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Different approaches to estimation of the characteristic undrained shear strength of soil are discussed, based on 12 cone
penetration tests (CPTs) carried out within a soil volume representative of an offshore monopile foundation. The paper is
focused on the statistical treatment of the data, and pile–soil interaction is modelled by the Winkler approach with nonlinear
p–y curves for the soil resistance. The 5MW NREL reference wind turbine is employed for load estimation, utilizing the
aeroelastic code FAST. The study includes comparison of monopile capacities based on a single CPT as well as multiple
CPTs. Comparisons are made between results obtained from a single CPT and those from all the CPTs at the site. The
influence of assuming few or many layers in the deterministic soil model is assessed, and different assumptions regarding the
statistical distribution of the data are compared. Finally, based on findings of the analyses, guidelines for the estimation of the
characteristic soil strengths are proposed.

INTRODUCTION

Foundations for wind turbines account for a significant portion
of the total cost related to the construction of an offshore windfarm.
To reduce foundation costs, and thereby the cost of energy, proper
assessment of the subsoil is important. In this regard, a number
of uncertainties exist, including physical uncertainty related to
the natural variability of the soil, statistical uncertainty due to
insufficient data, measurement uncertainty caused by inaccurate
testing methods, and model uncertainties related to imperfect
computational models and the conversion of raw measurements
into geotechnical properties. The present study is based on cone
penetration tests (CPTs). For this type of field test, Phoon and
Kulhawy (1999) reported coefficients of variation in the range of
30%–50% for the undrained shear strength of soil, indicating large
uncertainty.

As proposed by, among others, Andersen et al. (2012), Fenton
and Griffiths (2007, 2008), and Haldar and Babu (2008), the design
of geotechnical structures, including deep foundations, can be
carried out by probabilistic methods. In this approach, the spatial
variability of the soil is treated explicitly by the introduction of a
random field for the strength. However, most engineering projects
rely on deterministic design. In this context, partial factors are
applied to convert characteristic values of the soil properties into
design values. It is important to note then that the reliability of
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the final design is highly dependent on the manner in which the
characteristic value has been chosen and assessed, not only on the
partial factors used.

As outlined by DNV (2012), the choice of characteristic value
depends on the problem being investigated as well as the design
code that is to be applied. If the material strength at a single point
is critical regarding failure, a 5% quantile value of the strength
is often used as the characteristic value. When failure involves
a larger volume of material—in this case, the seabed (i.e., the
subsoil) around the monopile—this leads to an overconservative
design. Eurocode 7 (2004) suggests that characteristic soil strengths
should instead be taken as the mean values with a confidence
level of 95% within the volume of soil involved in failure. It
can be argued that even for the tip resistance of a monopile, a
single-point estimate of the strength may be overconservative since
the size of the foundation (diameter of 5–6 m) is of the same
order of magnitude as the correlation length for the soil strength.
In the CPTs relevant to the present study, horizontal correlation
lengths of 4–20 m were observed in the different soil layers, as
reported by Yoon and O’Neill (1997a). However, because of the
natural variability of the soil, it is difficult to obtain reliable and
fully descriptive data for the seabed where the foundation is to be
installed. Furthermore, estimation of the soil volume relevant to
the extraction of the material properties is subject to uncertainty
since the soil volume is not known before the failure mechanism is
identified, and vice versa.

In the estimation of soil properties, allowing for the definition of
more layers in the assumed stratification may provide a higher level
of detail; however, the statistical basis for the estimation of the
characteristic soil strength in each individual soil layer is reduced.
Potentially, this can lead to a decrease in the characteristic value.
As proposed by DNV (2012), higher confidence can be achieved
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by performing more tests. However, unlike structural materials
where low coefficients of variation for strength are encountered, the
strength of soil is subject to great uncertainty and great variation,
even within a layer of apparently homogeneous material. The
benefit of including more observations to reduce uncertainty in
the estimate of the population mean may hence be small. This
may explain why many foundation designers rely on engineering
judgment rather than formal statistical analysis. Most geotechnical
engineers agree that engineering judgment is in any case necessary
in the assessment of the soil. Identification of layers is in itself
subject to uncertainty, and before the stratification is given, the soil
within each layer cannot be analyzed.

