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SECT ION I
THEORIES. HYPOTHESES. CONSIDERATIONS OP A CT.HE.RAL CHARACTER
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SUB- SECTION l a
GENERAL CONSIDERATIONS

I a  1 EARLY HISTORY AND BIBLIOGRAPHY OF SOIL MECHANICS

JACOB FELD« Ph. D.
Consulting Engineer,

INTRODUCTION.
Both the a rt and the science of control 

and u t i l iz a t io n  of s o il  as a build in g mate­
r i a l  have t h e ir  beginnings in  p re h is to ric  
daya. Some ten thousand years ago, N eolith ic 
man b u ilt  huge earth  mounds to  mark b u ria l 
s i te s  or fo r  other commemorative, or possibly, 
u se fu l, reasons. Mound bu ild in g was continued 
by the e a rly  Greeks, the e a rly  Saxons, and 
even by the p re h is to ric  American Indians, and 
i s  even now an important problem in  s o il  me­
chanics as applied to  embankments and earth  
dams. Near S ilb u ry , England, M egolithic man 
b u ilt  not only a huge mound but a lso  a c ir ­
cu la r  d itch  to  surround h is  stone erection  
p ro je c t. P o ssib ly  pre-dating any of these 
earth-works were the p ile  foundations ere ct­
ed fo r  supporting the sh e lte rs  o f N eolith ic 
man along lake shores. Earth tun n ellin g  dates 
back to at le a s t  800 B.C. in  the Persian un­
derground g a lle r ie s  ("Kanats" or "k arezes"), 
thousands of m iles in  to ta l  length  to  tap 
underground w ater and to  a r t i f i c i a l l y  dewater 
the su b -so il. The art of th is  method of water 
production was brought to  Egypt by Scylox 
about 500 B .C ., in  the ir r ig a t io n  of the El 
Khargeh o a sis , and i t s  use spread as a stan­
dard method from Baluchistan to  Morrocco.

Archeologic exploration s in d icate  very 
l i t t l e  p o s itiv e  inform ation of knowledge on 
the n e ce ssity  fo r  foundations under ancient 
stru ctu re s. When stru ctu res s e ttle d  too much, 
they were demolished and the rubble was used 
as a base fo r  the succeeding stru ctu re . A 
c r i t i c a l  examination made in  1931 by the w rit­
er  of the w a lls  o f Jericho (four le v e ls )  as 
exposed in  the excavations made there by Ma­
jo r  Toulok, in d icated  that a sp ec ia l la y e r  of 
stones had been placed as a base fo r  each 
succeeding w a ll. The lowest construction dates 
back to  about 2400 B.C. Major Toulok was quite 
convinced that he had solved the mystery of 
the Jericho w all fa ilu r e  when Joshua (1400
B .C .) took the c i t y .  The excavations showed 
the foundation t i e r  of stones ( fo r  the w all 
of that period) d isplaced  la t e r a l ly  to  the 
outside and tipped forward, as i f  a trench 
had been dug along the bottom of the w all to  
undermine the base. A p ossib le  so lu tio n  to an 
age old  question, and an ap p licatio n  of s o il  
mechanics knowledge.

Ancient and mediaeval philosophers con­
trib u ted  to many sciences and there are r e fe r ­
ences in  the tech n ical li te r a tu r e  o f the 17th 
and 18th cen turies which gave cre d it to  G ali­
le o , Lambert, and o th e r s 'fo r  basic  id eas. The 
e x is tin g  contributions in  earth  and s o il  stud­
ie s ,  as an independent problem, date from the 
la t t e r  part o f the 17th  century. From the 
French m ilita r y  engineers, there came a suc­
cession of em pirical and a n a ly tica l analyses 
of earth  pressures and earth  slopes, neces­
sary data fo r  the design of f o r t i f ic a t io n s .
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During the same period , the English seem to 
have been more in te re ste d  in  the study o f so il 
con tro l and c la s s if ic a t io n  fo r  a p p lica tio n  to  
a g ricu ltu re . About the middle o f the 18th cen­
tu ry , contributions on la t e r a l  earth  pressure 
begin to  appear in  I ta l ia n , Dutch and Swedish 
s c ie n t i f ic  p u b licatio n s, at f i r s t  as applied 
to  f o r t i f ic a t io n s  and la t e r  as a s c ie n t i f ic  
problem attacked experim entally and a n a ly tic ­
a l ly .  Coulomb's essay in  1773 changed the en­
t i r e  method ofap p roach  to  the problem o f so il 
slopes and la te r a l  earth  pressure and was 
c lo s e ly  follow ed by many experimental attempts 
to  prove and to disprove h is  th e o r it ic a l  re­
s u lts .  Before the end of the 18th century, 
there appeared contribution s in  the French, 
Dutch, German, I ta l ia n  and Russian s c ie n t i f i c  
s o c ie t ie s  on Coulomb's theory and m odifica­
tio n s of the formulae, c h ie f ly  s im p lifica tio n s  
to  make the re su lts  of em pirical valu e.

In the la s t  quarter of the 18th century, 
Bohms "Magazin" must have been an important 
medium fo r  the dissem ination of new id e a s ,fo r  
i t  carried  tra n s la tio n s  in to  German of almost 
a l l  the contributions found in  the printed  
tran saction s of the s c ie n t i f ic  s o c ie t ie s  in  
a l l  the countries of Europe. Extensive sum­
maries of e a r l ie r  work are given by Bruni ngs 
(1803, Dutch) and Mayniel (1808, French). The 
e a rly  p art of the 19th  century brings stu d ies 
o f other s o i l  problems, such as shore erosion, 
pressures on the in side and outside of bins 
and c e l l s ,  flow  of s o ils  from o r i f ic e s ,  p i le  
foundations and s o i l  con tro l by wood p i le  and 
by "sand p ile "  in trod uction , together w ith a 
continuous attack  on the la t e r a l  earth p res­
sure question.

The f i f t y  e a r l ie s t  a v a ila b le  references 
to  s o i l  mechanics contributions are l i s t e d  in  
chronological order and a short d iscussion  of 
the various contributions i s  given as an out­
lin e  of the h is to ry  in  th is  su b je ct, to  record 
the o rig in s of the study which i s  the subject 
of th is  Conference.

