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An Experimental Method for Evaluating the Overturn
Moment of Submerged Structures
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Abstract—Experiments are a good method to evaluate the
capacity and performance of a structure, and a numerical
analysis tool is a good back-up tool for making the experiment
results more reliable in predicting the performance of the
structure with various parameters. However, designers
sometimes face practical problems such as experiment
constraints, expenses, or realization of a real situation with
scaled down models. This paper focuses on how to easily
quantify the resistant capacity against overturning of
submerged structures by experiment. The overturning
resistance of a submerged structure in the experiment was
acquired by an opposite concept in which a specimen was not
placed on the bottom but dangled from the top. A numerical
analysis was used to complement evaluation of the overturning
moment. Overturning resistant capacity of submerged
structures by waves was acquired easily from this method.

Index Terms—Qverturning moment, substructure, offshore
wind power, numerical analysis.

|I. INTRODUCTION

Environmental destruction has resulted in global warming
and climate change problems which has inspired leaders of
many countries to sign the “Paris Agreement” last year. In
this context, offshore wind energy has been gaining more
attention as a sustainable and environment-friendly energy
resource. A lot of wind power systems were already installed
on land and are generating electricity. A recent trend is that
installation sites are shifting from land to the sea where better
wind power is available. There are more obstructions to
installing wind power systems in the sea than on land.
However, engineers are overcoming these obstructions and
challenges in going to sites that have deeper water as shown
in Fig. 1 [1].

Design conditions get harsher as the water gets deeper and
the farther it gets from the shore. Along with that, the
substructures that support superstructures including
rotor-nacelle assemblies, towers, and transition pieces need
to be designed to stand against harsh environmental
conditions. The transition pieces are made to connect two
different forms and installed between substructures and the
tower as shown in Fig. 2 [2].

In shallow water, substructures are mainly the mono-pile
type. However, in deeper water, this type faces more
obstructions, and the biggest is the construction cost as
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shown in Fig. 3 [3].
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Fig. 1. Average water depth and distance to shore

Many researchers and engineers have been trying to
develop a new substructure type and an optimized one that
can be constructed more economically and has good
resistance to environmental conditions [4-6]. When such new
types are proposed, their capacity and performance should be
evaluated essentially. There are many evaluation methods.
An experiment with scaled down specimens is a good method
and a numerical analysis is a good back-up. However, it is not
easy to acquire wave force by experiment and there needs
some special jigs [7]. This study was performed in a part of
experimentally verifying the overturning moment of the
hybrid substructure and focused on how to draw the resistant
capacity of specimens for overturning by experiment.
Overturning resistant capacity of submerged specimens was
acquired easily by experiment and numerical analysis tool.
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Fig. 3. Cost of offshore wind turbine substructures with water depth.
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Il. TARGET SUBSTRUCTURES

A. Hybrid Type

The hybrid substructure was designed to support 5.0 MW
offshore wind power system. Geometry details of a turbine
and tower were referred from [8]. Considered water depth
was 20.0 m from the main sea level and the total height of the
hybrid substructure was 37.5 m. The hybrid type has two
parts. One is consisted of multi-piles and the other is a
concrete base. The multi-piles and the concrete base play a
role in decreasing wave force and increasing resistance for
overturning, respectively. The lay-out and geometry of the
hybrid type are shown in Fig. 4 and Fig. 5.

B. Gravity Type

In order to evaluate the resistant capacity of this hybrid
type for overturning moment, there was a trial to find a
structure of gravity type having similar capacity with the
hybrid type. Unfortunately, there are little detailed
information available. A research approach was considered
in this study even though it was not yet applied to real site.

The gravity type substructure was referred from [9] and
this was designed to support the 5.0 MW offshore wind
power system same with the hybrid type. This substructure
consisted of two parts with shapes of cone and cylinder as
shown in Fig. 6. The gravity type had a height of 37.5 m.

Fig. 4. Lay-out of Hybrid substructure.
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Fig. 5. Geometry of specimen (hybrid type).
20 [tp |  UNIT=m
D=84
FAN
175 | 155 D65 %
MSL=0.0 B-B
D63
D=185
200 190
Concrete base
1.0
— A A-A
D=185

Fig. 6. Geometry of specimen (gravity type).

