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Featured Application: Numerical analysis of offshore geotechnical engineering in sand.

Abstract: A numerical model with a Coupled Eulerian-Lagrangian (CEL) approach is proposed for
spudcan penetration into sand overlying clay. Both stress-dependence and strain-softening effects are
incorporated into the M-C model to describe the sand, whereas the Tresca model with softening effect
is used to describe the clay. Effects of the critical state strain threshold in the strain-softening model
of sand and the clay sensitivity in the strain-softening model for clay are investigated. The model is
verified against different soil conditions: uniform sand, loose sand overlying clay, and dense sand
overlying clay. It is found that the stress-dependence effect dominates shallow penetration, whereas
the strain-softening effect dominates deep penetration. The assumption of a constant peak friction
angle for the accumulated deviatoric plastic strain less than the threshold of peak friction angle leads
to an overestimation of the resistance in loose sand. Furthermore, the fit parameter obtained from
triaxial tests tends to underestimate the peak resistance in dense sand. The proposed model should
provide a valuable tool for geotechnical engineering analysis in sand.

Keywords: Coupled Eulerian-Lagrangian (CEL); stress-dependence; strain softening; sand overlying clay

1. Introduction

Owing to their mobile, efficient, and economical nature, jack-up rigs are widely
employed for offshore oil and gas exploration in water up to 150 m deep. To guarantee its
stability during operation, the jack-up rig is usually preloaded to enable the spudcan to
penetrate deeply into the seabed. However, the preloading process is still one of the most
dangerous procedures of a jack-up rig’s operation due to frequent accidents, including
punch-through and sliding. Punch-through refers to the rapid penetration of the jack-up
rig’s leg during preloading, which often occurs in a strong layer overlying weak layers [1,2].
Severe punch-through may induce structural damage, capsizing, and even human casualty.

A thin layer of sand overlying a weaker layer of clay is particularly hazardous for
spudcan installation. Therefore, great efforts have been made to find the mechanism and a
prediction method. At the early stage, many studies with 1 g tests [3-6] were performed,
although with the inherent disadvantage of simulating the high-stress status of in-site sands.
As centrifuge tests have the advantages of simulating the stress-dependent behavior of
sand, the soil back-flow during penetration, and the surcharge pressure of the overburden
soil, centrifuge tests [7-11] were conducted to study the foundation penetration in sand
overlying clay after 1990. Craig and Chua [7] conducted a series of tests and concluded
that a small, tapered sand plug with a depth equal to the initial sand layer thickness moved
into the clay layer at deep penetration (penetration depth beyond the sand-clay interface).
Teh et al. [9] observed a truncated cone sand plug, and the failure mechanism of spudcan
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foundation on dense sand overlying clay was discussed. Lee et al. [10] performed more tests
of spudcan penetration in dense sand overlying clay and proposed a simplified conceptual
model for the bearing capacity on dense sand overlying clay. Hu et al. [12] performed more
tests of spudcan penetration in medium-loose sand overlying clay and extended the model
proposed by Lee et al. [13] to medium-loose sand overlying clay. Yin et al. conducted field
tests of spudcan penetration in sand overlying clay [14], providing valuable references for
future study. These tests are inadequate to cover all the spudcan foundations and the soil
properties of the seabed. Therefore, tremendous numerical analyses were conducted to
further study the problem and to propose prediction methods [1,15-17].

Many researchers tried to propose an accurate numerical model for the problem [18-22].
The numerical approaches used in these papers are RITSS and CEL. As reviewed by Wang et al. [23],
RITSS and CEL agree well for quasi-static problems, so the main difference between these
numerical models is the constitutive model of the soil, especially the sand. The constitutive
models and the simulation performance models are compared in Table 1 and Figure 1,
respectively. Both Yu et al. [18] and Tho et al. [19] used the M—C model for sand and
the Tresca model for clay and obtained a similar prediction of the resistance profile in
loose sand overlying clay. Hu et al. [21] used the M—C model for sand and incorporated
the softening effect into the Tresca model of clay, with which the peak resistance is well
captured; however, the post-peak resistance is overestimated. Qiu and Henke [20] used
the hypoplastic model for sand and gave an accurate prediction of the peak resistance.
However, the post-peak resistance is also significantly overestimated. To improve the
prediction of post-peak resistance, Qiu and Grabe [24] employ the viscohypoplastic model
for clay. It predicts smaller resistance for the post-peak stage than Qiu and Henke [20], but
it is still much larger than the test. Zhao et al. (2019) [22] subsequently tried some other
constitutive models for the sand and clay material, as summarized in Table 1.

Table 1. Summary of the existing FEM models for sand overlying clay.

