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ABSTRACT 

Evaluating seismic forces and soil liquefaction potential 
during the development of offshore wind farms in Taiwan is 
crucial. Wang et al. (2016) conducted a seismic hazard analysis 
and proposed a design earthquake response spectrum for the 
bedrock at the Changbin offshore wind farm.  In this study, the 
recommended acceleration response spectrum was used to 
generate two design earthquakes (BH01_EW and BH01_NS) 
at the bedrock level that were compatible to the seismic char-
acteristics of the Changbin offshore wind farm.  The original 
soil data of borehole BH01(TORI) at the site were used to con-
duct a ground motion analysis and obtain design seismic sur-
face forces.  In engineering practice, simplified engineering 
soil profiles are commonly used to design foundations.  The 
simplification of soil profiles causes uncertainties in the 
ground motion analyses.  To determine the effects of soil pro-
file simplification on design seismic loading, we established 
two engineering soil profiles for borehole BH01(TORI) and 
compared the ground motion analyses results.  One of the sim-
plified engineering soil profiles comprised a simplified profile 
of shear wave velocity distributed along the depth, whereas the 
other involved a simplified profile of soil unit weight along the 
depth.  The soil profile with a simplified distribution of shear 
wave velocity engendered a significant underestimation of the 
maximum design seismic load at the seabed surface.  The ac-
celeration responses at the seabed level obtained from the 

ground motion analyses were used to evaluate the soil lique-
faction potential at BH01(TORI) by employing the New Japan 
Road Association simplified empirical method.  The results in-
dicated a high potential of soil liquefaction in the seabed at the 
Changbin offshore wind farm, Taiwan.  We observed more 
than 10-m-long liquefiable soil layers.  A risk assessment of 
foundation stability loss due to soil liquefaction should be con-
sidered in offshore wind turbine foundation design. 

I. INTRODUCTION 

Seabed soil liquefaction is not an issue in the design process 
of European offshore wind farms because these offshore wind 
farms are not located in active seismic zones.  However, seis-
mic demands and seabed soil liquefaction should be consid-
ered in the foundation design of offshore wind turbines in off-
shore wind farms in Taiwan, which is located in the circum-
pacific seismic zone.  The seabed soil of the potential offshore 
wind farms in Taiwan generally comprises layers of alluvial 
silt and sand.  Soil liquefaction may occur during an earth-
quake and could result in loss of wind turbine foundation sta-
bility.  Evaluations of the soil liquefaction potential and how it 
affects the behavior of wind turbines must be considered in the 
design of offshore wind turbine foundations in seismically ac-
tive areas. 

Seed et al. (1971), Tokimatsu and Yoshimi (1983), Rob-
ertson and Campanella (1985), Seed and DeAlba (1986), 
Ishihara and Kosecki (1989), Tokimatsu et al. (1991), Finn 
(1991), Japan Road Association (1996), and Andrus and 
Stokoe (2000) have proposed methods for evaluating soil liq-
uefaction potential.  These methods have been developed us-
ing onshore-based soil liquefaction cases and laboratory 
studies.  The engineering method widely used to evaluate soil 
liquefaction potential is the simplified empirical method; this 
method is extensively used because of its easy application.  
To use the simplified empirical method, the peak ground ac-
celeration (PGA) Amax of the design earthquake at the site of 
the offshore wind farm should be determined.  However, a 
seismic design standard that can serve as a reference for  
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evaluating the soil liquefaction potential of an offshore wind 
farm in Taiwan is not available.  According to the recommen-
dations in the ISO19901-2 (2004) and API RP2EQ (2014) 
standards, the results of seismic hazard analyses that identify 
all potential seismic sources within 320 km of a site should 
be used to evaluate the influence level of each source and to 
create a seismic hazard curve that estimates the annual ex-
ceedance probability at the site.  Wang et al. (2016) collected 
a large quantity of historical seismic data from sources in the 
Taiwan Strait and used them to construct seismic hazard 
curves for offshore wind farms in western Taiwan through 
seismic hazard analyses.  They used the curves to propose 
values of the short period and 1-s-period horizontal spectral 
acceleration coefficients (SS

D, S1
D, SS

M, S1
M) for 475-year and 

2500-year return-period design earthquakes. 
When seismic forces are transmitted from the bedrock to 

the surface, they are influenced by site effects, including the 
effects of the soil between the bedrock and seabed surface, soil 
layer geometry, and sediment alluviation sequence.  Engineers 
often use ground motion analyses to determine the seismic 
characteristics of each soil layer, including the ground surface.  
Athanasopoulos et al. (1999) used finite element methods to 
perform ground motion analyses to explore the soil layer am-
plification effect in Egion, Greece.  Phanikanth et al. (2011) 
used ground motion analyses to explore the soil amplification 
effects in various cities in India.  In addition, Hashash and Park 
(2001) used DEEPSOIL, a ground motion analysis program 
developed by the University of Illinois at Urbana-Champaign, 
to analyze the transmission of seismic vibrations through var-
ious soil layer thicknesses in the Mississippi embayment.  
Kwok et al. (2007) used DEEPSOIL to explore the influence 
of various seismic events and soil damping on seismic ground 
responses.  Site effects influence seismic accelerations trans-
mitted to the ground surface as well as soil liquefaction assess-
ments.  Ground motion analyses require the seismic input at 
the bedrock, thickness of each soil layer, density of soil, shear 
wave velocities of each soil layer, and dynamic properties of 
soil (shear modulus and damping).  In this study, the soil data 
of borehole BH01(TORI) of the Changbin offshore wind farm 
in the Taiwan Strait were used to perform ground motion anal-
yses.  Wang et al. (2016) obtained an appropriate design earth-
quake response spectrum for the Changbin offshore wind farm 
by conducting probabilistic seismic hazard analyses.  To obtain 
a seismic motion consistent with the hazard level of the Chang-
bin offshore area as an input to the ground motion analyses, 
this study used a frequency-domain method to generate an ar-
tificial seismic motion (Kramer, 1996).  We selected an actual 
ground motion whose response spectrum is similar to that sug-
gested by Wang et al. (2016) and adjusted the Fourier ampli-
tude spectrum gradually until the response spectrum was con-
sistent with the target response spectrum. 

