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Abstract: The installation of spudcan foundation of jack-up platforms in stiff-over-soft clay may occur punch-through failure
due to the complexity of marine engineering geological conditions. However, the current deterministic methods recommended
in the guidelines can only predict the peak penetration resistance of the spudcan foundation based on the assumption of uniform
soils, which do not consider the uncertainty of soil properties in the complex seabed. Bayesian method can improve the
predicted accuracy of peak penetration resistance and the corresponding depth by allowing the quantitative modeling of
uncertainties in geometric and geotechnical parameters. This paper illustrates a developed Bayesian prediction model to realize
the real-time prediction of peak penetration resistance and the corresponding depth. Different calculation models of peak
penetration resistance and depth are applied to the Bayesian method to study the influence of different calculation models on
the estimation of punch-though failure. The results show that the prediction accuracy increases with the increase of monitoring
data, and the error of peak value by the developed Bayesian prediction model is within 5%.
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1 Introduction

Mobile jack-up platforms are widely used for offshore drilling and gas industry in shallow to moderate water
depths (up to ~120 m). A jack-up is installed by filling water ballast tanks on the platform, which pushes the legs
and large inverted conical spudcan footings attached at the ends into the seabed soil. There is potential for a
spudcan to punch through the strong clay into the underlying weak clay during installation, as shown in Figure 1.
This punch-through failure can lead to buckling of the leg, effectively decommissioning the platform (Osborne &
Paisley, 2002; Menzies & Lopez 2011; Jack ef al., 2013; Hu et al., 2014). Two key parameters of punch-through
failure are the peak penetration resistance and the depth of peak penetration resistance. If these parameters can be
known before spudcan penetration, measures can be taken in advance to avoid punch-through accidents.
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Figure 1. Illustration of potential punch-through

The deterministic method according to Brown and Meyerhof (1969) is recommended in the ISO (2016) and
SNAME (2008). However, it doesn’t give the punch-through criterion about the depth of peak penetration
resistance and only applies to clay layers of uniform undrained shear strength. New deterministic methods are
proposed to predict the depth of peak penetration resistance and suitable for nonhomogeneous strength profile
(Hossain & Randolph, 2009; Zheng et al., 2016). Without accounting for the uncertainties, such as limited quantity
of site investigations, variation in properties across a site and so on, the single-value prediction provided by the
current deterministic methods is usually different from the field measurements (Van Dijk & Yetginer, 2015).
Therefore, the probability method considering uncertainties has been proposed to predict the punch-through
behavior of spudcan foundations. A model factor of calculation equation and probabilistic prediction model are
proposed to define and characterize the uncertainties. The probability of the peak penetration resistance and the
corresponding depth are continuously updated based on Bayesian theory during the penetration of spudcan
foundations (Li ef al., 2018; Marco et al., 2017). However, they only used a deterministic calculation model in the
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probability method for punch-through prediction. If other deterministic calculation model is used, can the
probability method also get a good prediction? To answer this question, the semi-empirical model and the
improved ISO model (Zheng et al., 2016) are used in probabilistic prediction method to predict the punch-through
failure of the spudcan foundation in this study, respectively.

2 Deterministic Model of Peak Resistance and Depth

A dataset of 57 geotechnical centrifuge model tests (Hossain & Randolph, 2010) and large deformation finite
element (LDFE) analyses (Zheng et al., 2016) form the basis of the deterministic model and of the probabilistic
extension reported in this paper. The calculation model of the depth (dpeak car) at which the peak penetration
resistance occur, can be expressed as (Zheng et al., 2016):
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where D is the diameter of spudcan foundation; Suvs is the intact undrained shear strength of bottom-layer soil at
layer interface; Su is the intact undrained shear strength of top-layer soil; 7 is the thickness of the top-layer soil;
and £ is the rate of increase of shear strength within bottom layer.

The semi-empirical calculation model of peak penetration resistance, gpeak semi, can be expressed as (Zheng et
al., 2016):
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The improved ISO calculation model of peak penetration resistance, gpeak pro, can be expressed as (Zheng et
al., 2016):
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where Suw is the intact undrained shear strength of bottom-layer soil; go is the effective overburden pressure of
soils; and 7" is equivalent thickness of soil plug (top-layer soil) in bottom layer.

3  Probabilistic Prediction Model

3.1 Uncertainty characterization

Since the deterministic model does not consider the uncertainty in soil properties caused by limited exploration
data and inherent variability, the peak penetration resistance and the corresponding depth calculated by Egs. (1) to
(3) cannot be completely equal to the field measurements. In order to bridge this gap, the model factor is proposed.
After the calculated value of depth of peak penetration resistance, dpeak cal, is introduced into the model factor g,

the relationship between the measured value, dpeak mes, and the calculated value can be expressed as (Li ef al.,
2018):

dpeakimea = peak _cal X gd (4)
A similar analysis is performed on the peak penetration resistance (Li et al., 2018):
qpeakimea = qpeakical X gq (5)

where ¢peak mea 1S the measured value of peak penetration resistance; gpeak cal is the calculated value of peak
penetration resistance; and &, is the model factor.