C. Mono-pile Type
Geometry details of the mono-pile type was referred from

[8] as shown in Fig. 7.
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Fig. 7. Geometry of specimen (mono-pile type).
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I1l. EXPERIMENTAL PROGRAM

A. Experimental Concept

If a submerged structure like an offshore substructure with
gravity type does not have sufficient weight including the
superstructure, it will be overturned by the design waves as
shown in Fig. 8.
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Fig. 9. Relationship between acting and reaction forces and positions.

In order to acquire the resistant capacity experimentally for
overturning of a structure as in Fig. 8, pressure gages should
be installed at the surface facing incoming waves and at the
front and rear of the bottom of the structure. Gages installed
at the surface facing incoming waves measure the pressure by
the waves, and other gages installed at the bottom of the
structure measure upright and downward pressure at the front
and rear parts, respectively. However, it is not easy to
measure the pressures at the front and rear of the bottom of
the structure. The gages need to have sufficient capacity and
durability to support the structure weight under water even
before the waves are not present. Waves repeatedly approach
the structure with crests and troughs. The wave crests and
troughs can act as pushing and drawing forces on the
structure. Hence, the front part puts more pressure on the
gages installed underneath than whereas in still water The
rear part of the bottom of the structure should be properly
prevented from shifting by the waves and allowed for
rotating. If the structure is rotated by the waves, the rear part
would press the gage as an edge as shown in the right figure
in Fig. 8. Moreover, the resistant capacity for overturning
cannot not be measured if the structure has sufficient weight
for the applied waves.

Considering that a body (self-weight is ignored) is on a
hinge as shown in Fig. 9 (a) and a force acts on the body, the
body will be inclined to the opposite direction of the force. At
the moment, in order for the body not to be overturned, there
should be a proper reaction force (R,) as shown in Fig. 9 (b).

Consequently, a value of the reaction force times the arm

length will be a moment to resist the overturn of the structure
as written in Eq. (1). However, it is not easy to make such
set-up in an experiment since balanced state on a hinge could
not be maintained physically.

In order to overcome this problem, another set-up can be
considered. If a hinge is located at the top of the body as
shown in Fig. 9 (c), same calculation used in Fig. 9 (b) can be
applied and this is to be written as Eqg. (2). If a reaction force
(R,) can be known, the acting force would be calculated
following Eq. (3). Substituting Eq. (3) into Eqg. (1), the
turning moment ( R, x1;) can be calculated as written in Eq.

(4).

Fxl, =R, xl, (1)
Fxl, =R, xl, 2
l,
F=iiR, ®
1
1, x1,
R xl, = | R, 4

B. Sketch of Experiment Frame

A jig to apply the concept to an experiment is shown in Fig.
10. The jig consists of a frame to support a specimen, a bar
with circular cross-section, a bar to measure significant
values, and hinges to allow the specimen to swing freely. The
hinges have ball bearings. If there are no other restrictions,
the specimen swings in response to the incoming waves.

If a displacement gage is installed at the measuring bar
with specific height from the hinges, a proportional
displacement will be measured as the specimen swings. If a
load cell is installed instead of a displacement gage, the
specimen will not swing since a load cell does not allow
displacement. A standing force of the specimen for incoming
waves will be transferred proportionally through the
measuring bar and the force will be measured by the load cell.
Fig. 11 and Fig. 12 show experiment set-up and installed load
cell, respectively.

C. Experiment Program

Specimens considered in this study were gravity and
hybrid types.. They were scaled down with 1/25 for size and
1/25° for prototype weight, respectively [10]. Geometry of
specimens are shown Fig. 13 and their weight and specimen
weight were 3,172 kg and 203 kg, respectively. A half of the
cone part of the hybrid type was filled with water to calibrate
the weight.