Geotechnical experts generally create a simplified engineer-
ing soil profile with limited laboratory test results and in situ 
test results for designing the foundations of offshore wind tur-
bines.  The geotechnical parameters of each soil layer in the  

 
Fig. 1. Process of the ground motion analysis and soil liquefaction poten-

tial evaluation in this study 
 
 

soil profile are usually provided.  For soil layers with similar 
properties, the geotechnical parameters of each simplified soil 
layer are equal to the weighted average parameters according 
to the corresponding thicknesses of the component layers.  
However, the aforementioned process of determining the en-
gineering soil profile may add some uncertainties in founda-
tion design.  Uncertainties pertaining to the unit weight of soil 
and shear wave velocity can lead to different results of ground 
motion responses and may induce very different results of sea-
bed soil liquefaction potential.  Fig. 1 presents the research 
concept of this study.  Soil profiles determined using different 
simplified processes were used in a ground motion analysis 
performed through the DEEPSOIL program (Hashash et al., 
2016); subsequently, the seabed soil liquefaction potential was 
analyzed for the Changbin offshore wind farm.  This study also 
examined the effects of uncertainties regarding the soil unit 
weight and shear wave velocity of a simplified soil profile on 
the ground motion analysis and seabed soil liquefaction poten-
tial analysis. 

II. ONE-DIMENSIONAL GROUND MOTION 
ANALYSIS 

When seismic waves are transmitted to the surface from the 
bedrock, the seismic characteristics are affected by the soil 
type, soil density, soil layer thickness, and soil layer sequence.  
A one-dimensional ground motion analysis is commonly used 
to estimate local site effects in engineering practice.  In a one-
dimensional ground motion analysis, soil layers are assumed 
to be stratified horizontally and underlain by a half space as 
the bottom layer (bedrock).  Seismic waves are transmitted 
vertically through the soil layers.  The propagation of har-
monic waves that travel vertically through the horizontal soil 
layers can be described using the wave equation in Equation 
(1), where u is the horizontal displacement of the soil layer and 
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Table 1. Bedrock spectral acceleration coefficients of the Changbin offshore wind farm in Taiwan at oscillator periods of 
0.3 and 1 s for the earthquake return periods of 475 and 2500 years (corrected to 1.5 standard deviations) (Wang 
et al., 2016) 

Worksite E N 
475 year 2500 year 

SS
D S1

D SS
M S1

M 

BH01 175,290.1 2,656,259.6 0.68 0.37 1.11 0.64 

BH02 172,724.6 2,652,211.9 0.66 0.37 1.09 0.63 

 

 
is a function of depth z and time t and ρ is the soil density.  The 
relationship between angular frequency ω, shear modulus G, 
viscosity η, and soil damping ratio ξ is expressed in Equation 
(2).  The wave equation can be solved through separation of 
variables such that the soil displacement can be expressed as 
the product of functions of displacement and time, as shown in 
Eq. (3).  By substituting Eq. (3) into Eq. (1), we obtain a stand-
ard differential equation with a single displacement variable.  
Subsequently, the general solutions for the wave equation pre-
sented in Eq. (4) and Eq. (5) are obtained.  In Eq. (4), E and F 
are undetermined coefficients.  The theory of ground motion 
analysis can be found in the studies by Schnabel et al. (1972), 
Kramer (1996), and Yoshida (2015). 
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1. Seismic Motion Input 

Ground motion analyses require using the time series of 
seismic accelerations in a particular soil layer as input motions.  
For the input motions, three types of acceleration time series 
can be considered: (1) time series of representative earth-
quakes that have occurred near the work site, (2) time series of 
a historical earthquake selected by the designer, and (3) artifi-
cial acceleration time series generated from the design seismic 
response spectrum.  For the study area, namely the Changbin 
offshore wind farm, no representative historical  
record of earthquake events exists.  Due to the lack of an 
ocean-bottom seismometer in the Taiwan Strait, time series (1) 
and (2) were not considered in this study.  Wang et al. (2016) 
conducted a seismic hazard analysis for the Changbin offshore 
wind farm at borehole BH01(TORI), and the results are   

presented in Table 1 and Fig. 2.  The recommended seismic 
acceleration response spectra are displayed in Fig. 3.  The pre-
sent study used the recommended seismic response spectrum 
provided by Wang et al. (2016) to set up artificial design earth-
quake data as input for the ground motion analysis.  To simul-
taneously reflect the seismic hazards and surface motion char-
acteristics at the Changbin offshore wind farm, a real acceler-
ation time series whose response spectrum is similar to that 
proposed by Wang et al. (2016) was selected, and the Fourier 
amplitude spectrum was gradually adjusted until the response 
spectrum of the acceleration time series was consistent with 
the target response spectrum.  Thus, we obtained the artificial 
acceleration time series for the design earthquakes at the site 
of the offshore wind farm. 

