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Analysis and design of pile foundations under 
vertical load: an overview

Gianpiero Russo*

1. Introduction

Design of piled foundations focus traditionally 
on the number of piles needed to carry the design 
load with some form of safety factor prescribed by 
codes and regulations. Differences in bearing capac-
ity between a single pile and piles in a group are gen-
erally allowed. Settlement and soil-structure interac-
tion calculations are usually considered as second-
ary issues, just part of a more or less optional check 
stage. 

In fact, the traditional design strategy leads of-
ten to unnecessarily small settlement, much smaller 
than the values needed to guarantee a satisfactory 
performance. This indicates the possibility of cheap-
er design solutions. 

The traditional design approach to pile founda-
tions should indeed be reversed to obtain solutions 
that are more efficient; settlement and soil-structure 
interaction calculations should become the first and 
fundamental step in the design process. Moreover, 

the prediction of the full load settlement relation-
ship of a piled foundation, covering both the service 
and the ultimate conditions, appears the best way to 
overcome the traditional separation between linear-
ly elastic settlement calculations and perfectly plastic 
failure calculations, which seems totally inadequate 
to achieve an optimized design solution. 

BURLAND et al. [1977] first introduced the con-
cept of settlement reducing piles. In their paper, a 
milestone on soil-structure interaction, the follow-
ing quotation is still today as relevant as it was for-
ty years ago: “Traditionally engineers engaged in a 
pile group design have asked themselves ‘How many 
piles are required to carry the weight of the build-
ing?’ When settlement is the controlling factor in 
the choice of piles, designers should perhaps be ask-
ing the question: ‘How many piles are required to re-
duce the settlement to an acceptable amount?’ The 
second question drives to design solutions requiring 
– generally – fewer piles”.

Although in recent years some outstanding ap-
plications of settlement based design may be quoted, 
the capacity based approach is still widespread and 
substantially dominant in everyday practice. This is 
probably because most engineers believe that pre-*  Università di Napoli Federico II, Naples, Italy
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still act as a restraint rather than a stimulus and need some revision.
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dicting bearing capacity is more easy and reliable 
than predicting settlement and deformations. RAN-
DOLPH [1994] and MANDOLINI et al. [1997] demon-
strated that the reverse should be true; furthermore, 
POULOS et al. [2001] authoritatively claim: “It is very 
difficult to recommend any single approach as be-
ing the more appropriate for estimating axial bear-
ing capacity of a single pile”. Finally, MANDOLINI et 
al. [2005], in their State of the Art on Deep found-
ations, confirm that “bearing capacity predictions 
are an essentially empirical and thus rather uncer-
tain exercise”. 

Contrary to a widespread belief, settlement pre-
dictions have sound, rational bases and, at least with 
reference to piled foundations, may be proven more 
reliable of the bearing capacity calculations; this 
central idea of MANDOLINI et al. [2005], more than 
ten years later retains its full validity. In the follow-
ing sections an update of some of the key aspects of 
that Report is attempted taking advantage of further 
experimental evidence collected in this last decade. 
Such evidence is provided by monitoring of full scale 
structures or by high quality field scale or centrifuge 
tests. 

2. Effects of the installation technique on pile 
performance under axial load

The installation effects are particularly signifi-
cant for the pile performance under vertical load. 
In fact, the ultimate bearing capacity of a vertical-
ly loaded pile depends essentially on the features of 
the soil adjacent to the shaft and of the soil included 
in a rather small volume around the base of the pile; 
just in these regions the installation process produc-
es the most significant changes of both the horizon-
tal stress and the soil properties. The prediction of 
such changes is indeed a difficult task and it has stim-
ulated many initiatives. HOLEYMAN and CHARUE [2003] 
and FELLENIUS et al. [2017] report the development 
of experimental sites with huge field test programs. 
The FHWA in USA [KALAVAR and EALY (Eds.), 2000] 
and the LCPC in France [BUSTAMANTE et al. (Eds.), 
2009] systematically collected the results of load test 
on piles installed with different procedures in differ-
ent soils conditions and at different sites.

Effects on the bearing capacity

The ultimate bearing capacity QS of a single pile 
of length L and diameter d is usually written:
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where qB and qS represent the unit base resistance 
and the average lateral resistance respectively. The 

dimensionless ratio between the bearing capacity 
and the weight of the pile P is:

 SB qqS

p

Q
P

1
γL d

L
+� �= 4  (2) 

where γp is the unit weight of the pile material. The 
ratio depends on qB and qS, and hence on soil prop-
erties, but also on L and L/d. To demonstrate the in-
fluence of the installation technique, a database of 
20 load tests to failure on piles installed in the rela-
tively uniform pyroclastic soils of the eastern Naples 
area is employed. The 20 trial piles are all cast in si-
tu concrete piles (replacement, displacement driv-
en, and CFA); the diameter d ranges between 0.35 
m and 2 m; the length L between 9.5 m and 42 m; 
the ratio L/d between 16 and 61. The experimental 
values for QS were obtained at a displacement of the 
pile head equal to 10%d, either directly attained in 
the test or determined by hyperbolic extrapolation. 
The results are summarized in the first three rows of 
table I in terms of the ratio QS/P. Replacement piles 
give the smallest value (QS on average 12 times great-
er than the weight of the pile) and the largest scat-
ter (COV = 26%). Displacement driven piles give the 
largest value (73 times the weight of the pile) and 
the smallest scatter (COV = 8%); CFA piles have an 
intermediate behaviour.