The data sets are processed to obtain calculated values dpeak cal, gpeak semi and gpeak pro (as shown in Figure 2).
They are combined with the measured value dpeak mea and gpeak mea, and the model factors &4, £q semi and &q pro are
obtained according to Egs. (4) and (5). The calculated values of peak penetration resistance and the corresponding
depth are quite different from the measured values, as shown in Figure 2. The model factors have great discreteness
and their frequency histograms are shown in Figure 3. It can be seen that the model factors need to be described
by probability distribution. Beta distribution has strong flexibility and applicability, and changing the shape
parameters of its density function can change the Beta distribution from uniform distribution to approximate
normal distribution. Therefore, the model factors are assumed to be Beta distribution. The probability density
function is expressed as (He, 1991):
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lower and upper limits of the distribution.

The shape parameters of the Beta distribution are shown in Table 1, and the fitting curves are shown in Figure
3. The peak penetration resistance and the corresponding depth prediction range obtained by the model factors are
shown in the yellow area in Figure 4. The measured values of peak penetration resistance and the corresponding
depth are included in the range of possible values obtained by the Beta distribution.
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Figure 2. Relationship between calculated values and measured values: (a) the depth of peak penetration resistance, (b) the
semi-empirical peak penetration resistance and (c) the improved ISO calculation of peak penetration resistance
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Figure 3. Frequency histogram and Beta fitting of model factor:(a) the model factor of the depth, (b) the model factor of the
semi-empirical equation and (c) the model factor of improved ISO equation

Table 1. Shape parameters of Beta fitting
Shape parameters

Model factor

7 n
Depth £, 4.16 11.62
£y semi 5.90 6.43

Stress
€y pro 7.05 6.09
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Figure 4. Relationship between measured value and predicted range value of probability model: (a) the depth of peak
penetration resistance, (b) predicted range value of the semi-empirical model and (¢) predicted range value of the improved
ISO model

3.2 Bayesian estimation of punch-through probability

The candidate values of the peak penetration resistance and the corresponding depth during spudcan penetration
are set as gpi, dpj (1,7 = 1,2,3...), respectively. Assuming that the peak penetration resistance and the corresponding
depth are independent of each other, the prior probability P (gpi, dy) is the product of P (gpi) and P (dyy), where P
(¢gpi) 1s marginal probability of peak resistance occurring at the ith candidate stress, and P (dp) is marginal
probability of peak resistance occurring at the jth candidate depth. The Bayesian equation is used to update the
punch-through prediction, which can be expressed as (Marco ef al., 2017; Li et al., 2018):

= P(qpi H dpj) : P(qmon s dmon | qpi 2 dp/)
Z P(qpi > dpj) : P(qmon > dmon | qpi > dpl)
ij

P(qpi > dpj | qmon > dmon ) (7)

where gmon is the monitored penetration resistance; dimon is the monitored penetration depth; P (gmon, dimon | gpi, dpj)
is the likelihood; and P (gpi, dp;j | gmon, dmon) is the posterior probability.

3.2.1 Prior probability

Take N random numbers subject to Beta distribution respectively to obtain &, and &, , and substitute them into
Eqgs. (4) and (5) to obtain measured value gpeak mea and dpeak mea. The measured value gpeak mea 1s equally divided
into (Nm-1) segments, and the length of each segment is A . Then take these dpeax mea as the center point of A , and
the frequency of A is taken as the marginal probability P (diy) (i = 1,2,3,..., Nm). A similar analysis is performed

on the peak penetration resistance. The calculation of a prior probability is expressed as (Marco ef al., 2017; Li et
al., 2018):

P(q,.d,) =P(q,)- P(d,) ®)

3.2.2  Likelihood and posterior probability

The likelihood P (gmon, dmon | gpi, dpj) represents the probability that the monitored data is (gmon, dmon) When the
punch-through failure occurs at the predicted candidate value (gpi, dp;). Hossain and Randolph (2009b) proposed
the logarithmic relationship between the ratio gmon / gpeak and the ratio dimon / dpeak. On this basis, Marco et al. (2017)

proposed a normalized load-displacement probability model, which is also used to calculate the likelihood in this
study.

0
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where dpred is the predicted value of penetration depth when the monitoring value of penetration resistance is gmon;
1, is the load-displacement model factor; and y is versus the auxiliary parameter.

Once prior probabilities and likelihood values are available for all punch-through resistance and the
corresponding depth, the posterior probability is calculated from Bayesian equation.