2. Soil Profiles 

A soil profile must be set up to perform a ground motion 
analysis.  Inputs such as thickness, unit weight ρ, and shear 
wave velocity Vs or shear modulus G are required for each soil 
layer.  The shear wave velocity and shear modulus can be in-
terconverted using Eq. (6).  The standard penetration test (SPT) 
is conventionally used for offshore soil investigation to obtain 
the in situ engineering properties of soil in Taiwan.  The SPT 
is performed at intervals of 1.5 to 3 m along the depth.  Split 
spoon soil samples (disturbed sample) are also taken to a la-
boratory to determine the basic physical properties of the soil.  
In engineering practice, foundation design relies on the engi-
neering soil profile, which is created based on SPT results and 
might depend on engineering assessments.  The soil parame-
ters of each soil layer in the engineering soil profile can be 
determined using the weighted average of the parameters 
based on the thicknesses of layers obtained from laboratory 
tests conducted on split spoon samples.  In a ground motion 
analysis, ground motion responses are affected by soil unit 
weight and shear wave velocity directly.  In situ shear wave 
velocity records are not available near the Changbin offshore 
wind farm.  Therefore, the present study obtained shear wave 
velocities from the maximum shear modulus presented in Eq. 
(6).  The maximum shear modulus of soil is affected by the 
void ratio e, mean effective stress σm′, and overconsolidation 
ratio (OCR).  The recommendations of Hardin and Richart 
(1963), Seed and Idriss (1970), Hardin and Drnevich (1972), 
Iwasaki and Tatsuoka (1977), Hardin (1978), Jamiolkowski et 
al. (1991), and DNV (2002) can be used to calculate the  
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Fig. 2.  The PSHA analysis results at the location in the Chang-Bin offshore wind Farm: (a) BH01(TORI); (b) BH02(TORI) (Wang et al., 2016) 

 
 

 
Fig. 3. Earthquake acceleration response spectra of the Changbin off-

shore wind farm, Taiwan (Wang et al., 2016) 
 
 

maximum shear modulus of soil Gmax.  According to the off-
shore wind turbine design standard DNV (2002), the maxi-
mum shear modulus (kPa) can be calculated using Eq. (7) for 
cohesive or noncohesive soil.  The value of the semiempirical 
coefficient A ranges from 2000 to 4000 according to the soil 

conditions.  The value of the OCR is 1 for sandy soil and nor-
mally consolidated clay.  The parameter k is the OCR index 
that is related to the plastic index, as shown in the study by 
Hardin and Drnevich (1972). 
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3. Dynamic Properties of Soil 

The stress–strain responses of soil are nonlinear.  As the 
shear strain γ of soil increases, the shear modulus decreases 
and the damping ratio increases.  Changes in the soil shear 
modulus and damping ratio with shear strain can be deter-
mined by conducting the resonant column test, bender element 
test, dynamic triaxial test, and dynamic simple shear test.  
These tests are applicable within a certain range of shear 
strains.  The resonant column and bender element tests are 
mainly used to determine the soil properties under small-strain 
(γ < 10−3) conditions.  The dynamic triaxial and dynamic sim-
ple shear tests are suitable for determining the soil properties 
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under moderate shear strain (γ ≥ 10−3).  Seed and Idriss (1970), 
Silver and Seed (1971), Vucetic and Dobry (1991), Ishibashi 
(1992), Smoltczyk (2001), and DNV (2002) have presented 
the recommended ranges of the dynamic properties of various 
types of soil.  Hardin and Drnevich (1972) proposed the use of 
hyperbolic functions to describe the shear modulus attenuation 
and damping ratio changes with an increase in the shear strain 
(Eqs. (8)-(10)).  Engineers can obtain the reference dynamic 
properties of soil using the suggestion of Hardin and Drnevich 
(1972). 
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In Eqs. (8)-(10), G is the shear modulus of soil under vari-
ous shear strain conditions; τmax is the shear strength associated 
with the initial effective stress; ξmax is the damping ratio of soil 
under a large shear strain; K0 is the coefficient of earth pressure 
at rest, which can be calculated using Eq. (11); σv′ is the verti-
cal effective stress; ϕ′ is the effective internal friction angle; 
and c′ is cohesion.  This study substituted the soil unit weight, 
cohesion, and effective friction angle obtained from each soil 
layer in borehole BH01(TORI) into Eq. (8)-(11) to obtain the 
dynamic properties of soil. 

III. SIMPLIFIED EMPIRICAL METHOD FOR 
SOIL LIQUEFACTION 

In engineering practice, the simplified empirical method is 
commonly used to calculate the factor of safety against soil 
liquefaction FL.  The actor of safety against liquefaction is de-
fined as the ratio between the cyclic resistance ratio (τ/σv′)R of 
soil and the externally applied cyclic stress ratio (τ/σv′)L, as ex-
pressed in Eq. (12).  When FL is higher than 1, soil liquefaction 
does not occur during a seismic event.  If FL is less than 1, soil 
liquefaction may occur during an earthquake. 
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The cyclic resistance ratio (τ/σv′)R of soil can be determined 
using the in situ SPT-N value according to the methods recom-
mended by Seed et al. (1975, 1979, 1985), Ishihara and Koseki 
(1989), Koester (1994), the Japan Road Association (1996), 
and Tokimatsu and Yoshimi (1983).  The cyclic resistance ratio 
can be determined using cone penetration tests or in situ shear 
wave velocity measurements according to the methods pro-
posed by Robertson and Campanella (1985), Seed and DeAlba 
(1986), Olsen (1997), Robertson and Wride (1998), Tokimatsu 
et al. (1991), Finn (1991), and Andrus and Stokoe (2000). 

