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ARTICLE INFO ABSTRACT

Keywords: The elastic stiffness of spudcan foundations in stiff-over-soft clays exhibits changes similar to
Elastic stiffness “punch-through” failure, creating significant uncertainty for jack-up platform operations. This
Spudcan

Punch-through failure trend
Numerical modeling

Soil stratification

Layered clays

study conducted a three-dimensional small-strain finite element analysis on this specific topic to
discretely simulate the spudcan elastic stiffness profile in stiff-over-soft clay. The influence of the
soil surface, layered interface, and their coupling effects were isolated and separately evaluated,
and a simple semi-theoretical framework for the influence zone was proposed. The key param-

eters of layered soil (thickness ratio, shear modulus ratio, soil heterogeneity coefficient, and
backflow) affecting the influence mechanism of spudcan elastic stiffness were evaluated and
analyzed. It was found that the effects of the soil surface and layered interface competed with
each other. The vertical deformation mechanism of the spudcan reduces the “punch-through”
failure risk of elastic stiffness by transferring more of the soil deformation to the bottom soft clay
layer. Based on the findings from the parameter study, a simplified profile is proposed to predict
the variation of the spudcan elastic stiffness. The proposed prediction method provides a
comprehensive view of elastic stiffness in stiff-over-soft clay for offshore in-site assessment.

1. Introduction

Spudcan, which serves as the foundation for mobile jack-up platforms, is widely used in drilling, exploration, and site investigation
in the offshore oil and gas industry [23], and its operational and mechanical properties are closely related to the performance and
safety of the platform [7,15]. The elastic load-displacement response or elastic behavior quantified by the elastic stiffness of the
foundations under small strain conditions is a crucial aspect for the safe design of spudcan [1,7,15,20,21]. Accurate measurement of
elastic stiffness is essential for predicting structural deformation and is applied directly as a boundary condition in the overall analysis
of platform structures [8]. The load-displacement response and dynamic properties, such as inherent frequency and natural period, of

platform structures are affected by elastic stiffness [10].
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Nomenclature

D Spudcan diameter

E Young’s modulus

G Shear modulus

Gpo Shear modulus of bottom stiff clay
Gps Shear modulus of the bottom soft clay in the layered interface
G Shear modulus of top stiff clay
Gps/G:  Shear modulus ratio

I Rigidity index

k Gradient of strength with depth
kD/sps  Soil heterogeneity

Ky, Kg, and Ky, Elastic stiffness coefficients for vertical, horizontal and moment

Spudcan radius

Undrained shear strength

undrained shear strength of bottom stiff clay
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Fig. 1. Elastic stiffness profile of a spudcan operating in stiff overlying soft clays.

Due to the complex influence of geological structures and sediment transport, the clayey seabed commonly found in the operational
areas of jack-up platforms sometimes may form a stiff layer at the soil surface [15] (see Fig. 1). The mechanical properties of clays vary
significantly with depth [5]. This causes the spudcan elastic stiffness to change significantly with depth, especially when the spudcan is
installed at the soil layered interface (which is analogous to the “punch-through” failure of spudcan penetration resistance [26]) (see
Fig. 1). Underestimating the spudcan elastic stiffness may result in overestimating stresses in critical components during structural
analysis, such as the hull-leg joint. Conversely, overestimating the spudcan elastic stiffness may lead to inaccuracies in predicting the
load paths within the structure, especially in components that have significant dynamic effects [2,3]. Therefore, the seabed geological
environment of stiff-over-soft clay introduces significant uncertainty into the site-specific assessment of jack-up platforms.

To date, the significant effect of stiff-over-soft clay on the working/mechanical behavior of spudcan has been widely reported but
has mainly focused on predicting and evaluating the potential risk of spudcan “punch-through” failure [13,14,26]. The understanding
of spudcan elastic behavior under different soil properties (i.e., heterogeneity [24,25], spatial variability [20]) and behaviors (i.e.,
installation [17], consolidation [21]) has also been further improved but has ignored the scenario of soil stratification. At present,
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Table 1
Summary of SSFE analyses performed.
Analysis t/D Gps /Gy kD /supbs Geometry Note
Group I 2 5 0 Circular plate Validation
0 © 1 Spudcan Validation
Group II 100 0.2 0 Spudcan Effect of layered interface
Group III 0 © 0 Spudcan Effect of surface boundary
Group IV 2 0.5 0,1 Spudcan Coupling effect
Group V 0.5-2 0.5 1 Spudcan Parametric study
Group VI 1 0.1-0.9 1 Spudcan Parametric study
Group VII 1 0.5 0-3 Spudcan Parametric study
Group VIII 0.5 1 1 Spudcan No backflow, Complete backflow
Group IX 0.25-2 0.1-0.9 0-3 Spudcan Prediction method

1
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i o 0 o T AT LIS

777
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\
Fig. 2. Finite element models for the SSFE analysis and spudcan shape.

there exists a significant knowledge gap in studying the spudcan elastic behavior in stiff-over-soft clay, although ISO [15] points out
the necessity of carefully evaluating the spudcan elastic stiffness in layered soil. Wang et al. [22] have also confirmed preliminarily that
the influence of soil stratification characteristics on the elastic stiffness of circular foundations in clay-over-sand is significant.

