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T he C hairm an

I declare  th e  seventh  session o f  th e  fo u rth  conference open , 
a n d  I  w ill a sk  th e  G enera l R ep o rte r to  in tro d u ce  h is rep o rt.

G eneral R eporter

1. M o n sieu r le  présid en t, m esdam es, m essieurs, la  qu a trièm e 
sec tion  d u  congrès de  m écan ique  des so ls est consacrée  à  la

géo techn ique ro u tiè re , c ’est-à -d ire  à  l ’é tu d e  d u  co m p o rtem en t 
des so ls su r  les rou tes , les p istes d ’envol e t les voies ferrées. L a  
géo techn ique ro u tiè re  est d ’ailleurs la  p lus jeu n e  des b ranches 
de  la  m écan ique d u  sol et, ce n ’est q u ’a u  d e rn ie r congrès, à  
Z u rich , q u ’une section  spéciale lu i a  é té  consacrée. M ais son  
développem ent a  é té  très rap id e  e t 20 com m u nica tio ns o n t été 
p résentées, ici, su r ce sujet.

Je  pense q u e  le rô le  d u  ra p p o rte u r  général est d ’essayer de 
vous p résen te r u n e  synthèse, aussi cou rte , m ais aussi c la ire  que  
possib le, de l ’é ta t  ac tuel de  la  géo techn ique ro u tiè re , afin 
d ’o rd o n n e r a u  m ieux  la  d iscussion  qu i va  suivre, e t de  la  ren d re  
p lus fac ilem ent com préhensib le , d o n c  p lus fructueuse. C ette  
syn thèse  ne  sera  p as seu lem ent basée su r les com m u nica tio ns 
présen tées à  ce congrès, m ais aussi su r les études publiées depu is 
le congrès de  Z u rich  ou  en treprises d ans les lab o ra to ires  e t d o n t 
j ’a i eu  connaissance.

E n  fait, o n  p e u t d istinguer dans la  géo techn ique ro u tiè re  
tro is  g rands p rob lèm es qu i so n t:

le com pactage  des sols,
le calcu l des épaisseurs à  d o n n er au x  chaussées et,
la  stab ilisa tion  des sols.

2. L e  com pactage  a  fa it quelques p ro g rès depu is le dern ier 
congrès de Z urich  p a r  su ite , d ’u n e  p a r t,  de  l’a p p a ritio n  su r  le 
m arch é  de  nouveaux  engins de com pactage  e t, d ’a u trep a rt, 
g râce à  des études expérim entales. P o u r ces dern ières o n  d o it 
n o te r  le  développem ent des fosses de  com pactage, telles que 
celles que n o u s avons p u  vo ir av an t h ie r au  ro a d  research  
la b o ra to ry  à  H ard m o n d sw o rth ; ces fosses p erm etten t d ’effectuer 
des expériences g ra n d eu r n a tu re  su r les sols ; d ’où , des résu lta ts  
b eaucoup  p lus valables que ceux ob tenus dans les m oules m éta l 
l iques classiques de faibles d im ensions.
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M ais ce son t sans d o u te  les nouveaux  appare ils  de com 
p ac tage  ap p a ru s  ces dern ières années, tels que les cylindres 
v ib ran ts  légers o u  lou rd s , qu i o n t fa it fa ire  les p lus g rands 
p rogrès dans l’a r t  d u  com pactage. Ces cylindres v ib ran ts 
p e rm etten t n o n  seu lem ent d ’am élio rer la  com pacité  finale, m ais 
aussi e t su r to u t de réd u ire  la  durée du  com pactage  d ’où, 
possib ilité  d ’économ ies. L a  v ib ra tio n  ne  p eu t tou tefo is ê tre  
utilisée que p o u r certa ines catégories de sols, no tam m en t, les 
so ls graveleux e t les so ls à  cohésion  faible o u  nulle.

Il y a  lieu d ’ind iquer aussi, au  su jet d u  com pactage, les 
récents perfectionnem ents des appare ils  de m esure  in s itu  de la 
com pacité  ob tenue. Les nucléodensitom ètres, n o ta m e n t (c’est- 
à -d ire  les appare ils  de m esure de la  densité  à  l’a ide d ’isotopes 
rad ioactifs), o n t d onné des résu lta ts in téressan ts e t p ro m etteu rs. 
Je  n e  p artag e  p as à  leu r sujet le pessim ism e m anifesté  l’au tre  
jo u r  p a r  le ra p p o rte u r  de  la deuxièm e question.

3. L e calcul de  l’épaisseur à  d o n n er aux  chaussées a  to u t 
d ’a b o rd  p rogressé, grâce au  p erfec tionnem en t des m éthodes 
classiques basées su r  le c ritè re  de p o rtan ce  d u  sol (C B R  n o ta m 
m ent). M ais u n e  fo rte  tendance  s’est dessinée dans p lusieurs 
pays p o u r su b stitu e r à  ce critè re  de  p o rtan ce , le c ritè re  de 
déform abilité , c a r  c ’est généralem ent lui qu i co n d u it aux  
résu lta ts  les p lus défavorables, no tam m en t, si la  chaussée com 
p o r te  des couches b itum ineuses épaisses. O n  p e u t c ite r à  ce 
su je t la  m éthod e  d u  N . N . I v a n o f  (4 /6) en  U .R .S .S . Ces 
m éthodes so n t généralem ent basées su r u n e  so lu tio n  m a th é 
m a tiq u e  du  p ro b lèm e des sols élastiques à  deux  o u  tro is  couches, 
so lu tio n  d ans laquelle  o n  fa it in te rven ir u n  ce rta in  n o m b re  de 
p a ram ètres  que l’o n  déterm ine ensu ite  expérim en talem ent p o u r 
fa ire  co ïncider la  théo rie  avec la  réalité . Je  vous signale 
q u ’u n e  m éthod e de ce genre est en  cours d ’é lab o ra tio n  en  
F ra n ce  en  p a r ta n t  de  la  so lu tio n  m ath ém atiq u e  du  p ro b lèm e des 
tro is  couches élastiques, so lu tio n  qu i a  été ob ten u e  à  l’a ide  de 
m ach ines à  calculer é lectroniques. U n  o ra te u r  d o it d ’ailleurs 
nous fa ire  u n  exposé à  ce sujet au  cours de la  discussion.

D ’u n e  façon  générale , ce tte  tendance  à  su b stitu e r le critè re  
d e  d éfo rm atio n  au  critè re  de p o rta n c e  est très im p o rtan te  e t elle 
se développera  rap id em en t au  cours des p rochaines années. 
E lle  est susceptib le de  bou leverser com plè tem ent nos m éthodes 
actuelles.

A  ce p ro b lèm e des épaisseurs des chaussées il y a  lieu de 
ra tta c h e r les é tudes co n ce rn an t la  ten eu r en  eau  d ’équ ilib re  des 
sols. Celle-ci est com m andée d ’une p a r t  p a r  la  succion  e t les 
co n d itio n s hydro log iques du  sol et, d ’a u tre p a r t p a r  des co n 
d itio n s ex térieures telles que les varia tions clim atiques. A  ce 
sujet, les ra p p o rts  présentés so n t assez co n trad ic to ires, en  
ap p a ren ce  to u t  au  m oins q u an t à  la  possib ilité  d ’évaluer avec 
précision  cette  ten eu r en eau  lim ite. J ’espère que la  discussion 
q u i va  s’o u v rir a p p o rte ra  quelques lum ières su r ce po in t, de  n o m 
breux  o ra teu rs  s’é ta n t fa it inscrire p o u r  d iscu ter ce prob lèm e.

Il y a  lieu aussi de ra tta c h e r à  ce prob lèm e, celui de l’influence 
d e  la  rép é titio n  des charges su r la  p o rtan ce  des chaussées. C e 
phénom ène est à  la  base des calculs de la  capacité  des pistes 
d ’envo l; aussi, a-t-il d onné lieu à  deux  com m u nica tio ns im 
po rtan tes , celle de N . W . M c L e o d  (4/12) e t celle de  G . M o r a l d i  

(4/14).
E nfin , b ien  que ceux-ci n ’aien t fa it l’ob jet d ’aucune com m u ni 

ca tio n  à  ce congrès, il fau t c ite r les im p o rtan ts  essais p ra tiques 
d u  W asho, au x  U .S .A ., p o u r  le calcul des épaisseurs à  d o n n e r 
au x  chaussées. L eu rs résu lta ts  so n t particu liè rem en t in téres 
san ts p o u r  la  vérification  o u  la  m ise au  p o in t des form ules 
d ’épaisseur.

4. L e tro isièm e p ro b lèm e im p o rtan t est celui de  la  stab ilisa 
tio n  des sols.

L a  s tab ilisa tion  m écan ique a  fa it d ’im p o rtan ts  p ro g rès dans 
certa ins pays, grâce n o tam m en t à  l’essai d ’équ ivalen t de  sab le 
é labo ré  p a r  H veem  en  C alifo rn ie  e t qu i p e rm et u n  choix e t un  
co n trô le  rap id e  e t précis des so ls à  u tiliser.

L a  s tab ilisa tion  au  c im ent, d ’a u tre p a r t, a  fa it l ’o b je t de  p e r 
fec tionnem ents im p o rtan ts  qu i en  o n t fa it u n e  techn ique sû re  
e t efficace. C erta in s pays o n t m êm e réd igé des spécifications 
techn iques p o u r  les sols cim ents: c ’est le cas de la  G ra n d e  
B retagne, no tam m en t.

D ’au tres se so n t o rien tés vers u n e  techn iq ue  voisine, celle de 
l ’am élio ra tio n  des so ls a u  c im en t; elle consiste  à  in co rp o re r de 
faibles q uan tités de  c im en t à  des sols qu i s’éca rten t m ais peu  
des n o rm es de la  s tab ilisa tion  m écanique, de façon  à  les fa ire  
re n tre r  d ans ces norm es, c ’est-à-d ire, à  les ren d re  stabilisables 
m écan iquem en t.

M ais les p lus grandes nouveau tés en  m atière  de  s tab ilisa tion  
sem blent devo ir p ro v en ir de  l’in co rp o ra tio n  en  très faibles 
quan tité s  aux  sols, de  p ro d u its  ch im iques très fo rtem en t actifs 
analogues aux  ‘d o p e s ’ em ployés actuellem ent p o u r  am élio rer 
les b itum es. Ces p ro d u its  fo n t l’o b je t de  nom breuses recherches 
d an s p lusieurs pays, m ais p eu  de  résu lta ts  o n t encore  été 
publiés. Seule u n e  com m u nica tio n , celle de T . W . L a m b e  (4/10) 
U .S .A ., leu r est consacrée. Ces p ro d u its  p a ra issen t ê tre  
efficaces, no tam m en t, p o u r  la  lu tte  co n tre  la  gélivité des sols.

5. Je  te rm in e  m o n  exposé très som m aire  des récen ts p ro g rès 
de  la  géo techn ique rou tière . P o u r o rd o n n e r la  d iscussion  qu i va 
suivre , j ’a i p ro p o sé  à  M . le p résid en t q u e  les com m unications 
so ien t divisées en  cinq  parties, les tro is  prem ières co rre sp o n d an t 
aux  tro is  prob lèm es p rinc ip au x  de  la  géo techn ique ro u tiè re  que  
je  v iens d ’ind iq u e r: com pactage des sols, calcul les épaisseurs à  
d o n n e r aux  chaussées e t s tab ilisa tion  d u  sol. L a  q uatrièm e 
p a r tie  sera  consacrée  au x  m ouvem ents de  l’eau  sous les 
chaussées. Q u a n t à  la cinqu ièm e p a rtie , elle  co m p ren d ra  
tou tes les questions qu i n ’o n t pu  ê tre  ra ttachées d irec tem en t aux  
tro ix  p récédentes.

W . A . L e w is  (U .K .)

I  sh o u ld  like to  say som eth ing  o n  th e  sub ject o f  th e  co m p ara 
tive efficiency o f  p n eum atic-ty red  ro lle rs an d  v ib ra tin g  com 
p ac to rs  in  th e  com p ac tio n  o f  soil.

S ince 1945 we a t  th e  B ritish  R o a d  R esearch  L a b o ra to ry  have 
been  ca rry in g  o u t very com prehensive studies o f  th e  p e rfo r 
m ance  o f  m ost types o f  co m p ac tio n  p la n t  including  a lm o st all 
sizes o f  pneum atic-ty red  ro ller, v ib ra tin g  ro lle r an d  v ib ra ting  
p la te  co m pacto rs availab le  in  th e  B ritish  Isles. T he  pneum atic- 
ty red  ro llers tested  ran ged  in  size fro m  12 to n  to  45 to n  w ith  
ty re  infla tion  pressures ran g ing  from  36 to  140 lb ./sq . in. F o u r  
sizes o f  v ib ra tin g  ro lle r have  been investigated from  4 \  cw t. to
3 i  to n  in dead  w eight an d  fo u r sizes o f  v ib ra tin g  p la te  com 
p a c to r  fro m  4 cw t. to  2 to n  d ead  w eight have  a lso  been studied .

A ll th e  investigations w ith  these com paction  m achines have 
been  ca rried  o u t u n d e r carefully  con tro lled  cond itions o n  th e  
sam e ran ge  o f  soils from  heavy clay to  san d  m ak in g  possib le, 
therefo re , a  d irect com parison  o f  th e  perfo rm ance  o f  th e  various 
m achines. M any  o f  yo u  will have  a lready  seen o r  will see 
d u rin g  th e  techn ical visits th e  build ing  an d  techniques we have 
developed a t  th e  lab o ra to ry  fo r testing  com paction  p lan t. I t  
is n o t possib le, how ever, fo r m e to  give you  in  th e  very sh o rt 
tim e availab le m ore  th a n  a  very b rie f  ou tline  o f  th e  m ain  resu lts 
o b ta in ed  w ith  the  various pneum atic-ty red  ro llers an d  v ib ra ting  
com pactors.

V ery  b road ly , th e  resu lts show  th a t  th e  s ta te  o f  com paction  
p ro d u ced  in soil a t  any  given m o is tu re  c o n ten t is a  fu n c tio n  o f  
th e  m agn itude  an d  d u ra tio n  o f  an  app lica tio n  o f  th e  stresses 
p ro v ided  by th e  com p ac tio n  p lan t. W ith  m o st o f  th e  v ib ra ting  
co m pacto rs th e  d u ra tio n  o f  th e  stresses an d  th e ir m ag n itu d e  are  
insufficient to  p ro d u ce  satisfacto ry  sta tes o f  com p ac tio n  w ith  
th e  very cohesive soils. T he  one excep tion  to  these  resu lts w as 
o b ta in ed  w ith  a  3-£ to n  v ib ra tin g  ro lle r. W ith  th is m ach ine th e  
m ag n itu d e  o f  th e  stresses p ro d u ced  w as such  th a t  very h igh 
sta tes o f  com paction  w ere o b ta in ed  even w ith  th e  heaviest clay
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soils. A ll the  types o f  v ib ra tin g  co m pacto rs w ere capab le  o f  
giving excellent resu lts  in th e  com paction  o f  g ra n u la r soils 
w here th e  v ib ra tin g  effect helps in re -arrang ing  th e  partic les o f 
soil in to  a  be tte r s ta te  o f  packing . W ith  th e  very ligh t v ib ra ting  
com pacto rs only  a  relatively  th in  layer o f  soil 2 to  3 in. th ick  is, 
how ever, highly  com pacted .

P neum atic-ty red  ro llers, in  general, a re  capab le  o f  p ro ducin g  
extrem ely  h igh  sta tes o f  com p ac tio n  in m ost soils p ro v ided  th e  
ty re  in fla tion  pressures an d  w heel loads a re  o f  th e  co rrec t 
m agnitude. T he  ty re  infla tion  pressure  largely governs th e  
co n tac t p ressures w hich determ ine th e  m ax im um  stresses 
developed in  th e  soil an d  hence th e  s ta te  o f  com p ac tio n  p ro 
duced . O n  th e  o th e r h an d , th e  m agn itude  o f  th e  w heel load  
fo r a  given ty re  p ressu re  affects th e  a re a  o f  th e  ty re  in co n tac t 
w ith  th e  so il an d  th is determ ines the  d ep th  o f  p en e tra tio n  o f  the  
stresses. C learly  w hen soils a re  in  a  very w et cond itio n , as is 
o ften  th e  case in  th e  B ritish  Isles, o r  because o f  th e ir g rad ing  
they  have  a  low  stab ility , only  com paratively  low  ty re  infla tion  
p ressures o f  the o rd e r o f  30 to  40 lb ./sq . in. a re  necessary o r  in 
fac t desirable, w hereas w ith , say, cohesive soils in  th e  d ry  co n 
d itio n s o ften  encou n te red  ab ro a d , ty re  p ressures o f  a b o u t 
140 lb ./sq . in. will be  requ ired  to  achieve satisfacto ry  sta tes o f  
com p ac tio n . In  o rd e r to  com p ac t as th ick  a  layer as possib le 
th e  m axim um  w heel load  w hich can  be  used  w ith  th e  p a rticu la r 
ty re  p ressu re  as recom m ended  by th e  ty re  o r  ro lle r m an u 
fac tu re r shou ld , in  general, be  em ployed.

B ecause o f  th e  h igher tow ing  o r  ro lle r speeds o r  g rea ter 
ro lling  w idths, pneum atic -ty red  ro llers a re  capab le  in  general 
o f  m uch  g rea ter o u tp u ts  th a n  those  w hich can  be  achieved w ith  
v ib ra tin g  com pacto rs. I t  is o ften  cla im ed th a t th e  d ep th  o f  
c o m p ac tio n  w hich can  be  achieved w ith  v ib ra tin g  equ ipm ent 
com pensates fo r th e  low er ra te  o f  coverage, b u t o u r  resu lts 
suggest th a t  th e  figures o ften  q u o ted  fo r th e  d ep th s w hich can 
be  com pacted  to  a  h igh  s ta te  o f  com paction  a re  very optim istic . 
E ven  w ith  th e  heaviest v ib ra ting  ro lle r we have  tested— the 
3 ^  to n  m achine— o r even w ith  th e  2 to n  v ib ra tin g  p la te  com 
p a c to r  we w ould  h es ita te  to  recom m end  th e  use, in  general, o f  
loose layers m uch  th ick er th a n  a b o u t 12 in. if  sa tisfac to ry  states 
o f  com p ac tio n  a re  to  be o b ta in ed  in  th e  low er p o rtio n s  o f  the  
layer.

T o  sum  up , therefo re , we feel th a t fo r m ass earth w o rk s w here 
very la rge  o u tp u ts  a re  req u ired , p neum atic -ty red  ro lle rs a re  the  
m ost su itab le  p la n t to  em ploy . In  certa in  special cases, how 
ever, w here non-cohesive soils a re  to  be  com pacted , v ib ra ting  
e q u ip m en t desp ite  its possib le low er o u tp u t m igh t be  preferab le, 
especially  fo r th e  com paction  o f  th e  u p p e r 2 o r  3 ft. o f  the  
fo rm ation . V ibrating  com p ac to rs  a re  also  in  general, as sta ted  
by th e  G en era l R ep o rte r, th e  m ost su itab le  type o f  equ ipm en t 
fo r th e  com p ac tio n  o f  g ra n u la r base  m ateria l.

F inally  I  sho u ld  like to  m ake tw o com m ents on  P ap e r 4 /9 , a 
m eth o d  o f  estim ating  settlem ent by ro lle r co m p ac tio n  by
G. Kuno an d  T. M o g a m i .  T h e  sta tem en t is m ade th a t  ‘C om 
p ac tio n  c o n tro l by m easuring  settlem ent is m ore  p rac tica l than  
w ith  m easu rem en t o f  density , because th e  de te rm in a tio n  o f  
field density  can n o t be m ade w ith o u t considerab le  e rro r .’ I 
am  afra id  I  can n o t agree w ith  th is view. C o n tro l o f  com p ac tio n  
by density  m easurem en ts is now  a  universally  accep ted  p ro 
cedu re  an d  p ro v ided  a  sufficient n u m b er o f  density  m easure 
m ents a re  m ad e  a  very h igh  degree o f  accuracy  can  be ob ta ined .

I sho u ld  also  like to  ask  th e  a u th o rs  if  they  w ou ld  explain  
how  they  o b ta in ed  th e  co n tac t p ressures given in  T ab le  4 fo r 
th e  various item s o f  p lan t. F o r  exam ple, a  co n tac t pressu re  o f  
50 k g /cm 2, o r  over 700 lb ./sq . in ., seem s im probab ly  h igh  fo r 
a  p n eum atic -ty red  ro lle r w eighing only  6 ton .

P. P. B r o w n  (U .S .A .)

W ith  reg ard  to  th e  com p arab le  efficiency o f  pn eu m atic  an d  
v ib ra ting  com p ac to rs— a  sub ject p ro p o sed  fo r d iscussion by the

G enera l R e p o r te r— I sho u ld  like to  m en tion  som e item s o f  
in terest disclosed in research  by th e  B ureau  o f  Y ard s an d  D o cks, 
U n ited  S tates N avy  D ep artm e n t. T h is research  has been 
accom plished  o n  b o th  field an d  la b o ra to ry  scale, th e  basic  w ork  
being  p rim arily  u n d e r th e  d irec tion  o f  F . J. C onverse o f  th e  
C alifo rn ia  In s titu te  o f  T echnology.

T o  com p are  th e  tw o m ethod s o n e  m u st co nsider th e  ap p li 
ca tions. T he  N av y ’s stud ies have show n th a t in  n a tu ra l san d  
deposits it is possib le to  o b ta in  95 p e r cen t o f  m axim um  density  
(m odified A A S H O ) to  a  d ep th  o f  2 ft. an d  g rea te r th a n  93 p e r 
cen t o f  m axim um  density  to  a  dep th  o f  5 ft. T his w as accom 
p lished  w ith  a  3 by 5 ft. sled-type v ib ra to r w eighing 6-5 to n  an d  
o p e ra tin g  a t  re so n an t frequency. U n d o u b ted ly  th e  dep th  
affected is a  function  o f  th e  size o f  th e  un it.

