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Abstract

The problem of failure envelopes of pile groups subjected to vertical and eccentric load is investigated both theoretically and exper-
imentally. A critical review of literature works on failure envelopes for pile groups under combined axial-moment loading is first pro-
vided. Emphasis is placed on a recent, exact solution derived from theorems of limit analysis by idealizing piles as uniaxial rigid-
perfectly plastic elements. The application of the relevant equations over a practical range of problems needs only the axial capacities
in compression and uplift of the isolated piles. An intense program of centrifuge experiments carried out along with different load paths
on annular shaped pile groups aimed at validating the equations pertinent to the above solution is presented and discussed. The end-
points of the load paths followed in the centrifuge lie approximately above the analytical failure envelope, giving confidence that the
reference equations can be reliably adopted to assess the capacity of a pile group under combined axial-moment loading. Finally, the
kinematics of the collapse mechanism observed experimentally is compared to that determined from the application of the reference
theory.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Innovative foundation solutions are being contemplated
in recent time to accommodate the large demand from
energy and communication industry of tall structures sub-
jected to cyclic, multi-component loads. However, recent
theoretical research works indicate that current industry-
based methodologies often lead to overconservative – and
thereby uneconomic – design. Tall wind turbines are a
paradigmatic example in this sense. In this situation, the
load transmitted by the tower under extreme wind condi-
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tions is extremely eccentric and the shallow foundation,
with its dead load, has to reduce the eccentricity within rea-
sonable limits, with the primary aim of avoiding a bearing
capacity failure or the overturning of the whole structure.
The need of matching the above limit may lead to founda-
tion mats with very large diameters. In this circumstance, a
piled foundation is the first alternative, at least in the
onshore environment. The horizontal load is a small per-
centage of the axial load, so as, from an engineering stand-
point, this problem can be conveniently idealized as a
foundation subjected to purely vertical, eccentric load.
For instance, Iovino et al. (2021) have documented the case
study of a wind farm south to Italy with 95 m high wind
turbines, for which the horizontal load under extreme wind
conditions is only 5% the dead load of the structure, includ-
Japanese Geotechnical Society.
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ing the weight of the foundation cap. In this situation, the
most widespread approach is to identify the ultimate limit
state of the whole foundation with the mobilization of the
axial capacity on the outermost pile. Such an approach,
recommended for example by AASHTO Bridge Design
Specification (2012), is unduly conservative. In fact, the
attainment of the axial capacity on the outermost pile does
not represent a failure condition but merely the onset of
yielding. At this point, the foundation is still capable to
carry out a further increment of the external load taking
advantage form the ductility of the soil-foundation system,
i.e. there is still room for individual piles belonging to the
group to progressively achieve their axial capacity in com-
pression or uplift.

The excess of conservatism coming from the above
approach is recognized by some codes and provisions.
The Eurocode 7 (CENT/TC 250, 2003), as an example, rec-
ommends that ‘for piles supporting a stiff structure, a fail-
ure will occur only if a significant number of piles fails
together’, meaning that ‘a failure mode involving only
one pile need not be considered’. An alternative approach,
referred to as ‘fully plastic calculation’, can be found in
FEMA 750 (2009). However, the same recommended pro-
visions advertise that ‘the plastic analysis approach is likely
to overestimate the strength that a multi-pile group is cap-
able of developing’, outlining that ‘many engineers would
prefer the conventional approach’. Overall, while codes
seem aware of the inherent conservatism of the conven-
tional method, they do not provide any guideline on how
to evaluate the increase of strength that a pile group may
provide after the outermost pile has achieved its axial
capacity. In the authors’ opinion, this situation can be
attributed to the limited attention that the problem of fail-
ure envelopes of piled foundations has received in
literature.