To evaluate soil liquefaction potential, the present study 
used the New Japan Road Association (NJRA) simplified em-
pirical method recommended in “Seismic Design Specifica-
tions and Commentary of Buildings” for onshore buildings in 
Taiwan.  In the NJRA method, the earthquake-induced cyclic 
stress ratio (τ/σv′)L is calculated using Eq. (13).  Here, Amax is 
the PGA (gravitational acceleration g) and rd is the reduction 
factor of the peak shear stress in the direction of depth and is 
calculated using Eq. (14). 

   max/ '
'

v
v dL

v

r A


 


    (13) 

 1 0.015dr z   (14) 

The cyclic resistance ratio (τ/σv′)R in the NJRA method is 
calculated using Eq. (15), where cw is the corrected seismic 
force coefficient.  Small to moderate earthquakes (return pe-
riod of 30 years) and design earthquakes (return period of 475 
years) in hidden plate boundaries have a cw of 1.  For design 
earthquakes (return period of 475 years) directly above inland 
faults, cw is calculated using Eq. (16).  The triaxial strength 
ratio RL is calculated from the results of SPTs, as shown in Eq. 
(17). 

  / 'v w LR
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where Na is the SPT result corrected using overburden stress 
and fine content (FC).  The NJRA method recommends the use 
of Eq. (18) to calculate Na for sandy soil, where N1 is the result 
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of the SPT corrected using overburden stress by using Eq. (19).  
Moreover, c1 and c2 are FC correction factors calculated using 
Eq. (20) and (21), respectively. 

 1 1 2aN c N c   (18) 

 1 '

1.7

( / 0.7)v a

N
N

p



 (19) 

 1

 1 , 0% FC 10%

 (FC 40) / 50 , 10% FC 60%

 (FC / 20) 1 , 60% FC

c

 
   
  

 (20) 

 2

 0 , 0% FC 10%

 (FC 10) /18 , 10% FC
c

 
   

 (21) 

IV. GROUND MOTION ANALYSIS AT 
BH01(TORI) OF CHANGBIN OFFSHORE WIND 

FARM 

This study conducts ground motion analysis on the borehole 
BH01(TORI) in the Changbin wind farm.  Detailed infor-
mation on the soil layer in the borehole was obtained from the 
Changbin seabed soil ground investigation report (TORI, 
2012).  In this section, we present the input soil conditions for 
the ground motion analysis at BH01(TORI). 

1. Soil Profile at the Borehole BH01(TORI) for Ground 
Motion Analysis 

BH01(TORI) is located 5 km off the coast of Changhua 
(E175290.1, N2656259.6), Taiwan (Fig. 4), and the water 
depth here is 19.75 m.  The soil data of BH01(TORI) is pro-
vided in the Appendix.  The seabed soil in the western offshore 
area of Taiwan is Quaternary alluvium.  Due to the effects of 
waves, currents, and river alluviation, the soil condition of the 
seabed surface soil is mostly loose.  In the Changbin offshore 
wind farm area, the soil profile at a depth of 0 to 40 m and a 
depth deeper than 65 m is mainly silty sand with thin layers of 
low-plasticity silty clay.  At a depth between 40 and 65 m, sand 
and clay are deposited layer by layer.  In situ testing results 
revealed that within 10 m of the seabed surface, the soil con-
dition is loose to medium dense, with the corresponding SPT-
N values being less than 15.  At depths greater than 10 m, the 
soil was determined to be generally medium-dense to dense 
sand, with the corresponding SPT-N values being larger than 
20.  The highest SPT-N value was 48.  The soil unit weight was 
measured to be between 17.36 and 21.48 kN/m3.  The void ra-
tio was also calculated to range from 0.4 to 1.02. 

To determine the soil profile for the one-dimensional 
ground motion analysis, the detailed field investigation data 
obtained for BH01(TORI) were used in this study.  The  

 
Fig. 4. Location of the Changbin offshore wind farm and the borehole 

BH01(TORI) 

 
 

detailed soil profile was determined from soil samples in a split 
tube and was observed to contain 52 layers of soil, with the 
thickness of each soil layer ranging from 1.25 to 2.55 m.  Fig. 
5(a) shows this detailed soil profile, hereafter referred to as 
profile A.  In profile A, the unit weight of soil is shown to range 
from 17.36 to 21.48 kN/m3.  The soil shear wave velocity gen-
erally increases with depth and ranges from 94 to 369 m/s.  

In practice, engineers simplify the soil profile by combining 
soil layers with similar engineering properties.  The geotech-
nical parameters of the simplified soil profiles are provided af-
ter obtaining the weighted average of the soil parameters based 
on the thickness of each soil layer.  This simplified soil profile 
is generally considered in foundation design processes.  The 
result of soil simplification may vary due to different personnel 
judgments or different design applications.  In this study, first, 
the SPT-N values of all detailed layers were used to judge the 
simplification of the soil layers.  If adjacent detailed layers 
were determined to have a similar SPT-N value, they were 
classified as the same soil layer.  Second, the soil was roughly 
classified into three types—sand, silt, and clay.  Based on the 
simplified soil layer from step one, if adjacent detailed layers 
were determined to have the same soil type, they were further 
classified as one simplified layer.  To reduce the complexity of 
the soil profile, thin layers with a thickness lower than 2 m 
were combined into adjacent thick layers.  A detailed soil pro-
file and simplified soil profile were adopted in the ground mo-
tion analysis in this study, and the effects of soil unit weight 
and soil shear wave velocity were quantified. 