SOIL CLASSIFICATION AND IDENTIFICATION.
In a lengthy d ise rta tio n  presented before 

the Royal S ociety  of London on A p ril 29, 1675t 
Evelyn s ta te s  th at the Ancients c la s s if ie d  
s o i ls  as: Creta, A r g illa ,  Smetica, Tophacea, 
P u lla , Alba, Rufa, Columbia, Macra, Cariosa 
and Rubrica, and th at Anathesus K ircher in  h is 
"De Arte Combinatoria" computed th at there 
were 179.100.060 d iffe re n t  so rts  of earth s, of 
which only 8 or 9 need be considered p r a c t ic ­
a l ly .  Evelyn describes the methods of id e n ti­
f ic a t io n  and the expected actions of s o ils  
found in  the three d iffe r e n t  la y e rs  or h ori­
zons: (1) top la y e r  or under-turf earth , (2) 
s o i l  la y e r , which may be loam, c la y , p la s t ic  
f ig u lin e , or sm etic, and (3) su b -so il la y e r ,
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which may be chalk, marie, fu lle r s -e a r th , 
sandy, g ra v e lly , stony, rock, s h e lly , coal or 
m ineral. Each of the types i s  described and the 
suggestion presented that id e n tif ic a tio n  can 
be made by the use o f the senses: sm ell, taste , 
touch and s ig h t. Evelyn makes i t  c le a r  that a 
composition of mixed s o ils  does not ex h ib it 
tfce p ro p erties of a l l  the constituent p a rts , 
since ce rta in  earths in fluence the 60i l  behav­
io u r f a r  more than one would expect from the 
proportional content.

Lemaire (1737) revised  the ta b le s  fo r  
f o r t i f ic a t io n  w a lls  developed by Vauban by in - ■ 
troducing the "te n a c ity "  in  the earth  backing 
as helping the s t a b i l i t y  of the w alls.P revious 
a n a ly sis  had always been based on the assump­
tio n  of a h yp othetical so lid  earth.

Q.uerlonde (1743) d istin gu ish es between 
three types of s o i l  b a c k f i l l :  vegetation  s o i l ,  
s t i f f  earth and sand, having d iffe re n t natural 
slopes, namely 1 : 1 ,  3:2 and 1 :2 . Lorgna (1763) 
d if fe r e n tia te s  between various s o il  types, 
g en erally  divided in to  fo u r c la sses : various 
kinds of fresh  e a rth ,-d rie d  earth , sandy ground, 
and sands, which la t t e r  may be p la in , mineral, 
r iv e r  or sea sand. Rondelet (1767) d ivid es a l l  
s o i l  in to  earth  and sand, and h is  monumental 
work influenced many la t e r  authors to  d isre ­
gard v a ria tio n s  in  d iffe r e n t  s o i ls .

Chauvelot (1783) seems to  be the f i r s t  to 
attempt a s o il  c la s s if ic a t io n  by a numerical 
determ ination of p h ysica l properties* weight, 
f r ic t io n  and cohesion. When he presented h is 
theory of la te r a l  earth pressure determination 
before the Academy of Sciences in  P aris (Jan.
22, 1783), in  which he evaluates the pressure 
o f any m aterial where the weight, in tern al 
f r ic t io n  and cohesion are p revio u sly  deter­
mined by experiment, that learned body d eclar­
ed that the problem of earth pressure was sus­
ce p tib le  of a rigorous so lu tio n . I t  i s  strange 
th at Coulomb's much more lo g ic a l  and complete 
so lu tio n  of the problem was disregarded in  
t h is  pronouncement.

Delanges (1788) studied the sta te  of "senri.- 
f lu id s " ,  which he enumerated as sand, gravel, 
lead sparrow-shot, m ille t  and sim ila r  m aterials. 
Mayniel (1808) in  the p ra c t ic a l ap p licatio n s 
of theory to reta in in g  w all design, tab u lates 
values fo r  the fo llo w in g  s o il  types: s o i l  f i l l ,  
sand, gravel, rubbish f i l l  and c la y  f i l l .  S ir  
Humphrey Davy (1813), from the a g ricu ltu ra l 
point or view, shows that a l l  s o i ls  are mix­
tu res of various types of earth , fo u r types 
being most common: aluminous c la y , s ilic e o u s  
sand, calcareous marie or chalky sand and mag- 
nesian. In 1818, an unknown author apparently 
much influenced by Davy, wrote in  the "Treat­
is e  on S o ils  and Manures", on the subject of 
s o i l  id e n tif ic a tio n :

"In framing a system of d e fin it io n s , a 
s o i l  i s  to take a p a r tic u la r  denomination 
from a p a r tic u la r  kind of earth , not ex a ctly  
in  proportion as th at earth  may preponderate, 
or not, over others in  forming the b a sis  of 
the s o i l ,  but rather in  proportion to the in­
fluen ce which a p a r t ic u la r  kind o f earth , 
forming part of the sample, h as." This s ta te ­
ment i s  in  close  agreement with the most mod­
em  recommendations in  s o i l  c la s s if ic a t io n  and 
id e n tif ic a tio n .

LATERAL EARTH PRESSURE THEORIES.
A larg e  m ajority of e a rly  contributions 

deals w ith the sub ject of la t e r a l  earth p res­
sure. In comparison, the f i r s t  International 
Conference at Harvard included only three pa­
pers on the su b ject, showing that there i s  
f a i r  agreement on the so lu tion s of th is  prob­
lem in  s o i l  mechanics. A "H istory of the De­

velopment of L ateral Earth Pressure Theories" 
was published by the author in  the Brooklyn 
(N .Y.) Engineers' Club Proceedings, January 
1928, and only a summary i s  included here.

