f the  slices, an d  calling U a, Ub an d  U the  to ta l pore pressures 
(the hydrosta tic  one n o t included) acting  on  th e  sides and 
base o f  the  slice, respectively, as show n in Fig. 12, it m ay be 
show n th a t we m ust ad d  the  expression H[(Ub — Ua) X  — UR] 
tg cp' to  the  resisting m om ent MT.

I f  we only take  in to  account the  pore  p ressure on  the  base 
o f the  slice, th e  expression to  be added  up  is :

-  S  UR tg <p'

T herefore we have the follow ing expressions giving the 

factors o f safety F1 an d  F 2, the fo rm er considering  only

th e  p o re  p ressure on  th e  base o f  th e  slice an d  the  la tte r  also 
considering  th e  ones co rresp o n d in g  to  the  sides :

F1 =  (X/Vc +  N , -  N J  tg  <p'

F 2 =  (XWe + N f - N u +  N ' J  tg  9 '

w here

N„ =
E U R

N'  =  —  = 1 1 it . -

o

M n

M n

Z{U b -  Ua)X

M „

L e Président

L e t us suppose a  slip circle as the  one show n in Fig. 12. 
T he p o re  pressures due to  the  fact th a t th e  soil is subm er ­
ged have been tak en  in to  account by tak ing  fo r th e  sam e a 
specific gravity  o f y ' =  0 ,6 , an d  th erefo re  from  now  on we 
will w ork  as if they  did  n o t exist. I f  fo r a  m om ent we assum e 
th a t the  p o re  pressures due to  the  app lica tion  o f  the load 
have d issipated , an d  we call

M 0 =• O verturn ing  m om en t o f  the  solid A B C D E  in rela tion  
to  the  cen ter

M t  =  R esisting m om ent o f the  shear stresses a t  B C D  w ith 
respect to  th e  center 

sx =  U n it shear s treng th  o f the  elem ent o f  circle co rres ­
pond ing  to  th e  abscissa p o in t X  

c =  Effective u n it cohesion  
9 ' =  Effective angle o f in terna l friction 
Fc =  F ac to r o f safety w ith  d issipated  excess p o re  pressure

and  w ith  th e  rem ain d er n o ta tio n s  show n in the figure, we 
have

=  c +  (Yi zi  +  Y2 zi) cos2a tg  cp'

M erci, M . Escario .
N o u s avons encore deux rap p o rts , m ais ils n ’o n t pas tra it 

aux sujets inscrits à  l ’o rd re  d u  jo u r. A ussi, selon  les recom ­

m andations reçues, ils se ro n t publiés d ans le volum e n° III.
M esdam es, M essieurs, il a p p a r tien t à  M . T ro llop e  de faire 

le résum é de la discussion que n o u s avons eue ce m atin . Je 
veux sim plem ent consta ter, ap rès ce tte  discussion ex trê ­

m em ent in téressan te, q u ’il existe encore  des hypothèses 
q u ’on n ’a  pas définies. N o u s devrons encore  réfléchir sur 
le sujet. M ais nous som m es to u t de m êm e très optim istes, 
ca r nous voyons la m écanique des sols se développer à une  
telle a llu re  que M . B ishop est obligé de d em an d er aux  m a ­
chines é lectroniques de travaille r p lus vite !

Je vous rem ercie p o u r vo tre  a tte n tio n  e t je  lève la séance.

(L a séance est levée à  une heure dix.)

Interventions écrites / W ritten  C ontributions

M. J. Br inch Hansen (D anem ark)

Prof. R odriguez develops (6/34) by m eans o f K o tte r ’s 
equatio n , fo rm u lae  fo r th e  in te rn a l forces in  a  circle o f ru p ­
tu re . I d id  th e  sam e in  1953 [1], b u t m y form u lae  a re  sim pler 
and  have been  sim plified fu rth e r in 1957 [2], w here extensive 
tab les a re  also given fo r th e ir  p rac tica l use.

W hereas th is is a  m a tte r  o f convenience only, a  serious e rro r 
is in tro duced  by assum ing a  =  0  in th e  rup tu re -lin e  a t  the 
g ro und  surface. This is co rrec t on ly  fo r cohesionless e a rth  
(and an  un loaded  g round  surface).

Prof. R odriguez rightly sta tes th a t th is bo u n d ary  condition  
is deficient, an d  th a t a  new  b o u nd ary  co n d itio n  is desired, 
preferably so th a t the calcu la tion  based  o n  K o tte r ’s equation  
gives th e  sam e resu lt as the  Sw edish m ethod .

This is precisely w hat I d id  in 1953 ([1], p. 61-66).
T he pertinen t b o u nd ary  co n d ition  is, using  Prof. R o d rig u ez’s 

sym bols, an d  referring  specifically to  th e  case in his Fig. 1 :

cos cp cos ((3 — cp)
a =  c ---------- ;—---------

s m |i

Références :

[1] B r i n c h  H a n s e n  J. (1953). Earth pressure calculation, C o ­
p en h ag en .

[2] —  (1957). « T h e  in te rn a l fo rces  in  a  c irc le  o f  
ru p tu re  », The Danish Geotechnical Institute, Bulletin 
N o . 2, C o p en h ag e n .

M. R . C o u l o m b  (F rance)

Le D ép artem en t de la Seine co n s tru it actuellem ent à  l ’est 
de Troyes, dans le d ép artem en t de l ’A ube, le réservo ir Seine.

L a cuvette , de 205 m illions de m 3, sera  cein tu rée  p a r  tro is 
petites digues en  te rre  (don t deux so n t en  construction ) et 
p a r une grande digue de 2 800 m  de longueur, de 24 m  de 
h au teu r m axim um , rep résen tan t 1 800 000  m 3 de  rem blais.
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Fig. 13 Profil en travers schématique de la digue et du sous-sol.

C ette  digue, en  lim on argileux, appelée « digue de la M orge » 
co m portera  un  filtre cen tra l incliné vers l ’am o n t et draîné 
p a r u n  tap is filtran t débou chan t dans le fossé de pied aval 
(voir profil en travers). Le ra p p o rt 6/30 présenté p a r M M . Patel 
et M aheshw ari m on tre  l ’in térêt de ce type de filtre, d o n t 
l ’app lica tion  à  la digue de la M orge avait été envisagée il 
y  a  plusieurs années.