Regarding the simplified soil profile, 52 soil layers were 
simplified into a soil profile with six layers.  BH01(TORI) was 
determined to have five sandy soil layers (soil layer I, II, III,  

Chang-Bin offshore wind farm
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Fig. 5. Soil profiles of BH01(TORI) used for ground motion analysis: (a) Soil profile A (52 soil layers with detailed soil unit weight and detailed shear 

wave velocity); (b) Soil profile B (detailed soil unit weight profile combined with shear wave velocity profile simplified along the depth); (c) Soil 
profile C (soil unit weight profile simplified along the depth combined with a detailed shear wave velocity profile) 

 
 

IV, and VI) and one clayey soil layer (soil layer V).  The soil 
unit weights of the six soil layers were calculated to range from 
18.13 to 20.38 kN/m3, and the shear wave velocities were de-
rived to range from 144 to 357 m/s.  Two simplified soil pro-
files were considered in this study.  Soil profile B represented 
the soil profile whose soil unit weight was obtained from the 
detailed soil profile.  An averaged shear wave velocity was de-
rived for soil profile B (Fig. 5(b)).  By contrast, an average soil 
unit weight was determined for soil profile C according to the 
simplified soil profile and the shear wave velocity of the de-
tailed soil profile (Fig. 5(c)).  The methods presented in Sec-
tions II.2 and II.3 were used to determine the shear modulus 
and damping ratio of each soil layer in soil profile A, soil pro-
file B, and soil profile C, as shown in Fig. 6.  The A value in 
Equation (7) was set as 3000 to determine the maximum shear 

modulus.  The maximum damping ratio ξmax was determined 
from the results of cyclic simple shear tests of the soil obtained 
from the Changbin offshore wind farm.  The test results are 
shown in Fig. 7.  Based on the test results, the maximum damp-
ing ratio ξmax of 20% was used in this study. 

2. Seismic Motions at the Bedrock of the Changbin Off-
shore Wind Farm 

Wang et al. (2016) recommended the design earthquake re-
sponse spectrum of the bedrock at BH01(TORI) in the Chang-
bin offshore wind farm.  In this study, the frequency-domain 
method was used to generate two artificial seismic acceleration 
time series matching the ground motion characteristics of the 
Changbin offshore wind farm.  We selected an actual ground 
motion with a similar response spectrum to that suggested by  
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Fig. 6. Shear modulus and damping ratio of each engineering soil layer 

of BH01(TORI) 

 
 

 
Fig. 7. Damping ratio of soil in Changbin offshore wind farm determined 

from cyclic simple shear tests 

 
 

Wang et al. (2016), and we adjusted the Fourier amplitude 
spectrum gradually until the response spectrum was consistent 
with the target response spectrum.  We used these artificial 
earthquake acceleration time series as input for the reference 
layer (bedrock) to conduct our ground motion analysis.  Fig. 8 
presents the acceleration time series and response spectra of  

 
Fig. 8. Seismic acceleration time series and acceleration response spectra 

of artificial earthquakes in the present study 

 
 

the artificial earthquakes BH01_EW and BH01_NS.  The 
value of peak acceleration Amax is equal to the value of the 
spectral acceleration coefficient corresponding to a period of 0 
s.  For the location of BH01(TORI), the Amax value of input 
motion was determined to be 0.272g according to the design 
earthquake response spectrum. 

According to the regulation “Seismic Design Specifications 
and Commentary of Buildings,” the bedrock must have an av-
erage shear wave velocity Vs,30 (weighted average shear wave 
velocity of soil layers with a depth of 30 m) of more than 360 
m/s.  In this study, the shear wave velocity of each soil layer in 
BH01(TORI) was calculated using Eqs. (6) and (7).  The shear 
wave velocity of soil presented in Fig. 5(a) indicates the exist-
ence of no bedrock within 80 m below the seabed of the 
Changbin offshore wind farm.  Due to limited information of 
the soil layer in the Changbin offshore wind farm, a reference 
bedrock was considered as bedrock at the depth of 80 m (the 
bottom of borehole BH01) beneath the seabed in this study. 
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Table 2.  Considerations of scenarios of seismic ground motion analyses 

Case number 
Ground motion analysis input conditions 

Unit weight and shear wave  
velocity profile 

Dynamic properties 
(Fig. 6) 

Seismic acceleration time series 
(Fig. 8(a)) 

1 Soil profile A 
(Fig. 5(a)) 

Each engineering soil layer  
corresponding to one dynamic  

property 

BH01_EW 

2 BH01_NS 

3 Soil profile B 
(Fig. 5(b)) 

BH01_EW 

4 BH01_NS 

5 Soil profile C 
(Fig. 5(c)) 

BH01_EW 

6 BH01_NS 

 
 

Table 3. Comparison of peak accelerations of input motion with those of motion at the seabed surface obtained from 
ground motion analysis for soil profile A (Fig. 5(a)) 

Earthquake 
Peak acceleration of the input motion 

Amax,input (g) 
Peak ground acceleration 

Amax,surface (g) 
Amplification factor 
Amax,surface/Amax,input 

BH01_EW 0.272 0.295 1.085 

BH01_NS 0.272 0.209 0.768 

 
 

V. GROUND MOTION ANALYSES FOR 
CHANGBIN OFFSHORE WIND FARM 

The dynamic soil properties presented in Fig. 6 are speci-
fied in the soil profile in Fig. 5; these properties were inte-
grated with design earthquakes (Fig. 8) to analyze seismic 
ground responses under a design earthquake.  Table 2 presents 
the scenarios of our ground motion analysis that involved dif-
ferent boundary conditions and considered the uncertainties of 
soil parameters (soil unit weight and shear wave velocity). 