The concept of failure envelopes has been applied exten-
sively in the last decades to many foundation types, includ-
ing surface foundations (Nova & Montrasio 1991,
Butterfield and Gottardi 1994, Taiebat & Carter 2000,
Gourvenec & Randolph 2003, Gourvenec 2007, Vulpe
et al. 2014), skirted and caisson foundations (Bransby &
Randolph 1998, Gourvenec & Barnett 2011) and spudcan
foundations (Martin and Houlsby, 2001, Cassidy et al.,
2004). The advantage of this approach over classical super-
position (Brinch Hansen, 1970) is manifold as widely dis-
cussed in Nova & Montrasio (1991) and Gottardi &
Butterfield (1993). Failure envelopes can be used to assess
the capacity and proximity to failure surface under
combined loading or to develop plasticity-based macro-
element models. On the other hand, there is limited
published work addressing the problem of failure envelopes
for piled foundations. In this paper, a review of the litera-
ture on this critical issue is first provided. Particularly, the
attention is focused on a recent, exact solution derived
from theorems of limit analysis (Di Laora et al. 2019).
While the advantage of this approach over the assumption
of a linear relationship between axial and moment capaci-
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ties is evident and widely discussed in Di Laora et al.
(2019), the validity of the pertinent equations has not yet
proven experimentally. To fill this gap, a series of cen-
trifuge tests on annular shaped pile groups has been carried
out at the Schofield Center of the University of Cambridge.
Details about models preparation, monitoring equipment
and testing procedure have been discussed in de Sanctis
et al. (2021) As a follow up, this work focuses on the exper-
imental validation of the theoretical framework of Di
Laora et al. (2019), the effect of pile variability on the
moment capacity of pile groups and the kinematics of the
collapse mechanism of pile groups under vertical and
eccentric load. Notably, the approach which is being vali-
dated is applicable when the resultant action, even if
remarkably eccentric, is almost vertical. Of course, there
might be circumstances where the inclination of this action
is not negligible, as in case of quay walls or squatty bridge
piers. In this case, the horizontal component must be prop-
erly considered to evaluate the ultimate conditions of the
pile group.

2. Failure envelopes of pile groups under vertical eccentric

load: A critical review

The problem of the failure envelope of a piled founda-
tion in the (Q, M) plane (Q = axial load, M = moment)
has been traditionally investigated on an experimental
basis. Such works include experiments on small groups of
aluminium piles at reduces scale embedded in both sand
(Kishida & Meyerhof 1965, Meyerhof & Ranjan 1973,
Meyerhof et al. 1983) and saturated clay (Saffery & Tate
1961, Meyerhof 1981, Meyerhof & Yalcin 1984). As a
result of this experimental work, semi-empirical approxi-
mate expressions for failure envelopes of pile groups are
available. The application in practice of these equations
is not immediate because of the inherent difficulties in the
evaluation of the relevant parameters, as widely discussed
by Di Laora et al. (2019). Moreover, the foregoing tests
have concentrated on reduced scale models of small groups
in homogeneous soils. Recent research works have also
focused on the bearing behaviour of pile groups subjected
to inclined and/or eccentric loads by means of numerical
analyses (e.g. Papadopoulou & Comodromos 2010,
Comodromos & Papadopoulou 2012, Rose et al. 2013,
Sheil & McCabe 2014, Franza & Sheil 2021). It is argued
from these works that the axial load carried out by a pile
group at a prescribed level of vertical displacement
decreases with the load eccentricity. However, there are
neither ready-to-use equations nor charts from these
papers for a practical evaluation of the ultimate limit con-
ditions of a pile group.

A novel, exact solution for failure envelopes of piled
foundations in the (Q, M) plane has been determined by
Di Laora et al. (2019) throughout the application of the
theorems of limit analysis. The assumptions used to derive
the pertinent equations are: (a) piles behaving as uniaxial
rigid-perfectly plastic elements; (b) the piles’ connecting
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cap is a rigid body; (c) the connections of the piles to the
cap are idealized as hinges, and hence the heads of the piles
cannot be subjected to bending moments. This solution
allows to define the failure envelope of a pile group in
the general case of unevenly distributed, dissimilar piles.
The only ingredients needed are the axial capacity in com-
pression, Nu, and in uplift, (-Su), of all piles belonging to
the group. The failure envelope is a polygon with 2p ver-
tices, whose coordinates are (i, k = 1, . . ., p):

