
RIVISTA ITALIANA DI GEOTECNICA 2/2008

Settlements of shallow foundations on soft rocks
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Summary
The results of a series of experimental tests on model foundations resting on a layer of calcarenite and subjected to

eccentric loading are presented. It is shown that, for small load levels, the foundation behaviour can be well described as if
the rock would behave as a linear elastic material. After a threshold load, that depends on load eccentricity, however, bond
crushing occurs and permanent displacements take place. In order to predict such irreversible settlements, a method based
on the macroelement concept is presented. This method allows to connect increments in forces and overturning moments
(generalised stresses) to the corresponding increments in displacements and rotations (generalised strains), by means of an
elastoplastic relationship with hardening or softening. It is shown a reasonably good agreement between theoretical pre-
dictions and experimental data for displacement levels of engineering relevance.

Introduction

The design of shallow foundations on collapsi-
ble soils, such as loess [DERBYSHIRE et al., 1995], vol-
canic soils [URIEL ROMERO and SERRANO GONZALEZ,
1975], tuff [AVERSA et al., 2007] or cemented calcare-
ous soft rocks [BURLAND and BAYLISS, 1990] consti-
tutes a challenge for the foundation engineer. Un-
der the action of moderate loads the settlement of
the foundation is limited and more or less reversi-
ble. A load threshold exists, however, at which soil
compressibility increases enormously, as shown in
Figure 1 [after BURLAND and BAYLISS, 1990]. This is
due to the progressive rupture of intergranular
bonds, that characterises the behaviour of this class
of geomaterials. For some of them, when this
threshold is achieved, bond fracture is very brittle so
that a sudden settlement can occur even at constant
load. This is known in the literature as ‘collapse’ (see
e.g. PECK et al., 1953) and can be induced also by
non-mechanical factors, such as moisture diffusion
in soil, that progressively degrades bond strength.

It is common practice to design foundations in
such a way that such a threshold is never achieved
during the structure life. This can be impossible to
ensure in some cases, however, especially if the
foundation is subjected to eccentric loading, that
causes a considerable reduction in the value of the
threshold vertical loading. On the other hand, such
materials can be very stiff before bond breaking, so
that the load threshold is reached for very small set-
tlements (a few millimeters, as in the case shown in
Fig. 1). It would be therefore uneconomical to disre-
gard the considerable reserve of bearing capacity
the foundation has even beyond the threshold.

The aim of the paper is therefore to present a
method, based on the macroelement concept [NOVA

and MONTRASIO, 1991], which allows the movement
of shallow foundations on such type of geomaterials
to be predicted. Experimental evidence gained by
testing in the laboratory model foundations under
eccentric loading is shown first. An elasto-plastic
strain-hardening model connecting together forces
and displacements is then formulated. It is shown
that, for the level of displacement of engineering
relevance, reasonably good agreement between the-
oretical predictions and experimental data can be
found. The value of the overall failure is however
overestimated. This suggests that the model should
be improved to take into account the softening ef-
fect due to bond crushing.

Experimental set-up, material and results

In order to collect evidence of the behaviour of
foundations on bonded soils when subjected to ec-* Politecnico di Milano

Fig. 1 – Load-settlement curve for a silo on Upper Chalk
[after BURLAND and BAYLISS, 1990].
Fig. 1 – Curva carico-cedimento per un silo su Upper Chalk [da 
BURLAND e BAYLISS, 1990]).
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centric loading, a series of cylindrical circular
foundations (60 mm in diameter, 20 mm in
height) were designed. The foundations are made
of steel, so that they can be considered to be rigid
under the action of the test load, and in the upper
part have an eccentric semispherical groove
(Fig. 2a), where a ball bearing can be positioned.
The vertical load is imposed by means of a loading
ram acting on the ball and contrasted by a rigid
frame. Two specially conceived spherical rod-ends
(Fig. 2b) are put over and below each load cell.
The brass block, shown in Figure 2b, hosts three
sliding bushings made of ball bearings in order to
reduce the friction stresses on the loading rams.
Two tempered steel horizontal bars allow smooth
sliding of the vertical loading ram and permit the
measurement of parasite horizontal forces that
could be generated, especially when the load ec-
centricity is large and the foundation experiences
considerable rotations. The system allows spurious
horizontal forces and bending moments on the
ram to be (almost) completely eliminated. The

load acting on the foundation is therefore almost
perfectly vertical, albeit eccentric.