T h is g rea t d ep th  o f  th e  com pacting  effect is p ro b ab ly  th e  m ost 
significant fea tu re  o f  v ib ra to ry  com pacting  equ ipm ent. I t  can  
be  particu larly  beneficial in  w ate rfro n t co n stru c tio n  w here in 
m any  cases th e  low er p o r tio n  o f  the  fills b enea th  pavem ents is 
p laced  by hydrau lic  dredge. F o r  th is app lica tion , v ib ra to ry  
m ethod s p ro v ide  a  very d istinct advan tag e  over conven tional 
com pacto rs.

A  second an d  very p rom ising  app lica tio n  fo r v ib ra to ry  com 
pac tio n  w hich has been s tud ied  briefly is th a t o f  com pacting  
g ra n u la r subgrade  soils o r base course  layers th ro u g h  an  existing 
p avem ent. T h e  sam e v ib ra to r n o ted  above  w as used  o n  a  test 
pavem en t consisting  o f  3 in. a sp haltic  concre te  surfacing  an d
6 in. soil cem ent overlying a  b reach  san d  subgrade. T he 
density  o f  th e  underly ing  san d  w as increased  by as m uch  as
15 p e r cent, resu lting  in  sub g rad e  densities u p  to  107 p e r  cen t 
o f  m axim um  density  (m odified A A SH O ). T hese resu lts have 
considerab le  significance to  us in  the reh ab ilita tio n  o f  o ld  a ir 
field pavem ents fo r m o d ern  a irc ra ft w heel loadings.

T o  be  feasib le  an d  efficient, v ib ra to ry  com p ac tio n  m u st be 
used  u n d e r circum stances w hich b rin g  o u t its pecu lia r ad v an 
tages. In  com p ac tio n  o f  th e  th in  layers n o rm ally  specified fo r 
conven tional equ ipm en t there  appea rs to  be little  advan tage  fo r 
v ib ra to ry  com pacto rs. A ctually  th e re  appea rs to  be  som e 
q uestion  o f  its effectiveness o n  su rface layers, an d  it  m ay  be 
m ost efficient to  com bine th e  m ethod s— obta in in g  deep com 
p ac tio n  w ith  v ib ra to ry  equ ipm en t an d  surface com paction  w ith  
p n eu m atic  equ ipm ent. T hese com m ents re fer p rim arily  to  
g ra n u la r soils.

T h is research  has ex tended  o n  a  lab o ra to ry  scale  to  cohesive 
soils, b u t as is generally acknow ledged  th e  effectiveness is n o t 
as m ark ed  as w ith  th e  g ra n u la r soils. T he  advan tages o f 
v ib ra to ry  com p ac tio n  w ith  cohesive soils seem  to  lie in  p ro 
ducing  h igh  co n tac t p ressures an d  ra p id  repetitive  load ing  as 
d istinguished  from  th e  rap id  rea rrang em en t o f  particles as is 
th e  case w ith  sands.

I. H a b e r - S c h a i m  (Israel)

T he p ro b lem  o f  the  d istr ib u tio n  o f  stresses an d  stra ins in  an  
infin ite half-space due to  a  single fo rce  can  be  solved in  full 
ag reem en t w ith  experim ental resu lts only by th e  w ave theo ry  o f  
H erz. W hen  th e  fo rce acts, the  su rface o f  th e  half-space is 
defo rm ed  in to  a  system  o f concen tric  w aves th e  am plitud e  o f  
w hich decreases very rap id ly . F ig. 1 ind icates th e  wave form .

O nly  the  deflections o f  th e  first tro u g h  an d  th e  first crest can  
be  m e a su re d : th e  o thers a re  to o  sm all. T he  first tro u g h  m ay 
convenien tly  be called th e  deflection dish . T h e  ra tio  o f  th e  
deflection body  to  th e  stress body  is th e  m odulus o f  sub g rade  
reac tio n  K . T he  p aram e te r 1 can  be ca lcu la ted  directly  from  
th e  deflection d ish  w ith o u t th e  necessity  o f  de term in ing  any  
m ateria l constan ts. I t  is equally  sim ple to  calcu la te  1 fro m  the 
stresses in th e  line o f  the  acting  force, b u t it is m o re  com plicated  
to  m easure  stresses th a n  deflections. I f  one  in teg rates th e  
stresses one  finds th a t the  in tegral over the first tro u g h  is m uch

205



r  = ni Zf
Vr =  —

r r = ( 3 , 8 8 7 + 3 T - v /2 ) /fr-(3,8
(1) 277 o0T)rrdr = P  =  (9 -2 -1  -23)Po0 ~  8 0/2<to

Jr=o, l

or =  A'Zm, a0 =  crf =  o0T]r

(2) 2tt f " Z— rdr =  / ,  I  =  9-2/2
Vo Zo

„  _ °o _  P *  9-2
*  "  57 a<’ =  8 /

Fig. 1 General H erz wave curve
Courbe généralisée des ondes Hertziennes

g re a te r th a n  th e  ac ting  force. T h is is confirm ed by  all 
experim en ts.

O n e  ca n  find th e  p a ram e te r 1 in  th e  fo llow ing  sim ple m an n er 
fro m  on ly  tw o  deflection m easurem en ts. M easu re  th e  deflec 
t io n s  z„ a t  th e  cen tre  an d  z r a t  an y  d istance r  fro m  th e  centre. 
D iv id in g  z r by  z„ one  o b ta in s th e  o rd in a te  rjr o f  a  p o in t o n  th e  
general H erz  w ave curve. T o  th is  co rrespo nds th e  abscissa 
r = n l ,  w here  n  can  be  rea d  o ff o n  th e  /  line. T h en  I =  r /n . F o r  
th is  o n e  can  calcu la te  all o th e r  im p o rta n t values.

I f  th e  fo rce  is tran sfe rred  th ro u g h  any  p la te , we can  find  the  
vo lum e o f  th e  deflection d ish  by in teg ra tion . D iv id in g  th is 
vo lum e by z 0 we o b ta in  I ,  a n d  hence  /, k  an d  c a.

W ith o u t going in to  details, I m ay  say th a t  th e  general H erz  
w ave curve is th e  basis fo r  th e  investigation  o f  all p ro b lem s o f  
soil m echanics connected  w ith  fo u n d a tio n s an d  th e  construc tion  
o f  runw ays.

T h e  p a ram e te r 1 is a  ch arac teris tic  o f  any  subsoil a lone o r  o f 
an y  su p erstru c tu re  p lus subsoil, e lastic  o r  otherw ise. T he 
de ta iled  theo ry  an d  resu lts o f  field m easurem en ts will be 
pub lished  shortly .

M . J e u f f r o y  (F rance)

M o n sieu r le p résid en t, m essieurs, nous avons lu  avec in térêt, 
dans le deuxièm e volum e des P roceedings, une  com m u nica tio n  
d u  R . L . S c h i f f m a n  (4/16) su r l’é tu d e  de ce q u ’il est convenu 
d ’appeler m a in ten an t les systèm es tricouches, c ’est-à-d ire  les 
schém as rep résen tan t les chaussées p a r  u n e  couche de  revête 
m en t, u n e  couche de fo n d a tio n  et le so l n a tu re l, l’ensem ble 
é ta n t supposé élastique. C e tte  é tude  est le p ro lo n g em en t des 
calculs présentés a u  congrès de  R o tte rd a m  p a r  le M . Fox .

N o u s avons pensé q u ’il sera it peu t-ê tre  in té ressan t de d o n n e r 
conna issance d ’une é tu d e  parallè le  que no u s avons m enée avec 
M . B achelez e t qu i est re la tive  à  u n  schém a analogue  m ais dans 
lequel la  couche supérieure, c ’est-à-d ire  le revêtem ent p o u r  les 
chaussées souples ou  la  dalle  de bé ton  p o u r les chaussées rigides, 
est tra itée  com m e u n e  p laque , c ’est-à-d ire  dans l’hypo thèse  de 
N av ie r e t n o n  p lus com m e u n  solide é lastique  avec les fonctions 
d e  tension .

L e schém a q u e  n o u s  p ro p o so n s  est le su ivan t (F ig . 2): le 
revêtem ent est carac térisé  p a r  u n e  épaisseur h  e t u n  m odu le  de 
d éfo rm atio n  E , la  fo n d a tio n  p a r  u n e  épaisseu r h i  e t  u n  m odu le  
de  d éfo rm atio n  E u  le su b stra tu m  é lastique  p a r  u n  m odu le  de 
d éfo rm atio n  E 2.

Les calculs que n o u s avons fa its  co ncernen t les con tra in te s  
de  trac tio n  p a r  flexion d ans le revêtem ent, les p ressions 
verticales su r le sol de  fo n d a tio n  e t les flèches à  la  su rface du  
revêtem ent, p o u r  u n e  charge supposée app liqu ée  avec une 
pression  un ifo rm e su r u n  cercle de  ray o n  a.

2 a '

L a  Fig . 3 est u n  exem ple des d iagram m es que n o u s avons 
tracés. D a n s  ce d iagram m e les courbes en  tra its  p le ins so n t 
les lignes de n iveau  des co n tra in te s  de flexion dans le revêtem ent 
e t les courbes en  poin tillés so n t les lignes de n iveau  des p ressions 
su r le so l n a tu re l, sous la  charge, en  fon ction  des deux  p a ra 
m ètres p rinc ipaux  qu i so n t : en  abscisse, le ra p p o r t  de  l’épaisseur 
d u  revêtem ent a u  ray o n  de charge m ultip lié  p a r  u n e  com bin ai 
son  des m odules d ’élasticité  du  rev ê tem en t e t de la  fo n d a tio n  
e t, en  o rdonnée , l ’épaisseur de la  fo n d a tio n  rap p o rté e  a u  ray o n  
de charge. C h aq u e  d iag ram m e est é tab li p o u r  u n e  valeur du  
m od u le  d ’élasticité  de la  fo n d a tio n  ra p p o rté  à  celui d u  su b 
s tra tu m . A u trem en t d it, p o u r  des m até riau x  déterm inés e t 
p o u r  u n  ray o n  de charge donné , l’abscisse rep résen te  l’épaisseur 
d u  revêtem ent e t l’o rd o n n ée  l’épa isseu r de  la  fon dation .

Les calculs que  n o u s avons faits n ’avaien t d ’in térê t que d ans
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Fig. 3 Contraintes dans le 
revêtement et sur le 
sol de fondation en 
fonction des ca 
ractéristiques de la -I 
chaussée et de la 1° 
charge ^

Stresses in the pave
ment and in the 
foundation soil as a 
function o f the road 
characteristics and 
of the load

A/-- 0 9

Courbe

------ Courbe = c le

£=  contrainte de flexion dans 
le revêtement 

E= pression sur le sol de fondation

Fig. 4 Courbes donnant la 
contrainte dans le 
revêtement et sur le 
sol de la fondation, 
en fonction des 
caractéristiques de 
la chaussée et de 
la charge dans le 
cas d ’un jumelage 
0D =3a)

Curves showing the 
stresses in the pave- 
m ent and the foun- 'c ]lD 
dation soil as a  a 
function o f the road 
characteristics and 
the load for a  two 
wheel load

Verification de l'équivalence des chaussées du Washo 
points représentatifs des essieux:

°  7075 î }  ess'eu simple (roues jumelées)

* <a J essieu double (roues jumelées)

2 a .a. 2a N = 0-9

0-025 i=f = 19

Courbe —• [ -J) 2/=- c t? 
<7 \EJ

------Courbe ¿j* et*

S - Contrainte de flexion dans 
le revêtement

S = Pression sur le sol de 
fondation
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la m esure  où  l’expérience p o u v a it les confirm er. I l  nous a  p a ru  
in téressan t p o u r ce tte  co n firm ation  d ’u tiliser les trav au x  du 
W asho  qui, vous le savez, a  fa it exécu ter des essais de  trafic 
accéléré su r une  d izaine de chaussées d ifférent ta n t p a r  l’épa is 
seu r de leurs revêtem ents que  p a r  celle de leurs fon dations. 
Q u a tre  types de cam ions différents o n t circulé su r ces chaussées 
e t de nom breuses m esures de  déflexion o n t été  effectuées. Les 
conclusions des Ingén ieu rs d u  W asho  leu r o n t perm is de 
d é term iner une équivalence de  résistance en tre  des chaussées 
d ’épaisseurs to ta les différentes, su ivan t l’épaisseur du  tap is de 
b é ton  bitum ineux.

N o u s avons rep o rté  su r la  F ig . 4 les p o in ts  rep résen tatifs 
des q u a tre  essieux d u  W asho. O n  voit q u ’avec une  ap p ro x i 
m a tio n  assez co rrecte , revêtem ent e t fo n d a tio n  so n t soum is à

E 2 25 
E

1-75 

1-50

I 1-25

Q '

0-75

0-50

0-25

0

F ig . 5 C o m p a ra iso n  e n tre  les deflexions m esurées e t ca lcu lées p o u r  
d iverses ch aussées  d u  W a sh o  e n  fo n c tio n  de  la ch a rg e  essieu 

C o m p a riso n  b e tw een  ca lcu la te d  a n d  m e a su re d  s tra in s  fo r 
d ifferen t ro a d s  o f  th e  W ash o , as a  fu n c tio n  o f  th e  ax le load

des con tra in te s  sensib lem ent égales p o u r  des chaussées d ’épais 
seurs très d ifférentes, ce qu i d o n n e  une  ju stifica tion  des équ i 
valences announcées p a r  les Ingén ieu rs d u  W asho .

N o u s avons égalem ent p ro cédé  à  u n e  c o n fro n ta tio n  avec la 
résu lta ts  théo riques des déflexions m esurées su r des chaussées 
d ’épaisseurs différentes avec des charges variab les e t régulière 
m en t cro issan tes. N o u s  avons p o rté  su r  la  F ig . 5, en  fonction  
de la  charge su r essieux, en  tra its  p leins les d ro ites de régression 
des déflexions m esurées su r les chaussées d u  W asho  e t en 
poin tillé , les déflexions calculées. N o u s avons égalem ent dans 
ce cas, une  co n co rdance  re la tivem ent sa tisfa isan te , ob ten u e  en 
a ttr ib u a n t des valeurs aux  seuls tro is  pa ram ètres  rep résen tan t 
les m odules de défo rm atio n  du  sous-sol, de la  fo n d a tio n  e t du  
revêtem ent.

J. A . J. Sal as (Spain)

W ith  reg ard  to  th e  difference betw een th e  am o u n t o f  m oistu re  
u n d e r pavem ents in th e  B ritish  Isles an d  I ra q :  th e  difference 
betw een the  developm ent o f  m o istu re  co n ten t in hu m id  clim ates 
an d  a rid  clim ates w as described an d  em phasized  in  th e  Spanish  
re p o rt  to  th e  T en th  R o a d  C onference held  in Is tan b u l in  1955, 
w hen m o is tu re  p a tte rn s  o f  S pan ish  soils w ere p resen ted  w hich 
w ere typical o f  m o istu re  occurrence in  reg ions w here ra in fall is 
m uch  less th an  free su rface ev apo ra tion . A s w as th en  sta ted , 
a  m o istu re  p a tte rn  is n o t  ind icative o f  th e  d is tr ib u tio n  o f 
hum id ity  in  th e  soil because differen t fac to rs in  th e  soil, 
pa rticu la rly  its tex tu re , have to  be tak en  in to  considera tion . 
T h e  m ost perfect m eth o d  w ould , w ith o u t d o u b t, be to  determ ine 
th e  capillary  po ten tia l a t  each  p o in t, bu t th is is difficult as the

irregu larity  o f  m o istu re  d is tr ib u tio n  in a rid  c lim ates requ ires 
th e  investigation  o f  h u n d red s o f  spo ts. In  consequence, in 
o rd e r to  find a  sim ple m ethod , th e  ra tio s  o f  m o is tu re  co n ten t 
versus  liqu id  lim it w ere tested , an d  o f  m o is tu re  co n ten t versus  
percen tage o f  fines passing  sieve N o . 200, an d  a  desiccation  
index defined as:

log  m oistu re  c o n te n t - lo g  hygroscop ic m o istu re  a t  p F  6 

log  p lastic  lim it -  log hygroscop ic m o istu re  a t  p F  6

w as tried . A fter all these  a ttem p ts  th e  m ost rep resen tative  
value w as fo u n d  to  be th e  ra tio  o f  th e  m o is tu re  co n ten t versus  
p lastic  lim it.

By th e  study  o f  the developm ent o f  th is ra tio  it w as fou nd  
th a t in th e  soil, u n d e r a rid  c lim ate  cond itions, ‘c lo u d s’ o f  high 
m o is tu re  co n ten t a re  fo rm ed , principally  d u e  to  in filtra tion  
d u rin g  p eriods o f  ra in . T hese ‘c lo u d s’ develop slow ly an d  
chang e  th e ir  shape  an d  dep th , app aren tly  in  an  e rra tic  fash ion , 
frequen tly  tak in g  th e  fo rm  o f  perched  w ater tab les an d  never 
a tta in in g  equilibrium .

T his slow ness in  developm ent is due  to  the m o is tu re  transfer 
being  effected u n d e r len tocap illary  cond itions.

In  an  a rid  c lim ate  th e  an n u a l ev ap o ra tio n  fro m  hu m id  soil 
surfaces exceeds by fa r th e  an n u a l ra in fall. T h e  resu lt is th a t 
th e  ra in  w ater evapo ra tes rap id ly  u n til it  reaches th e  so-called 
‘ b reak  p o in t ’, w here th e  ev ap o ra tio n  ra te  decreases enorm ously . 
A  soil in  an  a rid  clim ate  has to  be w ith in  th e  ‘b reak  p o in t’ o r  
below  th e  ‘b reak  p o in t’ an d  therefo re  th e  len tocap illa ry  
cond itions prevail.

W hen  in  a  hu m id  c lim ate  equ ilib rium  cond itions o f  cap illary  
p o ten tia l can  be  a tta in e d  w hich s im u late  th e  h y d ro s ta tic  equ i 
lib rium . T he  p ro b lem s o f  th e  developm ent o f  hum id ity  in an  
a rid  clim ate  closely resem ble those  o f  m eteoro logy  affected by 
sm all g rad ien ts o f  tem p era tu re  an d  p ressure , involving all its 
difficulties a n d  uncerta in ties.

F u rth e rm o re , in  S pain  we have  follow ed u p  th e  stud ies o f  
th e  A u stra lian  engineers H . T . L ox ton , M . D . M cN icho ll an d
H . C . W illiam s, p resen ted  a t  the  T h ird  C onference o n  Soil 
M echanics, an d  a  d ra in ag e  index w as used as follow s:

N M C — G M C  

~  B M C - G M C

N M C =  N a tu ra l m o is tu re  con ten t.
G M C =  M o istu re  co n ten t in the  case o f  good  d ra inage, acco rd 

ing  to  H . T . L ox ton , M . D . M cN icholl an d  H . C. 
W illiam s.

B M C =  M o istu re  co n ten t fo r b ad  drainage.

A lth o u g h  these studies have n o t been sufficiently app lied  for 
a  p ro p e r conclusion  to  be reached , it is fe lt th a t th is  index m ay 
be useful.

W ith  reg ard  to  th e  question  p ro p o sed  by th e  G eneral 
R ep o rte r o n  th e  design o f  flexible pavem ents, e ither based on  
the resistance o r  based  o n  th e  d efo rm atio n  o f  th e  soil, m y view 
is th a t th e  question  shou ld  be  trea ted  in  tw o d ifferent ways. 
F irs t, w ou ld  th e  ro a d  engineer necessarily  choose his ro ad  
calcu la tions based  on  e ith e r th e  resis tance o r  on  th e  defo r 
m a tio n  ? Secondly , cou ld  th e  ro a d  engineer d isregard , a t  least 
in a  g rea t n u m b er o f  cases, o n e  o f  these tw o fac to rs ? M y reply  
to  th e  first question  is no . B o th  th e  ro a d  engineer an d  th e  
fo u n d a tio n  engineer have to  consider th e  tw o  aspects. I t  is a  
false position  if a p rio ri a  choice is m ad e  betw een th e  tw o ways 
o f  dealing  w ith  th e  question . H ow ever, a  rep ly  to  the  second 
question  p resen ts m o re  difficulty, as th e  ro a d  p ro b lem  is 
generally stan d ard ized — sim ilar loads app lied  u n d e r ra th e r 
sim ilar cond itions. F ro m  th is p o in t o f  view I  th in k  th a t th e  
p resen t p ractice  is g reatly  inclined  to  be  co n ten t w ith the  
c rite rion  o f  defo rm ation . In  effect, th e  tw o m ethods w hich,
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accord ing  to  th e  G en era l R ep o rte r, are  to d ay  m ain ly  em ployed  
are  based  o n  th e  c rite rio n  o f  d efo rm ation , as, in m y opin ion , 
the C alifo rn ia  B earing  R a tio  is a  test o f  deform ability .

F o r  th e  pu rp o se  o f  app ra is ing  it, it is useful to  ex tend  the  
test u n til  m uch  deeper p en e tra tio n s a re  o b ta in e d  th a n  those 
requ ired  fo r n o rm al tests. T h en  it is clearly show n how , in 
m ost soils, fa ilu re  a t  th e  0-1 in. p en e tra tio n  is n o t  p ro bab le . 
F u rth erm o re , we have  fo u n d  in  cohesive soils a  ra th e r  su r 
prisingly  good  co rre la tio n  betw een  th e  C B R  a n d  th e  m odulus 
o f  elasticity  o f  th e  soil, de term ined  by m eans o f  the  uncon fined  
com pression  test in  th e  zone w here th e  d iag ram  stress/s tra in  is 
still a  s tra ig h t line.

