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Abstract: This paper undertakes liquefaction analysis with simplified procedures with standard
penetration test (SPT) data and cone penetration test (CPT) data obtained from an offshore wind
farm in the Changhua area. The soil liquefaction resistance calculated by the SPT-based simplified
procedure suggested by the Japan Railway Association was in agreement with the laboratory results.
The CPT is widely used in the site investigation of offshore wind farms. However, Taiwan’s registered
professional engineers are still familiar with soil liquefaction analysis for offshore wind farms using
SPT-based methods. Hence, a hybrid method that incorporates an SPT–CPT correlation into the New
Japan Road Association (NJRA) method is proposed to evaluate the soil liquefaction potential for
offshore wind farms in Taiwan. In the case studies of soil liquefaction with five groups of adjacent
boreholes in Changhua’s offshore wind farms, the hybrid method shows that the soil liquefaction
potential with CPT data is consistent with the results calculated with SPT-based simplified procedures.
To quantify the risk of soil liquefaction, Monte Carlo simulation is used to calculate the uncertainty
of CPT–qc for estimating the probability of soil liquefaction with the hybrid method.

Keywords: offshore wind farm; soil liquefaction; SPT–CPT correlation; Monte Carlo simulation;
risk assessment

1. Introduction

The Taiwan Strait has substantial wind resources to develop offshore wind farms.
However, a potential offshore wind farm is located at the junction of the Eurasian plate
and the Philippine Sea plate of the Circum-Pacific seismic zone, which makes the site
vulnerable to severe earthquakes, thus leading to structural damage. The alluvial sediment
of the Chang-Bin offshore area is mainly from the Zhuoshui River and Wu River. Some
preliminary geotechnical investigation reports show the highly variable soil conditions
within the area; the soil layer is mostly composed of silty sand (SM), low-plasticity clay
(CL) and low-plasticity silt (ML) [1–7]. SPT blow counts N values between 10 and 20 occur
at 20-m of the surface soil layer, meaning that the weak and saturated, cohesionless soil has
high potential to liquefy under a severe earthquake. Soil liquefaction caused by seabed
soil deposit begins to weaken under cyclic seismic activity and should be taken into
consideration in the foundation design of offshore wind turbines (OWTs) [8]. Due to the
high liquefaction potential of the soil layer, it is necessary to conduct advanced laboratory
tests (e.g., cyclic triaxial test or cyclic simple shear test) to understand the mechanical
properties of soil when liquefaction occurs, which is suggested by the Standard of Wind
Turbines Part 1: Design requirements (CNS15176-1) Appendix H, published by the Bureau
of Standard Metrology and Inspection.

The standard penetration test (SPT) is the most used site investigation test in Taiwan’s
onshore area, and Taiwan’s Seismic Design Specifications and Commentary of Buildings
Code recommends the simplified procedure of the Japan Road Association (JRA) for the
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assessment of soil liquefaction potential in Taiwan [9]. However, as the cone penetration test
(CPT) has good repeatability and reliability, many offshore foundation design approaches
are based on CPT correlations. Therefore, CPT has become the most used site investigation
test during the development of offshore wind farms in Taiwan. However, a method for
evaluating soil liquefaction potential with CPT data is absent in the Taiwan’s Seismic
Design Specification and Commentary of Buildings Code and Standard of wind turbine
design (CNS15176-1).

Ever since Seed and Idriss (1971) proposed SPT-based simplified procedures, there
have been more approaches based on localized liquefaction events developed and sug-
gested in the local seismic design code [10–13]. Before CPT was widely used, Seed and
Idriss (1981) and Douglas et al. (1981) suggested that CPT data can be used in existing
SPT-based simplified procedures through the SPT–CPT correlation [14,15]. As CPT survey
technology matures, much research has proposed different CPT-based methods, including
Robertson and Campanella (1985), Seed and De Alba (1986), Stark and Olson (1995), Robert-
son and Wride (1998) [16–19]. The methods proposed by Robertson and Wride (1998) are
often used among all and are recommended by National Center for Earthquake Engineer-
ing Research (NCEER) [20], which has now been updated in Robertson (2009) [21]. Most of
the simplified procedure is carried out by summarizing local seismic liquefaction historical
events and the laboratory test results of soil sample from terrestrial sites. The applicability
of the simplified procedure in offshore wind farms still needs to be discussed. We compare
the results of the SPT-based (JRA method) and CPT-based methods of Robertson (2009)
with soil liquefaction resistance obtained from laboratory tests conducted on undisturbed
soil samples from offshore wind farms in Taiwan, and the applicability of the simplified
methods is evaluated in this study. A hybrid method exploiting the SPT–CPT correlation
to evaluate the soil liquefaction potential for the Changhua offshore area is presented and
it shows a better estimated result for soil liquefaction resistance.