Belgian researchers [HOLEYMAN and CHARUE, 2003; 
BBRI, 2000; 2002] report on a test site at Sint-Kateli-
jne Waver, where the subsoil consists mainly of stiff 
oc clay. Several contractors installed at that site more 
than 20 displacement screw piles, with slightly dif-
ferent equipments and techniques. The piles have 
been tested using dynamic, static and statnamic pro-
cedures; the result shave been compared with those 
on standard prefabricated driven r.c. piles. The re-
sults of the static maintained load testing are summa-
rized in the bottom row of the table I. As it could be 
expected, they are intermediate between bored and 
driven piles. Also the COV has an intermediate val-
ue and is indeed very close to the value obtained by 

Pile type S

av

Q
P

SQ
P

COV

Replacement 12.1 0.26

CFA 37.5 0.25

Driven 73.1 0.08

(*) Displacement Screw 
Piles 

42 0.11

Tab. I – Bearing capacity statistics for 20 pile load tests in 
pyroclastic sandy soil and for (*) 12 static pile load test on 
Displacement Screw Piles in oc clay. 
Tab. I – Dati sperimentali di capacità portante per 20 prove di 
carico in terreni piroclastici e per 12 prove di carico in argille 
sovraconsolidate.
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driven piles in sand. It is worth mentioning that, in 
the Belgian case, the ratio Qs/P for the prefabricat-
ed driven piles (only two piles) was 69, very similar to 
the value of the driven piles in sandy soil, 73, report-
ed in table I. A further comment on the COV values 
reported in table I is opportune. Not only in terms 
of efficiency but also in terms of reliability the use 
of displacement piles either of the driven or of the 
screwed type appears the best choice for a designer. 
Nevertheless replacement piles keeps the role of fa-
vourite selection among the pile designers because of 
their versatility. This practice should indeed change 
and the data reported above are a support to this call 
for change. 

Effects on the load settlement relationship 

The load settlement relationship for all the piles 
of the above mentioned Sint-Katelijne Waver site 
[HOLEYMAN and CHARUE, 2003] are plotted in figure 
1. It is rather evident that while the bearing capacity 
is largely variable depending on even minor techno-
logical and constructional details, on the other hand 
the stiffness at low load level is nearly constant and 
practically independent by the different technolo-
gies adopted for piles installation. This conclusion 
is easily obtained by simply zooming in figure 1 at 

loads below 500kN and in a more objective way by 
comparing the initial stiffness KW0 and the stiffness 
at intermediate load level KW(1/2 Qult). The value of 
the average stiffness are respectively KW0=550kN/
mm and KW(1/2 Qult) = 220kN/mm while their COVs 
are respectively 0,21 and 0,38. 

The same experimental finding emerged by the 
case study of 4 pile tests conducted at Feluy site on 
Omega piles, i.e. full displacement screw type but 
all constructed with slightly different procedures in 
oc clay [RUSSO et al., 1998]. The piles have the same 
nominal diameter and only minor differences in 
length. Figure 2 reports the experimental load-set-
tlement relationships, and clearly shows that the 
different installation procedures strongly affect the 
bearing capacity; on the contrary, the stiffness at low 
load level is practically constant and almost unaffect-
ed by technological and constructional details. 

Finally, figure 3 reports the load-settlement re-
lationships of six proof tests on CFA piles [RUSSO, 
2013] belonging to the foundation of a large Mall in 
the eastern part of the city of Napoli. The subsoil of 
the site consists of pyroclastic silty sand overlying the 
yellow soft rock locally known as Neapolitan tuff. As 
usual, the maximum test load amounts to 1,5 times 
the live design load. In the same figure the average 
value and the COV of the axial stiffness at the origin 
and at the maximum applied load are reported. It is 

Fig. 1 – Load-settlement curves of 12 displ. screw piles in clay. a) full curve b) zoom in.
Fig. 1 – Curve carico-cedimento di 12 pali a spostamento. a) curva totale b) ingrandimento.
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evident that the larger the load level, the larger the 
variability of the axial stiffness, the ratio between the 
two COVs being nearly 2. Furthermore, as expected, 
the larger the axial load the lower the stiffness, the 
ratio between the two back-calculated stiffness being 
about 1,8. The data shown confirm the view that the 
installation technique affects the axial stiffness of the 
pile much less than their bearing capacity, and that 
particularly the initial stiffness of the piles depends 
mainly on the small shear strain modulus of the soil 
[RANDOLPH, 1994; MANDOLINI et al., 1997]. 

Contrary to a widespread belief among engi-
neers and practitioners, the reported evidence fur-
ther supports the claim that predicting settlement is 
easier and more reliable than predicting bearing ca-
pacity.

3. Static vertical load test 

The static vertical load test on a pile, original-
ly intended to determine the bearing capacity, has 
broadened its scope to include the experimental de-
termination of the full load settlement response of 
the single pile [POULOS, 1998]. 

As pointed out by RECINTO et al. [2003] and RUSSO 
[2013], the static load test is not an Ideal Load Test 
(ILT). Figure 4 illustrates the differences between a 
conventional static load test using a kentledge or a 
reaction beam on one hand, and an ILT on the oth-
er hand. In the same figure the scheme of the Os-
terberg Cell load test, known as bottom-up load test, 

is also reported. While significant differences in the 
soil-pile interaction mechanisms are to be expected 
depending on the different load test setup, all the 
schemes with the only exception of the Osterberg 
Load Test (OLT), are usually considered equivalent 
to the ILT.