The model foundation is positioned on a cyl-
inder of calcarenite of the diameter of 210 mm,
Fig. 3a. This is glued by means of a 10 mm thick
layer of mortar to an outer, thin but rigid, steel
hollow cylinder, to simulate the confinement of-
fered by an infinitely large body of rock. At a suf-
ficient distance from the centre line of the founda-
tion, in fact, horizontal displacements must be
zero. It was calculated that, in an elastic half space,
at the distance of the hollow cylinder from the
foundation centre, the increment in radial stress
due to vertical loading would be of the order of 2%
only of the applied average pressure. The effect of
the rigid confinement at a finite distance is there-
fore negligible.

The system, composed by the foundation and
the calcarenite cylinder, together with its confine-
ment, is positioned on a pedestal of a Wykeham Far-
rance triaxial load frame of 50 kN capacity. The
pedestal is lifted at constant speed, so that loading
is transmitted to the foundation under displace-
ment control.

During the tests with eccentric loading the foun-
dation settles and rotates. The measurements of dis-

Fig. 2 – Experimental set-up a) model foundations; b) loading
ram and detail of spherical joints.
Fig. 2 – Apparecchiatura sperimentale a) fondazioni modello;
b) braccio di carico e dettaglio dei giunti sferici.

a)

b)

Fig. 3 – Calcarenite cylinder(a) and detail of transducer place-
ment (b).
Fig. 3 – Cilindro di calcarenite (a) e dettagli del posizionamento
dei trasduttori (b).

a)

b)
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placement components is performed by means of a
LVTD estensometer and two inclinometers. The
former measures the pedestal uplift while the latter
ones, laying on appropriate supports, measure the
rotations of the rigid body both in the plane of ap-
plied loads and in that perpendicular to it (Fig. 3b).

Because of the shape of the model foundation,
it can be assumed that the instantaneous centre of
rotation for the rigid body lies in the rod-founda-
tion contact point, so that the centroid (G) settle-
ment is given by (Fig. 4):

(1)

where vC is the imposed vertical movement of the
point at which the eccentric load insists and θ is the
rigid rotation of the footing.

The material used as foundation subsoil is a cal-
carenite from Gravina di Puglia (Southern Italy). It
is a calcareous rock sedimented in pelagic condi-
tions. The solid skeleton is constituted by calcareous
sand sized grains, with intergranular calcareous

bonds and frequent fossil inclusions. The average
natural porosity is 0.51 and the corresponding dry
unit weight is 13.3 kN/m3.

The elastic and failure properties of this mate-
rial were estimated by means of ordinary geotechni-
cal tests (constant cell pressure triaxial compression,
Brazilian test). The Young modulus and the Poisson
ratio were determined to be E=266 MPa and
ν=0.105. Figure 5 shows the Mohr circles of stress
at failure.

It is then possible to retrieve the failure param-
eters in the ordinary Mohr Coulomb plane, that is
cohesion c=600 kPa and friction angle φ=29°. If a
friction modified Griffith criterion is assumed for
tensile stresses, as shown in Figure 5, the tensile
strength can be obtained. The failure condition for
tensile (i.e. negative) normal stresses is in fact given
by a parabola of equation:

(2)

where σt is the absolute value of the tensile strength.
In order to ensure the continuity of the tangent to
the failure locus when passing from tensile to com-
pressive normal stresses, the tensile strength must
be related to the Mohr-Coulomb parameters:

(3)

The calculated value of the tensile strength is
therefore equal to 541 kPa, which does not compare
very well with the value of 380 kPa measured in a
Brasilian test.

The foundation behaviour for 8 different values
of eccentricity, normalised to foundation diameter,
namely 0/32, 1/32, 2/32, 4/32, 5/32, 7/32, 8/32, 12/32
were investigated. Altogether 40 tests were per-

Fig. 4 – Static and kinematic quantities.
Fig. 4 – Quantità statiche e cinematiche.

Fig. 5 – Strength parameters for calcarenite of Gravina according to a friction modified Griffith failure criterion.
Fig. 5 – Parametri di resistenza per la calcarenite di Gravina secondo un criterio di rottura di Griffith modificato per tener conto
dell’attrito.
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formed (11 of which under centred loading). The
experimental curves obtained (only one curve for
each eccentricity, for clarity sake) are shown in Fig-
ures 6 and 7.