Based on the discussion above, this paper focuses on assessment
of the characteristic value for undrained shear strengths in clayey
soils, and the deterministic approach is compared with probabilistic
analysis. The application is for the design of a monopile that
supports a 5MW offshore wind turbine. Data from 12 high-quality
CPTs are utilized, and different methods for estimation of the
characteristic value are compared. Especially, the influence of
having few or many layers in the stratification model is examined,
and the impact of assuming a normal or log normal distribution for
the soil strength is studied. Further, the approximations of the 95%
confidence level for the mean proposed by Ovesen (1995) and
Schneider (1999) are considered. The analysis is concerned with
the serviceability limit state (SLS), and design loads are computed
using the aeroelastic code FAST (Jonkman and Buhl, 2005).

The intention of the study is not to provide the overall uncer-
tainties related to the design but to quantify the differences in
safety obtained by different characteristic values. Hence, it will be
assumed that the model uncertainties related to the estimation of the
soil strength, pile resistance, and load estimation can be disregarded.

The following section describes in detail how the raw data from
CPTs, primarily the cone resistance, are converted into characteristic
values of the undrained shear strength, su. The analysis leads to
the definition of three alternative soil profiles with different soil
stratification and, for each profile, the characteristic value of su.
After this, the models of the monopile and the load are described.
Next, the results of the pile analyses are presented and discussed,
including a probabilistic analysis. Finally, conclusions are made,
and guidelines for estimating characteristic values of su from CPTs
are proposed.

CHARACTERISTIC UNDRAINED SHEAR STRENGTHS

This study employs undrained shear strengths, su, derived from
total cone resistances, qc , recorded by CPTs:

su = 4qc −�vo5/Nk (1)

where �vo is the vertical overburden pressure, i.e., the total vertical
stress in the soil; and Nk is an empirical cone factor. Equation 1
is subject to model uncertainty. As indicated above, this is not
included in the present study.

Soil Stratification and Classification

Yoon and O’Neill (1997b) analyzed results of 28 CPTs at the
University of Houston. A cone factor of Nk = 23 was identified for
the site (Mahar and O’Neill, 1983). Twelve of the CPTs (identified
as CPT 1–8 and CPT 27–30 in the original site investigation)
form the basis for the present study of an assumed (fictitious)
offshore wind turbine (OWT) site. The area covered by the CPTs is
representative of the soil interacting with a monopile. However, the
CPTs only reach a depth of 18 m below the ground surface. Hence,
as indicated in Fig. 1, to make a soil profile for the monopile
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Fig. 1 Soil profiles at the CPT test site and at the assumed OWT
site

design at the assumed OWT site, the soil profile from the CPT site
is “stretched” to a depth of 36 m.

The characteristic undrained shear strength should be estimated
for each soil layer. Usually, the identification of individual layers
is based on borehole logs and CPTs combined with engineering
judgment. As an alternative, a number of layers with equal depth
can be assumed. To quantify the difference in characteristic su due
to different layering, three soil stratifications are utilized in the
present study (cf. Fig. 1):

1. The stratification identified by borehole logging as reported
by Yoon and O’Neill (1997a);

2. A stratification with a division into 2.5 m deep layers at the
CPT site, i.e., 5.0 m deep layers at the assumed OWT site;

3. A stratification with a division into 1.0 m deep layers at the
CPT site, i.e., 2.0 m deep layers at the assumed OWT site.

Based on cone resistance qt and friction ratio Rf = fs/qt , fs being
the sleeve friction, Fig. 2 shows an example of soil classification at
the CPT site for Layer 2 in Soil Stratification 2. With reference
to Robertson et al. (1986), the following definitions apply to the
zones in the diagram:

1. Sensitive fine-grained
2. Organic soil

Fig. 2 Classification chart for Layer 2 in Soil Stratification 2
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3. Clay
4. Silty clay to clay
5. Clayey silt to silty clay
6. Sandy silt to clayey silt
7. Silty sand to sandy silt
8. Sand to silty sand
9. Sand

10. Sand to gravelly sand
11. Very stiff fine-grained soil
12. Overconsolidated or cemented sand to clayey sand
Evidently, Layer 2 in Soil Stratification 2 contains a mix of clay,

silt, and fine sands with some degree of overconsolidation. This is
in good agreement with observations from borehole logs (Yoon and
O’Neill, 1997b). Similar results apply for the other layers of the
soil.