RECINTO et al. [2003] and MANDOLINI et al. [2005], 
by means of FEM simulations, showed that the test 
layout largely affects the test pile performance. In 
figure 5 the results of a simulation comparing the 
four different test layouts are plotted. It is evident 
that a substantial overestimation of the “true” pile 
head stiffness occurs in all the cases at small set-
tlement, if the “true” stiffness is that obtained via 
the ILT. It is also evident that a better agreement 
is found in the late stage of the two conventional 
top-down load tests – i.e. Kentledge or Anchor piles. 
The same simulations allowed to outline a possible 
shortcoming of the OLT: end bearing capacity may-
be largely prevailing on the shaft capacity, prevent-
ing the OLT to explore the behaviour of the pile 
further than a very limited settlement, i.e. w = 1.5%d 
in this case. 

RUSSO [2013] carried out an experimental com-
parison between CoLTs and OLTs on CFA piles in py-
roclastic soils; the piles where instrumented to moni-
tor the load transfer along the pile shaft. It was clear-
ly shown that for relatively slender piles in the mid-
dle of the pile the two tests mobilized approximately 
the same shear strength while differences between 
the two tests occurred at the top and at the bottom 
of the pile, i.e. in the zones where the loading sourc-
es were located in the two types of the test respective-
ly. It is confirmed that the OLT can be a cheap alter-
native to CoLTs for relatively large diameter bored 
piles, when load in excess to 3000/4000 kN have to 

Fig. 2 – Load-settlement relationships of four Omega dis-
placement screw piles at Feluy site [RUSSO et al., 1998]. 
Fig. 2 – Curve carico-cedimento di 4 pali tipo Omega nel sito di 
Feluy [RUSSO et al., 1998].

Fig. 3 – CFA proof load tests in the eastern area of Napoli 
(Auchan Mall, RUSSO, 2013).
Fig. 3 – Prove di collaudo su pali CFA nell’area ad est di Napoli 
(Auchan Mall, RUSSO, 2013).
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be applied and only a safe lower bound of the bear-
ing capacity is the aim of the test. 

The above results show that the conventional 
load tests are suitable for the determination of the 
bearing capacity (using as a benchmark the ILT), 
while the OLT may have significant limitations even 
in this respect. If the load-settlement performance, 
and especially the initial tangent stiffness, is one of 
the purposes of the test, substantial corrections are 
needed in all cases. Without these corrections, any 
pile group analysis based on the results of load test 
on single pile can be misleading and unconservative 
[RUSSO et al., 2013].

4. Settlement of pile groups

Empirical method

MANDOLINI et al. [1997] and MANDOLINI And VIG-
GIANI [1997] collected 22 well documented case his-
tories of the settlement of piled foundations. The da-

ta base was increased by VIGGIANI [1998] to 42 cases. 
The collection of further evidence by MANDOLINI et 
al. [2005] brought the total number of cases to 63; 
for all of them, besides the settlement records, load 
test on single piles and documentation on the sub-
soil and the construction were available. The data-
base has been again increased and nearly 100 cas-
es are included in the following considerations. The 
main features of the case histories collected are list-
ed in table II. A wide range of pile types (driven, 
bored, CFA) assembled in a variety of geometrical 
configurations (4 ≤ n ≤ 6500; 2 ≤ s/d ≤ 14; 10 ≤ L/d ≤ 
126) and very different subsoils (clay / sand or strat-
ified) are included. 

The available measured settlement may be used 
as the basis for an entirely empirical evaluation of 
the expected absolute and differential settlement of 
a piled foundation. 

The average settlement w of a piled foundation 
may be expressed as follows:

 S SR n= =w w G SR w  (3) 

Fig. 4 – Different schemes for Vertical load test layout on single pile. 
Fig. 4 – Diversi schemi per prove di carico assiale su palo singolo.

Fig. 5 – Comparison between ILT and Conventional load tests -CoLT - with kentledge a) or with anchor piles b) and Oster-
berg cell Load Test c). 
Fig. 5 – Confronto tra prova ideale ILT e prova convenzionale – CoLT – con zavorra a) o con pali d’ancoraggio b) e Cella Osterberg c).
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Tab. II – Database with settlement records for small, field and full scale piled foundations. 
Tab. II – Database con cedimenti osservati per fondazioni su pali in vera grandezza e in piccola scala. 
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where wS is the settlement of a single pile under the 
average live load Q/n of the group (Q = total load ap-
plied to the foundation; n = number of piles), RS = 
w/wS is an amplification factor named group settle-
ment ratio, and RG = RS/n is the group reduction fac-
tor. The settlement of the single pile wS is best obtai-
ned by load tests on single pile. The group settle-
ment ratio RS was initially proposed by SKEMPTON et 
al. [1953] and confirmed by slightly different sug-
gestions by MEYERHOF [1959] and VESIC [1969] as a 
pure function of geometrical factors as the number 
of piles n, the spacing s and the slenderness L/d of 
the piles.

Adopting the data collected in the mentioned 
database the following expressions for the upper 
limit RS,max (95 percentile) and the best estimate of 
RS, as a function of the aspect ratio R = (ns/L)0.5 in-
troduced by RANDOLPH and CLANCY [1993], have been 
found:

 S
S

–1,41R n0,354 · ·= =w
w R  (4) 

 S,max
S

max –1,20R R n0,55· ·= =
w
w  (5)

These relationships are only slightly changed 
compared to the ones reported by MANDOLINI et al. 
[2005] but have a sounder basis being obviously 
based on a larger database. On the average value of 
RG some differences arise for R ≤ 1,5. For the max-
imum value RGmax the differences between the old 
and the new correlations is significant only for R ≤ 3. 

