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B e a r i n g  C a p a c i t y  o f  H o l l o w  P i l e s  D r i v e n  b y  V i b r a t i o n

Force Po r tan t e de Pieux  Creux  En fo n cés par Vib rat ion

G.STEFANOFF Prof. Soil M echanics and Foundation Engineering, Univ. of Civil Engineering,

B .B O SH IN O V  Ass. Prof. Soil M echanics and Foundation Engineering, Univ, of Mining and Geology, Bulgaria

SYNOPSIS The fa c to rs  in flu e n c in g  the deform ation and bearing capacity o f  hollow p ile s  w ith  
earth  core , w ith  b ig  d iam eter, driven by a v ib ra tin g  rammer are analysed. Test re s u lts  from 
the d r iv in g  and s ta t ic a l  te s t  loading o f  20 m long p ile s  w ith  an e x te rn a l diameter o f  135 cm 
are examined. The eva lu a tio n  o f the te s t  re s u lts  confirm s th a t during the i n i t i a l  stages o f  
loading the fo rce is  tra n s fe rre d  as skin f r ic t io n  w ith  in s ig n if ic a n t  and ra p id ly  damped defor
m ations. With the increase o f the fo rc e , the ground under the p i le  bottom is  loaded as w e ll.
A complex in te ra c tio n  occurs between the stressed zone under the bottom, the w a lls  and the 
earth  core w ith in  the p i le .  The core e x erts  a considerable in fluence  on the deformations in  
case o f p i le s  w ith  b ig  diam eters. I t  is  found th a t i t s  co n trib u tio n  depends on the strength  
and deform ation p ro p erties  o f  the s o i l ,  the p o s s ib ility  o f  co nso lida tio n , w a ll f r ic t io n ,  e tc . 
The core co n trib u tio n  to the to ta l  bearing capacity o f  the p i le  is  determined. The bearing  
capacity o f the p ile  is  compared w ith  the expected one ca lcu la ted  a f t e r  the v ib ra tio n  dynamic 
form ulae.

INTRODUCTION

Hollow p i le s  o f b ig  diam eter are successful
ly  used fo r  the foundation o f h e a v ily  loaded 
harbour s tru c tu res  and bridges. When the 
works have to be ca rried  out in  the water 
v ib ra tin g  rammers are used to achieve rap id  
d riv in g  and avoid heavy ca rry in g  stru ctu res  
fo r  the p i le  d r iv e rs .

The theory o f  p i le  d r iv in g  by v ib ra tio n  has 
been developed and ap p lied  in  the foundation  
o f a number o f p ro je c ts . A wide v a r ie ty  o f  
v ib ra tio n  p i le  d r iv e rs  o f  various w eight, 
v ib ra tio n  frequency, power, e t c . ,  are a v a i l 
ab le . The bottom end is  most freq u en tly  
open to f a c i l i t a t e  d r iv in g . Thus a s o il coie 
is  formed during the d r iv in g , which p a r t ic i 
pates in  va ry ing  degree in  the to ta l  defoima- 
t io n  and bearing capacity o f  the p i le  depend
in g  on the s tres s  and s tra in  p ro p erties  o f  
the s o il  and on the diam eter o f  the hollow.

This foundation method is  ap p lied  in  the exe
cution o f  s tru c tu res  along the Black Sea 
coast. I t  was considered in  the i n i t i a l  de
sign due to o v e rra tin g  the work o f  the core, 
th a t the s o il  in  i t ,  compacted during v ib ra 
t io n  d r iv in g  would co ntrib u te  e s s e n tia lly  to 
the bearing capacity o f  the p i le s . The ope
ra t io n a l lo ad in g  o f one p i le  was expected to 
be more than 4 MN.
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Ex is t in g  p ier  

P ig .1 Layout o f  te s t  p i lo ts

DYNAMI C L OADI NG

Por the purpose o f the in v e s tig a tio n  te s t 
p ile s  were driven a f te r  the p a tte rn  in d ic a t
ed on P ig .1. They are 20 m long (cons isting

o f 4 sections, each 5 m lo n g ), w ith  135 cm 
e x te rn a l diam eter, 111 cm in te rn a l diameter 
and 12 cm w a ll th ickness. They are made o f  
concrete class '400* (s trength  4 MPa) and 
are prestressed w ith  24 s te e l bars 18 mm d ia .