L a digue repose sur une couche de lim ons argileux de
3 m  d ’épaisseur. Ceux-ci su rm o n ten t une  couche de 5 m  de 
sables verts de l ’albien, qui son t ici très arg ileux e t im per ­
m éables. A u-dessous, su r 8 m ètres d ’épaisseur, on  trouve 
du  sable glauconieux, beaucoup plus perm éable, ren ferm an t 
une  n appe do n t le n iveau p iézom étrique est voisin du  te rra in  
naturel. Il est possible que cette  couche affleure à  divers en ­
d ro its  de la re tenue et on  ne peu t écarte r l ’hypothèse q u ’elle 
se m ette  en charge. En-dessous, on  peu t considérer le su b stra ­
tum  com m e p ra tiquem en t im perm éable su r u ne  épaisseur 
suffisante p o u r ne pas ten ir com pte de la couche de sable 
grossier ap tien , située à  25 m  de p ro fondeur.

La digue de la M orge ne co m porte  aucun  écran  étanche 
re jo ignan t ce su b stra tum  im perm éable : les pertes à  travers 
les lim ons e t sables argileux de couvertu re  seron t négligeables. 
P a r con tre , la nappe perm éable des sables glauconieux qui 
do it norm alem ent se d ra iner vers une rivière voisine p o u rra it 
(si les résistances en aval é ta ien t tro p  fortes) en tra în er des 
désordres lors du rem plissage, la charge p iézom étrique sous 
le barrage  pouvant a lo rs a tte in d re  140,00 environ. Aussi 
avons-nous prévu l ’exécution de puits de décharge en aval 
p o u r d ra in er ces sables glauconieux.

Afin d ’é tud ier l ’efficacité de ces puits et du  filtre, nous avons 
dem andé au Service des E tudes H ydrauliques d ’E lectricité  
de F rance  (M . Cavaillé-Coll) d ’effectuer une étude  p a r an a ­
logie électrique.

Sans en tre r dans le détail de ce tte  étude, effectuée avec un  
réseau de résistances am ovibles, nous résum erons les hypo ­
thèses faites e t les résu lta ts  obtenus.

1. Hypothèses :

(a) Le niveau du  réservoir en écoulem ent p erm anen t ou  
av an t la vidange a  été pris égal à  141 (niveau exceptionnel).

(b) L a position  de la surface libre est déterm inée p ar 
approx im ation . Elle d o it satisfa ire  à  deux cond itions :

1. P ression égale à  la p ression  atm osphérique.

2. E n  régim e p erm anen t elle n ’est traversée p a r  aucun 
débit.

O n évite ainsi l ’e rreu r faite  p a r  M M . Patel e t M aheshw ari 
qui utilisent la form ule de K ozeny.

(c) Le corps de la digue m is en place p a r couches horizon ­
tales sera  sûrem ent an iso trope  : on  a  supposé des coefficients 
de perm éabilité  ho rizon tale  Kh = 10-7 cm /s e t verticale 
K v =  10_8 cm /s. L a perm éabilité  du  filtre a  é té  prise égale à 
10-4  cm /s (ce qui suppose un  co lm atage partiel). L a perm éa ­
b ilité des lim ons et des sables argileux a été prise égale à
10-8 cm /s. P o u r le sable glauconieux, fau te  de pouvo ir réaliser 
des perm éabilités plus grandes, on  a  dû  p ren d re  K v =  10-5 

cm /s, Kh =  10-4  cm /s.
Avec ces valeurs, ce tte  couche se co m porte  com m e un  tube 

de co u ran t e t des valeurs plus fortes ne changeraien t pas la 
fo rm e de l ’écoulem ent.

(d) O n a  adm is q u ’à  14 m  à l ’aval du  fossé de pied aval, 
le systèm e de puits d ra in an ts  assurait un  po ten tie l co rre sp o n ­
d an t à  la cote  118,83 m.
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2. Etude de l'écoulement permanent : P our ten ir com p te  

d ’affleurem ents possibles dans la re tenue, on  a  supposé que 
le m odèle é ta it alim enté à  58 m  du pied am ont de la digue 
à  un  po ten tie l égal à  140, hypothèse pessim iste , qui augm en ­
ta it la pression des pores sous la digue. G râce  au  filtre, la 
ligne p h réatique  est abaissée e t le ta lus aval est p ra tiquem en t 
sec; le filtre incliné n ’est pas sa tu ré  et sa face am o n t est une 
surface de suin tem ent, tand is que le tap is h o rizon ta l est légè ­
rem ent en charge (avec la valeur pessim iste adop tée  p o u r sa 
perm éabilité). C ependant la surface libre ne s'arrête pas dans 
le filtre incliné, m ais passe au-dessus, une  p a rtie  du  débit 
s ’écou lan t dans la  partie  aval de la digue (m algré un filtre 
élevé ju sq u ’à  la cote 134, a lo rs que dans les prem ières études, 
il s ’a rrê ta it à  133). E tan t donné la faiblesse du débit non  
absorbé p a r le filtre incliné, on  ne peut pas supposer le te rra in  
satu ré à  l ’aval; cette  partie  aval du  dom aine d ’écoulem ent 
est restée indéterm inée : il est p robable que le débit corres ­
po n d an t diffusera dans le te rra in  sans le satu rer.

3. Etude de la vidange : le caractère  argileux du m atériau  
co n stitu an t la digue rend  difficile l ’estim ation  de sa porosité 
utile , et ne perm et pas de considérer les lim ites et la  structure 
du  m ilieu com m e des constan tes en  régim e len tem ent va ­
riab le. O n retrou ve  les difficultés signalées p ar le R ap p o rteu r 
G énéral, M . T ro llope (Vol. II, p. 863).

Le b u t é tan t de vérifier la  stab ilité  de la digue dans l ’hy ­
pothèse la plus défavorable, on  a  é tud ié  seu lem ent la vidange 
instantanée.

D an s le cas d ’u ne  vidange instan tanée, l ’é ta t final de l ’écou ­
lem ent ne dépend que de la  position  in itiale de la surface libre 
e t des conditions aux lim ites du  dom aine en fin de vidange.