There are uncertainties in the input data for the simplified procedure of soil lique-
faction analysis, which includes seismic force, field test parameters and variety of soil.
Therefore, a systematic quantitative method has been gradually developed for the assess-
ment of soil liquefaction potential. Liao et al. (1988), Youd and Nobel (1997), Toprak et al.
(1999) considered the factors that affect the risk of soil liquefaction, such as seismic intensity,
epicenter distance and fine content, FC, and proposed a method using logistic regression
analysis to evaluate the probability of soil liquefaction [22–24]. Haldar and Tang (1979),
Yegian and Whitman (1978) considered the uncertainties of the required parameters in
the simplified procedure method using statistical methods [25,26]. They assumed that
CRR and CSR had lognormal distribution and were independent, and they derived the
liquefaction probability from liquefaction and non-liquefaction events. Chen and Juang
(2000), Juang and Jiang (2000), Juang et al. (2000, 2002) obtained the probability of soil liq-
uefaction Pf through reliability analysis of numerous data and established the relationship
between liquefaction safety factor FL and liquefaction probability by the Bayesian mapping
function [27–30]. Kuo et al. (2020) and Raghu Kanth & Dash (2008) used Monte Carlo
simulation and a simplified procedure to evaluate the probability of soil liquefaction by
establishing the SPT-N model, which varies with soil type or relative density [31,32].

In order to determine the impact of the uncertainties of CPT parameters on soil
liquefaction analysis, we collect CPT data in the Changhua offshore area and classify the soil
behavior types using the method of Robertson (2010) [33], using the Kolmogorov–Smirnov
test (K–S test) to determine the CPT-qc distribution, and analyzing the probability of soil
liquefaction by the hybrid method proposed in this paper with Monte Carlo simulation.

2. Site Investigation and Seismic Load Analysis of Taiwan’s Offshore Wind Farm
2.1. Borehole Data of Changhua Offshore Wind Farm

In order to identify the SPT–CPT correlation for the soils in Taiwan’s offshore wind
farm, we collect a total of 27 SPT borehole data and 81 CPT borehole data from environ-
mental impact assessment reports. The depth of an SPT borehole is around 80 m to 100 m.



Energies 2021, 14, 1853 3 of 18

Most CPT boreholes have a depth of around 20 m; only a few CPT boreholes reach a depth
of 100 m. The locations of SPT and CPT boreholes are shown in Figure 1.

Figure 1. Locations of SPT and CPT boreholes in Changhua offshore wind farm.

For SPT site investigation, the Unified Soil Classification System (USCS) is often used
to classify soil types. The soil is classified into 15 groups, and the main compositions of
sediment in the Changhua offshore area are silty sand (SM), low-plasticity clay (CL) and
low-plasticity silt (ML). In CPT surveys, the Soil Behavior Type (SBT) chart suggested by
Robertson (2010) is mostly used to divide soil type into organic soils, clays, silt mixtures,
sand mixtures, sands and gravelly sand to sand through the soil behavior type index
Ic as shown in Table 1. According to the description of the soil behavior classification
table, SBT Zone 2 to Zone 4 can be regarded as cohesive soil; SBT Zone 5 to Zone 7 can be
regarded as cohesionless soil. Since most soil liquefaction cases have historically shown that
cohesionless soil is more susceptible to liquefaction, we only analyze the soil liquefaction
potential of soils in Zone 5 to Zone 7 from SBT.

Table 1. Soil classification of CPT.