Alternative 1: 95% Confidence Level for the Mean Strength

In the statistical analysis, the undrained shear strength is treated
as a random variable, X = su. As suggested by Eurocode 7 (2004)
and other standards for structural design, the characteristic value
suk =Xk may be estimated as the population mean �X that can be
found with 95% confidence based on a lower one-sided interval.
Assuming the strength to be normally (or Gaussian) distributed, the
characteristic value becomes (Student, 1908):

XStudent
k = X̄ − t00951n−1S4X5/

√
n (2)

where X̄ and S4X5 denote the sample mean and sample standard
deviation, respectively, and t�1v is the inverse of Student’s t
cumulative distribution function with v = n− 1 degrees of freedom
for nonexceedance probability �. Finally, n is the number of
observations made within the sample.

Ovesen (1995) and Schneider (1999) proposed simplifications of
Eq. 2:

XOvesen
k = X̄ − 10645S4X5/

√
n1 XSchneider

k = X̄ − 005S4X5 (3)

where 10645 = t00951�. It is noted that Ovesen’s approximation of Xk

is nonconservative—especially for few observations in a sample—
since it assumes the number of degrees of freedom v in t�1v to
be infinite. Compared with Eq. 2, the approximation proposed by
Schneider overestimates the characteristic value when one has 12
or fewer observations and underestimates the characteristic value
when one has 13 or more observations. If the strength su is log
normally distributed, Eqs. 1 and 2 can be applied to its normally
distributed counterpart X = ln 4su5, and a characteristic value can
be found as suk = exp 4Xk5.

The method described here as Alternative 1 can be applied to the
data from a soil layer in a single CPT, or it can be applied to all data
of a soil layer as available from all CPTs at the site. Ideally, data
must come from the same population, be independent, and should
cover the volume of soil that is involved in the failure mechanism.

Alternative 2: 5% Quantile Value of Sample Mean Strengths

Alternatively, if sufficient data are available, one may find the
sample means for a number of samples, i.e., for a number of CPTs
done within a soil layer. The 5% quantile of the mean can then be
used as another candidate for the characteristic value, similar to
the idea that the 5% quantile of the strength can be utilized if the
value at a single point is critical for failure. Assuming the mean
�X =�su

to be Gaussian distributed, the estimate becomes:

X
5% quantile
k = ¯̄X − tnc00951n−11ê−1400955

√
n
S4X̄5/

√
n (4)

where ¯̄X and S4X̄5 are the mean and standard deviation of the
sample mean, respectively. Further, tnc�1v1m is the inverse of noncen-
tral Student’s t cumulative distribution function with v degrees
of freedom and noncentrality parameter m for nonexceedance
probability �. Finally, n is the number of sample means, and
ê−14�5 denotes the inverse of the standard normal distribution. If
the mean �su

is log normally distributed, the variable �X = ln
(

�su

)

may be introduced, and the characteristic value is estimated as
s

5% quantile
uk = exp4X5% quantile

k 5.

Characteristic Values for Different Soil Stratifications

The data from the 12 CPTs have been processed based on
Alternatives 1 and 2 described above and assuming the data (or
sample means) to be normally (N) or log normally (LN) distributed.
The analyses are carried out for the three soil stratifications defined
in Fig. 1.

First, the undrained shear strength in each individual CPT has
been calculated by Eq. 1. Average values of qt in 0.15 m intervals
over the depth have been used as observations. In spite of the
fact that the vertical correlation length at the site may be longer
than 0.15 m, the observations are treated as being statistically
independent. The influence of assuming a correlation length of, for
example, 0.45 m—such that the number of independent data are
reduced to one-third—will be discussed later. It is noted that the
unit weight of soil at the CPT site is approximately 19.8 kN/m3.
This information has been used to calculate the vertical overburden
pressure �vo.

As an example of the results for a single CPT, Figs. 3–5 show
the su variation with depth for CPT 2 in Soil Stratifications 1–3.
The various colored lines indicate estimates of the characteristic su
values obtained from the single CPT by Approach 1, including
Ovesen’s (1995) and Schneider’s (1999) approximations of the
original formulation by Student (1908). It is assumed that the data
are independent and that they have a normal (N) or log normal
(LN) distribution. As expected, Ovesen’s approximation is slightly
nonconservative, whereas Schneider’s estimate is nonconservative
in layers with few observations and overconservative in layers with
many observations of su. In most cases, the N distribution leads to
higher characteristic values than the LN distribution, although no
general conclusion can be made. It is interesting to note that, for
some of the CPTs, the difference between the N- and LN-based
results is greater than 25% in the deepest layers.