Given this, the elastic stiffness and deformation mechanism of spudcan foundations in stiff-over-soft clay are studied using three-
dimensional small-strain finite element (SSFE) analysis. The corresponding profile of changes in elastic stiffness of the spudcan at
different depth positions in stiff-over-soft clay is discretely simulated. The specific study objectives include: (a) to investigate the
influence mechanisms of the soil surface boundary and soil layer interface; (b) to analyze the variation in elastic stiffness and the
corresponding mechanisms under different soil stratification conditions; and (c) to fill the gaps in the database and prediction methods
in current studies of spudcan elastic stiffness, providing insights for a more accurate in-situ assessment.

2. Numerical analysis

2.1. Soil behavior and properties

In this study, the stiff-over-soft clay is modeled as a weightless, isotropic elastic material and adopt the Tresca constitutive model to
facilitate accurate analysis of the elastic behavior of the spudcan. The relationship between the load increments (§V, 6H and M) and
elastic displacement increments (5w, su and S¢)of the spudcan in stiff-over-soft clay is defined by the following equation:

8V/GR Ky 0 07 (ow
SH/GR »=|0 Ky O |{ du (€8]
5M/GR® 0 0 Ku]|de

Where Ky, Ky and Ky, are the vertical, horizontal and moment elastic stiffness coefficients of the spudcan; R is the spudcan radius; G is
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Fig. 4. Elastic stiffness coefficients of spudcan foundations in stiff-over-soft clay with approximately infinite embedment depth.

the initial shear modulus (or undisturbed shear modulus) chosen for normalizing the elastic stiffness.

According to the actual range of stiff-over-soft clay properties reported in the literature [13,14], the typical property parameters of
stiff-over-soft clay in this study are as follows: undrained shear strength of top stiff clay s, = 30 kPa; undrained shear strength of the
bottom soft clay s;p0 = sups + k(2 — t), where the undrained shear strength of the bottom soft clay in the layered interface s,,; = 15 kPa,
the strength gradient of the bottom soft clay k = 1.25 kPa/m, and the thickness of the top stiff clay t = 1D.

In addition, since the rigidity index of clay I, = G/s, has no significant influence on the spudcan elastic stiffness [20,24], this study
set I at 168.7 to keep E/s, = 500 consistent with previous studies [4,17,20,25]. The Poisson’s ratio of soil v is 0.49 to simulate no
volume change in saturated clay under undrained conditions and also to ensure the stability of the numerical simulation [18-20]. For
ease of comparison, the dimensionless results of the parameter combinations discussed in this study are presented in Table 1, where G,
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infinite depths, (b) Single-layer soil profile with infinite depth, (c) Ideal layered soil profile, and (d) Realistic layered soil profile.
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Fig. 8. Elastic stiffness coefficients of spudcan foundations in single-layer clay.

is the initial (or undisturbed) shear modulus of top stiff clay. These parameter combinations cover the practical range for layered clay
[13,14,26].

2.2. Finite element model

The three-dimensional small-strain finite element (SSFE) analysis was conducted using the commercial finite element software
ABAQUS [6]. Following previous solutions [20,22,25], the spudcan foundation is embedded in undisturbed or conditioned soil based
on the “wished-in-place” assumption. The spudcan was simulated at a series of discrete embedment depths using the SSFE technique,
covering the range from the soil surface through the upper stiff clay layer and across the interface into the underlying soft clay. The
embedment depth was varied in intervals of D/12, where D is the spudcan diameter, to capture the variation in elastic stiffness within
the stiff-over-soft clay profile. It is worth noting that although the “wished-in-place” assumption ignores the effects of remodeling and
softening of the soil due to the spudcan penetration, which in turn leads to an overestimation of the elastic stiffness results, it can
isolate and separately evaluate the effects of the soil surface and layered interface, which is more beneficial for understanding the
elastic behavior of the spudcan in layered soil.