Zone Ic Description Characteristic

2 Ic > 3.60 Organic soils—peats
Cohesive3 2.95 < Ic < 3.60 Clays—clay to silty clay

4 2.60 < Ic < 2.95 Silt mixtures—clayey silt to silty clay

5 2.05 < Ic < 2.60 Sand mixtures—silty sand to sandy silt
Cohesionless6 1.31 < Ic < 2.05 Sands—clean sand to silty sand

7 Ic < 1.31 Gravelly sand to sand

Generally, the correlation analysis between CPT and SPT for onshore soil is performed
with boreholes in which the horizontal spacing between adjacent soundings are very close
for a similar ground condition [34]. However, offshore borehole data are more rare and
difficult to obtain; there are 5 groups of SPT and CPT adjacent boreholes within 30 m in the
existing database, as shown in Figure 2. The SPT boreholes and CPT boreholes were created
at different times. The spacing of adjacent boreholes in group 1 and group 2 was 10 m; the
adjacent boreholes in group 3 were 28 m; the adjacent boreholes in group 4 were 7 m; the
adjacent boreholes in group 5 were 13 m. The elevation of adjacent boreholes in the 5 groups
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changes due to sand wave movements and the elevation differences are all less than 3 m. The
comparison of the soil profiles obtained from adjacent borehole in Figure 2 shows that the
SPT and CPT is approximately consistent for sandy soil (SBT Zone 5–7 and SM) at surface
seabed. However, there is no good correspondence between the clay layer and the silt layer
due to the difference between the two classification systems and sampling rate.

Figure 2. Comparison of SPT and CPT soil profiles at Taiwan offshore wind farm.

2.2. Seismic Demand of Offshore Wind Farm in Changhua Area

According to Appendix H of CNS15176–1, the design of seismic load must be carried
out at each location, respectively [8]. We collect the seismic historical data around the
worksite of the area with a radius of 320 km and determine the depth of engineering bedrock
with VSD30 (the average shear velocity in 30 m) larger than 360 m/s. The design earthquake
uses a 475-year return period with a 50-year exceedance probability of approximately 10%.
The response spectra at the #29 offshore wind farm in the Changhua area are shown in
Figure 3. The distance from the #29 offshore wind farm to all the boreholes in Figure 2 is
within 14 km. The design seismic load of the #29 offshore wind farm is used to estimate the
cyclic stress ratio (CSR) for the soil during the earthquake. Seismic ground response analysis
has been carried out using DEEPSOIL software [35], and the CSR induced by design
earthquake of each borehole in Figure 2 is quantified and introduced in the liquefaction
potential analysis.

Figure 3. Response spectra at #29 offshore wind farm engineering bedrock.
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3. Simplified Empirical Method and Laboratory Tests for Evaluating Liquefaction Potential

The simplified procedure was established by numerous laboratory tests, field tests and
liquefaction case history. Liquefaction resistance ratio CRR can be determined by the field
test parameters, such as SPT-N, CPT-qc and shear wave velocity (Vs) with basic input data
including the soil profiles, the water level of the groundwater, the median particle diameter
D50 and the fine content FC. In addition, the periodic shear stress ratio CSR caused by the
seismic load is mainly estimated by the peak ground acceleration in the seismic ground
motion analysis. The factor of safety against soil liquefaction FL is defined as the ratio of
the cyclic resistance ratio CRR to the cyclic stress ratio CSR, as expressed in Equation (1).

FL =
CRR
CSR

(1)

3.1. Soil Liquefaction Simplified Procedure

The SPT-based simplified procedure presented in Taiwan’s Seismic Design Specifica-
tion and Commentary of Buildings Code is a revised method referring to the Japan Road
Association (1996) based on the experience of the earthquake on 21 September in 1999
(known as the 921 Earthquake), Taiwan. The τmax in Equation (2) for calculating CSR can
be determined by ground motion analysis. The relationship between CRR and SPT-N is
determined through liquefaction case history onshore and cyclic triaxial test results of
undisturbed frozen samples. The Japan Road Association defines the dynamic triaxial
strength RL by summarizing cyclic stress ratios according to a total of 20 cycles of loading
for tested samples (considering the earthquake magnitude 7.5–8.0). The simplified proce-
dure suggested that RL can be evaluated by the SPT-N, unit weight and fine content. If RL
needs to be converted to the site conditions CRRfield, the correction coefficient cw can be de-
termined based on the type of earthquake (interplate earthquake or epicentral earthquake)
as shown in Equation (3), since most earthquakes in Taiwan are interplate earthquakes.
The value of cw can be determined with the Japan Road Association (2002) “Design spec-
ifications of highway bridges, Part V seismic design” [36] for interplate earthquakes in
Taiwan as 1, which means that RL is equal to the CRRfield.