Mathematical modelling with the 
macroelement concept

Interaction diagrams in 3D space of generalised
stresses (V, H, M) constitute the base of the design
of foundation structures in the general case of com-

bined acting forces. Analytical expressions for such
surfaces were first proposed on experimental bases
[BUTTERFIELD and TICOF, 1979; MONTRASIO and NOVA

1988a, 1988b; GEORGIADIS and BUTTERFIELD, 1988;
GOTTARDI 1992] making reference to model founda-
tions subjected to different stress paths, with the aim
of assessing the independency of such state surfaces
from the loading history. Other approaches were
proposed based on numerical methods [OKAMURA et
al., 2002] or on limit analysis [MICHALOWSKI and YOU,
1998].

Starting from the interaction diagram concept,
Nova and Montrasio (1991a) assumed that among
foundation displacements and external forces it was
possible to establish a relationship based on the the-
ory of hardening plasticity, similar to that ruling the
constitutive law for soils (e.g. NOVA and WOOD,
1979). Displacements play the role of strains while
forces play that of stresses. For these reasons they
are called ‘generalised’ strains and stresses [PRAGER,
1955], respectively, and the system foundation-soil
is considered as a ‘macroelement’ [NOVA and MON-
TRASIO, 1991b]. This concept was then adopted by
others (e.g. BRANSBY and RANDOLPH, 1998, 1999,
GOTTARDI et al., 1999; TAIEBAT and CARTER, 2000;
HOULSBY and CASSIDY, 2002) and used also for other
geotechnical problems [NOVA and DI PRISCO, 2003].

The theory that is presented here is an ex-
tended version of that proposed by Nova and MON-
TRASIO [1991a] who dealt with foundations on silica
sand. The novelty here is constituted by that the ex-
istence of intergranular bonds and their breakage
under loading is taken into account. Both for the
sake of simplicity and for constraints imposed by the
experimental apparatus only vertical load and over-
turning moment are considered here. The exten-
sion to the case in which also horizontal loading acts
is straightforward.

It is first assumed that it is possible to define a
domain in the plane of generalised stresses, vertical
load V and overturning moment M, where general-
ised strains, i.e. vertical displacement and rotation,
are reversible. By making reference to a circular
foundation of diameter D, such a domain is given by

(4)

and it is shown in Figure 8. In Equation (4), f is a
constitutive parameter and VC is a hardening vari-
able, function of the ‘plastic history’ of the macro-
element, via the irreversible generalized strains
(vertical displacements and rotations) experienced
by the foundation and of other factors that will be
described later on. In the original Nova and Mon-
trasio paper, βf = 0.95 to ensure continuity of the
tangent to the yield locus on the abscissa axis, since
the overturning moment could be directed in the

0 1 2 3 4 5 6 7

Settlement [mm]

0

5000

10000

15000

20000

25000

30000

V
e

rt
ic

a
l 

lo
a

d
 [

N
]

e /D = 0

e /D = 1/32

e /D = 2/32

e /D = 4/32

e /D = 5/32 

e /D = 7/32

e /D = 8/32

e /D = 12/32

Fig. 6 – Experimental results for foundation tests: vertical
load- vertical displacement (of the point of load applica-
tion) curves for different eccentricities.
Fig. 6 – Risultati sperimentali relativi alle prove su fondazioni
modello: curve carico verticale-spostamento verticale (del punto
di applicazione del carico) per diverse eccentricità.

Fig. 7 – Experimental results for foundation tests: vertical
displacement (of the point of load application) - rotation
curves for different eccentricities.
Fig. 7 – Risultati sperimentali relativi alle prove su fondazioni
modello: curve spostamento verticale (del punto di applicazione
del carico) – rotazione per diverse eccentricità.
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opposite direction. In this paper, initially, we shall
assume βf = 1 so that the shape of the failure locus
is that of a parabola passing through the origin.
This will make the theoretical analysis much simpler
without altering the essence of the model.

Within such a domain, that is called elastic do-
main, the following ‘constitutive’ relationships hold
true between vertical displacement, rotation and the
corresponding static quantities

(5)

(6)

The expressions were derived from the closed
form solutions [EGOROV, 1965] calculated for an
elastic half-space loaded by an annular footing sub-
jected to a centred vertical force and an overturning
moment, respectively. The apex e means reversible
(elastic) while in the following the apex p is associ-
ated to permanent generalised strains.