Numerical

Model Constitutive Models Sand Constitutive Models Clay
Approach
Smooth hyperbolic
Yu et al. [18] RITSS Mohr—Coulomb (M—C) model [25] Tresca
Tho et al. [19] CEL M-C model Tresca
. Loose: M-C model
Qiu and Henke [20] CEL Dense: hypoplastic model [26] Tresca
. . Viscohypoplastic model
Qiu and Grabe [24] CEL Hypoplastic model (Niemunis 2003) [27]
Tresca model with
Huetal. [11]. CEL M-C model softening effect [25]
Strain-dependent modified M—-C Tresca model with
Zhao etal. (2019) [22] CEL model softening effect [28]

This paper takes into account the strain effect for both loose and dense sand and
proposes a numerical model for spudcan penetration, which can capture both the peak
bearing resistance and the post-peak behavior. In Section 2, the numerical methodology
is proposed based on the CEL approach. The CEL model is implemented with a new
constitutive model of sand, taking into account both the stress-dependence and strain
softening. In Section 3, sensitivity analysis is conducted. The influence of mesh density, the
critical state thresholds of the sand model, and the clay sensitivity on the prediction accuracy
of the numerical model is investigated. In Section 4, the performance of the numerical
model is investigated with validations against experimental data of centrifuge tests for
different soil conditions, including uniform sand, loose sand overlying clay, and dense
sand overlying clay. Finally, the main findings and limitations of the paper are concluded.
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Figure 1. Comparison of simulated resistance profiles in dense sand overlying clay of the existing
numerical models: (a) loose sand overlying clay [7,18,19]; (b) medium-loose sand overlying clay [11,12];
(c) dense sand overlying clay [9,20,24].

2. Numerical Methodology
2.1. Implementation of the CEL Approach

The CEL approach is provided by the commercially available software Abaqus, in
which an Eulerian domain can be coupled with Lagrangian domains in the same model.
Qiu et al. [29] and Tho [19] verified its applications in geotechnical problems and spudcan
penetration, respectively. In the present model, the spudcan is modeled as a Lagrangian
part, while the soil is modeled as an Eulerian part. Eulerian mesh is fixed in the space and
allows the soil material to flow through the elements, which can avoid mesh distortion
induced in the Lagrangian approach. An Eulerian element can comprise several materials,
of which the element volume fraction (EVF) is employed to describe the composition of
each element. In contrast, a Lagrangian element can only have one material and deforms
with the material. However, during analysis, the spudcan is constrained as a rigid body, as
its deformation is not significant and of concern. Moreover, the EVF of each soil material in
each Eulerian element is tracked and recorded.

The CEL approach with Abaqus can only support 8-node linear hexahedron elements,
which implies that only a 3D model is supported by the CEL approach. Due to the symmetry
of the problem, only one-fourth of the spudcan and soil are modeled. The Eulerian part is
initially divided into the void region and soil region, as shown in Figure 2a. To allow soil
berm development at the soil surface, the void region is initially configured with no soil.
The soil region is filled with different soils in regard to the problem.
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Figure 2. Diagram of the quarter symmetric CEL model: (a) Schematic diagram; (b) Mesh.
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In the present model, the distance between the outer boundary to the spudcan center
is 6D (D, the spudcan diameter), and the vertical distance between the soil base and the
spudcan tip in all the cases is larger than 1.5D, as shown in Figure 2b. According to
the studies by Ullah et al. [30,31], the boundary effect can be neglected in the present
study. Therefore, unlike some previous models [32-34], the shearing on the boundaries
can be neglected, and the boundary conditions of the model are set symmetric, which can
avoid soil leakage during analysis. The Eulerian domain is discretized with 8-node linear
hexahedron elements with reduced integration and hourglass control (EC3D8R). As shown
in Figure 2b, the mesh of the region within 2D to the spudcan center is refined, and the
influence of mesh density will be discussed later.

During each incremental step of the CEL approach, an updated Lagrangian calcu-
lation is firstly conducted with an explicit integration scheme, followed by an advective
Eulerian phase to map the solution variables (such as material properties, stresses, strains,
velocities, and accelerations). The Eulerian material boundaries and interfaces are tracked
and updated by updating the element volume fraction of each material. Similarly, the
contact interface between the soil and spudcan is updated continuously with the “general
contact” algorithm, which is based on a frictional contact with the Coulomb friction model
using the penalty method. The frictional contact is described by defining a roughness factor
in Equation (1):

a = tand/ tan ¢’ 1)

in which ¢ is the friction angle between sand and spudcan, ¢’ is the effective friction angle
of sand.