CSR =
τmax

σ′v
(2)

CRR f ield = cwRL (3)

Dynamic triaxial resistance RL can be evaluated by the SPT-N and the fine content
FC (%) as Equation (4) to Equation (8), where Na is the corrected SPT-N considering the
overburden stress and FC, N1 is the corrected SPT-N considering the overburden stress,
and c1 and c2 are the correction coefficients for FC. In Figure 4, the cyclic resistance ratio
CRRfield increases with fine content for a given corrected blow count N1.

RL =

 0.0882
√

Na
1.7 , Na < 14

0.0882
√

Na
1.7 + 1.6× 10−6 · (Na − 14)4.5 , 14 ≤ Na

(4)

Na = c1N1 + c2 (5)

N1 =
1.7N

(σ′v/pa + 0.7)
(6)

c1 =


1 , 0 ≤ FC < 10
(FC + 40)/50, 10 ≤ FC < 60
(FC/20)− 1 , 60 ≤ FC

(7)

c2 =

{
0 , 0 ≤ FC < 10
(FC− 10)/18 , 10 ≤ FC

(8)
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Figure 4. SPT-based resistance curve for different fine content values.

The CPT-based simplified method proposed by Robertson (2009) is often used to
evaluate soil liquefaction potential in engineering. The τmax in Equation (9) for calculating
CSR are also estimated by ground motion analysis. Seed (1975) suggested that a factor of
0.65 peak cyclic stress ratio should be used to convert an irregular time series to equivalent
uniform cycles NL, and an earthquake magnitude of 7.5 is equivalent to 15 cycles [37]. The
CRR suggested by Robertson (2009) needs to classify the soil types into sand-like material
(Ic ≤ 2.50), the transition region (2.50 < Ic < 2.70) and clay-like material soil (Ic ≥ 2.70).
The CRR of sand-like material and transition region can be calculated by Equation (10) to
Equation (13), where Kc is the grain characteristics correction factor, Qtn is the normalized
cone penetration resistance, Fr is the friction ratio.

CSR = 0.65
τmax

σ′v
(9)

For an earthquake with a magnitude of 7.5, the CRR of the sand-like material and
transition regions can be calculated by Equation (10). Qtn are modified to the normalized
cone penetration resistance of clean sand as Qtn,cs by multiplying with Kc. Correction factor
Kc can be determined by Equation (12) and Equation (13) for the soil with Ic < 2.70.{

CRR = 93(Qtn,cs
1000 )

3
+ 0.08, 50 ≤ Qtn,cs < 160

CRR = 0.833(Qtn,cs
1000 ) + 0.05, Qtn,cs < 50

(10)

Qtn,cs = KcQtn (11)

1. Sand-like material (Ic ≤ 2.50)


Kc = 1.0 , Ic ≤ 1.64
Kc = 5.58Ic

3 − 0.403Ic
4 − 21.63Ic

2 + 33.75Ic − 17.88 , 1.64 < Ic ≤ 2.50
Kc = 1.0 , 1.64 < Ic < 2.36 & Fr < 0.5%

(12)

2. Transition regions (2.50 < Ic < 2.70)

Kc = 6× 10−7(Ic)
16.76 (13)



Energies 2021, 14, 1853 7 of 18

3.2. Cyclic Laboratory Tests and Results Analysis

The cyclic triaxial test and cyclic simple shear test are generally used to investigate the
soil resistance to liquefaction; the mechanisms of these two tests simulate the different cyclic
seismic loads on the soil [38,39]. Pyke et al. (1975) suggests that the shear stress generated
by the earthquake comes from various directions; it is different from the unidirectional
load given in the laboratory test, which causes the pore water pressure more easily to
be generated [40]. Seed et al. (1975) suggested that the CSR of the soil layer during an
earthquake event is 10% less than that of CSRfield compared to the test results [41].