1. Ground Motion Analysis Results of the Changbin Off-
shore Wind Farm at the Borehole BH01(TORI) 

The results of the one-dimensional ground motion analysis of 
BH01(TORI) are presented in Fig. 9, Fig. 10, and Table 3.  Fig. 
9 presents a comparison of the acceleration time series of the 
input motion at the bedrock and those of the motion at the sea-
bed surface due to the design earthquakes presented in Fig. 8.  
The vibration of the acceleration time series at the seabed sur-
face was more moderate than that at the bedrock.  This can be 
attributed to the reflection and dissipation of the high-frequency 
wave components during the wave propagation process.  Table 
3 shows a comparison of the peak accelerations of the input mo-
tions Amax,input with those of the seabed surface Amax,surface due to 
the design earthquakes.  The maximum acceleration of the input 
earthquakes at the reference bedrock was 0.272g.  The PGA 
Amax,surface obtained through earthquake BH01_EW was 0.295g.  
The acceleration amplification factor Amax,surface/Amax,input was 
1.085.  The PGA obtained through earthquake BH01_NS was 
0.209g.  The acceleration amplification factor was 0.768.  These 
results reveal that even if the acceleration response spectra were 
the same, the differences in the phase spectrum between the in-
put earthquakes (BH01_EW and BH01_NS) could lead to an 
amplification factor higher or lower than 1. 

 
Fig. 9. Comparison of acceleration time series of input motion at the bed-

rock with those of motions at the seabed level obtained from 
ground motion analysis using soil profile A (Fig. 5(a)) 
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Fig. 10.  Ratio of the spectral acceleration coefficient at the ground sur-

face to the spectral acceleration coefficient of the input motion 
(ground motion analyses were performed using soil profile A, 
Fig. 5(a)): (a) artificial earthquake BH01_EW and (b) artificial 
earthquake BH01_NS 

 
 
To determine site effects on the spectral acceleration coef-

ficient, this study divided the spectral acceleration coefficient 
at the ground surface (Sasurface) by the coefficient of the input 
motion at the bedrock (Sainput).  The results are shown in Fig. 
10.  The Sasurface/Sainput values corresponding to the short pe-
riod were lower than 1, indicating that the site effects at 
BH01(TORI) could engender a decrease in the seismic re-
sponse when a seismic wave is transmitted to the ground.  For 
the period longer than the critical period, the Sasurface/Sainput 
values were higher than q.  For earthquake BH01_EW, the crit-
ical period was 0.65 s; the smallest Sasurface/Sainput value was 
0.441, and the largest value was 2.791, corresponding to a pe-
riod of 1.54 s.  For earthquake BH01_NS, the critical period 
was 0.52 s; the smallest Sasurface/Sainput value was 0.313, and 
the largest value was 2.268, corresponding to a period of 1.44 
s.  Structures with long Eigen periods such as wind turbines 
are particularly susceptible to exacerbated seismic responses. 

2. Effect of Uncertainties of Soil Unit Weight and Shear 
Wave Velocity on the Results of Ground Motion Analy-
sis 

 
Fig. 11 Comparison of seabed surface acceleration time series obtained 

using ground motion analysis conducted using soil profile A (de-
tailed soil profile) and soil profile B (detailed soil unit weight 
profile combined with shear wave velocity profile simplified 
along the depth)): (a) BH01_EW earthquake and (b) BH01_NS 
earthquake 

 
 
Soil profile B (Fig. 5(b)) with a simplified profile of shear 

wave velocity and soil profile C (Fig. 5(c)) with a simplified 
profile of soil unit weight were used in the ground motion anal-
ysis to explore the effects of the uncertainties of soil properties 
on the analysis results.  The design earthquakes—BH01_EW 
and BH01_NS—presented in Fig. 8 were used in the ground 
motion analysis, and the analysis results are compared with the 
results shown in Figs. 9 and 10. 

The seabed surface acceleration time series that were ob-
tained from the ground motion analysis conducted using soil 
profiles A, B, and C under the design earthquakes were com-
pared, as presented in Figs. 11 and 12.  The PGA obtained from 
the ground motion analysis conducted using soil profile A un-
der BH01_EW was 0.295g.  When soil profile B was used, the 
PGA was 0.237g, indicating a 19.7% reduction.  When soil  
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Fig. 12. Comparison of the seabed surface acceleration time series ob-

tained from ground motion analysis conducted using soil profile 
A (detailed soil profile) and soil profile C (soil unit weight profile 
simplified along the depth combines with detailed shear wave 
velocity profile): (a)BH01_EW earthquake (b)BH01_NS earth-
quake 

 
 

profile C was used, the PGA was 0.294g, indicating a slight 
0.3% reduction.  Under BH01_NS, the PGA obtained using 
soil profile A was 0.209g.  When soil profile B was used, the 
PGA was 0.183g, signifying a 12.4% reduction.  When soil 
profile C was used, the PGA was 0.223g, reflecting a 6.7% in-
crease.  The PGA comparison results (Figs. 11 and 12) show 
that when we used the soil profile with a simplified profile of 
shear wave velocity along the depth as the input for the ground 
motion analysis, the PGA was underestimated.  However, 
when we used the simplified profile of soil unit weights along 
the depth, the PGA could be increased or decreased, depending 
on the input design earthquake. 

The Sasurface/Sainput values were calculated to determine the 
effects of simplification of soil unit weight and shear wave ve-
locity along the depth on the spectral acceleration coefficients.  
Figs. 13(a) and 13(b) illustrate the results of the ground motion  

 

Fig. 13. Effect of simplification of soil unit weight and shear wave veloc-
ity along depth on spectral acceleration coefficients: (a) artificial 
earthquake BH01_EW and (b) artificial earthquake BH01_NS 

 
 

analyses conducted using BH01_EW and BH01_NS, respec-
tively.  As shown in the figures, regardless of the soil profile 
used, the trends of the distributions of the Sasurface/Sainput values 
along with period remained the same.  However, the simplifi-
cation of the soil parameters in the ground motion analysis 
could result in different Sasurface/Sainput values.  As shown in Fig. 
13(a), when soil profile B was used in the ground motion anal-
ysis, the Sasurface/Sainput values for period shorter than 1.68 s 
were lower than those obtained from the ground motion anal-
ysis conducted using soil profile A.  When soil profile C was 
used, the response spectrum was nearly identical to the re-
sponses obtained from the ground motion analysis conducted 
soil profile A.  As presented in Fig. 13(b), when soil profile B 
was used, the Sasurface/Sainput values for periods shorter than 1.3 s 
were lower than those obtained from the ground motion analysis 
conducted using soil profile A.  When soil profile C was used, 
the Sasurface/Sainput values were lower for periods that ranged be-
tween 0.4 and 0.9 s but were higher for periods that ranged be-
tween 0.9 and 2.0 s when compared with the values obtained 
from the ground motion analysis conducted using soil profile A. 