4 Illustrative Examples

The centrifuge test E2UU-IV-T11 of Hossain and Randolph (2010a) is analyzed by the Bayesian prediction
method. Detailed in Table 2 are the geometric and soil properties tested (}/; and 71; are the effective unit weight of
top-layer soil and bottom-layer soil respectively). In this example, the peak penetration resistance is 324 kPa
occurring at 1.30 m. The peak penetration resistance calculated by semi-empirical model and improved ISO model

are 292 kPa and 310 kPa, and the calculated value of the corresponding depth is 1.69 m. The peak penetration
depth is much smaller than that calculated from the deterministic model, which may pose threat to the structures.

Table 2. Summary of centrifuge test

. D V. Yo Sut Subs
Specimen  Group Test (m) T (m) t/D (Nm3) (Nm3) (kPa) (kPa) k (kPa/m)
Event2 v T11 6 7.5 1.25 8.13 7.75 47.3 14 0

Generate 2000000 random numbers about &, and &, respectively. These random numbers, gpeak cal and

dpeak_cal are substituted into Egs. (4) and (5). Then, gpeak mea and dpeak_mea are divided equally into 50 segments to
obtain gpi and dy (i, j = 1,2,3..., 51). The interval length A of each segment is calculated, and the gp; and d,; are
taken as the midpoint of A. The frequency of each segment A is taken as the marginal probability P (gpi) and P
(dp) respectively. Therefore, the prior probability P (gpi, dp) is a 51 X 51 matrix and the prior probability contours
can be obtained by connecting the points with equal prior probability values. Figure 5 is the prior probability
obtained by the semi-empirical model and the improved ISO model. No matter which deterministic model is
adopted, the calculated value is very different from the measured value. The prior probability for the measured
values are 0 and 0.003 respectively, as shown in Figure 5. It should be noted that the exact probability values of
the peak behavior for any specific couple of candidate values (gpi, dpy) are a function of the user-defined number
of discretization.

The monitoring data of spudcan in the process of penetration are shown in Table 3. The likelihood is calculated
by the load-displacement model (Marco et al. 2017). Then, the posterior probability is obtained according to Eq.
(7). Figure 6 (a) and (b) (Figure 8 (a) and (b)) are the likelihood for one and five sets of monitoring data
respectively. For example, the red hollow circle shown in Figure 6 (a) represents the monitoring data. If the
spudcan occurs punch-through at a candidate value (gqpi, djy), the probability value is the likelihood when the
monitoring data is (277 kPa, 0.12 m) during spudcan penetration.
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Figure 5. Prior probability contours obtained by: (a) the semi-empirical model and (b) the improved ISO model

Table 3. Monitoring data

Number of monitoring data Gmon (kPa) Amon (M)
1 277 0.12
2 291 0.36
3 303 0.66
4 313 0.84
5 320 1.08
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Figure 7 (a) and (b) (Figure 9 (a) and (b)) are the posterior probability of peak penetration resistance and the
corresponding depth for one and five sets of monitoring data respectively. Contour plots allow intuitive
visualization of the data, with the quoted percentages representing the probability that the peak penetration
resistance and the corresponding depth will lie within the contour. For example, there is 82% probability in Figure
7 (a) that the peak values lie within the first contour where the peak penetration resistance is from 308 kPa to 347
kPa, and the corresponding depth is from 0.69 m to 2.30 m. As the number of monitoring data increases, the more
concentrated the area surrounded by contour lines and the greater the updated the posterior probability shown in
Figure 7(b) (i.e. the range within which there is 87% chance that the peak resistance lies within is only from 319
kPa to 344 kPa, and depth from 1.07 m to 2.30 m). The "*" in Figure 7 (a) and (b) (Figure 9 (a) and (b)) indicates
failure most likely to occur at this point within the predicted punch-through area. With the increase of monitoring
data, the point is closer and closer to the measured value. The coordinate of this point is (326 kPa, 1.26 m) in
Figure 7 (b) and the relative error between it and the measured value (324 kPa, 1.30 m) is 1% in peak penetration
resistance and 3% in depth. The coordinate of this point is (329 kPa, 1.27 m) in Figure 9 (b) and the relative error
between it and the measured value is 2% in peak penetration resistance and 2% in depth. There is little difference
between the predicted results.

This example has demonstrated that the areas where punch-through may occur is constantly updated with the
increase in monitoring data. Furthermore, the punch-through area is more and more concentrated, and the posterior
probability at the measured value is also greater. No matter which deterministic model of peak resistance is used,
the results obtained by the Bayesian method can well predict punch-through.

5 Conclusions

This paper develops Bayesian prediction model, and two deterministic models of peak penetration resistance are
used in Bayesian method to predict the punch-through failure of spudcan in stiff-over-soft clays. Whether the
deterministic model adopts semi-empirical model or improved ISO model, the predicted punch-through area is
almost consistent with its corresponding posterior probability, and the difference between the predicted peak
values at the most likely punch-through point and the measured value is within 5%. Moreover, compared with the
deterministic analysis method to predict the punch-through, the results obtained by the probability method can be
updated in real time, and the updated prediction results are closer to the measurements. The Bayesian prediction
method has good robustness. It provides operation instructions for technicians during the installation of spudcan
foundation.
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