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Abstract : In oflshore, various external forces such as wind force, tidal current and impulsive breaking wave force act on ofishore wina
tower. Among these forces, impulsive breaking wave force I1s especially more powerfil than other forces. Therefore, various studies on
Iimpulsive breaking wave forces have been carried out, but the soil reaction are incomplete. In this study, the p-y curve is used to
calculate the soil reaction acting on the ofishore wind tower when an impulsive breaking wave force occurs by typhoon. The calculation o;
offshore wind tower against impulsive breaking wave force is applied for the multi-layered soil. The results obtained in this study show
that although the same wave height is applied, the soil reaction generated by impulsive breaking wave force is greater than the soil

reaction generated by wave frce.
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1. Introduction

Offshore wind towers have received focus as an
alternative method to solve the problems of onshore wind
farms such as securing sites, noise, and electromagnetic
waves, and to obtain efficient wind energy. Therefore, many
studies on the offshore wind energy have been carried out.
Among these studies, Gaudiosi (1999) presented the research
of offshore wind energy prospects in various European
countries. In Japan, research on the predominance of offshore
wind towers was carried out by Iguchi et al. (2000), and
research on the development of medium and large scale wind
towers in coastal zones was carried out by Nagai et al
(2008). In Korea, Kyoung et al. (2003) assessed the wind
power resources along the Korean Peninsula.

The mono-pile support structure has been utilized as
foundations for supporting the offshore wind tower at water
depths of less than 30m. In this type of foundation, the soil
conditions affect the bearing power of the offshore wind
tower. The various soil conditions affect soil reactions and
displacement.

In the offshore developments, various external forces such
as wind force, tidal current, and impulsive breaking wave
force act on the structure. Among these external forces,

impulsive breaking wave force significantly impacts on the
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structure in a moment. Chun and Shim (1999) analyzed the
dynamic behavior of a cylindrical pile subjected to impulsive
breaking wave force. Especially, during a typhoon, the
occurrence probability of a more powerful breaking wave is
increased. Also, it is expected that the strength and
occurrence frequency of typhoons coming to the Korean
Peninsula will increase (Choi et al., 2009).

Andersen et al. (2012) presented the research of wind
towers on the mono-pile foundations in clayey soils. The
study on sandy soil is carried out by Jang et al. (2013).
Also, Earlier research led by Kim and Go (2013) analyzed
the soil reaction according to the external forces without
impulsive breaking wave force. However, the studies on the
relation between p-y curve in multi-layered soil and
impulsive breaking wave force have rarely been carried out.

In this study, the p—y curve is used to calculate the soil
reaction acting on the offshore wind tower when an
impulsive breaking wave force and wind force act on the

offshore wind tower.

2. Basic Equation

2.1 External Forces acting on the tower

It is important to analyze the impulsive breaking wave
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force acting on the offshore wind tower, for it is one of the

most powerful forces.
The equation of the impulsive breaking wave force fz

suggested by Tanimoto et al.(1986) is partially expanded as
follows :

;- {17 |0.757]b—(z—d)|

32 }V(W/Q)wﬂ(d-i-nb)D

(€0)

i
TA} +4,
70 3

where 7, is the wave crest height, d is the water depth, §

v= A, tanh AQIOgIO{

is the width of distribution of impact force, 0.57;,. w, is unit

mass of sea water, D is the foundation diameter, and V is
the adjustment factor, A, is the impulsive breaking wave

height (Goda, 1985). 4 is the sea bottom slope and Zj is the

deep water wave length calculated by g7 2/ 2m. Also, A4,
Ay, A, and A, are given to 0.8, 3.0, 045 and 1.0,
respectively.

Wind force acting on the offshore wind tower is calculated
by the Offshore Wind Power Generation Technical Manual
(Coastal Development Institute of Technology, 2011).

2.2 Calculation of p-y Curve

In the analysis of piles supporting offshore wind tower,
the key element in predicting the response to lateral loads is
the determination of the appropriate lateral load—- deformation
relationships (p-y curves) for the soil. The pile analysis
method commonly used in practice is the p-y method in
sand proposed by Reese et al. (1974) and the p-y method in
clay proposed by Matlock (1970), where the p-y curves
represent the relationships between the lateral load (p) and
the displacement (y) at a point in the pile (Pradhan, 2012).
According to beam theory, shear force is obtained by
integrating p and moment is obtained by integrating shear

force.

2.2.1 p~y Curve in Sandy Soil

Reese et al. (1974) suggested the p-y curve in sandy soil
as Eq. (2) ~ (5).

pD=kzy (2)

where k is the spring coefficient. This coefficient is obtained

from Table 1. z and y are the depth of soil and the

horizontal displacement of foundation, respectively.
Meanwhile, when displacement has sufficiently increased,
the soil undergoes plastification, and then soil reaction does

not increase. The ultimate soil reaction p, is presented by
Eq.(3).