CSR f ield = 0.9CSRSS (14)

This study collects laboratory test reports of offshore wind farms in Taiwan, including
14 cyclic triaxial test results with SPT test sampling and eight cyclic simple shear test results
with CPT test sampling. The laboratory of “initial liquefaction” triggering criteria has often
been defined as an excess pore water ratio (ru) equal to 1.0 or a soil specimen reaching
a certain level of strain. This study refers to the Japan Road Association’s suggestion
that the initial liquefaction occurs when the axial strain double amplitude reaches 5%
for the triaxial test and the equivalent shear strain double amplitude reaches 7.5% for
the simple shear test. We use the relationship of CRR (the cyclic stress ratio required to
cause liquefaction) and NL (Equation (15)) proposed by Idriss and Boulanger (2008) [42]
to establish the resistance curve, as shown in Figure 5. NL is the number of cycles when
soil is under initial liquefaction conditions under a given cyclic stress ratio, and NL can be
obtained from cyclic triaxial tests or cyclic simple shear tests. Since the SPT-based method
proposed by JRA is established through the cyclic stress ratio required to cause liquefaction
after 20 cycles in cyclic triaxial tests, there is no need for conversion before comparing the
CRR from the simplified procedures and laboratory test results.

CSR = aN−b
L (15)

Figure 5. The resistance curve of the laboratory test.

The comparison results are shown in Figure 6 left. The cyclic stress ratio corresponding
to 15 cycles CRRSS,15 (equivalent of magnitude 7.5) can be obtained by the resistance curve
from the results of the cyclic simple shear test and by referring to Equation (14), modified
with the site’s seismic conditions. The comparison of the CRRSS,15 and CRRRob is shown in
Figure 6 right.
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Figure 6. Comparing the results of cyclic laboratory test and simplified method.

The comparison between the simplified procedures and the laboratory test results shows
that the ratio of CRRtx,20/CRRJRA is between 0.7 and 1.3, and the ratio of CRRSS,15/CRRRob is
between 1.3 and 1.8. The CRRRob evaluated by Robertson (2009) is mostly lower than the
results of the cyclic simple shear test. Figure 6 shows that the evaluation results of the JRA
method display a relatively minor difference from the laboratory test results. To match with
the CPT data for offshore wind farm development, this paper proposes a hybrid method
that incorporates the SPT–CPT correlation into the JRA method.

4. Hybrid CPT-Based Soil Liquefaction Simplified Method
4.1. SPT–CPT Correlation

Normalized cone resistance (qc/Pa) and an efficiency of 60% hammer energy SPT-N60
are often used for the correlation of CPT-qc and SPT-N. The medium particle diameter D50 or
fine content, FC, are used as the relevant correction parameters [43,44]. However, the grain
characteristic is not available in CPT. Therefore, a direct relationship based on CPT was
proposed by Robertson et al. (1986) through the soil classification chart corresponding to
the (qc/Pa)/N60 ratio [45]. Lunne et al. (1997) modified the SPT–CPT correlation of Jefferies
& Davies (1993) based on the soil classification chart of Robertson (1990) [46,47], as shown in
Equation (16). Robertson (2012) noted that the correlation suggested by Lunne et al. (1997)
is suitable for most soil, but the result N60 for low-sensitivity clays in North America is
underestimated, so an updated correlation is proposed as Equation (17) [48]. However, the
SPT procedure and equipment still have some problems associated with its repeatability
and reliability, especially relating to the energy efficiency of the hammer–anvil–operator
system affecting the SPT results. Taiwan’s registered professional engineers are still familiar
with soil liquefaction analysis for offshore wind farms with SPT-based methods. It is
desirable to refer to the SPT-based method when using CPT data to carry out a soil
liquefaction susceptibility analysis.

(qc/pa)

N60
= 8.5(1− Ic

4.6
) (16)

(qt/pa)

N60
= 10(1.1268−0.2817Ic) (17)
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We use the cohesionless soil data of adjacent boreholes in Figure 2 to establish the
relationship between SPT and CPT with the suggested formula of Lunne et al. (1997)
The SPT–CPT correlation of the Changhua offshore wind farm is shown in Figure 7. The
circular marks represent cohesionless soil data, and the solid circles are not considered in
the correlation. The overburden stress directly affects the correlation between the qc and
N60. The solid circles are the data of shallow deposits; the changes in seabed topography
between the adjacent SPT boreholes and CPT boreholes has a strong influence on the test
results. It is worth noting that the SPT–CPT correlation in Figure 7 is based on Changhua
cohesionless soils with a depth of within 20 m, limitations which should be considered in
practical applications.

