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Behaviour of Small Diameter Bored Piles under Axial Load

Comportement des Pieux Moulés de Petit Diamètre Axialement Chargés

G. S A B IN I  Dr. Ing., Centro Strumentazione Geotecnica, Naples, Italy

G. S A P IO  Prof. Ing., Straordinario di "Principi di Geotecnica", University of Naples, Italy

S Y N O P S IS  T h e  r e s u l t s  o f  a  f u l l  s c a l e  i n v e s t i g a t i o n  o n  t w o  i n s t r u m e n t e d  s m a l l  d i a m e t e r  b o ­

r e d  p i l e s  ( " p a l i  r a d i c e " )  a r e  r e p o r t e d  a n d  a n a l y s e d .  B o t h  p i l e s  a r e  d r i l l e d  i n  a  v o l c a n i c  s u b s o i l ,  

t h e  f i r s t  o n e  f l o a t i n g  i n  " p o z z o l a n a "  a n d  t h e  s e c o n d  e n d - b e a r i n g  t o  a  t u f f  s u b s t r a t u m ;  t h e y  h a v e  

b e e n  t e s t e d  u n d e r  a x i a l  l o a d ,  u p  t o  a  m a x i m u m  o f  7 0 0  K N .

F r o m  t h e  t e s t  r e s u l t s  so m e  i n t e r e s t i n g  c o n s i d e r a t i o n s  o n  t h e  b e h a v i o u r  o f  t h e  m i c r o p i l e s ,  s o m e w h a t  

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

o u t  t h e  o c c u r r e n c e  o f  a  s i d e  r e s i s t a n c e  m u c h  h i g h e r  t h a n  t h a t  t o  b e  e x p e c t e d ,  a c c o r d i n g  t o  t h e  c o n  

v e n t i o n a l  b e a r i n g  c a p a c i t y  t h e o r i e s ,  o n  t h e  b a s i s  o f  t h e  s h e a r i n g  c h a r a c t e r i s t i c s  o f  t h e  s o r r o u n -  

d i n g  s o i l .

T o  c l a r i f y  t h i s  p a r t i c u l a r  b e h a v i o u r  f u r t h e r  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  w o r k  s h o u l d  b e  n e c e s s a r y .

IN T R O D U C T IO N

T h e  u s e  o f  s m a l l  d i a m e t e r  b o r e d  p i l e s  ( m i c r o ­

p i l e s )  i n  f o u n d a t i o n  e n g i n e e r i n g  d a t e s  t o  l a ­

t e  t h i r t i e s ,  w h e n  t h e  f i r m  F O N D ED IL E o f  N a ­

p l e s  f i r s t  p a t e n t e d  h i s  " p a l o  r a d i c e "  ( L i z z i ,  

1 9 6 4 ) .  T h o u g h  t h e y  w h e r e  o r i g i n a l l y  d e v e l o p e d  

f o r  u n d e r p i n n i n g  w o r k s ,  t h e i r  f i e l d  o f  a p p l i ­

c a t i o n  h a s  p r o g r e s s i v e l y  b r o a d e n e d , a s  t h e i r  

v e r y  h i g h  b e a r i n g  c a p a c i t y  i n  c o m p a r i s o n  t o  

t h e  s m a l l  d i a m e t e r  w a s  r e c o g n i z e d  ( M a s c a r d i ,  

1 9 6 8 )  .

S u c h  a  b e a r i n g  c a p a c i t y  m u s t  b e  a s c r i b e d  m a i n  

l y  t o  s i d e  r e s i s t a n c e ,  b e i n g  t h e  p o i n t  r e s i ­

s t a n c e  a l m o s t  n e g l i g i b l e ;  t h e  m e c h a n i s m  o f  i t s  

d e v e l o p m e n t ,  h o w e v e r ,  i s  n o t  y e t  c o m p l e t e l y  u n  

d e r s t o o d .  O n  t h e  o t h e r  h a n d , u n l i k e  m e d iu m  a n d  

l a r g e  d i a m e t e r  p i l e s  ( R e e s e  e t  a l . , 1 9 7 3 ; T o u -  

m a , R e e s e ,  1 9 7 4 ; V e s i c ,  1 9 7 0 ; W h i t a k e r ,  C o o k e , 

1 9 6 6 ; M a r c h e t t i ,  D ' A n g e l o ,  1 9 7 6 ) ,  t h e  d i f f i c u ^  

t y  o f  i n s e r t i n g  i n s t r u m e n t s  i n  a  s m a l l  s e c t i o n  

m a k e s  t h e  a v a i l a b l e  e x p e r i m e n t a l  e v i d e n c e  o n  

t h e  b e h a v i o u r  o f  s u c h  p i l e s  e x t r e m e l y  s c a r c e .