Qui ¼
Pi�1

j¼1Nuj �
Pp

j¼iSuj

Mui ¼ �Pi�1
j¼1Nujxj þ

Pp
j¼iSujxj

i ¼ 1; :::; p

(
ð1Þ

Quk ¼ �Pk�1
j¼1Suj þ

Pp
j¼kNuj

Muk ¼
Pk�1

j¼1Sujxj �
Pp

j¼kNujxj
k ¼ 1; :::; p

(
ð2Þ

where p is the number of piles while xj is the abscissa of
j-th pile along the direction perpendicular to the resultant
moment vector. Fig. 1 shows the interaction diagram of a
row of 4 equally spaced, identical piles with Su = 3/4Nu.
In the realm of the upper bound theorems, the vertices of
the interaction diagram correspond to failure modes where
the piles’ connecting cap displaces by rotation about a
point in between two adjacent piles, while the conjunction
lines are representative of failure modes where the cap dis-
places by rotation about the head of a pile. As vertices are
singularities, a load path will never end on them in practice.
Therefore, a corollary of the foregoing hypotheses is that a
pile group cannot but fail by rotating about the head of a
pile [a piles’ alignment]. In this last mode, all piles achieve
their axial capacity in compression or uplift, with the
exception of the pile [the piles’ alignment] corresponding
to the centre [the axis] of rotation. Further developments,
including the case of piles’ connections to the raft modelled
as rigid-plastic fixities can be found in the original paper.
The advantage of the proposed solution over the tradi-
Fig. 1. Failure envelope of a row of four piles (from Di Laora et al. 2019).
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tional approach is manifold, as demonstrated also by
means of an example application to a wind farm south to
Italy. Nevertheless, Eqs. (1–2) have never been proven
experimentally.

3. Evidence from centrifuge experiments

Two series of centrifuge tests were carried out at the
Schofield Centre of the University of Cambridge. For the
convenience of the reader, a brief description of the exper-
imental set-up and the procedure followed for data pro-
cessing and representation already discussed in de Sanctis
et al. (2021) is offered. Further details on the time-
histories of the monitoring data can be found in the origi-
nal publication.

3.1. Model foundations, soil properties and testing procedure

The two sets of tests were performed at an increased
gravity of 50 g on annular shaped groups of 8 piles and iso-
lated piles embedded in kaolin clay. Fig. 2 illustrates the
arrangement of the model foundations in the 850 mm
diameter cylindrical container adopted for the purpose of
the experimental study. The first set of experiments,
referred to as set A, included a pile group under centred
load, a pile group under highly eccentric load, and two iso-
lated piles, one in compression and one in uplift. The sec-
ond set, referred to as B, included a pile group under
moderately eccentric, compression load, a pile group under
moderately eccentric, tension load, and two isolated piles,
one in compression and one in uplift.

All the piles were aluminium closed-ended hollow cylin-
ders, 1 mm thick, with an outer diameter of 10 mm (0.5 m
at prototype scale) and an overall length of 280 mm (14 m).
As shown in the schematic cross section of Fig. 3, they were
embedded in the kaolin layer for 240 mm (12 m), with the
exception of the isolated piles tested in uplift, whose
embedded length is 250 mm (12.5 m). Piles within a group
were connected by spherical hinges to an aluminium circu-
lar raft with a diameter of 138 mm (6.9 m) and an height of
15 mm (0.75 m), which was clear of the soil. A skirted
shape was adopted for each raft so as to minimize the axial
load on piles before the execution of the test. The model
foundations tested under eccentric load were also equipped
with a cantilever beam for the application of the external
load.

