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1 INTRODUCTION

The calculation of the ultimate bearing capacity of
shallow foundations is an old problem of soil mechan-
ics. Numerous methods of computation of the ultimate
bearing capacity are available in practice in the case of
a central vertical load and a horizontal ground surface.
These methods are based on either empirical tech-
niques (e.g. Eurocodes 1996, DTU 1988, Fascicule62
1993, Vesic 1975) or simplified approaches (e.g.
Caquot & Kérisel 1953). Some of them make use of
laboratory shear strength characteristics of the soil (c�,
!�), others refer to in situ test results (e.g. cone pene-
tration or pressuremeter tests).

For a complex (inclined and eccentric) loading, the
determination of the ultimate bearing capacity is
more difficult. For instance, the methods based on 
in-situ tests are convenient only for a strip footing rest-
ing on a horizontal ground surface and subjected to a
central vertical load. Also, the computation of the
ultimate bearing capacity of a strip footing subjected
to an inclined and/or eccentric load based on labora-
tory test results makes use of approximate empirical
reduction coefficients to take into account the effect
of load inclination and eccentricity. These empirical
coefficients may significantly overestimate the true
ultimate bearing pressure (Soubra et al. 2003b).

Therefore, there is an urgent need to properly evalu-
ate these reduction coefficients based on rigorous
experimental model tests and to perform some the-
oretical models in agreement with the experimental
findings.

This paper is devoted to the determination of the
ultimate bearing capacity of a strip footing resting on
a horizontal ground surface and subjected to a com-
plex loading based on a centrifuge experimental
model and a theoretical limit analysis model. It
should be emphasized that complex loading is a fre-
quent load for an offshore structure founded on the
sea-bed. It results from both vertical loading (weight
of superstructures, overloading, etc.) and horizontal
loading (e.g. wave, wind, earthquake).

First, a brief description of the experimental small
scale model is given. Then, a presentation of some
useful experimental results follows. Some insights
into the footing kinematics due to several complex
loading are given. Finally, the kinematically admis-
sible failure mechanisms used for the computation of
the ultimate bearing capacity under several loading
configurations are presented. The paper concludes by
a comparison between the experimental findings of
the ultimate bearing pressures and the theoretical
solutions given by the limit analysis theory for differ-
ent complex load configurations.
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It should be mentioned that similar comparisons
between centrifuge experimental results and upper-
bound solutions from limit analysis theory have been
made by Soubra et al. (2003a) in the case of an eccen-
tric loading and Soubra et al. (2003b) in the case of an
inclined loading. Also, the effect of the proximity of a
slope on the bearing capacity of a strip footing was
investigated by Soubra et al. (2004) in the case of a
vertical load and Thorel et al. (2004) in the case of a
complex loading.

2 CENTRIFUGE MODELLING

Physical modelling with centrifuge, a widespread
technique in the geotechnical field (Corté 1988, Ko 
et al. 1991, Leung et al. 1994, Kimura et al. 1998 &
Phillips et al. 2002), makes it possible to reproduce in
situ stresses in a small scale model. The full-scale
geotechnical model, named prototype (P) and the
small scale model (M) are linked together through
scaling laws, deduced from equilibrium equations.
The main scaling factors x* � XM/XP used in this
study are listed on Table 1 in which N is the centrifuge
acceleration or ‘g-level’.

2.1 Experimental program

Data presented here have been extracted from several
experiments performed in the LCPC on shallow foun-
dations (Bakir 1993, Bakir et al. 1994, Maréchal et al.
1998, Maréchal 1999, Garnier et al. 2000 and Assaf
2004). The tests concern the cases of inclined and/or
eccentric load, and the foundation may be placed in
the proximity of a slope, at a distance d from the crest
of the slope. Figure 1 shows the different geometrical
parameters used in the analysis. In this paper, only

tests on a horizontal ground surface (� � 0) and those
where the footing edge is placed at a distance d greater
than 6B from the crest of the slope have been pre-
sented. No embedment of the foundation (i.e. D � 0)
is considered here. Several sets of parameters have
been tested : e/B � 0, 1/8; � � 0, 15°, 
15° and 20°.

2.2 Experimental setup

A rectangular strong box (120 cm � 80 cm) as shown
in Figure 2 has been filled with white Fontainebleau
sand using dry raining technique (Garnier et al. 1999).
The main characteristics of the white Fontainebleau
sand are presented in Tables 2 and 3. Following the
results from Ovesen (1979), the scale effect can be neg-
lected if BM/D50 � 30. Here, as BM � 40 mm, the ratio
BM/D50 is about 180.