E vidently  in the  C B R  test one  p a r t  o f  shear fa ilu re  p roduces 
a certa in  confusion  in  the  pheno m eno n . T h is is m ain ly  due to  
the  fac t th a t th e  surface o f  app lica tio n  o f  the  load  is absolu tely  
rigid . T h is resu lts in  a  co n cen tra tio n  o f  stresses a t  th e  edges 
an d  a  local shear failu re. I t  is th is sh ear fa ilu re  w hich gives to  
the  sam ple its ‘p u n c h e d ’ aspect an d , consequently , th e  im 
p ression  o f  a  process w here shearing  stress prevails.

W e m ay then  conclude th a t th e  p resen t p ractice  o f  pavem ent 
design is based  o n  th e  d e fo rm atio n  o f  th e  soils. H ow ever, the  
question  o f  the  G enera l R ep o rte r does n o t refer to  th e  p resen t 
practice  bu t to  th e  p a th  to  be  fo llow ed in th e  fu ture .

A s a  m a tte r  o f  fac t we have seen m any  exam ples o f  failu re 
by shear stress o n  S panish  roads. In  ad d itio n  we have som e 
tim es observed  such failu res by shear stresses apparen tly  p ro 
duced  by only  one pass o f  a  heavy vehicle over th e  pavem ent, 
th e  general cond itions o f  w hich h a d  been  satisfacto ry  before. 
T his leads to  a  susp icion  th a t a lth o u g h  in  a  flexible pavem ent 
the ph en o m en o n  o f  d e fo rm atio n  acts by th e  fatigue o f  the  
surfacing  m ateria l, th e  p h eno m eno n  o f  sh ear fa ilu re  m ay  cause 
the destru c tio n  o f  th e  pavem en t by only  o n e  m oving  load  
passing  over it. T herefore , th e  to ta l q u an tity  o f  traffic shou ld  
p referab ly  be considered  u n d e r th e  defo rm atio n  crite rion . T he 
to ta l w eight an d  pressure  o f  th e  tyres o f  th e  heaviest vehicle 
th a t can  be allow ed o n  a  ro a d  shou ld  be  estim ated  from  co n 
s idera tions o f  shear fa ilu re  o f  th e  fo u n d a tio n  o f  th e  pavem ent. 
C onsequently , th e  ro a d  eng ineer in  p rac tice  sho u ld  dispose o f  
a  m eans fo r apprais ing , m o re  o r  less approx im ately , w hether 
load ing  to  a  p o in t o f  fa ilu re  is im m inen t, a p a r t  from  tests o f  
defo rm ability  w hich p erm it h im  to  rem ain  aw are  o f  th e  critical 
d efo rm ations w hich will p ro d u ce  u n d u e  fatigue in th e  pavem ent.

A. Kezdi ( H u n g a r y )

I sho u ld  like to  m ake tw o  rem ark s o n  th e  C B R  test based  on  
th e  w ork  o f  m y assis tan t S. L azanyi.

F irs t, th e  C B R  test depends o n  m any  fac to rs : th e  orig inal 
w ater co n ten t, th e  m eth o d  o f  com p ac tio n  an d  th e  w etting  o r 
dry ing  affecting th e  resu lts  an d  causing  reg u la r erro rs . By 
fixing th e  cond itions o f  th e  te st these e rro rs  can  be  elim inated. 
T he irreg u la r e rro rs  a re  caused  m ain ly  by th e  soak ing , th e  w ater 
co n ten t becom ing w holly  irregu lar an d  im possib le to  verify as 
is show n in F ig . 6. T h is illu stra tio n  gives th e  d is tr ib u tio n  o f  
w ater co n ten t in th e  com pacted  specim en afte r soaking . W ater 
co n ten t in th e  m idd le  zone is appreciab ly  low er th a n  n ea r th e  
m an tle  su rface ; th e  m ain  irregu larities ap p e a r o n  th e  to p  
su rface in  a  layer 3 to  5 cm  th ick . T ests on  specim ens m oulded  
w ith s ta n d a rd  an d  un ifo rm  m eth o d  b u t w ithou t soak ing  show  
th a t th e  sca ttering  in  th e  value o f  th e  C B R  is low  an d  com pletely  
to lerab le , th e  test resu lts a re  rep roducib le . I t  is p ro posed , 
therefo re , to  o m it soak ing  an d  to  exam ine the  v aria tio n  o f  
C B R  as a  fun ction  o f  w ater co n ten t an d  d ry  density.

F igs. 7 an d  8 show  th e  influence o f  these factors. A bove a  
ce rta in  w ater co n ten t there  ex ists a  critical density  above  w hich 
th e  C B R  decreases. T he  p eak  values co rresp o n d  to  a  definite 
degree o f  sa tu ra tio n  S = 0 -7 5 -0 -8 . A bove th is value th e  soil 
is p ractically  s a tu ra te d ; there  a re  only  unconnected  a ir  bubb les

in th e  voids, the re fo re  n eu tra l stresses develop an d  sh ear streng th  
decreases rad ically . A s show n in F ig . 8, th is  p heno m eno n  
occurs even in  fine sands.

(À . K ézd i con tinu ed  his rem ark s in F rench .)
V ous m e p erm ettez  de co n tin u er m on  exposé en  français 

p a r  co ns idéra tion  p o u r n o tre  R a p p o rte u r  général.
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Fig . 6 D is tr ib u tio n  o f  w a te r  c o n te n t in  th e  c o m p ac ted  specim en  o f  
th e  C B R  te s t a f te r  so ak in g  

R é p a r ti t io n  de  la  te n e u r  e n  e a u  d a n s  u n  é c h an tillo n  d a m é  de  
l’essai C B R  a p rè s  im m e rs io n

A y an t conscience de  l’im perfection  des théories p o u r  le 
d im ensionnem ent des revêtem ents, je  voudra is p résen te r quel 
ques idées applicables en p rem ier lieu  à  l’é tude  des ro u tes  du  
solcim ent.

Le sous-sol e t le revêtem ent cons titu en t u n  systèm e à  deux

F ig . 7 C B R  values a t  g iven w a te r  co n te n t versus d ry  density  

R a p p o r t  e n tre  les v a leu rs  C B R  p o u r  des te n e u rs  e n  eau  
dé te rm in ées  e t la  d en sité  à  l’é ta t  sec

couches su r la  su rface de co n tac t desquelles il ne  p e u t se p ro 
du ire  aucu n  dép lacem ent re la tif  h o rizon ta l. Il existe do n c  une 
p arfa ite  con tin u ité  aussi dans les tensions. Les tensions 
engendrées peuven t ê tre  déterm inées en  p a r ta n t de la  théorie  
de  B urm ister e t fa ire  l’in tég ra tion  des ra p p o rts  p o u r  le cas 
d ’une  charge u n ifo rm ém en t distribuée su r u n  d isque circulaire . 
L a  dé te rm in a tio n  des tensions p eu t se fa ire  p a r  la  g raph iqu e  de
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la  F ig . 9. Les tensions dépen den t, h o rs  de  l’épaisseu r du  
revêtem ent e t d u  d iam ètre  de  la  p laq u e  circu laire  d u  ra p p o r t 
des m odules d ’élasticité  d u  revêtem ent e t d u  sous-sol. L ’épais 
seu r d u  revêtem ent est déterm inée p a r  la  techno log ie  de  la 
construc tion . L a  charge de  la  ro u e , à  cons idérer com m e 
ag issan t su r le revêtem ent, e t la  su rface —  de  la  fo rm e ap p ro x i 
m ativem ent circu laire  —  tra n sm e tta n t la  charge  so n t aussi 
connues. E n  éxecu tan t u n  essai à  la  tra c tio n  e t à  la  com pres 
sion  un iax ia le  su r le  sol, au  dosage choisi, o n  p e u t d é term iner

Fig. 8 CBR and y j  versus w ater content a t constant compactive 
effort

R apport entre les valeurs CBR et y  à et la teneur en eau pour 
force de damage constante

la  ligne de  C o u lo m b  d u  m até riau  de  revêtem ent, c ’est-à-d ire, 
son  angle  de fro ttem en t in te rne  e t sa  cohésion . L a  résistance 
d u  revêtem ent sera  sa tisfaisan te , le cercel ca rac té r isan t l’é ta t  de 
tension  ne  to u ch era  p as  encore  la  ligne de C ou lom b  si l’inégalité  
su ivan te  subsiste :

au > az ~ a rl ta n 2 (4 5 ° + 2 )

les valeurs 0  e t c déterm inées de la  façon  p récéden te , se 
ra p p o rte n t à  l ’é ta t  de  ru p tu re  e t, ainsi, l’ap p lica tio n  de  la 
théo rie  de  l’élasticité  sera it in justifiable. E n  effet, il p e u t ê tre  
u tile  de fa ire  usage des résistances in térieures a p p a r te n a n t à  la

Fig. 9 Tensions sur la surface de contact de revêtement et du 
sous-sol

Stresses a t the boundary between pavem ent and soil

lim ite de p ro p o rtio n n a lité . C es valeurs so n t o b tenues si, su r 
les courbes a p p a r te n a n t à  la  tra c tio n  e t à  la  com pression  u n i 
ax iale, o n  dé term ine  le p o in t ju sq u ’o ù  les tensions e t les

Fig. 10 Courbes de déformation 

Strain curves

défo rm ations so n t p ro po rtio n n e lles  (F ig . 10). A vecces valeurs, 
o n  co n stru it les cercles de  M o h r, la  ligne tan g en te  com m u ne 
d onne ce q u ’o n  p e u t appeler la  ligne de C o u lo m b  ‘p ro p o rtio n 
n e lle ’, l’angle de  fric tion  p ro p o rtio n n e l d u  sol a insi q u e  la
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cohésion  (F ig . 11). A vec ces valeurs, o n  o b tien t la  résistance 
à  la  co m pression  requise. C ’est-à-d ire :

4>p
a /  >  <jz - o ri ta n 2 (4 5 ° +  - y )

A  l’a ide  de ce tte  résis tance , o n  p e u t dé term ine r le dosage 
nécessaire d u  c im ent.

Q uelques m o ts  enco re  su r  la  d é te rm in a tio n  des m odules 
d ’élasticité. O n  fa it des essais de m ises en  charges répétées en

J. G . Zeit l en (Israel)

I t  w as very  in teresting  to  n o te  C . van der  Veen’s re p o rt o f  
load ing  tests o n  th e  airfield  a t  B eek (4/20), an d  particu la rly  to  
n o te  h is co m parisons o f  C B R  d a ta  befo re  an d  a fte r co n stru c 
tion . U n q u estio n ab ly  m uch  value  is gained  by  com parisons 
o f  m ethod s, as well as p o s t-c o n stru c tio n  observations an d  tests 
such  as he  rep o rts .

H ow ever, I  w ou ld  like to  com m en t o n  th e  relatively  low
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Fig. 11 Déterm ination des lignes de Coulom b; de rupture et de 
proportionnalité 

Déterm ination o f the Coulomb fines; failure and pro- 
portionality

lab o ra to ire  à  l’a ide  d ’u n  œ dom etre , avec échan tillon  d u  sous- 
sol e t d u  sol-cim ent. L e  ra p p o r t  de  la  charge  app liqu ée  e t  de 
la  d é fo rm atio n  é lastique  fou rn isse  le  m odu le  cité. É ta n t d onné  
que  ce n ’est q u e  le ra p p o r t  des m odules d ’élasticité  d u  revête 
m en t e t d u  sous-sol qu i en tre  dans le form ules, les e rreu rs 
in h éren t à  la  d é te rm in a tio n  ne  so n t pas  te llem ent significatives.

H . Novais-Fer r eir a  (P o rtu g a l (A ngola))

M o n sieu r le p résid en t, m essieurs, dans des é tudes des sols 
p o u r fo n d a tio n  des ro u tes , o n  considère  souven t ch aqu e  couche 
géologique com m e un ifo rm e. T o u te  fois, ces couches ne son t 
p as u n ifo rm es e t spécialem ent dans le cas de  so ls résiduels. 
C ’est a insi que le sol de  l’A ngola , désigné localem ent p a r  
‘m u ceq u e ’ présen te  des carac téris tiques qu i le situe  en tre  A - 2 
e t A - 6. M algré  cela, ses p ro p rié tés  ne  varien t p as beaucoup  en  
ce sens que la  d ispersion  a u to u r  de la  va leu r m oyenne est petite.

Le degré de com pactage  e t la  ten eu r en eau  que l’o n  ob tien t 
dans la  co n s tru c tio n  d ’u n e  ro u te  n ’est p as un ifo rm e n o n  p lus 
m ais p résen te  certa ines fluc tua tions a u to u r  d ’u n e  m oyenne. 
U n e  cen ta in e  d ’essais su r p lusieu rs types de  so l: argiles, siltes, 
sables e t lim ons, o n t dém o n tré  que  les fluctuations des poids 
spécifiques o n t u n e  d is trib u tio n  d u  type de G auss. P o u r les 
C B R  ce so n t les logarithm es qu i o n t u n e  d istr ib u tio n  gaussienne. 
Ces lois o n t été vérifiées au  m oyen d ’essais sta tistiqu es de y }  e t 
o n  a  tro u v é  u n  degré de ce rtitu d e  acceptable.

L a  con jugaison  de ces deux lois confirm e égalem ent que le 
logarithm e d u  C B R  est p ro p o rtio n n e l au  po id s spécifique: 
y = a + b  log C B R . P o u r l’app lica tio n  de cette  loi il fa u t aussi 
co m p te r su r la  d ispersion .

D ’u n  au tre  cô té  la  défin ition  d u  C B R  du  p ro je t d o it ê tre  
faite  en  vue de la  p ro b ab ilité  de  la ru p tu re . L ’é tude  de l’aspect 
écono m ique  p e u t ê tre  fa ite ; elle m ’a  co n d u it aux  conclusions 
su ivan tes: si le c o û t des rép a ra tio n s  est d ’env iron  u n e  fois et 
dem i le co û t d ’exécu tion , les C B R , d ’éxécu tion  do iven t présen ter 
une  fréquence de  5 p o u r  cen t in férieu re  à  celui d u  p ro je t. Si 
les rép a ra tio n s  so n t enco re  p lus chères cette  valeur descend à  
2 p o u r  cent. E n  ce qu i concerne  les ro u tes  aux  rép ara tio n s à  
bo n  m arché, la  valeur de la  fréquence p eu t m o n te r à  10 p o u r 
cent.

\
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values o f  C B R  7 w hich  a re  rep o rted  fo r th e  orig inal field co n 
d itions as co m p ared  to  th e  average value o f  44 w hich w as 
fou n d  a fte r  co n s tru c tio n  an d  co m p ared  w ell w ith  th e  p la te- 
b earin g  tests. T h e  h igh  w ater co n ten t an d  average low  
density  o f  th e  1947 tests m ay be considered  largely  responsib le 
fo r  th e  low  bearin g  values, as m ay be  seen by p lo ttin g  C B R  
resu lts versus  w ater c o n ten t (F ig . 12) an d  C B R  versus  dry
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density  values (F ig . 13). T hese p lo ts have  been  o b ta in ed  by 
co m p u ta tio n , using  th e  bu lk  density  an d  m o is tu re  con ten t 
figures fu rn ished  in  C . van  der V een’s rep o rt.

T here  appea rs little  question  th a t  th e  orig inal C B R  values 
w ere well below  th o se  finally  o b ta in ed  a fte r  construc tion . 
H ow ever, it is n o t  obvious th a t th e  low  values a re  th e  resu lt 
only o f  soak ing , since th e  orig inal field m oistu re  w as a b o u t 
32 per cen t, an d  low  C B R ’s w ould  also  have been o b ta ined  o n  
u nso ak ed  sam ples. N o  tests w ere m ade o n  unso ak ed  sam ples.
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My basic ob jection  to  th e  conclusions o f  th e  re p o rt rests on  
th e  p o in t th a t resu lts o f  tests on  u n d is tu rb ed  sam ples a re  n o t 
o rd inarily  directly  app licab le  to  p red ic t th e  C B R  to  be  expected 
in a  subgrade. I f  th e  C orps o f  E ngineers pavem ent design 
m eth o d  is to  be  used, it shou ld  n o t be criticized unless it is used 
in  its en tirety . Specifically, in ad d itio n  to  un d istu rb ed  m ateria l 
being  tested  in th e  la b o ra to ry  o r  field, sub g rade  soil sho u ld  be 
tested  u n d er rem oulded  an d  com pacted  cond itions a t  various 
w ate r con ten ts. F o r  any  pavem ent, com p ac tio n  o f  th e  su b 
g rade is necessary to  p reven t de trim en ta l se ttlem ent u n d e r wheel 
loads, as well as to  im prove bearing  capacity . A t Beek there  
m ust have been subgrade  com p ac tio n — if n o t  in ten tionally , a t  
least u n d e r base course  com paction , as well as u n d e r la te r a ir 
traffic. P re lim inary  stud ies shou ld  have been accom plished  o n  
rem ou lded  soil, com pacted  a t  various in itia l densities an d  
m oistures. Such  a  study , as described in  deta il in  C orps o f  
E ngineers p u b lica tions, w ould  have  p ro v ided  a  fu ll p ic tu re  o f  
C B R  s tren g th  fo r d ifferen t cond itions, an d  w ould  en ab le  th e  
selection o f  th e  p ro p e r  C B R  value fo r design, based  o n  an tic i 
p a ted  field cond itions. M y  ow n experience w ith  stud ies o f  th is 
n a tu re  o n  such soils is th a t  lab o ra to ry  resu lts can  check well 
w ith  th e  C B R ’s encou n te red  in  la te r evalua tion  studies.

I t  is th u s felt th a t th e  case p resen ted , in  lacking  a  fu n dam en ta l 
stu d y  o f  subsoil C B R  behav iour, is inconclusive in estab lish ing  
th a t  C B R  sam ples tested  soaked  give an  u nder-estim ate  o f  the  
bearing  capacity  o f  flexible runw ays. I t  is recognized  as 
obviously  best to  test fo r stren g th  u n d e r cond itions o f  m oistu re  
a n d  density  co rrespo nd ing  to  those  in  th e  field a fte r con stru c 
tion . A lth o u g h  th e  soaked  C B R  does n o t  necessarily  rep roduce  
such cond itions, it will in  m any  cases give close results.

A  p o in t to  be stressed  is th a t  recogn ition  sho u ld  be  given to  
th e  increase o f  s treng th  because o f  co m p ac tio n  effort. A ny 
com p ac tio n  o f  soil, w heth er in ten tio n a l (fo r im prov ing  th e  
subgrade) o r  occurring  d u rin g  re-g rad ing  opera tio n s, usually  
gives a  ‘p re -s tre ss’ s tren g th  to  th e  soil. Such  stren g th  is 
re ta in ed  o n  la te r w etting , even if m oistu res a n d  densities com 
p a rab le  to  uncom p ac ted  soil a re  reached  a t  a  la te r tim e.

F u r th e r  co llection  an d  study  o f  field d a ta , such  as is now  
being  accom plished  by th e  U .S . C o rp s o f  E ngineers an d  o th er 
o rgan iza tions, w ill th ro w  m o re  ligh t on  th e  ac tu a l final m oistu re  
an d  density  cond itions to  be  expected  u n d e r pavem ents in 
differen t clim ates. T h e  techniques an d  ap p roaches u n d e r 
developm ent a t  th e  R o a d  R esearch  L a b o ra to ry  lo o k  particu la rly  
p ro m ising  fo r p ro v id ing  be tte r scientific m ethod s fo r  p red icting  
final m o is tu re  conditions.

P. L . Capper  (U .K .)

T he  design o f  a  ro a d  o r  run w ay  pavem ent, in com m o n  w ith  
o th e r  types o f  stru c tu re , depends u p o n  fo u r item s. F irs t, th e  
ap p lied  loads, secondly , th e  in terna l stresses, th ird ly  the  
defo rm ations, an d  fou rth ly , th e  m ode o f  fa ilu re  w hen over 
lo aded . A s  regards th e  subgrade, the  link  betw een th e  first 
tw o  an d  th e  las t tw o  item s depends u p o n  th e  re levan t soil 
p roperties . In  th e  C B R  m eth o d  o f  pavem en t design, th e  C B R  
itself an d  its re la tionsh ip  to  th e  pavem en t th ickness a re  b o th  
em pirical, a lth o u g h  in  P ap e r 4 /18 by W . J . Tur nbul l  an d  
R . G. Ahl vin an  a tte m p t is m ad e  to  find a  ra tio n a l re la tionsh ip  
betw een th e  load ing , th e  C B R  an d  th e  pavem en t thickness.

A  m o re  logical ap p ro ach  to  the  p ro b lem  w ould  be th e  use o f  
th e  e lastic  m odu lu s as th e  govern ing  soil p ro p erty . T he  pave 
m en t th ickness w ould  then  be chosen  so as to  lim it th e  de fo r 
m a tio n  o f  th e  sub grade  to  a  value w hich th e  pavem en t could  
su sta in  w ith o u t dam age.

In  P ap e r 4 /15 by U . Nasciment o an d  A . Simoes th e  au th o rs  
have  co rre la ted  th e  C B R  w ith  w ha t they  te rm  th e  m odu lu s o f  
s treng th , th a t  is, th e  m odulus o f  sub g rade  reac tio n  m u ltip lied  by 
th e  d iam eter o f  th e  p la te . Ign o ring  the  edge effects o f  the

load in g  p la te  th is  m odulus is, fo r an  e lastic  m ateria l, p ro p o r 
tional to  Y oung’s m odulus.

In  P ap er 4 /12  N . W. McLeod has s tud ied  th e  defo rm atio n  
characteristics o f  th e  soil by m eans o f  th e  p la te-bearing  test, an d  
analyses th e  to ta l deflection o f  th e  p la te  in to  e lastic  defo rm ation  
a n d  settlem ent. T he  ra tio  o f  se ttlem ent to  to ta l deflection 
show s su rprising  consistency, a n d  o n e  w ould  have  expected 
g rea te r differences ow ing to  v a ria tio n  in  th e  com p ac tio n  a t 
d ifferent sites. N . W . M cL eod  has also  ta k e n  in to  acco u n t a  
very im p o rta n t fac to r, th a t o f  repetitive  loading .