D an s l ’é tude du régim e perm anen t, on  avait adm is l ’éven ­
tua lité  d ’une alim enta tion  de la couche des sables glauconieux 
près de la digue. M ais il é ta it p ru d en t d ’envisager ici une ali ­
m en ta tio n  éloignée co rresp o n d an t au  m aintien , m algré la 

vidange, d ’une  cote piézom étrique élevée dans les sables 
glauconieux au  p ied  am o n t de la digue. D eux essais on t été 
fa its p o u r les po ten tie ls h = 122 et h = 126 (hypothèses 
pessim istes). L a form e de l ’écoulem ent ob tenu  a été contrô lée 
su r u n  m odèle som m aire en pap ier co n du cteu r qui a  l ’avan ­

tage su r le réseau  m aillé d ’avoir une s tru c tu re  continue.

*

* *

Ces études o n t m o n tré  l ’in térêt des dispositions adoptées 
la  nécessité d ’avoir un  filtre incliné suffisam m ent h au t, et 
o n t servi (pression des pores) aux calculs de stab ilité  effectués 
no tam m en t p a r M écasol (M M . F lo ren tin  e t L ’H ériteau).

M M . N .Y . D e n i s s o v  an d  G .A . P a o o s h k i n  (U .R .S .S .)

Application of /"-location for examination of dynamics of
flow-landslide
A m ong various sta tio n ary  observations carried  ou t at 

flow -landslide sites the  exam ination  o f am ount, d irection  and  
ra te  o f stra tu m  displacem ent, and  the  changing o f these ch ar ­
acteristics depending on  th e  d ep th  an d  tim e, is o f great 
in terest.

F o r settling this p roblem  the  /"-location  m ethod  can  be 
used. T he /"-pho to ns rad iated  by som e source a re  know n to  
be spreading in the vacuum  rectilinearly  in all directions from  
the  source. I f  a detec to r (an im pulse coun ter) is set a t som e 
distance from  the source, the d etec to r will coun t a certain  
num ber o f /^-photons th a t reach  the device by the  sho rtest 
distance.

If  the  iso tropic sensibility on  som e p a rt o f  c o u n te r’s su r ­
face is d istu rbed , we shall see unequ al intensity  w hen ro ta tin g  
the  counter. T he change o f the  intensity  occurs provided 
the  p a rt o f  the  co u n te r’s surface w ith  d istu rbed  sensibility 
is tu rn ed  tow ards the  source.

K now ing the  o rien ta tion  o f this p a rt o f the d e tec to r’s surface 
we can determ ine the way o f the  /"-rays to  the source, i.e. 
we can  find the  d irection  in w hich the  /"-p h o to n  source is 
placed. P lacing the  source in to  som e m edia we can  exam ine 
m otion  o f this m edia.

T he iso trop ic  sensibility o f the  co u n ter can  be d istu rbed  
if we su rro u n d  the  coun ter w ith  a screen o f a  Y -ray absorb ing  
m ateria l, an d  m ake an  opening in the screen (see Fig. 14). 
W e shall find the  g reatest num ber o f im pulses if the  axis 
o f the  opening and  the  d irection  line to  the  source coincide.

F ig . 14 T h e  p rin c ip a l schem e o f  th e  T -lo c a tio n : 1. y - ra d a r  
(1st p o s itio n ) ; 2. y - ra d a r  (2 n d  p o s itio n ); 3. sc reen ; 
4. d e te c to r ; 5. so u rc e  ( ra d io a c tiv e  trace r) .

R ela tion  betw een the  intensity  o f the  /" -rad ia tio n  J  and 
the  angle o f view a  is rep resen ted  on Fig. 15 a (the angle o f 
view is an  angle between the  geom etrical axis o f the  opening 
and  the d irection  line to  the  source).

3

Fig. 15 R e la tio n  b e tw een  th e  in ten sity  o f  th e  T -ra d ia tio n  I  
a n d  th e  an g le  o f  view  a :  a) th e  screen  is n o t p e r ­
m eab le  fo r  F -ray s ; b) th e  screen  is p e rm e ab le  fo r  
j° -ray s ; c) th e  so u rce  a n d  the  c o u n te r  in a  m ed ium .

In  general the  na tu re  o f a curve depends upo n  the  geom et ­
rical param eters o f the  screen and  the  opening. T he ratio  
o f the screen d ep th  to  the  opening w id th  should  be as large 

as possible. W ith  the  increase o f the ra tio  the steepness of 
the curve is increased hence this m eth o d  becom es m ore exact, 
m ore accurate. T he screen being som ew hat perm eable for 
the 1 '-rays, the accuracy o f the m ethod  is reduced to  a certain  
extent. The curve J zr =  / ( a )  grows less steep and w ider (F ig. 156).
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I t  is also im portan t to  bear in m ind  th a t w hen the  source 
is placed in to  the  soil, som e d issipation  o f the  / '-p h o to n s  
occurs as a result o f  their collisions w ith the electrons o f  soil 
particles. As a resu lt o f this the  / '-p h o to n  loses p a rt o f its 
energy and  deviates from  its original direction.

A s a  consequence a  ce rta in  n um ber o f dissipated Y -photons 
will be noticed  even in  th e  case w hen the  detecto r does n o t 
see ”  th e  source. T he curve J  =  / ( a )  grows fla tter and  
w ider and  the  accuracy o f th e  m eth o d  is reduced.

In  the m easuring schem e an  am plitude d iscrim inato r (a 
discrim inating gear) is involved fo r the  sake o f the discrim ­
inating  from  all im pulses penetrating  in to  the detecto r 
the  im pulses o f m axim um  am plitude th a t are  o f in terest to  us. 
In  this case dissipated / '-p h o to n s  having sm aller am plitudes 
a re  hard ly  registered.

T hus the  essence o f the  p ro posed  m ethod  is the  following :
T he sources o f / '- ra d ia tio n  C o60 a re  p u t in to  an  uncased 

hole a t  reg u lar intervals o f 1.0 m. A s each source is set in 
position  the  test hole is plugged. T he rem ote  con tro l o f the 
source location  is exercised by a  special device, th e  / '- ra d a r , 
a t any  period  o f tim e.