The variable VC controls the evolving size of the
elastic domain. We shall assume in the following:

(7)

VB depends on the bonding degree and possibly
on non-mechanical processes as cementation or
weathering. As a first approximation we shall as-
sume that VB is constant and equal to VB0 (Fig. 8).
The variable VA depends instead on the permanent
generalised strains experienced. According to MON-
TRASIO and NOVA [1988b] who extended a relation-
ship first proposed by BUTTERFIELD [1980], this vari-
able can be expressed as a function of generalised
permanent displacement components as:

(8)

In Equation (8), VM is the asymptotic value for
VA, Rp is the plastic stiffness modulus under centred
vertical loading and χA is a dimensionless parameter
who takes into account the influence of the footing
rotation on the hardening law. The modulus ap-
pearing in Equation (8) is necessary since, in princi-
ple, overturning moments and thus rotations could
be directed in the opposite direction, without alter-
ing the physics of the problem. In the following,
only anticlockwise moments will be considered so
that the absolute value notation can be dropped.

The total stiffness under centred vertical load-
ing when the first permanent displacements take
place is then given by

(9)

Under general loading paths, when the bound-
ary of the elastic domain (f=0) is reached, perma-
nent rotations occur. It is assumed that the general-
ised strain increments are proportional to the gra-
dient of a scalar function of the generalised stresses,
known as plastic potential, g:

(10)

(11)

where Λ is a non-negative scalar. The expression for
g is assumed to be similar to that of f:

(12)

in which ψg is a shape parameter of the plastic po-
tential, while Vg is a dummy quantity, since only the
derivatives of g matter. In the original Nova and
Montrasio paper βg = 0.95 as for the yield locus. This
choice ensured that under centred vertical loading
only vertical displacements take place. For the sake of
simplicity, here we shall initially assume βg = 1. This
implies that the equations that will be derived are not
valid for the case of centred loading. It can be easily
derived, in fact, that for βg = 1 the plastic potential
has a corner point on the V axis, so that foundation
rotations are theoretically possible under centred
loading, thus violating the symmetry requirement. In
order to avoid that, Equation (8) (with θ p = 0) could
be used directly for centred loading.

The argument of the exponent of Equation (8)
must be monotonically increasing:

(13)

Since Rp is positive and VA≤VM it must be
Fig. 8 – Elastic domain.
Fig. 8 – Dominio elastico.
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(14)

that implies

(15)

When permanent generalised strains occur, the
state of generalised stress remains on the yield lo-
cus. Therefore

(16)

By solving for Λ and calculating the appropriate
derivatives:

(17)

where the hardening modulus h is given by:

(18)

For a given stress state (V,M) and a plastic strain
hi s tory  (v p ,  θ p ) ,  h  can  be  de termined v ia
Equation (18). For assigned stress increments (dV,
dM), Λ can be calculated via Equation (17) and per-
manent strain increments can be obtained via Equa-
tions (10), (11). Finally, by adding the reversible
parts associated to Equations (5) and (6), the incre-
mental deformation can be fully determined for
given stress increments. The full generalised stress-
strain relationship is therefore given by

(19)

where

(20)

Parameter determination and comparison 
between calculated results and experimental data

If a sufficient number of experimental test re-
sults are available, the constitutive parameters can
be estimated as follows. The elastic stiffness Re can
be determined directly from the slope of the load
settlement curve. From the curve for centred load-
ing we can also determine the value of V at which
first yielding occurs, VB0, and the slope R after yield-
ing, as shown in Figure 9. The value of Rp can be
then derived via Equation (9). In the case consid-
ered VB0=19 kN and Rp=3113 kN/m.

Plastic strain increments can be derived by de-
ducing elastic strain components given by Equa-
tions (5) and (6) from total strains. In Figure 7 it is
possible to see that, at a given eccentricity, for a
large range of rotations, the ratio between perma-
nent settlement and rotation increments is more or
less constant so that a unique value of d can be de-
fined for each test in agreement with Equation (21):

Fig. 9 – Estimation of VB0 ,Re and R from centred loading test.
Fig. 9 – Stima di VB0 ,Re ed R dai risultati di una prova con carico centrato.
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(21)

By plotting the results obtained in tests at differ-
ent eccentricities, it appears that Equation (21) fits
reasonably well the experimental data when
ψg=0.64 (Fig. 10). As eccentricity goes to zero, the
ratio d should tend to infinity for symmetry reasons,
as confirmed by experimental data. The straight
line shown in Figure 10 is the result of the assump-

tion βg=1. If βg is taken less than 1, even the dilatan-
cies at small eccentricities are correctly matched by
the chosen expression of the plastic potential. In
Figure 10 predicted dilatancies by assuming differ-
ent values of βg are shown.