The spudcan will always be in contact with the sand after penetrating the sand layer.
Hu et al. (2014) have demonstrated that the shape and volume of the sand plug depend
on the roughness of the spudcan [11]. The rougher the spudcan is, the less the strength
mobilization is induced in the sand layer, and the more sand is trapped under the spudcan.
The study also showed the resistance profile changes significantly by increasing a from 0 to
0.5 but insignificantly from 0.5 to 1. Therefore alpha = 0.5 is adopted in the present model,
which is also consistent with the SNAME specification [35]. As the critical friction angle of
sand at the contact interface will soon be mobilized, the critical value of the friction angle is
used to calculate the friction coefficient of the Coulomb friction model.

2.2. Constitutive Models

For drained shear of dilating sands, it is common practice to compute the peak friction
angle ¢p as the sum of the critical state friction angle ¢¢ and the dilatancy term ¢’ which
depends on void ratio e and effective mean pressure p’.

¢ =g +9'(pe) @)

A widely used expression in the form of Equation (2) is that of Bolton [36], which can
be put in the form:

¢p = o+ O9lk = gc+ A (In(Q-In(p'/ply ) ) =1), 0< k<4 @)

Using the data of 17 soils, Bolton [36] proposed that the fit parameter Q = 10, A¢ = 5°
for plane strain and A¢ = 3° for triaxial strain, with reference pressure p;, £ taken as 1 kPa.
And the peak dilation angle yp is also a function of the relative dilatancy index Ig:

Yp =08 A plg = 0.8A4><ID (Q —1n(p’/p;ef)) - 1) @)

in which Ip is the relative density of sand. Negative value of Ir indicates that large
contractile strains will occur before ¢c can be mobilized, which typically happens in
loose sand.
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For positive value of I, the effective friction angle ¢’ is larger than the critical friction
angle ¢c. However, if progressive failure occurs, all ¢’ values in excess of ¢¢ are transitory
with larger strains, which is defined as strain softening behavior of the sand. As depicted
in Figure 3, a simple model proposed by Conte et al. [37] is adopted to describe the
softening behavior.
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Figure 3. Variation of the effective friction angle and dilation angle with the accumulated deviatoric
plastic strain: (a) ¢’ — kgpeqr relationship; (b) ¥/ — kgjeq, relationship.

In the softening model shown in Figure 3, the effective friction angle ¢’ and dilation
angle ¥’ changes with the accumulated deviatoric plastic strain kj,e,,. ¢' decreases from

¢p to ¢c as kgpeqr increases from kfh car t0 K$jyoqrs Whereas Y’ decreases from ¥, to 0. The

parameter kg, is defined as follows:

kshear = /ksheurdt (5)

A - ./ PP
- i
Kshear 0 56']‘6‘]‘ (6)

t is time, and kshear is the deviatoric plastic strain rate tensor, of which the expression is

in which

1
efj = sfj — geZk(Si]' (7)
where §;; is the Kronecker tensor, and eZk is the plastic deformation rate tensor.

Spudcan penetration involves large plastic strain in clay, which means that the strain
softening effect of clay should be considered in the present model. The model proposed by
Evian and Randolph [28] is incorporated into the present model as follows:

Su = |drem + (1 - 5rem) eXp(-gi)} Suo 8)

in which S, is the undrained shear strength of clay used for simulation, while S, is the
initial undrained shear strength of the clay; dr., is the residual degradation factor which
is the inverse of soil sensitivity St; ¢ is the accumulated plastic shear strain; and ¢os is the
reference accumulated plastic shear strain which is taken as 10 [38,39].

3. Sensitivity Analysis
3.1. Mesh Convergence and Mass Scaling Effect

The mesh in the region close to the spudcan is refined to guarantee accuracy. Providing
that the Coupled Eulerian-Lagrangian approach is also mesh-dependent, three cases of
spudcan penetration in uniform sand are conducted with different mesh sizes close to the
spudcan (0.05D, 0.02D, 0.005D), as shown in Figure 4. The red color in the figure represents
zero filling of the element, while the blue color represents the full filling of the element
with soil material.
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(b) (0)

Figure 4. Mesh close to the spudcan with different mesh sizes: (a) 0.05D; (b) 0.02D; (c) 0.005D.

As shown in Figure 5, the estimated resistance decreases with the mesh size. In the
case of 0.02D, the resistance diverges less than 2% to 005D. It is implied that the mesh size
of 0.02D is small enough to guarantee the prediction accuracy.

q (kPa)

0 500 1 000 1500 2000
0.0 L L L
—0.005D
0.02D
——0.05D
0.1+
2
<
0.2+
0.3

Figure 5. Penetration resistance profiles for different mesh sizes.

