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IN T R O D U C T IO N

T h e IT C -18  as a  g ro u p  w as focussing  ov er the  pas t four years 

on  so m e o f  the  te rm s o f  re fe ren ce  as s tipu la ted  below  :

•  T o  u n d ertak e  a  syn thesis o f  the  design  c rite ria  fo r p ile  foun­

d ations re fe rr in g  bo th  to  the  u ltim ate  and  to the  se rv iceab il­

ity  lim it sta tes w ith  specia l em phasis on  the p ile  foundations 

fo r w h ich  th e  ap p lied  load  is shared  p artia lly  b y  p iles and 

p artia lly  b y  the  fo undation  r a f t ;

•  T o  estab lish  te rm s o f  re fe ren ce  fo r the  insta lla tion , design  

and  p erfo rm an ce  o f  d iffe ren t type o f  au g er p iles ;

•  T o  ex p lo re  th e  possib ility  o f  in terac tion  and co -opera tion  

w ith  the  D eep  F o u n d a tio n  Institu te  ;

•  T o  o rg an ize  a  Special C o n feren ce  devoted  to the them es 

p ertin en t to  the  w o rk  o f  T C -18 .

T h e  w o rk  resu lted  in the  final full rep o rt on  p iled  rafts , av a il­

ab le  to  the  IS S M F E -m em b ers on  request. M o reo v er, a  w o rk ­

shop  in G h en t (A pril 1997) and  du ring  the H am burg  C o n fe r­

ence  (S ep tem ber 1997) re in fo rced  the  ex change o f  ideas m ainly  

re lated  to  p ile  ra ft top ic . A s a  second p a r t o f  the T C -1 8  w o rk , 

the d ra ft o n  au g e r p ile  b eh av io u r w as p rep ared .

P A R T  I : P IL E D  R A F T S

F o r every  p ile  g roup  fo undation  req u ires  a  cap  in o rd e r  to a l­

low  the  p iles ac tin g  as a  g ro u p , the  key q uestion  is w h e th er the 

p ile  cap  can  be  tak en  in to  acco u n t in the fo undation  des ign  in ­

c reas in g  the  overa ll foundation  stiffness ra th er than  on ly  ac t as 

an  ad d itional load  (fig . 1).

D epend ing  on  the w ork in g  p rin c ip le  im plem ented  in the 

deep  fo u n d a tio n  d es ig n , o n e  o f  the  fo llow ing  th ree  cases w ill 

be  the c lo sest to  rea l p iled  ra ft b e h a v io u r :

a. the  p iles a re  supposed  to  ca rry  the  full load  ; the ra ft does 

n o t con trib u te

- C urve 1 : raft with piles designed for conventional safety factor

- Curve 2 : raft w ith piles designed for much lower safety factor

- C urve 3 : raft with piles designed at full capacity

- C urve 4 : raft only (excessive settlement)

F ig u re  1. A lte rn a tiv e  des ign  stra teg ies fo r p iled  rafts

- Qp - pile load ; Q, - total load ; Sr - settlem ent reduction

F ig u re  2 . T h e  effic ien cy  o f  p iles as se ttlem en t reducers in a 

p iled  ra ft foundation

2637



b. the piles act as partially settlement reducers for the raft re­

maining still the less important bearing element of  the foun­

dation system

c. the piles are provided as full settlement reducers operating 

at a shaft factor o f  Fs =  1. The raft becomes the principal 

bearing element of  the foundation.

Fig. 2 demonstrates just qualitatively, the decay curve of  the 

settlement reduction of  a piled raft foundation in comparison 

with the corresponding unpiled raft foundation.

settlement o f  piled raft foundation
S r = --------------------------------------------------

settlement o f  corresponding unpiled raft

In reviewing the more significant developments in the area of  

soil-foundation interaction related to the piled raft foundations, 

the attention can initially be restricted to settlement prediction 

methods of  vertical pile groups subjected to axial loading.