Table 1 Recommended value of k& (Reese et al., 1974)

Relative density Value( MN/m?®)
Loose 54
Middle 16.3
Compacted 33.9
p,D=A,P, 3)

where P, is the ultimate soil resistance. In the vicinity of

c

soil, P, is calculated as follows :

B Kyztangsinf tan
P =~z tan (7—¢)cosa vz tan (5—o) (D4 ztanBtana)

+72{Kyztanf(tangsinf—tana) — KD}
(4)

And at some deep point, P, is calculated as follows :

P, = K,Dyz(tan*3—1) + K,Dyz tan¢tan*s 5)
where A, is an empirical correction factor. The factor is
applied from Table 3. b in Table 2. is 0.6m. v is the unit
weight of soil, ¢ is the internal friction angle of sand, X is

04, K, is tan®(45° —$/2), o is ¢/2, and B is 45°+¢/2.

Table 2 Values of empirical correction factor A4, (Reese

et al.,, 1974)

z/b A, z/b A, z/b A4,

0 2.85 16 1.74 3.2 1.00
0.2 212 1.8 1.62 34 0.95
0.4 2.60 2.0 1.50 3.6 0.94
0.6 2.42 2.2 1.40 3.8 0.91
0.8 2.20 2.4 1.32 4.0 0.90
1.0 2.10 2.6 1.22 427 0.89
1.2 1.96 2.8 1.15

14 1.85 3.0 1.05

2.2.2 p~y Curve in Cohesive Soil

The p-y curve in cohesive soil is based on method
suggested by Matlock (1970). In this method, the ultimate
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soil strength per unit length is calculated using Eq. (6) as
follows :

D :max{(?)-i-lz-l- %Z)CUD§ QCUD} (6)

u

where ¢, is the undrained shear strength, J is an empirical

dimensionless parameter (=0.5). The displacement at 50% of

the ultimate soil resistance is determined as follows :
Yso = 2-5€50D (7

where €, is the strain corresponding to 50% of the

maximum principal stress difference in the soil.

Next, the soil resistance at rest P, is calculated as

follows :

0.72p, N
rest O72pu(z/f,) o< z,

®)
6¢c, D

u

T, = D+ Je,
v

r

where Z,. is coefficient according to the depth 2. Finally the

soil resistance can be determined as follows :

1
3
p:pu( Y ) DY = 3y
Yso
15y50 —y )

= + 3y <y < 15y-
p prest 12y50 (072pu _pr(ist) ya(] Y yoO
D = DPrest Ly = 15y50

where y 1is the absolute value of the foundation
displacement. If the pile displacement is negative, the sign of
p needs to be changed.

In this study, spring coefficient of the p-y curve is

simplified as follows :

Dy
k= 8—yc (10)

where y, is the displacement of foundation, which occurs at

50% of the ultimate soil resistance.

Myung-Jin Koh

3. Verifications

In order to perform verification, two soil condition cases
are considered. The first case is compared with the same
cohesive soil conducted by Andersen et al. (2012) and the
second case is compared with the same sandy soil conducted
by Jang et al. (2013). Table 3 and Table 4. show the
condition of cohesive soil and the condition of sandy soil,
respectively.

In the case of cohesive soil, the height of the offshore
wind tower is 100m. The wave force and the wind force are
2MN and 1MN, respectively. Figs. 1 and 2 show a
comparison with the results obtained by Andersen et al
(2012). The comparison results show a good agreement
between this study and Andersen et al’s (2012) result.

Table 3 The condition of cohesive soil (Andersen et al.,

2012)
cohesive soil
embedded depth 35m
undrained shear strength 150N/ m?
submerged unit weight 12kN/m?

Table 4 The condition of sandy soil (Jang et al., 2013)

sandy soil
embedded depth 60m
k 16.3 MN/m?
internal friction angle 36°
unit weight 20kN/m?

O This study
— Andersen et al.(2012)

z(m)

0.05 0.1
Displacement(m)

Fig. 1 Displacement in cohesive soil
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Fig. 2 Moment in cohesive soil

In the case of sandy soil, the height of the tower is 90m.
Figs. 3 and 4 show a comparison with the results obtained
by Jang et al. (2013) comparing with various soil modeling
methods. The comparison also shows good agreement
between this study and Jang et al’s (2013) result.
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Fig. 3 Displacement in sandy soil

orF
20F
E [ |
w | [ This study
E G =— Jang et al.(2013)
a0k !
_607.‘.‘|‘.H|”H|H‘|
0.00 100.00 200.00 300.00 400.00

Moment(kNm)

Fig. 4 Moment in sandy soil

4. Computation of the Impulsive
Breaking Wave Force

In this study, the water depth, wind speed, wave period,
and wave height observed from 12 Sept. 2012 to 20 Sept.
2012 in Gujwa are used (Leading Industry of Jeju Economic
Region, 2012). The water depth is 16m. Fig. 5 shows the
observed wind speed. When typhoon SANBA crossed Jeju
island, the maximum wind speed was 17.7m/s.