The geometry of the spudcan model is shown in Fig. 2, which was set as a rigid body, and the displacement control analysis was
performed by applying the specified displacement at the reference point (RP). Due to the symmetry of the elastic stiffness problem of
the spudcan in layered soil, a semi-cylindrical soil model with both a diameter and height of 100D was adopted to improve compu-
tational efficiency and avoid potential boundary effects [21,25]. The soil model was discretized into an 8-node Lagrangian reduced
integration element (C3D8R) with a finer mesh near the spudcan model. After a mesh sensitivity analysis, it was determined that the
minimum mesh size that ensured convergence of the computational results was 0.025D. The normal displacements of the soil model
were constrained at the vertical slice face, the outer face, and the bottom face. The spudcan-soil contact interface was assumed to be
fully rough and bonded to reasonably simulate the interface adhesion/bonding behavior due to the suction underneath the spudcan
base [9] and the restraint of the upper backflow soil [12], thereby improving computational efficiency and convergence [20,21].

It is worth mentioning that the elastic stiffness coefficients in the dimensionless elastic stiffness matrix (Eq. (1)) were obtained from
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Fig. 9. Shear strain distribution of spudcan foundations in single-layer clay with different embedment depths.

displacement control tests (i.e., “probe” tests). Since the soil was modeled as an isotropic elastic material, a small initial displacement
control test (e.g., 0.0001 m) was not required to capture the elastic characteristics of the initial load-displacement response. In this
study, the initial velocities applied were 0.01 m/s or 0.01 rad/s.

3. Validation

So far, there is no theoretical solution for the elastic stiffness of spudcan, nor are there any field or experimental measurements. In
fact, considering that the mechanical behavior of soils in practical engineering is always a combination of elasticity and plasticity, it is
practically infeasible to accurately measure the elastic stiffness in a field or experimental environment. Therefore, this section verifies
the finite element model by comparing the numerical solution of a circular plate foundation in clay-over-sand with the numerical
solution of a spudcan foundation in a single-layer clay (Group I, Table 1). It can be seen from Fig. 3 that the elastic stiffness coefficients
obtained under different soil stratification types and foundation types are very close to the known solutions, which is sufficient to
demonstrate the validity of the finite element model. The same model boundaries and discretization methods have been validated for
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elastic stiffness problems in other complex scenarios [20,21].
4. Results and discussion
4.1. Typical effects of soil stratification

4.1.1. Effect of layered interface

In order to isolate and individually evaluate the effect of the soil layered interface on the spudcan elastic stiffness, the spudcan is
embedded at a depth of 100D (approximate infinite embedment depth) in this section (i.e., the distance of the spudcan from both the
top and bottom boundaries of the soil model is 100D, and the soil model diameter remains unchanged at 100D), in order to remove the
constraint effect of the soil surface boundary on the spudcan. In addition, the soil heterogeneity coefficient of the bottom clay layer kD
/subs = 0 to avoid the coupling effect of the strength gradient of the bottom soft clay and the shear modulus ratio Gy /G; = 0.2 (Group
II, Table 1).

Fig. 4 shows the change of spudcan elastic stiffness in a stiff-over-soft clay at an approximately infinite depth, where d is the
distance between the spudcan reference point and the soil layered interface. In order to compare and display the changes of elastic
stiffness in three directions, normalization treatment was performed for the elastic stiffness using the spudcan radius R (see Eq. (1)). It
is worth mentioning that, since the elastic stiffness coefficient value is closely related to the value of shear modulus G (see Eq. (1)). To
show the influence of the interface on elastic stiffness, a constant G is used to dimensionless the elastic stiffness to avoid confusion, i.e.,
the shear modulus of the bottom soil clay at the layered interface Gy, same below.

As shown in Fig. 4, before sensing the influence of soil stratification or the soil layered interface, or after leaving the influence of the
layered interface, the elastic stiffness coefficient of the spudcan converges to the result of single-layer clay with the same stiffness level,
indicating that the spudcan is in a stability zone (see Fig. 5(a)). When the spudcan gradually approaches the top stiff clay and crosses
the layered interface into the bottom soft clay, the elastic stiffness coefficient of the spudcan gradually decreases after sensing the
influence of the layered interface. At this time, the spudcan is in the influence zone of the layered interface (see Fig. 5(a)), which may
be attributed to the difference in energy consumption of the spudcan foundation in the two clay layers.

Fig. 6 shows the shear strain distribution of the spudcan foundation in stiff-over-soft clay to demonstrate the variation and
mechanistic of soil deformation when spudcan moves under load. Note that the shear strain ¢ is normalized by ¢ /£, to uniformly
quantify the shear strain distribution in three directions, where &, is the maximum value of ¢ in the soil domain.