Som e experim en tal w ork  h as been  d one  a t  U niversity  
College, L o n d o n , to  de term ine  th e  re la tio n sh ip  betw een th e  
C B R  an d  Y o u n g ’s m odu lu s E ,  as m easured  in  th e  u n d ra in e d  
triax ia l test. T he  m ateria ls  used  w ere a  silty clay a n d  m ixtures 
o f  th is clay w ith  vary ing  p ro p o rtio n s  o f  sand . T h e  so il w as 
com pacted  a t  various m o istu re  con ten ts, using  B ritish  S tan d a rd  
com paction . W hen  th e re  is a  n o n -lin ear s tre ss /s tra in  re la tio n 
sh ip  it  is necessary to  define th e  m odu lu s a rb itra rily . In  these  
experim ents it h as been  tak en  as th e  m ean  ra tio  o f  stress to  
s tra in  over a  ran g e  o f  stress fro m  0 to  h a lf  th e  u ltim a te  sh ear 
stress. O ver th e  lim ited  ran g e  o f  m ateria ls  tested  th e  va lue  o f  
E  appea rs to  be directly  p ro p o rtio n a l to  th e  C B R  fo r values o f  
th e  m o is tu re  co n ten t betw een th e  P ro c to r o p tim u m  an d  th e  PL . 
B efore  any  defin ite conclusions can  be d raw n , fu r th e r  experi 
m ents a re  req u ired  covering  a  w ider ran g e  o f  soils, an d  co n 
s idera tion  sho u ld  be  given to  th e  effects o f  repe titive  loading .

J. Reicher t  (Belgium )

M o nsieu r le p résid en t, m esdam es, m essieurs, p lusieu rs 
irrégu larités rencon trées dans des résu lta ts  d a  ‘P la te  B earing  
T e s ts ’ exécutés ta n t p a r  le  ‘C en tre  de  R echerches, R ou tières 
de  B elg ique q u e  p a r  des expérim en ta teu rs d ’au tre s  pays nous 
o n t co n d u it à  exécu ter des ‘p la te  bearing  te s ts ’ en  rép é tan t les 
chargem ents u n  très g ra n d  n o m b re  de  fois su r  des sols e t des 
chaussées. Les durées des cycles de chargem ent o n t été de
2  secondes, i  ou  } de  seconde, su ivan t le cas. C erta in s des 
essais o n t été exécutés su r u n  g ran d  m assif artificiel e t o n t 
co m p o rté  de  200 à  300,000 rép étitions a lo rs que dans certa ins 
cas n o u s avons a tte in t 1,500,000 rép étitions. O n  n e  p e rd ra  pas 
de  vue que, dans u n  trafic  réel il s’écoule, en tre  deux charge 
m en ts successifs u n  laps de  tem ps assez im p o rtan t, p lusieu rs 
secondes o u  p lusieurs m inutes.

D a n s  sa  com m u nica tio n  4 /14 , G . Mor a l di a  m o n tré  q u ’il 
exista it u n e  co rré la tio n  en tre  la  non -linéarité  des re la tions 
défo rm atio n  z /lo g arith m e d u  n o m b re  n  de rép é titions, u n  
écrém ent ano rm alem en t élevé de  la  p en te  y  e t l ’a p p a ritio n  de 
phénom ènes d ’instab ilité , ru p tu re  de  la  dalle de b é to n  p o u r  des 
essais de co in  ou  refou lem en t ex térieu r p o u r  les chaussées 
flexibles.

N ous avons p u  vérifier cette  conclusion  lo rs d ’essais su r 
chaussées flexibles. D es p récau tions do iven t ê tre  prises p o u r 
les effets therm iques.

A  p a r tir  d ’au tres  résu lta ts , no u s avons p u  é ten d re  ce tte  co n 
c lusion  aux  cas de :

(1) C hargem ents jum elés répétés, m atéria lisan t le passage 
d ’essieux de cam ion  su r des dalles de béton . Les dalles o n t 
été poussées ju sq u ’à  ru p tu re . Ces essais o n t été exécutés à  la  
ro u te  expérim entale d ’H ekelgem , su r l’au to s trad e  Bruxelles —  
O stende (ro u te  expérim entale  avec dalles d ’épaisseurs différentes 
e t q u a tre  types de fo n dation ).

(2) L ors d ’essais su r du  sol (silt) e t des fo n d a tio n s diverses.
M ais, a lo rs que G . M o ra ld i a  é tab li q u e  ce phénom ène

d ’instab ilité  se p ro d u isa it p o u r  u n e  valeur très élevée d e  la 
pression, nous consta tons, au  con tra ire , tro is  fa its : (1) m êm e 
p o u r de très faibles valeurs de la  pression , les re la tio n s (z /log 10«) 
ne  sem blent p lus linéaires p o u r  u n  n o m b re  suffisant de répéti 
t io n s ; (2) après l’a p p a ritio n  d u  ‘c ro c ’ d ans les re la tions
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(z /lo g  lOn) les d éfo rm ations co n tin u en t à  au g m en te r; (3) si o n  
app liqu e  des p ressions cro issan tes répétées il se p ro d u it  des 
‘c ro c s’ p o u r  ch acu ne des valeurs des pressions.

E n  conséquence, si ces faits se confirm ent, la  m éth o d e  de 
G . M o ra ld i sera it inexacte en  ce q u ’elle ne  considère: (1) q u ’une  
seule va leu r de  p ression  critiq u e ; (2) q u ’un  n o m b re  tro p  re 
s tre in t d e  rép étitions.

E n  conclusion  de  to u t ce qui précède, l ’ex trap o la tio n  fa ite  p a r  
p lusieurs au teu rs  des résu lta ts  o b tenus après quelques rép éti 
tions (5, 20 o u  100 p a r  exem ple) à  u n  p lus g ran d  n o m b re  de 
répétitions est inexacte en  ce q u ’elle suppose la  linéarité  des 
re la tions (z /lo g  10«) qu i n ’est p as vérifiée en  réalité .

C eci a  u n e  répercussion  im m édia te  su r les re la tio n s d ’équ i 
valence de chargem ent. A  p a r tir  des résu lta ts  expérim entaux , 
n o u s avons p u :  (1) é tab lir de telles re la tions corrigées d ’équ i 
valence; (2) vérifier que l’effet de l’app lica tion  de charges, d o n t 
la  v a leu r est in férieu re  o u , to u t  au  plus, égale à  50 à  60 p o u r 
cen t de  la  valeur de la  charge  m ax im um  exercée est to ta lem en t 
insignifiant. Ceci co rro b o re  les résu lta ts de l’ac tio n  d ’u n  
trafic  su r  u n e  chaussée, p o u r  laquelle  les petites vo itu res so n t 
sans im portance  p a r  ra p p o r t  à  l’ac tio n  des essieux des cam ions.

Il se ra it u tile  d ’avo ir des exp lica tions détaillées su r les 
re la tions d ’équivalence e t les valeurs abso lues m ax im um  des 
défo rm ations données dans la  com m u nica tio n  4/6 .

D ’a u tre p a r t, n o to n s  que co n tra irem en t aux  résu lta ts ob tenus 
p a r  N. W. McLeod, com m u nica tio n  4 /1 2 , Fig . 2 , nous 
n ’ob ten o n s p as n o n  p lus de  re la tions linéaires, si o n  trace  un 
d iagram m e logarithm e d é fo rm a tio n /lo g arith m e  d u  n o m b re  de 
rép étitions, q u a n d  le n o m b re  de  rép étitions est supérieu r à  100 
qu i est la  va leu r ind iquée  p a r  M cL eod.

D ’après les résu lta ts  d ’essais, nous consta to n s que les valeurs 
des défo rm atio n s so n t d ’a u ta n t p lus faibles que la  fréquence de 
chargem ent est élevée.

Ceci n ’a-t-il p as p o u r  conséquence de co n d am n er les m odes 
de chargem ent qu i co rresp o n d en t p as aux  vitesses réalisées su r 
la  chaussée? C ’est, p a r  exem ple, le cas des essais de  charge 
m en t à  d éfo rm ations stabilisées: exam ple ( A z /A t ) ^ 0 - 0 2  m m / 
m inu te . C e dern ie r type d ’essai a  seu lem ent l’avan tage  d ’être  
du  cô té  de la  sécurité .

N o u s concluons égalem ent de nos essais q u ’il est tou t-à -fa it 
n o rm a l q u e  les valeurs des défo rm ations so n t d ’a u ta n t p lus 
faibles que les fréquances de chargem ent so n t élevées.

C e son t les quelques élém ents que je  vou lais so u m ettre  à 
vo tre  discussion.

G . Mor a l di (Ita ly)

M o nsieu r le p résid en t, m essieurs, dans m on  p ap ie r (4 /1 4 ) 
présen té  à  ce tte  d ivision e t co n ce rn an t les essais de chargem ent 
avec p laques p o u r  d é term iner la p o rtan ce  des pistes, j ’a i cru  
po u v o ir affirm er que l’accros sem ent b ru sque  de la  valeur des 
défo rm ations plastiques y  p o u v a it m ettre  en  évidence les 
phénom ènes d ’instab ilité  qu i se p ro d u isen t à  la su ite  d ’une 
aug m en ta tio n  de  la charge app liquée so it su r u n  sol, so it su r 
n ’im p o rte  quel type de révêtem ent, m êm e si o n  lim ita it le 
n om bre  de rép étitions à 4.

Les résu lta ts  des expériences de J . R eichert du  C en tre  de R ec 
herches, R ou tières de B elg ique, sem blent n o n  seu lem ent ren d re  
inexacte ce tte  affirm ation , m ais aussi p o r te r  à la conclusion  que 
p o u r n ’im p o rte  quelle  v a leu r de la  p ression  p  la linéarité  de la 
fonction  Z „ = Z 1 +  a  log n  ne  so it p lus respectée.

A yan t p ris connaissance des résu lta ts  o b tenus p a r  J. 
R eichert, m o n  o p in io n  est que, au  m oins p o u r ce qu i concerne 
les valeurs rédu ites de p  o n  ne se tro u v e ra it pas encore  de 
phénom ènes progressifs d ’instab ilité  qu i en tra în era it rap id e 
m en t la  ru p tu re , m ais p eu t-ê tre  p lu tô t de phénom ènes passagers 
com m e le p ro u v era it le fa it q u ’ap rès avo ir sub i une  inflexion la 
fo n c tio n  susd ite  rep rend  sa  linéarité ; c ’est com m e si o n  avait

a  fa ire  à  u n  ce rta in  m om en t à  u n  réa rran g em en t su r d ’au tres 
p ositions d ’équilibre.

M ais, à  p a r t  ces co nsidéra tion , je  voud ra is a ttire r  to u t 
particu liè rem en t l’a tte n tio n  de ceux qui s ’occup en t de l’exécu 
t io n  d ’essais de charge avec p laq u e  su r l’aspect scientifique e t 
l’aspect p ra tiq u e  d u  problèm e.

P o u r ce qu i concerne  l’asp ect scientifique, p u isq u ’il n ’y a  pas 
de do u te  que  les so ls e t les revêtem ents accusen t sous les charges, 
so it des d éfo rm ations élastiques, so it des d éfo rm ations p lasti 
ques, je  tro u v e  q u ’il est de la  p lus h au te  im p o rtan ce  d ’a d o p te r 
u n e  m éthod e d ’essais qu i m ette  en  évidence les deux  types de 
d éfo rm atio n  p lu tô t q u ’u n  seul, o u  la  défo rm atio n  to ta le ; 
ceci, n o n  seu lem ent p o u r  u n e  m eilleure com préh ension  des 
phénom ènes en  jeu , m ais aussi p o u r p o u v o ir p ré p a re r le te rra in  
à  ceux qui, dem ain  a rr iv e ro n t à  nous d o n n e r u n e  m éthod e 
an a ly tique  o u  em pirique  de calcul accep tab le  m éthod e  qu i 
p o u r ra  ê tre  basée so it su r les défo rm ations élastiques, so it su r 
les d éfo rm ations p lastiques, so it su r l ’ensem ble des deux 
défo rm ations.

L e  second aspect de la  q uestion  est to u t-à -fa it p ra tiq u e . 
N ’oub lion s p as  que la  p lu p a rt de n o u s som m es des ingénieurs 
e t que le p ro b lèm e u rg en t que les adm in istra tio n s no u s p osen t 
e t p o u r  la  so lu tio n  desquels nous ne  pouvo ns pas a tten d re  p lus 
longtem ps le ré su lta t d ’éxpériences fu tu res de longue durée, est 
de  d é term iner la  p o rtan ce  des revêtem ents des pistes e t des 
chaussées ex istan tes, p o u r p o u v o ir fa ire  face à  l’évo lu tion  rap id e  
des m oyens de tra n sp o rt aérien  e t à  l’au g m en ta tio n  d u  trafic  su r 
les rou tes.

O r, si j ’exam ine cet aspect du  prob lèm e, je  m ’aperço is q u ’au 
m om en t actuel, les conclusions auxquelles les expérim entateurs 
son t arrivés so n t les p lus différentes, n o n  seu lem ent p o u r ce qui 
concerne  la  définition d ’une charge lim ité o u  d ’une  charge de 
sécurité  q u ’u n  revêtem ent p eu t su p p o rte r, m ais encore plus 
p o u r ce qu i concerne la  techn iq ue  des essais e t le n o m b re  des 
rép étitions à  ad o p te r. Je  m e b o rn e  à rap p e le r p a r  exem ple, en  
m e ré fé ran t seu lem ent aux  pistes d ’av ia tio n  les 10 répétitions 
adop tées p a r  le H ighw ay R esearch  B o ard  et p a r  N . W . McLeod 

(4/12), les p lusieurs m illiers de rép étitions adop tées ailleurs, e t 
enfin l’absence de rép é titio n  ad o p té  p a r  u n e  ad m in istra tio n  
am éricaine.

L a dem ande que je  fo rm ule  à  vous tous qu i êtes intéressés à 
ce genre d ’essai est la  su ivan te : ne  serait-il pas  so u haitab le  de 
p ro fite r de l’occasion  un iq u e  que ce congrès n o u s offre en  nous 
a y an t réunis ici p o u r  chercher de d iscu ter en tre  nous les critères 
q u i o n t p o r té  à  des m éthod es si différentes e t vo ir s ’il n ’est pas 
possib le d ’a rriv e r à  ces conclusions com m unes acceptables ?

Je  réalise p a rfa item en t q u ’u n e  discussion  de ce genre ne 
p o u rra it  se fa ire  ici p ub liqu em en t p a r  m an q u e  de tem ps, e t p o u r 
n e  pas m ettre  à  tro p  d u re  épreuve la  pa tience  des au tres 
au d iteu rs; je  m e perm et dans ce cond itions de p ro p o se r la 
tenue  d ’une  réu n io n  am icale, p as le m oins du  m onde officielle 
j ’insiste particu liè rem en t su r ce po in t, stric tem en t lim itée à  tous 
ceux qu i o n t con trib u é  à é tu d ie r les p ro b lèm e de l’éva luation  
de la p o rtan ce  au  m oins de ‘p la te  bearing  te s ts ’.

L . Er l enbach (G erm any)

In  G erm any  we have in  th e  last few years bu ilt som e test 
ro ad s w ith  d ifferent types o f  bases an d  sub-bases particu larly  to 
test th e  qualities o f  flexible an d  rig id  bases fo r heavy traffic. 
T here  a re  tw o long  tru n k  ro a d s  in  S ou th  G erm any  w hich have 
differen t coa ts an d  bases an d  w hich a re  used  as test roads. 
O ne w as b u ilt in  1952, the  L ah r test ro a d  o f  4 k m  length , and  
th e  o th e r one w as b u ilt n ea r S tu ttg a rt, the  G ru n b ac h  test ro a d  
o f  5 km  length . D eta ils  o f  these ro ad s a re  pub lished  in tw o 
sm all booke ts by th e  G erm an  H ighw ay R esearch  B oard .

T he  L ah r ro a d  will be loaded  by ad d itio n a l con tro lled  traffic 
equalling  th e  W asho  ro ad  test. O n  one side o f  th e  ro a d  lorries
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F ig . 14

w ith  tra ilers o f  32 to n  (10 to n  to  each  axle) will ru n  an d  o n  the  
o th e r side lo rries w ith  24 to n  tra ile rs (8 to n  to  each  axle) will 
ru n  over th is ro a d  fo r six m onths. D u rin g  th is perio d  exact 
m easurem en ts will be m ade  o n  th e  lo rries, th e  tra ile r an d  o n  the  
ro ad .

I  should  like to  re p o rt  o n  som e details o f  the  second test ro ad  
n ea r G ru n b ac h  w hich lays in  th e  valley o f  th e  R iver R eurs. 
T he  subsoil consists o f  sandy  silt an d  is a  frost-heav ing  soil 
w ith  g ro u n d  w ater 1 m  u n d e r th e  surface. F ro s t p en e tra tio n  
in  th e  last few years w as nearly  70 cm . T herefo re  o n  th e  w hole

leng th  a  fro st-p ro tec tin g  layer o f  san d  an d  gravel, 30-42  cm  
th ick , w as p laced  an d  com pacted . F ig . 14a, b  an d  c  show s 
cross-sections o f  th e  ro a d  bed. Sections I  to  V I have asp haltic  
concre te  as a  to p  co a t an d  various bases o f  gravel, ro a d  m etal, 
asp haltic  base an d  concrete. Section V III h as a  concre te  to p  
an d  various bases. A ll th e  layers a re  well com pacted  an d  w ere 
tested  by th e  p la te-bearing  test an d  o th e r m ethods. A t different 
dep ths there  a re  e a r th  pressu re  cells an d  ap p a ra tu s  fo r m easuring  
th e  com pressib ility  an d  tem p era tu re  u n d e r th e  ro ad . M o re 
over, w eighing ap p a ra tu s  is b u ilt in to  th e  ro a d  to  w eigh each
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vehicle runn ing  over it. T h e  ro a d  has been u n d e r traffic for 
six m onths.

I  th in k  it w ould  be  extrem ely  va luab le  if all the  resu lts o f  test 
road s th ro u g h o u t th e  w orld  w ere collected.

D . J. Macl ean (U .K .)

O n  the sub ject o f  soil com paction , m y colleague, W . A . Lewis, 
has a lready  discussed th e  re la tive  m erits o f  v ib ra to ry  an d  
pneum atic-ty red  ro lle r co m p ac tio n  o n  th e  basis o f  th e  resu lts 
o f  o u r  researches a t  th e  R o a d  R esearch  L ab o ra to ry . I  should , 
how ever, like to  re fer to  th e  p ro b lem  o f  com pacting  g raded  
c ru shed  rock , w hich is th e  sub ject o f  P ap e r 4 /19 by W . J. 
Tur nbul l  an d  C. R . Fost er .

In  G re a t B rita in  w e lay c ru shed  ro ck  bases e ith e r by sp read 
ing a  layer o f  2 in. single-sized sto n e  an d  b lind ing  w ith  d ry  
fines o r  by lay ing  a  g raded  stone  a t  a  m o istu re  c o n ten t o f  a b o u t
5 p er cen t. In  b o th  cases w e p re fer heavy v ib ra to ry  com pac 
tion . W ith  th e  stone  la id  in  a  d ry  co n d itio n  we have fou n d  
th a t w ith  heavy v ib ra tin g  p la tes it is possib le  to  o b ta in  a  dry  
density  w hich  is n o t  subsequen tly  increased  by heavy ro a d  
traffic. W ith  th e  stone  la id  in  a  w et co n d itio n  there  appea rs 
fo r v ib ra to ry  co m p ac tio n  to  be a n  o p tim um  m ois tu re  co n ten t 
fo r o b ta in in g  a  m axim um  d ry  density  a ro u n d  5 p e r cen t. In  
th is w ay we avo id  th e  com ple te  sa tu ra tio n  o f  th e  base w hich is 
apparen tly  req u ired  to  o b ta in  a  h igh  s ta te  o f  com p ac tio n  w ith  
pn eum atic -ty red  rollers.

O n  th e  sub ject o f  pavem en t design I  w ould  agree w ith  the  
G enera l R e p o rte r  th a t  th e  p re sen t tren d  is to  co nsider th e  
m odulus o f  d e fo rm atio n  o f  soils as being  m ore  im p o rta n t th a n  
the  s treng th , b u t  a t  th e  sam e tim e I  w ould  suggest th a t even in  
th e  C B R  test som eth ing  m ore  ak in  to  a  m odulus o f  d efo rm ation  
th a n  to  s tren g th  is being  m easured . I  have  h ea rd  th e  sug 
gestion  m ade  in  th e  U .S .A . th a t  th e  C B R  test w ou ld  be im 
proved  by  basing  th e  m easu rem en t on  th e  lo ad  req u ired  to  effect 
a  p en e tra tio n  o f  th e  p lu n g er o f  0-04 in. a n d  th is  w ould  m ake 
th e  C B R  value m o re  n early  a  fun c tio n  o f  th e  m odu lu s o f 
defo rm ation .

