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Abstract: Installing a spudcan jack-up rig in sediments with an interbedded sand-over-clay soil
profile is still challenging in the offshore industry due to possible punch-through failure. The current
methods for predicting the punch-through of spudcan usually ignore sand relative density, which
is one of the most important parameters for sand soil. For multi-layered soils with interbedded
sand commonly met in the field, this paper aims to determine the effects of sand relative density on
predicting the punch-through failure of spudcan. Modified Mohr-Coulomb (MMC) and extended
Tresca models characterized by incorporating a variation of mobilized strength parameters were used
to describe the mechanical behaviors of sand and clay. Besides four groups of centrifuge tests, one
field case in the South China Sea was also numerically simulated to validate the large deformation
finite element (LDFE) analyses conducted in this paper. The results showed that neglect of sand
relative density may lead to underestimation of the potential for punch-through failure of spudcan.
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1. Introduction

Self-elevating jack-up rigs have been widely used in shallow water to moderate
water depths for offshore drilling and exploration, as well as wind turbine installation. In
the stratified deposits with interbedded strong-over-soft soil, a punch-through failure of
spudcan may occur, which is characterized by a sudden uncontrolled penetration into the
underlying soft soils. Such a failure could lead to buckling of the leg, and even toppling
of the whole unit, seriously threatening the safety of the jack-up rig. An average rate
of one punch-through accident per year has been reported by Osborne and Paisley [1],
which equates to an economic loss of between USD 1 million and USD 10 million (per
accident) due to rig damage and loss of drilling time. The punch-through failure of spudcan
continues to be prevalent in recent years [2], and the trend is rising due to the more complex
soil conditions encountered in the field. For instance, the Sunda Shelf, Australia’s Bass Strait
and the North-West Shelf, the Gulf of Thailand, the South China Sea, offshore India, and
the Arabian Gulf are particularly problematic in terms of stratigraphy and soil types [3].

In sediments with interbedded sand-over-clay, accurate prediction of the potential
punch-through failure of spudcan is complicated by effects due to the nonlinear strength
behavior and the phenomenon of progressive failure of the sand. The occurrence of a
progressive failure in loading tests and centrifugal tests concerning footings on granular
soils has been observed by Yamaguchi et al. [4], Aiban et al. [5], and Perkins et al. [6].
Based on empirical relationships by Bolton [7,8], in which the effects of sand relative
density and confining stress on operative friction and dilation angles were taken into
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account, Lee et al. [9,10] and Hu et al. [11] incorporated strength-dilatancy relationships
in predicting the peak penetration resistance of spudcan on sand overlying clay through
an iterative procedure. Besides, large deformation finite element (LDFE) methods, such as
Remeshing and Interpolating Technique with Small Strain (RITSS), Arbitrary Lagrangian-
Eulerian (ALE), and Coupled Eulerian-Lagrangian (CEL) have been used to calculate
the penetration resistance profile of spudcan [12-21]. Although the density effect on the
mechanical behavior of sand is well known, it is not considered in the punching shear and
projected area method recommended by industry guidelines [22] for predicting the peak
resistance of spudcan on sand overlying clay soils. It has not been clearly characterized
whether the sand relative density has effects on the potential of punch-through failure of
spudcan. By comparing it with centrifuge test results, it has been shown that the current
two approaches consistently underestimate the penetration resistance of spudcan [10,23,24],
especially for the size of modern-day spudcans (of the order of 10-20 m in diameter).

For the sand involved in a field case, there is usually no specific value for the relative
density, only qualitative description, such as (medium) dense or loose sand. To ensure the
safety of the jack-up rig in such a case, determining the effects of sand relative density on
the potential of punch-through failure is required, not only the peak resistance of spudcan.
This paper reports the results from an extended investigation carried out through large
deformation finite element (LDFE) analyses. The likelihood of the punch-through failure
of spudcan with and without considering the effects of sand relative density is compared,
to determine the effect of sand relative density on the potential for the punch-through
failure of spudcan on both double and multi-layered soils with interbedded sand overlying
non-uniform clay.