Revetments fo r  the f o r t i f i c a t io n  o f c i t ­
ie s  and camps have been b u ilt  from the e a r ­
l ie s t  days, noteworthy examples being the ma­
sonry wallB of the Romans erected  to  w ith­
stand the shock of catap u lt p r o je c t i le s  and 
to  re ta in  the earth  f i l l s .  The w a lls  of the 
mediaeval ages were copies from the Roman 
stru ctu res which o u tliv ed  the empire. The 
e a r l ie s t  e x is tin g  recorded ru les  f o r  the de­
sign of revetments are those o f Vauban. the 
great French m ilita ry  engineer, (16Br/ ) . In 
h is  t r e a t is e  on the f o r t i f i c a t io n  of fo r tr e s ­
ses he mentions the formulas which were used 
in  constructing over 150 f o r t i f ic a t io n s  of 
various h eigh ts, using 4.000.000 cu. yds. of 
masonry. In a l l  p ro b a b ility  these ru le s  are 
based upon older em pirical ru le s  coupled w ith 
"cut and try "  experiment. Vauban assumed th at 
h is  w a lls  would ro ta te  as u n its  about the toe, 
the counterforts actin g  as in te g ra l p arts of 
the w a ll. He re a liz e d  that the coun terforts 
decrease the actin g  earth  pressure because o f 
the f r ic t io n a l  resista n ce  along the sid es as 
w ell as by a decrease of the exposed w all area. 
Audoy has shown th at the ty p ic a l Vauban revet­
ment has a fa c to r  of s a fe ty  of 4.70 fo r  s l id ­
ing and 3.80 fo r  overturning, assuming id e a l 
condition.

B u lle t of the French Royal Academy of 
A rchitecture develops the e a r l ie s t  theory bas­
ed upon the p rin c ip le s  of Mechanics (1691). 
S ta rtin g  with the assumption th at a l l  the re­
tain ed  earth  above a 45® plane through the 
heel of the w all tends to s lid e  as a s o lid  
mass upon th is  plane, he says th at the weight 
o f the w all must be to  a weight of t h is  wedge 
as the length of the plane of rupture i s  to 
the height of the w a ll.

Couplet (1726) published three e x ce llen t 
a r t ic le s  concerning the pressure o f earth  
against revetments and the necessary r e s is t ­
ance of revetments to  withstand such pressure, 
containing the e a r l ie s t  syn th etic  earth  p res­
sure th e o rie s . In the f i r s t  a r t ic le  he assum­
es a f r ic t io n le s s  w all acted upon by a f i l l  
o f an in f in it e  number o f small sp h erica l 
g rain s. In 1727, he gen eralized  to  the case 
of a rough w a ll, the pressure now actin g  noim- 
a l to  the ir r e g u la r i t ie s  or grains in  the 
back o f the w a ll. Two cases are considered, 
where each grain re s ts  on three or on fou r 
o th ers1 in  each case the plane of rupture w ill 
pass through the toe o f the w a ll. For, he says, 
i f  the p ortion  of the w all below th is  plane 
i s  omitted, the m aterial below the new w a ll, 
being in  the n atural s ta te  of. equilibrium , 
w i l l  not move. The method i s  the same as in  
the f i r s t  theory, except th at the unbalanced 
fo rce  may now act ob liq u ely . The general re­
s u lt  i s  in  the form of a cubic equation from 
the so lu tio n  of which one obtains the requ ir­
ed width of w all fo r  ro ta tio n a l s t a b i l i t y .

B elid or (1729), s ta r t in g  w ith B u lle t 's  
assumption o f a 45° prism of rupture, inves­
t ig a te s  the actio n  of the wedge by d ivid in g  
i t  in to  p arts  by planes p a r a lle l  to the plane 
of rupture. He summates tne e f fe c ts  of- the 
in d ivid u al sectio n s o f earth in  causing rota­
tio n  about the to e , the earth  pressure being 
the h orizon tal component, and deducted h a lf  
o f the re su ltin g  overturning moment as a lo s s  
due to  the presence of f r ic t io n .  In any case 
of oblique w all or surcharged f i l l  the wedge 
of rupture i s  the m aterial contained between 
two 45° planes passed through the bottom and 
the top of the back of the w a ll.

Querlonde (1743), of the French M ilita ry
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Engineers, refu ses to  accept the idea o f a 
45° wedge fo r  a l l  cases, but considers three 
types of s o il  -  vegetation  s o i l ,  s t i f f  earth 
and sand. The earth pressure i s  h o rizo n ta l, 
however, he says that the sum of the earth 
pressure and the f r ic t io n a l  lo ss  must equal 
the weight of the wedge. A lso, the ra tio  of 
the pressure to  the f r ic t io n  lo ss  equals the 
ra tio  of the height of the plane of rupture 
to  the h orizon tal width. This comes, he says, 
from the p rin c ip le  o f the in clin ed  plane.

Gadroy (1745), t r ie d  to prove B e lid o r's  
theory toy experiment. Using a 6mall model wall 
he found that fa ilu r e  occurred by ro ta tio n al 
displacement; hence, he concludes that the 
la te r a l  pressure must act at the top of the 
w a ll. He noticed th at the f i r s t  s lip  of sand 
did not include a l l  the m aterial above the 
plane of repose, tout he missed the s ig n if ic ­
ance o f th is  f a c t ,  although he went to  the 
trouble o f in v e stig a tin g  the e f fe c t  of the 
height o f f i l l  on the plane of rupture.

Numerous contribu tion s, u su ally  m odifica­
tio n s  of e a r l ie r  th eo ries appeared from 1745 
to  177O. Louis de Coptontaigne (1750) advises 
a co rrectio n  to  Couplet*s theory -  h is  "eveiy  
day p ra c tic a l method" was to  take the la te r a l  
pressure as h a lf  the weight of a 45° prism of 
rupture. Lorgna (1755) assumes the la te r a l  
pressure to  act at 45° and to be equal to the 
weight of the 45° prism o f rupture times the 
sine of 45°. Kinsky (1763) fo llow s the same 
reasoning to  obtain the overturning moment, 
and Ypey (1765) bases h is  theory on a 45° 
plane or rupture passing through the toe of 
the w a ll.