In the ground motion analysis, the soil profile with a sim 
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Fig. 14.  Safety factor against soil liquefaction of BH01(TORI) determined 

using the NJRA method 

 
 

plified distribution of shear velocity along the depth engen-
dered different responses at the seabed level.  Hence, the shear 
velocity of soil is relevant to the determination of design seis-
mic force in offshore wind foundation design. 

VI. SOIL LIQUEFACTION POTENTIAL 
EVALUATION 

During the development of offshore wind farms in Taiwan, 
evaluating the soil liquefaction potential of the seabed is es-
sential.  This study used the seismic acceleration time series at 
the bedrock (Fig. 8) and soil profiles of BH01(TORI), pre-
sented in Fig. 5, to conduct ground motion analyses.  The 
PGAs described in Section V were used in the NJRA simpli-
fied empirical method to evaluate the soil liquefaction poten-
tial. 

The soil liquefaction analysis results for BH01(TORI) are 
shown in Fig. 14.  The results revealed that soil liquefaction  

 

Fig. 15. Distribution of liquefiable soil layers of BH01(TORI) in the 

Changbin offshore wind farm determined using soil profiles 

with different simplified soil properties under design earth-

quakes 

 

 
may occur at a depth of more than 10 m in the seabed soil.  The 
ranges of liquefiable soil layer differed for BH01_EW and 
BH01_NS.  In foundation design, the worst case can be used.  
The range of liquefiable soil under he design earthquakes was 
also determined to be affected by the distribution of soil unit 
weight and shear wave velocity.  Fig. 15 summarizes the depth 
of the liquefiable soil layer that was calculated using different 
simplified soil profiles in ground motion analyses.  Notably, 
clay is normally treated as nonliquefiable soil.  According to 
some studies, clayey soil with a low plastic index (PI) and high 
moisture content is still susceptible to soil liquefaction (cyclic 
mobility) (Bray et al., 2004; Bray and Sancio, 2006; Boulanger 
and Idriss, 2006).  We observed only one thin clayey layer at a 
depth of 10.75–12 m at BH01(TORI); the PI value and mois-
ture content derived for this layer suggested its susceptibility 
to soil liquefaction.  Accordingly, we evaluated the liquefac-
tion potential of this clayey layer. 

The results in Fig. 15 present a high risk of soil liquefaction 
at BH01(TORI) in the Changbin offshore wind farm, Taiwan.  
When we performed the ground motion analysis to obtain 
PGAs for evaluating the soil liquefaction potential, the soil 
profile with a simplified distribution of shear wave velocity 
resulted in an underestimation of the PGAs as well as an un-
derestimation of the thickness of the soil layers with the lique-
faction potential.  The geotechnical parameters obtained from 
the ground investigation provide crucial information for de-
signing the foundations of offshore wind turbines.  The shear 
wave velocity of soil in the design soil profile should be deter-
mined from field tests, such as PS logging, or from resonant 



460 Journal of Marine Science and Technology, Vol. 27, No. 5 (2019 ) 

column tests in a laboratory when the soil liquefaction poten-
tial and seismic force are evaluated during the design of the 
foundations of offshore wind turbines in Taiwan. 

VII. CONCLUSION 

This study utilized the seismic response spectrum of the 
Changbin offshore wind farm seabed, Taiwan, that was pro-
posed by Wang et al. (2016) to generate two sets of seismic 
acceleration time series of the bedrock (artificial earthquake 
BH01_EW and BH01_NS).  The maximum bedrock accelera-
tions of the two artificial earthquakes were determined to be 
0.272g.  One-dimensional seismic ground motion analyses re-
sults were used to determine the seismic acceleration time se-
ries at the seabed level.  At BH01(TORI), an acceleration am-
plification factor of 1.085 was obtained under the designed 
earthquake BH01_EW, and an acceleration amplification fac-
tor of 0.768 was obtained under the designed earthquake 
BH01_NS. 

A simplified profile of the shear wave velocity and the soil 
unit weight were considered in the ground motion analysis to 
evaluate the effects of soil uncertainties on ground motion re-
sponses during earthquakes.  When the simplified profile of 
the shear wave velocity was used in the ground motion analy-
sis, the PGA of the seabed was significantly underestimated.  
However, the simplification of the soil unit weight profiles did 
not affect the seismic acceleration time series at the seabed 
level.  These results demonstrate the importance of soil shear 
velocities in ground motion responses analyses and validate 
that PS-logging tests or resonant column tests should be con-
sidered in the soil campaign during the development of off-
shore wind farms in Taiwan. 