When the spudcan is in the top stiff clay, the energy consumed for the soil to undergo the same degree of deformation while the
spudcan moves under load is higher than that in the bottom soft clay. Therefore, without sensing the influence of the layered interface,
the elastic stiffness in the top stiff clay is greater. After sensing the influence of the layered interface, the soil deformation spreads into
the bottom soft clay (i.e., isolated deformation zones are formed in the soft clay, as shown in Figs. 6 and 7), similar to the isolated
deformation zones in highly spatially variable soils described by Wang et al. [20], both due to significant differences in soil strength.
This, to some extent, reduces the difficulty of soil deformation, thereby lowering the energy consumed and resulting in a decrease in
elastic stiffness. After the spudcan enters the bottom soft clay, the top stiff clay layer provides a certain degree of isolation, causing the
soil deformation to be mainly concentrated in the bottom soft clay. This further reduces energy consumption and makes the elastic
stiffness in the soft clay significantly lower than that in the stiff clay.

It is worth noting that the spudcan elastic stiffness is much less likely to stabilize in stiff clay, i.e., the distance of the spudcan from
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Fig. 11. Shear strain distribution of spudcan foundations in stiff-over-soft clay with different embedment depths.

the layered interface is greater when the elastic stiffness coefficient converges to a certain value (see Fig. 4). This may be because soil
deformation is more likely to develop in soft clays; that is, the deformation mechanisms are more widely distributed in the soft clay (see
Fig. 6), making it easier for the spudcan to sense the influence of the layered interface as it gradually approaches the soft clay from the
stiff clay. When the spudcan is in soft clay, the isolation effect of the stiff clay reduces the extent of the influence of the layered interface
on the spudcan.

Further observation of Fig. 4 shows that vertical, horizontal, and moment elastic stiffness exhibit different sensitivities to soil
stratification and the soil layered interface. As the spudcan gradually approaches the layered interface from the top stiff clay, the
change gradient of moment elastic stiffness is the largest, and the distance from the soil layer interface is the smallest when the change
occurs. In contrast, the change gradient of vertical elastic stiffness is the smallest, and the distance from the soil layer interface is the
largest when the change occurs. Additionally, the moment elastic stiffness converges to that of the single-layer clay soon after the
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Fig. 12. Elastic stiffness coefficients of spudcan foundations in stiff-over-soft clay with different thickness ratios t/D.

spudcan crosses into the top stiff clay. At the same time, the vertical elastic stiffness still differs from the result of single-layer clay when
the spudcan is a certain depth from the top stiff clay. This difference in spudcan elastic stiffness in layered soil may be attributed to the
wider distribution of vertical deformation mechanisms in the depth direction (see Fig. 6) and the greater ease of sensing strength
differences between layered interfaces.

4.1.2. Effect of surface boundary

The constrain effect of the soil surface boundary on the spudcan elastic stiffness has been emphasized many times in previous
studies [17,20,21,25], but the mechanism of its influence has not been elucidated. In this section, the influence mechanism of the soil
surface boundary is analyzed, and it is assumed that the spudcan enters the top stiff soil from the soil surface but has not yet sensed the
soil layered interface and is only influenced by the soil surface boundary. Thickness ratio of the top stiff clay t/D = 0; kD /sy5; = O to
avoid the coupling effect of the strength gradient in the bottom soft clay (group III, Table 1).

As shown in Fig. 8, the elastic stiffness coefficient of the spudcan gradually increases as it enters the soil from the surface (i.e.,
gradually moving away from the soil surface boundary). After leaving the influence zone of the soil surface boundary, the spudcan
elastic stiffness gradually tends to stabilize and eventually converges to the elastic stiffness result in the stability zone, at which point
the spudcan enters the stability zone (see Fig. 5(b)). This behavior is related to the soil surface boundary reducing the energy con-
sumption associated with soil deformation.

As shown in Fig. 9, the soil surface boundary acts like a stiff clay layer with infinite strength, isolating the development of shear
strain and reducing the energy consumed by soil deformation. As the embedment depth of the spudcan increases, the distribution range

10
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Fig. 13. Elastic stiffness coefficients of spudcan foundations in stiff-over-soft clay with different shear modulus ratios Gy/G;.

of shear strain gradually expands, and the energy consumed by soil deformation also increases, thereby gradually increasing the
spudcan elastic stiffness, which stabilizes after leaving the influence of the soil surface boundary.