A  sound prediction o f  a piled raft behaviour implies a full 

interaction between piles, raft, and soil ; hence the influencing 

factors to be considered are :

i. the raft characteristics (the relative stiffness, shape)

ii. the characteristics o f  the piles (the number, layout, length, 

diameter, and sitffness of  the piles)

iii.the characteristics o f  the applied load (concentrated or dis­

tributed loading, and its level relative to the ultimate capac­

ity)

iv.the characteristics o f  the soil (the soil profile, the various 

layers, their stiffnesses, the ultimate unit soil bearing ca­

pacity beneath the raft). Common methods for settlement 

prediction o f  piled rafts are presented and a classification is 

shown in table 1.

In 1991, Poulos suggested, based on case studies, that the fol­

lowing situations are the most favorable ones for piled rafts :

a. a soil profile consisting of  a uniform layer of  relatively stiff 

clay

b. a uniform soil profile consisting of  relatively dense sands

c. a layered soil profile in which beneath the likely foundation 

depth of  the piles, all bearing layers are very dense or stiff.

Consequently, the following situations are the most unfavor­

able cases for applying a piled ra f t:

a) a soil profile consisting of  relatively soft clays near the 

natural ground level

b) a soil profile consisting o f  relatively loose sands near the 

natural ground level

c) soil profiles from the foundation level o f  the piles on, which 

are still consolidatitng underneath the pile group foundation 

level.

Poulos stated in his Rankine Lecture (1989) that the effect on 

pile group settlement o f  the pile cap in contact with the soil 

underneath is relatively small unless the pile spacing is large 

and the group remains relatively small. It has been shown that 

for piles at a center-to-center distance of  10 diameters, the re­

duction in settlement due to cap contact is only about 5 % ; for 

such purposes and at working load, the beneficial influence of  

the cap-pile interaction can be ignored.

On the contrary (V an Impe 1991) for more practical cases of  

smaller interdistance (3<t>-4<l> pile), the effect of  the pile cap-pile 

group interaction on the overall load-settlement behaviour can 

not be neglected ; in many o f  such pile groups (of  the dis­

placement pile type) more than 25 % of  the load can be taken 

by the flexible raft-soil interaction directly.

A  survey of  the published relevant papers on the piled raft 

topic has been elaborated in a comprehensive document of  the

Table 1. M ethods of  settlement prediction for piled rafts

C ategories A uthors M ain approach T ype  o f  interaction  in the 

analy tical m odel

Sim plified

methods

R andolph

(1996)

A sing le  pile-cap  unit applied  to 

the  equ iva len t p ier approach

pile-cap  and pile-so il (p ile  co n ­

sidered  as equ iva len t p ie r) in ­

teractions

Randolph  and

C lancy

(1993)

Piled ra ft d iv ided  in s ing le  pile- 

cap  units

p ile  g roup -cap  and  p ile  group- 

so il in teractions

T o m o n o  and 

Y am ashita

F inite e lem en t approach  coupled  

w ith interaction  factor* using

p ile -p ile , pile-so il su rface , soil 

su rface-p ile , and  su rface  pres-

(1987) M in d lin 's  so lu tion sure-so il su rface  in teractions

V an Im pe and 

D e C lercq  

(1994)

P iled -ra ft units coupled  by  e las­

tic interaction  so lu tions

p ile  base-p ile  b ase , p ile  shaft- 

p ile  shaft, p ile  base-p ile  cap , 

p ile  sh aft-p ile  cap , cap-p ilebase, 

and  cap -p ile  shaft in teractions

Poulos F in ite  d iffe rence  app roach  with interactions betw een  e lem ents o f

(1994) p iles assum ed as springs the ra ft, betw een  p iles , betw een 

raft e lem ents w ith  p iles , and 

p iles w ith ra ft e lem ents

C om barieux Piled ra ft un it ■ flex ib le  raft interactions based  on  re lative

(1982) defo rm ations o u t o f  p ressu rem e- 

ter foundation  • design  rules

V ery e lebo ra­

ted com puter 

softw are base i 

m ethods

Sm all and  T a  

• (1996)

I

F in ite  e lem en t approach  for the 

raft and  layers o f  app roach  for 

the  supporting  soil

p iled -ra ft, ra ft-so il. p ile-so il, 

and  soil-so il for a layering  soil 

profile

H ain  and  Lee 

(1978)

C om bination  o f  b oundary  ele­

m ent w ith  fin ite  e lem ent ap ­

proach

p ile -p ile , p ile -so il, p ile -ra ft, 

soil-so il in teractions

E l-M ossallam y

(1996)

C om pleted  boundary  elem ent 

coupled  w ith finite e lem ent a p ­

proach

p ile -p ile , p ile -so il, p ile -ra ft, 

soil-so il interactions

O ttav ian i,

W ang

(1995)

3D  finite e lem ent 

approach

in p rinc ip le  all types o f  in terac­

tions possib le

subcommittee o f  T C -18 - Prof. O 'N eill. This survey is added 

to the T C -18 full report as enclosure 1, to Part I.