Figure 7. Relationship between SPT-N60 and CPT-qc as a function of Ic.

4.2. The Influence of Fine Content on the Analysis Results of Soil Liquefaction Potential

The fine content, FC, is an important parameter in the soil liquefaction simplified
procedure for correction of the clean sand resistance curve. Robertson & Wride (1998)
and Idriss & Boulanger (2008) have proposed a formula to estimate FC from field CPT
parameters. The SBT index Ic is the most relevant parameter [19,42]. Figure 8 shows
that there is no obvious relationship between the FC and Ic for the cohesionless soil
data of adjacent boreholes of SPT and CPT; this result is consistent with Ku (2001) and
Huang et al. (2009) found in Taiwan onshore areas [49,50]. The Ic index may not be a
perfect parameter for capturing the grain characteristics (fine content), especially for the
intermediate soil conditions (silty sands–sandy silt) and layered deposits [51–54]. The
layered deposits are found in the five groups’ boreholes shown in Figure 2. The FC may
not be predicted accurately by the Ic index. In Figure 8, the FC of most cohesionless soils in
the Changhua area is higher than the estimated value suggested by Robertson & Wride
(1998). In the simplified procedures, CRR increases with FC, and a lower FC may lead to
underestimated CRR, which is also consistent with the analysis results shown in Figure 5.
Therefore, the measured FC from the SPT borehole adjacent to the CPT borehole at the
Changhua offshore wind farm is used in the hybrid method for liquefaction analysis.



Energies 2021, 14, 1853 10 of 18

Figure 8. Relationship between FC and Ic in adjacent borehole.

4.3. Soil Liquefaction Potential Estimated by Hybrid Method

The JRA method clearly defines the depth of soil liquefaction analysis as 20 m beneath
the ground surface for saturated soil, and the soil parameters, such as FC, plasticity
index IP and median particle diameter D50, need to be considered in the soil liquefaction
analysis. It is difficult to obtain the physical properties of soil when conducting an offshore
soil investigation with CPT. Moreover, the SBT classification presented by the CPT soil
classification method does not correspond well with the USCS. It is difficult to determine the
soil conditions from the CPT classification while carrying out the JRA method combined
with CPT parameters. Robertson (2009) and Boulanger & Idriss (2014) collected past
liquefaction case history [21,55]. Most of the case history showed that the liquefied layer
has a soil behavior type index Ic of less than 2.60; therefore, this criterion (Ic > 2.60) is used
in the hybrid method to determine the non-liquefied soil layer.

An SPT-based simplified procedure (JRA method), the CPT-based simplified procedure
of Robertson (2009) and the hybrid method presented in this study are used to analyze soil
liquefaction potential in five groups’ adjacent boreholes, as in Figure 2, for case studies.
The CSR of each soil layer required for simplified procedures is obtained from ground
motion analysis in Section 2.2. Figures 9–13 show the results of the soil liquefaction potential
analysis, where 0 < FL <3, and the yellow blocks are the possibly liquefied soil layer (FL < 1.0).
A comparison of the results obtained from the three methods shows that the results of the
hybrid method and the results of the JRA method are similar, which means that the hybrid
method can be used to analyze soil liquefaction potential with CPT parameters reasonably.

Figure 9. The soil liquefaction potential of boreholes CPT-BH-01 and SPT-BH-01 in #29 offshore
wind farm.
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Figure 10. The soil liquefaction potential of boreholes CPT-BH-02 and SPT-BH-02 in #29 offshore
wind farm.

Figure 11. The soil liquefaction potential of boreholes CPT-RF1 and SPT-WTG2 in Fuhai offshore
wind farm.

Figure 12. The soil liquefaction potential of boreholes CPT-RT1 and SPT-B1 in TPC offshore
wind farm.
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Figure 13. The soil liquefaction potential of boreholes CPT-C3 and SPT-B-3 in TPC offshore wind farm.