If the vertical correlation length is longer than 0.15 m, the
observations in a single CPT cannot be assumed independently.
For example, if the correlation length is 0.45 m, only every third
datum can be treated as independent; i.e., n is reduced to one-third.
This leads to a reduction of the characteristic values suggested
by Eq. 2, as well as Ovesen’s approximation, especially when a
normal distribution of the strength is assumed. Further analysis, not
reported in detail in this paper, shows that the Student (N) estimate
becomes negative for the soil layers with a high coefficient of
variation for su, particularly in Stratification 3 where few (2 or 3)
independent observations are made per layer.

Second, characteristic values for each layer in Soil Stratifications
1–3 are estimated based on Alternatives 1 and 2. Figures 6–8 show
the results of the analyses, including the population mean values
found with 95% confidence and the 5% quantile values of the
sample means. Again, normally (N) or log normally (LN) distributed
data have been assumed. In Figs. 6–8, the characteristic values
marked as Student (N) and Student (LN) have been found from
Eq. 2 using all observations in a layer, whereas the 5% quantiles
(N/LN) refer to the use of Eq. 4. The “5% quantile of means” is
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Fig. 3 Characteristic values of su in CPT 2 with Soil Stratification 1
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Fig. 4 Characteristic values of su in CPT 2 with Soil Stratification 2
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Fig. 5 Characteristic values of su in CPT 2 with Soil Stratification 3

calculated directly based on the sample means from each CPT with
no assumption of cumulative distribution function. For comparison,
the minimum and maximum characteristic values found from Eq. 2
but based on observations from a single CPT are included.

Generally, the trend in Figs. 6–8 is that the 5% quantile values of
the sample means are higher than the characteristic values obtained
by the Student approach. The 5% quantiles (N) are lower than the
5% quantiles (LN). Approach 2, i.e., the use of Eq. 4, provides
extremely overconservative estimates of the characteristic values. In
some layers, especially in Soil Stratification 3, the assumption of a
Gaussian distributed sample mean provides negative values of the
characteristic soil strength. In contrast, the Student (N) values are in
most cases greater than the Student (LN) values. This observation
is in line with the observation made for the single CPT. Since
differences of more than 25% are obtained between characteristic
values estimated by the various approaches, it may be critical for
the design of a foundation to know which statistical distribution
function provides the better fit to the data measured at a given
site. The consequence of choosing one or the other distribution,
i.e., Gaussian or log normal, will be examined in the following
sections. For comparison with the results obtained based on all
12 CPTs at the site, the monopile will also be analyzed based on
the minimum and maximum characteristic values found for single
CPTs in the field. Finally, the deterministic approach is compared
with a probabilistic approach in which the sample mean value and
coefficient of variation (COV) are applied as input, again assuming
the mean strength to be either Gaussian or log normally distributed.

MODELS OF THE MONOPILE AND LOAD

The monopile behavior is analyzed by the beam-on-elastic-
foundation approach (i.e., the Winkler approach) in which t–z, q–z1
and p–y curves are employed to account for the soil–pile interaction.
In this manner, the soil stiffness is simulated by nonlinear elastic
springs attached to the pile nodal points along its buried length. The
pile considered in the present study is modeled by Euler–Bernoulli
beam elements with a Young’s modulus of 201 × 108 kPa and
unit weight of 77 kN/m3 corresponding to construction steel. The
surrounding soil is discretized by nonlinear elastic springs to model
the soil–pile interaction. The t–z, q–z1 and p–y curves are based
on API (2005). The soil strain at 50% of yield stress (�505 in the
p–y curves is determined in a range of 0.02~0.005 for soft clay and
stiff clay, respectively. The element size is specified to be 0.1 m.

