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ARTICLE INFO ABSTRACT

Keywords: The Kugino wind farm at Japan was seriously damaged in the severe Kumamoto earthquake, characterizing as all
Wind turbine three pile group cracks but only one tower buckling. This study aims to reveal the failure mechanism underlying
Pile group

such damage pattern through the Beam on Nonlinear Winkler Foundation (BNWF) analyses, where the soil-
footing interaction is considered with a new g-z model (QzSimple6). It identifies three parameters in a hyper-
bolic function to match any desired modulus reduction curve, whereas adjusts the unloading-reloading curves
iteratively with the Ishihara-Yoshida rule to achieve site-specific soil damping curve. The QzSimple6-based
BNWF analyses quantitatively reproduces centrifuge test results of a pile group foundation system, and newly
reveals the soil-footing interaction does not influence pile bending moments but reduces the point mass accel-
eration. A parametric study is conducted on the full BNWF model with identifying pile group supported wind
turbine, but with scaling soil stiffness and strength. The thrust force is attracted from the aero-elastic analysis in
OpenFAST and the free-filed seismic displacement are calculated with the site response analysis in OpenSees. The
simulation shows consistency with site observations that the No.2 wind turbine tower is destined to buckling at
the height of around 13.9 m due to the sudden reduction of tower thickness, while No.1 and No.3 towers could
remain safe potentially because soil properties under them are softer than that under the No.2 tower. In contrast,
all three pile groups are found to be cracked under the Kumamoto earthquake intensity since the pile bending
moment relies on the footing rigidity rather than the footing-soil interaction.

Soil-footing interaction
Tower buckling
Kumamoto earthquake

wind farm with more than 100 wind turbines.
As the pile group consists of piles and footing, the soil-structure

1. Introduction

Severe earthquakes led to damages of wind turbine towers and
foundations in the last decades (Harukigaoka Wind Power [ 1], Butt and
Ishihara (2], Wang and Ishihara [3]). These indicate the
earthquake-induced damage needs to be considered in the design of
wind turbine towers and foundations (see DNVGL [4]). To accurately
evaluate the responses of wind turbine supporting structures, the
soil-structure interaction shall be considered. JSCE guideline (Ishihara
[5]) recommends two approaches to model the soil-structure interac-
tion, being the equivalent linear one-dimensional (1D) method for the
case with a maximum shear soil strain less than 1 % and the finite
element (FE) method to consider the soil-structure interaction for cases
with a maximum shear soil strain larger than 1 %, respectively. Due to
model complexity, computational effort, and laborious data processing,
the FE analysis may hardly be used to design wind turbines in a large
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interaction of pile group includes the soil-pile interaction and the soil-
footing interaction. In terms of modeling the soil-pile interaction,
many well-known p-y models were proposed (see Zhang and Andersen
[6], Wang et al. [7], Lai et al. [8], Zhang et al. [9]), Cheng et al. [10]), i.
e., Cheng et al.[10] developed a novel cyclic p-y elastoplastic model
based on the bounding surface theory, which can well capture the main
cyclic characteristics of pile-head load-displacement curve, such as
nonlinearity, hysteresis, displacement accumulation, and stiffness
degradation. As summarized in Wang and Ishihara [11]; few previous
hysteretic p-y models can capture the specific where damping becomes
extremely important when it comes to seismic engineering where
damping becomes extremely important. They also proposed a new
hysteretic p-y model PySimple5 being capable of reproducing modulus
reduction and damping curves. PySimple5 was validated by a series of
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Fig. 1. Damages at the Kugino wind farm in Kumamoto earthquake (Harukigaoka Wind Power [1]).

centrifuge tests and well captured the superstructure acceleration and
pile bending moment for all shear strain levels, while the conventional
PySimplel only suited the maximum soil shear strain less than 1 % and
significantly underestimated the superstructure acceleration and pile
bending moment when the maximum soil shear strain was 9.1 %.
Regarding to the soil-footing interaction, the q-z model is needed.
Raychowdhury and Hutchinson [12] recalibrated QzSimplel by static
and cyclic tests of shallow foundations and named it as QzSimple2,
which can consider not only the material nonlinearity but also the
geometrical nonlinearity. However, QzSimple2 failed to match the
modulus reduction curve due to a large linear portion in the model. To
improve the performance of QzSimple2. Wang and Ishihara [13] pro-
posed the QzSimple4 model by replacing the elastoplastic component in
QzSimple2 to yield a smooth modulus reduction curve. The material
constant C in the model can control its backbone to match well with the
desired modulus reduction curve. However, QzSimple4 still over-
estimates the damping value when a large deformation evolves.
Although many other -z models (e.g. Allotey and El Naggar [14-16])
were also proposed, according to the authors’ best knowledge, there is
no model that can reproduce the modulus reduction and damping curves
at the same time.