The clay layer was a slurry prepared by mixing Spes-
white clay powder and de-aired water at nearly twice its liq-
uid limit. This type of kaolin has been adopted in many
other experimental works at the Schofield Centre, so as
its properties are well known (see Table 1). The clay layer
was consolidated at 1 g by applying a combination of total
vertical stress of 70 kPa at the top and a negative pore pres-
sure of �70 kPa at the base through a vacuum pump. After
removing the cylindrical container from the hydraulic press
and the connection to the vacuum pump, the vertical total
stresses drop to zero (the small 1 g geostatic value may be



Fig. 2. Layout of model foundations in experiment sets A and B; dimensions (mm) are given at model scale, while dimensions in brackets (m) refer to
prototype scale.
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disregarded) while the vertical effective stress distribution
remains unchanged. At this stage the excess pore pressures
are opposite to the vertical effective stresses. The time
elapsing from the end of the consolidation stage and the
application of the centrifugal acceleration is very short
and can be disregarded, so as the vertical effective stress
profile after 1 g consolidation can be taken also as the ini-
tial profile before the application of the acceleration field in
the centrifuge. Aluminium piles were coated with Houston
sand (D50 = 0.356 mm), to simulate the contact of cast-in-
situ reinforced concrete piles and were installed by pushing
them into the clay layer at 1 g. Installation generated a
change of effective stress tensor and positive excess pore
pressure locally around the pile, which are difficult to eval-
uate. However, the scope of this work is not to investigate
installation effects, but rather to compare the combined
axial-moment capacity of the groups with the failure envel-
opes determined from (Su, Nu). This is a consistent com-
parison in that the disturbance caused by installation is
the same for isolated piles and piles belonging to the
groups.

The model foundations were equipped with (a) vertically
mounted Linear Variable Differential Transformers
(LVDTs), to measure their settlements; (b) Micro-
Electro-Mechanical-Systems (MEMS) accelerometers, for
monitoring their rotations; (c) miniaturised Load Cells
(LCs), to measure axial loads on piles; (d) Pore water Pres-
sure Transducers (PPTs), for recording pore water pres-
sures within the soil mass. The layout of all the
miniaturised devices is shown in Figs. 3 and 4. Load cells
were positioned immediately beneath the spherical hinges.
For each raft, only half of the piles were equipped with
LCs. For set A, the external load transmitted by the actu-
1422
ator was evaluated from the axial loads recorded by the
load cells installed at the top of the piles. For set B, the
driving actuator was also equipped with a load cell, and
a direct measurement of the external load on the pile
groups was also available. Spherical hinges allow a direct
and straightforward interpretation of the load distribution
among piles, provided that the external moment cannot be
but equilibrated by axial loads on piles. Only one LVDT
was mounted on each raft. As each circular raft adopted
in the experiments behaves like a rigid body, the displace-
ment of any pile can be evaluated by combining the record-
ings from the LVDT and the MEMS accelerometers.

Fig. 5 shows are the profiles of undrained shear strength
cu obtained from two Cone Penetration Tests (CPTs) car-
ried out with a miniaturised device, with a diameter of
6.35 mm and 60-degree cone tip. Notably, while CPT
No. 1 (set A) was carried out at 1 g after the swing down
stage, CPT No. 2 (Set B) was performed in flight after re-
consolidation of the clay. The theoretical profile of cu
determined from the Critical State Soil Mechanics theory
(Roscoe et al. 1958) with soil parameters summarized in
Table 1 and the effective vertical stress corresponding to
U = 70 % is in a very satisfactory agreement with that
obtained from the CPT No. 2. The above theoretical solu-
tion was therefore taken as the reference profile for the
experiments under examination.

A crucial point of the experimental procedure is the
application of the load history. In all cases, the external
load was applied under displacement control, by setting
the displacement rate of the driving actuator at 1 mm/s.
The external load was applied on the end of the cantilever
beam attached to the cap, through a miniaturised spherical
ball, so that it could be idealized as a point load. The load



Fig. 3. Schematic cross sections of foundation models for sets A and B, dimensions (mm) are given at model scale, while dimensions in brackets (m) refer
to prototype scale.
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on pile groups was applied under constant eccentricity and,
hence, the direction of the load path in the (Q, M) plane is
known a-priori; this allowed an easy identification of the
moment load corresponding to the collapse of the group.
Table 1
Properties of speswhite kaolin clay.