The experimental data allow the points for
which a sharp change of stiffness occurs to be deter-
mined. These are assumed to be the yield values.
Figure 11 shows an approximation of such points
(initial yield locus) obtained by setting ψf = 0.44.
Since ψf∂ψg the flow rule appears to be non associ-

Fig. 10 – Estimation of ψg from eccentric loading tests.
Fig. 10 – Stima di ψg dai risultati di prove con carico eccentrico.

Fig. 11 – Estimation of ψf based on yield points from eccentric loading tests.
Fig. 11 – Stima di ψf basata sui punti di plasticizzazione derivati dai risultati di prove con carico eccentrico.
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ated. This is common to previous experience with
different materials, such as silica sand.

The use of a convex homogeneous function as
load function allows for a simple derivation of the
macroelement behaviour. By definition, a function
is called homogeneous of order k if:

(22)

Such a function fulfils the Euler relationship:

(23)

Since in a plastic process both f and df should be
nil, one has:

(24)

(25)

Therefore from Eqs. (4) and (24)

(26)

and from Eq. (25)

(27)

Under the hypothesis of small rotations and
fixed eccentricity (radial tests):

(28)

one can obtain:

(29)

From Eqs. (8), (10), (11), (12) one has:

(30)

By substituting Eq. (29) into (30) one obtains the
plastic loading path in the plane V-v:

(31)

where α is a constant depending on the load ec-
centricity and on the shape parameter of f:

(32)

By introducing the dimensionless parameter αg

(33)

Eq. (31) can be rearranged as:

(34)

Eq. (34), integrated with the initial condition vp

= 0 for V = αVB0, gives:

(35)

Eq. (35) shows that if χA=0, i.e. if hardening
would depend on permanent vertical displacements
only, the relationship between the non-dimensional
quantities vpRp/VM and (VM + VB0 -V/α) would be a
straight line of slope -1, for all eccentricities. If we
choose the value of VM in such a way that the slope
condition is satisfied at least for the curve with cen-
tred loading (as in Fig. 12a) and then plot all other
results, we observe that this prediction is violated. If
instead we take χA into account (Fig. 12c) we obtain
a reasonable matching of the observed data. In the
case considered VM = 250 kN and χA = 0.3.

We can now compare the back-calculated theo-
retical predictions with the experimental data. As
it is shown in Figures 13 and 14, the overall behav-
iour is well captured by the model, at least for mod-
erate displacements. Experimental versus numeri-
cal curves are split in two charts for a better curve
distinction. Note that in this case it is the vertical
displacement of the centroid that is plotted. We
can note that for high eccentricities it can become
negative (i.e. it is subjected to heave). Even this fact
is qualitatively matched by the model. The param-
eters adopted in the simulations are collected in
Table I.

The model predicts however high failure values.
This is due to the fact that the effect of bond break-
ing is not taken correctly into account. A further
model refinement is necessary if the foundation be-
haviour has to be modelled also for large displace-
ments, e.g. to determine the safety factor with re-
spect to overall failure. If only the amount of move-
ments is of concern, however, the model as such
gives accurate predictions.
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An engineering application

As it was shown in the previous section the
model can reproduce reasonably well the behaviour
of foundation over cemented soil even under eccen-
tric loading. A limitation of the model is repre-
sented by the high number of parameters that is
necessary to determine to apply it in practice. Ap-

proximate solutions can be obtained, however, if the
experimental results of a plate load test are known
and some hypotheses are made on the value of some
parameters.

Consider for instance the experimental results
obtained by PELLEGRINO [1974] on the so-called Tufo
Giallo Napoletano (Neapolitan Yellow Tuff) that is
found as a foundation material in the city of Naples
and its surroundings. Figure 15 shows a comparison
between the experimental results of a 30 cm wide

Fig. 12 a) – Estimation of VM from a centred loading test;
b) Experimental results; c) Theoretical results (χA >0).
Fig. 12 a) – Stima di VM per una prova centrata; b) Risultati 
sperimentali; c) Predizioni teoriche (χA >0).

a)

b)

c)

Tab. I – Values of parameters adopted in the simulations depicted in Figs. 13 and 14.
Tab. I – Valore dei parametri adottati per le simulazioni di Figg. 13 e 14.