T he / '- r a d a r  is a  hollow  lead cylinder inside o f w hich the  
/ '-p h o to n  coun ter (G eiger co u n ter o r photoelec tron ic  m ul ­
tiplier) is placed. T he lead screen has tw o n arrow  slots (one 
is h o rizon ta l an d  th e  o th er is vertical) placed w ithin the 
receiving p o rtio n  o f the  im pulse register. T hus the  / '- r a d a r  
will tak e  the  m axim um  n um ber o f im pulses w hen the  axis 
o f the opening coincides w ith  the  d irection  line to  this source.

T o  observe th e  location  o f the  sources in  a  benchm ark, 
tw o observation  holes a re  m ade som e m eters aw ay from  it. 
T he r -radars a re  p u t dow n in to  these holes by m eans o f 
tw o rigid  boring rods. M easuring  the  intensity  along the  hole 
dep th , the source level can  be obtained . T he m axim um  
jT-radiation ob tained  corresponds to  th e  level w here the 
source is placed. By ranging the co rresponding  levels o f the  
tw o holes one can  determ ine the p lanned  location  o f each 
source. See Fig. 14-b.

I t is possible to  carry  on  these observations fo r years 
w ithou t h ard  excavating w ork  fo r digging o u t the  bench ­
m arks.

T he app lica tion  o f the  / '- lo c a tio n  is the  only way to  solve 
th e  p rob lem  o f estim ating  the  intensity  o f tim e stra tu m  dis ­
p lacem ents th a t a re  tak ing  place a t different levels u n d er the  
e a r th ’s surface.

T he proposed  m ethod  has been tested  u nder labora to ry  
and  field conditions and  now  is being used by the  landslide 
sta tio n  for observation  a t  landslide sites.

canal a t  th e  b o tto m  w as 4 m eters, an d  a t  th e  to p  32 m eters, 

w hile the  d ep th  o f it w as 4 -5  m eters. F o r  this p u rpo se’ the 
b o tto m  an d  th e  slopes o f  th e  canal w ere com pacted  by m eans 
o f 5 to n  sheep feet ro llers. T he observations show ed th a t 
th e  effect o f  th e  com paction  reached  a  d ep th  o f up  to  1 to  2 

m eters an d  seepage losses w ere decreased by up  to  25 per cent.

M . O .K . F r o h u c h  (A utriche)

Discussion o f the P ap e r 6/14

O n  page 598 (volum e II) the au th o r states w ith respect 
to  E q u a tio n  N o. (24) “ This eq u a tio n  w as pub lished  by the 
a u th o r in  1950 in  a  slightly different form . I t  leads to  a  m in ­
im um  value fo r the  fac to r o f safety ” .

In  the  a u th o r’s p aper (see R eference N o. 1 ,1950, Vol. I l l ,  
p. 363, o f the Proceedings o f the 5th  C onf. 1961) the  fo llow ­
ing eq u a tio n  o f  the fac to r o f safety is com puted  :

j 2rc& cos S -sin  9  c o s v 0 (<p -  e) i r
* *  — \ ^----------------------------------------- ; . -  . . . .  (2 5 )

( R  cos s  cos v0a  1 a

The n o ta tio n  is the sam e as in the  p resen t p ap e r 6/14.

1 -  R C ~ ,  a  n  a  Pc2 rc — ------, 2 rax. = ------ R , , -------=  —
sin a  sin  oc sin  oc. r

T herefore,

r a  r
1 rccL. -  = R ,  —----

a  s in  a  a

W ith th e  abbrev ia tion  o f 

a Rr

we ob ta in

I f  we pu t

. r =  p c and  = X, 
sin  a  R

2- —  =  P 
Ra ' a

M . M . D o u n d o u k o v  (U .R .S .S .)

T he hydraulic fill m ethod  o f  dam  construc tion  is widely 
used  in  the U .S .S .R .

In  m any cases th e  fill was m ade on  sites covered by w ater 
up  to  30 m eters deep. I t  w as found th a t th e  density  o f soil 
in  such dam s is low er th an  w hen th e  fill is m ade above the 
water-level. T he im provem ent m ay be achieved by the  p ro per 
location  o f ou tle ts o f p ipe lines and  so on. In  m any cases 
values o f dry  density  up  to  1 • 55 tons per cubic m eter were 
obtained . F o r higher values o f density  th e  v ib ra tion  m ethod  
o r explosion w as used.

A n o th er fea ture  o f filling u n d er w ater-level is th a t the  
slopes a re  usually  fla t; a t depths up  to  5 m eters they are  

equal to  1-5, an d  a t  depths up  to  15 m eters 1 • 15.
F o r  d rainage purposes po ro u s p recast concrete  blocks 

are  used ; they form  a m onolayer filter. T he cost o f such 
d rainage is approxim ately  th ree  tim es low er th an  th a t o f  the 

m ethod  o f filling filter layers.
Special full-scale investigations w ere conducted  to  find 

the  best m ethod  o f decreasing filtration  losses in canals m ade 
in loess soils, w hich subside w hen w etted. T he w idth o f the

we ob ta in

2 /-2ca  ~t>

Ra (i.

T he auxiliary angle e is determ ined by the  re la tion  

tan  e =  ta n  8 — _ ^ c ^ =  tan  8 — ^

( 1)

ta n  e

R  cos 8 cos 8

sin  8 — \  

cos 8

1

. . . .  (2)

COS £ =

V I  +  tan 2

T herefore

sin cp- cos 8
=  sin 9 V i  +  ^ - 2 ^ s i n 8 (3)
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F in a l ly  w e  h a v e ,  w ith  th e  a b b re v ia t io n

a
—  =  v 
Pep

r  co s  v 0 (cp — s)  

a c o s  v0 a

B y  in s e r t in g  E q . 1), 3) a n d  4) in to  th e  o ld  E q u a t io n  (2 5 ) 

a b o v e ,  w e  o b ta in  :

$ F =  ? +  Sin^  VJ~+ l 2 -  2 Z sin 8 (5)
(J. v

T his E q u a tio n  (5) is exactly th e  dim ensionless E q u a tio n  (24) 
in P aper 6/14, Vol. II, p. 598. I t  was com puted before 1950 
by using a  driving m om ent M add as “ im pulse

T he sam e equatio n  can also  be p ro duced  in a  tw ofold  w ay :

(a) by using a  sim ple lo ad  Padd n orm al to  O S as im pulse 
fo r m obilizing the  param eters c and  9 , if its po in t o f applic ­
a tio n  S is m oved from  ps =  p„ sin 9  to infinity ps =  00 

along the  line o f  ac tion  o f Z  ;
(b) by using a  fixed po in t S  o f applica tion , identical w ith 

the  po in t o f  in tersection  o f R  w ith  Z  an d  varying the direction  
o f Padti from  th e  d irection  o f  Z  u n til th e  d irection  norm al 
to  the  m iddle line betw een Z  and Z ' .