The PGAs of the Changbin offshore wind farm obtained 
from the ground motion analysis were used for soil liquefac-
tion evaluation by using an SPT-N-based semiempirical 
method.  The Changbin offshore wind farm was determined to 
have high soil liquefaction potential, and soil liquefaction 
could occur beneath the seabed surface up to a depth of 11–13 
m.  Soil liquefaction also occurred at soil depths greater than 
13 m, and the thickness of the liquefied soil was determined to 
decrease with the PGA used.  This study presents the scope of 
seismic demand, including ground motion analysis and seabed 
soil liquefaction potential analysis, for preparing the design 
basis of offshore wind foundations.  The reduction factor of 
the peak shear stress in the direction of depth suggested by the 
NJRA method was used in this study.  The distribution of the 
cyclic stress ratio along the depth may be contrary to the results 
obtained from the ground motion analyses.  A modification of 
the reduction factor of the peak shear stress of soil can be con-
sidered using the results of ground motion analyses to obtain 
the Amax value of each depth for soil liquefaction analysis. 
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APPENDIX 

Soil data of borehole BH01(TORI) (TORI, 2012) 

Layer Depth (m) Thickness (m) Soil Type SPT-N γt (kN/m3) Moisture content (%) Void Ratio LL PI 

1 0.0~1.5 1.5 SP-SM 5 18.15 25.0 0.79 - NP 
2 1.5~3.0 1.5 SP-SM 7 17.46 24.8 0.85 - NP 
3 3.0~4.5 1.5 SM 10 18.05 25.4 0.81 - NP 
4 4.5~6.0 1.5 SP-SM 13 17.56 29.8 0.91 - NP 
5 6.0~7.5 1.5 SM 15 17.85 22.3 0.79 - NP 
6 7.5~9.25 1.75 SM 7 19.13 26.1 0.73 - NP 
7 9.25~10.75 1.5 SM 7 18.54 27.6 0.79 - NP 
8 10.75~12.0 1.25 CL 24 18.64 32.1 0.89 33 15 
9 12.0~13.5 1.5 SM 25 19.52 23.5 0.64 - NP 

10 13.5~16.05 2.55 SP-SM 28 19.03 23.2 0.68 - NP 
11 16.05~18.0 1.95 SM 28 19.52 24.6 0.66 - NP 
12 18.0~19.75 1.75 SM 10 19.23 19.7 0.62 - NP 
13 19.75~21.0 1.25 SM 29 17.56 28.2 0.9 - NP 
14 21.0~22.5 1.5 SM 28 19.23 22.4 0.66 - NP 
15 22.5~24.0 1.5 SM 30 19.62 23.3 0.63 - NP 
16 24.0~25.75 1.75 CL 14 17.56 33.2 1.02 34 14 
17 25.75~27.0 1.25 SP-SM 25 19.13 23.6 0.68 - NP 
18 27.0~28.5 1.5 SM 33 19.23 23.4 0.67 - NP 
19 28.5~30.0 1.5 SM 31 18.64 23.9 0.73 - NP 
20 30.0~31.5 1.5 SM 30 18.84 22.4 0.69 - NP 
21 31.5~33.0 1.5 CL 27 18.54 31.2 0.89 36 15 
22 33.0~34.75 1.75 SM 33 19.62 22.0 0.62 - NP 
23 34.75~36.0 1.25 SM 34 19.42 21.5 0.63 - NP 
24 36.0~37.5 1.5 SP-SM 43 19.62 24.0 0.64 - NP 
25 37.5~39.0 1.5 SM 36 19.72 21.4 0.6 - NP 
26 39.0~40.75 1.75 SM 37 19.33 21.4 0.63 - NP 
27 40.75~42.0 1.25 SP-SM 31 19.33 24.4 0.67 - NP 
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28 42.0~43.5 1.5 SP-SM 30 19.13 25.1 0.69 - NP 
29 43.5~45.0 1.5 SM 37 19.33 24.6 0.68 - NP 
30 45.0~46.75 1.75 SM 21 18.25 27.2 0.83 - NP 
31 46.75~48.0 1.25 SM 43 19.42 20.9 0.62 - NP 
32 48.0~49.5 1.5 SM 43 19.62 19.5 0.59 - NP 
33 49.5~51.0 1.5 SM 47 19.91 20.2 0.57 - NP 
34 51.0~52.5 1.5 SM 47 19.42 20.8 0.62 - NP 
35 52.5~54.0 1.5 SM 38 17.85 16.3 0.71 - NP 
36 54.0~55.5 1.5 SM 44 18.84 20.0 0.66 - NP 
37 55.5~57.0 1.5 SM 39 19.52 20.4 0.6 - NP 
38 57.0~58.5 1.5 SM 39 18.74 22.3 0.7 - NP 
39 58.5~60.0 1.5 SM 44 19.23 24.0 0.68 - NP 
40 60.0~61.5 1.5 CL 25 19.91 24.4 0.67 28 12 
41 61.5~63.0 1.5 SM 46 19.23 21.7 0.65 - NP 
42 63.0~64.5 1.5 SM 43 19.03 22.0 0.67 - NP 
43 64.5~66.0 1.5 SM 37 20.70 17.0 0.48 - NP 
44 66.0~67.5 1.5 SM 43 17.85 20.7 0.76 - NP 
45 67.5~69.0 1.5 SM 42 20.01 18.1 0.55 - NP 
46 69.0~70.5 1.5 SM 46 21.09 16.3 0.44 - NP 
47 70.5~72.0 1.5 CL 28 18.93 26.1 0.74 32 14 
48 72.0~73.5 1.5 SM 29 17.36 28.5 0.95 - NP 
49 73.5~75.0 1.5 SM 39 21.48 14.9 0.4 - NP 
50 75.0~76.5 1.5 SM 44 20.90 16.6 0.46 - NP 
51 76.5~78.0 1.5 SM 45 17.95 16.1 0.69 - NP 
52 78.0~80.0 2 SM 48 20.99 16.1 0.45 - NP 
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