The extreme loads on the pile foundation have been estimated
using FAST (Jonkman and Buhl, 2005), one of the most widely
used open-source aero-servo-elastic analysis codes, where stochastic
inflow wind velocity fields are generated using TurbSim (Jonkman
and Kilcher, 2012). A hub-height mean wind speed of 11.4 m/s (the
rated wind speed) is used because, for this pitch-controlled turbine,
the largest loads are experienced at or slightly above the rated wind
speed. A vertical wind shear with a power-law exponent of 0.11 is
used, and IEC turbulence category A is assumed. A total of 100
10-minute simulations are utilized in estimation of appropriate
log normal distribution parameters for the maximum loads. The
NREL 5MW reference offshore wind turbine (Jonkman et al., 2009)
supported by a monopile foundation has been employed in the
analysis. It is noted that the current version of FAST cannot handle
pile–soil interaction effects directly but utilizes the apparent-fixity
model with a longer monopile substructure.

Unlike what is done for more conventional offshore and land-
based infrastructures, the maximum wind forces, i.e., thrust forces,
occur for near-rated wind-speed conditions, and not for the much
higher 20-year or 50-year wind speeds, because the thrust force at
higher wind speeds can be efficiently reduced by blade pitch control
and variable rotor speed in modern commercialized wind turbines.
Therefore, normal operating conditions under the rated wind speed
are considered to calculate the maximum load conditions at the top
of the pile foundation, i.e., at the level of the seabed. For simplicity,
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Fig. 6 Characteristic values of undrained shear strength for Soil Stratification 1 (layers identified by borehole logging)
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Fig. 7 Characteristic values of undrained shear strength for Soil Stratification 2 (division into 2.5 m deep layers)
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Fig. 8 Characteristic values of undrained shear strength for Soil Stratification 3 (division into 1.0 m deep layers)

wave forces on the support structure are disregarded in this study,
but if an actual OWT site is specified, appropriate wave conditions
can be easily incorporated.

Generally, in the serviceability limit state (SLS) design concerned
with the stability of the whole OWT structure under lateral loads
such as wind, wave, and current, etc., it should be ensured that

lateral deflection and rotational angle tolerances are not exceeded.
Accordingly, in this paper, the major failure mode of the monopile
is considered as the rotation angle of the pile head, and a limit
state function is expressed as follows:

g = �a − �4FH 1 FV 1M1 su11 su21 su31 0 0 05 (5)
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where �a is the allowable rotation angle and �4x5 is the rotation
angle of the pile cap for realizations of the random variables
4x5 that represent the loads and soil undrained shear strengths su.
In this paper, �a = 005� is considered. As mentioned, the model
uncertainties related to estimation of the load are disregarded.

Monopile foundation dimensions, such as pile diameter, thickness,
and embedded pile length, are defined reasonably through the
pile analyses based on the conditions described. Pile calculations,
including reliability analyses, are conducted using the in-house
software HSRBD (Harbour Structure Reliability Based Design)
developed at KIOST (2011). As a result, the pile diameter and wall
thickness are taken as 6.0 m and 60 mm, respectively. A pile length
of 23 m is considered, of which the protrusion length is 1 m.

Regarding the reliability analysis, Monte Carlo simulations with
100,000 trials are carried out for each of the soil stratifications
defined in the previous section. The output sample variances of the
limit state function are given within 0.01%.

RESULTS OF MONOPILE ANALYSIS

A monopile with length of 23 m (cap to toe), outer diameter of
6.0 m, and wall thickness of 60 mm has been found to be adequate.
Results of the deterministic analysis are presented in Figs. 9–11 as
well as Tables 1 and 2. The monopile behaves in a rigid manner with
significant “toe-kick,” i.e., the bottom of the pile moves backward
relative to the direction of the horizontal force. As discussed by
several researchers, including Abdel-Rahman and Achmus (2006),
this is an important difference between monopiles and the slender
piles forming the basis for derivation of the p–y curves proposed by
API (2005). Ideally, a nonlinear spring accounting for the interaction
between the soil and the bottom of the pile should be included in
the model; however, the development of an improved concept for
monopile analysis is beyond the scope of this paper. Thus, model
uncertainties related to the resistance model are not accounted for.

Figures 9–11 and Table 1 indicate that the displacements for
most choices of the characteristic undrained shear strength are
of the same order of magnitude, i.e., approximately 30–40 mm.
Employing the 95% confidence level for the mean values estimated
by Eq. 2 using all CPTs in each layer (the “Student” curves in
Figs. 6–8), Soil Stratification 1 gives displacements that are 17%
larger than the displacements obtained for Soil Stratification 3.
Stratification 2 leads to intermediate results for the displacements.
Furthermore, assuming log normally (LN) distributed su leads to
22% larger displacements than assuming a normal (N) distribution.