Plastic limit PL (%) 30
Liquid limit LL (%) 63
Plasticity Index PI (%) 33
Specific gravity Gs 2.6
Slope of critical state line (CSL) in q-p plane, M 0.9
Slope of unloading–reloading line, j 0.039
Intercept of CSL at p’ = 1 kPa, C 3.31
Slope of normal consolidation line, k 0.22
3.2. Axial-moment capacity of the foundation models

The axial capacities evaluated from loading tests on iso-
lated piles for Sets A and B are summarised in Table 2.
They have been calculated using the following relationship:

Nu �Su½ � ¼ Qmax Qmin½ � þ W ð3Þ
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where Qmax [Qmin] is the maximum [minimum] value of
the recorded load and W the weight of the capped pile.



Fig. 4. Plan view of monitoring devices mounted on model foundations; dimensions (mm) are given at model scale, while dimensions in brackets (m) refer
to prototype scale.
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Fig. 6 illustrate the load settlement response of pile
group A1, subjected to centred load, and the load rotation
curve evaluated for pile group A2, subjected to eccentric
load. For this last curve, the applied external load Q is plot-
ted against the quantity (h_sR), with R being the radius of
the circle passing through the piles, in order to allow a
comparison with the settlement needed to mobilize the
capacity of pile group A1. For both the examined models,
the driving actuator was not equipped with a load cell and,
therefore, the external load was calculated by integrating
the axial loads recorded atop the piles. To this aim, the dis-
tribution of axial load at any instant time was supposed to
be symmetrical about the dashed line shown in the plan
view of Fig. 4. Fig. 7 illustrates the load-rotation response
obtained for the two models belonging to set B. In this
case, a direct measurement of the external load was avail-
able as the load actuator was equipped with a load cell.
For each foundation model, the curve determined by inte-
grating the axial loads carried out by the piles is also plot-
ted for comparison. The two plots are in a very satisfactory
agreement for both B1 and B2, giving confidence that the
assumption of the symmetry shown in Fig. 4 is appropriate.
Notably, the moment-rotation response of group B1 is
characterized by two local minima, corresponding to points
(b) and (d) in Fig. 7a. The first reduction of load, between
points (a) and (b) is due to a temporary reduction of the
rate of displacement of the actuator which increased again
after point (b), whereas the sudden drop between points (c)
and (d) corresponds to a stage in which the actuator
stopped due to a malfunction. After this intermediate
1424
pause, the displacement rate was set again at 1 mm/s and
the load recorded by the actuator started to increase again,
between points (d) and (e). The difference between the two
plots at very large rotations, between points (e) and (f), is
due to the load cell on the actuator coming in contact with
the cantilever beam used to apply the eccentric load. This is
the same drawback for which the plots related to B2 devi-
ate from each other after local minimum corresponding to
point (b), as shown in Fig. 7b.

From a methodological point of view, collapse is identi-
fied with the first peak of the load history for all the model
foundations. It will be seen that such a definition corre-
sponds also to the occurrence of a kinematical failure.
The ultimate axial-moment coordinates (Qu,Mu) are calcu-
lated through the following equations:

Qu ¼ Qmax Qmin½ � þ W pile þ W cap ð4aÞ
Mu ¼ M0 � Qmax Qmin½ � � e

¼ W beam � e0 � Qmax Qmin½ � � e ð4bÞ
where M0 is the initial moment due to the cantilever

beam, e0 the lever arm of the weightWbeam of the cantilever
beam, Wpile the weight of the piles, Wcap the weight of the
cap and the cantilever beam, e the eccentricity of the exter-
nal load, Qmax the first local maximum of the external load
for model foundations A1, A2 and B1, while Qmin is the
first local minimum of the external load for model B2.
The above ultimate coordinates are summarised in Table 3,
from which it is easy to build up the load paths followed in
the centrifuge.



Fig. 5. Profile of theoretical and experimental undrained shear strength
profiles (modified after de Sanctis et al. 2021).

