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T h e  U lt im a te  B e a r in g  C a p a c ity  o f  W ed ge -shap ed  F o u n d a t io n s

L a  f o r c e  p o r t a n t e  d e s  f o n d a t i o n s  e n  c o i n s

by  P ro fe s so r  G . G . M e y e r h o f , D . S c., P h . D ., F . A .S .C .E ., M .E .I .C ., A .M .I .C .E ., H ead , D e p a r tm e n t o f  C ivil 

E n g in ee rin g , N o v a  S c o tia  T e c h n ic a l C o llege , H a lifax , N .S ., C a n a d a

Su m m a r y

The previous theory o f the bearing capacity of foundations is 
extended to wedge-shaped bases and cones. The analysis is com­
pared with the results o f tests on cones and model piles o f different 
roughnesses and with various shapes of tips in clays and sands.

S o m m a i r e

La théorie antérieure de la force portante des fondations est 
étendue aux bases en coins et en cônes. L’analyse est comparée 
avec les résultats d'essais sur cônes et modèles réduits de pieux de 
rugosités différentes et avec des pointes de formes diverses dans 
les argiles et les sables.

I n t r o d u c t i o n

Piles frequen tly  have poin ted  rather than  fiat tips, and  

cone penetrom eters a re  used in  the field and labo ra to ry . The 

bearing  capacity  theory  previously  published by  the A u tho r 

(1951, 1953, 1955) can  read ily  be extended to  cover such 

loading  conditions. T he present paper gives an  ou tline o f 

the  m ethods and  the results o f  som e tests on  cones and  m odel 

piles in  clays and  sands.

B e a r i n g  C a p a c i t y  o f  W e d g e s

W hen a  foundation  w ith a  w edge-shaped base carries a 

cen tra l load , the zones o f  p lastic flow in the soil a t  failure 

a re  sim ilar to  those o f  an  inclined strip  foundation  for w hich 

a  so lu tion  o f  the  u ltim ate bearing capacity  was derived 

previously  (M e y e r h o f , 1953). Thus, for a  perfectly  sm ooth  

wedge w ith a  sem i-angle a  (F ig. 1) the  region above the failure 

surface on  each  side o f  the foundation  cen tre  line is assum ed 

to  be divided in to  a  p lane shear zone A CD , a  rad ia l shear 

zone A D E  and  a m ixed shear zone A E F G  (shallow  wedge) 

o r  a  p lane shear zone A E F  (deep wedge). A s the roughness 

o f the wedge increases, the  angle ^  a t A in zone A CD  decreases 

as  under an  inclined load on a  horizon tal base (M e y e r h o f , 

1953). F o r  a  perfectly  rough  wedge (F ig. 1) a  cen tra l elastic 

zone A CD  form s a false base on  a  blunt wedge when the 

bearing  capacity  is identical to  th a t o f  a  horizon tal base 

(M e y e r h o f , 1955), w hile fo r a  sharp  wedge this elastic zone 

coalesces w ith the  wedge.

T he stresses in  the  zones o f  plastic equilibrium  can  be 

found as  show n fo r a  ho rizon ta l foundation  (M e y e rh o f , 

1951, 1953) b y  replacing the w eight o f  the soil wedge A FG  

by the equivalent stresses p n an d  s„, norm al and  tangential, 

respectively, to  the plane A F  inclined a t  an  angle ¡3 to  the 

horizon ta l. T he bearing  capacity  can be represented by 

(T e rz a g h i, 1943)

cN r_
yB

P ,N ,  +  N y (1)

w here c  =  cohesion, y  =  un it w eight o f  soil,

B =  w id th  o f  foundation , and  7VC, N g and  N y  =  bearing 

capacity  factors depending  on  ¡3, angle o f  in ternal fric tion 0  

and  dep th /w idth  ra tio  D /B  o f  foundation . F o r  shallow  founda­

tions (D /B  ^  I) the  stress p 0 =  yD ,  w here D  =  base depth 

o f wedge, while fo r deep foundations (D jB  >  4  to  10, depend­
ing  on  0 )

Po =  K tfD (2)

w here K b =  ea rth  pressure coefficient on  shaft near base, 

which is ab o u t 0-5 fo r sands and 1-0 fo r clays (M e y e rh o f  1951, 

1959).