I n  t h e  p r e s e n t  p a p e r  t h e  r e s u l t s  o f  l o a d  t e s t s  

o n  t w o  i n s t r u m e n t e d  m i c r o p i l e s ,  1 2 7  mm i n  d i a ­

m e t e r ,  a r e  r e p o r t e d  a n d  a n a l y s e d  a s  a  f i r s t  

s t e p  t o w a r d  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e i r  b e  

h a v i o u r .

E X P E R I M E N T S  A N D  R ES U L T S

T h e  i n v e s t i g a t i o n  h a s  b e e n  c a r r i e d  o u t  d u r i n g  

t h e  u n d e r p i n n i n g  o f  a n  a n c i e n t  b u i l d i n g  l o c a ­

t e d  i n  t h e  h i s t o r i c a l  c e n t r e  o f  t h e  t o w n  o f  N a  

p i e s .

S u b s o i l  c o n d i t i o n s  a n d  s o i l  p r o p e r t i e s  a r e  s c h e  

m a t i c a l l y  r e p r e s e n t e d  i n  f i g .  1 ,  a n d  a r e  t y p i -

sand silt  clay
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F i g .  1 S o i l  p r o f i l e

c a l  o f  t h e  v o l c a n i c  s o i l s  o f  N a p l e s  a r e a  ( P e l ­

l e g r i n o ,  1 9 6 7 ) .  B e l o w  a b o u t  2 m o f  p a v i n g ,  a  l a  

y e r  o f  p o z z o l a n a  w i t h  p u m i c e s  3 m t h i c k  i s  f o u n d , 

f o l l o w e d  b y  t w o  o t h e r  l a y e r s  o f  p o z z o l a n a  s e p a ­

r a t e d  b y  a  t h i n  i n t e r c a l a t i o n  o f  w e a t h e r e d  p o z ­

z o l a n a .  A t  a  d e p t h  o f  1 7  m b e l o w  g r o u n d  s u r f a c e  

a  v o l c a n i c  t u f f  s u b s t r a t u m  i s  f o u n d .

I t  m a y  b e  s e e n  f r o m  f i g .  1  t h a t  t h e  t w o  l a y e r s  

o f  p o z z o l a n a  o v e r l y i n g  t h e  t u f f  a r e  c h a r a c t e r i ­

z e d  b y  a  m a r k e d l y  d i f f e r e n t  p e n e t r a t i o n  r e s i s t a n  

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

N o f  t h e  S P T .

T h e  t w o  t e s t  p i l e s  h a v e  b e e n  d r i l l e d  w i t h  a  t e m  

p o r a r y  s t e e l  c a s i n g  1 2 7  mm i n  o u t e r  d i a m e t e r ,  

a n d  e m p l o y i n g  t h e  t e c h n i q u e  o f  " p a l o  R a d i c e "  

( L i z z i  , 1 9  7 0 )  .
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Pile n. 1 is 14,4 m long, ending in the lower 

pozzolana layer; pile n. 2 is 19,1 m long, and 

penetrates about two meters into the tuff.

Both piles are reinforced with a steel tube,

33,2 mm in outher diameter and 3,6 mm in wall 

thickness, inserted before grouting the piles 

with a malta of sand (75%) and pozzolanic ce­

ment (25%). During the injection, under a pres 

sure of 0,lr0,2 MPa, the volume of the malta has 

been continuously monitored in order to evalua­

te the area of pile section at different depths. 

Laboratory compression tests on specimens of 

the malta, cured in conditions similar to tho­

se occurring in situ, gave on average a com-

ged to 280 mm and the casing has been left 

around the pile. This strenghtened part (1,9 m 

long in pile n. 1 and 1,3 m in pile n. 2) is 

intended as a preventive measure against ben­

ding under load.

Each pile has been instrumented with six strain- 

gaged bars (Gatti et al., 1980), compensated to 

be insensitive to temperature variation and to 

flexure, and with a pressure cell at the tip, fi. 

xed at the end of the reinforcement tube. The in 

struments (figs. 2 and 3) are manufactured by 

SIS-Geotecnica of Segrate.

The strains due to the setting and hardening 

of the malta, as measured by the strain-gaged

PILE 2

Fig. 2 Strain-gaged bar mounted on the steel 

reinforcement tube

pressive strenght of 33 MP , and an elastic mo­

dulus of 21,500 MPa.

It is to point out that in the upper part of 

both piles the shaft diameter has been enlar-

Fig. 3 Pressure cell at the end of the reinfor 

cement tube

Fig. 4 Strain-time diagram during the setting 

and hardening of the malta

bars after the installation, are plotted in 

fig. 4. It may be seen that the setting process 

is practically completed 20 to 30 days after ca­

sting, that is in a time much shorter than that 

needed for the concrete of cast-in-situ piles 

of medium and large diameter (Picarelli, Sapio,

1979).

