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ABSTRACT

Caisson foundations are typically designed against combined loading since they are usually adopted for
long-span bridges and viaducts. Their capacity can be usefully expressed in terms of Interaction
Diagrams (IDs), which represent the locus of the generalised forces (N-Q-M) bringing the soil-caisson
system to limit conditions. Caisson IDs have been recently proposed for static conditions only, meaning
that the limit generalised forces were computed assuming no inertial forces acting within the foundation
soils. However, it is worth investigating whether these inertial forces may bring to a reduction of the
system resistance, what is usually referred to as kinematic effect.

In this paper, the kinematic effects on the IDs for caisson foundations are assessed from the results of a
parametric study, where 3D Finite Element pushover analyses were performed. A pseudo-static
approach was followed, which implies that the inertial forces within the soil deposit were proportional
to the self-weight of the soil via the seismic coefficient, kn, which was assumed as constant and uniform
over the calculation. The parametric study involved different caisson slenderness ratios, H/D, and initial
loading factors, y, the latter representing the degree of mobilisation of the soil-caisson strength against
vertical loading before the earthquake: nonetheless, here only the results obtained with the values
H/D =1 and y = 0.21 are discussed, for the sake of space.

An analytical formulation of the IDs taking kinematic effects into account is finally provided, which
may be adopted in the seismic design of caisson foundations.
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1. INTRODUCTION

Massive and rigid onshore caisson foundations are becoming increasingly popular over the years, due
to the increasing span length of bridges and viaducts. Under these circumstances, loading conditions are
becoming increasingly challenging indeed, due to the increase of inclination and eccentricity of loads
acting atop the foundation. At the same time, safety requirements are getting stricter, particularly in the
seismic design of Critical Infrastructures (Cls), which may be attributed to the higher level of
performance needed to ensure their operation during and after the occurrence of destructive earthquakes.

From the foregoing it follows that the bearing capacity of soil-caisson systems is to be estimated
carefully. Therefore, their resistance has increasingly been evaluated via Interaction Diagrams (IDs),
which represent the locus of the generalised forces (N-Q-M) bringing the soil-caisson system to limit
conditions. In seismic-prone areas, the detrimental effect of the inertial forces acting within the soil
deposit, usually referred to as kinematic effects, should be considered in the design of caisson
foundations. However, caisson IDs have only been proposed for static conditions so far (Gerolymos et
al., 2015; Zafeirakos and Gerolymos, 2016; Rosati et al., 2023).



In this paper, the kinematic effects on caisson IDs are first evaluated from the results of 3D pushover
analyses performed with the Finite Element (FE) method. In the analyses, a pseudo-static approach was
followed to simulate the inertial forces acting within the soil deposit. The results obtained for a
slenderness ratio H/D = 1 and an initial loading factor x = 0.21 are only discussed in this paper, for the
sake of space, despite additional values were also considered in the parametric study, such as H/D = 0.5
and 2and y = 0, 0.42. An analytical formulation of the IDs taking kinematic effects into account is finally
given.

2. PROBLEM LAYOUT

The problem layout is given in Fig. 1: a caisson with a diameter D equal to its height H (= 12 m,
H/D = 1), is embedded in a 5-m-thick gravelly sand layer over a 55-m-thick, slightly overconsolidated,
silty clay stratum. The water table is located at the sand-clay contact and the pore pressure regime is
hydrostatic. The Load Reference Point (LRP) was assumed at the caisson centroid, whereto the
generalised forces N-Q-M, and displacements w, u and 0, are referred hereafter.

Fig. 1 also shows the profiles adopted in the Finite Element (FE) analyses both for the
OverConsolidation Ratio, OCR, and the small-strain shear modulus, G, the latter calibrated against the
theoretical profile proposed by Hardin and Richart (1963) for the gravelly sand layer (relative density
Dr = 60%) and Rampello et al. (1995) for the silty clay (plasticity index Pl = 25%). The mechanical
parameters adopted in the analyses are given in Tab. 1, where y is the unit weight, v is the Poisson ratio,
c' and ¢' are the effective cohesion and internal friction angle, and v is the dilatancy angle.