The dynamic responses of wind turbine supporting structures have
been investigated within a deterministic framework (e.g. Bazeos et al.
[17], Witcher [18], Song et al. [19], Kim et al. [20], Wang and Ishihara
[13], Liang et al. [21], Huang et al. [22], Alkhoury et al. [23]) and
within a probabilistic framework (Kiyomiya et al. [24], Mensah et al.
[25], P érez Rocha et al. [26], Nuta et al. [27], Kim et al. [20], El Haj AK
et al. [28]). Experimental tests (e.g. Prowell et al. [29]; Zhao et al. [30])
and field monitoring (Lauffer et al. [31], Adams et al. [32], Sim et al.
[33], Cheng et al. [34], Cheng et al. [35], Wang et al. [36], Cheng et al.
[37], Wang et al. [38], Wang et al. [39]) have also been carried out to
predict the seismic loading of wind turbine supporting structures.
Despite extensive research on this topic, the studies on the
failure-mechanism of wind turbines in seismic hazards are very limited
(Katsanos [40]). Wang and Ishihara [13] performed a parametric study
to reveal the failure mechanism of shallow foundations at the
Aso-nishihara wind farm caused by the Kumamoto earthquake. They
found that the severe earthquake led to the uplifting of shallow foun-
dation resting on stiff soil and increased the seismic loading on shallow
foundations significantly compared with that estimated by the SR
(Sway-Rocking) model. The uplifting of shallow foundation is the main
reason why the damages at the Aso-nishihara wind farm occurred and
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Fig. 2. Description of an approach to derive the seismic waves at the base of
No.2 wind turbine.

shall be considered in the seismic design of shallow foundations. During
the Kumamoto earthquake, severe failure also occurred at the Kugino
wind farm, where one wind turbine tower was buckled and all the pile
groups of three wind turbines were cracked. However, the failure
mechanism is not yet clear.

Compared to the previous study, this study aims to (1) reveal the
failure-mechanism of real pile group supported wind turbines, (2) adopt
the integrated BNWF model with wind turbine blade, tower, footing,
group piles, and p-y and t-z curves for soil-structure interaction, instead
of a macro-element model for the foundation, (3) utilize the nonlinear
soil reactions capturing the site-specific shear modulus reduction curve
and damping curve, which forms the advance of this study. The failure
for wind turbines at the Kugino wind farm suffered to the Kumamoto
earthquake is described with overall damages, seismological aspects,
wind turbines and foundations in Section 2. The BNWF model for wind
turbines supported by pile groups at the Kugino wind farm is created
with a newly developed q-z spring capable of reproducing site-specific
modulus reduction and damping curves in Section 3. The dynamic
loading is predicted for wind turbines at the Kugino wind farm suffered
to the Kumamoto earthquake and the failure mechanism is clarified
based on a parametric study in Section 4, Conclusions are summarized in
Section 5.
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2. Damage of the Kugino wind farm during Kumamoto
earthquake

Overview of the damage in the Kugino wind farm and seismological
aspects of Kumamoto earthquake are firstly described in Section 2.1, The
structural properties of wind turbine and foundation are then summa-
rized in Section 2.2.

2.1. Overview of the damage and seismological aspects of Kumamoto
earthquake

The Kugino wind farm is in Minamiaso Village, Aso County, Kuma-
moto Prefecture and possesses three ENERCON E40 wind turbines
supported by pile groups. Each wind turbine has a hub height of 46.25
m, a rotor diameter of 44 m and a rated power of 600 kW. The Kugino
wind farm encountered serious damages in the Kumamoto earthquake in
2016 since the epicenter to the wind farm was only a 24 km distance.
Fig. 1a shows the wind speeds and power outputs during the earthquake.
Although the foreshock at 21:26 on April 14 erupted with a maximum
magnitude of 7, no abnormalities were detected, and operation
continued. The damage at the Kugino wind farm occurred at 01:25 on
April 16 after the main shock broke out with a maximum seismic in-
tensity of 7. The power system went out and all three wind turbines
stopped operating. Fig. 1b and Fig. 1c illustrate the buckling of the No. 2
wind turbines and the ground cracks around the turbine, respectively. As
a result, the pile group was cracked, and the tower was buckled at the
height of 13.9 m. Unlike the No.2 wind turbine, the other two wind
turbines experienced the crack of pile groups, but no buckling of the
tower, which enlightens the necessity to make clear the failure
mechanism.

Fig. 2 defines the approach to derive the seismic waves at the base of
No.2 wind turbine from the recorded wave at the Nishihara Komori,
where the seismic waves at the engineering bedrock are assumed the
same for two sites [1]. After performing the site response analysis in
OpenSees, Fig. 3a shows time-histories of three components of derived
acceleration at the No.2 wind turbine site for the main-shock. To

100 T e
£=5%
2 10
K]
E
c
o
=
a
o
8
<
—NS  Footing base of WT2
—UuD
-—EW
—_ng Assumed
—_yp engineering bedrock
0.1
0.010 0.10 1.0 10
Period (s)

(b) Acceleration spectra

Fig. 3. Acceleration on the footing base and the engineering bedrock at No.2 wind turbine site.
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Fig. 4. Description of the No. 2 wind turbine and soil property at the site.

evaluate the spectral content of the derived ground motions at the No.2
wind turbine site, 5 %-damped response spectra are calculated and
shown in Fig. 3b. The results for the wind turbine base are plotted with
solid lines, while those for the engineering bedrock are p with broken
lines. The comparison of the response spectra indicates that generally
site amplification is significant for all three components and horizontal
motions are amplified in almost all periods in the East-West direction
and in a period range between 0 s (i.e. PGA) and about 1-2 s in the
North-South direction, while vertical motions are significantly magni-
fied at vibration periods less than 0.3 s or more than 1.5 s

2.2, Description of wind turbine and foundation in the Kugino wind farm

The No.2 wind turbine, with a rotor diameter of 44 m and a hub
height of 46.25 m, is supported by a pile group foundation with 8 piles.