Similarly to the influence of the layered interface (see Section 4.1.1), the moment deformation mechanism has the smallest dis-
tribution in the depth direction (see Fig. 9), so the moment elastic stiffness coefficients quickly leave the influence zone of the surface
boundary and enter the stabilization zone after the spudcan enters through the soil surface, while the vertical elastic stiffness has not
yet stabilized at a depth of 7D (see Fig. 8).

4.1.3. Coupling effect

In practical engineering, the spudcan operating in stiff-over-soft clay is affected by the soil surface boundary and layered interface
coupling. This section analyzes these coupling effects. The normalized stiff soil layer thickness t/D was taken as the maximum value
reported in practical engineering, which is 2; the shear modulus ratio G,s/G; = 0.5; and the soil heterogeneity coefficients kD /syps =
0, 1 to cover common soil profiles in practical engineering (group IV, Table 1).

As shown in Fig. 10, the elastic stiffness coefficient of the spudcan exhibits a change trend similar to that of “punch-through” failure
when the spudcan gradually enters from the soil surface to cross the layered interface into the bottom soft soil. Meanwhile, the
phenomenon of “punch-through” failure of vertical elastic stiffness is the least pronounced (Fig. 10), which is similar to the mechanism
where a skirted spudcan transfers soil flow to the bottom soft clay by trapping the spudcan base soil, thus mitigating the “punch-
through” failure [11,16].

As the vertical deformation mechanism is more widely distributed in the depth direction, it can sense the influence of the layered
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Fig. 14. Shear strain distribution of spudcan foundations in stiff-over-soft clay with different shear modulus ratios Gs/G:;.

interface earlier, allowing soil deformation to spread earlier in the bottom soft clay (see Fig. 11). This, in turn, reduces the effective
thickness of the top stiff clay and mitigates the failure risk related to stiffness.

It is further observed from Fig. 10 that there is no longer a stability zone between the soil surface boundary and the soil layered
interface. Under the coupling effect of the surface boundary and layered interface, the stability zone between them is “swallowed” or
offset by each other (see Fig. 5(d)), which is manifested as the curve of the elastic stiffness coefficient in the top soft soil layer exhibiting
an inflection point. Moreover, the influence zone below the layered interface is also weakened to a certain extent, meaning that the
spudcan elastic stiffness quickly enters the stability zone after crossing the layered interface. There is no situation in which the elastic
stiffness coefficient of the spudcan has not yet entered the stability zone at a depth of 4D in the bottom soft clay, as shown in Section
4.1.1 (see Fig. 4). Note: For bottom soft soil with k > 0 (or kD/s»s > 0), the stabilization zone is considered to be reached when the
slope of the elastic stiffness coefficient curve is constant (see Fig. 10(b)).

It is worth mentioning that, ideally, when the thickness of the top stiff clay is sufficiently large, there should also be a stability zone
between the influence zone of the soil surface boundary and the soil layered interface (see Fig. 5(c)). When the spudcan is in this
stability zone, it will be outside the zones of influence of both the surface boundary and the layered interface. However, in practical
stiff-over-soft clay profiles, the thickness of the top stiff clay layer is not sufficient to support the occurrence of an intermediate stability
zone [13,14]. Therefore, the change in the elastic stiffness coefficient of the spudcan and the corresponding distribution of the in-
fluence zone in practical engineering would present the situation depicted in Fig. 5(d).

4.2. Parametric investigations

Since the elastic stiffness coefficient curve of spudcan in the above subsection may only apply to a specific combination of thickness
ratio t/D, modulus ratio Gps/G;, and soil heterogeneity coefficient kD/s,ps, this section conducts comprehensive parametric studies on
the critical parameters for the safe design of spudcans in stiff-over-soft clay (groups V-VII, Table 1) to expand the current database and
promote the development of new design methods. Note: In this section, the spudcan embedment depth is normalized to show more
consistent results, and the normalized embedment depth is w = (t — w)/D. It is worth mentioning that this section adopts the
dimensionless approach from Section 4.1 to clearly illustrate the influence of different factors on elastic stiffness. Specifically, a
constant shear modulus Gy, is used to non-dimensionalize the elastic stiffness into the elastic stiffness coefficient.
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Fig. 15. Elastic stiffness coefficients of spudcan foundations in stiff-over-soft clay with different soil heterogeneous coefficient kD /sps.

4.2.1. Effect of thickness ratio

As shown in Fig. 12, as the thickness ratio of the top stiff clay t/D increases, the elastic stiffness coefficient curve changes more
significantly during the spudcan across the layered interface, and the risk of “punch-through” failure further increases. This is mainly
due to the increase in t/D, which increases the embedment depth when the spudcan senses the influence of the layered interface. At this
point, the elastic stiffness coefficient of the spudcan is gradually weakened by the influence of the surface boundary and enhanced by
the influence of the layered interface. The former increases the spudcan elastic stiffness, while the latter decreases the spudcan elastic
stiffness, and the changing trend of spudcan elastic stiffness becomes steep and sharp when the spudcan senses the layered interface.