In  b o th  cases (a) and  (b) the  po in t S o f app lica tion  o f 
Padd always lies a t the  line o f ac tion  o f Z  In  add ition  to  th a t, 
the  m agnitude o f  th e  resu lting  fac to r o f  safety lies in b o th  
cases (a) and  (b) betw een an  infin itely g reat an d  a  m inim um  
value. T he la tte r is identical w ith  th e  resu lt o f  applying  a 
driving m om ent M add for m obilizing C ou lo m b ’s param eters 
c and  9 .

F ro m  the  above s ta te d  facts it m ay be very easily concluded 
w hich p ro cedure  o f determ in ing  th e  fac to r o f  safety m ay 
be recom m ended  fo r p rac tica l applications.

I t  is generally  know n th a t the  only co rrec t c ritical slip 
circle has to  be determ ined according to  the  “ Minimum- 
Principle T he sam e applies to  the choice o f the  only correct 
p ro cedure  o u t o f th e  existing infinite nu m b er o f procedures.

N o t i c e  : E q u  (24) o f  P a p e r  6/14 r e m a i n s  v a l i d  f o r  i n f l u e n c e s  o f  h y d r o ­

s t a t i c  u p l i f t ,  e a r t h q u a k e  a c t i o n ,  h y d r o s t a t i c  e x c e s s  p o r e  p r e s s u r e s ,  

s e e p a g e  w a t e r  p r e s s u r e  e t c . ,  a l l  o f  w h i c h  c h a n g e  o n l y  t h e  s i z e  a n d  t h e  

p o s i t i o n  o f  t h e  r e s u l t a n t  R  a n d  i t s  i n c l i n a t i o n  t o  t h e  a x i s  o f  s y m m e t r y ,  

t h a t  i s  t h e  a n g l e  S.

M M . O .K . Fr ö h l ic h  (A utriche), E .E . d e  Beer  et E . L ous- 
B E R G  (Belgique).

D eux  com m unications faites au  C ongrès, l ’une du Prof. 
F rö h lich  (6/14), l ’au tre  du  Prof. de Beer et de l ’Ir . Lous- 
berg  (6/6), o n t eu p o u r ob jet de définir la  n o tio n  de coefficients 
de sécurité à  la  « ru p tu re  » p o u r m esurer la  stab ilité au  glis ­
sem ent d ’un  talus. C ette m éthode, présentée, p o u r la  prem ière 
fois en  1950 p a r  le P rof. F rö h lich  [1], a  été développée de 
m an ière  quelque p eu  différente dans les deux contribu tions. 
A u  cours du  C ongrès, les au teu rs se so n t rencontrés e t o n t 
décidé, eu  égard  à  l ’im portance q u ’ils a ttach en t à  ce p ro ­
blèm e, de procéder à  une co n fro n ta tio n  des p réoccupations 

qui les o n t m enés à  la  n o tio n  de ces coefficients. D e cette 
co n fro n ta tio n  ils espèrent dégager une  m éthode com m une 
p o u r  la définition des coefficients de sécurité à  in tro du ire  
dans le calcul de vérification de la stabilité  des talus.

Référence :

[1] O. K. F r ö h l i c h  : « Sicherheit gegen Rutschung einer 
Erdmasse auf kreiszylindrischer Gleitfläche m it Berücksichtigung 
der Spannungsverteilung in deiser Fläche ». Beiträge zur ange­
wandten Mechanick (Federhofer-G irkm ann-Festschrift — Wien, 
F . D euticke 1950).

M. J.A . L e a d a b r a n d  (E tats-U nis)

Bonny D am  Experim ental Pro ject

T he B ureau o f R eclam ation  bsg an  in  1951 investigating 
the  possib ility  o f using soil-cem ent in  place o f rip rap . T heir 
studies culm inated  in construction  o f an  experim ental p ro ject 
located  in  eastern  C o lo rado  on  the reservoir ju s t above B onny 
D am . This site was selected to  give exposure to  severe wave 
ac tion  and  m uch freezing an d  thaw ing.

Design

A  22-5-ft. h igh em bankm en t o f im pervious m ateria l was 
co n structed  in 6-in. com pacted  layers using procedures 
sim ilar to  those fo r ea rth  dam  construction . T he 2:1 slope 
was then  p ro tec ted  by co n struction  o f a  345-ft. length  facing 
o f soil-cem ent. T he facing was bu ilt 7 ft. w ide an d  com posed 
o f  6-in. h o rizon ta l layers o f the soil-cem ent. E ach  super ­
im posed layer was set back from  the previous layer to  give 

a  stair-step  effect as show n in Fig. 16. T he finished soil- 
cem ent facing p rov ided  a thickness o f 2 -7  ft. perpendicu lar 
to  the  2:1 slope.

Fig.

T he tw o soils used  w ere ob tained  from  deposits n ear the 
em bankm ent. O ne soil w as classified fine sandy loam  by the 
U .S. D ep artm en t o f A gricu ltu re  system  a n d  as A -4 [4] u n der 
the  A m erican A ssociation o f S tate  H ighw ay Officials’ system. 
By the  U nified System  the soil is classified S .M . Similarly, 
Soil N o . 2 is a  coarse san d  o f A-3 [0] classification. U n d er the 
U nified System  it is S.M .

Stability  tests w ere conducted . W et-dry  a n d  freeze-thaw  
tests w ere m ade an d  cem ent factors o f 10 per cent an d  12 per 

cent by volum e respectively w ere specified.