A typical strong box includes 6 foundations of
width B � 40 mm and length L � 280 mm. It is
divided into 2 lanes delimited by 3 vertical thick glass
plates (Figs 2–4), which were used in order to simulate
plane strain conditions. When the strong box is filled
up, the surface of the sand mass is levelled.

Table 1. Scaling factors.

Parameter Scaling factor

Length, Displacement �* � 1/N
Density �* � 1
Acceleration g* � N
Stress �* � 1
Force F* � 1/N2

Angle of rotation �* � 1

D 

 e

δ < 0

B

d β β

e < 0

e

δ < 0 e > 0

Figure 1. Notations used in complex loading of footings.

Figure 2. Raining of dry sand using an automatic mobile
hopper.

Table 2. Fontainebleau sand characteristics.

�s (�d)min (�d)max c� !�
(kg/m3) (kg/m3) (kg/m3) (kPa) (degrees)

2650 1422 1739 0–6* 39–40°*

*�d � 16 kN/m3 and normal stress ranging from 50 to
300 kPa.

Table 3. Particle size analysis of Fontainebleau sand.

Particle 
size (mm) 0.80 0.50 0.315 0.2 0.125 0.08 0.05

Finer (%) 100 99.9 96.1 31.7 4.1 2.6 2.3
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Four calibrated boxes (Fig. 4), laying on the floor of
the strong box are used to check the density of the sand
model. As a rain gauge gives a sample of the mass of
water rained, the density of sand is obtained from the
average mass of sand rained in those boxes during plu-
viation. At the end of a centrifuge test, the strong box is
emptied and calibrated boxes are levelled and weighed.

2.3 Devices and loading process

The geotechnical centrifuge at LCPC laboratory,
Nantes (Corté & Garnier 1986) has a radius (distance
axis/ basket platform) of 5.50 m.

Two different accelerations have been used during
the tests (Fig. 5) : the 50 g … (“M” type foundations
with BP � 2 m and BM � 40 mm) and the 30g (“B”
type foundations with BP � 0.9 m and KM � 30 mm).
Also, two types of model foundations have been used
to simulate two different widths (2 m and 0.9 m) of
the prototypes.

The foundations are made of aluminium. Sand par-
ticles are glued at the footing base to simulate rough
base conditions. However, the footing sides are kept
smooth. Finally, friction at the glass-footing interface
(Figs. 3–4) has been reduced with Teflon strips fixed
on the footing. Both foundations are 4 mm thick and

280 mm long (i.e. L/B � 7 for “M” footing type and
L/B � 9.33 for “B” footing type).

The upper faces of the footings are equipped with
semi-cylindrical joints (Fig. 5) which can be placed
on the footing centreline or eccentrically (e/B � 1/8).
This allows the foundation to rotate freely around the
load application point.

The loading device consists of a hydraulic servo
controlled jack with a force transmission rod
equipped with a ball joint in its middle part (Fig. 6).
This system allows the foundation to move freely in
the horizontal direction without any spurious moment
in the transmission rod.

The load applied to the model is measured using a
5000 daN transducer placed on top of the jack and
linked to the transmission rod. The displacement of
the rod is also measured during loading (Fig. 6). The
displacement of the foundation is measured using four
LVDT transducers placed on its corners (Fig. 7). Three
of these transducers measure the vertical displacements,
and the last one gives the horizontal displacement.

800 mm

280 mm 280 mm

1200 mm

360 mm

model foundations

glass plates

Figure 3. Scheme of a strongbox equipped with glass plates.

15mm

40mm  

("M" type) ("B" type)

30 mm

15mm  

Figure 5. Model foundations used in the tests.

Figure 4. Layout of the density boxes: 2 boxes per lane.

force transducer

displacement transducer

ball joint

rod upper fixing

actuator ram

oil inlet
(outlet)

container wall

support plate with
a 15° inclined side

force transmission
 rudder bar

force
transmission

rod

Figure 6. Side view of the loading device and detail of the
force transmission rudder bar.

Figure 7. Location of the displacements transducers on the
foundation.
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Two other transducers measure the rotation of the
footing.

Each strong box follows the same experimental
setup, as described below:

– Preparation of the soil sample and installation in
the centrifuge with the foundations, the trans-
ducers and the loading device.