It is confirmed that the amplification effect 
seems prevailingly based on pure geometrical fac-
tors as the ones used in the above equations, while 
any further attempt to establish additional correla-
tions was unfruitful by a statistical point of view. To 
investigate about the quality of the regression a use-
ful piece of information is that represented by the 
plots of figure 7. The residual (difference between 
the experimental value of RG and that predicted 
via the equation) is plotted versus the aspect ratio 
R (the predictor) and versus the experimental RG 
i.e. the predicted value. For 0,6 ≤ R ≤ 2 the scatter as-
sumes the largest values showing the “weakness area” 
of the method. Apart from this remark, no trends ap-
pear in both the plots. The regression coefficient for 
equation 4) is R2=0,75, which can be considered a 
rather satisfactory value. 

Fig. 6 – Relationship between RG and R. 
Fig. 6 – Relazione tra Rg e R.

Fig. 7 – Residuals of the RG - R relationship.
Fig. 7 – Residui della relazione di interpolazione RG-R.
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In conclusion, the proposed correlation can be 
reliably adopted to predict the average settlement of 
a pile group, once the settlement of the single pile is 
known either via a pile test or via a calculation meth-
od. The absence of any trend in the residuals, fur-
thermore, reveals that any further improvement of 
the proposed correlation on the basis of the availa-
ble data is very difficult to foresee. 

Rational methods 

Rational methods to analyse the behaviour of 
pile groups and pile foundations were first pub-
lished in the late ’60; the Interaction Factors method 
by POULOS [1968] and the Boundary Element Meth-
od by BUTTERFIELD and BANERJEE [1971] were among 
the early examples. A number of later significant 
contributions in the area of the two methods may 
be recalled and even the Finite Element Method 
appeared in the same years in the early applica-
tions to small pile groups by OTTAVIANI [1975]. Hy-
brid methods appeared in the literature in the ear-
ly 90’ and a number of computer codes dedicated 
to the analysis of pile groups were presented: Garp 
by POULOS [1994], Hypr by RANDOLPH and CLANCY 
[1994], Napra by RUSSO [1996; 1998] are only a few 
examples of a large amount of published research-
es. In the first decade of the 2000 general purpose 
FEM and FDM packages, (FLAC, Abaqus) were 
used by many authors to deal with relatively small 
pile groups, using simple constitutive relationships 
for the subsoil. Among this studies KATZENBACH et 
al.[2000; 2009] and COMODROMOS et al. [2005; 2012; 
2015] may be worth mentioning. MANDOLINI et al. 
[2005] carried out three different analyses using 

the code Napra [RUSSO, 1998] and compared the 
computed results with the measurements for 48 well 
documented case histories of piled foundations. In 
this paper the number of case histories has been in-
creased to about 80 (new data) which are listed in 
the table II. The figure 8 summarizes the three dif-
ferent procedures, which are shortly labelled L, NL 

Fig. 8 – Three different types of analysis for the settlement 
of pile group.
Fig. 8 – Tre diversi tipi di analisi per la previsione del cedimento 
dei gruppi di pali.

Fig. 9 – Calculated versus measured settlement with diffe-
rent calculation procedures.
Fig. 9 – Cedimenti misurati e calcolati a confronto per le diverse 
procedure di analisi.
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and LS, starting from the knowledge of the load set-
tlement relationship for the single pile whose set-
tlement is divided in a linear wL and a non linear 
component wNL. 

The majority of the foundations reported in ta-
ble II had been designed according to convention-
al capacity based approach. As a consequence, their 
overall safety factor under the working load is rath-
er high, and a simple linear analysis may be expect-
ed to be adequate for engineering purposes. Indeed 
the L analysis, based on the moduli back figured by 
the initial stiffness of the load test on single piles, 
gives a rather satisfactory agreement with the ob-
served values in the majority of the cases (Fig. 9a). 
There are, however, some cases referring to small 
pile groups constructed for research purposes and 
submitted to a load level close to failure [BRAND et 
al., 1972; BRIAUD et al., 1989]. For these cases non 
linearity plays obviously a major role and hence L 
analysis is less satisfactory, resulting in a substantial 
underestimation of the settlement. The NL analysis 
(Fig. 9b), which essentially consists in simply adding 
the non-linear component of the settlement of the 
single pile to the settlement of the group, obtained 
as in the L analysis, slightly improves the prediction 
of the average settlement in all the cases where the 
L analysis was already successful. In the cases where 
the non linearity plays a major role, NL analysis sig-
nificantly improves the agreement between the pre-
diction and the measured performance. The LS 
analysis (Fig. 9c), on the contrary, incorrectly am-
plifies with group effects both the elastic and plastic 
components of the settlement of the single pile, and 
thus substantially overpredicts the observed settle-
ment. It is clear that the choice of performing a lin-

ear elastic analysis on the basis of some secant mod-
ulus, the most widespread and apparently the most 
reasonable one, is in fact rather misleading. 

In order to make the comparison between the 
three procedures as objective as possible the plots in 
figure 10 are presented. In the left plot the three pro-
cedures are compared in terms of reliability and accu-
racy. It is evident that NL analysis is by far the best in 
terms of accuracy on the overall database while the LS 
is the worst of the three with calculated settlement be-
ing on the average 60% larger than the measured one. 
Of course the LS even if not accurate is the most “re-
liable” being largely conservative and showing a relia-
ble index practically equal to 1. It is also clear that the 
evaluations done on the old database are substantial-
ly confirmed by the new database. In the plot on the 
right side for all the eighty cases the errors (defined as 
the distance between the predicted and the observed 
settlement) are plotted versus the number of the case 
in the list. The dotted lines represent the boundary 
of the region including ±20%. In can be appreciated 
that 90% of the cases fall within the fixed boundaries 
testifying a satisfactory agreement between prediction 
and observed performance. It can be concluded that 
the proposed method is indeed a robust tool for pre-
dicting the settlement performance of a pile group, 
no matter how large is the number of piles, once the 
load-settlement for the single pile is available. 