f g f= g VB0 [kN] VM[kN] E[MPa] RP[kN/m] A[1/rad]

0.44 0.64 0.95 19 250 266 0.105 3113 0.3
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Fig. 13 – Experimental vs numerical results for bearing
tests on calcarenite of Gravina subjected to eccentric load-
ing (e/D=0, e/D=2/32 , e/D=5/32, e/D=8/32). (γ is the
unit weight of calcarenite and A the foundation area).
Fig. 13 – Confronto fra risultati sperimentali e numerici per 
prove su fondazioni modello su calcarenite di Gravina con carico 
eccentrico (e/D=0, e/D=2/32 , e/D=5/32, e/D=8/32). (γ è il 
peso specifico della calcarenite ed A l’area della fondazione).
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plate load test and the back-calculated curve. In or-
der to get such a simulation the values of Re, Rp, VB0

and VM were derived from the curve itself. The value
of βf and βg could be taken equal to 0.95 as sug-
gested by NOVA and MONTRASIO [1995]. The remain-
ing parameters (ψf, ψg and χA) could be in principle
determined by performing another test on the same
material with eccentric loading, as discussed in the

previous section. The parameter ψf controls in fact
the load value at which yielding occurs in the eccen-
tric test, ψg controls the slope of the permanent ver-
tical displacements and rotations plot, while χA con-
trols the slope of the plot shown in Figure 12c.

Unfortunately the results of such a test are not
available. A guess on the value of such parameters
can be made, however. The value of ψf should not be
much different from 0.4, since we found ψf = 0.44
for calcarenite while MONTRASIO and NOVA [1997] re-
port a value of 0.35 for both loose and dense silica
sand. The value of ψg must be larger than ψf. In fact,
if ψg / ψf ÷ 2 no heave of the centroid would be ob-
served. Since we have seen that this actually occurs
for very large eccentricities, the ratio ψg / ψf should
be less than 2. A reasonable value should be then
1.5, that is very close to the value derived for the cal-
carenite (1.454). Finally Equation (15) establishes a
lower bound for χA. To make things simple, χA can
be taken exactly equal to the lower bound. With
these assumptions it is possible to predict the behav-
iour of the plate under eccentric loading, as shown
in Figure 15.

In order to predict the response of an actual
foundation, we have to define the appropriate di-
mensional parameters, the others (ψf, ψg, χA, βf, βg)
being independent on the foundation size. The
overall stiffnesses Re and Rp are related to the foun-
dation width while the transition load VB0 and the
global failure load VM depend instead on its square.
This implies that the transition pressure associated
to VB0 and the limit pressure associated to VM do not
depend on the foundation size, at variance with the
usual Prandtl solution.

The mechanism leading the foundation to col-
lapse is actually fairly different from that of a foun-
dation on sand. As shown numerically by LAGIOIA

and POTTS [1999] and more recently by AVERSA et al.
[2007] who numerically reproduced by means of the
Finite Element Method the behaviour of the plate
shown in Figure 15, plastic strains are more or less
concentrated in a cylinder below the foundation of
the same diameter. As shown in Figure 16 after LA-
GIOIA and POTTS [1999], the response of the material
underneath the foundation is therefore similar to
that observed in an oedometer. CASTELLANZA and
NOVA [2004] have shown by means of an instru-
mented oedometer that for this type of rocks the
stress path is initially linear. Since the Poisson’s ra-
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Fig. 14 – Experimental vs numerical results for bearing
tests on calcarenite of Gravina subjected to eccentric load-
ing (e/D=1/32, e/D=4/32, e/D=7/32, e/D=12/32). (γ is the
unit weight of calcarenite and A the foundation area).
Fig. 14 – Confronto fra risultati sperimentali e numerici per 
prove su fondazioni modello su calcarenite di Gravina con carico 
eccentrico (e/D=1/32, e/D=4/32, e/D=7/32, e/D=12/32). (γ è 
il peso specifico della calcarenite ed A l’area della fondazione).

Tab. II – Values of parameters adopted for the simulation of plate load tests on Neapolitan Yellow Tuff.
Tab. II – Valori dei parametri adottati per la simulazione di una prova con piastra su tufo giallo napoletano.

f g f= g VB0 [kN] VM[kN] RP[kN/m] RP[kN/m] A[1/rad]

0.44 0.66 0.95 890 880 130000 15000 0.34
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tio is very small, its inclination is not far from that of
a uniaxial compression test.