It is known that the computation cost reduces with an increased penetration rate.
However, the increased penetration rate may have a significant influence on the result
if the material is rate dependent. Alternatively, scaling the mass has the same effect as
increasing penetration velocity. In Figure 6, 3 cases of different scaling factors, 1000, 10,000,
and 100,000, are compared to each other. A scaling factor of 1000 and 10,000 show good
resemblance to each other, while a scaling factor of 100,000 shows a significant inertia effect.

q (kPa)
0 100 200 300 400
00 L 1 1 1
0.5 Scaling factor
= 1,000
— 10,000
— 100,000
1.0 H
E 154
=
2.0 1
2.5+
3.0

Figure 6. Penetration resistance profiles for different mass scaling factors.
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Based on the above analysis, a mesh size close to the spudcan of 0.02D and a mass
scaling factor of 10,000 are selected for the analysis.

3.2. Effect of the Critical State Strain Threshold of Sand

The effect of the critical state strain threshold k¢, . of the sand strain softening model

is studied. The critical threshold kg, ,,. describes how fast the critical state is mobilized. If
the strain threshold of the critical state equals to the strain threshold of the peak friction

angle, e.g., k.. = kfh cqr» it implies immediate mobilization of critical state once the peak

value is reached. If k= = oo, it implies the non-strain softening of the sand. Assuming
K

<hear = 0-18, the spudcan penetrations into dense sand overlying clay with different kg, .
are summarized in Figure 7. The peak resistance in the sand layer increases with the strain
threshold of the critical state kg, . and it converges at k.. = 0.5 to the case of non-strain
softening of sand. The post-peak resistance in the sand layer also increases with the strain
threshold of the critical state. However, it has little effect on the resistance in the underlying

clay layer, which implies total mobilization of the critical state of sand.

q (kPa)

0 100 200 300 400
-2 " 1 " ! . I N

d(m)

Figure 7. Penetration resistance profiles with different critical thresholds.

The strain thresholds kfh ear @Nd kg, strongly depend on the state of sand, and can
be obtained with conventional triaxial tests. The selection of the two thresholds has a

significant effect on the peak and post-peak resistances in the sand layer.

3.3. Effect of Clay Sensitivity

As the underlying clay will be softened due to the large deformation induced by deep
penetration of spudcan, the effect of the sensitivity of underlying clay on the resistance
profile is studied. Three cases of spudcan penetration into sand overlying clay with different
clay sensitivities (S; = 1, 3, 5) are compared in Figure 8. The resistance at the sand-clay
interface decreases about 10% from S; = 1 to 3, while the resistance profiles are nearly
identical for S; = 3 and 5. For most offshore soft to medium soft clays, the typical range
of soil sensitivity is between 2 and 5 [11]. The clay sensitivity shows little influence on
the peak resistance in the sand layer. However, it has a significant effect on the post-peak
resistance profile.
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q (kPa)
0 100 200 300 400

d(m)

Figure 8. Penetration resistance profiles with different clay sensitivities.

4. Model Verification

The model is verified for different soil conditions, including uniform sand, loose sand
overlying clay, and dense sand overlying clay. All the centrifuge tests used for verification
were conducted at the University of Western Australia (UWA), which normally uses super
fine sand and kaolin clay. As the sand used in UWA centrifuge tests has a friction angle
(¢ = 32 ~ 34) very close to that of Conte et al. [3] (¢. = 33), kfheur =11% and kg, = 14% are
selected for the simulation similarly. Moreover, the kaolin clay used in UWA centrifuge

tests has a sensitivity of 3 [11].

4.1. Spudcan Penetration into Uniform Sand

White et al. [40] conducted a series of centrifuge tests of foundations on sand. The
present study chooses a case of a conical circular foundation in which the footing has a
diameter of 4.8 m (in prototype scale). And the superfine sand used has a critical friction
angle of 32, a relative density of 54%, and a bulk unit weight of 16.4 kN/m3.

The present numerical model is compared to the test and the model proposed by
Hu et al. [11]. The peak friction angle of sand in the present model is larger than the
back-analyzed friction angle used in Hu et al. [11], which results in a larger resistance in
shallow penetration depth and a very good resemblance to the test (see Figure 9). As the
spudcan penetrates, more sand is mobilized to reach the critical state. Therefore, the strain
softening effect in the present model reduces the penetration resistance, which induces a
smaller increasing rate of resistance in deep penetration depth.

q (kPa)
0 500 1000 1500 2000 2500

0.0

d/ D

0.1

— White et al. (2008)
——— Hu et al.(2014)
0.24 —— Present Model

0.3

Figure 9. Penetration resistance profiles from centrifuge tests and numerical analyses (uniform
sand) [11,40].
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4.2. Spudcan Penetration into Loose Sand Overlying Clay

The model is also validated against a centrifuge test of spudcan penetration into loose
sand overlying clay conducted by Craig and Chua [7]. The spudcan has a diameter of 14 m.
The sand layer is 7 m in depth and filled with loose sand with a critical friction angle of 32°.
The underlain clay has a uniform undrained shear strength of 30 kPa.