Figs. 6 and 7 show the observed wave period and
observed wave height, respectively. The maximum wave
period and wave height are 8.94s and 6.2m, respectively. It is
shown that the wave period and wave height increase

according to the approach of the typhoon.

15
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Y \ V
Vi " |

- A

\ {

1"

12—09‘-)1 2 20:2‘0

L 1 n L ]
12-09-16 20:20 12-09-20 20:20

Day

Fig. 5 Observed wind speed

T(s)

L 1 L L ]
12-09-16 20:20 12-09-20 20:20

Day

1208422020

Fig. 6 The observed period from 12 Sept. 2012 to 20
Sept. 2012
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Fig. 7 The observed wave height from 12 Sept. 2012
to 20 Sept. 2012
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Fig. 8 The comparison wave forces
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generator is SMW NREL. The mono-pile is STK 490 steel
pipe, which is the same condition with Jang et al. (2013).
The elastic modulus is 210,000MPa, and unit weight is 77
EN/m?.

The seabed ground is composed of three layer, of which
the depths of the soil layer are 1lm, 10m and 9m,
respectively. At the middle layer, the soil condition is
cohesive soil from Andersen et al. (2012), which is in Table
3. At the top layer, the soil condition is sandy soil, which is
the same condition with Kim and Park (2005). The internal
friction angles and unit weight are 300 and 15.7kN/m?,
respectively. & is 108MN/m?. At the last layer, the soil
condition is sandy soil from Jang et al. (2013), which is in
Table 4. Figs. 10715 show the results of this study. Fig. 10

shows the displacements by impulsive breaking wave force

Wind Force

>

Impulsive Breaking
Wave Force 80m

Wave Force

— -y
——— T}

Fig. 8 shows the comparison between impulsive breaking
wave force and wave force of linear wave driven by
Morison’s equation. The analysis result shows that breaking
wave occurs when the wave height is higher than 4.7m by
Tanimoto et al. (1986). Before the breaking wave occur, both
wave forces present the same value.

After the occurrence of the breaking wave, the maximum
values of impulsive breaking wave force (320k2V) and wave

force (212kN) present significantly difference.

5. Analysis Results

Fig. 9 shows the conditions for the offshore wind tower.
The top diameter, bottom diameter and the height of
offshore wind tower are 3.87m, 6m and 80m, respectively.
The water depth and embedded depth are 16m and 30m. The
impulsive breaking wave force is 320kN from Fig. 8 The
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Fig. 9 Simple model of offshore wind
tower
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Fig. 10 Displacements of foundation of
offshore wind tower
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Fig. 11 Soil reactions of offshore wind tower

and wave force. The maximum displacements are 0.0375m
and 0.06m, respectively. Fig. 11 shows the soil reactions by
maximum impulsive breaking wave force and wave force.
The maximum soil reactions are 5MN/m for the maximum
wave force and 6MN/m for the maximum impulsive
breaking wave force. It is considered that distinction of soil
reaction is occurred according to the distinction between
impulsive breaking wave force and wave force.

Figs. 12, 13, 14, and 15 show the displacement, the soil
reaction, the shear force and the moment by impulsive
breaking wave force, respectively. The maximum
displacement is 0.06m, and occurs at the mono-pile cap.
The maximum soil reaction and the minimum soil reaction
occur in the middle of the foundation and at the mono-pile
cap, respectively. It is shown that not only soil strength but
also confining pressure according to the embedded depth
affect the soil reaction. The maximum shear force is
presented at 25m and has a value of -20M//N. The maximum

moment 1s presented at 11m and has a value of 281 A/Nm.
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Fig. 12 Displacement by impulsive breaking wave
force
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Fig. 13 Soil reaction by impulsive breaking wave
force
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Fig. 14 Shear force by impulsive breaking wave
force
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Fig. 15 Moment by impulsive breaking wave force

6. Conclusions and Remarks

This study is carried out to investigate the soil reaction
acting on the mono-pile foundation supporting offshore wind

tower due to the impulsive breaking wave force during the
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typhoon SANBA.

The results obtained in this study show that although the
same wave height is applied, the soil reaction by impulsive
breaking wave force is greater than wave force. The
maximum displacement presents at the mono-pile cap, and
more displacement presents in the case of impulsive
breaking wave force. The minimum soil reaction occurs at
the seabed surface, the maximum soil reaction occurs in the
middle layer of seabed ground. These results are caused by
the confining pressure, which becomes lager with increasing
in depth of soil ground.