SMOOTH BASE 

( a )  SH A L L O W  B L U N T  W ED G E O R C O N E

Cb-) DEEP SHARP WEDGE OR CONE

Fig. 1 Plastic Zones Near Wedge-Shaped Foundations. 

Zones plastiques près des fondations en coins.
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S E M I - A N G L E  <* 

( a )  S H A L L O W  D E P T H

S E M I  - A N G L E  oC 

( b )  G R E A T  D E P T H

F i g .  2  B e a r i n g  C a p a c i t y  F a c t o r s  N c a n d  N cr. 

F a c t e u r s  d e  f o r c e  p o r t a n t e  N e e t  N cr.

T he bearing  capacity  factors a re  given in  F igs. 2 to  4  fo r 

the lim iting cond itions o f  perfectly  sm ooth  and  perfectly  

rough wedges a t  shallow  and  g reat depths. T he factors for 

sm ooth  wedges decrease rap id ly  w ith  sm aller sem i-angles a , 

but for a  <  30°, approx im ately , the facto r N y  increases 

again. F o r  rough  wedges the factors are  sensibly unaffected 

by  the wedge angle (false base) excep t for ab o u t a  <  30° 

when the factors increase rap id ly  w ith sm aller angles. T he 

factors fo r sm ooth  wedges are  m uch sm aller than  those for 

rough wedges. B earing capacity  factors fo r in term ediate 

degrees o f  roughness can  be found by  linear in terpo la tion  

between the above lim its w ith  good ap p rox im ation , and  

such factors decrease w ith  sm aller a  to  a  m inim um  and  then 

increase again.

T he above expressions give on ly  the  base o r  wedge resis­

tance to  which m ust be added any  skin fric tion  (c(l 4- p s sin

8 , see Fig. 1) on  the  shaft to  ob ta in  the  to ta l bearing capacity  

o f  the  foundation .

B e a r i n g  C a p a c i t y  o f  C o n e s

A t the  u ltim ate bearing capacity  o f  a  cone p lastic  flow o f 

the  so il induces circum ferential stresses, which raise the 

bearing  capacity  above th a t fo r a  co rrespond ing  wedge. T he 

p revious so lu tion  fo r the bearing capacity  o f  c ircu lar found­

a tions  in  purely  cohesive soils (M e y e rh o f , 1951) has been 

extended in  the  A ppend ix  to  derive co rrespond ing  bearing  

capacity  factors N cr fo r perfectly  sm ooth  and  perfectly  rough 

cones, w hich a re  show n in  F ig . 2. T h e  factors fo r rough  cones 

vary  w ith  a  in a  sim ilar w ay  to  those o f wedges an d  the 

shape facto r (ra tio  o f  cone/w edge bearing  capacity) is sensibly 

independen t o f  a .  T he factors N cr fo r sm ooth  cones do  n o t 

vary  apprec iab ly  w ith  a ; they  a re  less than  those fo r rough 

cones and  o f  the  sam e o rder as  fo r rough b lun t wedges (a  >  30°), 

Bearing capacity  factors fo r cones o f  in term ediate  rough­

nesses can  be in terpo la ted  linearly .

F o r  cohesive soils w ith  in ternal fric tion the bearing capacity
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( a )  S H A L L O W  D E P T H

S E M I - A N G L E  ot  

C b )  G R E A T  D E P T H

Fig. 3 Bearing Capacity Factors N Q and N qr. 