2. Numerical Analysis
2.1. FE Modeling

LDFE calculations were carried out using the Coupled Eulerian-Lagrangian (CEL)
approach in Abaqus/Explicit. The soil was modeled as an Eulerian domain of 4D in
diameter and discretized using eight-node linear brick hexahedron elements with reduced
integration, denoted as EC3D8R. The spudcan was taken as a rigid body and discretized
with six-node linear brick wedge elements C3D6. The element size of 0.025D around the
spudcan was used to achieve numerical accuracy and efficiency [18,20,25]. Considering the
axial symmetry, only a quarter of the domain was modeled, as shown in Figure 1.
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Figure 1. FE model of soil and spudcan.
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The interaction between soil and spudcan was imposed using the ‘general contact’
algorithm, through a roughness factor of « = t;”;q‘f,, where J is the interface friction angle
between the sand and spudcan, and ¢’ is the friction angle of the sand. A roughness
factor of a = 0.5, within the range of 0.3-0.5 suggested by SNAME guidelines [22], was
adopted in this study. The Poisson’s ratio of v.,, = 0.49 was adopted for clay to simulate
the undrained conditions, while v,,,; = 0.3 for Poisson’s ratio of the interbedded sand. For
Young’s modulus of sand and clay, values of Ey;,g = 50 MPa and E ., = 350 X s, were
adopted. The bottom and lateral sides of the domain were constrained against flow in
the normal direction, whereas the spudcan was constrained to move only in the vertical
direction with a velocity of 0.2 m/s to simulate the penetration process.

2.2. Constitutive Models and Material Characteristics
2.2.1. Sand Layer

To simulate the progressive failure of the sand involved, the modified Mohr-Coulomb
(MMC) model proposed by Zhao et al. [20] was adopted. Schematized in Figure 2 are
the variations recommended to relate the shearing resistance angles, ¢’ and ¢/, to the
accumulated plastic shear strain of sand ¢,;,4. A peak strength (P,) was followed by a
gradual reduction to the critical state (P;). The two thresholds, ¢, and &, corresponded to
the peak and critical strength of sand, respectively. Similar sand models have been adopted
by Potts et al. [26], Hu et al. [13], and Yapage et al. [27].

@' (p') (deg)

—>
fsand

0 o $e

Figure 2. Variation of friction and dilation angles of modified Mohr-Coulomb model.

The peak friction angle ¢, and corresponding dilation angle ¢, of sand can be
determined by referencing the empirical strength-dilatancy correlations recommended
by Bolton [7]:

Pp — ¢ = mlg @
IR = ID(10—ln p,) -1 (3)

where g, is the critical friction angle, m determines the enhancement of ¢, above ¢, due
to dilatancy, with the suggested value of m = 3 for triaxial (and general) stress conditions,
and I (0 < Ig < 4) is a relative dilatancy index. The mean stress in the sand layer during
large-footings penetration is mostly lower than 150 kPa [13,28]. For p’ in Equation (3), a
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value of 150 kPa was suggested by Bolton [8] for any value less than 150 kPa, and the
equation for I in Equation (3) was replaced with the following equation:

Ik=5Ip—1 (4)

The accumulated plastic shear strain of sand {g,,; (Figure 2) is defined as

1 1 1
1Al +oaAel +ozAel 1.
Coand = 1| ——— =2 3273 | where 0; and Asf (i=1, 2, 3) are the stress components

and incremental plastic strains measured from the start to the end of the current step, 7 is
the stress level index, and a value of 150 kPa [20] is adopted.

2.2.2. Clay Layer

For the underlying non-uniform clay involved, an extended Tresca model was adopted.
The strain-softening effects were incorporated according to the accumulated shear strain
Gelay as recommended by Einav and Randolph [29]. The current undrained shear strengths
suc at the integration points were updated at the beginning of each time step as

Suc = (5rem + (1 - 5rem)ei3gday/§95)su0 ®)

where Jyey; is the ratio of fully remolded and intact strength (i.e., the inverse of the sensitiv-
ity, St), a value of S; = 3 is adopted which falls within the typical range of 5; from 2 to 5
for marine clays [30-32]; o5 represents the value of ¢, required for soil to undergo 95%
remolding, and a typical value of 95 = 12 within the range of 10 to 50 for marine clays is
used [33]; 5,0 = Sum + kz is the intact undrained shear strength prior to any softening, s,
is the clay strength at the sand/clay interface, k is the strength gradient, and z represents
the depth of clay. Considering the negligible elastic shear strain compared with the plastic
shear strain in the LDFE analyses, the accumulated shear strain ¢, for the underlying
clay were defined as

1 1
gclay = ZIA‘C'? - Aﬁg ‘ (6)

1 1 . . .. .. .
where Asll:’ and Aag are the increments of maximum and minimum principal plastic
strains, respectively.