5. A case study: Burj Khalifa

Around the world, the race to the highest build-
ing is still an open matter. In figure 11 a view of the 
recent top buildings is reported. 

Fig.10 – Reliability and accuracy of the proposed methods.
Fig. 10 – Affidabilità ed accuratezza dei metodi proposti.
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Tab. III – Case histories used as benchmarks for Napra [RUSSO, 1998] calculations.
Tab. III – Case histories usate come riferimenti per i calcoli con il codice Napra [RUSSO, 1998].
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In the middle the Petronas towers widely known 
as the Twins of Kuala Lumpur may be recognized 
while on the extreme left the monster Burj Khalifa 
Tower recently built in Dubai is shown. Both these two 
skyscrapers are founded on piles and the availability 
of pile tests allowed to consider them in the database 
of the case histories adopted to validate the proposed 
rational procedure. Some details on the analyses car-
ried out on the latter building are herein discussed. 
More detailed information is available elsewhere [RUS-

SO et al., 2013] . In figure 12 a night picture and a plan 
sketch of the Burj Khalifa Tower are reported. 

The foundation system for the tower is a piled 
raft, founded on deep deposits of calcareous rocks. 
The building is a 160 storey high rise tower, with a 
podium development around the base of the tower, 
including a 4-6 storey garage. The tower is founded 
on a 3.7m thick raft supported on 194 bored piles, 
1.5 m in diameter, extending 47.45m below the base 
of the raft; podium structures are founded on a 0.65 

Fig. 11 – Highest buildings in the world.
Fig. 11 – Gli edifici più alti del mondo.

Stratum Description

Level at the top 
of the stratum

[m DMD]

Thickness

[m]

Adopted
Level at top of layer

[m DMD]

UCS
qu

[MPa]
1 Marine deposits 1.15 to 2.96 1.85 to 4.3 2.5

2 Calcarenite/
Calcareous sandstone -0.27 to -1.95 2.87 to 10.75 -1.2 2

3a Calcareous
sandstone/
Sandstone

-4.13 to -12.06 10.5 to 21.43
-7.3 -

3b -13.5 1

4 Gypsiferous sandstone -21.54 to -26.69 1.7 to 7.75 -24 2

5a
Calcisiltite/

Conglomeritic calcisiltite -27.64 to -31.15 39.2 to 46.75 -28.5 1.3

5b Calcareous siltstone -50 1.7

6 Calcareous/ Conglomeritic Strata -67.19 to -76.04 31 (from 140m 
deep BH only) -68.5 2.5

7 Claystone/ Siltstone interbedded with gyp-
sum layers -98.19 Proved to 39.6 m 

thickness -90 -

Tab. IV – Stratigraphic model adopted for settlement assessment of the Burj Khalifa Tower (after RUSSO et al., 2013).
Tab. IV – Modello stratigrafico adottato per la previsione del cedimento della Burj Khalifa Tower [RUSSO et al., 2013].
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m thick raft (increased to 1m at column locations) 
supported on 750 bored piles, 0.9 m in diameter, ex-
tending 30-35 m below the base of the raft. In table 
IV the soil layering as deduced by site and laboratory 
investigations is summarized. In figure 13 a profile 
of the stiffness (Initial tangent Young’s modulus) as 
deduced by different soil investigations techniques 
(Pressuremeter, Resonant Column, Geophysics seis-
mic test)is plotted with the depth. It can be appre-
ciated that the subsoil consists of relatively soft cal-
carenite and calcareous siltstone down to relatively 
large depth interbedded by several gypsum layers. 
The value of Unconfined Compression Strength 
(UCS) and the profile of the Young’s modulus at 
small strain as deduced by several different laborato-
ry or field investigations are summarized in the table 
IV and in the plot of figure 13 respectively.

The settlement of the foundation was estimated 
on the basis of a careful interpretation of load tests 
on three different trial piles, in which the interaction 
effects of the pile test setup are allowed for. Vibrating 
wire gauges were embedded in the piles to be tested 
to allow measurement of axial strains along the pile 
shaft. The load test arrangements for the three piles 
consisted of steel beams fixed to a variable number of 
reaction piles and the experimental load-settlement 
relationship was used as suggested by MANDOLINI et al. 
[2005] to back-figure the stiffness of the soil layers in-
volved in the calculations. The back-analysis was car-
ried out considering the interaction among the pile to 
be tested and the surrounding reaction piles. This fac-
tor only was responsible of nearly 25% decrease in the 
back-calculated stiffness as compared to the stiffness 
obtainable considering the pile test as an ILT. 