Also, as mentioned in Section 4.1.3, the vertical elastic stiffness is less affected by t/D because the vertical deformation mechanism
is widely distributed in the depth direction. Compared with the horizontal and moment elastic stiffness, the vertical elastic stiffness
does not exhibit a significant phenomenon similar to “punch-through” failure (see Fig. 12). The same phenomenon and conclusion can
be found in Sections 4.2.2 and 4.2.3, so they are not repeated in the corresponding sections.

Interestingly, the sensitivity of the three directional elastic stiffness coefficients to the influence of soil surface boundary and soil
layered interface is also inconsistent. As shown in Fig. 12(a) and (c), the vertical elastic stiffness and moment elastic stiffness enter the
stabilization zone after the spudcan crosses the soil surface. There is no influence zone of the surface boundary. In contrast, the
horizontal elastic stiffness transitions from the influence zone of the surface boundary to the influence zone of the layered interface.
There is no stability zone. The same phenomenon occurs at different shear modulus ratios Gps /G, and soil heterogeneity coefficient kD
/Sus (see Figs. 13 and 15).

4.2.2. Effect of shear modulus ratio
Similar to the effect of t/D, the decrease in the shear modulus ratio G,s/G; makes the spudcan elastic stiffness more influenced by
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the layered interface. The changing trend of elastic stiffness becomes steeper and sharper during spducan across the layered interface
(Fig. 13). The risk of “punch-through” failure also increases with the decrease of Gys/G;. This is mainly because although the thickness
of the top stiff clay does not change, the reduction of the G,s/G; increases the difference in strength or energy consumption of soil
deformation between the layered interfaces, resulting in a more significant change of the spudcan elastic stiffness during spudcan
across the layered interface.

Interestingly, the suggestion in Section 4.1.3 that the vertical deformation mechanism of the spudcan is more widely distributed in
the depth direction and thus senses the effects of the layered interface earlier and is thus less affected by the layered interface, but this
conclusion does not seem to apply to the analysis of different soil properties. As shown in Fig. 14, at the same spudcan embedment
depth, the distribution range of shear strain in the bottom soft clay gradually increases as Gys/G; decreases, but this does not weaken
the change gradient of elastic stiffness coefficient of spudcans. In other words, although the increased differences in strength between
the layered interfaces caused the spudcan to sense the layered interfaces earlier, this advance prediction has little effect on the drastic
change of elastic stiffness caused by the significant difference in strength between soil layer interfaces. i.e., the explanation that wider
soil deformation or soil flow mitigates the risk of “punch-through” failure applies only to different foundation shapes [11,16] or
different loading directions and does not apply to different soil properties.

4.2.3. Effect of soil heterogeneity

As shown in Fig. 15, with the increase of soil heterogeneity coefficient of the bottom soft clay kD/ss, the change of elastic stiffness
coefficient of the spudcan tends to flatter during the spudcan across the layered interface, which weakens or inhibits the risk of “punch-
through” failure to some extent. This is because although the strength difference at the layered interface does not change, the increase
of the strength gradient of the bottom soft clay causes the soil strength of the bottom soft clay to increase rapidly with depth so that the
difference in the soil strength in a certain range before and after the layered interface is greatly reduced, which makes the spudcan
elastic stiffness not to be drastically reduced by sensing the influence of the soil layered interface anymore, i.e., the influence of the
layered interface is suppressed.

At the same time, with the increase of kD /s, the spread range of soil deformation to the bottom soft clay decreases (Fig. 16), which
indicates that the spreading range of soil deformation does not only depend on the strength difference between the layered interfaces,
but is also affected by the soil within a certain range of the layered interfaces. In addition, as shown in Fig. 16, the shear strain of
spudcan has an extensive distribution range when kD/ss is small, and the risk of “punch-through” failure is precisely the most serious
at this time. This also confirms the view in Section 4.2.2 that the explanation that transferring more soil deformation or soil flow to the
bottom soft clay mitigates the risk of “punch-through” failure does not apply to the different soil properties analyzed.

It is worth mentioning that although the increase of kD/s,;; suppresses the risk of traditional “punch-through” failure of spudcan
elastic stiffness, the excessive kD/s,p; still leads to a sharp increase of spudcan elastic stiffness after spudcan across the layered interface
(Fig. 15), which is still a challenge for the safe and stable operation of the spudcan in practical engineering.