2.3. Validation against Centrifuge Test Data

To validate the numerical model, four centrifuge tests named FS13, T1, H3C14, and
FS9 were numerically recalculated, in which sands with different relative densities Ip
were used. In tests T1 and H3C14, a dense sand layer (T1: silica sand with Ip = 85% and
H3C14: silica sand with Ip = 74%) overlayed a non-uniform clay with different strength
gradients of 1.2 kPa/m and 1.51 kPa/m. Test FS13 was carried out on a dense sand layer
(silica sand with Ip = 89%) sandwiched by two non-uniform clay layers with a strength
gradient of k = 0.75. In test FS9, a four-layer deposit of soft clay-sand-soft clay-stiff clay
(silica sand with Ip = 44%) was used. The soil parameters used in the centrifuge tests are
listed in Table 1.

For tests FS13, T1, H3C14, and FS9, corresponding LDFE analyses were conducted, namely
FS13—FE—2nd—1d89, T1-FE—1st—1d85, H3C14—FE—1st—Id74, and FS9—FE —2nd—1d44,
respectively (Table 2). The experimentally measured and numerically computed penetration
resistance profiles are compared in Figure 3. For the key features of the full penetration resistance
profile that position dy; and magnitude gy, of the peak resistance, the numerical predictions
showed reasonable agreement with the corresponding centrifuge test results. For post-peak
resistance, the computed profiles were lower than the measured profiles, especially for tests FS9
and T1. This may partly be due to the simplification in the sand model used. However, it is
believed that the accuracy of the present numerical model was acceptable as this study is aimed
to determine the effects of sand relative density on the potential for spudcan punch-through
failure, which can be reflected by differences between the resistance profiles.
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Table 1. Soil properties used in centrifuge tests.

1st Layer 2nd Layer
Test Reference *
tl(m) Ip (%) @c (°) 7' (kN/m?3) Sum (kPa) 9" (KN/m3) k (kPa/m)
T1
(D = 6m) 3 85 34 10.8 6.0 6.5 1.2 Teh et al. [34]
H3C14
(D =8 m) 3.03 74 31 10.6 11.31 6.5 1.51 Hu [14]
1st layer 2nd layer
t1(m) sym (kPa) 4/ (KN/m®) k1 (kPa/m)  t2(m) Ip (%) @ (°) 71 (KN/md3)
FS13 3.7 0.5 6.5 0.75 2 89 34 10.0
(D=6m) 3rd layer
£3(m)  sum (kPa) 4/ (KN/m3) k3 (kPa/m) /
20.8 4.775 6.5 0.75
Hossain [3]
1st layer 2nd layer
t1(m) sy (kPa) o/ (kN/m3) k1 (kPa/m) 2(m)  Ip (%) ?(°) 1 (kN/md)
FS9 3 8 6.5 0 6 44 34 10.2
(D=12m) 3rd layer 4th layer
t3(m) sy (kPa) 7/ (kKN/m3®) k3 (kPa/m)  t4(m) sum (kPa) 4/ (KN/m®) k4 (kPa/m)
11.52 8 6.5 0 3.96 37 6.5 0
* Reference, the literature from which the centrifuge tests were reported.
Table 2. Summary of LDFE analyses.
Sand Clay *
No. Name ts D @p Pc ¥y : : Sum k Remarks
(m) s (Deg) (Deg) (Deg) P ¢ (kPa) (kPa/m)
1 H3C14—FE—1st—1d74 39.1 31 16.8 0.01 0.4
2 H3C14—FE—1st—L 3.03 0.38 / 31 / / 0 11.31 1.51
3 T1-FE—1st— 1d85 43.8 34 20.3 0.01 0.4
4 T1-FE —1st—L 3 05 / 34 / / / 6 12
5 FS13—FE—2nd —1d89 444 34 21.6 0.01 0.23
6 FS13—FE —2nd—L 2 0.33 / 34 / / / 4.775 0.75
7 FS9—FE —2nd—1d44 0.5 / 34 / / 0 8 0
4.7 0.26 31.8 25 14.1 0.01 0.4 50 0 2nd sand
8 Foond&Sth-ld—u 74 041 398 30 203 001 04 55 0 5th sand
47 0.26 / 25 / / / 50 0 2nd sand
? F-ond&Sth—ld=1 74 041 368 30 141 001 04 55 0 5th sand