The wind turbine tower is made of steel, whose diameter varies in the
range of 3.500 m to 1.448 m from bottom to top. The thickness of wind
turbine tower also varies in the range from 0.012 m to 0.018 m. How-
ever, the thickness does not reduce uniformly from bottom to top and a
small thickness of 0.012 m exists in the height ranged from 10.795 m to
16.345 m. Each pile has a length of 21 m and a diameter of 0.6 m, which
are made of three short piles, that is, a 6 m long SC pile in the top, a 6 m
long PHC B pile in the middle and a 9 m long PHC A pile in the bottom.
The eight piles are connected to an octagonal 2.3 m high steel-reinforced
concrete footing. Both footing and piles are embedded in layered cin-
erites. The layered cinerites can be simplifed as a 18 m depth clay resting
on a 22 m depth sand. The information of the No.2 wind tubrine is given
in Fig. 4 and Table 1, Table 2 shows the soil stiffness, such as S-wave and
P-wave velocities and strength, such as friction angle or cohesion at the
site of the No. 2 wind turbine.
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Table 1

Summary of the No.2 wind turbine.
Description Value
Name ENERCON E40
Rated power 600 kW
Hub height (above G.L) 46.25m
Rotor diameter 44 m

Tower diameter, thickness

Nacelle and rotor mass

Tower mass (with
equipments)

Footing shape, dimension

Pile diameter, length and
number

Foundation material

1.488-3.740 m, 0.012-0.018 m, see Fig. 4a
30,000 kg
43,484 kg

Octagonal, see Fig. 4b
0.6m,21 m, 8

SC(Upper pile), PHC B (Middle pile), PHC A (Bottom
pile), see Fig. 4¢

The foundation is the only difference between the three wind tur-
bines. The soil properties for the No.1 and No.3 wind turbines are
modelled by scaling the soil properties of the No.2 wind turbine based
on the geological survey and summarized in Table 3, which are used in a
parametric study performed in Section 4 to reveal the failure mechanism
of the No.2 wind turbine as given in Fig. 5. According to the JSCE
guideline (Ishihara [5]), the modulus reduction and damping curves for
the typical clay would be described using the H-D model with parame-
ters of yo5 = 0.15%, hpax = 17%, and those for the typical sand can be

expressed using the H-D model with parameters of y; 5 = 0.1%. Ay =

21%. They are used for PySimple6 as explained in Section 3.2,

3. The BNWF model for wind turbines supported by pile groups
at the Kugino wind farm

The BNWF model is built for the soil-structure interaction of pile
group foundation in Section 3.1, in which the footing effects are eval-
uated using a new q-z model QzSimple6, while the pile group effects are
captured by PySimple5 with group coefficients. The proposed QzSim-
ple6 is presented in detail and compared with the conventional models
in Section 3.2.

3.1. The BNWF model for the wind turbine supported by a pile group

The BNWF model of a wind turbine supported by a pile group is
depicted in Fig. 6. The rotor-nacelle assembly is modeled by the stan-
dard lumped mass model (SLM model) with a dashpot at the hub height.
The dashpot can also be replaced by a modal damping of 5 % approxi-
mately as given in Valamanesh and Myers [41]. The wind tubrine tower
is modeled using the force-based beam-column element with an elastic
section. Regarding to the footing, the ShellMITC4 shell element with the
plate fiber section and the Elastic-Isotropic material is used. Fig. 7 shows
the moment-curvature behavior of SC pile, PHCA pile, and PHC B pile
corresponding to the maximum axial load N of 747.7 kN as shownin [1],
for which the force-based beam-column elements with nonlinear sec-
tions and Multi-Linear material at 1.0 m intervals are adopted. All above
elements are well defined in OpenSees (Mazzoni [42]).

The soil-pile group interaction is modeled via the Zero-Length
element with PySimple5 and QzSimple6 to consider the pile group ef-
fects and the footing effects, respectively. The spring models of PySim-
ple5 and QzSimple6 are newly developed and implemented in
OpenSees. Detailed description of PySimple5 can be found in Wang and
Ishihara [11], while that for QzSimple6 is stated in Section 3.2 in detail.

Structures 69 (2024) 107201

Table 3
Scaling factors used for the soil properties at the sites of No.1 and No.3 wind
turbines.

Label WT1 WT2 WT3

Scaling factor 0.75 1 0.8

%
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Fig. 5. Pile group supported wind turbines with different soil properties.

It is noted that when PySimple5 is applied to capture the interaction
between soil and pile group, the pile group effects should be reflected
into the parameters of ultimate capacity and initial stiffness. This study
adopts the pile group coefficients as shown in Table 4 that is based on
the centrifuge tests of a3 x 3 pile group with a spacing-diameter ratio of
5 by Nguyen et al. [43].

3.2. A new q-z model QzSimple6

Wang and Ishihara [11] proposed PySimple5 capable of matching
the site-specific modulus reduction curve and the desired damping
curve. In this section, a new q-z model QzSimple6 is proposed following
the same idea as PySimple5. As presented in Fig. 8, QzSimple6's elas-
toplastic component can match the modulus reduction and damping
curves and QzSimple6's gap component can capture the uplifting
behavior between soil and footing.