Sallon yer (1767) of the French Depart­
ment of F o r t if ic a tio n  reso lves the weight of 
the prism o f rupture, assumed to  s lid e  on the 
plane of repose, in to  two components, one of 
which a cts  p a r a lle l  to  th is  slope and. i s  equal 
in  magnitude to  the weight of the wedge. This 
tan gen tia l fo rce  a cts  through the center of 
g ra v ity , and i s  resolved  in to  h orizon tal and 
v e r t ic a l  components at the back of the w a ll. 
The overturning moment i s  the algebraic sum 
o f the moments of these two fo rce s  about the 
to e . The width of the w all i s  found by equat­
ing the moments causing and re s is t in g  over­
turning. Blaveau worked w ith  Sallonyer and 
develops a s im ila r  theory. The la te r a l  press­
ure has the same d irec tio n  and point of ap­
p lic a tio n  but i t s  magnitude i s  the component 
o f the weight of the wedge p a r a lle l  to  the 
plane of rupture. In ca lc u la tin g  w alls  he d is­
regards the v e r t ic a l  component of th is  press­
ure. A great advance was h is g en eralizatio n  
from the case of a 45° wedge to the wedge with 
an undetermined angle.

Rondelet in  d escrib ing h is  earth pressure 
theory makesno mention of any previous author 
except B elid or. Eondelet decomposes the weight 
of the wedge into components p a r a lle l and per­
pendicular to  the plane of slope . The tangent­
i a l  fo rce  actin g  through the center of grav­
i t y  of the wedge i s  the earth  pressure.Experi­
m entally he deduced th at the pressure i s  a l ­
ways caused by a wedge s lid in g  on-the plane 
of slope, which both fo r  sand and earth  i s  a 
45° slope. At about the same time, according 
to Mayniel, the Department of F o r t if ic a tio n s  
was using th is  tneory with the reduction of 
the tan gen tia l component by the f r ic t io n a l  
resistan ce  along the plane of slope. Other 
engineers were reso lv in g  the weight of the 
wedge in to  two components, one h orizon tal and 
the other normal to  the plane of slope.

Trineano goes back to the assumption of 
a 45° wedge causing a h orizon tal pressure at 
2/3 h, but says th at i t s  value i s  1/4 of the 
weight o f the wedge. The Italian, engineers,

including d 1Antony (1768), a l l  assumed a 45° 
wedge of rupture. D1Antony made the same as­
sumptions as in  Trincano's theory and a lso  re­
commended th a t the fa ce  of the w all be made 
p arabolic in  sectio n  since the pressure va ries 
as the square of the depth. Another assumption 
in  h is  theory was th at the f r ic t io n  along the 
base o f the w all aided the s t a b i l i t y  against 
overturning.

Up to  1773, a l l  the attempts at the the­
o r e t ic  determ ination of the la t e r a l  pressure 
o f granular m aterials began w ith the assump­
tio n  o f a d e fin ite  plane of rupture, u su ally  
the plane o f slope. Coulomb elim inated th is  
assumption by d eriv in g  an expression fo r  the 
pressure caused by a general wedge. Then l e t ­
tin g  the f i r s t  d e r iv a tiv e , w ith respect to  
the va ria b le  wedge angle, equal to  zero, he 
obtained the value of the wedge angle co rres­
ponding to  the maximum p ressure. In t h is  way 
he introduced the idea th at a w all must be 
designed to  withstand the maximum pressure; 
previous in v e stig a to rs  had not considered the 
p o s s ib i l i t y  that t h e ir  methods might not p ic ­
ture the wordt case.

Coulomb1s essay on the a p p lica tio n  o f the 
ru les  o f maxima and minima to  the s t a t ic s  of 
construction (1773) g ives a remarkably com­
p le te  a n a ly sis  of the actio n  o f granular mate­
r i a l s .  He uses as h is b a sis  the laws of f r i c ­
tio n  and cohesion fo r  s o lid  bodies which he 
assumed also  hold fo r  granular bodies:
1) The f r ic t io n a l  resista n ce  on any surface 

i s  equal to  a constant, the c o e ff ic ie n t  of 
f r ic t io n ,  times the normal pressure on that 
su rfa ce .

2) The cohesion resistan ce  i s  equal to  a con­
stan t times the area of the su rface.

With but few exceptions, la t e r  w rite rs  have 
accepted these laws. Coulomb fu rth e r  assumes 
a plane surface of rupture fo r  convenience of 
evalu ation , and s lid in g  o f th at wedge which 
w i l l  cause the maximum pressu re. He g ives no 
proof fo r  th is ;  la t e r  in v e s tig a to rs  have shown 
th at these two assumptions are not co n sisten t, 
fo r  wedges bounded by curved su rfaces o f rup­
ture may cause g rea ter  la t e r a l  pressures than 
Coulomb's wedge. The pressure exerted  by th is  
wedge i s  due to  i t s  weight and i s  decreased 
by the f r ic t io n a l  and cohesive re sis ta n ce s  
along the plane o f rupture. D isregarding f r i c ­
tio n  along the w a ll, the pressure i s  horizon­
t a l .  However, he s ta te s , i f  the w all i s  rough, 
there i s  f r ic t io n a l  re s is ta n ce , equal to  the 
normal la t e r a l  pressu re, times the c o e ff ic ie n t  
o f f r ic t io n ,  which resistan ce  must be su b tract­
ed from the weight of the wedge whenever there 
i s  motion between the w all and the f i l l .

To allow fo r  cohesion, the tru e pressure 
equals the value obtained by d isregarding co­
hesion le s s  the pressure on the height of 
earth  which i s  n a tu ra lly  s e lf-s u s ta in in g . No­
where in  h is  d iscussion  does he make mention 
of the angle of repose; h is  theory considers 
only the c o e ff ic ie n t  o f f r ic t io n  in sid e  the 
mass.