Fig. 6. (a) Load-settlement curve of pile group A1, and (b) load-rotation
curve of pile group A2.
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4. Experimental validation of the equations for interaction

diagrams

It is useful to first analyse in more detail the load distri-
bution on piles at failure. Fig. 8 shows this axial load dis-
tribution for set A. For test A1, the load distribution is
quite uniform, with a mean value of 408 kN. The efficiency
factor (Kezdi 1957), defined as the pile group capacity
divided by the axial capacity of the isolated piles multiplied
by the number of piles, is equal to 0.9, in line with literature
indications (e.g. Fleming et al 2008). For pile group A2, the
distribution of loads at collapse involves both compressive
and tensile axial forces. Particularly, piles 5, 4–6 and 3–7
reach a load value which is very similar to the capacity
determined experimentally for the isolated pile. The same
holds for the tensile load on pile 1. Piles 2–8, instead, attain
Table 2
Axial capacity in compression, Nu, and in uplift, (-Su) of isolated piles.

Test Series Qmax[Qmin]
(kN)

Nu[-Su]
(kN)

W
(kN)

Uplift A �379 �267 112
Compression A 341 455 114
Uplift B –323 �204 119
Compression B 381 496 115
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a tension load which is far smaller than their uplift
capacity.

Fig. 9 reports the results for set B. In B1, axial loads on
piles 5, 4–6 and 3–7 are higher than the capacity in com-
pression of the isolated pile, while pile 1 attains a load
which is lower than the uplift capacity (-Su). Piles 2–8 are
subjected to a compressive load which is lower than Nu.
In summary, for low-eccentricity test B1, the piles’ capaci-
ties in the group deviate to some extent from the ones
observed for the isolated piles. Such behaviour is attributed
mainly to the variability in the shaft capacity, which is very
sensitive to the unavoidable random irregularities in the
sand film around piles. The scattering field between loads
recorded on instrumented piles and the capacity deter-
mined from isolated piles is even more pronounced in test
B2. At collapse, the tensile load on piles 5, 4–6 and 3–7
ranges between �107 and �307 kN, while the uplift capac-
ity of the isolated pile is �204 kN. Conversely, the com-
pressive load on pile 1, equal to 412 kN, is quite close to
Nu. A noteworthy point is that the pile base resistance is
in principle not affected by the irregularities of the sand
film around the pile, and this explains why tension loads
at failure on piles belonging to group B2 are more erratic
then compression loads on piles belonging to B1.

Fig. 10 reports the load paths of tests A1 and A2 as
compared to the interaction domains constructed from



Fig. 7. Load-rotation curves of (a) pile group B1, and (b) pile group B2.

Fig. 8. Distribution of axial load on piles at failure for (a) pile group A1,
and (b) pile group A2.
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the values of Nu and Su determined after the single pile
tests. Since the pile groups under investigation may be con-
sidered as a row of 5 piles, where the central piles have dou-
ble capacity as compared to the end piles, the innovative
domain is made up of 10 vertices. Load paths consist of
3 points connected by 2 lines. The first point represents
only the weight of piles Wpiles, the second point includes
the weight of the cap and the beam Wcap and, if any, the
initial moment M0 while the last point is representative
of the ultimate values of axial force and moment. For pile
group A2, the slope of the first line is the lever arm of
Wbeam, while the slope of the second line is the eccentricity
e of the applied vertical load. While load path A1, made up
of two horizontal lines, stops at about 90% of the pile
group capacity calculated from Nu, the endpoint of A2 falls
far beyond the conventional domain to lie on the innova-
tive failure locus.

Fig. 11 shows the outcome of tests B1 and B2. The load
paths stop beyond the calculated failure domains, espe-
Table 3
Axial-moment capacities of the model foundations.

Pile group e

(m)
Wpiles

(kN)
Wcap

(kN)

A1 0 834 379
A2 7.25 815 481
B1 1.45 822 424
B2 1.45 840 433
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cially for test in compression. This is due to the piles
belonging to the group behaving differently from the iso-
lated ones. To gain further insight, the interaction domains
may be determined considering the piles as dissimilar, and
thereby 16 values of failure loads are needed, 8 in compres-
sion and 8 in uplift. Four values are recorded, two values
may be obtained by imposing the symmetry condition
about the plane of the applied moment, while for the
remaining 10 values the capacities of the single pile in com-
pression and uplift may be considered. This leads to the
failure envelopes plotted in in Fig. 12. Notably, the conven-
tional domain is no longer a rhombus nor a rhomboid. For
both the model foundations, the endpoint of the load path
outstrips the conventional domain and falls in close prox-
imity of the innovative failure locus.