Table 1 also presents results obtained by using characteristic
values extracted from single CPTs, i.e., the minimum or maximum
values obtained by Eq. 2 using only one CPT in each layer. The
assumed variation of the characteristic values for these cases is
illustrated in Figs. 6–8 as the “Min. Student” and “Max. Student”
curves. Evidently, the minimum single-CPT characteristic values
of su provide an extremely overconservative design if the failure
mechanism involves soil that has been assessed by some of the
other CPTs. The difference compared with the method based on
the mean of data from all CPTs in the soil volume is more than
200% for Soil Stratifications 1 and 3 and approximately 400% for
Soil Stratification 3. Similarly, the displacements obtained with the
maximum single-CPT characteristic values of su are up to 50%
lower than the displacement resulting from the use of 95% reliable
means based on all CPTs. This suggests that relying on data from
a single CPT (within the soil volume that contributes to carrying
the loads from an OWT) can lead to very overconservative design.

The displacements have not been computed using as characteristic
values the 5% quantile values of the sample means of su. However,
judging from Figs. 6–8, the strength (and hence also the nonlinear
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Fig. 9 Pile displacements for Soil Stratification 1
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Fig. 10 Pile displacements for Soil Stratification 2
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Fig. 11 Pile displacements for Soil Stratification 3

stiffness) will be lower based on this approach. As a result of this,
the displacements would be larger compared to the case where the
95% reliable mean values are utilized.

As mentioned above, the SLS is assumed to be critical for the
monopile design with a maximum allowable pile-cap rotation of 005�.
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Soil stratification

Characteristic value 1 2 3

Sample mean of layer 2607 2805 2808
95% reliable mean (all CPTs, N) 2909 3200 3500
95% reliable mean (all CPTs, LN) 3601 3902 4203
95% reliable mean (min. CPT, N) 10107 9900 18805
95% reliable mean (max. CPT, N) 2104 2305 2007
95% reliable mean (min. CPT, LN) 11109 12208 19402
95% reliable mean (max. CPT, LN) 2300 2509 2009

Table 1 Horizontal pile-cap displacement (given in millimeters)
by deterministic analysis

Soil stratification

Characteristic value 1 2 3

Sample mean of layer 0.1348� 0.1437� 0.1460�

95% reliable mean (all CPTs, N) 0.1471� 0.1574� 0.1701�

95% reliable mean (all CPTs, LN) 0.1707� 0.1847� 0.1977�

95% reliable mean (min. CPT, N) 0.4101� 0.4087� 0.7572�

95% reliable mean (max. CPT, N) 0.1159� 0.1244� 0.1159�

95% reliable mean (min. CPT, LN) 0.4498� 0.4960� 0.7689�

95% reliable mean (max. CPT, LN) 0.1223� 0.1331� 0.1162�

Table 2 Pile-cap rotation by deterministic analysis

With this in mind, Table 2 indicates that the pile-cap rotation is
below the design criterion in all cases except for Soil Stratification 3
when minimum single-CPT characteristic values of su are employed.
The global factors of safety defined as SF = �a/� are listed in
Table 3. For the characteristic values based on all CPTs, global
factors of safety in the range 205 < SF < 304 are obtained. In
line with the previous discussion of pile displacements, the larger
global factors of safety are obtained for Soil Stratification 1 and
assuming Gaussian distributed su. It might be added that a pile
length increased by only a couple of meters will increase SF
to more than 1.0 for the case where the minimum single-CPT
characteristic values of su are employed for a pile situated in Soil
Stratification 1. However, construction and installation costs will
increase significantly, and total costs may well be reduced by
performing additional CPTs.