* The clay underneath the sand layer.
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Figure 3. Comparison of resistance profiles of spudcan from centrifuge tests and numerical analyses:
(a) test FS9 and T1; (b) test FS13 and H3C14.

3. Numerical Results
3.1. Interaction between Different Layers

The conventional punch-through of spudcan mainly focuses on double-layer strata.
As stratified sediments with more than two layers commonly exists in the field, interactions
between different layers during the spudcan deep penetrating process are inevitable. To
visualize the soil movements involved, test FS9, previously conducted by Hossain [3] on
four-layer soils of soft clay-sand-soft clay-stiff clay, was numerically simulated, as shown
in Table 1.

In test FS9, underneath the 1st soft clay layer is a sand layer with a larger thickness
(two times the 1st clay layer). For penetration through such a soft-overlying-strong soil
profile, it is usually assumed that the overlaid soft layer will be completely squeezed out
before achieving spudcan at the top of the underlying stronger layer. However, a different
observation was clearly shown by the numerical simulations, which is in accordance with
the corresponding centrifuge observation. As shown in Figure 4a, a soil plug consisting of
soft clay from the 1st clay layer was trapped underneath the spudcan during penetration
through the 1st soft clay layer, and moved forward with the spudcan into the underlying
stronger sand layer. The shear band progressively transferred from the 1st clay layer to the
underlying layers during the continuous penetration process. The direction of the trajectory
of soil movement gradually changed from downward to horizontal, approaching the top of
the underlying stronger layer, which is known as the squeezing phenomenon. The clay soil
underneath the spudcan was gradually squeezed outside after a certain penetration.
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(Avg: 75%)
+1.191
+9.921x10
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PEVAVG, Max. Principal
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(Avg: 75%)
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(a)

PEVAVG, Max. Principal
(Avg: 75%)
+1.454
+1.211
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+4.845x107!
+2.423x107!
+0.000

Figure 4. Plastic strain (PE) contours for simulation of centrifuge test FS9: (a) 1st clay layer; (b) 2nd
sand layer; (c) 3rth clay layer.

The plastic failure emerged and gradually extended into the 2nd sand layer. The
shear band initially extended outside and then transferred to incline inwards until it
spread vertically along the periphery of the spudcan into the underlying 3rd soft clay layer.
Underneath the clay plug, soil from the 2nd sand layer was trapped during penetrating,
which is known as the sand plug (Figure 4b). The soil plugs trapped beneath the spudcan
moved downwards together with the spudcan. As a result, the bottom of the 2nd sand
layer was gradually pushed downwards into the 3rd soft clay layer below; the certain
deformation of the 3rd layer can be seen in Figure 4c where the spudcan is still far from the
interface between the 2nd sand and 3rd clay layers. Soil from the 3rd clay layer underneath
the sand plug began to move outwards when the spudcan approached the interface between
the 2nd sand and 3rd clay. The initial top of the 3rd clay layer had already been pushed
downwards a certain distance by the sand plug underneath the spudcan. In the subsequent
penetration, the 3rd clay layer was continuously squeezed, and the thickness of the 3rd
clay layer underneath the sand plug became thinner until the center part was gradually
squeezed out from the base of the sand plug.