7 5 3



2 / 8 1

The strength o f  the s te e l is  600 MPa, the 
y ie ld  po in t -  400 MPa and Young's modulus 
200 GPa. The geo log ica l p r o f i le  is  shown on 
F ig . 2.

Pi l e  , M 0  o,00
_____

, -11. 05
4-

,- 13. 00

Wa t e r

M u d  w i t h  s a n d

M e d i u m  s a n d

F i n e  s a n d

Pig. 2 Geological p r o f i le  along the p i le  
ax is

The p ile  sections were f i t  to gether on the 
coast. Then the whole p i le  was raised  a t  the 
place o f d r iv in g  by a f lo a t in g  crane. I t  sunk
0 .8 0  m due to i t s  own w eight, which was 232 
kN. Then the v ib ra tin g  rammer weighing 80 kN 
was mounted. This a d d itio n a l load ing  caused 
a fu r th e r  settlem ent o f 0 .10  m. Ten minutes 
a f t e r  the v ib ra tin g  rammer was put in  opera
tio n  a t  a vo ltage o f V = 420 V and a curren t 
in te n s ity  o f I  = 100 A, the p i le  sunk another
3 m. A fte r  th a t began the underwashing u n t i l  
the bottom sunk to le v e l -  17.50 m. A fte r  
the underwashing ceased the p i le  sunk 0.10 m 
a t  a curren t in te n s ity  o f 110 A during 15 min. 
The d r iv in g  to the bottom design le v e l o f
-  19.60 m was conducted a t  a cu rren t in te n s i
ty  o f  180 A.

The bearing  capacity o f  p i le s  driven by v ib 
ra tio n  can be estab lished a f te r  SNiP I I - 3 . 5 -  
67 (1968) a f t e r  the formula

( l )

N -  power used by v ib ra tio n  rammer to  
drive the p i le  in  kW

Ao-  v ib ra tio n  amplitude o f p i le  in  cm

n -  ro ta tio n  frequency o f v ib ra to r  
ec cen tric  in  Hz

Q -  to ta l  weight o f p i le  and v ib ra tio n  
rammer in  kN

X = 5 -  c o e ff ic ie n t  considering the 
in flu en ce  o f v ib ra tio n  d r iv in g  on 
the s o il p ro p erties .

For the c h a ra c te r is tic s  o f the v ib ra tio n  
d r iv e r , a t  cu rren t in te n s ity  I  = 110 A and 
vo ltage V = 420 V,

wher e P -  bear i ng capac i t y  of  pi l e i n kN

N = '

= 0 .85  ] [J  ■1-1ioSo4~ °  x ° - 70 ~ ° - 25 x 

x 100 = 22 .6  kW

where 1?= 0.85 -  e f f ic ie n c y  o f v ib ra tio n  
rammer

N1 = 100 kW -  ra ted  power o f  v ib ra tio n  
rammer

cos 4  -  0.70
AQ 0 .60  cm a t  bottom le v e l -  17«50 m 

n = 6.8 Hz

Q = 232 + 80 = 312 kN -  weight o f  p i le  
and v ib ra tio n  r ammer

A fte r  formula ( l )  P = 2260 kN.

At the end o f d riv in g :

N = 53 kW, and the bearing capac ity , obtained  
a f t e r  the same form ula, a t  A = 0 .7 5  cm, is  
P = 2880 kN.