In  sp ite  o f  m uch  research  o n  th e  sub ject th e  C B R  m eth o d  still 
m ain ta in s its p redom inance  over o th e r m eth o d s o f  flexible 
pavem ent design, an d  I  w ould  suggest th a t  before a  change is 
m ade w e m u st have  availab le  a  techn iq ue  fo r testing  th e  soil 
w hich rep resen ts an  im p o rta n t technical advan ce  over th e  C B R  
test. Im p o rta n t req u irem en ts o f  any  new  techn iq ue  are  th a t 
th e  p o re  w ater p ressu re  in  th e  soil sho u ld  be readily  ad justab le , 
th a t th e  p erm an en t d e fo rm atio n  o f  th e  soil u n d e r repeated  
app lica tions o f  stress an d  its m odu lu s o f  d e fo rm atio n  shou ld  
be capab le  o f  m easu rem en t, a n d  th a t  th e  test techn ique should  
be app licab le  to  base an d  sub -base  m ateria ls  as well as to  soils.
I have in  m ind  a  test w hich cou ld  be  app lied  w ith  equal co n 
fidence to  m ateria ls  d iffering in  th e ir p ro p erties  as m uch  as 
cem ent-stab ilized  soil an d  b itum en-stab ilized  soil. I t  w ould , in  
my o p in ion , rep resen t a  very big  advance if a  single test p ro 
cedure  cou ld  be used to  m easu re  th e  re levan t p ro p erties  o f  all 
types o f  m ateria l, includ ing  soils, used  in  ro a d  fo u ndations. I t  
seem s th a t, to  m eet th e  req u irem en ts I  have ind icated , th e  only 
su itab le  fo rm  o f  tes t w ou ld  be  a  triax ia l com pression  test in  
w hich th e  vertical stress can  be app lied  repeated ly . A  test o f  
th is type is a lready  being  s tud ied  fo r  soils a t  th e  U niversity  o f  
C alifo rn ia , an d  I  w ould  suggest th a t  th e  study o f  th e  test shou ld  
be w idened  to  include th e  full ran g e  o f  ro a d  fo u n d a tio n  
m ateria ls.

T h e  C B R  test is nevertheless p ro v in g  to  be a  conven ien t too l 
n o t only  fo r  pavem ent design p u rposes b u t a lso  fo r designing 
cem ent-stab ilized  soil m ixes. O u r experience suggests th a t 
because th e  stiffness o f  such  m ateria ls  is eva lu a ted  in  th e  C B R  
test u n d e r cond itions o f  re s tra in t, a  b e tte r ind ica tio n  is o b ta ined  
o f  th e  re lative stab ility  o f  such  m ateria ls  in the ro a d  s tru c tu re

th a n  w ith  th e  unconfined  com pressive stren g th  test th a t has 
been  w idely used  fo r soil cem ent h ith e rto .

O n  th e  sub ject o f  soil stab iliza tion , I  th o u g h t th e  evidence 
p ro v ided  by W . Aichhor n an d  W . St einbr enner  (4 /1) o f  the  
considerab le  resistance o f  stab ilized  soils to  freezing o f  im 
p o rtance . T heir resu lts confirm  B ritish  experience, a lthoug h  
th e  test cond itions, b o th  in  th e  lab o ra to ry  an d  in th e  field, were 
m o re  severe th a n  we have  stud ied . I f  th e  h igh  resis tance o f 
stab ilized  soils to  fro st can  be accep ted  as a  general conclusion  
th is m eans th a t such m ateria ls  can  be designed w ith  confidence 
purely  on  the  basis o f  th e  stren g th  req u ired  to  resist th e  repeated  
app lica tio n  o f  kno w n  stresses.

T he  G en era l R e p o r te r h as referred  to  P ap e r 4 /4 , by m y 
colleagues F . J. Gr imer  an d  N . F . R oss, w hich is concerned  
w ith  th e  p ro b lem  o f  stabilizing heavy clays. I  sho u ld  like to  
say th a t  the  sole ob ject o f  th is research  w as to  determ ine the  
red u c tio n  in  size o f  th e  clay aggregations req u ired  to  o b ta in  a  
sa tisfac to ry  clay-cem ent m ix. T h e  d a ta  o b ta in ed  a re  to  be 
used  in  connection  w ith  a  s tudy  o f  th e  perfo rm ance  o n  clay 
soils o f  ro ta ry  tille r m achines o f  th e  type used  in  soil stab iliza 
tion . A lth o u g h  h igh  cem ent con ten ts w ere used  fo r experi 
m en ta l p u rposes in  th e  la b o ra to ry  w ork , th e  resu lts indicate  
th a t  a  useful stabilizing effect can  be  o b ta in ed  w ith  heavy clays, 
given a  su itab le  m achine, w ith  econom ic p ro p o rtio n s  o f  cem ent.

O n  th e  question  o f  th e  possib ility  o f  using  trace  chem icals to  
im prove  soil p ro perties , I  w ould  refer to  th e  p ap er by C lare  an d  
m yself to  th e  Z u rich  conference in  w hich w e show ed th a t 
ce rta in  active chem icals m arked ly  affected th e  suc tion  pro perties 
o f  soils, an d  th a t to  eva lua te  th e  s tren g th  o f  trea ted  soils in  the 
ro a d  s tru c tu re  it is necessary to  p erm it th e  m ateria l in  the 
lab o ra to ry  tes t to  reach  a n  u ltim a te  m o is tu re  con ten t. I  w ould 
suggest th a t  a  full eva lua tion  o f  th is type o f  p rocess, so fa r as 
ro a d  fou nd a tio n s a re  concerned , requ ires m easurem en t o f  the  
stren g th  o f  th e  trea ted  soil to  be  m ad e  u n d e r equ ilib rium  p o re  
w ater cond itions co rrespo nd ing  to  a  ran g e  o f  w a te r tab le  levels.

T he  use  o f  trace  chem icals to  im prove  th e  p ro perties o f  
stab ilized  soil m ixes in  w hich P o rtla n d  cem ent o r  b itum en  are  
used is und o u b ted ly  a  sub ject o f  considerab le  im p o rtan ce  in 
ro a d  engineering  an d  one  in  w hich we a t  th e  R o a d  R esearch  
L ab o ra to ry  have  ta k e n  som e in terest. O u r view  is th a t a  
secondary  add itive  can  affect th e  b ehav iou r o f  e ither th e  soil 
o r  th e  p rim ary  stab ilizer o r  b o th  togethe r. F o r  exam ple, w hen 
sod ium  ch loride  is fou n d  to  increase th e  stren g th  o f  a  soil- 
cem ent m ix tu re  th is m ay resu lt from  a  change in  th e  s tru c tu re  
o f  th e  soil o r  to  an  acceleration  o f  th e  reac tions w hereby the  
cem enting  m atrix  is p ro d u ced . T here  is n o  d o u b t th a t  th e  
m echan ism  w hereby these trace  chem icals o p e ra te  cou ld  be 
highly  com plex an d  essentially  requires a  fun d am en ta l ap p roach . 
I t  is encou rag ing  to  see fro m  th e  p resen t proceedings th a t  th is 
is being un d ertak en .

D . Cr oney (U .K .)

A t th e  open ing  session o f  this conference th e  G eneral 
R e p o r te r to  D ivision  1, I . T h . R osen qu ist, w as strong ly  su p 
p o r te d  by o u r  P resid en t w hen he  stressed  the fu n d am en ta l 
im p o rtan ce  o f  m o is tu re  re ten tio n  an d  m o istu re  m ig ra tio n  in 
soil. In  n o  b ra n ch  o f  soil m echanics can  th a t be m ore  true  
th a n  in  th e  soil m echanics o f  ro ad s an d  runw ays. T heir 
shallow  fo u n d a tio n s a re  vu lnerab le  to  th e  effects o f  clim atic 
changes w hich m ay  be  all th e  m ore  effective because o f  the  
com paratively  ligh t vertical p ressures exerted  by th e  s truc tu res 
them selves.

T he m echanism  by w hich  w ater is re ta in ed  in  th e  soil s tru c 
tu re  an d  by w hich it  is enab led  to  m ove from  one p o in t to  
a n o th e r is o f  th e  g reatest im portance  an d  it is gratify ing  to  see 
th e  ever-increasing  in terest w hich  it is a ro using  b o th  in  the  
fields o f  soil m echanics an d  soil science. O u r discussions a t
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th is conference have show n how ever th a t we a re  still a  long  
w ay fro m  un d erstan d in g  th is p ro b lem  fully, an d  w e a t  th e  R o a d  
R esearch  L ab o ra to ry  in  E n g lan d  have  fo r a  long  tim e been 
fo llow ing th e  therm odynam ic  ap p ro ach  to  soil m oistu re . T his 
a p p ro ach  enables th e  u ltim ate  m o is tu re  d is tr ib u tio n  b enea th  
pavem ents to  be  calcu la ted  irrespective o f  th e  m echan ism  by 
w hich th e  m o istu re  is re ta in ed  an d  irrespective o f  w heth er the 
m ig ra tion  o f  m o is tu re  takes place in  th e  liqu id  phase  as a  resu lt 
o f  h y d ro sta tic  pressu re  grad ien ts, in  th e  v ap o u r phase  as a  resu lt 
o f  v ap o u r p ressu re  g rad ien ts o r  as a  resu lt o f  local freezing in 
th e  soil.

T he  absence o f  m ethod s o f  estim ating  th e  u ltim ate  m o istu re  
con d itio n  in th e  soil b enea th  ro a d  an d  airfield  pavem ents is 
surely  one  o f  th e  m ain  reasons w hy th e  developm ent o f  fu n d a 
m en ta l m ethod s o f  pavem ent design h as been  slow, an d  w hy th e  
soil m echanics o f  shallow  fou nd a tio n s is fun dam en ta lly  so  fa r 
beh ind  th a t b ra n ch  w hich trea ts  o f  deeper bu ild ing  fou ndations . 
I t  is o f  little  ad van tage  to  app rec ia te  th a t  soil tests a re  necessary 
in  th e  design o f  pavem ents unless th e  cond itions u n d e r w hich 
th e  tes t sho u ld  be carried  o u t can  be postu la ted .

P apers o n  th e  R o a d  R esearch  L a b o ra to ry  ap p ro ach  to  soil 
m o istu re  m ig ra tio n  have been co n trib u ted  to  th e  tw o previous 
conferences an d  in  th e  p resen t proceedings P ap er 4 /2  (by 
W . P. M . Bl a ck an d  D . Cr oney) describes field experim ents 
co n du cted  in  G re a t B rita in  over th e  p as t seven years, in  w hich 
th e  m ethods have been  subjected to  p rac tica l field verification. 
In  these  experim ents a  carefu l search  has been  m ad e  fo r any  
evidence o f  therm al m o is tu re  m ig ra tio n  e ither in  th e  v ap o u r 
phase  o r  by th e  process o f  therm o-osm osis. N o  evidence o f  
any  app reciab le  m ig ra tio n  o f  th is type w as fou nd . H ow ever, 
th e  sm all tem p era tu re  g rad ien ts an d  th e  com para tive ly  low  a ir 
voids in  th e  soil w ould  n o t  have  been  conducive to  such 
m ovem ents.

T here  is n o  d o u b t th a t steadily  app lied  tem p era tu re  g rad ien ts 
d o  cause a  m ig ra tion  o f  m o is tu re  tow ards low  tem p era tu re  
areas. W e have th e  w ork  o f  S m ith  in  A m erica , M aclean  an d  
G w atk in  in  G re a t B rita in , M arshall an d  G u rr  in A u stra lia  as 
well as th e  in teresting  experim ents described in  th e  p resen t 
papers  by P. Habib an d  F . Soeir o ( l a / 10) to  su p p o rt th is view. 
F u rth e rm o re , in  th e  field o f  electrical engineering  th e  m ig ra tion  
o f  m o istu re  from  the soil su rro u n d in g  w arm  heavily  loaded  
cables reduces th e  therm al conductiv ity  o f  th e  soil an d  leads to  
th e  con d itio n  referred  to  as ‘ru n -a w a y ’ w here tem pera tu res  
bu ild  u p  dangerously . H ow ever I  have  n o t m yself seen any  
conclusive evidence th a t  th e  daily  an d  an n u a l sinuso idal fluctua 
tions o f  soil tem p era tu re  p ro v id ed  by n a tu re  d o  in  fac t lead  to  
a  therm al m ig ra tion  o f  w ater likely to  affect th e  stab ility  o f  
pavem ents. U n d o u b ted ly  a  soil covered  w hen d ry  will tend  
to  becom e w etter u n d e r certa in  cond itions b u t in  th e  cases 
w hich I  have investigated  th is u p w ard  m ig ra tion  h as been co n 
sisten t w ith  an tic ip a ted  changes o f  p o re  pressure.

In  a n  a ttem p t to  o b ta in  m ore  evidence in  connection  w ith  
th e rm al m o istu re  flow , th e  B ritish  A ir M in istry  in  co -o p era tio n  
w ith  th e  R o a d  R esearch  L a b o ra to ry  has carried  o u t very sim ilar 
tests to  th o se  rep o rted  by L. W. Ha t her l y an d  M . Wood in  
P ap e r 4 /5  in  th is D iv ision . O ver a  p e rio d  o f  several years 
m o istu re  con ten ts w ere m easured  a t  v arious dep ths an d  a t 
m on th ly  in tervals ben ea th  im pervious surfacings a n d  in  th e  
ad jacen t exposed verges. T hese experim ents w ere condu c ted  
a t  various overseas a ir  s ta tions rep resen ting  a  w ide ran g e  o f  
c lim atic  cond itions. In  som e cases th e  seasonal v a ria tio n  o f 
tem p era tu re  w as as m uch  as 17° C. an d  th e  daily  v a ria tio n
11 ° C . A lth o u g h  th e  analysis is n o t yet com pleted , n o  evidence 
o f  any  app reciab le  m o is tu re  accum ula tion  u n d e r th e  pavem ents 
d ue to  seasonal tem p era tu re  g rad ien ts has been  fo u n d  even 
u n d e r cond itions w hich m igh t be expected to  fav ou r v ap o u r 
m igration .

In  analysing  th e  resu lts o f  experim ents o f  th is type, w here  the

m o is tu re  c o n ten t borings necessarily  ex tend  over a  considerab le  
a rea , ca re  m u st be  tak en  to  d istingu ish  betw een  v aria tions o f  
m o is tu re  d u e  to  m o is tu re  m ig ra tio n  an d  th o se  associated  w ith  
changes o f  soil type. A  valid  ap p ra isa l o f  L. W . H a th e rly  an d  
M . W o o d ’s p a p e r  is difficult to  m ak e  because o f  th e  absence 
over th e  g rea te r p a r t  o f  th e  experim ents o f  plastic ity  d a ta . T o  
investigate th is  m a tte r  scientifically  I  feel th a t  w e m ust exclude 
th e  p ro b lem s arising  from  v aria tio n s o f  soil type  by m easuring  
changes o f  p o re  w ater p ressure  ra th e r  th a n  m o is tu re  co n ten t. 
T he  difficulty is th a t th e re  a re  a t  p re sen t n o  re liab le in  s itu  
m ethod s o f  m easu ring  h igh  negative  p o re  w ater pressure. 
W ith  p re sen t know ledge how ever it sh o u ld  n o t  be  difficult to  
develop  su itab le  gauges a n d  th is m a tte r  is a t  p re sen t u n d er 
co n s id era tio n  a t  th e  R o a d  R esearch  L ab o ra to ry .

I  personally  w ould  be very g lad  to  h e a r  th e  views o f  th e  
delegates o n  th e  im portance  w hich  they  feel sho u ld  be  a ttach e d  
to  v ap o u r o r  th e rm o -o sm o tic  flow. T h is w ou ld  be o f  the  
g reatest help  in  fo rm u la tin g  any  fu tu re  research  p ro g ram m e.

O n th e  G en era l R e p o r te r’s p o in t th a t  th e re  ap p ea rs  to  be 
som e difference o f  conclusion  betw een p ap ers  o f  L . W . H ath e rly  
a n d  M . W o o d  an d  th a t o f  W . P. M . B lack  an d  m yself, I  w ould  
like to  em phasize  th a t  th e  conclusions in  o u r  p a p e r  a re  based  
o n  B ritish  cond itions, w here  w ate r tab les a re  generally  close to  
th e  surface. J . A . J. Salas h as discussed th is  p o in t. H ow ever, 
in  view  o f  th e  relatively  h igh  w ater co n ten ts  m easu red  by L . W . 
H a th e rly  an d  M . W o o d , I  am  su rp rised  th a t  they  fo u n d  such 
large m o is tu re  v aria tio n s u n d e r th e  pavem ent. I n  m y view 
these  large v aria tio n s m ust have been  d u e  p rim arily  to  changes 
o f  soil type over th e  test area.

K . Russam (U .K .)

T h e  effect o f  tem p era tu re  g rad ien ts o n  th e  m o is tu re  d is tri 
b u tio n  in  th e  sub grade  an d  th e  v a rious layers w hich com pose  a  
ro a d  o r  airfield  pavem en t is o f  p a rticu la r in terest to  w orkers 
w ho a re  concerned  w ith  m ethod s o f  pavem en t design to  be  used 
in  te rrito rie s  w here  ex trem e clim atic  cond itions a re  m et. T he  
effect o f  tem p era tu re  g rad ien ts h as received considerab le  
a tte n tio n  fro m  theo re tica l w orkers, an d  m any  in teresting  
lab o ra to ry  experim ents such  as th a t rep o rted  in  P ap e r l a / 10 by 
P. Habib an d  F . Soeir o have  been  carried  ou t. H ow ever, 
th e re  have been  few d irec t field experim ents to  de term ine  the  
consequences resu lting  from  th e rm a l grad ien ts. T h e  evidence 
p resen ted  in  P ap e r 4 /5  by L . W. Ha t her l y a n d  M . Wood is 
therefo re  w elcom e, a n d  a lth o u g h  n o t conclusive does suggest 
th a t  m o is tu re  m ig ra tion  due to  tem p era tu re  g rad ien ts does tak e  
p lace u n d e r ro a d  pavem ents an d  can  resu lt in  a  bu ild  u p  o f  
m oistu re .

A s previously  m en tioned  by D . C roney , an  analysis o f  records 
o f  soil m o istu re  con ten ts ben ea th  paved  an d  u n p av ed  areas in 
overseas airfields is being ca rried  o u t a t  th e  R o a d  R esearch  
L ab o ra to ry . T h e  analysis suggests th a t o n  san d  subgrades any  
m o istu re  m ig ra tio n  due to  tem p era tu re  g rad ien ts is n o t  o f  
sufficient m agn itude  to  effect m ateria lly  the  stren g th  o f  th e  soil, 
an d  does n o t  p resen t a  pavem ent design p rob lem . B eneath  
sealed ro a d  o r  airfield  pavem ents heavy clay subgrades generally 
rem ain  a t  o r  n e a r  sa tu ra tio n  th ro u g h o u t the  year an d  m ig ra tion  
in  th e  v ap o u r phase  can n o t th en  tak e  p lace  except possib ly  
th ro u g h  co n tin u o u s fissures. S ince th e  effect o f  tem p era tu re  
o n  th e  suction  p ro perties o f  soil is also  relatively  sm all, m igra 
t io n  o f  w ater in  th e  liqu id  ph ase  th ro u g h  clays solely because 
o f  th e rm al grad ien ts is n o t likely to  o ccu r in app reciab le  
am oun ts. I t  w ou ld  ap p e a r likely, therefo re , th a t therm al 
effects will be m ost im p o rta n t in  th e  case o f  th e  in term edia te  
class o f  soils such as sandy clays an d  silts w hich, because o f  
th e ir s truc tu re , co n ta in  a ir  vo ids enab ling  v a p o u r m ovem ents 
to  occur an d  w hose s treng th  can  rap id ly  decrease w hen th e  soil 
becom es wet.
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The conclu sion  o f  L . W . H ath e rly  an d  M . W o o d  th a t  pave 
m en t design in I ra q  shou ld  be based  o n  th e  charac teris tics o f  
th e  soil in a  sa tu ra ted  co n d itio n  (I p resum e th is  m eans th e  
soaked  cond ition ) seem s how ever to  be ra th e r  a  w ide ex tra 
po la tio n . I t  w ou ld  be in teresting  to  know  if  th e  soil is in  po in t 
o f  fac t sa tu ra ted  a t  th e  h ighest m o is tu re  con ten ts m easu red  an d  
how  th is co n d itio n  com pares w ith  th a t  o f  th e  soaked  sam ple.

A . R . Jumikis (U .S .A .)

I t  is  encou rag ing  to  observe in  P ap e r 4 /5  (by L . W. Hat her l y  

an d  M . Wood) th a t  engineers now  p ay  increasing  a tte n tio n  to  
th e  soil m o is tu re  m ig ra tio n  p ro b lem  an d  th e  consequen t change 
in  physical p ro perties o f  soil. I t  is also  o f  in te rest to  have d a ta  
o n  reco rd  o f  soil tem p era tu re  an d  m o is tu re  cond itions in  Iraq .
Ker st en ( 1 9 4 4 , 1 9 4 5 )  has also  p resen ted  soil m o istu re  d a ta  

u n d e rn ea th  rig id  a n d  flexible airfield  pavem ents b u ilt in  arid , 
sem i-arid  an d  hu m id  reg ions. N o  m a tte r  by w hich soil 
m o is tu re  tra n sp o rt m echan ism  th e  m o is tu re  accum ulates u n d er 
th e  pavem ent— by film , cap illa rity  o r  v ap o u r, w heth er th e  
upw ard  m o is tu re  tra n sp o rt  is s ta rted  u n d e r freezing o r  n o n 

freezing cond itions, o r  w heth er u n d e r th e  influence o f  a  therm al 
p o ten tia l w ater is set free  u n d e rn ea th  a  pavem en t by thaw ing— 
excess m o istu re  in  soil changes its o rig inal sh ea r streng th , 
causing  pavem ents u n d e r load  to  d efo rm  o r  even b reak  (Wint er - 
kor n, 1945; R ep o rt, 1950; Tur ner  an d  Jumikis, 1956; 
Jumikis, 1955).
Br eazea l e an d  his co -au th o rs  (1951) a lso  re p o rt som e soil 

m o istu re  d a ta  u n d e rn ea th  an d  ad jacen t to  an  a sp h a lt runw ay  
a t  an  a ir  base  n ea r T ucso n , A rizona , w hich confirm  q u a n tita 
tively th e  ph en o m en o n  o f  accum ula tion  o f  soil m o istu re  
u n d e rn e a th  a  pavem ent.