CO N CLU SIO N S O F T H E C O M PA RA TIV E C A SE STU D Y  

A N A LYSIS

In this particular case study of  a piled raft foundation for the 

central pier of  a bridge, prsented in the full document, the pile 

group represents piles as stiff  bearing elements and not as set­

tlement reducers.

Thus, the soil under the raft is not mobilized to a large ex­

tent to participate in sharing the total load between the piled 

raft elements, the raft and the pile group.

The measured settlement till N ovember 1995 was o f  the or­

der of  42 mm. The minimum predicted value o f  the settlement 

(26 mm) and the maximum one (68 mm) represent a difference 

of  ±  50 % from the measured one.

The average pile working load is very low considering the 

actual pile capacity in the group. The maximum recorded pile 

load was o f  approx. 1.3 M N  for the corner piles. The m axi­

mum estimated allowable pile load however was of  2 .7 8  M N .

This comparison between the measurements and the pre­

dicted values in the analysis o f  a piled raft behaviour, applying 

different methods (from the simplest to the most complicated 

ones) should be fully elaborated, gathering the contributions 

from other experts on the same or new well established case 

records.

Furtherm ore, updating the measurements on the piled raft is 

required to develop a real feeling for the most important pa­

rameters influencing a piled raft behaviour.

Some valuable conclusions with possible future recommen­

dations for applying each of  the discussed methods were in­

cluded, finalizing the T C -18 after the workshop in G hent, 

A pril 1997.

PA RT II : D ESIG N  A N D  PERFO RM A N CE

The multiple pile type in use all over the world are conven­

tionally classified in two main categories : the displacement
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Table 2. Screw piles

S o il  d isp la c e m e n t d u rin g  p e n e tratio n Soil excavation during penetration

Prefabricated pile type (lorque £ 70 KNm) 

Lost auger head +  regained casing type

- Screwing down (second generation) 

pulling up

- Screwing down (third generation) 

screwing up

PartiaJ flig ht aug er o n steel casin g  

(seco nd  g eneratio n)

-  p refab ricated

- cast-in-situ

Continuous flight auger (first generation)

- sm all 0  stem , cast-in -situ

- large 0  stem, cast-in-situ____________

Variety o f pile systems in each cast-in-situ 

sub-groups due to the various methods for pouring the concrete

- contractor method

- under additional hydraulic pressure (Stasol, PCS)

- combined with expansive mortars (SES)

- additional grouting under pile tip (Bauer)

- expander body pile tip (Soilex)

- Combined with driven pile tip (VB-auger)

________- Combined with prelocated pile tip (Presso-drill)______

T ab le  3.

M ain  in fluencing  insta lla tion  p aram eters  fo r sc rew  piles

- Soil type  as re la ted  to  p ile  d im ensions

( L /0 ) pi|B «-> co h esiv e  <-> h igh  w a te r  tab le  <-» norm ally  

conso lida ted

- In sta lla tio n  en erg y

- S h ape o f  au g e r head

- location  o f  tu rn  (o r sc rew in g ) tab le  (<-> torque)

- T y p e  o f  c o n c re te  (W /C )

- up lift acce le ra tio n  <-> casting  co n cre te  m ethod

- A T em p era tu re  o f  au g e r tip  o  (W/C)