Eqs. (1)-(11) express the governing equations of QzSimple6. More
specifically, the force and stiffness of linear component is shown in FEqs.
(1)-(2), those of the hyperbolic component in Eqs. (3)-(4), those of the
gap component in Eqs. (5)-(8), and those of the overall model in Eqs.
(9)-(10). Eq. (11) shows the yielding function, in which C, controls the
elastic range of the proposed model. C, equals to 0 in the proposed
model, which means no pure elastic range exists in QzSimple6 as the
linear and hyperbolic functions defines the plastic behavior of

Table 2

Soil properties at the site of the No. 2 wind turbine.
Type Depth (m) Unit weight (kN/m2) Poisson ratio Cohesion (kPa) Friction angle (deg) S-wave and P-wave velocity (m/s)
Clay 0~-18m 17.0 0.3 20 —80 0 See Fig. 4d
Sand —18 m~—40m 19.0 0.3 ] 42
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QzSimple6 together.
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Table 4
Group coefficients for a 3 x 3 pile group with a spacing-diameter ratio of 5 [22].

Pile type Group coefficients of Ultimate Group coefficients of Initial
bearing capacity (kN/m) stiffness (kN/m?)
Outer 0.766 0.656
pile
Centre 0.728 0.592
pile

Note that: the outer piles represent those piles are close to the footing side and
the centre piles means the piles except the outer piles.

o - 94 _ n-sign(z) (B-E-Que — Qo) [( A-E-c-zg ” @
02 |2 -z + A-Eczsy [ \|2 — 2| +AEcas
¢ =q+q (5)
— Codir — (Coogr — ) [ —— 50
T = Ce-Qun (Cs uir lT:)) (350 m 2|zs — 3g|) (6)

0.001 245, (z, > 0)
Zs0

i, <
1000 e (< 0)

2n(qy — CsGur) ( Z50 ) +0.001 3 (2, > 0)

KS_E_ Zso + 2|28 — 25| \2Zso + 2|28 — 2| Zso
ozt _
j::(f_éz ngs_q%}| (Zso - 2”’; - 23|) + 1000% (2, < 0)

8
=0 ¢ ¢ ©)
K= (1/K° +1/K° +1/K¥) "} (10)
F=1a—qul = (Cr-pur) an

where ¢° is the force in linear component, ¢” is the force in hyperbolic
component, K is the modulus of linear component, K? is the modulus of
hyperbolic component, K# is the modulus of gap component and K is the
combined modulus. sign(2) is the sign function of £ and Z means the rate
of z. f is the yield function, q, is the value of q at the center of the elastic
region (analogous to the backstress in the classical plasticity theory), C,-
Q. is the yielding force and C, is 0 in QzSimple6. g, is the value of q at
the start of current plastic loading cycle and q,, is the ultimate bearing
capacity. z° is the linear component of displacement, 2* is the hyperbolic
component of displacement, 2{, is the value of 2, at the start of current
plastic loading cycle and 25, is the displacement where ¢ = 0.5¢,4. q°
and g* are forces in the closure and the suction elements, respectively, g},
is the value of ¢° at the start of current plastic loading cycle. z¢ is the
displacement across the gap element, 25, is the value of 2¢ at the start of
current plastic loading cycle and C; is the ratio of the maximum suction
force to the ultimate bearing capacity. ¢, n and 5 define the shape of
backbone curve, while A, B and E determine the shape of unloading and
reloading.

The backbone curve relevant parameters (c, n, 5) can be identified by
GA and goal seeking using the criterion that the backbone curve shall be
capable of matching the desired modulus reduction curve. The fitness
function of GA, 1/RMSE, is defined as the ratio of root mean squared
error in Eq. (12), while the iteration will be stopped when Eq. (13) is
satisfied, or the generation reaches 100.

18 /K GG
RMSE ﬁg(K_o_G_o) (12)
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(a) Zero length beam element
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Fig. 10. Zero-Length beam element with QzSimple6 and normalized hysteresis loops.

RMSE <107 or ¢;— ¢, , <10°° (13)

where RMSE means the root mean square error. G; is the modulus at the
ith points of modulus reduction curve, while K; is the corresponding
stiffness of g-z curve. N is the number of points on the modulus reduction
curve used for identification, which could be 10-20 uniformly distrib-
uted points on the modulus reduction curve. Gy and Ky are the initial
shear modulus and stiffness, respectively. ¢; means the parameter at the
Jjth generation and ¢ could be ¢, n and .

The unloading-reloading relevant parameters (A, B and E) can be
updated using the Ishihara-Yoshida rule (Ishihara et al. [44]) following
the criterion that the backbone curve shall be capable of matching the
damping curve. The Ishihara-Yoshida rule was proposed for the ground
response analyses to solve the overestimation of soil damping when the
soil strain is large. The same idea is used in this study for the g-z
modeling. A, B and E have different values for different loading condi-
tions as shown in Eq. (14) and are obtained iteratively to match the
damping curve using Eqs. (15)-(17). It is noted that Eqs. (16)-(17)
cannot be solved in a closed form for a; and e;. They are solved
numerically using the bisection method. The iteration will be stopped
when Eq. (18) is satisfied, or the number of iterations reaches 50. Eq. (9)
is also examined, and the iteration will be stopped when Eq. (19) is
satisfied, or the number of iterations reaches 20.
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Fig. 11. Comparisons of modulus reduction and damping curves between QzSimple2, QzSimple4 and QzSimple6.
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Fig. 12. Schematic of CSP5 test.
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Fig. 13. Time histories of imposed acceleration in the centrifuged test CSP5.
Table 5
Soil parameters of CSP5 centrifuged test.
clay (0-1.5m) clay (1.5-3 m) clay (3-4.5m) clay (4.5-6 m) sand
G, (MPa) 0.5 1.3 1.8 2.4 41.5
B, (MPa) 2,33 6.1 8.4 11.2 90.0
¢y (kPa) 2.5 6.5 9.0 12.0 0.0
$ (deg) 0.0 0.0 0.0 0.0 39.5

Note: G,: low-strain shear modulus; B,: low-strain bulk modulus; ¢,;: cohesion; ¢ soil friction angle.