Construction

The ea rth  em bankm en t an d  so il-cem ent facing w ere co nstruc ­
ted  together. F irs t a  layer o f em b an k m en t soil was placed. 
T hen  on  the ou ter 7-ft. w idth  the  p ro p er am o u n t o f loose 
soil fo r a  6-in. layer o f the soil-cem ent facing w as placed. 
Bags o f  cem ent w ere spo tted . A  ro ta ry  m ixing m achine then  
m ixed the soil an d  cem ent in  p lace ; w ater w as added  and  
m ixing com pleted. C om paction  w as ob tained  w ith tam ping 
ro llers an d  rub ber-tired  rollers. Before p lacem ent o f the 
next layer the com pacted  soil-cem ent was lightly scarified to  
assure bonding.

(4)

Rolled impervious 
- j  embonkment^

First S/C layer

Completed S/C layers

Moist earth

ground surface

detail

16 Details of compacted soil-cement facing for Bonny 
D am  test section.
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F ig . 17. V iew  o f  B o n n y  D a m  so il-cem en t fac in g  a f te r  10 years 
o f  service .

T h ro u g h o u t the ten  years o f service the soil-cem ent facing 
has perform ed quite satisfactorily , see Fig. 17. Com pressive 
tests o f cores lifted from  the soil-cem ent facing after 10 years 
o f service averaged approxim ately  2,500 lb. per sq.in. This 
appears m ost significant considering  th a t the facing is exposed 
to  severe wave action  and  even significant ice-block action.

Merritt Dam

Because o f the success o f the experim ental soil-cem ent 
facing a t B onny D am , the B ureau o f R eclam ation  in 1961 
aw arded the first co n trac t fo r full-scale soil-cem ent facing 
on  the approx im ately  3,500-ft. long M erritt D am  in n o rth  

cen tral N ebraska . T he 2-ft. thick facing will be constructed  
in horizon ta l layers on  a  4:1 slope, sim ilar to  the B onny 
D am  construction . T he soil-cem ent will be p lan t mixed.

A lternate  bids were received for bo th  soil-cem ent facing 
and  rip rap . The soil-cem ent facing cost ab o u t $5,50 per 
sq.yd. an d  the cost o f the rip rap  approxim ately  twice as m uch.

Conclusion

T he B onny D am  experim ental section bu ilt by the Bureau 
of R eclam ation  has p ro ved  th a t a  soil-cem ent facing provides 
p erm anen t and  satisfactory  p ro tec tio n  to  the ea rth  em bank ­
m ent. T he M erritt D am  b id  prices fo r soil-cem ent facing 
show  th a t considerable savings in  cost over rock  facing m ay 
be realized fo r earth  dam s in  locations w here satisfactory 

rock  is expensive o r unavailable.

Références :

[1] F l o y d  A . B a k e r , « F i r s t  S o il-cem en t L a id  in C o lo ra d o » .
Western Construction, A u g u st, 1951.

[2] « R ip ra p  S u b s titu te  T es ted  in th e  G re a t  P la in s  A rea  ».
Engineering News-Record, M a rch  29, 1951, Vol. 146, 
N o . 13, p. 72.

[3] « U S B R  Seeks to  A v o id  C o st o f  Im p o r tin g  R ip ra p , S tud ies
O th e r  S lop e P ro te c tio n  ». Engineering News-Record, 
A p ril 26, 1951, V ol. 146, N o . 17, p. 48.

[4] « U S B R  T ests  S o il-C em en t F ac in g  fo r D a m  P ro te c tio n  ».
Soil-Cement News, N o . 37, A u g u st, 1951, p. 1.

[5] « L a b o ra to ry  S tu d ies  o f  S o il-C em e n t M ate ria ls  fo r  T est
In s ta lla tio n  o f  R ip ra p  S u b s titu te  », S pecifica tio ns  N o . 
3227, B o n n y  D a m  —  S t-F ran c is  U n it —  U p p e r  
R e p u b lic a n  D iv isio n  •— M isso u ri R iv e r B asin  P ro jec t —  
Earth Materials Laboratory Report EM-250.

M. J. G . L e w i s  (A ustralie)

I w ould  like to  e lab o ra te  slightly on  the b rief rem arks I 
was able  to  m ake a t the C onference as follows.

Tw o o f the dam s referred to  a re  S am son’s B rook  and  
Stirling D am s. These were designed by em pirical m ethods 
based  on  previous experience in the years 1937-1940. C ons ­
tru c tio n  o f S am son’s B rook  D am  was com pleted  in 1940 
and  Stirling D am  in 1946. Since th a t tim e each dam  has been 
subjected to  a lm ost com plete seasonal draw dow n every 

year.
This w ould  cause a reversal o f loading  w hich som e a u th o r ­

ities are  suggesting w ould bring  ab o u t a successive increase 
in m oistu re  co n ten t an d  red uction  in cohesion tending tow ards 
zero in the lim it. Q uite recently  boreholes have been drilled

F ig . 18
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in  these dam s an d  un d istu rb ed  sam p les taken. A lthough  
som e soft patches w ere found , the general cohesive streng th  

w as very appreciable.

M o re  recently  an o th e r dam , Serpentine D am , has been 

com pleted  an d  Logue B rook  D am  is u n d er construction . 
B oth  o f these dam s have been exam ined exhaustively by 
lab o ra to ry  tests a n d  the m ost recen t m ethods o f stability  
analysis applied . I t  becam e evident th a t a p a r t from  better 
position ing  o f the d ra inage  a n d  filter system s, the profiles 
show ed only  m inor econom y over those determ ined  earlier 
from  experience alone.

Fig. 18 show s the effect o f  cohesion  a fter sa tu ra tio n  on  the 
stability  o f b o th  slopes o f these tw o dam s. If  the  m ethod  o f 
slices w ithou t inclusion o f the forces betw een the  slices, is 
accepted as the  crite rion  o f safety , it is clear tha t these dam s 
rely on  cohesion for their safety. Sim ilarly the o lder dam s, 
Sam son B rook  a n d  S tirling w ould  show  sim ilar characteristics 
being o f sim ilar profile an d  built o f sim ilar m aterials.