- general req u ired  p ile  g eo m etry  (ro u g h /sm o o th  shaft, 

'f la n g e s ' con tin u o u s o r  no t, . . . ) ________________________

and  n o n -d isp lacem en t p iles (tab le  2 ). Such classifica tion  should  

be  rev iew ed  in o u r op in io n . Indeed , the defin itio n  o f  'so il d is ­

p lacem en t' is h a rd ly  sc ien tifica lly  backed  up ; it p redom inan tly  

reflec ts the  p ile  c o n tra c to r 's  p o in t o f  v iew  on  the  execu tional 

aspects o f  th a t sp ec ific  p ile  type . H o w ev er, hard ly  any  real 

con tro l o f  the  ch an g e  in stress co nd itions a ro u n d  the p ile , a fte r 

in sta lla tion , a re  su p p o rtin g  such  defin itions (tab le  3). F u tu re  

developm en ts in deep  fo u n d a tio n  analysis shou ld  p re fe rab ly  

im p lem en t such  co n s id era tio n s , the  m o re  since  deep  foundation  

perfo rm an ce  is re la ted  to  a  h igh  ex ten t to soil site  param eters  

af te r  the  p ile  g ro u p  insta lla tion .

D iscussing  the  recen t d evelopm en ts in deep  foundation  

techn iques, and  b es ides o f  novelties in p ile  type and  techno lo ­

g ies , the  to d ay s ' ap p ro ach es fo r des ign  in terconnected  w ith  the 

new  ideas fo r p ile  in sta lla tion  m on ito rin g  and  p ile  testing  have 

to b e  ev iden tia ted .

A bou t the  p ile  type  techno log ica l advances (V an Im pe 1991,

1996, 1997) it can  b e  m en tioned  th a t especia lly  the  sc rew  p ile

F ig u re  4. F u n d ex  sc rew  pile

l a t e r a l  d i s p la c e m e n t

Figure 3. Different types of screwing Figure 5. Atlas screw pile

FUNDEX

S c re w in g  in w ith  

s o i l  e x c a v a t i o n
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V an  Im pe, W .F . and  P e iffe r , H . 1997. In fluence  o f  sc rew  p ile  

insta lla tion  on  the  stress  sta te  in the  so il. In ternational 

S em inar E R T C -3 , B russels, 17-18 A p ril 1997.

F ig u re  6. S o co fo n d a  O m ega-p ile

app lica tio n s have  m ade headw ay , m ainly  b ecause  o f  the  v ib ra- 

tion less in sta lla tion  featu re .

T h e  firs t sc rew  o r au g e r p ile  g en era tio n  (dating  from  the 

ea rly  six ties), w as m ain ly  g ra fted  on  the  p rin c ip le  o f  so il ex ca­

vation  d u rin g  p en e tra tio n  o f  the  auger (fig . 3 ), so  a llow ing  fo r 

ra ther slow  p ile  in sta lla tion  ra tes and  a  lim ited  overa ll to rque  

o f  5 0  kN m  to  100 kN m .

T h e  second sc rew  p ile  genera tio n  em erg ed  du ring  the  sev­

en ties as 's in g le ' lateral d isp lacem en t type  o f  sc rew  p iles , such 

as the  w ellk n o w n  F u n d ex  sc rew  p ile  (fig . 4 ). T h e  capac ity  w as 

ex tended  trem en d o u sly  ; the  insta lla tion  energy  increasing ly  

adap ted  up to  to rques o f  the o rd e r o f  5 0 0  kN m  in com bination  

w ith  o r  d o w n w ard  vertica l th rust.

O nly  a t the beg in n in g  o f  the  e ig h ties , the th ird  sc rew  pile 

g en era tio n  hastened  a  b reak  th rough  in the lasting  re luctancy  

tow ards the  ap p lica tion  o f  th is type  o f  deep  foundations. T he 

so ca lled  'd o u b le '-a c tio n  so il d isp lacem en t sc rew  p iles (F ran k i- 

A tlas , fig . 5 and  S o co fo n d a-O m eg a , fig . 6) em braced  im p o r­

tan t basic  fea tu re s such as : tw ofo ld  soil d isp lacm en t du ring  

p ile  in sta lla tion  and a  s tr ic t lim ita tion  o f  soil com ing  up.

T h e  successfu l fu rth e r  dev e lo p m en t o f  the  sc rew  p ile  techn ique 

ho w ev er is h am p ered  by  the  ap p reciab ly  u ncom m on  sensitiv ity  

o f  the sc rew  p ile  quality  to  insta lla tion  p a ram e te rs ' variab ility , 

tab le 3 (V an Im p e  1996).

T h e  design  and p e rfo rm an ce  o f  various type o f  sc rew  p iles are  

d iscussed  in the  full T C -1 8  report.
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