Finally, for comparison with the safety factors obtained by
deterministic analysis, probabilistic analysis has been conducted
by the Monte Carlo method. For each soil stratification, and
assuming that the layer mean values have a Gaussian or log
normal distribution, the reliability index � and the corresponding
probability of failure Pf have been found. The results are listed in
Table 4. Interestingly, the higher reliability index (�= 401) and

Soil stratification

Characteristic value 1 2 3

Sample mean of layer 3.709 3.479 3.425
95% reliable mean (all CPTs, N) 3.399 3.177 2.939
95% reliable mean (all CPTs, LN) 2.929 2.707 2.529
95% reliable mean (min. CPT, N) 1.219 1.223 0.660
95% reliable mean (max. CPT, N) 4.314 4.019 4.314
95% reliable mean (min. CPT, LN) 1.111 1.008 0.650
95% reliable mean (max. CPT, LN) 4.088 3.757 4.303

Table 3 Global factors of safety; SF = �a/�

Soil stratification

1 2 3

Mean ultimate rotation angle 001348� 001437� 001460�

Normal distribution � 107915 105346 207777
Pf 0003664 0006248 0000274

Lognormal distribution � 300261 208023 401075
Pf 0000124 0000254 0000002

Table 4 Pile-cap rotation by probabilistic analysis

correspondingly the lower probability of failure (Pf = 0000002) are
obtained for Soil Stratification 3 assuming log normally distributed
mean values of the undrained shear strength in each layer. The
reliability of the structure is judged to be sufficient without being
overconservative. However, it is very interesting to note that the
apparently small changes in assumed stratification and statistical
distribution type can change the probability of failure by several
orders of magnitude. This is worth a deeper investigation for OWT
foundations designed with other subsoil conditions.

CONCLUSIONS

A monopile for an offshore wind turbine has been analyzed
within the serviceability limit state (SLS) with special focus on the
characteristic values of the undrained shear strength obtained from
CPTs. Cone resistance data from 12 CPTs have been employed for
a statistical analysis, including different interpretations of the soil
stratification as well as the statistical distribution of the strength (or
its mean).

Three stratifications of the soil have been considered: one
stratification based on assessment of borehole logs and CPTs at the
site, and two fictitious stratifications with layer depths of 2.5 m
and 1.0 m, respectively. Different candidates for the characteristic
value of the undrained shear strength of the soil in each layer have
been proposed:

1. 95% confidence levels for the mean strength in each layer
based on the observations from a single CPT

2. 95% confidence levels for the mean strength in each layer
based on all observations made in the layer

3. 5% quantile values of the sample means, where a sample
refers to the observations made in a layer from a single CPT

From the present analysis, it is concluded that 5% quantile
values of the sample means do not provide useful estimates of the
characteristic values of soil strength. When the data are assumed to
be normally distributed, the characteristic values estimated by this
approach become negative for several layers in the soil, especially
when many layers are introduced in the assumed soil stratification.
Even if the sample means are instead regarded as log normally
distributed, the design becomes extremely overconservative. A
similar conclusion is made regarding the approach with 95%
confidence levels from single CPTs. Using the minimum value of
the soil strengths estimated in this manner as the characteristic
value will provide an overconservative design, as well.

In agreement with Eurocode 7 (2004), a more suitable charac-
teristic value of the undrained shear strength is obtained in the
form of a 95% confidence level for the mean value of the strength
recorded by all CPTs in the soil volume surrounding the pile. The
analysis shows that assuming a normal distribution for the soil
strength leads to higher characteristic values compared with the
values obtained when a log normal distribution is assumed. For the
monopile and the loads considered in the present study, the normal
distribution results in 15% higher global factors of safety than the
log normal distribution.
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In contrast to the conclusions drawn for the deterministic
approach with soil strength given in terms of characteristic values,
a probabilistic analysis indicates that log normally distributed soil
strengths lead to much smaller probabilities of failure. The explana-
tion of this difference should be found in the lower tails of the two
probability distribution functions. Hence, it may be appropriate to
estimate characteristic values from models that provide a better fit
of the lower tails. In any case, when the characteristic values are
going to be combined with partial factors to estimate design values
of the strength, a consistent treatment of the data is necessary. Thus,
the characteristic value, as well as the calibrated partial factor, must
be based on the assumption of the same statistical model, i.e., the
normal or log normal distribution.

Finally, regarding the assumed model for the stratification of the
soil, it has been found that a model with many thin layers provides
a relatively lower total factor of safety compared to a model based
on borehole logs, CPTs, and engineering judgment. On the other
hand, the model with many layers provides a smaller probability of
failure in a probabilistic design. This is another indication that soil
stratification, statistical distributions for the material properties, and
the design approach must be chosen consistently.
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