Two computer program, GARP [Geotechnical 
Analysis of Raft with Piles, SMALL and POULOS, 2007] 

and NAPRA [Non linear Analysis of Piled Rafts, RUS-
SO, 1998; RUSSO and VIGGIANI, 1998] have been used. 
With the code NAPRA both linear elastic (L) and 
non-linear analyses (NL) were carried out. Both the 
analyses calculated a maximum central settlement of 
about 50 mm, differences between the two account-
ing for less than 2 mm. The program GARP produced 
a substantially similar result, as it could be expected 
having based the prediction on the same back-fig-
ured stiffness’ values. On the other hand the meas-
ured maximum value, as reported by POULOS and 
BUNCE [2008], was about 4,4 cm when the construc-
tion of the building was not yet finished and nearly 
85% of the live load was applied. The agreement be-
tween the calculated and the measured settlement 
was indeed satisfactorily for engineering purposes. 
More details are available in RUSSO et al. [2013] while 
a simple comparison between the calculated and the 
measured settlement profiles along one of the three 
symmetrical wings of the main building is reported 
for convenience of the reader in figure 14. In the 
figure the three models (1M/2M/3M) account for 
different stiffness of the superstructure showing on-
ly minor effects on the average settlement, whose 
agreement with the measured behaviour is fine in 
any case, and some influence on the differential set-
tlement along the wing path. The model 1M consid-
er only the stiffness of the foundation slab while the 
model 2 M and 3 M consider increasing contribu-
tions of the elevations slabs. 

6. Load sharing and cooperation 

In a piled foundation the total load from the 
superstructure is shared between piles and soil via 

Fig. 12 – A picture and a plan sketch of the Burj Khalifa Tower in Dubai. 
Fig. 12 – Una foto ed una pianta schematica della Burj Khalifa Tower in Dubai.
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the structural element connecting the pile head and 
generally in contact with the soil too. The relative 
amount of the load shared between the two compo-
nents depends on a number of factors and is not eas-
ily predictable at the design stage. 

In the technical literature as in recent guidelines 
released by the TC 212 of the ISSMGE in a “com-
bined piled raft foundation”, the amount of total 
load shared by the piles is defined via the coefficient:

 PRα Σ= Pile load

Σ Tot load
 (6) 

which of course ranges between 0 and 1. One of the 
factors influencing the value of the coefficient αPR is 

the limit state under consideration; different values 
should be calculated at the design stage for Ultimate 
Limit State (ULS) and Serviceability Limit State (SLS). 
In any case a conservative and somewhat conventio-
nal approach without any calculation is that of assu-
ming the value of αPR=1, neglecting the cooperation 
of the raft in transferring directly to the soil even a 
small portion of the total load. Combined piled-raft 
foundation or simply piled-raft is the widely used de-
finition of such foundations where the load sharing 
is taken into account at the design stage; is worth un-
derlining that every pile foundation is indeed a piled 
raft, no matter the assumptions done at the design 
stage. In recent years the number of published case 

Fig. 13 – Summary of Young’s modulus value in the subsoil of the Burj Khalifa Tower.
Fig.13 – Profili di moduli di Young’s adottati per caratterizzare il sottosuolo della Burj Khalifa Tower.

Fig. 14 – Measured and calculated settlement profile along wing A (after RUSSO et al., 2013).
Fig. 14 – Profili di cedimento calcolati e misurati lungo l’ala A del fabbricato (da RUSSO et al., 2013).
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histories with observations of the load sharing is sub-
stantially increased even if the reliability and the ac-
curacy of the measurements is not always adequate. 
Sometimes, actually, the total load shared in groups 
of several tens of pile is deduced from the measure-
ments of the load transferred to only a few piles. In 
such cases the information may be not reliable and 
with a careful scrutiny only 39 case histories have be-
en considered in this section. The database is mainly 
constituted by full scale case histories and the load 
sharing is thus evaluated at SLS which is under live 
load. The geometry of the foundations is characteri-
zed by s/d ranging between 2,3 and 10 while the pa-
rameter Ag/A (Ag=area enveloping the group of pi-
les; A=total area of the foundation), which was first 
introduced by RUSSO [1996; 1998], is in the range 
0,25 to 0,94. Raft load in percentage, which is equal 
to 100% – αPR(%), is plotted in figure 15 versus the 
dimensionless quantity (s/d)/(Ag/A). The full line 
circles were part of the old database presented by 
MANDOLINI et al. [2005] while the dotted circles re-
fer to the added cases. The bold curve is a function 
representing a possible correlation between the two 
parameters. The equation of the curve is: 

 = +Raft load 16
+1 –5

45

7
x%  (7)

with 

 =x s d/ / Ag A/  (8)

The dotted lines define the narrow band of ±10% 
around the function (7). Most of the experimental 
data falls within the quite narrow band supporting 
the reliability of the proposed empirical correlation. 
It shall be added that the square regression coeffi-
cient R2 is equal to 0,75 which is a rather satisfactory 

value. Attempts to introduce additional parameters 
in the correlation, as for instance the length of the 
piles, were not fruitful because of the limited num-
ber of available cases. 

RUSSO [1998] and VIGGIANI [2001] published 
a parametric set of NL analyses carried by NAPRA 
code [RUSSO, 1998] on piled rafts with different 
geometry, and used the results for an optimization 
exercise on the design of a generic piled founda-
tion. Some of their results are superposed to figure 
15, to investigate in figure 16 the influence of the 
ratio LP/B between the length of the piles and the 
width of the raft. The length of the piles plays a clear 
role in the parametric analysis: obviously, the longer 
the pile the smaller the proportion of the raft load. 
The increase of LP/B from 0,4 to 0,7 has a larger in-
fluence on results compared to that from 0,7 to 1. 
The proposed function (7), or even better the low-
er -10% curve, may represent a lower bound for the 
raft load sharing and thus a conservative design tool 
to estimate the proportion of the pile load αPR. In 
figure 17 a plot of the residuals versus the length of 
the piles Lp/B is proposed; it shows that, within the 
limits of the collected cases, the correlation between 
the raft load and length of the piles is not clear at all. 