The above results show that the capacity of a pile group
under eccentric load is much larger than the one obtained
M0

(kNm)
Qmax[min]

(kN)
Qu

(kN)
Mu

(kNm)

0 2051 3264 0
�440 547 1843 �4402
�14 2478 3724 �3608
�17 �2033 �759 2930



Fig. 9. Distribution of axial load on piles at failure for (a) pile group B1,
and (b) pile group B2.

Fig. 10. Conventional (dashed line) and innovative (continuous line)
domain for pile groups A1 and A2.

Fig. 11. Conventional (dashed line) and innovative (continuous line)
domain for pile groups B1 and B2 under the assumption of identical piles.

Fig. 12. Conventional (dashed line) and innovative (continuous line)
domain under the assumption of dissimilar piles for (a) pile groups B1,
and (b) pile group B2.
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considering the mobilization of the axial capacity on the
outermost pile as the failure of the pile group. Particularly,
the distance between the endpoint of load path B2 from the
inner domain is paradigmatic of the inherent amount of
conservatism of current industry-based design methods.

In summary, the predictive capability of the interaction
diagrams based on the limit analysis has proven to be fully
satisfactory.
1427
5. Collapse mechanism of pile groups under axial-moment

loading

As a further step, it is interesting to investigate the capabil-
ity of the innovative approach to predict also the collapse
mechanism. In the hypothesis of piles behaving as rigid-
plastic elements, the collapse occurs through a rotation about



Fig. 13. Variation of the abscissa of the centre of rotation and the displacement of pile No. 2 with time (a, b) and external load (c, d).
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a pile or a piles’ alignment, and the rotational collapse mech-
anism about each alignment is associated to a specific seg-
ment of the domain. From the experimental campaign
under consideration it is possible to investigate the displace-
ment pattern before and after collapse. In this work, we focus
for brevity on test A2, corresponding to a vertical load with
high eccentricity. Fig. 13(a,b) depicts the time-varying
abscissa of the centre of rotation (i.e. the point having zero
vertical displacement), xc, and the vertical displacement of
the alignment 2–8, w2, which is the one around which the
group rotates at collapse according to the theory. The same
quantities are also reported as function of the applied exter-
nal load in Fig. 13(c,d). Before collapse, as the load and the
rotation increase, the null point moves towards the theoreti-
cal position. This is reflected in a less-than-linear increase of
w2. When the group capacity is reached, the null point is very
close to the alignment 2–8. From now on, the pile group
starts to rotate about the theoretical null point (piles’ align-
ment 2–8), as evident observing that despite rotation is con-
tinuously increasing, w2 remains almost constant until the
system undergoes very large displacements.
6. Discussion and conclusion

Piled foundations provide an economical foundation
option under circumstances where the performance of the
1428
shallow foundation does not meet the design requirements.
Under combined axial-moment loading, the most wide-
spread approach is that of identifying the Ultimate Limit
State of the pile group with the mobilization of the axial
capacity in tension or compression on the outermost pile.
This approach, however, is unduly conservative, as it
neglects the reserve of capacity that the pile group may
provide due to the ductility of pile-soil elements that pro-
gressively achieve their axial capacity during the loading
process. The focus is set on the solution for failure envel-
opes of pile groups by Di Laora et al. (2019) based on the-
orems of Limit Analysis, in which the additional
contribution coming from the piles’ ductility is implicitly
taken into account. Failure envelops are polygons whose
number of sides is twice the number of piles and there is
a correspondence between each side and the kinematics
of failure. While there is theoretical evidence of the advan-
tage that such an approach may provide, the predictive
ability of the equations of the above failure envelopes has
not yet experimentally validated experimentally. A cen-
trifuge testing program at the Schofield Centre of Univer-
sity of Cambridge has been carried out to this aim. It
consisted of two series of centrifuge experiments (A and
B) on reduced scale models of pile groups using monotonic
load paths under constant eccentricity or constant axial
loads. Each series included also two tests on isolated piles,