T h e  m ig ra tion  o f  soil m o istu re  from  w arm er reg ions to  coo ler 
ones is a  un iversal p h eno m eno n  w hich occurs in  hum id  as well 
as a rid  reg ions. T em p era tu re  differences caused  by shad ing  
th e  g ro u n d  surface w ith  a  cover, fo r  exam ple, an  im perv ious 
p avem en t o r  stru c tu re , in  w arm  seasons cou ld  cause th e  soil 
m o is tu re  to  m igrate  tow ards th e  chilled o r  co ld  fro n t, w hichever 
th e  case is (Jumikis, 1955, 1956), F igs. 15 an d  16.

I t  is im possib le from  P ap er 4 /5  to  evaluate  th e  au th o rs ' 
o p in ion  as to  th e  m eans by w hich th e  soil m o istu re  accum ulated  
u n d e rn ea th  th e  im pervious, flexible pavem ent, w hether by

Frozen ground surface 

, Unfrozen G.S\-
\  i  Frost heave io° 

..................... XAh /
°+°F

Fig. 15 Sketch illustrating the concept o f uni-dimensional upward flow of soil moisture towards the 
frost boundary (or ice lens) upon freezing—open system 

Schéma illustrant l’idée d’un mouvement uni-dimensionnel vers le haut de l’eau contenue dans 
le sol, vers la limite de glace (ou lentille de glace)—système sans couverture

T , Surface temperature

wGround surface

F ig . 16
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v apou r diffusion o r  by o th e r  m o is tu re  tra n sp o rt m echanism s, 
since they  have  n o t p resen ted  th e  basic  in fo rm atio n  u p o n  w hich 
such  an  ev a luation  cou ld  be m ade. T he  a u th o rs  d o  n o t  rep o rt 
any  layers o r  s tra tification  o f  soil types, n o r  difference in  soil 
tex tu re  w hich m igh t cause non -u n ifo rm  soil m o is tu re  d is tri 
b u tion , such  as, local zones o f  sa tu ra tio n  o r  a  perched  g ro und  
w ater tab le . In  the  absence o f  d a ta  no  reasonab ly  app ro x im ate  
ca lcu la tions can  be m ade  re la tive  to  ra tes an d  am o u n ts  o f  h ea t 
an d  m o is tu re  transferred , o r  th e  degree o f  sa tu ra tio n  o f  th e  soil. 
I t  is a n  estab lished  fac t th a t  th e  size o f  th e  voids determ ines the  
m o is tu re  tran sfe r m echanism . T h is idea is illu stra ted  in  
F ig . 17. I t  has a lso  been show n th a t  so il m oistu re  transfer 
in  th e  v ap o u r phase  is m o re  likely to  tak e  place in  coarse  voids 
th a n  in  fine ones (Beskow, 1955; Jumikis, 1957; Ca r a zza , 
1953). T h e  so u th e rn  end  o f  th e  M eso p o tam ian  V alley surely  
con ta in s m uch  silt an d  p len ty  o f  clay. I t  is also  h a rd  to  im agine

2. Film transfer

100%

4. Assum ed total amount of 
moisture transferred by 
various transfer mechanisms 
o f various porosities

Fig. 17 Various moisture transfer mechanisms and their effects on 
the am ounts o f moisture 

Différents mécanismes de transport de l’humidité et leur 
effet sur les quantités d ’eau transportées

w ith o u t ad eq u a te  exp lan a tio n  w hy g ro u n d  w ater sho u ld  n o t 
be  p re sen t in  th a t  valley.

I t  w ould  be desirab le fo r th e  a u th o rs  to  describe w hether th e ir 
p avem en t is in  cu t, fill o r  o n  level g ro und , an d  to  say clearly  its 
size an d  w heth er it is a  runw ay  o r  a  h ighw ay pavem ent, an d  if 
it is periodically  flooded. I t  is likew ise n o t only desirab le  b u t 
fun d am en ta l to  show  th e  soil profile  an d  p ro perties an d  the 
positio n  o f  th e  w ater tab le  in  o rd e r to  su p p o rt th e  a u th o rs ’ 
conclusion  th a t  th e  pavem en t design  shou ld  be based  upon  
sa tu ra ted  soil cond itions. I t  is a lso  felt th a t  th e  auger ho les in  
th e  B aghdad  area  as rep o rted  a re  fa r  to o  few to  m ake a 
generalized  conclusion  o f  S ou th ern  Iraq .

T he au th o rs  do  n o t ind ica te  w hether th e  soil m o is tu re  con ten t 
increases progressively  u n d e r th e  pavem en t over a  p e rio d  o f  
tim e o r  w heth er it app roaches asym pto tically  som e co n stan t, 
final value w hich m ay  be  less th an  sa tu ra tio n . M y observation  
is th a t  th e  rep o rted  soil m o istu re  co n ten ts  a re  som ew hat above  
th e  PL , an d  fa r below  th e  L L  in th e  first 3 to  4 m  below  th e

g ro u n d  surface. T he  PI ran ge  betw een th e  3-5 to  5 m  dep ths 
is som ew hat n a rro w er th a n  above  these  depths.

T he m eth o d  o f  m easu ring  so il tem pera tu res  by stick ing  a  
m ercury  the rm o m eter in to  d is tu rb ed  soil b ro u g h t u p  by a  m eta l 
auger from  a  d ep th  as g rea t as 5 m  ca n n o t be sa id  to  con fo rm  
to  cu rren t scientific practice , an d  can  be  considered  only  as a 
ro u g h  ro u tin e  m easure. In  th is respect th e  p a p e r  p ro b ab ly  
show s th e  need fo r m ore  re liab le m ethods o f  m easu ring  soil an d  
g ro u n d  w ater tem peratu res.

T he  w ide v aria tio n  in  soil p ro p erty  such as th e  L L  a t  com 
p a rab le  elevations fo r various m on ths, as reflected particu larly  
in  T ab le  1 o f  th e  paper, can  m ean  one o f  th e  follow ing th ings :
(1) th e  soil sam ples w ere tak en  to o  fa r a p a r t;  (2) they  w ere 
tak en  fro m  different d ep th s ; (3) th e  testing  w as inaccu ra te ;
(4) freq u en t m an ip u la tio n  has b ro k en  th e  soil partic les dow n 
in to  finer sizes. A t t e r b e r g  (1911) an d  C a s a g r a n d e  (1932) 
have show n th a t tem pera tu res  betw een 20 an d  40° C . d o  n o t  
appreciab ly  affect th e  L L  test results.

I t  seem s th a t th e  tem p era tu re  o f  20° C . in  Jan u a ry  1954 a t  
th e  3 m  d ep th  (F ig . 1, p. 115, V ol. 2) sho u ld  rea d  30° C . to  be  
consis ten t w ith  th e  tem pera tu res  a t  th e  ad jacen t p o in ts  o f  
co -o rd ina tes : likew ise, th e  correc t m o is tu re  c o n ten t in  Jan u a ry  
1955, a t  the  2-5 m  d ep th  (T ab le  1, p . 117, V ol. 2), sh o u ld  be 
W =  28 p e r cen t as in  F ig . 2, an d  n o t 22 p e r cen t. M in o r d is 
c repancies betw een ta b u la r  d a ta  a n d  g raphs can  also  be 
no ticed , particu la rly  a t  d ep ths betw een 3-5 m  an d  5 m , b u t these 
d o  n o t affect th e  sub ject m atter. I  consider th a t  m o re  d a ta  a re  
necessary fo r a  co rre la tio n  to  be  estab lished  betw een th e rm al 
properties , m o istu re  re la tionsh ip  an d  som e o f  th e  sim pler soil 
index  p roperties .
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N . V. Or na t skij (U .S .S .R .)

M o nsieu r le p résiden t, m esdam es, m essieurs, p a rm i les 
d ifférents p rob lèm es qu i in téressen t ce tte  section  de  n o tre  
conférence, n o u s considérerons p articu liè rem en t com m e im 
p o r ta n te  p o u r  l’U .R .S .S . —  à  p a r t  des questions relatives au 
calcul p o u r les revêtem ents souples qu i à  fa it l’o b je t d ’un  
ra p p o rt pub lié  dans le com pte  ren d u  —  les questions su ivantes :
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(1) L ’é tu d e  détaillée des régim es na tu re ls  h y g rom étriques e t 
techn iques ex istan t dans les in fra-struc tu res des rou tes . L ’é tu d e  
de n o s  collègues anglais (W . P. M . Bl a ck e t D . Cr oney, 4 /2 ) a  
m is en  évidence l’im portance  de la  m éthod e p o u r  m esu rer la  
p ression  in terstitie lle  e t d u  calcul de la  ten eu r en  eau  des sols, 
basés su r les résu lta ts  de ces m esures.

C e tte  m éthod e fo rt in téressan te  est cepen dan t u n e  m éthod e  
ind irecte , p u isq u ’elle est basée su r u n  ra p p o r t em pirique  en tre  
la  p ression  in terstitie lle  e t la  ten eu r en  eau . D e  p lus, il n ’est 
pas  to u jo u rs  possib le de  l’em ployer p a rto u t.

C ’est p o u rq u o i, la  m esure d irecte  de la  ten eu r en  eau  des sols 
a u  m oyen  de  cellules placées dans l’in fras tru c tu re  de la  ro u te  
constitu e  u n  p ro b lèm e à  la  fo is u rg en t e t nécessaire.

E n  U .R .S .S ., o n  effectue ces m esures à  l’a ide  de  p lusieurs 
m até riau x  hydroph iles, m ais seu lem ent p o u r  des so ls n o n  gelés. 
A  p résen t, ce tte  m éthod e n e  p eu t pas s ’em ployer p o u r  m esu rer 
la  ten eu r en  eau  des sols gelés.

E n tre tem ps, ce tte  question  est p a rticu liè rem en t im p o rtan te  
en  U .R .S .S . o ù  le gel p énètre  à  g ran d e  p ro fo n d ieu r d ans la  p lus 
g ra n d e  p a rtie  d u  pays.

J ’espère q u e  l’é tu d e  de  ce p ro b lèm e sera  poussée p lus avan t, 
p a rce  q u ’elle est d ’im po rtan ce  p o u r  p lusieu rs pays à  c lim at fro id .

D es é tudes dans le m êm e sens, effectuées p a r  n o s  collègues 
anglais L . W. Ha t her l y e t M . Wood (4 /5) p o u r les ro u tes  en  
I ra q  o n t d o n n é  des résu lta ts  qui so n t en accord  avec les résu lta ts  
expérim entaux  o b tenus en  U .R .S .S . p a r  certa ins in stitu ts  de 
recherche p o u r  les rou tes.

C es résu lta ts  p ro u v en t que le rég im e h y d ro th e rm iq u e  de 
l’in fras tru c tu re  est im p o rta n t égalem ent p o u r  les rég ions à  
c lim at ch au d  e t sec (B ezrock, 1953 ; B iru la , 1952). Les trav au x  
so n t en  voie de co n tin u a tio n .

(2) L a  m éthod e d ’évaluation  d u  dan g e r de  sou lèvem ent d û  
au  gel, présentée  p a r  le K .  F . K e i l  (4 /7) (A llem agne) a insi que 
les reco m m an d a tio n s nouvelles des W . Aichhor n  e t  W . St ein- 
br enner  (4/1) (A utriche) e t T . W . Lambe (4/10) (E ta ts-U n is) 
so n t ex trêm em ent in téressan tes p o u r  l’U n io n  soviétique, parce  
que dans n o tre  pays, il y a  p lusieurs rég ions o ù  le  gel pén è tre  
ju sq u ’à  u n  m ètre  e t dem i e t m êm e deux m ètres e t dem i.

P lusieurs spécialistes de l’U .R .S .S . trava illen t à  l ’é tude  d u  
p ro b lèm e de  d istinguer la  rég ion  la  p lus active de  la  zone  gelée 
d ans laquelle  la  p lus g rande  p a rtie  d u  sou lèvem ent d o it se 
p ro d u ire .

L o rsq u e  le gel pén è tre  aussi p ro fo n d ém en t, il n ’est p as 
possib le de rem placer le so l qu i gèle su r to u te  sa  p ro fo n d eu r, e t 
o n  essaie de tro u v e r u n e  so lu tion  p lus écono m ique  m ais suf 
fisam m ent effective p o u r  réso u d re  ce problèm e.

(3) Les nouvelles p ro p o sitio n s de  nos collègues suisses 
(E . Egol f , F . Ger mann e t W . Schaad, 4 /3) so n t p a rticu liè re 
m en t in téressan ts p o u r l’U .R .S .S . C es p ro positions concernen t 
u n  revêtem ent com biné ‘F lax  co n c re te ’ qu i pe rm et de rédu ire  
le dan g e r de fissu ration  d u  rev êtem en t lo rsqu e  le gonflem ent 
d û  au  gel n ’est p as tro p  g rand .

Il sera  ex trêm em ent in téressan t d ’essayer ce tte  construc tion  
d ans les différentes cond itions c lim atiques e t différentes co n 
d itions de c ircu la tion  su r le te rrito ire  de l’U .R .S .S .

Je  vous rem ercie cord ialem ent.

G . D . Ait chison (A ustralia)

I  shou ld  like to  su p p o rt th e  rem ark s m ade by D . C roney  
concern ing  th e  need  fo r  precise in fo rm atio n  o f  a  fu n dam en ta l 
n a tu re  to  find m o istu re  changes w hich can  occur in  subgrades. 
P ap e r 4 /2  by W . P. M . Bl a ck an d  D . Cr oney prov ides an  
excellent exam ple o f  th e  type o f  s tudy  th a t is requ ired . F ro m  
theo re tica l considera tions by these au th o rs  an d  th e ir  co lleagues 
it h as been deduced  th a t, w ith in  any  env ironm en t co m parab le  
to  th a t  o f  S ou thern  E ng land , th e  energy o f  re ten tio n  o f  w ater 
a t  any  p o in t in  the  sub grade  is m erely th a t  w hich is in  equ ili 

b r iu m  w ith  th e  g rav ita tio n a l p o ten tia l o r, in  o th e r  w ords, th e  
soil m o is tu re  tension  in  th e  sub g rade  is d irectly  re la ted  to  the 
p o sitio n  o f  th e  g ro u n d  w ater tab le . T h is  conclusion  im plies 
th a t  there  is n o  accession o f  w ater to  th e  sub g rade  due  to  p re 
c ip ita tio n , an d  n o  loss o f  w ater fro m  th e  sub grade  d u e  to  
ev ap o ra tio n  o r  ev ap o -tran sp ira tio n , an d  also  th a t  th e re  is n o  
tran sfe r o f  w ater due to  therm al grad ien ts.

I f  these exceptions a re  m ade th e  final equ ilib rium  m oistu re  
co n d itio n  can  be  de term ined  by  sim ple statics as th e  a u th o rs  
have  suggested. T he  forces o f  re ten tio n  o f  th e  soil w ater can  
the re fo re  be  p red ic ted  an d  m easu red  experim entally  an d  th e  
assum ption  can  be  verified. T h is th e  a u th o rs  have d one  an d  
as a  resu lt it  m u st be concluded  th a t  fo r such  env ironm ents the  
only  significant fa c to r defin ing th e  w ater c o n ten t o f  any  p a r 
ticu la r soil is th e  suc tion  in  equ ilib rium  w ith  th e  g ro u n d  w ater 
tab le.

T w o p o in ts  a re  w orthy  o f  n o te  in  connection  w ith  th is  pap er. 
T hese are , first, th a t  th e  soil m o is tu re  tension  p red ic ted  an d  
m easured  falls well w ith in  th e  w ork ing  ran g e  o f  th e  tensiom eter, 
w hich  in stru m en t has been  used  by th e  au th o rs . Secondly , it 
follow s fro m  th e  p red ic tion s an d  can  be  seen fro m  th e  experi 
m en ta l d a ta  th a t  th e  m o is tu re  con d itio n  u n d e r th e  pavem en t is 
significantly d rie r th a n  th e  w ettest n a tu ra l co n d itio n  in  a n  u n 
covered  site  an d , a t  th e  sam e tim e, significantly w etter th a n  the  
d riest n a tu ra l cond itions.

T u rn in g  now  to  th e  p ap e r by L. W. Ha t her l y an d  M . 
Wood, P ap e r 4 /5 , th e  d a ta  given h ere  a re  q ualita tive  in  th e  
sense th a t they  can  p ro v id e  n o  com ple te  su p p o rt fo r any 
p o s tu la ted  m echanism  o f  w ate r m ovem ent. I t  is n o ted  th a t 
th e re  is an  absence o f  a  g ro u n d  w ater tab le  a t  any  m odest dep th  
a n d  so th e  m echanism  m en tioned  p reviously  ca n n o t be o p e ra 
tive. I t  is suggested by th e  a u th o rs  th a t th e re  is a lso  n o  
possib ility  o f  w ater gain  o r  loss in  th e  sub grade  soil d u e  to  
p re c ip ita tio n  o r  ev apo ra tion . C onsequen tly  it is logical to  
invoke  th e  rem ain ing  m echanism , th a t  o f  a  dynam ic equilib rium  
in  th e  soil w a te r associated  w ith  th e  p h en o m en a  o f  therm o- 
osm osis as d e term ined  by th e  seasonal tem p era tu re  cycle.

T h e  experim ental evidence o f  th e  au th o rs  su p p o rts  th is 
o p in io n  as fa r  as is possib le  w ith  such  in d irec t observations. 
Since th e  m echanism  p ro p o sed  is in  fac t a  com plex con tinu ous 
cyclic process lead ing  possib ly  to  a  sim ple dynam ic equilibrium , 
an y  theo re tica l trea tm en t m ust involve b o th  p o ten tia ls  an d  
ra tes  o f  flow, an d  experim en tal su p p o rt m u st be  sou gh t fo r b o th  
quan tities. M easurem ents o f  th is type have n o t  yet been  m ade.

In  th e  m ean tim e th e  d a ta  o f  L . W . H a th e rly  an d  M . W ood  
su p p o rt th e  view  th a t  th e  th e rm o-osm otic  phen o m en o n  is a  
significant fac to r in  de term in ing  sub grade  soil m o is tu re  in 
S o u th ern  Ira q . T h e  design m o istu re  cond itions n o ted  in  the  
sub grade  b enea th  th e  im perv ious pavem en t is in  fac t th a t  o f  
sa tu ra tio n , th a t  is, effectively equ ivalen t to  th e  w ettest co n 
d itio n  o b ta in a b le  du ring  th e  seasonal cycle.

A s a  co n tra s t to  these d a ta  I  w ould  like to  p re sen t som e 
com m ents o n  m o istu re  cond itions in th e  subgrades o f  pave 
m en ts in  w arm  sem i-arid  areas as fou n d  in  som e p a rts  o f  
S ou th ern  A ustra lia . A s a  w ork ing  hypothesis in  studying  
w ate r m ovem ents u n d e r such cond itions we m ay consider the  
case o f  a  soil w ith o u t a  shallow  w ater tab le . I f  in  ad d itio n  to  
th e  th erm o-osm otic  p h eno m ena ju s t  discussed we ad m it th e  
possib ility  o f  w ater gain  in  th e  sub grade  d u e  to  d irec t in 
f iltra tion  th ro u g h  the  pavem en t o r  due  to  la te ra l flow  from  the 
verges, an d  if  w e also  recognize the  p ro b ab ility  o f  som e w ater 
loss due to  ev ap o ra tio n  th ro u g h  th e  pavem en t (o r due to  evapo- 
tra n sp ira tio n  associated  w ith  d is ta n t vegetation) we arrive  a t  a 
m odified fo rm  o f  dynam ic equ ilib rium  affecting m oisture 
re ten tio n  a t  any  po in t. T his m odified dynam ic equilib rium  
value differs significantly from  th e  therm o-osm otic  equilibrium  
only if  th e  n e t ev apo ra tive  loss fro m  th e  sub grade  is a  d om inan t 
fac to r. A s the  basis fo r developing a  w ork ing  hypothesis it is

219



the re fo re  assum ed  th a t  th e  n e t ev apo ra tive  loss fro m  a  po in t 
benea th  a  pavem en t m ay be o f  com p arab le  o rd e r o f  m agn itude  
to  th e  evaporative  loss from  a  p o in t sim ilarly  lo ca ted  b enea th  
a  b a re  soil surface. In  th is connection  it is im p o rta n t to  n o te  
th a t a  pavem en t is considered  to  consist o f  a  g raded  gravel base 
course  w ith  an  extrem ely  ligh t b itum in ous surfacing— as is 
typ ical in  m any  p a rts  o f  A ustra lia . I f  th is assum ption  is m ade, 
it can  be  show n th a t  there  m ay be a  tendency  fo r a  n e t w ater 
loss fro m  th e  subgrade  u n til dynam ic equ ilib rium  is reached  in 
a  com paratively  d ry  sta te . V alues o f  soil m o is tu re  tension
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Fig. 18 Changes o f soil moisture tension beneath a sealed pavement 
on a cross road, Adelaide 

Changements dans les tensions dans l’eau du sol en déssous 
d’un pavement étanche sous un carrefour, Adelaide

associated  w ith  such  a  m echan ism  m ay  be as h igh  as those 
co rrespo nd ing  to  p F  5 approx im ately . T hus th e  experim ental 
con firm ation  o f  such a  hypo thesis requ ires m easurem en ts o u t 
side th e  w ork ing  ran g e  o f  th e  tensiom eter as used  by W . P. M . 
B lack an d  D . C roney. T h e  only  in stru m en t read ily  availab le 
fo r th e  in s itu  m easu rem en t o f  such  m o is tu re  stresses is th e  
gypsum  b lock  w hich, desp ite  its inaccuracies, can  p ro v ide  
va luab le  d a ta  w ith  in telligent hand ling .