5. The Influence of CPT Parameter Uncertainty on the Analysis of Seabed Soil
Liquefaction in Offshore Wind Farm
5.1. Probability Distribution of CPT-qc

This paper carries out uncertainty analysis to clarify the influence of CPT-qc on the soil
liquefaction potential analysis. Baecher & Christian (1983) used the 95% confidence level K–S test
to investigate the probability distribution of qc in the Piney Point Mine in the United States [56].
Seyedein (2012) used the chi-square test to explore the probability distribution of qc [57]. Imre
(2013) performed a K–S test on 125 CPT borehole data [58]. Shakir (2018a) used CPT data of the
Nahiriya Water Diversion Project in Iraq to evaluate the failure probability of square shallow
foundations of different sizes through the Monte Carlo method, and the distribution of qc was
determined by the coefficient of determination (R2) in a goodness of fit test [59]. Shakir (2018b)
collected 24 CPT borehole data in the refinery of Nahiriya, Iraq. A moment-ratio diagram was
used to determine the distribution of clay, sandy silt and clayey sand within 20 m [60].

The probability distribution suggested by the researchers mentioned above is con-
sidered as the hypothetical distribution in a goodness of fit test, which includes the beta
distribution (4 parameters), the power distribution (3 parameters), the normal distribution,
the lognormal distribution, the logistic distribution, the extreme value distribution, the
Weibull distribution, the gamma distribution (2 parameters). Respectively, the CPT-qc data
of SBT Zone 2 and Zone 7 at the Changhua offshore area are only 10 and 2. The amount
of these two soil types is not enough to conduct a goodness of fit test; hence, the mean
value of CPT-qc is given to these two soil types in the risk assessment. The K–S test with
a 95% confidence level is used in the goodness of fit test for determining the probability
distribution of CPT-qc here. If several hypothetical distributions pass the K–S test, the
distribution with the higher P-value is selected. The result of goodness of fit test shows that
the probability distributions of SBT Zone 3 to Zone 6 are normal, Weibull, beta and Weibull.
The statistical parameters of the probability distribution of CPT-qc are shown in Table 2.

Table 2. Statistical parameters of CPT-qc probability distribution for SBT zone.

CPT-qc Distribution Probability Density Function Parameter

Zone 3 Weibull f (x) = 1√
2πσ

e−
1
2 (

x−µ
σ )

2 σ = 0.6696
µ = 0.9946

Zone 4 Beta f (x) = α
β (

x
β )

α−1e−(
x
β )

α α = 1.8818
β = 1.9482

Zone 5 Weibull f (x) = 1
B(α1,α2)

(x−a)α1−1(b−x)α2−1

(b−a)α1+α2−1

α1 = 1.4691
α2 = 5.2573
a = 0.4624
b = 12.665

Zone 6 Normal f (x) = α
β (

x
β )

α−1e−(
x
β )

α α = 2.8139
β = 7.5718
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The histograms and probability density function are shown in Figure 14.

Figure 14. SBT Zone 3 to Zone 6 CPT–qc probability distribution histogram.

5.2. Randomly Given Model of CPT-qc Value of Changhua Offshore Wind Farm

Since the SBT index Ic is a function of CPT–qc, the value of Ic changes with the
randomly given CPT–qc, which affects the SBT classification. If the soil type updated by the
randomly given CPT–qc is different from the original soil classification, the randomly given
CPT–qc values are removed, and the model repeats the above process, until the analysis
meets the required number of samplings. The accuracy of the Monte Carlo simulation
depends on the number of random samples. As the number of random samples reaches
10,000, the analysis results of this study gradually converge and approach a stable value.
According to the definition of soil liquefaction failure in simplified procedures, the margin
of safety function M is defined as the difference between CRR and CSR as Equation (18). If
M < 0 means that soil liquefaction occurs, the index I is equal to 1; otherwise, the index
I is equal to 0. The probability of soil liquefaction Pf is defined as the mean value of the
index function.