L. Wang and T. Ishihara Structures 69 (2024) 107201

0.1 —————
°
- 0.05
o
® 0 b 1 !
o ' ()
@ -0.05 ——Obs.
2 01 L . _ —OpenSees
0 5 10 15 20
Period (s)
(a) Event A (y,..=09%)
0.2 T e e

o

= 01

k=)

% 0

o

@ -0.1 o9

2 _02 ......... [P P AP EEPE P i .r.)e<r.| .e.e.s.

0 5 10 15 20
Period (s)

(b) Event B (y, =4.2%)

0.8 — 0.8 T i
—6—0bs. —e—0bs.
-=0penSees ——OpenSees
06 . 06 1
04F ] i

0.2

Acceleration response spectrum (g)
Acceleration response spectrum (g)
(=]

F-S

10 0.01 ; 10
Period (s) Period (s)

(c) EventA (., =0.9%) (d) Event B (y,_ =4.2%)

Fig. 14. Comparison of measured and predicted acceleration time histories.

1 T — 1 T T
—©—0bs. —6—0bs.
—W/o footing effects ——W/o footing effects
08 F - With footing effects 0.8 F —==With footing effects

e
=]
T
o
=]

o
B
o
B

o
S
o
o

Acceleration response spectrum (g)
Acceleration response spectrum (g)

0.1 1 10 0.1
Periad (s) Period (s)
(a) Event A (y,,=0.9%) (b) EventB (y,, =4.2%)
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30 —¢ —¢ _ 1.0e-12 (19) supported structures. The flow chart in Fig. 9 shows how QzSimple6
Qult - solved iteratively.

The performance of QzSimple6, QzSimple4 and QzSimple2 is

. . . : ;o
QzSimple6 is also implemented in OpenSees (Mazzoni [42]) and compared in terms of whether matching the modulus reduction and

solved iteratively when it is applied to dynamic analyses of pile

10
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Fig. 17. Scatter plots for comparison between predicted and measured acceleration responses of superstructure with the damping of 5 %.

damping curves, for which the gap component shall be eliminated from
QzSimple6, QzSimple4 and QzSimple2 to form a full hysteretic loop.
With the input parameters (q = 1, D = 1, C; = 1, 250 = 0.473%
calculated from 250 = 2.5Dy,5/(1+v) and v = 0.3), QzSimple6 is
assigned to a Zero-Length beam element and subjected to a unit axial
force cyclically as shown in Fig. 10a to fit the H-D model (G/Go
=1/(1+7/ros) and h = hpaxy/(vos + 7)s 705 = 0.25%, Rpax = 20%).
The beam element is fixed at one node and free at the other node.
Fig. 10b and 10c illustrate the load-displacement responses (also known
as the hysteresis loop) and the definition of stiffness and damping based
on the hysteresis loop, from which the modulus reduction and damping
curves are derived and compared for QzSimple6, QzSimple4 and
QzSimple2 in Fig. 11. QzSimple6 matches well with the target modulus
reduction and damping curves while QzSimple2 fails to capture modulus
reduction and damping curves. More specifically, QzSimple2 does not
output a smooth modulus reduction curve due to the initial range of
rigid behavior in the plastic component and it underestimates the soil
damping at small strains, but significantly overestimates the soil
damping at large strains. QzSimple4 outperforms QzSimple2 in terms of
matching modulus reduction curve but is inferior to QzSimple6 when it
comes to match the soil damping at large strains.

3.3. Validation of the BNWF model

The proposed model is validated by the centrifuge tests for a pile
group in soft clay (referred as CSP5 Event A—~B) (Wilson [45]). The CSP5
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included not only a pile group but also a single pile. Since the CSP5
single pile results were simulated well by the PySimple5 model (Wang
and Ishihara [11]), this section validates the QzSimple6 model using the
CSP5 pile group results. As portrayed in Fig. 12, the pile group PG33
consisted of nine piles ina 3 x 3 grid whose pile cap was 7.3 x 7.3 min
plan, 2.3 m in thickness, and had a mass of 318 Mg. PG33 supported a
superstructure mass of 468 Mg centered 10.7 m above the pile cap. Each
pile was approximately equivalent to a 0.67-m diameter steel pipe pile
with a 19 mm wall thickness. The soil profile in the CSP5 consists of a
saturated soft clay layer with the thickness of 6.1 m and a saturated
medium dense sand layer with the thickness of 11.4 m. As summarize in
Table 3, the undrained shear strengths of the clay were 2.5, 6.5, 9.0 and
12.0 kPa for the depths of 0-1.5, 1.5-3.0, 3-4.5 and 4.5-6.0 m,
respectively, while the friction angle of the sand equaled to 39.5% The
effective unit weight was 7.75 kN/m® for clay and 9.81 kN/m® for sand,
respectively. The excitations are imposed horizontally at the model base
using the scaled Santa Cruz seismic waves with the amplitudes of
0.035 g for Event A and 0.12 g for Event B, which are shown in Fig. 13.