Som e lim ited  experim en tal investigations have  been  m ad e  in 
A u stra lia  w ith  these techniques. A t a  site  w ith o u t a  g ro und

w ater tab le  investigations have show n th a t th e  soil u n d e r the 
cen tre  o f  a  pavem en t achieves an  app ro x im ate  equ ilib rium  co n 
d itio n  a t  a  soil m o is tu re  ten sion  o f  th e  o rd e r o f  p F  4, as show n 
in  F ig. 18. A t th e  edges o f  th e  sho u ld er th e  soil fo llow s a  
full cycle o f  w etting  an d  dry ing , an d  th is  cyclic m ovem ent o f  
soil w ater pene tra tes  som e d istance  u n d e r th e  pavem ent, b u t is 
n o t ev ident a t  the  centre.

In  o th e r experim ents in  areas w ith  a  shallow  w ater tab le  a  
sim ilar p a tte rn  o f  m o is tu re  d is tr ib u tio n  appea rs to  be ev ident 
w ith  a  stab le , relatively d ry  con d itio n  b en ea th  th e  cen tre  o f  th e  
pavem ent, w hile a t  the  edges o f  th e  pavem en t th e re  is a  m ark ed  
seasonal effect w hich dim inishes w ith  d istance  tow ards th e  
centre . T he  m o is tu re  tension  in  th e  relatively  d ry  zone  u n d e r 
th e  cen tre  o f  the  pavem en t is obviously  d ep en den t u p o n  th e  
w ater tab le  loca tion . T he  te rm  ‘relatively  d ry ’ is used  to  
suggest th a t th e  tension  is significantly h igher th a n  th a t  ind ica ted  
by th e  ap p ro ach  o f  W . P . M . B lack an d  D . C roney, an d  th e re 
fo re  also  significantly h igher th a n  in  th e  sa tu ra ted  s ta te  sug 
gested by L . W . H a th e rly  an d  M . W ood .

W e th u s have  a t  least th ree  differen t ap p roaches tow ards 
defin ing th e  fac to rs determ in ing  th e  design cond itions fo r soil 
m o is tu re  tension  an d  so il w ater co n ten t in  a  p avem en t sub- 
grade. S ince b o th  th e  stren g th  an d  th e  d e fo rm a tio n  ch a rac te r 
istics o f  th e  sub grade  can  be  re la ted  to  soil m o is tu re  tension  
th e re  is obviously  a  need  fo r a  g rea t deal o f  ad d itio n a l evidence 
befo re  any  design, except o f  a  conservative  n a tu re , can  be 
accep ted .

F . A . Sha r man (U .K .)

I w ish to  refer to  th ree  p apers  p resen ted  to  th is  D ivision , all 
o f  w hich th ro w  ligh t o n  th e  effect o f  soil m o is tu re  a n d  clim ate  
o n  th e  design o f  pavem ents. W . P. M . Bl a ck a n d  D . Cr oney  

in  P ap e r 4 /2  give c rite ria  fo r estim ating  in  advan ce  o f  co n 
s tru c tio n  th e  equ ilib rium  m ois tu re  c o n ten t to  be  expected 
ben ea th  a  concrete  slab  in  a  tem pera te  c lim ate  w ith  an  ascer 
ta in ab le  w ater tab le. T hey  deduce th a t  th e  C B R  developed 
u n d e r flexible pavem ents can  be  reliably  fo recast fro m  la b o ra 
to ry  tests, add ing  th e  cavea t th a t sm all leaks in  th e  pavem en t 
can  have a  p ro fo u n d  effect o n  th e  m o istu re  benea th .

Som e types o f  flexible pavem en t a re  so d ifferent from  co n 
c re te, in  respect o f  perm eability , p ro b ab ility  o f  leaks, an d  o f 
p o re  size a t  th e  b o u n d ary  betw een th e  pavem en t an d  th e  sub- 
grade, th a t  it seem s a  very big  ju m p  fro m  th e  experim ent 
described  to  th e  cond itions u nder, fo r  instance, a  c ru shed  rock  
base  su rfaced  w ith  a  b itum en  prem ix. P e rh ap s som e stepping- 
stones will ap p ea r w ith  th e  full acco u n t o f  th is w ork.

L . W. Ha t her l y a n d  M . Wood in  P ap er 4 /5  suggest th a t 
w hen th e  seasonal tem p era tu re  ran ge  is g reat, co ndensa tion  
in  the  soil voids u n d e r a n  ‘ im p erm eab le ’ su rface m ay  ra ise  the  
m o is tu re  co n ten t to  sa tu ra tio n , an d  th a t  pavem ents sho u ld  be 
designed u n d er these cond itions o n  a  soaked  C B R  basis. I t  
is w o rth  n o tin g  th a t in  th e ir  case th e  pavem ent w as a  flexible 
one w ith  a sp h a lt surfacing. C. van der  Veen in  P ap e r 4 /20  
rep o rts  a  case in  w hich th e  soaked  lab o ra to ry  C B R  h a d  given 
m uch  low er values th a n  w ere fou n d  by in s itu  C B R  tests, e ither 
u n d e r th e  pavem en t o r  in  th e  exposed soil. In  com m enting  o n  
th is th e  G enera l R ep o rte r states, if  I  have  u n d e rsto o d  h im  
correctly , th e  difference is rem ark ab le  in th a t the  com paction  
an d  m o istu re  con ten ts in  th e  tw o sets o f  tests w ere sim ilar. 
A ccord ing  to  T ables 1 an d  2 o f  th e  p ap e r it w ould  ap p ea r th a t 
in  fac t th e  1947 soaked  specim ens w ere m uch  w etter th a n  the 
soil w as w hen it w as tested  d u ring  d ry  an d  h o t  w eath er in  1953. 
I f  a  w orst seasonal m o is tu re  co n ten t o f  a ro u n d  35 p e r cen t is 
ever experienced, as F ig . 2 suggests it  m ay be, th e  pavem ent 
m ay n o t  be so g reatly  over-designed a fte r all.

In  the  design o f  som e flexible base  ro ad s fo r W est A frican  
cond itions using  w ater-sensitive la terites as sub-base m ateria l,
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it h as been  fou n d  exped ien t to  specify a  m in im um  C B R  value 
fo r th e  sub -base a fte r  a  length  o f  soak ing  tim e w hich has been 
varied  acco rd ing  to  th e  d ra in ag e  cond itions, th e  n a tu re  o f  th e  
su rfac in g  an d  th e  g rad ing  o f  th e  base. I t  seem ed easier to  
re la te  a  soak ing  perio d  to  rea l cond itions th a n  to  guess a  w orst 
m o is tu re  co n ten t an d  to  see w heth er th is in tersected  a  C B R  
m ois tu re  curve a t an  accep tab le  level. I t  c a n n o t be  claim ed 
th a t the  m eth o d s a d o p ted  so fa r  a re  very precise o r  scientific. 
H ow ever, ne ith e r th e  tidy  an d  tem p era te  so lu tion  o f  W . P. M . 
B lack  an d  D . C roney , n o r  th e  v ap o ro u s cycles o f  L . W . H athe rly  
an d  M . W o o d  qu ite  fit th e  case. A lth o u g h  I  have  n o  d o u b t 
th a t  a t  som e seasons o f  th e  year an  over-design as strik ing  as 
th e  o n e  rep o rted  fro m  B eek cou ld  be  deduced  by C B R  in situ  
tests, I c an  say w ith  p a in fu l certa in ty  th a t  in  o n e  o r  tw o places, 
a fte r excep tional ra in s , th e re  h as been  n o  over-estim ate o f  the  
soften ing  w hich can  occur.

L. W . Ha t her l y (U .K .)

In  view o f  th e  fac t th a t o u r  G en era l R e p o rte r h as suggested  
th a t  we discuss th e  re la tive im po rtan ce  o f  cap illary  suc tion  and  
therm o-osm osis in  fo u n d a tio n  soils, I  shou ld  like to  s ta te  th a t 
in  m y o p in ion  therm o-osm osis m ay only  be a  significant fac to r 
influencing th e  m o is tu re  d is trib u tio n  in  sub grade  soils in  ce rta in  
ex trem e cond itions.

M . W o o d  an d  I  have  carried  o u t a  ce rta in  am o u n t o f  fu rth e r 
investigation  an d  it appea rs th a t several cond itions m u st be 
fulfilled before th erm o-osm osis m ay becom e a  significant fac to r. 
T h e  first con d itio n  is th a t th e  partic le  size d is trib u tio n  o f  the  
sub g rad e  soil sho u ld  ap p ro x im ate  to  a  soil w hich cou ld  be  co n 
sidered  as being  susceptib le to  fro s t heave. T he  second is th a t 
th e  so il m ust co n ta in  ion izab le  sa lts ; th is  p o in t has been 
d em onstra ted  o n  a  lab o ra to ry  scale by P. Habib an d  F. Soeir o 

in  P a p e r la /1 0 . T hird ly , there  m ust be a  w ater tab le  w ith in  
a  reasonab le  d ep th  below  sub g rade  level.

In  th e  cond itions in  w hich we w ere w ork ing  in Ira q  all these 
cond itions w ere fulfilled , an d  in  ad d itio n  th e  an n u a l v a ria tio n  
in  tem p era tu re  w as p ro b ab ly  as large as anyw here  in  th e  w orld . 
W e believe th a t  w e w ere dealing  w ith  a  p a r tic u la r set o f  circum 
stances w hich possib ly  m ay  be  rep ro d u ced  in  o th e r p a rts  o f  th e  
w orld , b u t th a t  as a  general ru le  therm o-osm osis m ay be 
neglected in -so -far as it affects th e  m o is tu re  co n ten t o f  subgrade  
soils.

N . R . Sr inivasan (India)

I sho u ld  like to  say a  few w ords on  T . W . L am b e’s p a p e r  (4/10) 
dealing  w ith  th e  stab iliza tion  o f  th e  soil tak in g  in to  acco u n t its 
m ineral com position .

I shall first a tte m p t to  m ake a  sligh t d istinc tion  betw een th e  
geological an d  th e  m ineralog ical a p p ro ach  to  soil m echanics. 
T he  geological processes, o n  w hich m any  speakers in  th is  co n 
ference hav e  la id  em phasis, a re  con tinu ous, s ta rtin g  fro m  th e  
d is ta n t p as t, an d  m ay tak e  varied  form s depend ing  u p o n  the  
environm ents. T h is m akes them  qu ite  com plicated . W h at 
we a re  concerned  w ith  in soil m echanics a re  th e  m ateria ls  an d  
th e ir p ro p erties  as they  exist. T his cou ld  p ro b ab ly  be b e tte r 
stud ied  by find ing  th e  m inera l com ponen ts an d  th e ir s tru c tu re  
w hich influence th e ir behav iour. A lready  it is well know n  how  
th e  inner stru c tu re  o f  th e  clay m inerals can  directly  influence the  
physicochem ical p ro p ertie s  an d  th ro u g h  them  th e  engineering  
p ro perties o f  th e  soil. H ence it appears th a t  studies o f  the  
type ou tlined  in th is  p ap e r a re  im p o rtan t.

I  sho u ld  now  like to  com m en t u p o n  tw o p o in ts  in  th is paper. 
O ne concerns th e  aging  o f  kao lin ite  in  w ater d u ring  w hich it is 
sa id  th a t  a lum in iu m  ions are  rem oved  fro m  th e  structu re . 
T h is a lum in iu m  is th en  supposed  to  tak e  p a r t  in  base  exchange 
reactions. I t  has prev iously  been  suggested by M ukerjee  an d  
o thers , in  th e ir  stud ies in to  the  electrochem ical p ro perties o f

clays, th a t som e such  leaching  o f  th e  s tru c tu ra l a lum in iu m  is 
possib le ; b u t I  d o  n o t th in k  th a t  th is has been  finally  estab 
lished a n d  there  a re  difficulties, m ore so in th e  case o f  kaolins. 
A m on g  th e  clay m inerals, k ao lin  h as electrically  th e  stab lest 
s truc tu re . I t  has nearly  th e  sam e chem ical co m position  since 
isom orphou s rep lacem en t does n o t tak e  p lace in  its s tru c tu re  
even tho u g h  it is fou n d  u n d e r d ifferent env ironm ents. In  such  a  
s tru c tu re  as th a t o f  k ao lin  it is difficult to  conceive o f  w ater 
b reak ing  th e  ion ic bon d s an d  releasing th e  alum in ium . I f  any  
such rem oval is possib le, it sh o u ld  leave th e  rem n an t kao lin  
s tru c tu re  in  an  electrically  u n b a lan ced  sta te , th u s increasing  its 
base  exchange capac ity  m any  tim es, p ro b ab ly  app roach ing  th a t 
o f  m o n tm orillon ite . A  su rer m eth o d  o f  determ in ing  w hether 
o r  n o t such rem oval actually  takes place is p erhaps to  determ ine 
th e  base  exchange capacity  o f  th e  fresh an d  th e  aged kaolins.
So fa r as is kn o w n  n a tu ra l  kao lins from  different areas an d  
env ironm ents, unless sub jected  to  special processes such  as 
m echanical g rind ing  o r  p e rh ap s th e  po ly p h o sp h a te  trea tm en t, 
etc., alw ays have  a  base exchange capacity  betw een 3 an d  15 
m e/100 g.

T he  o th e r p o in t I  sho u ld  like to  stress is th e  pe rh ap s well 
kn o w n  one  th a t  w hen trace  ad d itio n s o f  chem icals a re  recom 
m ended, a  m eth o d  o f  d ispersing th e  trace  chem icals evenly in 
th e  soil shou ld  be evolved. E ven  w ith  cem ent stab iliza tion  o f  
clayey soils w here a  la rg e r percen tage  o f  stab ilizer is used , th is 
difficulty is p resen t. T here  is n o  need  to  p o in t o u t how  m uch  
m o re  difficult it is w hen dealing  w ith  frac tions o f  a  pe r cen t o f 
the stab ilizer in th e  field.

M . P. P. D o s Sant os (M ozam bique)

M o nsieu r le p résiden t, m esdam es, m essieurs, je  voudrais 
re ten ir v o tre  a tten tio n  p e n d a n t quelques in stan ts p o u r  vous 
pré sen te r les résu lta ts  d ’u n e  expérience vieille de 10 années 
env iron  en  m atiè re  de s tab ilisa tion  des so ls au  M ozam bique, 
A frique  O rien ta le  Portugaise.

L a  stab ilisa tion  m écanique, p a r  sim ple com pactage d ’un  sol 
ou  d ’u n  m élange des sols a  c o n n u  u n  très g ran d  essor m algré 
des fac teurs défavorables en  ce qu i concerne les cond itions 
clim atiques e t physiog raph ique  d u  te rrito ire . E n  se d irig ean t 
très ne ttem en t vers le critè re  d u  con trô le  de  la  p lasticité  au  lieu 
d ’avo ir le p réo ccu p a tio n  de la  g ranu lom étrie , il y a  été  m ontré , 
p a r  u n e  expérience de quelques années q u ’il é ta it possib le 
d ’o b ten ir d ’excellentes couches de fon d a tio n s e t de rou lem ent, 
particu liè rem en t avec une p ro tec tio n  b itum ineuse m ince, m êm e 
q u an d  la d is trib u tio n  g ranu lo m étriq u e  é ta it assez différente  de 
celle tra d u ite  p a r  la  co u rb e  de F u lle r po u rv u , évidem m ent, 
q u ’o n  s’assu ra  de l’existence de  cond itions satisfaisan tes en 
m atiè re  de d ra inage  e t de con trô le  de la  n ap p e  phréa tique .

A  l’h eu re  actuelle , u n e  enquê te  de  vaste  envergure  su r les 
cond itions op tim a  d ’app lica tio n  des latérites e t des sols la tériti- 
ques a  été en trep rise  en  co o rd in a tio n  p a r  les tro is labo ra to ires  
p o rtu g a is  de L orenço  M arques, L u an d a  e t L isbonne. Q uel 
ques rou tes expérim entales o n t été constru ites au  M ozam bique 
e t m is en  observation .

E n  ce qu i concerne la  stab ilisa tion  chim ique, c ’est, sans dou te , 
le p ro cédé  so l-cim ent qu i co n n a it la  p lus g rande  faveur, 
d ’ailleurs b ien  justifiée si o n  pense à  la tenue  des rou tes qu i on t 
déjà souffert l’épreuve crucia le  du  tem ps. P o u r certa ins types 
de  sol, le p ou rcen tage  de  c im ent nécessaire a  é té  aussi bas que
4 p o u r  cen t o u  à  peu  près 11 k g /m 2; p o u r  les au tres , sab le des 
dunes no tam m en t, ce p ou rcen tage  a  d û  ê tre  p o rté  à  12 ou 
22 k g /m 2.

T ou tes ces ro u tes  o n t été constru ites avec des m oyens assez 
puissants, ce qu i est reg ardé  com m e u n e  con d itio n  essentielle si 
l ’o n  veu t réu ssir u n e  stab ilisa tion  d u  cim ent.

D es ro u tes  expérim entales o n t é té  constru ites égalem ent en 
vue d ’analyser le com portem en t des sols-cim ents sous p ro tec 
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t io n  b itum ineu se  m ais avec ap p lica tio n  de grav illons en robés 
d an s u n  la itie r de  c im en t d ans les dern ières phases d u  com 
pac tage . Les résu lta ts  p rov iso ires sem blen t in d iq u e r les 
possib ilités de  cette  m éthod e p o u r  u n  trafic  léger.

L a  d é te rm in a tio n  de l’épaisseur des chaussées est to u jo u rs  
condu ite  d ’après la  m éthod e C B R  avec 4 jo u rs  de sa tu ra tio n  e t 
qu i a  d o n n é  ju sq u ’à p résen t en tière  satisfaction .

P o u r term iner, je  voud ra is d ire  encore  q u ’o n  a ttach e , au  
M o zam bique, u n e  ex trêm e im portance  à  l’observ a tio n  p e r 
m an en te  des trav au x  effectués afin de ju g e r de  leu r co m p o rte 
m en t sous le trafic. T o u te  d é té rio ra tio n  est signalée a u  la b o ra 
to ire  cen tra l o u  à  u n  des lab o ra to ires  m obiles o p é ra n t en  place 
p o u r  u n e  com plè te  d é te rm in a tio n  des causes des ru p tu re s  
constatées.

Ju sq u ’à  p résen t, to u s les cas exam inés o n t p u r  ê tre  classés 
co m m e su it:

(a) épaisseur de la  chaussée insuffisante  d ’après la  m ethod e
C B R ,

(b) insuffisance d u  com pactage du  sol p o r te u r  o u  de  la  couche
de fo n d a tio n ,

(c) m élange des sols m al exécuté,
(d) insuffisance d u  d ra inage  o u  d u  co n trô le  de  la  n ap p e

phréa tique ,
(e) em plo i de revêtem ents b itum ineux  tro p  perm éables.

L a  su rface to ta le  des chaussées su r lesquelles o n  a  consta té  
des ru p tu re s  n ’excède p as 1 p o u r  cen t de  la  su rface to ta le  
revêtue.

W . Aichhor n  (A ustria)

S tab iliza tion  w ith  b itum in ous m ate ria l confers tw o very 
im p o rta n t p ro perties o n  th e  soil. T hey  a re : (1) th e  cem enting

F ig . 19 B efo re  s tab iliz a tio n  th e  ro a d  sh o w e d  h eavy  fro s t d a m ag e  
a f te r  every  w in te r 

A v a n t la  s tab ilisa tio n , la  ro u te  é ta it  sévèrem en t e n d o m 
m agée ch a q u e  h ive r

effect o f  th e  b in d e r increases th e  cohesion  an d , thereby , th e  
bearin g  capac ity  o f  th e  soil. T h e  percen tage o f  b in d er used

h as  to  b e  carefu lly  co n tro lled  as th e re  is a n  o p tim u m  b in d er 
c o n ten t ab ove  w hich th e  cem enting  effect is red u ced  an d  the  
b in d e r acts as a  lub rican t. I f  a n  excess am o u n t o f  b in d er is 
used  th e  stren g th  can  be  red uced  below  th a t  o f  th e  unstab ilized  
soil. (2) T h e  w ater-repellen t b inder, w hich  will c o a t p a r 
ticu larly  th e  fine particles, causes a  decrease o f  th e  perm eab ility  
an d , thereby , also  d im inishes th e  dan g er o f  fro st ac tio n  o n  th e  
soil. In  th is  field considerab le  success has been  achieved in 
several cases (F igs. 19 to  21).

W hen  construc ting  a  fo rest ro a d  in  th e  fo rest d is tr ic t o f

Fig . 20 A p p ly in g  h y d ra te d  lim e  by h a n d  

A p p lic a tio n  d e  ch au x  é te in te

H eilb ro n n , G erm any , th e  very p lastic  local loam , w ith  a  P I 
h igher th a n  18, w as first stab ilized  by th e  ad d itio n  o f  3-5 p e r  
cen t h y d ra ted  lim e an d  adm ixing  o f  san d , sp read  in  a n  18 cm  
th ick  layer u p o n  th e  g ro und , thereby  th e  P I w as considerab ly  
decreased. T h is done, the  ro a d  cou ld  be  used  by trucks. A fte r 
th a t, th e  soil w as left in  th is  s ta te  fo r th ree  m o n th s an d  th en  
pu lverized  by m eans o f  a  Seam an-Pulv i m ixer an d  finally 
stab ilized  by add ing  6 p er cen t ta r  em ulsion. N o  dam age

F ig . 21 T h e  ro a d  a f te r  s tab iliz a tio n  

L a  ro u te  a p rè s  s ta b ilisa tio n

cou ld  be observed  a fte r th e  w inter. A t th e  sam e tim e the 
stabilized ro a d  described in  P ap e r 4/1 show ed n o t th e  slightest 
fro st heave a fte r th e  w in ter.