BEARING CAPACITY AFTER EMPIRICAL FORMULAE

The bearing capacity o f  the p i le s  can be eva
lu ated  also by using the g eo lo g ica l data. For 
th is  purpose severa l methods have been deve
loped which give re s u lts  d i f fe r in g  consider
a b ly . The Soviet norms include the fo llo w in g  
form ula:

( 2)

For th is  case:

-  cross s e c tio n a l area o f  pipe 
(r in g )

(3)
Rp = f i  <<rd \ °  + h B k°)

where $  = = $  =10 kN/m^ -  u n it  weight o f  
submerged s o il 

D = 1.35 m -  e x te rn a l diameter o f p i le

h = 8.55 m -  depth o f d r iv in g , measured from 
the ground le v e l.
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The fo llo w in g  c o e ff ic ie n ts  are read from SNiP 
I I - B .  5-67 (1968) fo r  h/D= 6.33 and angle o f 
shearing res is tance 0 = 30° s

A ^ =  1 7 .3 ; Bk° =  32 .8 ; rf. = 0 .7 5 ; f i = 0.227

A fte r  rep lac in g  in  formula ( 3 ) ,  the u ltim a te  
p o in t res is tance o f the p i le  is :

R = 0 .2 2 7  (10x1.35x17.3+0.74x10x8.55x32.8)=  
P

= 524 kPa

u = 4 .24 m -  p i le  perim eter

mf  = 1 -  c o e ff ic ie n t  depending on the s o il  
and the method o f  p i le  d r iv in g

= 54 kPa -  average rated  value o f  skin
1 f r ic t io n  (a f t e r  s t a t is t ic a l  data) 

fo r  medium sand and a t  depth from 
-1 2 .0 0  to -1 9 .3 0  m ( l x= 7 .3 0  m)♦

R_p = 43 kPa -  average rated  value fo r  fin e
2 sand and a t  depth -1 9 .3 0  to -1 9 .6 0  

m ( I 2 = O .3O m).

Since underwashing i s  conducted during d r iv 
in g , the value o f the skin f r ic t io n  is  m u lti
p l ie d  by 0 .9 .

For these data formula (2) g ives P ^ m=1800 kK

The value o f P-iim ca lcu la ted  a f t e r  o th er me
thods reaches 6500 kN.

T EST  ST AT I CAL  L OADI NG

Because o f  the considerable s c a tte rin g  o f  the 
re s u lts  and in  order to evaluate the r e l ia b i 
l i t y  o f the methods fo r  c a lc u la tin g  the bear
in g  capac ity , a s ta t ic a l  te s t  load ing  o f  P ile  
No.5 was c a rrie d  ou t, as shown on F ig . 1. The 
remaining p i le s  were used as anchoring p ile s .  
The distances between them were bridged by 
s te e l section bundles. Expecting a g rea ter  
bearing capac ity , the loading was c a rrie d  out 
by four 3 jacks fed by pumps from the 
coast. The deform ations were also observed 
from the coast by prec ise le v e l l in g  in s tru 
ments. The load ing  was applied  in  stages, 
whereby a f te r  each stage the conditioned danp- 
in g  o f the deformation was aw aited, th a t is  
u n t i l  the increase o f the settlem ent became 
les s  than 0.1 mm during the la s t  hour. F ig .3 
shows the general view of the loading system.

F ig . 4 in d ica tes  the re la t io n  between loading  
and se ttlem ent, and F ig .5 -  the increase o f 
deformations in  time fo r  some stages o f  load
ing.

F ig .6 g ives the ra te  o f  the v a r ia t io n  o f  de
form ations fo r  some stages.

The p i le  was loaded u n t i l  complete exhaustion 
o f i t s  bearing capac ity  -  2O5O kN. At

th is  load the p re v a ilin g  deformations are re
s id u a l Sr  = 70 mm. The tim e-settlem ent curves 
§ ( t )  fo r  d i f fe r e n t  loads P show a ra th e r  slow 
damping o f the deform ations, e s p e c ia lly  a t  
the la s t  load o f 2050 kN. The speed diagrams 
(F ig .6) give a non-monotonous broken lin e  
w ith  g rad ually  decreasing am plitudes. I t  is

ev iden t th a t the compression o f the core 
plays a c e rta in  ro le  fo r  the settlem ent.