Following Wang and Ishihara [11], the modulus reduction and
damping curves for clay is described using the H-D model with param-
eters of 7,5 = 0.15%, hpax = 17%, and those for sand using the H-D
model with parameters of y,c = 0.1%, hp.x = 21%. The seismic
soil-pile interaction analysis includes the site response and pile response
analyses. The site response analysis was performed in OpenSees using
PressurelndependMultiYield material (PUDY) for clay and Pressur-
eDependMultiYield material (PMDY) for sand. From the predicted and
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Fig. 18. Methodology for the BNWF analysis.
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measured acceleration responses illustrated in Fig. 14 at the depth of
1.6 m, it can be seen that the OpenSees simulations generally show
reasonable agreement with measurements. More information about the
site response analysis can be found in Wang and Ishihara [11].

The predicted responses of the superstructure and a side pile are
presented in Fig. 15 and Fig. 16, respectively. The predictions with
considering the footing effect agree well with measurements for both the
superstructure and the pile group, though there is only one observed
point for pile moments. Two peaks are observed for superstructure ac-
celerations, one represents the dominant period of the excitation, while
the other is for the natural period of the structure. The natural period of
the structure is slightly overestimated probably due to that the group
coefficient is not exactly derived for this experiment. The footing effect
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is shown of high importance to the superstructure acceleration for a pile
group embedded in soft clay. Without considering the footing effect, the
superstructure acceleration will be overestimated for all strain levels.
This finding is consistent with the previous recognition in Tuner [46]
that the superstructure response could be dominated by cap-soil inter-
action more than pile-soil interaction. Although there exists only one
observation data of pile moment, the two predictions are close, implying
that the footing effect exerts little influence on the pile bending moment
as it relies more on the footing rigidity rather than the footing-soil
interaction.

Fig. 17 plots the scatter plots for comparison between predictions
and experiments for the acceleration responses of superstructure with
the damping of 5 % and bending moments of pile shaft at the instance of
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maximum pile displacement, together with the corresponding validation
metric boundary as shown in Appendix A. It is observed that better
agreement is achieved for predictions with footing effects than those
without footing effects. Since the footing effects exert little influence on
the bending moments of pile, the validation metric for the pile moment
is omitted here.

4. The dynamic loading prediction for wind turbines at the
Kugino wind farm suffered to the Kumamoto earthquake

4.1. Methodology

As illustrated in Fig. 18, the dynamic loading is predicted through the
BNWF analysis that incorporates three steps: (1) the time history of
thrust force is estimated through performing the dynamic analysis in
OpenFAST using an aero-elastic model with a fixed foundation; (2)
Depth-varying time histories of displacement in the free-field are pre-
dicted by the site response analysis performed in OpenSees; (3) the
dynamic loading on tower and piles are calculated via the BNWF anal-
ysis with the thrust force and the displacements obtained from previous
two steps.

For the BNWF analysis, Rayleigh damping is applied for the struc-
tural damping with a damping ratio of 0.2 % for tower and 3 % for pile
and footing. The structural damping ratio for the steel wind turbine
tower shall be 0.2 % based on the filed measuremnt of a 2.4 MW gravity
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foundation supported wind tubrine (see Oh and Ishihara [47]). Since the
piles are hollow piles, the structural damping ratio of 3 % seems
reasonable. Although the footing is made of steel-reinforced concrete, it
is quite rigid and the structural damping ratio of 3 % is applied. Open-
Sees defined its own methods for analysis. Constraint Handler de-
termines how the constraint equations are enforced in the analysis; the
numberer determines the mapping between equation numbers and
degrees-of-freedom; the integrator determines the predictive step for
time t + dt; the algorithm determines the sequence of steps taken to
solve the non-linear equation at the current time step; the system
specifies how to store and solve the system of equations in the analysis;
the convergence determines when convergence has been achieved. More
information can be found in Mazzoni et al. [42]. The analysis is con-
ducted using the penalty method for the constraints handler, the reverse
Cuthill-McKee scheme for the numberer, the displacement control
method for the integrator, and the convergence tolerance on the energy
unbalance in the system was 1075,

According to the JSCE guideline (Ishihara [5]), the criteria shown in
Eq. (20) are adopted to evaluate the safety of tower under the strong
earthquake.

2o (Se )+ (52) o

Here, 6. = N/A, 6y = M/Z, v = 2Q/A, 17 = My/21r*t, L = 4\/rt

(20$)
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where .f_. is the allowable compression stress, ,f . is the allowable
bending stress, f_. is the allowable shear stress, N is the axial force, M is
the bending moment, Q is the shear force, My is the torsional moment; A
is the sectional area, Z is section factor, r is the sectional radius and t is
the sectional thickness; E is Young’s modulus and F is the yield value of
axial force, shear force and moment.