T o  date, there  has been no  sign o f excessive m ovem ent at 
any  p o in t in  these dam s, w hich are  all equ ipped  w ith a  grid 
o f  surface m easuring points. T his is tak en  as p art evidence 
th a t cohesion  plays a  considerable  p a r t  in the stab ility  of 
dam s bu ilt o f com pacted  clay soils o rig inating  from  the 
decom position  crystalline rocks in situ.

A  fea tu re  to  be rem em bered  is th a t the in te rp re ta tio n  o f 
cohesion in lab o ra to ry  tests is a t  zero no rm al effective stress 
w hereas the slip  circle fo r a  m edium  sized dam  traverses a  
zone w here the  effective stresses due to  overburden  are  im por ­

tan t a n d  w ould ten d  to  lim it the loss o f cohesion due to  
swelling u n d er cyclic reversal o f loading.

I t  is adm itted , o f  course, th a t these conclusions are  clouded 
by o th er uncertain ties such as the effect o f  th ixo tropy , possible 
inaccuracy o f  the triax ial test, conservative estim ation  o f 
safety by the slices m ethod  o f analysis and  field com paction  
standards. H ow ever, the evidence o f p ractical experience 
can n o t be overlooked an d  indeed if cohesion is taken  as zero 
fo r these m aterials, the profiles designed by cu rren t scientific 
m ethod s will be m uch m ore conservative th an  those proved 
in practice.

M. A. Mayer (France)

Au sujet des conditions d’application de l’égalité c' = 0.

L a très b rillan te  in terven tion  du Prof. S kem pton  au sujet 
des conditions d ’an n u la tio n  de la cohésion  effective m ’a 

fait le plus g ran d  p laisir et je  ne puis m ’em pêcher d ’en  sou ­
ligner les p o in ts fondam entaux . Ce son t : d ’ab o rd  que la 
cohésion effective ne s ’annu le  pas avec le tem ps p o u r toutes 
les argiles et dans tou tes les circonstances. Cette baisse de 
la  cohésion  effective im plique un  m atériau  fissuré, très sen ­
sible à  l ’ac tion  de l’eau  sous l ’effet des co n cen tra tions de 
con train tes qui se p ro du isen t dans les zones de cisaillem ent 
m axim um . Enfin la tran sfo rm atio n  du m atériau  n ’a lieu 
que sur une faible épaisseur le long de la surface de cisail ­
lem ent, c ’est-à-dire dans la zone des con tra in tes m axim a. 
Le Prof. S kem pton signale avo ir vu égalem ent, après deux 
glissem ents au  m oins dans l ’argile, la surface de glissem ent 
constituée sur une faible épaisseur p ar un  m até riau  extrê ­
m em ent hum ide, plastique, à  cohésion m anifestem ent nulle.

J ’ai m oi-m êm e fait cette co n sta ta tio n  to u t au  début de m a 
carrière  de M écanicien des Sols, lorsque je  fus appelé sur un  
barrage en  terre  qui venait d ’être  term iné. L ’ouvrage éta it un 

barrage  hom ogène en  argile corroyée, com pactée com m e on 
le faisait à l ’époque, sim plem ent par la c ircu lation  des 

engins qui ap p o rta ien t les m atériaux . C ’est dire que les blocs 
d ’argile ex tra its  d ’une couche relativem ent hom ogène, se

re trou vaien t en  place avec les fissures p ro venan t de l’action  
de la pelle au m om ent de l ’extraction .

L o rsq u ’on m e d em anda de venir sur les lieux, la face am ont, 
que l ’on  venait de dresser, fo rm ait un  ventre sans q u ’aucun  
glissem ent se so it encore p ro du it. Je fis aussitô t fixer la face 

am o n t en  b lo q u an t l ’intervalle en tre  le barrage et le ba ta rd eau  
et creuser un  pu its  dans le corro i de m anière à  a tte ind re  la 
zone co rresp o n d an t au  cisaillem ent m axim um  dans une m asse 
hom ogène et pesante. U n  peu plus hau t que le niveau auquel 
nous l ’a ttend ions, nous som m es tom bés sur une bande de 
quelques centim ètres d ’épaisseur, rem plie de m atériaux  
rem aniés et sans cohésion. V isiblem ent le glissem ent était 
en  cours de fo rm ation , m ais nous avions assisté au  p h éno ­
m ène d ’an n u la tio n  de la cohésion  dans un  p lan  d ’une digue 
hom ogène. N ous avons pu heureusem ent b loquer la face 
am o n t de la d igue p ar son  p ied  sur plusieurs m ètres de hau ­
teu r; elle tient m ain tenan t depuis plus de 25 ans et on  a  m êm e 
p u  la surélever au  cours des dernières années. B ien en tendu , 
il n ’a  pas é té  possib le, à  l ’époque, de faire une étude de la 
stabilité aussi com plète q u ’on l ’au ra it fait m ain tenan t. M ais 
il nous avait p a ru  certain  que la zone où s ’éta it p ro d u it la 
ru p tu re  co rresp o n d ait au  m axim um  des con train tes de cisail ­
lem ent dans la  m asse, que le m atériau  s ’éta it localem ent 
cisaillé, fo rm an t des passages p o u r l ’eau  incluse qui, sous 
l ’effet des charges, avait trouvé un  chem in vers la zone fis­
surée et avait désorganisé l ’argile dans cette zone. L ’hypo ­
thèse d ’une fissuration préalable, que suggère le Prof. Skem p ­
ton , ne peu t q u ’avo ir facilité la fo rm ation  d ’une pareille 
surface.