The same configuration of the test is set for the numerical model. In the test, the
sand was placed as loose as possible, but the relative density was not measured. When
the relative density is below 33%, the sand is categorized as loose. According to our
experience, the assumption of 10% is supposed to be appropriate, which implies very
loose sand. The simulated resistance profile is compared to the test result in Figure 10,
which also includes the other two numerical models. The present model predicts smaller
resistance than the other two models and is very close to the test result. This improvement
is very probably attributed to the consideration of the softening effect of clay. However, the
resistance at shallow penetration is overestimated. The overestimation may be because of
the assumption of a constant peak friction angle for ke, < kfh oar PTOViding the fact that
the peak friction angle of sand needs a process to be mobilized.

q (kPa)
0 100 200 300 400 500 600
=2 T T T T T T T T T T T
- M Craig and Chua (1990)
Tho et al. (2012)
0 - Yuetal. (2012)
e Present Model
2
4 -
£
=
6 —
sand
g clay
10

Figure 10. Penetration resistance profiles from centrifuge tests and numerical analyses (loose sand
overlying clay) [7,18,19].

4.3. Spudcan Penetration into Dense Sand Overlying Clay

Teh et al. [9] conducted a series of centrifuge tests of spudcan penetration in dense
sand overlying clay. The UWA-F4 case was conducted in a 3.5 m thick dense sand layer
overlying a kaolin clay layer. The dense sand has a relative density of 99%, an effective
unit weight of 11.15 kN/m?, and a critical friction angle of 34°. The underlain clay has
an effective unit weight of 6.5 kN/m3, and its undrained shear strength is 7.22 kPa at the
sand-clay interface and increases 1.2 kPa/m with the depth.

As shown in Figure 11, the numerical model captures the peak resistance and post-
peak trend very well. However, it underestimates the peak resistance and overestimates
the resistance in the underlain clay layer a little. This may be attributed to the selection
of A¢ = 3° obtained from triaxial tests, while the real process of spudcan penetration is
different from triaxial test conditions.
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q (kPa)
0 50 100 150 200 250 300 350

e H 11 et @l.(2014)) 3
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Figure 11. Penetration resistance profiles from centrifuge tests and numerical analysis (dense sand

overlying clay) [11].

5. Conclusions

In this paper, a numerical model of spudcan penetration into sand overlying clay

with the CEL approach is proposed. An M-C model incorporating both stress-dependence
and strain-softening is proposed for sand. Furthermore, the strain softening effect is also
considered for clay. Sensitivity analysis and verification of the model are performed. All
the studies show the following:

The peak and post-peak resistances in the sand layer increase with the critical threshold
of accumulated deviatoric shear strain. However, the peak resistance will converge at
a certain value of kg, .. (0.5 for the case of Figure 6). No significant peak resistance is

observed for k. = co (non-strain softening of sand). The resistance in the underlain

clay is barely affected by k... The resistance at the sand—clay interface decreases
about 10% from S = 1 to 3, while the resistance profiles are nearly identical for S; = 3

and 5.

The proposed model agrees very well with the centrifuge test of spudcan penetration
into uniform sand. The penetration in shallow depth is well simulated due to the
incorporation of the stress-dependence behavior of sand. Furthermore, the relatively
slow increasing rate of resistance is captured by the strain—softening model of sand.

The spudcan penetration resistance in loose sand overlying clay is also well simulated.
However, the resistance in shallow depth is a little overestimated, which is very
probably attributed to the assumption of constant peak friction angle for kg, < kfhm,
providing the fact that the peak friction angle of sand needs a process to be mobilized.

The numerical model captures the peak resistance and post-peak profile in dense sand
overlying clay relatively well. However, it underestimates the peak resistance and
overestimates the resistance in the underlain clay layer. The difference may be due to
the selection of A¢ = 3° obtained from triaxial tests, which is different from the real
process of spudcan penetration conditions.

The proposed method provides a framework for the numerical analysis of geotechnical

engineering in sand. The prediction accuracy of the model depends on the parameters.
Those parameters involved should be determined based on geotechnical tests. Otherwise,
inappropriate selection of the parameters may induce errors.
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