Fig. 5 Load test set-up

10 20  30  40

D A Y S

i n s i d e
s t e e l  c a p
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40 days after construction, the piles have been 

subjected to load test. The test set-up is re­

presented in figs. 5 and 6; the reaction to the 

jack is provided by tension piles and the ap­

plied load is measured by means of two load 

cells with a capacity of 400 KN each.

Both tests have been carried to a maximum load 

of 700 KN without attaining the ultimate bea­

ring capacity of the piles; a failure in ben­

ding occurred, at the maximum test load, near 

the top of pile n. 1.

the residual values of the axial load after un­

loading are also reported (dash-dotted lines). 

For loads above 300 KN a significant bending 

has been found to occur in the upper part of 

the piles, and the resulting flexure exceeds 

the compensation range of the instruments. Ac­

cordingly, in the 4th load cycle the measure­

ments at the strain-gaged bars in the upper 

part of the piles have been disregarded, and 

the load distribution at that level has been 

obtained by interpolation.

Fig. 6 View of the load test set-up

The vertical displacements, measured at the 

pile head, are plotted in figs. 7 and 8 

against the applied load.

LOAD (KN)

8------ -----------------------------------

9 ------------------------------------------------------------- --------------------------------------------------------------------------------------------

10----------- ----- --------- ^ — -----------

11 -- -------- ----- -------------- -----T —■■■

Fig. 7 Pile n. 1 - Load-settlement curve

The distributions of axial load along the pi­

le shaft, as measured by the strain-gaged bars 

and the pressure cell, are reported in figs. 9 

and 10. In the same figures, for each cycle,

LO A D  (KN )

Fig. 8 Pile n. 2 - Load-settlement curve

ANALYSIS OF RESULTS

A simple look at the load test results, as re 

ported in figs. 7 to 10, suggests some intere 

sting comments.

First of all, the supposedly "floating" pile 

n. 1 and the supposedly "end bearing" pile n.2 

exhibit exactly the same behaviour with re - 

spect both to load-settlement curves (figs. 7 

and 8) and to load distribution along the shaft 

and at the base (figs. 9 and 10).

Furthermore, it is confirmed that the side re­

sistance largely exceeds the point resistance, 

the latter being practically not yet mobilized 

at the maximum test load.

Finally, it is to point out that the ultimate 

bearing capacity has not yet been attained un­

der a load as high as 700 KN.

Going now to a more detailed analysis of test 

results, in fig. 11 the vertical displacements 

measured at the pile head are compared to the 

elastic shortening of the pile. The latter has 

been obtained directly by strain measurements 

in the pile shaft; for the lengths of pile shaft 

near to the head and to the tip, where strain 

measurements where not anailable, the shorte­

ning has been computed referring to the measu­

red values of axial laod, area of the pile sec 

tion and elastic moduli of the malta (E=20.000 

MPa for the pile n. 1 and E=23.000 MPa for the

8 2 5



Fig. 9 Pile n. 1 - Axial load distribution along the pile shaft

Fig. 10 Pile n. 2 - Axial load distribution along the pile shaft

pile n. 2).

Fig. 11 clearly shows that the settlement of 

the pile head is practically coincident with 

the elastic shortening. This means that the pî  

le tips have not settled, even in the suppose­

dly floating pile n. 1, in agreement with the 

negligible values of the point load.

Knowing the distribution of axial loads in the 

pile shaft, the average shear stress "C at the 

pile-soil interface for each pile element bet­

ween two successive instrumented sections may 

be computed, and related to the corresponding 

vertical displacement s of the mid point of 

the element.

The curves 7  -s (transfer curves) under increa­

sing load for all pile elements between two sue 

cessive instrumented sections have been fitted 

by means of a hyperbola^) (figs. 12 and 13). It 

is then possible to extrapolate the transfer cur

ves to evaluate the ultimate failure value t  ̂ 

of , that had not been attained in the tests.

(1) As it is well known, the equation of hyper 

bola is :

s

a+bs

Plotting the experimental points in the pla 

ne (s, s / z ’) i they can be fitted with a stra 

ight line :

s
= a+bs

thus allowing the determination of the pa­

rameters a and b of the hyperbola as the in 

tercept and slope of the straight line.

The asintotic value of T  is given by

*f = lim = i 

S — * o o

LOAD (KN)LOAD (KN) LOAD (KN) LOAD (KN)

8 2 6



8 / 4 9

The values of are listed in table I, together 

with the maximum values s and x  of the di­

splacement and the shear stress attained in the 

tests. It may be seen that in the upper part of

ry small values of the displacements, the ratio 

ranges from 1,6 to 2,7.

TABLE I

Fig. 11 Comparison between calculated and 

measured vertical displacement of 

the pile heads

the piles is very near to with s of

4r6 mm; in lower part, on the contrary* the

mobilized X  is much lower than 2T .