4.2. Results and discussion

Fig. 1a reveals that at the start of the main shock of the Kumamoto
earthquake, the No.2 wind turbine also encounters a wind speed of
around 4 m/s. To approximate the thrust force at the hub height level,
an aero-elastic wind turbine model is built in OpenFAST with a fixed
foundation. The distributed properties of the blades in this study are
scaled down from NREL 5 MW reference wind turbine (Jonkman et al.,
2009) to generate the input file. This can result in a small deviation on
the identified frequency of the blade modes but should have little or no
influence on the frequency of fundamental FA tower mode. The overall
mass, first mass moment of inertia, second mass moment of inertia, and
nominal radial CM location of each blade are 3000 kg, 3.1E+ 4 kg m?,
7.9E+ 5 kg m? and 6.0 m with respect to the blade root, respectively.
Assumed the wind turbine is normally operated when earthquake oc-
curs, the wind field is generated using the Turbsim with the Kaimal
turbulence model and the B turbulence level. Wind speed is given at the
hub height, and a power law, with a wind shear exponent of 0.2, gives
the wind profile. The simulation of each load case lasts 700 s, and the
results of the first 100 s will be removed to eliminate transient behavior.
Fig. 19 plots the wind speed at the start of the main shock of the
Kumamoto earthquake and the corresponding thrust force at the hub
height, which would be applied to the tower top for the BNWF analysis.
The thrust force could exert a maximum aerodynamic moment of
3.7E+ 3 kNm (80 kN * 46.25 m) at the tower base, which is negligible

)

(1™
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)

when compared to the maximum seismic moment of 2.5E+ 4 kNm as
shown in Fig. 21.

The site response analyses for the parametric study are performed in
OpenSees using PressurelndependMultiYield material (PUDY) for clay
and PressureDependMultiYield material (PMDY) for sand, whose pa-
rameters are modified from those in Section 3.3. Fig. 20 compares the
acceleration response spectra at depths of 5 m and 15 m in both EW and
NS directions. Combined with the seismic wave at the engineering
bedrock in Fig. 2, a general trend is found that the seismic wave is
amplified at the deep depth and the amplification is reduced as the depth
reduces. In light of varying soil properties, greater amplification is
evolved by softer soil at deeper depths while that at shallower depths are
mitigated. In summary, softer soils exert greater amplification.

Fig. 21a-21c plot the predicted maximum seismic loading on wind
turbines towers including axial force, shear force and bending moment.
The seismic loading is found to be increased along with the increase of
soil stiffness, especially for the bending moment. Together with those
given in Fig. 20, it can be concluded that although yielding larger
amplification on seismic waves, the softer soil properties exert an overall
reduction of the dynamic loading on tower as the soil springs are soft-
ened, which could be a potential reason why two left wind turbine
towers (No.1 and No.3 wind turbines) remained safe. Assisted with Fq.
(20), the stress ratio of wind turbine tower can be calculated and plotted
in Fig. 21d. The stress ratio of No.2 wind turbine tower at the height of
13.9 m exceeds 1, which means the tower shall be buckled around this
elevation. This is consistent with the buckling of No. 2 wind turbine
around the height of 13.9 m. The reason why the stress ratio exceeds 1 at
this elevation is that the sectional thickness is reduced here suddenly
(see Fig. 4a). In terms of scaled soil properties, both stress ratios are less
than 1, implying the integrity of the whole wind turbine after the
Kumamoto earthquake. This may deduce the condition at the Kugino
wind farm that the No.1 and No.3 wind turbines are supported in softer
soils compared the No.2 wind turbine.
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The damage of pile group can be evaluated according to the pile
design manual that is widely used for designing piles (Japan Road As-
sociation [48]). When the pile moment exceeds the yield moment (M,),
the pile would experience the third-level damage, while when the pile
moment is beyond the ultimate moment (M,), the pile behaves the
fourth-level damage. The third-level or fourth-level damages were
detected on piles for three wind turbines at the Kugino wind farm after
the Kumamoto earthquake using the high-frequency impact elastic wave
method (Nagai et al. [49]1). Fig. 22a-22¢ show the predicted maximum
axial force, shear force and bending moment on piles, based on which
the bending moment normalized to the yield moment is plotted in
Fig. 22d. The maximum bending moment on upper piles significantly
exceeds the yield bending moment of piles by over two times, implying
three wind turbine supporting piles was deemed to crack. These are
consistent with the finding in accident survey after the Kumamoto
earthquake. Similar to those observed in Section 3.3, the soil properties
are found to exert little influence on the pile bending moment due to the
pile bending moment relying more on the footing rigidity rather than the
footing-soil interaction.

5. Summary and conclusion

This paper investigates the failure-mechanism for wind turbines
supported by pile groups at the Kugino wind farm in the Kumamoto
earthquake based on the Beam on Nonlinear Winkler Foundation
(BNWF) analyses. A parametric study is performed using the same wind
turbine with scaling soil stiffness and strength to make clear the failure
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mechanism why only the tower of No.2 wind turbine was buckled but all
three piled foundations were damaged at the Kugino wind farm in the
Kumamoto earthquake. The result and finding are summarized as
follows:

(1) A new q-z model called QzSimple6 is proposed to model soil-
footing interaction, being matched the desired modulus reduc-
tion curve by identifying three parameters in a hyperbolic func-
tion and the desired damping curve by applying the Ishihara-
Yoshida rule that controls the unloading-reloading curves itera-
tively through three parameters.

(2) Though predicting the centrifuge test results of a point mass
supported by a pile group, it is found that accelerations of the
point mass are largely overestimated without considering footing
effects, while bending moments of the pile group are almost not
affected much by the footing effects.

(3) The No.2 wind turbine tower is destined to buckling at the height
of around 13.9 m due to the sudden reduction of tower thickness,
which is consistent with the real phenomenon observed during
the Kumamoto earthquake.

(4) Although yielding larger amplification on seismic waves, the
softer soil properties exert an overall reduction of the dynamic
loading on tower as the soil springs are softened, which could be a
potential reason why No.1 and No.3 wind turbine towers
remained safe.