3.2. Effects of Relative Density of Sand

In contrast to FS13-FE-2nd-1d89, T1-FE-1st-1d85 and H3C14-FE-1st-1d74 (Table 2),
corresponding LDFE analyses with ¢, = 0, namely no softening of sand, were conducted to
investigate the effects of Ip on the potential for spudcan punch-through failure. The results
of the penetration resistance profiles of spudcan were compared in Figure 5. The bearing
pressure of spudcan, both g,eqx and gpest-pear, given by LDFE analyses with ¢ = 0 was lower
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than that from the corresponding LDFE analyses, in which Ip was incorporated. It was
shown that the penetration resistance of spudcan in sediments with interbedded sand, both
Ipeak A0 Jpost peak, WOuld be underestimated without considering the influence of Ip.

Bearing Pressure /kPa

300 400

I j
=+ =FS13-FE—2nd-1d&9
o FS13-FE-2nd-L
——T1-FE—1st—Id85
+ TI1-FE-1st-L
===-H3C14-FE-1st-1d74
& H3C14-FE-1st-L

0.2

0.4

0.6

0.8

Normalized penetration d/D

1.2

Figure 5. Comparison of penetration resistance profiles between cases using different sand relative
density Ip.

Besides the centrifuge tests of FS13, T1, and H3C14, a field case in the South China Sea
(named here as Location—1) was numerically analyzed to verify the influence of I of the
interbedded sand layer on the prediction of spudcan penetration resistance, especially ek
and qpostpeak- The soil stratigraphy was presented in Table 3. For the 2nd medium-dense
sand, it was recommended that the value of Ip range from 35% to 65%, while a range of
65% to 85% was suggested for the 5th dense sand. In the LDFE analysis of F-2nd&5th-Id-u
(Table 2), the upper limits of Ip of the 2nd and 5th sand layer were adopted, while the
lower limits of Ip were used in F-2nd&5th-Id-L (Table 2). The numerical predictions of
spudcan penetration resistances from F-2nd&5th-Id—u and F-2nd&5th-Id-L are compared
in Figure 6, together with a diagrammatic sketch of the spudcan.

Table 3. Properties of seabed soils at the Location-1.

Penetration (m) , 3 P (Deg) Soil
Stratum From To 7 (kN/m?) sy (kPa) ¢ires Description
1 0.0 4.0 7.0 7.0 /
medium dense
2 4.0 8.7 8.7 / 25 fine sand
3 8.7 12.9 8.0 50.0 /
4 12.9 14.0 8.0 75.0 /
5 14.0 214 9.2 / 30 dense
fine sand
6 214 40.3 8.8 55.0 /
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Figure 6. Comparison of penetration resistance profiles of spudcan at a field site.

Under the maximum preload of 112.2 MN, the ultimate penetration depth ranges
between 4.7 m were given by F-2nd&5th-Id—u and 5.6 m by F-2nd&5th-I1d-L. It was shown
that the numerical predictions fit well with the field records of 5.4 m, 54 m, and 5.5 m
for the three legs. The penetration resistance of the spudcan given by F-2nd&5th-Id—u
is obviously larger than that from F-2nd&5th-Id-L, especially gy . Besides, there was
no distinct gyost-peak in the resistance profile from F-2nd&>5th-Id-L, which was different
from the upper limit resistance profile given by F-2nd&5th—Id—u. That is, a likely punch-
through failure of the spudcan was shown by F-2nd&5th-Id—u (under a larger preload, e.g.,
preload-2 in Figure 6), while no clear potential for punch-through failure was indicated by
F-2nd&5th-1d-L (without considering the influence of Ip).

To further verify the influence of Ip of the interbedded sand on the severity of the
Ag
(£)suaog
Figure 7, was calculated based on the results of the LDFE analyses conducted in this
study. Values of gy and A were given by the LDFE analyses of FS13-FE-2nd-1d89,
T1-FE-1st-1d85, and H3C14-FE-1st_Id74 (Table 2), denoted as g_peak_Id and A_Id in Fig-
ure 8 incorporating real (or upper limit) values of Ip of interbedded sands. Instead, values of
q_peak_L and A_L were obtained from FS13-FE-2nd-L, T1-FE-1st-L, and H3C14-FE-1st-L,
in which lower limit value of Ip (for the 5th sand in the field case) or ¢, = 0 (without regard
to Ip) was adopted. In Figure 8, comparisons of g,e;x and A between with and without
incorporating Ip of interbedded sand were presented. It can be seen that the values of A_Id
were obviously larger than that for A_L, especially for dense sand (Figure 8b), though a
relatively small deviation existed between g_peak_L and q_peak_Id (Figure 8a). This indi-
cated that the neglect of Ip of interbedded sand layers can lead to underestimation of the

potential punch-through of the spudcan.