4.2.4. Effect of soil backflow

Due to the constraint effect of soil backflow filling into the upper cavity of the spudcan, the elastic stiffness coefficient under
complete backflow case is greater than that under no backflow case [25]. Obviously, this effect still exists in stiff-over-soft clay. As
shown in Fig. 17, as the spudcan crosses the layered interface from the surface and enters the bottom soft clay, the elastic stiffness
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Fig. 17. Elastic stiffness coefficients of spudcan foundations in stiff-over-soft clay with different soil backflow conditions.

coefficient in the no backflow case remains consistently smaller than that in the complete backflow case. However, the change in
elastic stiffness coefficient under complete backflow cases exhibits a more dangerous “punch-through” failure phenomenon. This is
because the absence of the upper backflow soil weakens the influence of the layered interface. After crossing the layered interface into
the bottom soft clay, the spudcans immediately enter the stability zone, forming an elastic stiffness change effect similar to that of
single-layer clay.

As shown in Fig. 18, the appearance of cavities above the spudcan (i.e., no backflow case) not only inhibited the development of
shear strain around the holes but also reduced the range of shear strain spreading to the bottom soft clay, i.e., inhibited the transfer of
soil deformation to the lower soft soil layer. In the complete backflow case, the wider transfer of soil deformation into the bottom soft
clay should have sensed the effects of the layered interface earlier. However, it results in a more significant “punch-through” failure
phenomenon, which confirms the viewpoint in Section 4.2.

5. Predicted elastic stiffness coefficient profile

As shown in Section 4.2, the variation trends of the elastic stiffness coefficient in different directions do not exhibit consistent
patterns. Therefore, to present a uniform or similar variation trend for the elastic stiffness coefficient profile, this section selects G (see
Eq. (2)) as the shear modulus in the elastic stiffness matrix (Eq. (1)). As illustrated in Fig. 19, after non-dimensionalizing the elastic
stiffness using Gy, the elastic stiffness coefficients in all three directions display similar variation trends: starting from the soil surface,
the elastic stiffness coefficient gradually increases, reaches a peak when the spudcan approaches or is located at the soil layer interface,
and then gradually converges to a stable value after the spudcan enters the bottom soft clay layer.
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Where Gy, is the shear modulus of the bottom soft clay at depth z.

Based on the variation trends of the elastic stiffness coefficients shown in Fig. 19, this section proposes a simplified design profile to
predict the changes in the spudcan elastic stiffness coefficient in stiff-over-soft clay (see Fig. 20): (a) determine the elastic stiffness
coefficient of the spudcan at the soil surface; (b) determine the elastic stiffness coefficient of the spudcan at the soil layer interface; and
(c) determine the elastic stiffness coefficient when the spudcan is located in the stable zone of the bottom soft clay, using this value to
approximate the variation of the spudcan elastic stiffness coefficient in the bottom soft clay. Therefore, the three linear segments
shown in Fig. 20 can be used to approximately represent the variation profile of the spudcan elastic stiffness coefficient in stiff-over-soft
clay. The specific prediction or calculation method is as follows:

(a) soil surface and layered interface location

To comprehensively consider the changes in the elastic stiffness coefficient at the soil surface and the layered interface, an addi-
tional 25 sets of orthogonal experiments with different parameter combinations were conducted to cover the parameter range dis-
cussed in this study (groups IX, Table 1). After repeated trial calculations, Eq. (3) was proposed to predict the elastic stiffness
coefficients in three directions at different soil interfaces. As shown in Fig. 21, Eq. (3) can account for the effects of the thickness ratio t
/D, shear modulus ratio Gys/G, and soil heterogeneity coefficient kD /sy, and the calculated elastic stiffness coefficients show a high
level of consistency with the measurement results from numerical simulations. The fitting parameters (i.e., €1 - €5) in Eq. (3), obtained
using the nonlinear least squares method, are listed in Table 2.

(0 (G (kDN
Ki—€1+€2(5) (a) <£+1> 3)

Where the subscript i refers to the vertical (V), horizontal (H), and moment (M) directions.

(b) soft clay stability zone

As shown in Fig. 20, after selecting G, for non-dimensionalizing the elastic stiffness, the elastic stiffness coefficients of the spudcan
in the bottom soft clay under different parameter conditions gradually converge to the same value or fall within a narrow band
(Fig. 19). Therefore, this section does not fit the elastic stiffness coefficients of the stable zone in the bottom soft clay under different
parameter conditions; instead, it provides the range of variation and the average value (see Table 2) to simplify the prediction process.