In facts, as already noted, the load sharing be-
tween the piles and the raft depends on other fac-
tors too:
– nature of loading (i.e. monotonic or cyclic, RUS-

SO et al., 2004; RUSSO and SANCTIS, 2008);
– load distribution, which in turn depend on the 

interaction with the superstructure;
– layering or heterogeneity of the subsoil profile 

[KATZENBACH et al., 2000];
– time [HOOPER, 1979; MANDOLINI et al., 2005];
– distance from failure (i.e. SLS, ULS FIORAVANTE 

and GIRETTI, 2008; PARK and LEE, 2015).
About point a) RUSSO et al. [2004] reported the 

settlement and the load sharing of the foundation 
of two tanks for sodium hydroxide in the harbour of 

Fig. 15 – Load sharing as a function of the geometry of the piled raft.
Fig. 15 – Ripartizione dei carichi tra piastra e pali in funzione di parametri geometrici della fondazione.
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Napoli, undergoing a few initial cycles of filling and 
emptying. As shown in figure 18, the value of αPR 
increases with increasing number of cycles for both 
the tanks

About points b) and c) the experimental data 
available are very scanty, and controversial opinions 
are present in literature. 

The time (point d) has a rather significant in-
fluence on the load sharing, as observed by several 
authors. The general opinion, even if based on few 
observations [RUSSO, 1996; MANDOLINI et al., 2005], is 
that at constant applied total load the pile load αPR 
increases with the time due to the consolidation or 
creep settlement. 

About point e), in table V [DE SANCTIS and MAN-
DOLINI, 2006] some experimental results on the load 
sharing between piles and raft close to failure or, in 
other words, at ULS are summarized. The results 

come from either laboratory scale and field scale 
tests at 1g, or centrifuge tests. The pile load contri-
bution is very close to the total load (i.e. αPR ≈1) only 
in few cases, while it is on the average close to 0,6 and 
in the worst case is 0,27. 

Both FIORAVANTE and GIRETTI [2008; 2010] and 
PARK and LEE [2015], with centrifuge tests, showed 
that the load sharing changes with icreasing load, i.e. 
with decreasing safety factor. Their results are the ba-
sis of the plot in figure 19 where the complementa-
ry quantity ηr representing the load directly trans-
ferred by the raft to the soil is represented. It can be 
appreciated that αPR = 1-ηr starts from values close 
to 0, increases to values ranging between 0,6 and 0,8 
and decreases with small gradient later at increasing 
load.

It is worth mentioning that the load sharing at 
SLS is implicitly required by codes and regulations in 

Fig. 16 – Raft load as a function of the geometry of the pile raft: numerical analysis, by NAPRA code [RUSSO, 1998].
Fig. 16 – Carico sulla piastra come funzione di parametri geometrici della fondazione: analisi numerica, by NAPRA code [RUSSO, 1998].

Fig. 17 – Residuals of raft load versus the length of the piles. 
Fig. 17 – Residui della relazione di interpolazione tra il carico della piastra e la lunghezza dei pali. 
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any design. That is because the soil-structure interac-
tion analysis to calculate the bending moments and 
the shear forces in the raft is reliable only if the load 
sharing among the components of the foundation is 
correctly estimated. According to most of recent ver-
sions of national codes for large piled foundations, 
at ULS the bearing capacity of the piled raft may be 
considered conservatively as equal to the bearing ca-
pacity of the raft alone. This assumption, which is 
confirmed by some experimental findings, is respon-
sible of a reduced interest in the calculation of the 
load sharing at ULS, at least for large pile groups. 
For small groups, were both the contribution may be 
important, the determination of αPR at ULS may be 
crucial for a true performance based design. 

7. Concluding remarks

More than ten years have passed since the pub-
lication of the State of the Art Report on pile foun-
dations under vertical and horizontal loadings at the 
International Osaka conference [MANDOLINI et al., 
2005] and many of the conclusions reported there-
in are still valid. The present paper’s focus is only on 
vertical loads for space reasons. Most of the conclu-
sions of the original SOA were based on the care-
ful scrutiny of available experimental investigations. 

The present paper has first of all collected and an-
alysed further empirical evidence published in re-
cent years. On this basis it has been possible to con-
firm and to gain a better specification of some of the 
original statements and of the proposed methods of 
analysis. 

As shown in the appropriate section displace-
ment piles and screwed partial replacement piles are 
more efficient in terms of stiffness and of bearing 
capacity. If also the larger reliability of their perfor-
mance when compared to full replacement piles is 
taken into account it should be concluded that the 
designer’s should promote as first choice the use of 
displacement piles. The reverse is very often true. 

It is confirmed that the still widely perceived dif-
ficulties of calculating pile foundations performance 
is justified when dealing with the bearing capacity of 
single pile and particularly of full replacement piles. 
On the other hand the load settlement relationship 
of piles at least in the very initial part seem more 

Test Reference Lp/d s/d n B/d αPR

1g- model

COOKE (1986) 48 3 49 22 0,78

COOKE (1986) 48 3 25 16 0,71

COOKE (1986) 48 3 9 10 0,76

COOKE (1986) 24 3 49 22 0,57

COOKE (1986) 24 3 25 16 0,65

COOKE (1986) 24 3 9 10 0,52

COOKE (1986) 48 4 49 28 0,62

COOKE (1986) 48 4 25 20 0,53

COOKE (1986) 48 4 9 12 0,58

COOKE (1986) 24 4 25 20 0,48

COOKE (1986) 24 4 9 12 0,40

Centrifuge

CONTE et al. (2003) 28,6 4 9 14.3 0,44

CONTE et al. (2003) 30,2 4 49 28.6 0,41

CONTE et al. (2003) 28,6 4 9 28.6 -

CONTE et al. (2003) 14,3 4 49 28.6 0,27

CONTE et al. (2003) 28,6 4 49 28.6 0,41

Field/full 

scale

BRAND et al. (1972) 40 5 4 7 0,85

BRAND et al. (1972) 40 4 4 6 0,94

BRAND et al. (1972) 40 3 4 5 0,88

BRAND et al. (1972) 40 2,5 4 4.5 0,92

LIU et al. (1994) 45 4 16 15 0,93

SALES (2000) 33,3 5 4 6.7 0,75

BOREL (2001) 27,1 3 1 4.4 0,53

Fig. 18 – Total load and pile load sharing αPR (%).
Fig. 18 – Carico totale e carico ripartito sui pali αPR (%).