Woltmann (1790) tra n s la te d  Coulomb's the­
ory in to  German and s im p lifie d  the re su ltin g  
equations by assuming th at the tangent of the 
angle of repose was the c o e ff ic ie n t  of -intern­
a l f r ic t io n .  Up to a very recent date th is  as­
sumption has been included in  p r a c t ic a lly  
every d escrip tion  o f "Coulomb's th e o ry ."  Pro- 
22 (1797) s im p lifie d  Coulomb's d iscussion  by 
introducing trigonom etric fu n ctio n s, and show­
ed th a t, i f  the tangent of n atural slope i s  
the c o e ff ic ie n t  of f r ic t io n ,  fo r  the case of 
a v e r t ic a l  w a ll, the plane bounding the wedge 
maximum pressure b is e c ts  the angle between the 
w a ll and the n atural slope. Since the co ef­
f ic ie n t  of f r ic t io n  i s  a constant, the natural
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slope and the plane of rupture are constant. 
Coulomb used the width of the wedge as the 
v a riab le  with respect to  which he d iffe re n t­
ia te d  to  obtain the condition fo r  a maximum. 
Prony used the angle of the wedge, which i s  
r e a l ly  the independent v a ria b le ; the width of 
the wedge i s  a function of th is  angle and the 
h eight. Prony's method i s  the more general one 
f o r  i t  may be used where the surface of rupture 
i s  not assumed as plane.

Mayniel (1808) extended the wedge theory 
to  the case of a sloping w a ll, assuming the 
pressure as normal to  the back, and takin g in ­
to  consideration the f r ic t io n  and cohesion 
along the plane o f rupture and the fr ic t io n  
along the back of the w a ll. He does not accept 
the assumption o f the e q u a lity  of the angles 
o f f r ic t io n  and natural repose, though he men­
tio n s  that Prony had made such an assumption. 
The mathematical work i s  very d eta iled  and 
complicated, but as he says: "That i s  because 
o f the general nature of the so lution ; we must 
take in to  account a l l  the points of the prob­
lem ." In summarizing previous th eo ries he d is­
tin gu ish es between two types of f r ic t io n  in  
s o ils :
1)  P erfect f r ic t io n ,  as in  sand, i s  caused by 

the intercogging of p a r t ic le s , acted upon
by a continuous p ressure, and i s  to  be d istin g­
uished from cohesion which i s  a reuni on of 
masses, l ik e  a glueing together.
2) Imperfect f r ic t io n  i s  the rubbing or r o l l ­

ing of p a r t ic le s  over each other, due en­
t i r e l y  to th e ir  own in d iv id u al w eights.
Mayniel a lso  g iv es  a c le a r  p ictu re  of how earth 
e x e rts  a la t e r a l  pressure behind a w a ll: A 
ce rta in  part of the f i l l  in  the shape of a 
wedge w ith the apex at the heel of the w all 
s l ip s  dcwn on a surface which i s  probably a 
plane; th is  m aterial i s  not the en tire  volume 
which tends to  s l ip ,  f o r  la t e r  s l ip s  do occur 
i f  the w all s l ip s  or f a i l s ,  but these do not 
concern the problem of the e x is tin g  pressure.

Francois (1820) repeated M ayniel's work 
including in  the d iscussion  Woltmann's assump­
t io n . The t o ta l  angle between the w all and the 
plane o f rupture i s  taken as the v a ria b le . The 
e f fe c t  of surcharges was studied by Naviex 
(1813-1826) who a lso  derived the most general 
formula fo r  the la t e r a l  earth pressure actin g 
normally to the w a ll. In the case o f surcharge, 
he showed that the resu ltan t must act at a 
point higher than 1/3 the height of the w a ll. 
Considering a bank o f earth  in  equilibrium ,the 
m aterial above the plane of repose i s  prevent­
ed from s lid in g  by the f r ic t io n  and cohesion 
along th is  plane. From th is  i s  evaluated an 
expression involving the tangent of the angle 
o f natural repose in  terms of the c o e ff ic ie n t  
o f f r ic t io n  and cohesion and the h eight. For 
small heights, he showed, the face  o f the earth 
bank may overhang and s t i l l  be in  equilibrium . 
When the cohesion i s  zero, the expression fo r  
the tangent of the angle of repose becomes the 
c o e ff ic ie n t  of f r ic t io n ,  showing that Wolt­
mann's assumption i s  only true when there i s  
no cohesion.

S t i l l  tending towards a general so lu tio n , 
Audoy (1820) does not accept the assumptions 
o f uniform d en sity , f r ic t io n  and cohesion, but 
regards each as a general function  of depth. 
Taking the pressure as nonnal to  the w a ll, he 
d erives a most complicated expression, which 
i s  o f no use because of the lack of information 
o f the fa c to r s  involved. By accepting Coulomb's 
hypotheses the fonnula reso lves in te  the re su lt  
o f F ran cois' theory.

But few advances in  theory were made be­
tween 1820 and 1840; however, the experimental 
determ ination of the necessary fa c ts  upon 
which to base theory was begun. The work of

Huber Bumand (1828) on the p h ysical charac- 
t e r i s t i c s  of sand and Hagen's experiments show­
ing the presence o f a v e r t ic a l  component are 
most noteworthy, (1833). The la t t e r  a lso  deve­
loped the theory of pressures in  b in s, based 
on the Coulomb wedge theory.

In sp ite  o f the considerable advances 
made in  the wedge th e o rie s , many authors have 
reverted  to  the o ld er id eas, very o ften  appear­
ing quite ignorant of the fa c t  th at the o ld er 
th eo ries had been m odified. The French Depart­
ment o f F o r t if ic a tio n s  had not immediately ac­
cepted Coulomb's theory but used the method of 
de Montlong (1774). The plane of rupture was 
assumed to  pass through the toe of the w all 
and, in  equating moments, the m aterial between 
the plane and a p a r a lle l  plane through the 
heel was assumed to a id  s t a b i l i t y .

Chauvelot (1783) r e je c ts  a l l  previous 
th eo ries (he does not mention Coulomb's) be­
cause of the large number of assumptions re­
quired. Experiments showed that the natural 
slope of sand was 39° 21 , y et he recommends 
th at a 45° wedge be assumed fo r  a l l  m ateria ls. 
The weight o f the wedge i s  resolved  into com­
ponents; the la t e r a l  pressure i s  equal to  the 
component actin g  normal to  the w all le s s  a cor­
re ctio n  fo r  f r ic t io n  and cohesion in  the f i l l  
and the point of a p p lica tio n  i s  at 2/3 h from 
the base.