In the samemtable I the values of tne overbur­

den pressure S' at the depths considered, and 

the ratio are also reported.

Pile
Sec

from

:tion

to

zr
max

s
max *f

<r
v ^f

m m (K Pa) (mm) (K Pa) (K Pa)

0,00 3,40 119 4,28 125 47 2,66

1 3,40 6,70 100 2,50 205 96 2 ,14

6,70 10,00 96 0,90 314 144 2,18

10,00 12,00 52 0,21 132 183 0,72

0,00 4 ,60 72 5,95 70 44 1,59

2 4,60 7,20 72 3,88 177 96 1,84

7,20 15,80 80 0,74 812 179 4 ,54

In the conventional bearing capacity theories 

for piles, the ultimate side resistance in cohe 

sionless soils is expressed as :

*f = K ^«'v
where |U, is a coefficient of pile-soil friction 

and K is the ratio of the horizontal normal 

stress acting on the pile surface to the over­

burden stress.

For drilled cast-in-situ piles in cohesionless 

soils, customary handbook values are fA. = tc 

and K = Ko = 1-sen <jp (Jaki, 1948) . Being the 

friction angle of pozzolanas in the range 35 r 

40°, this suggestion brings to a value :

^f - 
—  = (l-sen</) tg<f = 0,3

^v

that is much lower than the experimental values 

listed in table I.

It must be concluded that conventional bearing 

capacity theories fail completely in predicting 

micropiles behaviour, and that further theoreti^

P I L E  1

s/t (m m / kPa) s/t (m m / kPa) s / t  (m m / k Pa) s/t (mm/k Pa)

Fig. 12 Pile n. 1 - Extrapolation of the transfer curves by fitting with a hyperbola

If one disregards the values calculated for the 

elements near to the piles tip, where the extra 

polation is higly unreliable because of the ve-

cal and experimental work is needed to develop 

a reliable design procedure for such piles.

On the other hand, it is to remember that the

8 2 7
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s / T  (m m / k Pa)

P ILE  2
s / t  (m m / k Pa) s/ ' t  (m m / k Pa)

Fig. 13 Pile n. 2 - Extrapolation of the transfer curves by fitting with a hyperbola

ultimate load of these piles is often control­

led by the strength on the pile section, rather 

than by the bearing capacity of the pile-soil 

connexion.

REFERENCES

Gatti, G.; Colletta, I.; Croce, U. (1980). Com­

portamento di tronchi di palo in c.a. stru 

mentati con barrette estensimetriche. Rivi, 

sta Italiana di Geotecnica, Anno XVI, n. 1, 

pp. 32-54.

Jaki, J. (1948). The coefficient of earth pressu 

re at rest. Journ. of the Soc. of Hung arch. 

And Eng.

Lizzi, F. (1964). Root-pattern piles underpinning. 

Symposium on Bearing Capacity of piles. Ce­

ment and Concrete, New Delhi.

Lizzi, F. (1970). Pali radice tipo M/2. Rivista 

Italiana di Geotecnica, Anno IV, n. 4, pp. 

242-245.

Marchetti, S.; D'Angelo, L. (1976). Misure di sol̂  

lecitazione nei pali di fondazione in calce- 

struzzo. Rivista Italiana di Geotecnica, An­

no X, n. 3, pp. 178-205.

Mascardi, C. (1968). Micropali di elevata capa 

cita portante. Rivista Italiana di Geotec 

nica, Anno II, n. 4, pp. 1-8.

Pellegrino, A. (1967). Proprietà fisico-mecca 

niche dei terreni vulcanici del Napoleta­

no. Atti dell'VIII Convegno Italiano di 

Geotecnica, Cagliari, pp. 113-146.

Picarelli, L.; Sapio, G. (1978). Attrito negati­

vo su di un palo trivellato attraverso ter­

reni prevalentemente organici. Rivista Ita­

liana di Geotecnica, Anno XIII, n. 2; pp. 

137-154.

Reese, L.C.; O'Neill, M.W.; Touma, F.T. (1973). 

Bored piles installed by slurry displace­

ment. Proc. VIII Int. Conf. Soil Mech. Founc 

Eng., Mosca, Vol. 2.1, pp. 203-209.

Touma, F.T.; Reese, L.C. (1974). Behavior of bo­

red piles in sand. Journ. Soil Mech. Found. 

Div. ASCE, Vol. 100, N. GT7, pp. 749-761.

Vesic, A.S. (1970). Tests on instrumented piles, 

Ogeechee river site. Journ. Soil Mech. Founc 

Div. ASCE, Vol. 96, No SM2, pp. 561-584.

Whitaker, F.; Cooke, R.W. (1966). An investigatic 

of the shaft and base resistance of large be 

red piles in London clay. Symp. on Large Bo­

red Piles, Inst, of Civ. Engin., London, pp. 

7-49.

8 2 8