There are various manuals such as ICE 61400-3 and DNV
on impulsive breaking wave force. However, these manuals
have recommended the application of impulsive breaking
wave force in general breaker zone. Typhoons result in
higher wave height, and it can contribute to generate
breaker zone into the open sea. However, the application on
particular cases like in various breaker zone by typhoon has
been inadequate. Therefore, in the Korean Peninsula, where
typhoons have often hit, it is considered that the effect of
impulsive breaking wave force in various breaker zone
moved by typhoon should be carried out for the design of
the offshore wind tower.

Acknowledgement

This research was supported by the 2015 scientific
promotion program funded by Jeju National University.

References

[1]1 Andersen, L. V. Vahdatirad, M. ], Sichani M. T,
Sorensen, J. D.(2012), Matural frequencies of wind towers
on mono-—pile foundations in clayey soils—A probabilistic
approach, Computers and Geotechnics. 43 1-11.

[2] Chun, I S. and Shim, ]J. S.(1999), Dynamic behavior of
cylindrical pile subjected to impulsive breaking wave
forces, Journal of Ocean Engineering and Technology, Vol.
11, No. 2, pp. 87-%4.(in Korean)

[3] Choi, K. S, Kim, B. J, Lee, S. L, Kim, I K and Lee, J.
S.(2009), Variations of the Summertime Tropical Cyclone
Intensity near 30°N in FEast Asia, Journal of the
Environmental Sciences, Vol. 18 No. 10, pp.1089-1101.(in
Korean)

[4] Coastal Development Institute of Technology(2011).
Offshore  Wind Power Generation technical manual,
Japan.(in Japan)

[5] Gaudiosi. G.(1999), Offshore Wind Energy Prospects,
Renewable Energy. Vol. 16, No. 2, pp.828-834.

[6] Goda, Y. (1985). Random Seas and Design of Maritime

Structures, Univ. of Tokyo Press.

[7] Iguchi, T., Sekita, K, Yamamoto, K. and Morita, Y.(2000),
A Feasibility Study on Advantage of Offshore Wind tower,
JSCE Journal of Japan Society of Civil Engineers, 16,
141-146.(in Japan)

[8] Jang, H. S, Kim, H. S., Kwak, Y. M. and Park, J. H.(2013),
Analysis of Lateral Behavior of Offshore Wind tower
mono-pile Foundation in Sandy Soil, Journal of Korean
Society of Steel Construction, Vol. 25, No. 4, pp.
421-430.(in Korean)

O] Kimf N. H and Go, M. J.(2013), Analysis of the
Multi-layered Soil on mono—pile Foundation of Offshore
Wind tower, J. Navig. Port Res. Vol. 37, No. 6, pp.
653-660(in Korean).

[10] Kim, S. H and Park, S. S.(2005), A Study on the
Behavior of  High-rise  Buildings
Soil-Structure Interaction, Journal of the Korea institute
for Structural Maintenance Inspection, Vol. 9, No. 4, pp.
243-251(in Korean)

[11] Kyoung, N. H, Yoon, J. E, Jang, M. S. and Jang, D.
S.(2003), An Assessment of Offshore Wind Energy
Resources around Korean Peninsula, Jounal of the Korean
Solar Energy Society, Vol. 23, No. 2, 35-41.(in Korean)

[12] Leading Industry of Jeju Economic Region(2012), Jeju
Island offshore wind farm development, measurement and

Considering

analysis techniques developed for the marine environment
pp. 119-126.(in Korean)
[13] Matlock, H. (1970). Correlation for Design of Laterally
Loaded Piles in Soft Clays. Proceeding of the 2nd Annual
OTC. Dallas, Texas, pp. 577-607
Nagai, T., Suzuki, K., Ushiyama, Y., Hosomi, M., Ogawa,
R. and Noguchi, H.(2008), Development of Medium Size
Wind Power System and its Application to Coastal Areas.
ISSN 1346-740, Port and Airport Research Institute.(in
Japan)
[15] Pradhan, D. L.(2012), Development of P-Y Curves for
Monopiles in clay using Finite Element Model Plaxis 3D

[14

=

Foundation, Norwegian University of Science and

Technology.

Reese, L. C.,, Cox, W. R, and Koop, F. D.(1974), Analysis

of Laterally Loaded Piles in Sand, Proceedings, Offshore

Technology Conference, Houston, TX, Vol. II, Paper No.

2080, pp. 473-483.

[17] Tanimoto, K, Takahashi, S. Kaneko, T. and Shiota,
K.(1986), Impulsive Breaking Wave Forces on an Inclined
Pile Exerted by Random Waves. Coastal Engineering, No.
20, 2288-2302.

[16

=

Received 16 March 2015
Revised 27 October 2015
Accepted 27 October 2015

- 391 -