Tab. V – Estimated load sharing at ULS from experimen-
tal investigations [modified after DE SANCTIS and MANDOLI-
NI, 2006].
Tab. V – Carico ripartito tra piastra e pali allo stato limite 
ULS da indagini sperimentali [modificato da DE SANCTIS and 
MANDOLINI, 2006].
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governed by the stiffness of the undisturbed soil and 
nearly independent by the pile technology and by 
adopted constructional procedures. The large em-
pirical evidence collected on the settlement of pile 
groups show also that the large amplification of the 
single pile’s settlement due to the interaction is pre-
dominantly a geometric matter and is not signifi-
cantly influenced by the technology selected for the 
construction of the pile. 

It is also for these reasons that reliable and ac-
curate methods of analysis are available to predict 
settlement and load sharing at SLS for piled foun-
dations and piled raft. More important is the fact 
that even the procedure to calibrate model param-
eters have been developed and rationally tested. On 
this point in their previous SOA report POULOS et al. 
[2001] wrote that “The key to successful prediction 
is more the ability to choose appropriate geotechni-
cal parameters than the details of the analysis em-

ployed”. This fundamental statement applies to a 
wide variety of geotechnical problems and very often 
crucial is just the lack of objective procedures to cal-
ibrate model parameters more than the lack of de-
sign methods. 

The original statement by TERZAGHI and PECK 
[1948] in the first edition of their well known treatise 
on soil mechanics about the complete inappropri-
ateness of theoretical calculations when dealing with 
piles is of course out of date. Even the simple title 
of the Rankine lecture on piles by RANDOLPH [2008] 
which is “Science and empiricism in pile design” is 
more correctly representing the current State of the 
Art on piles where a rather balanced contribution of 
both theory and empirical evidence support the de-
signers in their difficult task. 

Codes, regulations and guidelines sometimes 
hinder a free selection of the most proper design ap-
proach for pile foundations forcing the adoption of 

Fig. 19 – Total load and pile load sharing as a function of the relative settlement (after PARK and LEE, 2015 and FIORAVANTE 
and GIRETTI, 2010).
Fig. 19 – Carico totale e carico ripartito sui pali in funzione del cedimento relativo (da PARK and LEE, 2015 e FIORAVANTE and GIRETTI, 
2010).
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a capacity based design whatever the actual design 
requirement is. A revision of codes and regulations 
is still needed in many countries if they have to act as 
a stimulus rather than a restraint. Some codes have 
been revised and significant options have been in-
cluded (for instance the new Italian building code)

Load sharing at ULS is only important for “small” 
piled raft as defined by RUSSO and VIGGIANI [1998]: 
some rough indications for the design based on re-
cent researches have been summarized and provid-
ed. More work is still to be done in this area and obvi-
ously no contributions are expected by full scale case 
histories on this specific topic 

As a general conclusion it should also be re-
marked that there is still a substantial gap to fill be-
tween research and engineering practice in the field 
of analysis and design of soil-structure interaction 
for piled rafts. 
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Analisi e progetto di fondazioni su pali 
sotto carichi verticali: una panoramica

Sommario

L’articolo intende rappresentare una parziale integrazione e 
un aggiornamento di un precedente Stato dell’Arte presentato a 
una conferenza internazionale; sono trattati solo alcuni argomenti 
selezionati relativi al tema delle fondazioni su pali sotto carichi 
verticali. Gli effetti della tecnica di installazione sono discussi 
sulla base di evidenze sperimentali raccolte in vari siti e per diversi 
tipi di pali. Si deduce che l’effetto sulla curva carico-cedimento è 
meno importante dell’effetto sulla capacità portante; questo dato 
incoraggia l’utilizzo di metodi di progetto per le fondazioni su 
pali basati sui cedimenti. Si conferma la validità con qualche 
affinamento di un metodo empirico già proposto per la stima 
preliminare del cedimento di una fondazione su pali. Si conferma 
anche l’accuratezza di procedure razionali basate su algoritmi di 
calcolo nel prevedere i cedimenti delle fondazioni profonde. Tra gli 
altri casi aggiunti al database si discute in dettaglio il caso delle 
fondazioni della Burj Khalifa Tower. Si presenta per la prima volta 
anche una semplice metodologia semi-empirica per la previsione della 
distribuzione dei carichi tra i pali e il terreno sottostante la platea 
di fondazione. Tale metodologia è calibrata su casi sperimentali e 
parzialmente su dati di analisi prodotte dal codice Napra. Alcuni 
casi sperimentali recenti di osservazione della ripartizione dei carichi 
anche in condizioni prossime alla rottura vengono qui presentati 
e discussi. In conclusione si ritiene che le norme in alcuni casi 
continuino ad agire erroneamente come un freno rispetto ad approcci 
di progetto innovativi, oramai collaudati.