– Macrogravity self-weight loading of the soil sam-
ple during five 1 g – 50 g cycles.

– Step by step loading of the foundation until failure
(Fig. 8).

– Control of the sample density during the emptying
of the strong box (embedded calibrated boxes).

The displacement of the centre of the foundation is
then calculated by combining these measurements.

3 RESULTS

3.1 Footing kinematics

The application of a complex load on a footing may
induce different types of movement depending on the
direction and intensity of the load. When both e and �
have the same sign (Fig. 1), the moments reported to
the footing centre due respectively to horizontal and
vertical components have the same sign (i.e. cumula-
tive effect). However, opposite signs of e and � leads
to an antagonistic effect of the moments due to the
horizontal and vertical forces.

During each test, the movement of the foundation
may be calculated assuming that it is a rigid body with
a 2D movement. The displacement of the foundation is
determined with one rotation and two displacements
(Fig. 9). The kinematics of the strip footing is useful in
order to validate the movement predicted by the fail-
ure mechanisms used in the limit analysis approach.

Measurements of displacements and rotations
make it possible to follow the movement of the base of
the foundation (Figs 10–12). This data confirms the
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Figure 8. Example of loading curve (test A-1-1 : vertical
central load).

Figure 9. Strip footing in the initial and current position.
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Figure 10. Movement of the foundation base for vertical
central loading (e � 0, � � 0).
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Figure 11. Movement of the foundation base for vertical
eccentric loading (left) and inclined central loading (right).
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Figure 12. Movement of the foundation base for antag-
onist loading (left) and cumulative combined loading (right).
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assumptions made of using a non-symmetrical mech-
anism even for a footing subjected to a vertical load at
the centre.

3.2 Ultimate bearing pressures

For each loading configuration (i.e. e and �), Table 4
gives the mean value (qr)m of the bearing pressure as
given by the experimental (EXP) and theoretical (LA)
models. Also, the final two columns of the same table
give the reduction coefficients (qr)m/(qr)m(0) correspond-
ing to different loading configurations using the mean
values of the experimental and theoretical results.

The theoretical results are obtained by the kin-
ematical approach of the limit analysis (LA) theory.
These values are presented in column “qr LA” of
Table 4. For vertical or inclined central load, the 

translational multiblock non-symmetrical mechanism
presented by Soubra (1999) and Soubra et al. (2003b)
is used (Fig. 13). However, when the eccentricity is
present, two different rotational failure mechanisms

Table 4. Experimental and limit analysis results.

Test �d e/B � (qr) (qr)m (qr)m/(qr)m(0)

EXP LA EXP LA EXP LA
Test (kN/m3) (
) (°) (kPa) (kPa) (kPa) (kPa) (
) (
)

A-1-1 16.20 0 0 1916 2140
A-2-1 16.28 0 0 1673 2148
A-3-3 16.29 0 0 1813 2150 1808 2138 1 1
M-1-1 16.04 0 0 1734 2125
M-1-4 16.04 0 0 1908 2125

M-10-1 16.02 0 0 *825 1156
M-10-3 16.02 0 0 *888 1156 856 1156

A-1-3 16.20 0 
15 871 752
A-3-6 16.29 0 
15 707 755
M-2-3 15.98 0 
15 844 745
M-3-4 16.09 0 
15 856 749 800 749 0.44 0.35
M-7-5 16.07 0 
15 848 748
M-11-2 16.07 0 
15 730 748
M-11-3 16.07 0 
15 742 748

M-4-2 16.04 0 
20 569 490
M-4-6 16.04 0 
20 571 490 553 490 0.31 0.23
M-5-2 16.09 0 
20 519 491

A-1-2 16.20 1/8 0 1455 1570
A-2-2 16.28 1/8 0 1439 1576
M-2-4 15.98 1/8 0 1473 1553 1436 1562 0.79 0.73
M-2-7 15.98 1/8 0 1455 1553
M-3-2 16.09 1/8 0 1460 1561

M-4-4 16.04 1/8 0 1333 1557
A-1-4 16.20 1/8 
15 884 1057
A-1-5 16.20 1/8 
15 764 1057 802 1058 0.44 0.49

A-2-6 16.28 1/8 
15 759 1061
A-1-6 16.20 1/8 15 791 592

A-2-5 16.28 -1/8 
15 643 594 717 593 0.40 0.28
A-2-3 16.28 1/8 20 482 393
A-2-4 16.28 1/8 20 512 393 497 393 0.27 0.18

*tests performed with a “B type” foundation.
qrm(0) is the mean value for vertical central load (e � � � 0).