L. de Sanctis et al. Soils and Foundations 61 (2021) 1419–1430
one in compression and one in uplift. The load tests on iso-
lated pile allowed to build up the analytical interaction
domain based on either the conventional or the innovative
design approach. For all the examined foundations, the
endpoints of the load paths followed in the centrifuge out-
strip the conventional failure envelope. While for series A
they lie approximately on the failure envelopes proposed
by Di Laora et al. (2019), for series B they lie well outside
also from this boundary. This result is due to the variability
of the behaviour of piles belonging to the group. If this
variability is explicitly taken into account, the endpoints
of the load paths lie approximately on the outer boundary.
Overall, the two series of experiments have proven the
validity of the exact solution based on theorems of limit
analysis. For pile group under tension load (B2), the dis-
tance between the endpoint of the load path and the inner
domain is paradigmatic of the excessive conservatism of
the conventional approach.

The testing program, from the preparation of the kaolin
clay to the application of the external load under constant
rate displacement, is fully repeatable. Piles were connected
to the raft by hinges and, hence, the external load could not
be but equilibrated by axial loads on piles. This allowed an
easy interpretation of the pile group behaviour and, also, a
swift identification of the collapse load. The main uncer-
tainties of this testing program are related to the variability
of the shaft capacity due to the irregularities of the sand
film glued on the piles. A detailed inspection of the axial
load distribution at failure is mandatory for assessing the
scattered field of axial capacities and, eventually, correct
the failure envelopes evaluated from loading tests on iso-
lated piles. Notably, not only the equations of the failure
locus was validated, but also the intertwined relation
between the sides of the polygon and the kinematics of
the collapse mechanism. Pile groups indeed fail by rotating
about the piles’ alignment corresponding to the side of the
locus intercepted by the load pattern. Just as the group
rotates about piles’ alignment 2–8 in test A2, so might we
expect it to rotate about 3–7 for a virtual pattern lying
on the plateau of the failure locus. It is therefore believed
that the proposed approach has general applicability. It
must be emphasized that all the above concepts apply only
to failure modes involving individual pile capacities
(Fleming et al. 2008). However, a pile group may collapse
also by failure of the block of soil containing the piles, at
least under centred load. This is a far remote mechanism
in coarse grained soil. But care must be taken for groups
of piles in clay at spacing ratios smaller than some critical
value, say 2–4 (Cooke 1986), for which the likelihood of the
block failure mechanism must be taken in due
consideration.

The very satisfactory agreement between the theoretical
framework and the tests carried out with the Turner Beam
Centrifuge at the University of Cambridge makes the equa-
tions of the new failure envelopes a very promising tool for
design of piled foundation under moderate to eccentric ver-
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tical load. However, it is fair to mention that the suitability
of the design solution obtained by using such an approach
must be also checked against serviceability criteria.
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design philosophy. Géotechnique 36 (2), 169–203.

de Sanctis, L., Di Laora, R., Garala, T.K., Madabhushi, G.S.P., Viggiani,
G.M.B., Fargnoli, P., 2021. Centrifuge modelling of the behaviour of
pile groups under vertical eccentric load. Soils Found. 61 (2), 465–479.

Di Laora, R., de Sanctis, L., Aversa, S., 2019. Bearing capacity of pile
groups under vertical eccentric load. Acta Geotech. 14 (1), 193–205.

FEMA 750, 2009. Recommended seismic provisions for new buildings and
other structures. Building Seismic Safety Council, National Institute of
Building, Washington, D.C..

Fleming, W.G.K., Weltman, A.J., Randolph, M.F., Elson, W.K., 2008.
Piling engineering. CRC Press.

Franza, A., Sheil, B., 2021. Pile groups under vertical and inclined
eccentric loads: Elastoplastic modelling for performance based design.
Comput. Geotech. 135 104092.

Gottardi, G., Butterfield, R., 1993. On the bearing capacity of surface
footings on sand under general planar load. Soils Found. vol. n. 33(3),
68–79.

Gourvenec, S., 2007. Failure envelopes for offshore shallow foundations
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