Deviation from linearity of the response will oc-
cur therefore when:

(36)

Since the behaviour is initially elastic

(37)

and then

(38)

where C1 is a constant that depends only on the
strength parameters of the foundation subsoil.

On the other hand the ultimate failure, that is
reached for very large displacements, could be asso-
ciated to the mechanism shown in Figure 17.

By imposing the equilibrium of the conical
wedge along the assumed slip surface and referring
to σHf as the horizontal stress at failure beneath the
footing, one has:

(39)

since the soil weight contribution is negligible.

Fig. 15 – Fitting of experimental results (diamond marks)
of a plate load test on Neapolitan Yellow Tuff: test at the
location C performed with the 300 mm plate [after PELLE-
GRINO, 1974]; response prediction for different values of
load eccentricities.
Fig. 15 – Approssimazione dei dati sperimentali (quadrati) di 
una prova su piastra su Tufo giallo Napoletano: sito C con 
piastra di 300 mm [da PELLEGRINO, 1974]; risposta prevista per 
differenti valori di eccentricità.

Fig. 16 – Numerical results regarding bond strength con-
tour levels for a centred loading test on calcarenite of
Gravina [after LAGIOIA and POTTS, 1999].
Fig. 16 – Risultati numerici relativi a curve ad uguale livello di 
resistenza dei legami intergranulari per una prova con carico 
centrato su Calcarenite di Gravina [da LAGIOIA e POTTS, 1999].

Fig. 17 – Diametrical view of the failure mechanism for a circular shallow foundation on soft rock.
Fig. 17 – Sezione diametrale del meccanismo di collasso per una fondazione circolare su roccia tenera.
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Since at very large strains the value of σH is that
of an uncemented material (see e.g. CASTELLANZA

and NOVA, 2004), one has

(40)

where C2 is another constant that still depends
on the strength parameters of the foundation sub-
soil only.

We have then shown that both VB0 and VM are
proportional to the square of the foundation diam-
eter. The ratio between VM and VB0 appears there-
fore to be a constant that can be estimated directly
from the plate load test.

Conclusions

In many regions of the world it is necessary to
lay building foundations directly on soft rocks. Pre-
diction of foundation behaviour is difficult since af-
ter an initial reversible phase, bond crushing occurs
and permanent displacements take place. In some
cases such a transition is associated to a sudden ver-
tical settlement (‘collapse’). In this paper the behav-
iour of model shallow foundations subjected to ec-
centric loading on bonded geomaterials was exper-
imentally investigated. It was shown that it is possi-
ble to define a yield locus in terms of generalised
stresses (vertical loading and overturning moment).
The macroelement theory was then used to repro-
duce the observed behaviour. It was shown that
good qualitative and quantitative agreement be-
tween experimental data and calculated results can
be found for limited values of the foundation move-
ment. The method overestimates however the fail-
ure value since the effect of bond crushing is not
taken into account. The safety factor with respect to
overall failure cannot be correctly estimated there-
fore. Guidelines for the determination of constitu-
tive parameters starting from plate load tests were
given, so that it is possible to use the model in engi-
neering applications to get at least a hint on the
foundation behaviour under eccentric loading for
displacement levels of engineering relevance.
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Cedimenti di fondazioni superficiali su 
rocce tenere

Sommario
Si presentano in primo luogo i risultati di una serie di prove 

sperimentali condotte su fondazioni modello, poste su di uno 
strato di calcarenite e soggette a carichi eccentrici. Si mostra che, 
per bassi livelli di carico, il comportamento della fondazione può 
essere ben descritto assumendo che la roccia abbia un 
comportamento elastico lineare. Dopo un certo livello di carico, 
che dipende dalla sua eccentricità, però, si verifica una rottura 
dei legami di cementazione nella calcarenite e si manifestano 
spostamenti permanenti. Per poter predire l’entità di questi 
cedimenti irreversibili si formula un modello matematico, basato 
sul concetto di macroelemento, che connette gli incrementi di 
carico e di momento ribaltante (sforzi generalizzati) agli 
incrementi di spostamento e rotazione (deformazioni 
generalizzate) per mezzo di una relazione elastoplastica con 
incrudimento o rammollimento. Si mostra che è possibile ottenere 
un buon accordo tra dati sperimentali e previsioni teoriche per 
livelli di spostamento significativi da un punto di vista 
ingegneristico.