(5) In contrast, varying soil properties exerts little impact on the
dynamic loading of pile groups as they were constrained by the
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Fig. 22. Distribution of maximum seismic loading and stress of pile.

heavy footing. That's why all three pile groups were cracked in
the severe Kumamoto earthquake intensity.

This paper focuses on the dynamic analyses of single wind turbine, a
farm-level integrated dynamic analyses would be performed to investi-
gate the damage thoroughly in the future.
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Appendix A. Validation of QzSimple6 by the shaking table test of a bridge pier-shallow foundation system

QzSimple6 is validated using a series of shaking table tests of a bridge pier-shallow foundation system under the seismic shaking (see Anasta-
sopoulos et al. [50,51 ). As illustrated in Fig. A1, the bridge pier-shallow foundation system (Table A1) rested on the dense dry sand (Table A2) were

excited by sinusoidal accelerations.

A BNWF analysis is performed using QzSimple6. The column and footing are modeled using elastic beam-column elements, while the bridge deck is
taken as a lumped mass. With 20 elastic beam-column elements to model the footing, 21 q-z springs are needed to capture the vertical soil-footing
interaction. The q-z springs are modeled using Zero-Length elements with the uniaxial material QzSimple6. Input excitations are imposed using
the Multi-Support pattern command to yield the absolute values of dynamic responses. The Rayleigh damping model is adopted to capture the
structural damping. Following Wang and Ishihara [52], a common value of 0.2 % for the material damping of steel is adopted since the experimental
models are made of steel. To compare, the simulations with QzSimple2 are also performed.



L. Wang and T. Ishihara

Mo = 1200 Mg

Structures 69 (2024) 107201

Ag=0.15,0.40,0.50¢

AV

7.

Ag=0.15, 0.40,0.50g

o

Dense
dry Sand

(a) Bridge pier on shallow foundation of
varying dimensions (in prototype)

13m 4

T:sec
(b) Representative acceleration time histories
and their elastic response spectra

Fig. Al. Bridge pier-foundation system and excitation inputs.

Table Al

Properties of large and medium foundations (in prototype).

Property Large Foundation Medium Foundation
Bridge deck mass [M (Mg)] 1200 1200
Pier height [H (m)] 13.6 13.6
Column height [hp (m)] 13.0 13.0
Column section area [A (m2)] 1.06 1.06
Column section moment of inertia [Ix (m4)] 0.32 0.32
Foundation length [L (m)] 11.0 7.0
Foundation width [B (m)] 1.7 1.4
Foundation height [Hy (m)] 0.6 0.6
Total vertical load (N (kN)) 14362 13593
Static safety factor (FSv) 7.49 3.41
Fixed base period [Ty (s)] 0.16 0.16

Table A2
Summary of soil properties in the shaking table tests.

Name Longstone sand
Relative density Dr (%) 85

Specific weight Gs 2.64

Friction angle (deg) 44

Poisson ratio 0.25
Coefficient of friction 0.7

Figs. A1 and A2 depict the dynamic responses of bridge deck and footing under the base excitation of a 12-cycle 2-Hz sine pulse with the amplitude
of 0.15 g and 0.50 g, respectively. Through the ascending slope of the rotation-settlement response, it is noticed that the footing is uplifted for the
amplitude of 0.50 g but not for 0.15 g. Hence, the dynamic responses under the amplitude of 0.15 g are determined by the soil material nonlinearity
(the elastoplastic component), while those for 0.5 g are controlled by the geometrical nonlinearity (the gap component). Incorporated with the site-
specific modulus reduction and damping curves and an advanced gap model, QzSimple6 predicts the superstructure acceleration and foundation
settlement for both small and large amplitudes. In contrast, QzSimple2 significantly underestimates the superstructure acceleration, indicating the
importance of matching site-specific modulus reduction and damping curves.
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Fig. A2, Comparison of the responses predicted by QzSimple6 and QzSimple2 for the amplitude of 0.15 g.
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Fig. A3. Comparison of the responses predicted by QzSimple6 and QzSimple2 for the amplitude of 0.50 g.

A hit rate q is defined as the validation metric is defined to quantify the agreement between experiments and the proposed model (Schatzmann
et al. [53] and Oettl [54]) as presented in Eq. (A1),

P — Xi
1 ) 1, P
q=ﬁ2n.-. with n; = Xi
= 0. else

<D, or lyi—x| < W, (A1)

where x; and y; are the responses of bridge deck and footing from experiments and predictions, respectively. The data are picked corresponding to time
points between 2 s and 8 s at 0.1-s intervals for the superstructure. For the footing, the rotations of 0 rad, —0.5E-3 rad and 0.5E+ 3 rad for the 0.15 g
acceleration amplitude or those of 0 rad, —1.5E-3 rad and 1.5E+ 3 rad for the 0.50 g acceleration amplitude are selected. N represents the number of
data, whileD, and W, are the threshold. Values of the metric corresponding to the complete agreement and disagreement are ¢ =1 and g =0
respectively. The thresholds D, = 0.25 354 W, = 0.1| max | are usually adopted, in which | max | is the maximum value of the observation. The scatter
plots between predictions and experiments are compared in Figs. A4 and A5 for responses under the amplitudes of 0.15 g and 0.5 g, from which
QzSimple6 is found to perform much better than QzSimple2.
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