M = CRR− CSR (18)

I =
{

1 , M < 0
0 , M ≥ 0

(19)

Pf = I(x) =
1
N

10,000

∑
i=1

Ii =
N f

N
(20)

The moving average method is used to reflect the smooth trend of probability of soil
liquefaction. The CPT-C3 borehole with high liquefaction potential in the hybrid method
serves as an example to carry out the risk analysis and we used the CPT-qc random model
combined with the simplified procedure of Robertson (2009) for probability analysis. For
the risk analysis of adjacent borehole SPT-B-3, the risk analysis method of SPT refers to Kuo
et al. (2020). The result of three types of analysis is shown in Figures 15–19. The results
show that the probability analysis results of the JRA method and hybrid method are similar,
but the probability of the surface layer shows a significant difference. The main reason is
that the CPT random sampling model is only classified as SBT Zone. As an example of a
CPT-C3 borehole, the SBT Zone of the surface layer is Zone 5 and the qc value is in the range
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of 0–1 MPa. According to Figure 14, which shows the probability distribution of Zone 5,
most of the random samples have a value exceeding 2 MPa, which will increase the SPT-N
value and reduce the probability of soil liquefaction. Chen & Juang (2000) describe soil
liquefaction likelihood classification as in Table 3 [28]. The occurrence of soil liquefaction is
quantified in a specific interval; practical design can be carried out according to different
design considerations. Taking the borehole CPT-C3 as an example, soil liquefaction may
occur within 3 m below the seabed under the design condition Pf < 15%. The soil strength
parameters should be reduced when designing an offshore wind turbine’s foundations.

Table 3. Soil liquefaction likelihood classification.

Class Probability of Soil Liquefaction (Pf) Description of Likelihood

5 Pf ≥ 0.85 Almost certain that it will liquefy

4 0.65 ≤ Pf < 0.85 Liquefaction very likely

3 0.35 ≤ Pf < 0.65 Liquefaction and non-liquefaction equally likely

2 0.15 ≤ Pf < 0.35 Liquefaction unlikely

1 Pf < 0.15 Almost certain that it will not liquefy

Figure 15. The probability of liquefaction of boreholes CPT-BH-01 and SPT-BH-01 in #29 offshore
wind farm.

Figure 16. The probability of liquefaction of boreholes CPT-BH-02 and SPT-BH-02 in #29 offshore
wind farm.
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Figure 17. The probability of liquefaction of boreholes CPT-RF1 and SPT-WTG2 in Fuhai offshore
wind farm.

Figure 18. The probability of liquefaction of boreholes CPT-RT1 and SPT-B-1 in TPC offshore
wind farm.

Figure 19. The probability of liquefaction of boreholes CPT-C3 and SPT-B-3 in TPC offshore
wind farm.
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6. Conclusions

This paper collects SPT data, CPT data and laboratory test results of Taiwan offshore
wind farms. The liquefaction resistance ratio CRR is evaluated by the SPT-based simplified
procedure, CPT-based simplified procedure and laboratory test results. The results obtained
from the JRA method (SPT-based simplified procedure) and the laboratory test results are
similar. To utilize the CPT data in the soil liquefaction analysis of offshore wind farms
for registered professional engineers in Taiwan, we propose a hybrid soil liquefaction
analysis method that incorporates the SPT–CPT correlation into the JRA method. The
soil liquefaction potential analysis is carried out by using five adjacent SPT and CPT
boreholes of offshore wind farms. A comparison of the analysis results shows that the
hybrid method can predict the soil liquefaction potential similarly to the JRA method,
which means that the hybrid method can be used to analyze soil liquefaction potential with
CPT parameters reasonably.

Fine content, FC, is an important parameter in the soil liquefaction simplified proce-
dures. When CPT tests are utilized in soil investigation in Taiwan’s offshore wind farms,
laboratory testing for determining FC with soil sampling should be considered in the
soil campaign.

In order to consider the impact of the uncertainty of CPT parameters on the analysis
results of the seabed soil liquefaction potential of Taiwan offshore wind farms, the K–S test
is used to determine the probability distribution of the qc of SBT Zone 3 to Zone 6. CPT-qc
are randomly generated with Monte Carlo simulation and the hybrid method is used for
quantitative assessment of soil liquefaction risk. Engineers can quickly evaluate the location
and thickness of the liquefied soil layers based on the probability of soil liquefaction Pf
when designing the pile foundation of the offshore wind turbine. The hybrid method
can be combined with a ground model to show the location of the three-dimensional soil
liquefaction layer under a specific probability of soil liquefaction conditions to reduce the
risks and optimize the layout of an offshore wind farm.
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