, as defined in

punch-through failure, the degree of post-peak reduction A =
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Figure 7. Definition of degree of post-peak reduction A.
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Figure 8. Comparison of peak resistance g, and degree of post-peak reduction A: (a) peak resistance
peak; (b) degree of post-peak reduction A.

4. Concluding Remarks

In sediments with an interbedded sand-over-clay soil profile, the punch-through
failure of the spudcan can seriously affect the safety of jack-up rigs. Methods recommended
in current guidelines for predicting the punch-through of the spudcan usually ignore
sand relative density, which is one of the most important parameters for sand. By using
a Coupled Eulerian-Lagrangian (CEL) approach in Abaqus/Explicit, a series of LDFE
analyses, in which modified Mohr-Coulomb (MMC) and extended Tresca model were
adopted, were conducted in this study to determine the effects of sand relative density on
the potential for punch-through failure of the spudan. The following conclusions can be
drawn from the results presented in this study.

(1) By incorporating the relative density of sand Ip, predictions of the penetration
resistance profiles of the spudcan in sediments with interbedded sand-over-clay, especially
peak resistance, fit well with measurements from centrifuge tests, as well as one field case
conducted in the South China Sea.

(2) The numerical predictions of the penetration resistance of the spudcan, in which
the sand relative density Ip was taken into account, are larger than those that did not
consider Ip, especially peak resistance.
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(3) A degree of post-peak reduction A = Esome was defined to further verify the influ-

D )Su,nvg
ence of sand relative density I on the severity of the punch-through failure of the spudcan.

(4) The results of A based on the LDFE analyses conducted in this study established
that the relative density of sand Ip does indeed have effects on the punch-through failure
of the spudcan, and ignoring Ip may underestimate the potential for punch-through.

Author Contributions: Conceptualization, J.Z.; methodology, J.Z.; software, ].Z., Q.Z. and L.L,;
validation, J.Z., Q.Z. and W.H.; formal analysis, ].Z. and Q.Z.; investigation, J.Z., W.H., Y.Z. and
L.L.; resources, ].Z., LL. and Y.Z.; data curation, J.Z.,, WH., Q.Z. and Y.Z.; writing—original draft
preparation, J.Z.; writing—review and editing, J.Z., L.L. and Y.Z.; visualization, ].Z.; supervision,
J.Z.; project administration, J.Z.; funding acquisition, J.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(Grant No. 51609201); the Natural Science Basic Research Program of Shaanxi Province (Grant
No. 2020JQ-784) and the Open Project Program of Shandong Marine Aerospace Equipment Techno-
logical Innovation Center, Ludong University (Grant No. MAETIC2021-06).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the editors and reviewers for their many
constructive suggestions and comments that helped improve the quality of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

d penetration depth of spudcan base (lowest point at largest section)

D diameter of generic spudcan at largest section

Ip relative density of sand

k strength gradient of clay (in kPa/m)

Apeak: Gpost-peak  Peak and post-peak penetration resistance of spudcan

Sum intact undrained shear strength at top of clay

Su0 intact undrained shear strength of soil

Suc current undrained shear strength of soil accounting for strain rate and softening
Su,avg undrained shear strength of clay averaged over 0.5D(L) below the sand-clay interface
ts thickness of sand layer

z depth of the underlying clay

o roughness factor of interaction between the spudcan and sand

7 effective unit weight of soil

P0, Pps Pc initial, peak, and critical friction angle of sand

Yo, ¥p initial and peak dilation angle of sand

Csand» Celay accumulated plastic shear strain of sand and clay

Cpr Ce thresholds corresponding to the peak and critical strength of sand

Aefl (i=1,3) incremental plastic strains measured from start to end of current step
A degree of post-peak bearing reduction
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