Table 1. Soil mechanical parameters

soil  y(kN/m3) v () c'(kPa) o' (%) y
sand 20 0.2 0 30 0
clay 20 0.2 20 23 0
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Figure 1. Problem layout

3. 3D FINITE ELEMENT MODELLING

The 3D FE mesh in Fig. 2 consists of 95500 10-node tetrahedral elements with 4 Gauss points (Bentley,
2021): this numerical domain was adopted to perform the pushover (i.e., static nonlinear) analyses
bringing the soil-caisson systems to limit conditions, as detailed below. Since the generalised forces
applied to the caisson belong to the x-z plane, only half of the domain was considered. The bottom of
the numerical model was fixed both against horizontal and vertical displacements (ux = uy = u; = 0),
whereas the horizontal displacements only were fixed along the vertical boundaries (either ux =0 or
uy = 0); the ground surface was left free to move. Preliminary analyses ensured that the presence of the
outer boundaries did not alter the response of the soil-caisson systems (Gaudio et al., 2024).



The clay stratum was subdivided into fifteen sublayers to reproduce the analytical profiles of OCR,
which provided the stepwise profile plotted in Fig. 1. The mechanical soil behaviour was described with
the Hardening Soil with Small-Strain stiffness model (HSsmall; Benz et al., 2009) and a Mohr-Coulomb
failure criterion (Tab. 2).

Table 2. HSsmall parameters
soil  Go*"(MPa) m () 7v07(%) EW" (MPa) vy (-) E's™(MPa) E'ced™ (MPa)
sand 145.7 0.61 0.024 174.9 0.2 58.3 58.3
clay 65.7 0.75 0.045 58.2 0.2 194 194

The mechanical behaviour of the caisson foundation was simulated with a non-porous elastic material,
characterised by the concrete Young modulus, E. = 30 GPa, and a Poisson ratio v = 0.15, while its
weight was reproduced via a vertical force applied atop the caisson rather than with imposing the unit
weight, in order not to induce any pseudo-static force into the caisson. Purely attritive interface elements
were assigned to the soil-caisson contact to simulate any relative sliding, with a reduced friction angle,
8 = tan![2/3-tano].

Figure 2. 3D FE model adopted in the parametric study

In the parametric study, the wished-in-place caisson was first subjected, in drained conditions, to a
vertical load N. The value of N was determined to provide specific values of the initial loading factor,
here defined as the inverse of the static safety factor under vertical loading only, x = 1/Fsy. Then, the
entire numerical domain which had been previously assigned a unit weight (i.e., the soil deposit) was
subjected to a field of uniform horizontal body forces, proportional to the pseudo-static coefficient kx:
in this phase, undrained conditions were adopted, to mimic what typically observed during seismic
shaking for soil deposits such as the one at hand. Finally, a horizontal force Q and a moment M were
applied to the caisson until limit conditions were reached, by keeping the pseudo-static coefficient ky
on. The generalised loads were applied with a ratio ac = Me/Qg, Where the subscript G indicates that
the generalised forces were referred to the caisson centroid (LRP).

The ID obtained for the specific case H/D =1, y =0.21, and ks, =-0.2, is plotted in Fig. 3a (sign
convention for kj is also provided in the Figure). The ID was computed considering two distinct criteria
to detect the ultimate conditions of the soil-caisson system, such as the proper triggering of bearing
capacity under inclined and eccentric loading conditions (plateau in the legend) and the attainment of a
global stiffness K equal to 1% of the unstressed, initial stiffness, Ko, as first proposed by Zafeirakos and
Gerolymos (2016). Both criteria are defined based on the non-dimensional pushover curve F-u, where
F and u are:

F=J+u% u= (“—G)2+92 1)



where & and p are the non-dimensional horizontal force and moment, respectively, defined as

4= — (2)
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with Niim, net being the limit vertical load computed in drained conditions, while us and 0 are the caisson
horizontal displacement and rotation at the caisson centroid, respectively.