F ig . 3 General view o f the s ta t ic a l  
te s t  loading system

CONTRIBUTION OF THE CORE

The co n trib u tio n  o f the core can be d e ter
mined using F ig .7 .

The eq u ilib riu m  cond ition  fo r  the element o f  
heigh t dy a t  a distance y from the bottom 
end o f  the p i le  reads:

F  ( S y + d  6 y ) + P^ d y  = F 6 y -  6 x f  u  d j ,  ( 4)

I T d ^
where F = —  -  in te r n a l cross sectio n a l 

area

¡ f  -  u n it  weight o f s o il
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L o a d  M N

F ig . 4 R ela tion  between load ing  and s e tt le 
ment o f  P ile  N o.5» obtained a t  the 
s ta t ic a l  te s t  loading

T i me  t  mi n

F ig . 5 Increase o f deform ations in  time 
fo r  d if fe re n t  loading

6 -  average v e r t ic a l s tress a t  distance  
y y from the bottom end 

6 x -  h o riz o n ta l stress on p i le  w a ll 

f  -  c o e ff ic ie n t o f  f r ic t io n  between core 
s o il and p i le  w a ll 

d -  in te rn a l p i le  diam eter.

The stress G>x is  o ften  defined as 6 y m u lt i
p lie d  by the c o e ff ic ie n t o f  ea rth  pressure K. 
This is  rig o ro u s ly  v a lid  only i f  G y and 
are the p r in c ip a l normal stresses. In  fa c t  
since there is  also f r ic t io n  along the in te r 
na l w a ll o f the p ipe, th is  plane is  not the

p r in c ip a l one.The stress Sx is  obtained more 
accurate ly  by using F ig .8. W ithout v io la t in g  
the general v a l id i t y  o f the so lu tion  the angle

0  is  accepted to be the l im i t  angle«

F ig . 6 Rates o f v a r ia t io n  o f deformations 
in  time fo r  d if fe r e n t  loading

F ig . 7 Scheme fo r  eva lu a tin g  the s ta t ic a l  
function  o f the core
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P ig . 8 Mohr's c ir c le  fo r  eva lua tio n  the 
re la t io n s  o f  the stresses in  the 
core

The geometric re la t io n s  give:

<0 y1 - (5 a

where 0 ' -  v e r t ic a l  s tress a t  the w a ll 
y o f  the p i le  

0 -  could be also designated b y6x '

% = f  G x -  s p e c if ic  f r ic t io n  between 
the s o il o f  the core and the 
w a ll o f the p i le .  

é x
The c o e ff ic ie n t is  introduced.

A fte r  transform ation o f (5 ):

n 2( l+ s in 2 0 )-2 Cos 0  Vtg2)# - f 2
1  9 9

Cos gf + 4 f
( 6)

The so lu tio n  req u ire s  th a t £> x be defined  
w ith  re la t io n  to the average v e r t ic a l  stress  
S y . For the purpose the g rea tes t v e r t ic a l  
s tres s  in  the core a x is  is  used, which is  the 
p r in c ip a l normal stress I t  i s  accepted
by approximation th a t the decrease o f th is  
s tres s  towards the w a ll o f the p i le  up to the 
value S y ' is  l in e a r .