T h ere  a re  som etim es difficulties w hen th e  b itum in ous b in d er 
is m ixed in  place w ith  th e  soil. T o  overcom e such difficulties 
an d  in o rd e r to  achieve a  good  co a tin g  o f  th e  ind iv idual 
partic les it is necessary to  adm ix  a b o u t % p e r cen t sod ium  
c a rb o n a te  o r, in  som e cases, sm all quan titie s  o f  h y d ra ted  lim e
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to  th e  m inera l aggregate . This is best d one  by sp read ing  th e  
sod ium  c a rb o n a te  o n  th e  pulverized  layer to  b e  stab ilized  an d  
m ixing it by m eans o f  a  m o to r  g ra d e r o r  a  g ro u n d  m ill before 
app ly ing  th e  b inder. M o re  th a n  100,000 m 2 o f  ro a d  have been  
successfully trea ted  in  a  sim ilar w ay in  A ustria .

P. J. Al l ey (N ew  Z ealand)

I  sho u ld  like to  re fer to  P ap er 4 /10  by T . W . Lambe an d  to  
suggest th a t  it w ould  be  be tte r, in  stud ies o f  soil s tab iliza tion  
w ith  cem ent, to  reg a rd  th e  add itive  as a  w a terproofing  agen t 
on ly  an d  n o t  to  reg a rd  it as co n trib u tin g  to  th e  s tren g th  o f  the  
resu ltin g  m ix tu re . I t  req u ires only  a b o u t 3 p e r  cen t o f  cem ent 
to  p reven t slak ing  in  a  loess m ate ria l in  N ew  Z ealand , an d  a  soil 
cem ent m ix tu re  w ith  7 p e r  cen t by vo lum e o f  cem ent h as been 
used  extensively fo r house  build ing . T h e  s tren g th  o f  th e  soil 
cem ent m ix tu re  is derived  fro m  th e  soil as i t  d ries ou t. I t  is 
tru e  th a t  increases in  th e  am o u n t o f  cem ent will give increased  
com pressive streng ths, b u t  th e  resu lt in  th e  en d  w ou ld  b e  a  
concre te  w hich  is w h a t sho u ld  be  avoided . A  m ix tu re  o f  a  
san d  a n d  cem ent c a n n o t be  te rm ed  a  so il cem ent, b u t  it is a  san d  
concrete . T h e  a im  sh o u ld  be to  keep  th e  m o is tu re  co n ten t 
below  th e  PL .

T h e re  h as  been  som e hou se  bu ild ing  in  so il cem ent in  N ew  
Z ealand . T h e  soil used  in  th e  C h ris tch u rch  a re a  is a  m odified  
loess, w ith  15 to  20 p e r cen t o f  th e  partic les finer th a n  5 m icrons 
a n d  70 to  80 p e r  cen t finer th a n  50 m icrons. O utside  w alls a re  
ip ad e  8 in. th ick  an d  in te rn a l w alls 6 in. th ick , an d  th e  floors are  
so lid . In  W elling ton  th e  M in istry  o f  W orks h as ju s t  le t a  
c o n tra c t fo r  th e  bu ild ing  o f  te n  so il cem ent houses by m ass 
p ro d u c tio n  m eth o d s. H e re  th e  so il is derived  fro m  th e  b reak 
ing dow n o f  greyw acke an d  is finer th a n  loess.

A . P. J . Ver heyden (Belgium )

M o n sieu r le p résid en t, m essieurs, en  ce qu i concerne  le 
p rem ier su je t désigné p a r  n o tre  R a p p o rte u r  général, M . R . 
P eltier, e t  d an s le cad re  de  l’in te rv en tio n  de  G . M o rald i, je  m e 
perm ets d ’a ttire r  l ’a tte n tio n  de  n o s collègues d ’A frique, su r  la  
possib ilité  d ’exp lo iter au  m ax im um  les circonstances favorab les 
q u ’offre le  so l n a tu re l dans les zones im m enses de  te rrito ires  
com m e le C ongo  Belge, l’A ngo la , les R hodésies e t l ’A friq u e  d u  
sud.

Sans vou lo ir généraliser il est p erm is de  d ire  q u e  très  souven t 
le  sol n a tu re l, le so l en  p lace  o u  u n  so l d ’a p p o r t éventuel p eu t 
co n stitu e r la  fo n d a tio n  m êm e de  la  ro u te  e t p o r te r  d irectem en t 
le revêtem ent h y d rocarbo né .

C eci est spécialem ent le cas d an s les rég ions sableuses qu i 
co n s titu en t u n  très g ra n d  pou rcen tag e  de la  su rface des te rri 
to ires en q u es tio n  e t où  le tra fic  est souven t lo u rd  m ais, générale 
m en t, p eu  dense.

A  titre  d ’exem ple, je  signale q u ’u n  tro n ç o n  expérim ental, 
long  d ’u n  k ilom ètre  a  é té  réalisé su r la  ro u te  L éopoldville- 
M a tad i, à  la  so rtie  de  L éopoldville . L e  trafic  jo u rn a lie r  est de 
l’o rd re  de  1,200 véhicules d o n t 60 p o u r  cen t de  vo itu res légères 
(m ax im um  700 kg  p a r  rou e) e t 40  p o u r  cen t de véhicules lou rds 
(une à  q u a tre  tonnes p a r  roue).

L e so l en  p lace  est constitu é  de sab le  fin, peu  lim oneux. Sa 
g ranu lom ètrie  est en  m oyenne la  su ivan te  :

to u s les g ra ins so n t in férieurs à  1 m m
5 p o u r  cen t des gra ins supérieurs à  0-42 m m  (tam is A S T M  40) 
75 p o u r  cen t de  g ra ins en tre  0-42 m m  et 74 m icrons (talis 

A S T M  N °  200)
20 p o u r  cen t des g ra ins inférieurs à  74 m icrons 
de  5 à  10 p o u r  cen t des g ra ins in férieurs à  20 m icrons 
env iron  2 p o u r  cen t des gra ins in férieurs à  2 m icrons

Ces sables n e  so n t p as  p lastiques. L eu r p o id s vo lum étrique 
na tu re l est d ’env iron  1-5 t /m 3. Ils d o n n e n t à  l’essai P ro c to r

(U .S . A rm y E ngineers m odified) u n  po ids vo lum étrique  sec 
d ’env iron  1-95 t /m 3. L a  ten eu r en  eau  op tim u m  est de  8 à
10 p o u r  cent. A  u n  degré de com p ac tio n  de  95 p o u r  cen t le 
C B R  est env iron  50 p o u r  cen t ap rès 4 jo u rs  d ’im m ersion . P o u r 
des degrés de com position  de l’o rd re  de 100 p o u r  cen t, le C B R  
est env iron  75 p e r cen t. A près 4  jo u rs  d ’im m ersion  le degré 
de sa tu ra tio n  ne  dépasse  p as  85 p o u r  cent.

D an s  les 30 cm  supérieurs, des degrés de com p ac tio n  de 95 à  
100 p o u r  cen t o n t é té  o b tenus su r ch an tie r en  co m p ac tan t, à  
u n  ten eu r en  eau  de 7 à  11 p o u r  cent, avec u n  ro u leau  p n e u 
m a tiq u e  de 50 tonnes su r q u a tre  roues.

E n  cas de rem blais les couches successives o n t u n e  épaisseur 
de  l’o rd re  de 25 cm  ap rès com pactage. Les sols des zones 
d ’e m p ru n t on t, généralem ent, e t cela d u ra n t to u te  l’année , une  
ten eu r en  eau  qu i se situe  aux  env irons de la  ten eu r en  eau  
o p tim u m  de  com pactage.

L e  so l a insi com pacté  a  reçu  u n e  sim ple im prég n a tio n  e t no u s 
y avons posé  u n  en ro b é  dense de 4  cm  d ’épaisseur.

D epu is tro is  ans le  tro n ç o n  expérim en ta l en  ques tio n  p o rte , 
d ’u n e  façon  très sa tisfa isan te  e t sans le m o in d re  en tre tien , le 
tra fic  signalé, so it 1,200 véhicules p a r  jo u r.

N o u s  avons co n sta té  p a r  la  su ite , su r d ’au tres  tron ço n s 
d ’essai q u ’il est possib le  de co m p ac te r des sols sim ilaires d ’u n e  
faço n  suflisante en  can a lisan t jud ic ieusem en t le tra fic  des engins 
de ch an tie r : les scrapers e t les bennes.

E n  ce m om en t, n o s recherches p o r te n t su r l’u tilisa tion  de 
p laq u es v ib ran tes, type  V ibro-V erken , p o u r  le finissage d u  com 
p ac tag e  de  la  couch e  supérieu re  qui recevra  d irec tem en t le 
revêtem ent.

I l  est im p o rta n t de signaler que  no u s n ’éparg n o n s aucu n  
effo rt p o u r  a ssu re r l ’évacu ation  im m édia te  des eaux  de p lu ie  
co n d itio n  essentielle p o u r  la  tenue  de  ces rou tes . Les eaux  de 
la  n ap p e  p h réa tiq u e  ne  p ré sen ten t au cu n  d an g e r; elle se trouve , 
en  effet, généralem ent à  p lusieurs m ètres de  p ro fo n d e u r e t le 
sous-so l est sab leux. P o u r des ro u tes  de  ce genre d ’av o ir une 
assise de  p o rtan ce  hom ogène. L a  m ince couche de  revêtem ent 
d o it, en  effet, p o u v o ir jo u e r  en tiè rem en t e t  efficacem ent son  rô le  
p ro tec teu r e t les défo rm atio n s de la  ca rp e tte  do iven t ê tre  
lim itées le p lus possib le .

L ’hom ogénéité  des zones d ’em p ru n t, p rospectées soigneuse 
m en t a u  p réa lab le  est con trô lée  au  m oyen  d ’essais d ’équivalen t 
de  sab le  tan d is  que  l’hom ogénéité  de  p o rtan ce  d u  so l est co n 
trô lée  a u  m oyen  d ’appare ils  de  p én é tra tio n  légers d ’une p u is 
sance m ax im um  de  2-5 t  e t des sondes batteuses légères.

C es deux  appare ils  se com plè ten t très b ien  et d o n n e n t en tière  
sa tisfaction .

L e  p rem ier appare il est d écrit p a r  G . Pl ant ema  à  la  page  
237 d u  volum e I  des p roceedings e t la  son de  b a tteuse  est 
l’ap p are il g  d écrit p a r  m essieurs E . Schul t ze e t H . Knausen- 
ber ger  à  la  page  249 d u  m êm e volum e.

K . Ar ul una nda n  (U .K .)

I  have  a  few  com m ents to  m ake, particu la rly  w ith  reference to 
P ap e r 4 /20  by C . van der  Veen. I t  is in teresting  to  n o te  the 
com p ariso n  m ad e  betw een  th e  C B R  m eth o d  o f  design an d  the  
m e th o d  by  load in g  test, b u t, u n fo rtunate ly , test resu lts before 
an d  a fte r co n s tru c tio n  offer n o  com parison  o f  th e  stren g th  
w hatever o f  th e  sub grade  to  enab le  th e  a u th o r to  reach  h is co n 
c lusion  ‘ th a t th e  C B R  values o b ta in ed  o n  soaked  sam ples give 
a n  u nder-estim ate  o f  th e  bearing  capacity  o f  flexible ru n w ay s’.

In itia lly , w ith  reg a rd  to  F ig. 1 o f  th e  paper, th e  fac t th a t  the 
m ate ria l cou ld  exist a t  a  m o is tu re  c o n ten t o f  40 p e r  cen t w as 
estab lished , w hich co u ld  be  qu ite  reasonab ly  assum ed fo r  this 
m ateria l as the  w orst likely m o istu re  con d itio n  w hich cou ld  be 
expected u n d e r th e  pav em en t; b u t  th e  average C B R  values 
assessed as 28-5 p e r cen t before co n s tru c tio n  w ere in  a  m o istu re  
c o n ten t range o f  26 to  29 p e r cen t, an d  th e  average C B R  value
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o f  44 p e r cen t assessed a fte r co n stru c tio n  w as in the  m o istu re  
co n te n t ran ge  o f  23 to  27 p e r cent. T h e  C B R  value o f  7 per 
cen t assessed a fte r fo u r days’ soak ing  in  the  lab o ra to ry  w as in 
th e  m o istu re  co n ten t ran ge  o f  34 to  41 per cen t, w hich ran ge  is 
th e  m ost likely w orst co n d itio n  w hich cou ld  exist u n d e r the  
pavem ent, an d  cou ld  be used  as th e  best assessm ent fo r design 
purposes.

W ith  reg ard  to  th e  load ing  test ca rried  o u t a fte r construc tion , 
th e  con d itio n  o f  the  sub grade  d id  n o t rep resen t th e  w orst co n 
d itions, an d  hence th e  com p ariso n  is n o t valid . I t  w ould  have 
been  in teresting  to  no te  th e  behav iou r o f  the  runw ay  if the  h igher 
C B R  value o f  44 p e r cen t h a d  been used  fo r th e  design.

I  h a d  th e  o p p o rtu n ity  w hile investigating  th e  stren g th  o f  a 
run w ay  in  W est A frica  to  check  th e  existing streng th  by in situ  
C B R  d eterm ina tions a t  p ro b ab ly  th e  w orst m o is tu re  cond itions, 
an d  then  to  ca rry  o u t in  th e  lab o ra to ry  C B R  d e term ina tions 
u n d e r th e  sam e cond itions : there  w as good  agreem en t in  the  
results. L oad ing  tests w ere also  carried  o u t to  assess th e  load  
classification n u m b er accurate ly  in acco rdance  w ith th e  p ractice  
in  th is coun try , b u t there  w as no  agreem en t betw een th e  assessed 
lo ad  classification n u m b er value an d  th e  co rrespo nd ing  C B R  
value as p ro posed  by ce rta in  au th o ritie s  fo r th e  th ickness o f  
co n s tru c tio n  w hich existed, suggesting th a t an  over-design 
cou ld  possib ly  resu lt by using  th e  C B R  m eth o d  in  ce rta in  types 
o f  m aterial.

A s a  m a tte r o f  in terest, I  sho u ld  like a t  th is  p o in t to  suggest 
to  th o se  w ho find D . C ro n ey ’s w ork  an d  th e  term ino logy  ra th e r  
difficult to  g rasp  th a t  it is a lm ost the  sam e as th e  concep t p u t 
fo rw ard  by A . W . B ishop o f  Im peria l C ollege, th a t  is, an  
em pirical fo rm u la  fo r th e  d e te rm in a tio n  o f  equ ilib rium  m o istu re  
c o n ten t based  o n  de te rm ina tion  o f  th e  percen tage  passing 
th ro u g h  a  N o . 200 sieve an d  th e  PL . W hile investigating  in 
th is  co u n try  d u ring  th e  w in ter season several runw ays w hich 
w ere a b o u t 7 to  10 years o ld , fo r s treng then ing  purposes , I  h a d  
th e  o p p o rtu n ity  to  determ ine th e  m o istu re  c o n ten t w hich existed 
u n d e r the  runw ays an d  to  assess th e  percen tage passing  th ro u g h  
th e  N o . 200 sieve an d  the  P L  fo r cohesive soils w hich h a d  a  P L  
ran ge  o f  15 to  30, an d  th e  percen tage passing  th ro u g h  N o . 200 
sieve betw een 60 p e r cen t an d  98 p e r cent. T h e  resu lts w ere 
p lo tted  o n  a  trian g u la r d iag ram  an d  th e  value o f  E .M .C . 
w orked  o u t a t  (P L  +  Pass 200)/5 to  th e  n earest w hole  num ber. 
T h is fo rm u la  w as used to  assess th e  equ ilib rium  m o istu re  
co n ten t fo r th e  subgrade  u n d e r th e  runw ays in  W est A frica  an d  
checked by field d e te rm in a tio n s: over a  pe rio d  it w as fou n d  to  
agree very closely. I  h a d  th e  o p p o rtu n ity  to  check  th is  w ith  
som e resu lts o b ta ined  by th e  A ir M inistry , an d  a  close agree 
m en t w as rep o rted  fo r th e  p articu la r types o f  soil m en tioned  
previously .

In  P ap e r 4/13, S. R . Mehr a  sta tes th a t ‘a  C B R  value o f  36-5 
is a  reasonab ly  good  value fo r low  cost ro ad s n o t  exposed to  
heavy traffic ’. T h a t is questionable . I  c an  only  say th a t a fte r 
co nstruc ting  a few h u n d red s o f  m iles o f  first-class low  cost ro ad s 
in W est A frica, an d  observ ing  th e ir behav iou r fo r as sh o rt a 
perio d  o f  a  year o r  tw o, in  som e cases it w as fo u n d  th a t  ro ad s 
construc ted  w ith  a  C B R  o f  35 p e r cen t fa iled  bad ly ; bases w ith  
C B R  o f 60 p e r cen t show ed less signs o f  fa ilu re, b u t bases w ith  
C B R  o f  80 to  110 p e r cen t seem ed to  show  u p  reasonab ly  w ell; 
sligh t signs o f  w aviness tended  to  show  u p  w hich p resum ab ly  
will increase w ith  tim e.

I t  is ra th e r  in teresting  to  n o te  th e  resu lts an d  tests ca rried  o u t 
by U . Nasciment o an d  A . Simoes (4/15) o n  th e  re la tionsh ip

betw een C B R  an d  th e  m odu lu s o f  streng th . I  w ou ld  like to  ad d  
th a t  recently  som e au tho rities in th is co u n try , find ing  th e  incon 
sisten t an d  un re liab le  resu lts o f  in s itu  C B R  o b ta in ed  o n  stony  
base m ateria ls , a re  endeavouring  to  estab lish  a  load ing  test 
using a  p lunger o f  g rea ter d iam eter th a n  th e  C B R  p lunger to  
give resu lts co m parab le  to  th a t expected w ith  a  C B R  test. T his 
has possib ly  been  th e  tren d  w hich I g a th e r from  v arious p apers  
pub lished  fo r th is conference. I  feel a  load ing  test to  assess 
som e value, possib ly  called ‘stiffness’, cou ld  be developed w hich 
w ould  eventually  tak e  in to  acco u n t such p rob lem s as v ib ra tion . 
T he  n earest ap p ro ach  to  th is so  fa r is the  D u tc h  Shell v ib ra ting  
m achine.

C. van der  Veen (N etherlands)

I shou ld  like to  s ta te  very sho rtly , in reg ard  to  th e  airfield  a t 
B eek, th a t  th e  C B R  u p o n  w hich th e  design w as based  w as 
determ ined  a fte r fo u r days’ soak ing  w ithou t com paction . T he 
C B R  o f  com pacted  sam ples w as also  de term ined  b u t no t 
accep ted  as a  base fo r th e  design because it app ea red  im possible  
to  com pact the  soil in the field due  to  th e  very h igh  w ater co n 
ten t. A c tu a l com p ac tio n  o f  th e  soil benea th  th e  construc ted  
runw ays can n o t have  been  very m uch  as appea rs  from  the 
m easured  density . I  believe therefo re  th a t th e  tests have fairly 
well estab lished  th e  p red o m in an t influence o f  th e  w ater con ten t 
o n  the  o b ta ined  C B R  values fo r th e  type o f  soil involved.

A s to  th e  com m en t o f  F . A . S h arm an , w ho questioned  
w hether th e  runw ays a t Beek w ere really  over-designed , I  can  
say th a t since the  tests rep o rted  by m e w ere carried  o u t, heavier 
a irc ra f t w ere allow ed o n  th e  airfield , in  acco rdance  w ith  the  
tests, an d  u p  till now  th e  runw ays have  behaved  perfectly  well.

I  am  afra id  th a t I am  n o t ab le to  com m en t o n  K . A ru lu n an - 
d a n ’s rem ark s due  to  th e  lack  o f  tim e.

General Reporter
M o nsieu r le p résiden t, m esdam es, m essieurs, com m e m es 

prédécesseurs, les R ap p o rteu rs  généraux  des au tres  sections, je  
serai très b re f ca r il ne  p a ra it  pas possib le  de  tire r, en  quelques 
m inu tes, des conclusions claires e t co u rtes de  la  d iscussion 
longue e t variée que nous venons d ’avoir.

Je  dois tou tefo is sou ligner l’in térê t des exposés présentés. A  
m o n  avis, ce tte  discussion o ra le  a  m ieux fa it a p p a ra ître  les 
progès accom plis en  géotechnique ro u tiè re  que les com m u n ica 
tions écrités, ca r les nom breu x  o ra teu rs  qu i se son t succédés à 
la  trib u n e  o n t tra ité  de su jets très variés s ’é ten d an t p resque  su r 
la  to ta lité  d u  dom ain e  de ce tte  4èm e section.

Je  m e b o rn era i a lo rs à  u n e  ap p réc ia tio n  générale.
N o u s  disons souven t en  F ran ce , que  la  ro u te  est u n e  créa tion  

con tinu e , c ’est-à-d ire  q u ’il ne  s’ag it p as seu lem ent de  la  con 
s tru ire , m ais q u ’il fau t aussi l’en tre ten ir , la  rép are r, l’am élio rer 
p rogressivem ent p o u r l’a d a p te r  aux  p ro g rès de  la  circu lation .

Je  pense q u ’il en  est de  m êm e p o u r la  géo techn ique ro u tiè re  
o ù  au cun e  form ule, au cun e  m éthod e  ne  d o it ê tre  considérée 
com m e définitivem ent é tab lie  m ais d o it sans cesse ê tre  am éliorée 
e t réadap tée .

II s’ensu it que ce tte  science d o it ê tre  en  évo lu tion  con tinu e  e t 
m êm e en  évo lu tion  rap ide , vu  sa jeunesse. Je  pense q u e  les 
d iscussions d ’au jo u rd ’hu i nous a u ro n t convaincus de la  réa lité  
de cette  évo lu tion  e t m êm e d u  dynam ism e de ce tte  évolu tion . 
A ussi, je  suis ce rta in  q u ’au  p ro ch a in  congrès no u s au ro n s à  
en reg istre r de nouveaux  e t très g rands p ro g rès en  cette  m atière.
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