The pushover curve obtained for the specific value ag =-6 m is plotted in Fig. 3b, whose plateau is
reached for excessive caisson displacements. Hence, the ultimate conditions along this pushover curve
were detected imposing the criterion K/Ko=1%, where K=AF/Au. The remarkable outcome
stemming from the comparison of the IDs computed with the two criteria is that they are homothetic,
which implies that the tangent criterion can be adopted as a displacement-based criterion for detecting

ultimate conditions for caisson foundations.
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Figure 3. (a) ID from different criteria; (b) dimensionless pushover curve obtained for ac =-6 m

4. KINEMATIC EFFECTS

The kinematic effects obtained for the specific case of a caisson with H/D = 1 subjected to an initial
loading factor x = 0.21 are represented in Fig. 4, for all values of the horizontal seismic coefficient ky
considered in the parametric study (0, + 0.10, £ 0.15, and % 0.20), representative of a small-to-medium
intensity seismic events. The IDs are plotted through dimensional (Fig.4a) and non-dimensional
(Fig. 4b) representations, where the former exhibits the influence of ks on the ID size, whereas the latter
reveals the role of kinematic effects on the ID shape (Qu and M, represent the limit values of Q and M

when the other component is null: Qu = Q=0 and My = Mg = ).

It is apparent that the 1D size (Fig. 4a) is influenced by the seismic coefficient kn, with an ID shrinkage
for ki < 0, which can be ascribed to the soil inertial forces acting along the same direction as Q. Indeed,
these forces add to the load already coming from the superstructure, whereas the opposite is observed
for k, > 0, where the inertial forces counteract Q. This holds true particularly in the fourth quadrant,
where the overstrength of the soil-caisson system is exhibited, whereas the limit overturning moment is
almost insensitive to kn. Similarly, the ID shape turned out not to be affected by the kinematic effects



(Fig. 4b), which would strongly simplify the analytical derivation of caisson IDs for seismic conditions,
as shown in the following.
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Figure 4. Kinematic effects on the ID: (a) size; (b) shape (H/D =1, y =0.21)

5. ANALYTICAL RELATIONSHIPS FOR IDS ACCOUNTING FOR THE KINEMATIC EFFECTS

The numerical results were fitted in the non-dimensional space y-&-u by adopting the following implicit
functional form to describe the 3D surface, after Butterfield and Gottardi (1991):

2 in2 in2 2
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where a: and a, are the semi-axes of the ellipse in the &-u plane and o is its counterclockwise angle of
inclination measured starting from the & axis. These geometrical parameters express the 3D surface
enclosing the dependency of both the ID size and shape on the slenderness ratio, H/D, the initial loading
factor, y, and the horizontal seismic coefficient, ki. For the sake of brevity, the relevant functional forms
are not reported here, but the values attained for the specific cases under consideration are reported
instead (H/D =1, y =0.21), namely a:=0.142, a,=0.047 and ® =-15.082° for ky=+ 0.2 and
a: = 0.110, a,=0.045, and ® =-19.518° for k,=-0.2. The comparison between the FE and the
analytical 1D is given in Fig. 5, where the static ID (kn =0) is also plotted: the ID expansion and
shrinkage with respect to the static conditions is well reproduced. More details on this are discussed in
Gaudio et al. (2024).

6. CONCLUDING REMARKS

In this paper, IDs for caisson foundations were computed from an extensive parametric study where 3D
FE pushover analyses were conducted in undrained conditions, until limit conditions were attained for
the soil-caisson system. In the analyses, the inertia forces developing into the soil deposit during seismic
shakings were simulated following a pseudo-static approach, thus being proportional to the unit weight
of the soil through the seismic coefficient kn. A general, displacement-based criterion to detect the limit
load was adopted, which consisted in a reduction of the global soil-caisson stiffness up to 1% of the
unstressed one. The results of the parametric study clearly showed that kinematic effects may
significantly alter the ID size with respect to the reference static conditions (k. = 0), making the 1D
expand or shrink, while almost keeping the static ID shape. Analytical equations were finally proposed
for a preliminary design of caisson foundations under seismic shaking, enclosing kinematic effects.
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Figure 5. FE and analytical IDs computed for H/D =1, x = 0.21, and kn = 0, £ 0.2
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