Gauthey (1785) obtained experimental data 
a b so lu te ly  proving the existen ce of a wedge of 
maximum pressure, where the plane of rupture 
b isected  the angle between the v e r t ic a l w all 
and the plane of repose. However, he missed 
the s ig n ifica n ce  of h is  r e s u lts , advising the 
use of d 'Antony's theory w ith the addition 
th at 1/3 the weight of the wedge be subtracted 
to take in to  account the f r ic t io n  lo s s . He was 
a standard w rite r  on engineering construction , 
see fo r  example, h is  wonderful book on brid ges. 
This may explain  why h is  earth  pressure theory 
was so w idely accepted; as la te  as 1865,Curioni 
and de Benedict advised the use o f Gauthey*s 
formulas.

Delanses (1788) made some careful«observ- 
ation s of the e f fe c t  o f the moisture content 
on the natural slope and d ensity  o f s o i ls ,  a l­
so experim entally determined.the la t e r a l  p res­
sure of various granular m ateria ls , but he ap­
p lie d  h is  r e s u lts  to  proving the o ld er th e o rie s . 
Seneuin (1792) edited  the second e d itio n  of 
B u lle t *s "T ra ite " , and in s e rts  in  a footnote 
h ie  "newer" theory. The la t e r a l  pressure acts 
p a r a lle l  to  the plane of rupture and the w all 
i s  designed by the requirement th at the re s u lt­
ant of the pressure and the weight of the wa ll 
pass through the to e . Goudriaan (1796) and 
Bruenines (1803) determine t h e e f f e c t  o f a 45° 
wedge; the la t t e r  a lso  says th at the surface 
o f rupture may not be a plane but he assumes 
an average plane to  d erive a formula in  the 
same way as the o lder methods. S im ilar d isre ­
gard of the Coulomb contribu tion s appeared 
re g u la r ly  in  the l i t e r a t u r e ,  even as la t e  as 
1911» the London "A rch itect and Contract Ee- 
porter" p rin ts  th is  statement in  an unsigned 
a r t ic le :  "The earth  pressure of loose earth  i s  
e x a ctly  the same as water pressu re, being equal 
to  the weight v e r t ic a l ly  above the area con­
sidered  and the same in  a l l  d ir e c tio n s ."

EARTH PRESSURE EXPERIMENTAL WORK.
The e a r l ie s t  recorded experimental work 

i s  by B e lid o r. who s ta te s  that as a r e s u lt  of 
experiment he was led  to  the conclusion th at 
the prism of rupture of earth  f i l l s  was on a 
slope o f 1 : 1 .  Gadroy'(1745). using a t e s t  w all
3 in . high, made to  check B e lid o r 's  theory, 
concluded that the plane of rupture sloped at
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2:3 8114 not at 1 : 1 ,  even though the natural 
slope o f the m aterial was 1 : 1 .  Hondelet repeat­
ed these experiments w ith a t e s t  w all 17-J- in T 
high, using both sand and natural s o i l  as f i l le r  
and came to  the conclusion that the plane of 
rupture did not coincide w ith the plane of na­
tu r a l slope. However, fo r  s im p lic ity , he sug­
gests  that a plane of rupture on a 1 :1  slope 
be assumed fo r  a l l  m aterials.

D'Antony constructed a te s t  box w ith one 
side hinged at the bottom and the top held by 
a cord which passed over a p u lley  and was 
balanced by weights hung in  a pan. No r e l i ­
able re s u lts  were obtained from these te s ts .  
Gauthey using a box 30 in . high and 12 in . 
wide was the f i r s t  to  perform a complete set 
of earth  pressure experiments. A bottom hing­
ed gate w ith  a cord t ie d  at one-third the 
height and passing through the f i l l  was coun­
terbalanced by weights s im ila r  to  the method 
o f D'Antony. He then changed the w all to a 
gate made up of f iv e  p a rts , in  a sm aller bin , 
making each p art 1-1/2 in . high and attaching 
two cords to  each p a rt. In th is  way he a t­
tempted to measure the pressure at each depth. 
In sp ite  of the resista n ce  of the imbedded 
cords, he did obtain an idea of the va ria tio n  
in  pressure on the various s la t s ,  reporting 
th at w ith  a sand f i l l ,  the weights needed to 
balance the f iv e  s la t s  were 1-1/2 , 4, 6, 8 
and 10 oz. To determine how much of the f i l l ­
ing m aterial in  the b in  was r e a lly  respons­
ib le  fo r  the pressure against the te s t  w a ll, 
he b u ilt  a hinged sloping bottom in  the bin 
and reported th at the pressure against the 
v e r t ic a l  fa ce  was the same fo r  the horizon tal 
bottom and fo r  a number of increasin g slopes 
w ith the h orizon tal u n til  he reached 67-1/2 
deg. In th is  way he proved that the m aterial 
below th at plane had no e f fe c t  on the pressure 
against the v e r t ic a l  w a ll.

Delanges, describes some experimental 
work on the shapes that sem i-flu id  m aterials 
w i l l  take and the v e r t ic a l  pressure in  the 
small b in s. In the la t e r a l  pressure experi­
ments he used a small box w ith a hinged side
6 in . square, counter-balanced by two str in g s  
of s i lk ,  on which were hung equilibrium  load­
in gs. He p oints out very c a r e fu lly  that both 
the h orizon tal and the v e r t ic a l  pressures of 
sem i-flu id s contained in  "v e s se ls"  i s  reduced 
below corresponding f lu id  pressures by the 
f r ic t io n  of the side w a lls .

The e a r l ie s t  larg e  sca le  apparatus was 
b u ilt  by Woltmann, a box 1 .72  m long, 1 .1 5  m 
high and 1 .1 5  m wide. The fro n t w a ll was hing­
ed on the top and prevented from excessive ro­
ta tio n  by an ad ju stable stop a t  about one- 
th ird  of the h eigh t. Two methods were used to  
measure the overturning moment on the fron t 
w a ll. The f i r s t  was by means of a s tr in g  t ie d  
to the back of the w all a t i t s  middle point 
and connecting to balancing weights placed be­
fo re  b a c k f i llin g , which were removed gradually 
a f te r  b a c k - f i l l in g , u n til  movement occurred.
The second method was to counterbalance the 
w all by weighted crank arm beam attached r ig id ­
ly  to the w a ll. M aterials te s te d  Included sand, 
grav e l, s o i l  and rye. The re s u lts  obtained 
were approximately h a lf  of those given by the 
Coulomb formula.