Facteurs de force portante N q et N Qr.

o f cones can a t  p resen t on ly  be obta ined  from  em pirical 

shape factors in con junction  w ith eq. ( 1) to  give the cone 

resistance

=  <=N„
y  B

P »N „  +  N y r (3)

On the  assum ption  th a t the shape facto rs a re  the sam e as 

observed fo r c ircu lar foundations  w ith horizon tal bases 

(M e y e rh o f , 1951, 1955), the bearing  capacity  facto rs fo r 

perfec tly  rough  cones are  given in Figs. 2  to  4. W hile the 

factors N cr and  N Qr fo r cones a re  grea ter than  those fo r 

wedges, as  w ould  be expected , the  sem i-em pirical factors 

N yr a re  sm aller, a lthough  an  app rox im ate  theo ry  for c ircu lar 

footings (B e re z a n tz e v , 1952) gives the opposite result. 

This difference appears to  be due to  the  effect o f  the  in ter­

m ediate  princ ipal stress, w hich raises the  ac tual bearing  

capacity  o f  wedges relative to  tha t o f  cones in fric tional

soils. Thus, fo r c ircu lar surface footings on sands the em piri­

cal shape factors are  less than  un ity  com pared  w ith theoretical 

values exceeding 2 ; this w ould correspond  to  an  increase 

in 0  u n d er strip  foundations o f  som e 14 per cen t 

(30° <  0  <  45°), w hich is in reasonab le agreem ent w ith the 

am ount o f  ab o u t 10 per cen t found by com paring  som e plane 

stra in  and  triax ia l com pression  test results (B ishop, 1957).

Ex p e r i m e n t s  w i t h  C o n e s  a n d  P i l e s

Som e loading  tests w ere m ade, first a t  the  Building R esearch 

S ta tion  and  m ore recently  a t  the N ova S cotia Technical 

College, using either brass (sem i-rough) o r  sanded (rough) 

cones and  m odel piles o f  £  and  1 in. d ia . w ith  tips o f  various 

angles, w hich w ere pushed in to  so ft rem oulded clays 

(c  =  2 to  3 lb ./in2) and  m edium  sands o f  various densities 

( 0  =  35° to  45°). T he experim ental procedure was sim ilar 

to  th a t described previously  (M e y e rh o f , 1948, 1951).
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the tip  is less im portan t. T he in terp re ta tion  o f  lab o ra to ry  

cone tests on  clays is, how ever, difficult due to  the unknow n 

am o u n t o f  adhesion  and lip o f  the m a te r ia l; thus ignoring  

conso lidation  and  tim e effects, the resistance o f  a 60° cone 

m ay  be on ly  one-half o f  tha t o f  a  perfec tly  rough cone w hich 

w ould be preferable in  practice.

C o n c l u s i o n s

The previous bearing  capacity  theo ry  o f  foundations  w ith 

ho rizon ta l bases has been extended to  w edge-shaped bases 

and  cones. T he theory , which indicates th a t the p o in t resis- 

tence o f  piles w ith sm ooth  tips decreases and  w ith rough  tips 

increases as the cone angle decreases, is supported  by the 

results o f  load ing  tests o n  cones and  m odel piles in clays and 

sands.

A c k n o w l e d g e m e n t

T he ea rly  lab o ra to ry  investigations w ere carried  o u t a t the 

B uilding Research S tation  o f  the  D epartm en t o f  Scientific 

and  Industria l R esearch and  the results a re  published by  

perm ission o f  the D irec to r o f  B uilding Research.

2 0

Fig. 4 Bearing Capacity Factors NY and N Y 

Facteurs de force portante NY et NYr.