Vi 

P

P.tanδ

α1

αi

βi

αn

βnVi+1

Vi,i+1

β1

ϕ

ϕ
ϕ

Figure 13. Translational multiblock failure mechanism
(Soubra 1999).
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are employed. When the complex loading leads to a
cumulative effect of the load components (cf. � 3.1),
the soil failure is simulated by a double spiral failure
mechanism with three different shear zones (Fig. 14).
An antagonistic effect of load components is simu-
lated by a rigid block failure mechanism bounded by
a log-spiral slip surface (Fig. 15). For both rotational
mechanisms, the moments due to horizontal and ver-
tical components of the footing load have the same
sign when reported to the rotation centre of the failure
mechanism. The laboratory shear strength parameters
used in the theoretical models are c� � 4.5 kPa,
!� � 39.4°. These values were obtained by direct shear
box tests.

The comparison between centrifuge results and
theoretical solutions given by the kinematical approach
of limit analysis for the different load combinations is
presented in Figure 16 and Table 4. Reasonably good
agreement between experimental and theoretical
results is observed in terms of both the ultimate bear-
ing pressures and the reduction coefficients. It can be
seen that the experimental results do not differ from
the LA predictions by more than 34% (with a mean
value of 15%) for a given loading configuration. The
discrepancy may be attributed mainly to the ageing
effect of the re-used sand (Thorel et al. 2003) and the

loading process of the footing, particularly for inclined
loading.

It should be emphasized that the comparison
between the experimental and the theoretical results
have shown that the LA results are, as expected,
greater than the experimental results for all loading
configurations except those that include loading
inclination. This remark may indicate that the present
theoretical models do not properly simulate the
experimental model which may include a velocity
discontinuity along the soil-footing interface. This
discontinuity will induce an energy dissipation along
this interface and increases the bearing capacity of
the footing. Further work should be undertaken to
study the possible effect of this discontinuity on the
bearing capacity of the foundation.

4 CONCLUSIONS

Strip footings resting on a horizontal sandy soil sub-
jected to inclined and/or eccentric loading have been
investigated from an experimental and a theoretical
point of view using respectively centrifuge modelling
and limit analysis theory. Reasonably good agreement
is obtained between experimental and theoretical
results in terms of the ultimate bearing capacity and
the reduction coefficients for several load combin-
ations. The experimental findings have shown that even
for vertically loaded footings without any load eccen-
tricity, the failure mechanism is non-symmetrical if
the foundation is free to rotate. Further work should
investigate more elaborate mechanisms that may
include a velocity discontinuity along the soil-footing
interface when the footing load is inclined. Additional

r
1

R
0

R
h

O 

D

E

R
r
0

r
 

C 

A B

e < 0

δ < 0

ϕ

ϕ

ϕ

ϕ

ξ
Ψ

βθα

Ω'

Figure 14. Double-spirals rotational failure mechanism
(cumulative loading, Soubra et al. 2003a).

C

B

r0

r1e < 0

A 

θ0 θ1

V(θ)

r(θ)

O

δ < 0

ϕ

ϕ

Figure 15. Log-spiral rotational failure mechanism (antag-
onistic loading, Soubra et al. 2003a).

0

0,5

1

1,5

2

2,5

0 0,5 1 1,5 2 2,5

C
al

cu
la

te
d
 [

M
P

a]

Experimental [MPa]

δ = 0
e = 0

 δ = 0
e = B/8

e = B/8

e = 0

 δ = 20°

δ = 20°

e = 0

 

 

 δ = -15°

δ = -15°

δ = -15°

e = B/8

e = B/8

 δ = 0
e = 0 (B-type)

Figure 16. Calculated failure stress versus experimental one.

6



tests may be undertaken in the future to study the case
of a and frictional cohesive soil material.
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NOTATION

�d � unit weight of dry soil
� � angle of the slope with the horizontal
� � load inclination
!� � effective angle of internal friction
(�d)max � maximum density of dry soil
(�d)min � minimum density of dry soil
�s � density of solid particles
B � breadth of foundation
c� � effective cohesion intercept
D � embedment depth
D50 � diameter corresponding to 50% finer
e � eccentricity
g � centrifuge acceleration
L � length of foundation
P � vertical component of the applied force
q � applied stress
qr � failure stress
(qr)m � mean failure stress of a loading configuration
s � settlement

7