The experiments conducted at Alexandrie 
in  1805, at Piedmont in  1806 and at J u lie rs  
in  1806 and 1807, were started  by Major of 
Engineers L aulanier. continued by Lieutenant 
Derche and were completed by Maynlel. The 
f i r s t  apparatus b u ilt  was a box 2 m wide, 1-1/2 
m long and 1 m h ig i .  When f i l l e d  w ith sand, 
the bottom hinged gate broke i t s  hinges and 
f e l l  w ith a "sharp detonation". However, the

experimenters had c u r io s ity  enough to measure 
the surface o f rupture and found i t  to  be prac­
t i c a l l y  a plane at an angle of 64°42' to  the 
h o rizo n ta l. The second apparatus b u ilt  at Ju­
l i e r s ,  was 3 m long, 1-j m wide and 1$- m high. 
The box was o f wood, but the gate was b u ilt  
much more s u b sta n tia lly  and a lso  hinged a t the 
bottom. At on e-th ird  the height an iron  stru t 
was hinged to the gate and pushed against the 
w eights on a f r ic t io n  block . The resistan ce  
o f the f r ic t io n  block was f i r s t  made la r g e r  
than the expected pressure and was reduced by 
adding weights in  the pan helping to  p u ll  the 
block . Mayniel s ta te s , as a conclusion from 
the experiments, th at Coulomb's theory i s  the 
only true and simple theory. The resu lta n t 
pressure a cts  at one-third  o f the height and 
equals from 1/4 to  1/3 of the weight o f the 
wedge o f rupture when the f i l l  i s  lo o se , and 
from 1/7 to 1/20 of the weight of the wedge 
of rupture when the f i l l  i s  packed.

A very  s im ila r  apparatus was used by 
Martonyde goszegh, 2.85 ® l ° ng» 0.95 m wide 
and l„9b m high. Pressures were a lso  measured 
by a f r ic t io n  dynamometer. Of course th is  
method prevented any measurement o f a v e r t ic ­
a l component. The f i l l  m aterial was sand and 
a lso  earth, and the r e s u lts  agreed f a i r l y  
c lo s e ly  to those given by Coulomb's theory.
A d e ta ile d  report o f a l l  recorded experiment­
a l work was prepared by the author in  1923. 
and f i l e d  w ith the Engineering S o c ie tie s  L i­
brary in  New York, and a summary was publish­
ed in  the Proceedings of the Highway HeBearch 
Board, 1940.

PHBSSUHE ON BIN SIDES AND BOTTOM.
In addition to  the m ilita r y  problem o f 

f o r t i f i c a t io n  w a lls , the French Engineers 
spent considerable e f fo r t  to  so lve the prob­
lem of b in  storage, which had a p r a c t ic a l ap­
p lic a tio n  in  the magazine s i lo s .  Moreau (1827) 
reported on the p r a c t ic a l  considerations of 
s i lo  planning, above and below ground, and o f 
square and c ir c u la r  sectio n s. Both Moreau and 
H u b e r -B u m « knew that the base o f a bin did 
not support the en tire  load above i t .  The 
la t t e r  proved i t  experim entally (1829), by 
weighing bottom less boxes f i l l e d  w ith  sand 
and w ith  top s o i l ,  as they were l i f t e d  fre e  
o f the supporting f lo o r . Moreau and N ie l(1835) 
experimented w ith a s im ila r  d evice , but w ith  
only part of the bin  bottom detached, and 
showed how an arch formed over the opening 
and the pressure on the opening was independ­
ent of the height of the f i l l  and of any sur­
charge placed thereon. In some cases, the 
surcharge loads a c tu a lly  decreased the p res­
sure exerted on the b in  bottom. Some of th is  
experimental work was performed to  determine 
the pressures at the bottom of the f i l l s  due 
to  surcharge loads.

SOIL PHYSICS STUDIES.
Couplet (1726) p ictu red  s o i l  as a p i le  

o f sp h erica l grain s, arranged as tetrah ed ra, 
e ith e r  one grain  on three or one grain  on four. 
Gauthey tr ie d  to check t h is  p ictu re  experi­
m entally, but found th at s o i ls  did not f r a c ­
ture along a n atural slope l in e ,  as did  the 
p i le s  of spheres. Gadroy (1745) studied  the 
erosion o f s o il  slopes and. concluded th at the 
windward side was more a ffe c te d  and the amount 
of erosion from wind and ra in  was sm aller f o r  
s o i ls  w ith  sm aller n atu ral s lo p es. That s o i l  
can stand v e r t ic a l ly  and even overhang seems 
to  have been f a i r l y  w e ll known, but Coulomb 
(1773) was the f i r s t  to  determine the height



6

of s o i l  which can stand v e r t ic a l ly  as a func­
tio n  of the cohesion and in tern a l f r ic t io n . 
This formula he obtained by determining the 
height fo r  which h is  general formula shoved 
a zero value fo r  the la t e r a l  earth pressure.

Delanges (1788) quotes two e a r l ie r  
a u th o ritie s  as having d istinguish ed  s o ils  
from so lid s  or liq u id s : G alileo  stated  that 
sem i-flu id s in  co n tra d istin ctio n  to  liq u id s  
"when heaped togeth er maintain th e ir  condition; 
and when hollowed up to a ce rta in  mark, the 
c a v ity  remains, without the surrounding p arts 
flow ing to f i l l  i t  again; and when ag ita ted  
and disturbed they qu ickly  s e t t le ,  as soon as 
the outside motion sla ck en s." And fu rth e r  he 
fin d s  cause "to  be able to  very reasonably 
argue that the sm allest p arts  of water in to  
which i t  seems to  be resolved (since i t  has 
le s s  consistency than the f in e s t  powders what­
soever, in  fa c t  i t  has no consistency) are 
very d iffe re n t from the sm allest d iv is ib le  
q u a n titie s ."  Lambert (1772) on the other hand, 
claimed that restra in ed  bodies of s o i l  react­
ed more lik e  liq u id s .