T he test results fo r clays (F ig. 5a) show  th a t the cone 

resistance and  po in t resistance o f  brass piles agree well w ith 

theoretical estim ates based on perfectly  rough t ip s ; ancillary  

pure to rsion  tests on  the cones gave an  adhesion  o f  ab o u t 

0 8 c, w hich is likely to  be increased by vertical load . T he 

theo ry  fo r perfectly  sm ooth  cones can be com pared  w ith the 

results o f  shallow  inden tation  tests using lubricated  steel 

cones in copper and  alum inium  (D u g d a l e , 1954); the exper­

im ental cone resistance is som ew hat less than  predicted 

unless an  allow ance is m ade fo r the raised lip a roun d  the 

inden tation  (F ig. 5a). Sim ilar inden tation  tests w ith 60° 

cones in cohesive-frictional soils ( E v a n s , 1950) also  support 

the theoretical relationships and  indicate a  skin fric tion  o f 

ab o u t 20 lo  80 per cen t o f  the  shearing  s treng th  (F ig. 5b).

E x p lo ra to ry  m odel tests w ith rough piles in  com pact sand 

indicated th a t the  p o in t resistance increases little w ith sm aller 

cone angles (H ab ib , 1953); th is is supported  by  the present 

test results, which show  th a t the  observed p o in t resistance o f 

rough piles is som ew hat greater than estim ated  (F ig. 6 ). The 

m easured po in t resistance o f  brass piles in sand is in fair 

agreem ent w ith estim ates based on a skin friction  o f  abou t 

0 ’5 0 ,  which com pares well w ith the results o f  d irect shearing 

tests under the sam e conditions.

A lthough large-scale tests w ould be useful as a  check, the 

p roposed m ethods o f  analysis are  p robab ly  sufficiently 

accurate fo r practica l purposes. F o r  steel (sem i-rough) piles 

and  penetrom eters the po in t resistance decreases, w hile fo r 

concre te  (rough) piles the  p o in t resistance increases, as the 

cone angle o f  the  tip  decreases (sharper points). Since the 

u ltim ate bearing  capacity  o f  piles in cohesionless soils is 

largely due to  p o in t resistance, the shape o f  the tip  m ay  

have  a  considerable influence on the bearing  capacity  

and pene tration  resistance in such soils and should  be taken  

in to  accoun t in  estim ates. In  cohesive soils the bearing  capa­

c ity  o f  piles is m ain ly  due to  skin friction and the shape o f
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A P P E N D I X

B e a r i n g  C a p a c i t y  o f  C o n e s  i n  P u r e l y  C o h e s i v e  M a t e r i a l

O n the  assum ption  th a t the plastic zones on  rad ial planes 

o f  cones a re  identical to  those on  transverse sections o f  

wedges (Fig. I )  and  th a t the  circum ferential stresses are  equal 

to  the  m ino r princ ipal stresses, it w as show n (M e y e rh o f , 

1951) th a t a t  failure the vertical con tact pressure on  the  base 

qx  a t  an y  radius r =  x  from  the  foundation  axis w ith  cylin­

drical coord inates (r,  z)  is

9 *  =  9  +  c ^ l o g c J  -  I  y j  . . .  ( 4 )

=  q +  A q  - - - - (4 a )

w here q =  bearing capacity  o f  sim ilar wedge (eq. 1), A q  =  

con tac t pressure due to  circum ferential stresses a t  failure, 

x  and  x '  =  rad ial coord inates o f  C ' a t beginning and  F ' 

a t  end, respectively, o f  the slip line (parallel to  failure surface 

C D E F )  governing the con tact pressure qx.

T he bearing capacity  fac to r N cr in eq . (3) is then given by

8 r 012
N „  =  N c +  - p  . /  A q x d x  ( 5 )

J  0

w hich in tegra tion  m ust be carried o u t num erically  w ith  A q  

given by the  last term  of eq. (4). T h e  results o f  th is analysis 

show  th a t the bearing  capacity  increases alm ost linearly  

with dep th  (o r (5), and  the  factors N cr a re  given in Fig. 2  for 

the lim its o f  surface cones ({5 =  0) and deep cones (¡3 =  90°).
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