A fte r  applying the a x ia l symmetry

s . . ¿ ( 6

From Mohr's re la t io n  i t  i s  w e ll known th a t

(3 '  +  S  =  0  n +  6

6 ,

' i  T  ~  y 

<3 t g 2(45 -  %) = 6 i V

(7)

( 8)  

(9)

From equations ( 7 ) » (8) and (9 )

3 m1 ( l + m0 )

= m€> , where m =
y

( i o)

The q u a n tit ie s  p a r t ic ip a t in g  in  the expres
sion fo r  m are constant, th ere fo re  m is  
also constant. This s im p lif ie s  the in te g ra 
tio n  o f  the d i f f e r e n t ia l  equation (4 ) .  By

apply ing the l im it in g  cond ition  th a t the 
stress a t  the bottom end o f the p i le  is  R , 
i . e .  fo r  y =: o, 6 = Rp , the in te g ra l o fp 
the equation is  ^ p

, i^d+4mfR_

Y = 4m f  l n  ^ d + 4 m f 6 y  ‘

where d is  the in te rn a l diam eter o f  the 
p i le .

The he igh t where the stresses caused by R are 
damped is  determined by assuming 6̂ =0 in p ( l l )

4mf.iL
H = T^p ln  (1 + . 

4m f  yd. - * ) . ( 12)

Equation (11) can be solved also w ith  re la 
tio n  to <6 . Then the expression fo r  the va
r ia t io n  o f  <E>y as a fu nction  o f y is  ob-

(13)

n a t io n  ux u.s a. iullc
ta ined  in  e x p l ic i t  form

6 v = < Æ +Hn)expC-  ^r r y) -  -£â

The settlem ent o f the core is  

/■H S y d y

sr ~ i~
□  0

(14)

Assuming th a t the modulus o f deformation E0 = 
const, and rep lac in g  in  formula (14) 6 from 
formula (13) and a f te r  in te g ra tio n  y

a H

y  ¿2 R d
(■ -6- - - - 9—9 +  —^ - - - -
'16E onTf 4Eom f) x  

x Ql - e x p ( - ^ f a ) ] 4E mf
(15)

Making use o f formulae (10) and (13) the re 
s u lt in g  force o f  f r ic t io n  T between the 
p ile  and the s o il o f  the core can be calcu
la te d  as fo llow s:

T = j  Tld'Sdy — J  fld f m6ydy (16)

A fte r  rep lac in g  6 y from (13) in to  (16) and 
so lv in g  the in te g ra l

-P) X

x [ l  -  e xp ( -  -  m

(17)

I t  fo llow s from the cond ition  fo r  s ta t ic a l  
eo u ilib riu m  o f the core th a t

(18)

X
In  case Rp >  p the heigh t H w i l l  be increased  
o r the core w i l l  s lid e  w ith in  the p i le .

In  case the height o f the core is  sm aller 
than the value o f  H determined a f te r  formula 
(12) ,  then the a c tu a l he igh t o f the core is  
put in  the expression (17) fo r  T in  place o f
H. The value obtained fo r  T is  the maximum.
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fo rc e  w hich can be t ra n s fe r re d  from the core 
to  the  p i le .

B es ides, due to  d e fo rm a tion  o f  the c o re , the 
p i le  s e t t le s  a lso  because o f  the d e fo rm a tion  
o f  the s tre ss e d  zone underneath . T h is  d e fo r
m a tion  i s  o b ta in e d  a f t e r  S c h le ic h e r

Sr  -  

Î I D2

wR (1 -V 2)
(19)

The r e s u l t in g  fo rc e  o f  f r i c t i o n  c a lc u la te d  
a f t e r  fo rm u la  (17) i s  T = 890 kN, a p p ro x i
m a te ly  e q ua l to  Rp F^ = 960 kN.

The u lt im a te  b e a rin g  c a p a c ity , de term ined 
a f t e r  Berezantsev (1970) i s

R jim = 1430 kPa >  Rp = 1000 kPa.