Delanges c a r e fu lly  measured the natural 
slope of severa l m aterials and noted that 
each had a d e fin ite  slope, which was g rea ter  
fo r  rougher surfaced and fo r  la rg e r  sized  
grain s. He s ta te s  that liq u id s  assume a le v e l  
surface because they co n sist of a minute 
smooth-surfaced spherical grain s. Experiment­
a l ly ,  in  c y lin d r ic a l and con ical v e s se ls , w ith 
loose bottoms, he proved th at the bottom sup­
ported le s s  than the t o t a l  weight, of the con­
tained  m ateria ls , and co rre c tly  deduced that 
the reduction was caused by the f r ic t io n  along 
the sid ew a lls. When openings of various s ize s  
were opened in  the bottom of the v e s se ls , the 
flow  of the various granular m aterials seemed 
to  be independent of the depth of the f i l l ,  
and always ended with a conical ca v ity  of f i x ­
ed slope fo r  each type of m ateria l. Then using 
g la ss  cy lin d ers and p lacin g  h orizontal la y ers  
o f grains stained  d iffe re n t  co lo rs, he could 
watch the sequence of flow  from the d iffe re n t 
depths and the r e la t iv e  v e lo c it ie s  of motion. 
In s im ila r  experiments to  measure the flow  
through h orizon tal openings, Delanges derives 
a re su lt  analogous to the flow  of liq u id s  
through an o r i f ic e ,  modified by taking inco 
account the fa c t  that the p a r t ic le s  a rrive  at 
the o r if ic e  "with a rate of speed much le s s  
than that which would be su itab le  fo r  a fre e  
drop," This work was la te r  repeated and ex­
panded by Huber-Bumand (1829) w ith the same 
conclusions.

vVoltmann (1802) studied the s t a b i l i t y  of 
slopes in  canal excavations and derived a fo r ­
mula fo r  determining such s t a b i l i t y .Goudilaan 
(1810) developed the e f fe c t  of d iffe re n t  shap- 
ed waves on shore erosion and understood the 
mechanics o f wave action  and energy transmis­
sion from water to sand along the beaches. In 
1796, he wrote on wood sh e et-p ile  and other 
shore p ro tection  methods.

FOUNDATION AND PILE STUDIES.
Although the a rt of foundation construc­

tio n  must have been w ell estab lish ed  by 1772, 
i t  was Lambert who f i r s t  made an attempt to 
ra tio n a liz e  the design o f spread foundations 
as w e ll as the use of p i le s .  Some of h is  con­
clu sion s were based upon observation, and 
others on the re s u lts  of experimental determin­
a tio n  of settlem ents from s t a t ic  and f a l l in g  
models re stin g  upon and "immersed"-in sand.

An extensive research in to  the value of 
sand p i le s  fo r  consolidation  and. s t if fe n in g  
o f miry s o i l ,  made necessary fo r  the design 
of foundations at Bayonne, France, was report­

ed by Moreau (1827). Among the b a sic  conclu­
sions i s  found proof th at s o i l  can be consolid­
ated to  a much g rea ter volume reduction by 
d rivin g  p ile s  which are then withdrawn and re­
placed by "very f r ia b le  stone reduced to  pow­
d e r,"  than by surface ramming. These sand p ile  
foundations were te s t  loaded, by load in cre ­
ments over long time p eriod s, to  a maxi mum of 
66,000 lb s . on nine p i le s ,  8 j in . diameter and 
4£ f t .  long, spaced about 16 in . on cen ters. 
Preference o f sand p i le s  over timber p i le s  i s  
a lso  expressed because they act as w e lls  in to  
which the adjoining earth  drains and therefor# 
perm its b e tte r  con solid ation .

In attem pting to  measure load d is tr ib u ­
tio n  through s o i l  by weighing the load ca rried  
on a loose panel in  the bottom o f b in s, Moreau 
concludes: "Whatever may be the o r ig in a l pres­
sures, when a p ortion  o f the bottom commences 
to  give way, i t  i s  re lie v e d  of most of the 
weight upon i t "  and so "whatsoever may be the 
d ifferen ces  of resistan ce  o f the bed of the 
foundation, no part of t h is  bed can y ie ld  witt*- 
out the pressure upon i t  decreasing or the 
neighbouring p arts  g iv in g  way at the same time 
and the settlem ent becoming uniform in  sequence? 
Which i s  a simple and true d escrip tion  o f what 
i s  now c a lle d  " lim it"  design.

N ell (1835) experim entally determined the 
extent of load d is tr ib u tio n  through s o i ls  by 
noting how close  to  a load he could s a fe ly  re­
move the s o i l  slope. This inform ation he ap­
p lie d  to  actu al designs o f foundations support­
ed by la y ers  o f sand placed on s o ft  c la y  and 
mire. P a r a lle l loading t e s ts  on s o i l  excavat­
ed in  p it s ,  w ith  and without sand pads, were 
ca rrie d  over 14 day p eriods. In a p i t  4 f t .  
square and 9 f t .  deep, a 4 f t .  depth of sand 
reduced settlem ent values to  almost on e-th ird , 
the loading being 4000 lb s . p er sq. f t .  These 
methods o f sand bases and sand p i le s  to  carry  
loads in  a l lu v ia l  s i l t  s o i ls  were used a t  Ba­
yonne, M arseilles and P a ris , on a number of 
noteworthy p ro je c ts  in  the f i r s t  h a lf  o f the 
19th century and only re ce n tly  have been re­
cognized as proper methods.

Brünings in  "Over de Z ijd elin gsch e  Druk- 
king der Aarde", some 100 pçges summarising 
e a r l ie r  work, (1803), ends w ith a very  f i t t i n g  
quotation fo r  th is  paper: " I f  these our good 
inten sions sh a ll be of serv ice  to  any and f a ­
vourably received , we have our end."
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