The experiment was performed in a basin with size of 2.0
m, 3.0 m, and 100 m for width, depth, and length,
respectively. The planned wave height and period were 3.435
m and 13.5 second, respectively and applied values in
experiment were 0.137 m and 2.74 second, respectively.
Some pressure gages were installed on the front surface of
the specimens.
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Fig. 13. Geometry of specimens: (a) gravity type, (b) hybrid type, and (c)
mono-pile type.

Specimen

IV. ANALYSIS OF RESULTS

Before the experiment to measure the overturning moment,
another experiment was performed to check the state of the

Fig. 12. Installation of load cell.
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smooth swing of the specimens for incoming waves and to
measure the displacement by swing. The peak displacements
of the mono-pile, gravity and hybrid types were 323.7, 180.5
and 188.2 mm, respectively.

In order to acquire a value of moment, the total force and
centroid of the total force are needed. In this experiment the
force was acquired with a special jig. However, it is not easy
to acquire the centroid of the total force by experiment. There
is theoretical way to calculate the total force and the centroid
[11]. If the diameter of the pile is small in comparison with
the length of the waves, the wave force per unit length acting
on a fixed vertical pile may be expressed as

2
g X

f = CoDulul+4C, 5)

C, = dimensionless drag coefficient
p = density of sea water (t/m?)

D = cylinder diameter (m)

u = water velocity amplitude (m/s)

C, = dimensionless inertia coefficient

a, = water acceleration amplitude (m/s?)

The total horizontal force F exerted on that length of the
pile ranging from y=0 (seabed) to y=y is given by the relation

&  (y)dy (6)
0

Similarly, the total moment M about y=0 of the force
exerted on that part of the pile from y=0 (seabed) to y=y is
given by

M :jyyf(y)dy %
0

However, these relations may be used only for the
mono-pile type in this study. Since the diameter of the gravity
and hybrid types is changed along with the height, Egs. (6)
and (7) may not be applied. Even though pressure gages are
installed on the specimens, it is not easy to acquire the wave
force. From this reason, a numerical analysis too, AQWA,
was used to acquire the force distribution and the centroid.
The force distribution acquired by AQWA are shown in Figs.
14~16.

From these force distributions, a centroid where total force
acts on the model was calculated and scaled down to adjust to
the specimen. This value corresponds to I, in Fig. 9 and

I, +1, becomes the height of the specimen. Therefore, the

overturning moment can be acquired using Eq. (4). The
results were tabulated in Table I.

Measured wave forces of the specimens were 38.8, 168.9,
and 77.1 N for mono-pile, gravity, and hybrid types,
respectively. For the same wave (real height and period were
3.435 m and 13.5 second, respectively), a less wave force
acted on the newly designed hybrid type than that of the
gravity type. A numerical analysis and the experiment results
showed good agreement for the mono-pile type. This means
that this experimental method with opposite set-up for real

overturning behavior is valid. However, there were any
differences between the numerical and experimental results
for the gravity and hybrid types. This might result from the
manufacturing error while scaling down and energy
dissipation by minute swing in the perpendicular direction of
wave incoming since the specimens were supported at only
one point by the measuring bar.
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Fig. 14. Wave force on depth (Mono-pile type).
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Fig. 15. Wave force on depth (Gravity type).
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Fig. 16. Wave force on depth (Hybrid type).
TABLE I: COMPARISON OF MOMENT
Force *  Centroid**  Moment (kN-m)
Types N) (m) Cal. Num. Cal./Num.
Mono-pile 38.8 0.39 5,910 5,923 99.8%
Gravity 168.9 0.28 18,474 21,053 87.8%
Hybrid 77.1 0.18 5,272 7,427 71.0%

* Measured value, ** calculated value
Cal.=calculated results, Num.=numerical results
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V. CONCLUSION

This study was performed to experimentally evaluate of
the wave force. In this study, an experiment was performed
with a special concept. This method worked successfully, and
the wave force acting on the submerged structures was
acquired through this method. Through this experiment, a
result was deduced that, under the same environmental
conditions, a newly designed hybrid type is less affected by
the waves than a gravity type is. Moreover, a result from
static analysis with wave force calculated by a generally used
equation can help experiment performers predict the
experiment result for measuring overturning moment of
submerged structures.
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