CONCLUSIONS

NUMERICAL SOLUTION

Sand c h a r a c te r is t ic s :

Angle o f  sh e a rin g  re s is ta n c e  d  ~ 30° 
Angle o f  w a l l  f r i c t i o n  6  = 20 
Modulus o f  de fo rm a tio n  E0 = 35OOO kPa 

In te r n a l  d iam e te r o f  p i le  d = 1 .1 1  m 
E x te rn a l d iam e te r o f  p i le  D = 1 .3 5  m 
L im it  fo rc e , de term ined by te s t  lo a d in g

= 2050 kN
S kin  f r i c t i o n  a t  4 mm l i ^ i t  s l id in g  de fo im a- 

t io n  read from  P ig . 4 P-f = 600 kN
P o in t re s is ta n c e  P-p = 1450 i cf f

A f te r  fo rm u lae  (6 ) ,  (9 ) and (10)

= 0 .333 m = 0.366

I 45O

1.43
1000 kPa

A f te r  fo rm u lae  (12) and (15)

H = 8 .10 St  = 54

P ig . 9 in d ic a te s  the v a r ia t io n  o f  the v e r t i 
c a l s tre s s e s  6  y a lon g  the h e ig h t o f  the core.

A f te r  fo rm u la  (19)

T o ta l s e tt le m e n t

S2 = 24 mm

S = 7 8  mm,

w hich c o in c id e s  w ith  th a t  o b ta in e d  a t  the 
lo a d in g  t e s t .  T h is  s e tt le m e n t was co n s id e r
ab le  above th a t  a d m iss ib le  f o r  the s t ru c tu re ,  
w hich imposed an e lo n g a tio n  o f  the p i le .

1. The b e a rin g  c a p a c ity  o f  h o llo w  p i le s  
d r iv e n  by v ib r a t io n  c a lc u la te d  a f t e r  'dyna
m ic ' fo rm u la  ( l )  and a f t e r  e m p ir ic a l fo rm u la
(2) based on s t a t i s t i c a l  d a ta , corresponds 
s a t is f a c t o r i l y  w ith  the r e s u l ts  o f  the lo a d 
in g  te s t ,  w ith o u t c o n s id e r in g  the s e tt le m e n t 
o f  the p i le .  Formulae d e r iv e d  on the b a s is  
o f  a non-de form ab le  s o i l  core g ive  a b e a rin g  
c a p a c ity  many tim e s  h ig h e r.

2. A f te r  overcom ing the s k in  f r i c t i o n ,  d u r in g  
w hich the p i le  i s  s u b je c t to  r e la t iv e ly  s n a il 
v e r t ic a l  d isp la cem e n ts , the s tre sse s  are 
t ra n s fe r re d  to  the bottom  and a g re a t p a r t  o f  
them are taken o ve r by the s o i l  core . Depend
in g  on the sh e a rin g  re s is ta n c e  and the d e fo r
m a tion  p ro p e r t ie s  o f  the s o i l  and on the in 
te r n a l d iam e te r o f  the p i le ,  the de fo rm a tio n  
o f  the core can be c o n s id e ra b ly  g re a te r  than 
the s e tt le m e n t o f  the s o i l  underneath .

3* The s e tt le m e n t o f  the  core i s  r e la t iv e ly  
s low  and i t s  d u ra t io n  depends on the  c o n s o li
d a tio n  c h a ra c te r is t ic s  o f  the s o i ls .

4. The main c r i t e r io n  f o r  the a d m iss ib le  lo a d 
in g  o f  h o llo w  f r i c t i o n  p i le s  o f  b ig  d iam ete r 
i s  the de fo rm a tio n  o f  the co re . T h is  d e fo r
m a tion  to g e th e r w ith  the s e tt le m e n t o f  the 
s o i l  under the p i le  shou ld  n o t exceed the ad
m is s ib le  de fo rm a tions  o f  the  s tru c tu re s .

5. The fo rm u lae  (1 2 ), (15) and (17) d e rive d  
here a llo w  the  e v a lu a tio n  o f  the  a c t iv e  
h e ig h t and s e tt le m e n t o f  the s o i l  core , as 
w e l l  as the r e s u l t in g  fo rc e  o f  f r i c t i o n  be
tween core and p i le .
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