6. Recommendation of application in industry practice

Current industry guidelines for jack-up platforms, including SNAME [7] and ISO [15], emphasize that a reasonably accurate
assessment of spudcan elastic stiffness is a crucial factor influencing the safe and stable operation of a jack-up platform. However, these
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Fig. 19. Elastic stiffness coefficient of the spudcan after non-dimensionalization using Go.

guidelines primarily address a single-layer, homogeneous soil scenario (i.e., the scenario discussed in Section 4.1.2). The only study on
elastic stiffness in layered soils [22] does not consider the effect of the layered interface of the soil, as the spudcan is only positioned in
the topsoil, and only a quantitative analysis is available; the corresponding mechanism remains unclear. In this context, this study
offers insights for the accurate field assessment of spudcan foundations operating in stiff-over-soft clays.

The results show that: (a) the spudcan elastic stiffness exhibits a changing trend similar to the “punch-through” failure of spudcan
penetration resistance in stiff-over-soft clay; (b) the spudcan elastic stiffness in single-layer clay is significantly different from that in
layered clay, making it extremely unreasonable and dangerous to use the elastic stiffness value of single-layer clay to evaluate the
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stiffness changes in layered clay; (c) emphasis should be placed on changes in moment elastic stiffness, which is the most sensitive to
soil stratification; (d) for the elastic stiffness coefficient prediction method proposed in this study, its practical application steps are as
follows:

. Obtain soil stratification properties through offshore site investigation and laboratory testing, including G, Gps, Sus, k, t, etc.

. Calculate the corresponding dimensionless parameters, including t/D, Gps/G¢, kD/Sus, Go, etc.

. Calculate the elastic stiffness coefficients for the no backflow case and the complete backflow case using Eq. (3) and Table 2.

. Based on the previous steps, the upper and lower bounds of the elastic stiffness of the spudcan in stiff-over-soft clay can be
determined. By performing appropriate interpolation based on the embedment depth and backflow condition, a specific value of
elastic stiffness can be further estimated.

A WDN R

7. Conclusion remarks

This study discretely simulates the variation in the embedded position of the spudcan in stiff-over-soft clay (similar to the pene-
tration process) using the three-dimensional small-strain finite element (SSFE) method and obtains the complete profile of the spudcan
elastic stiffness in stiff-over-soft clay. It isolates and separately evaluates the effects and corresponding mechanisms of the soil surface
boundary, the soil layered interface, and the coupling effects between them. A comprehensive parametric study is then carried out to
extensively investigate the effect and mechanism of soil stratification on elastic stiffness. The main findings and conclusions are
summarized as follows:

(a) The effects of the soil surface boundary and the soil layered interface are competitive rather than mutually promoting, and the
two have different effects on elastic stiffness in the three directions.

(b) The vertical deformation mechanism of the spudcan is more widely distributed in the depth direction, allowing for earlier
sensing of the effects of the layered interface and resulting in a lower risk of “punch-through” failure.

(c) The increase in soil heterogeneity in the bottom soft clay contributes to mitigating the risk of punch-through failure of elastic
stiffness.

(d) This study provides a complete view of the elastic stiffness in stiff-over-soft clays and establishes a simple prediction framework
to delineate the effects of the surface boundary and layered interface, which contributes to a more accurate site assessment of
jack-up platforms on stiff-over-soft clay sites in complex offshore environments.
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Fig. 21. Comparison of numerical measured results and calculated elastic stiffness coefficients.
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Table 2
Summary of fitting parameters and elastic stiffness coefficient of stability zone.

Soil surface location

€1 €2 €3 €4 €5
\Y 11.668 0.894 0.702 —1.337 0.653
H 5.256 2.309 0.340 -1.163 0.221
M 4.516 2.034 0.478 -1.227 0.155
Layered Interface location (No backflow) Layered Interface location (Complete backflow)
€1 & €3 €4 &5 €1 & €3 €4 &5
v 4.681 7.481 0.334 -0.413 0.675 10.830 5.146 0.619 -0.618 0.804
H 6.372 3.875 0.276 —0.784 0.311 8.385 4.661 0.440 —0.894 0.321
M 6.341 1.953 0.481 —0.819 0.400 7.641 4.424 0.534 —0.955 0.248
Soft clay stability zone (No backflow) Soft clay stability zone (Complete backflow)
Ky 10.534 - 12.312 (11.934) 15.014 - 17.068 (15.657)
Ky 8.670 - 9.342 (9.012) 11.426 - 12.820 (11.928)
Ku 8.587 - 9.301 (8.879) 10.501 - 11.739 (10.864)
acquisition.
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