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Abstract. The nonlinear behavior of spudcan foundation will lead to the decrease of the rotational stiffness
of the spudcan, leading to the increase of the stress at the critical member of the offshore jack-up drilling
platform. Secant rotational stiffness is used to represent the value of rotational stiffness of linear foundation
model when the soil changes from elastic to elasto-plastic and then to plastic. In this paper, the “wished in-
place” small strain finite element analysis (SSFE) analysis is used to simulate the load-displacement response
of spudcans pre-embedded in the plastic soil, thus calculating the secant rotational stiffness of spudcans. New
expressions of failure ratio and secant rotational stiffness are proposed with the coupling effect of horizontal

force and moment taken into account.

1 Introduction

Rotational stiffness is a vital part in the evaluation of the
fixity of spudcan foundations, which is significant for the
structural analysis of jack-up platforms. Linear and
nonlinear foundation model can be used to evaluate the
fixity of spudcan foundations. However, it is difficult to
establish a nonlinear foundation model, because it is
necessary to consider not only the nonlinear constitutive
law of soil, but also to study the contact damage that may
occur at the interface between soil and foundation [1,2]. In
addition, it is difficult to describe these rules through
expressions. An alternative is to use a linear foundation
model, which treats the spudcan as a macroscopic unit and
describes the model in terms of forces and displacements
[3]. Elastic stiffness and yield envelope are used to
describe the behavior of spudcans in elastic and plastic
soils respectively. And the secant rotational stiffness is
used to describe the nonlinear behavior of the foundation
in the process of soil changing from elastic to plastic. The
linear foundation is widely used in study of various
aspects of spudcans.

Guidelines, such as ISO and SNUME, give the
equation describing the secant rotational stiffness of
spudcan foundations, which depends on the location of the
vertical (V), horizontal (H), moment (M) loading in the
yield envelope.

In the previous versions of SNUME [4], sand and clay
were separated and two formulas Equation (1) and
Equation (2) were proposed to calculate the secant
rotational stiffness of spudcan. In a newer version [5],
equation (3) is recommended to calculate the secant
rotational stiffness, which is put forward by Sintef [6]. The
main advantage of equation (3) is that it applies to both
sand and clay. The current guideline [7] updated the
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calculation formula of secant rotational stiffness again,
adopting equation (4) proposed by Templeton [8].
Compared with the previous calculation methods,
equation (4) can be applied to a variety of soils, and the
disadvantage is that the value of n is not clear in many
cases. These four equations are listed as follows:
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Where f, is the reduction factor of the secant
rotational stiffness of spudcan, and 75 is the failure ratio.
The failure ratio expression (Equation (5)) used currently
is derived from the formula of spudcan yield surface
proposed by Templeton (Equation (6)). These two
equations are listed below:
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Where V; is the ultimate vertical bearing capacity of
the soil beneath the spudcan,and H,, M, and a canbe
calculated by the following formulas: Hy = 0.12V; ,

M, = 0.075V;,and a = % <1.W is the embedment

depth of spudcan, and D is the spudcan diameter.
However, Equations 5 and 6 do not take into account
the coupling effect of horizontal force and moment.
Therefore, in this paper, a new expression of failure ratio
is proposed to reflect the influence of these two factors by
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finite element analysis.

2 Numerical model

2.1 Wished-in-place

The investigations in this study were conducted using
small strain finite analysis approach (namely wished-in-
place), which shows great capabilities in solving complex
geotechnical problems. The analyses were carried out
using commercially software ABAQUS V6.14.

2.2 Geometry

In this study, the soil is modelled as a semi-cylindrical
lagrangian model and the spudcan is modelled as a rigid
body here (figure 1). The soil model with the depth of 6D
and the diameter of 8D is discretized to C3D8R elements.
The spudcan model is also discretized to C3D8R elements,
and the contact with soil adopts "Tie". The load is applied
by controlling the displacement of the load reference point
(LRP) in Fig. 2. The soil around the spudcan is discretized
with a finer mesh with a unit size of 0.02D, while coarser
meshes are prescribed far away from the spudcan towards
the soil model boundaries.
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Fig. 1. Geometry and the mesh of the 3D model.
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Fig. 2. Spudcan foundation and sign conventions for loads
and displacements.

2.3 Soil profile

The strength of soil, S u, increases linearly with depth,
and the undrained shear strength can be assumed as:

Su=Sum +kz @)

Sum, k and z are the mudline shear strength, the

gradient of soil shear strength and the depth respectively.
Poisson's ratio is assumed to be 0.49 here for undrained
soils.

2.4 Simulation step

The load-displacement response experiment of spudcans
is divided into the following two steps: preloading and
unloading and then applying the moment to the load
reference point. Firstly, a vertical constant force is applied
to the LRP point through displacement control test. The
constant force is the vertical ultimate bearing capacity of
soil. Then unloading is carried out to reduce the vertical
constant force to half of the vertical ultimate bearing
capacity, and keep the constant force unchanged, and then
the spudcan rotate.

3 Validation

In order to obtain the coupling effect of horizontal force
and moment on the yield surface, probe test is used to
verify the envelope surface. In this paper, probe tests of
different loading paths were carried out, as is shown in
figure 3, and the numerical results obtained were
compared with Zhang's work [9]. The results showed good
consistency (Figure 4a). Through the comparison of the
recommended yield surface by guideline, it is proved that
the coupling effect of horizontal force and moment on the
yield surface cannot be ignored, as is shown in figure 4b.
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Fig. 3. Probe tests and the HM envelope.
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Fig. 4. Comparison of yield surface: (a) validation of FE model,
(b) the coupling effect of HM.

4 Results

4.1 Soil heterogeneity and embedment depth

The secant rotational stiffness of spudcan is obtained by
the stiffness matrix (equation 8) using the finite element
data. The ratio of secant rotational stiffness to initial
rotational stiffness is the reduction factor, and the initial
rotational stiffness can be obtained by the guidelines. As
is shown in Fig. 5a, the secant rotational stiffness of
spudcans varies uniformly in soils with different soil
heterogeneity coefficient (%), which proves that the soil
profile does not affect the secant rotational stiffness of
spudcans. Similarly, it can be seen from Fig. 5b that secant
rotational stiffness of spudcans is not affected by

embedment depth.
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Fig. 5. Effect of soil heterogeneity and embedment depth on
secant rotational stiffness: (a) soil heterogeneity coefficient

=2, (b) the embedment depth ratio ().
Sum D

4.2 Failure ratio and reduction factor

To consider the effect of the coupling of horizontal force
and moment on the secant rotational stiffness, a new
expression of failure ratio is proposed. The formula is
derived from the envelope formula proposed by Zhang
and expressed as follows:

1.5 2.5
j0.9(%) +0.9(%) —%
rf = 3 <1 (9)
|65

Figure 6 shows the comparison between the reduction
factor calculated based on the finite element data under
different working conditions and the proposed expression.
The expression is obtained through the software "1stopt”

and can be expressed below:
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Fig. 6. Validation of expression of failure ratio through data
from finite element analyses.

5 Conclusion

This paper adopts wished-in-place small strain finite
analysis to simulate the load-displacement response of the
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pre-embedded spudcans. It proves that the secant
rotational stiffness is not affected by the soil profile and
the embedment depth of spudcans, and is only related to
the failure ratio. In addition, a new expression of failure
ratio and reduction factor is proposed, which takes into
account the coupling effect of horizontal force and
moment, which may be helpful to predict secant rotational
stiffness more reasonably.
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