F au t-il en déduire, com m e certains ingénieurs seraient 
tentés de la faire, q u ’il fau t dans tous les cas, p our être du 
côté de la sécurité, p rendre c' = 0? Je suis tou t à fait d ’accord 
avec le Prof. Skem pton p o u r ne pas le croire. M ieux vaut, 
su rto u t dans la construction  de barrages en  terre, choisir 
les m atériaux  de telle m anière q u ’un pareil accident ne soit 
pas à craindre. Ceci condu it à  préférer, m êm e p o u r les noyaux 
étanches des barrages, des m atériaux  de perm éabilité  re la ti ­
vem ent basse, 10-5 ou 10~6 cm /sec. qui assurent une dissi ­
p a tio n  rap ide de la p ression interstitielle , aux  argiles com pactes 
de perm éabilité  égale à  10- l ° ou  davan tage. D ans le cas de 
barrages hom ogènes, ces m atériaux  son t m oins sensibles 
aux effets d ’une baisse rap ide du p lan  d ’eau dans la retenue. 
D ’au tre  p a rt les m atériaux  co rrespo ndan ts, plus sableux, 
m oins sensibles aux varia tions de teneur en eau et aux sous- 
pressions, conservent une fraction  im p o rtan te  de leur résis ­
tance, m êm e après cisaillem ent.

Je donnerai deux exem ples où  le choix de l ’ingénieur s ’est 
exercé dans ce sens. D ’ab o rd  le barrage de Serre-Ponçon 
où  les p ro jeteurs avaient le choix en tre  un  im p o rtan t dépôt 
d ’argile fine, très étanche, et des p ro du its  de décom position  
des schistes, charriés par les to rren ts ju sq u 'à  p roxim ité de 
l ’ouvrage. O n préféra  ces derniers, m algré la valeur re la ti ­
vem ent élevée de leur perm éabilité  (de l ’ord re  de 10-3  cm /sec.) 
parce q u ’ils assu ra ien t une d issipation  très rap ide de la  pres ­
sion intertitielle.

Je citerai égalem ent le cas de tro is digues de 15 à 30 m. 
de h au teu r prévues p o u r l ’irrigation  d ’une plaine basse et 
où  l’on  disposait de deux types de m atériaux , une terrasse 
qu a te rn a ire  à granulom étrie  con tinue, m ais très argileuse 
et de perm éabilité  de l ’o rd re  de 10-10 cm /sec et un  sable 
lim oneux m iocène, de perm éabilité  com prise en tre  10- ° 
et 10-6  cm /sec. Le choix de l ’ingénieur s ’a rrê ta  sur ce dernier, 
qui devait su p porter plus facilem ent les vidanges annuelles 
co rrespo ndan t aux périodes d ’irrigation.

D ans l 'u n  com m e dans l 'a u tre  cas la résistance au  cisail ­
lem ent tient non  seulem ent à la cohésion, m ais au fro ttem ent 
in tergranulaire. M êm e dans l ’hypothèse du c' = 0, à  laquelle 
je  ne crois abso lum ent pas dans le cas particulier, la résis­

tance de l'o uvrag e  serait assurée.
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E n  ce qui concerne la question  de la stab ilité des talus 
en  fon ction  du  tem ps, je  voudrais com m uniquer quelques 
résu lta ts expérim entaux ob tenus au  L ab o ra to ire  de M éca ­
n ique des Sols de l ’U niversité  de M oscou.

Ces résu lta ts son t relatifs à  la  charge de ru p tu re  des argiles 
denses, saturées, e t o n t été obtenus en  rep ro d u isan t en  lab o ­

ra to ire  les conditions d ’équilibre des ta lus en  carrières p ro ­
fondes, dans lesquelles la  p ression  est très forte.

L ’étude d ’échan tillons d ’argile, co n ten an t env iron  66  % 
d ’élém ents inférieurs à  0,001 m illim ètres avec u n  indice de 
plasticité  voisin de 38, prélevée à  50 m ètres de p ro fondeur, 
é ta it faite  dans u n  oedom ètre  rec tangulaire  spécial, d on t 
l ’un  des côtés p o u v a it être enlevé p o u r réaliser la  pression 
convenable. O n  a  p ris des m esures p o u r que l ’argile ne sèche 
pas p en d an t to u t le tem ps d ’essai.

Les échan tillons éta ien t détru its q u an d  on  app liqu ait 
to u t d ’u n  coup une  charge d ’environ  7 kg /cm 2. C ette  charge 
co rrespo nd  à p eu  près à la  p ression  no rm ale  engendrée p a r  
le recouvrem ent. L a  destru c tion  co rrespo ndait à  l ’hypothèse 
du corps fragile; la surface p lan e  de glissem ent fo rm a it un  
angle d ’env iron  45° avec la  d irection  de la  force de com pres ­
sion. L orsque les échan tillons é ta ien t soum is à  une  charge

u n  p eu  inférieure à  la norm ale, (6,6  kg/cm 2), et q u ’u ltérieu ­
rem en t on  augm en ta it la  charge p a r paliers de longue durée 
(de 30 à  240 heures) ju sq u ’à  cessation  du  tassem ent, une  
co n so lidation  lente de l ’argile se p ro d u isa it dans la  d irection  
verticale sans d éfo rm ation  la térale  im p o rtan te . P en d an t 
ce tem ps la  teneur en  eau  d im inuait u n  p eu  et sim u ltaném en t 
la  résistance de l ’échan tillon  s ’élevait.

Q u an d  o n  augm enta it la  durée de l ’essai de 184 à  485 heures 
avec conservation  de l ’échelonnem ent des charges (6 ,6 ; 
8 ,0; 9,3; 10,8; 16,0; 18,6; 21,3 kg/cm 2) la  charge de ru p tu re  

augm en ta it de 10,8 à  21,3 kg/cm 2, c ’est-à-dire p resque de 
100 %. P arallè lem ent le chargem ent p rém atu ré  du  m odèle 
à  la  charge 6,6  kg/cm 2 p en d an t 260 heures n ’a  pas donné 

d ’aug m en ta tio n  considérable  de la  charge de rup tu re .
Ces chiffres in d iquen t la  g rande influence de la  durée de 

chargem ent et du  régim e de son  accroissem ent p o u r la  sta ­
b ilité des hau ts  talus.

O n  peu t en  tirer la  conclusion  q u ’il est nécessaire d ’éviter 
l ’exécu tion  des tranchées ouvertes d ’un  seul coup à  une 
grande p ro fo n d eu r. Il est préférab le  d ’organ iser les travaux  
largem ent m ais en gradins rela tivem ent petits (pas p lus de 
3-4 m ètres). O n  laisse reposer chaque g rad in  le plus long ­
tem ps possib le av an t de recom m encer des trav au x  dans cette 

tranchée.

366


