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An experimental study of a 2×2 array of interlinked spars was performed in order to identify the motion and structural
responses and to determine the feasibility of this system. The motion responses of the floaters were measured with noncontact
cameras, while the tension in the connectors and mooring lines was measured with single-axis load cells. Strains along
the connectors were measured with Fiber Bragg Grating (FBG) sensors and electro-resistant strain gauges. The measured
results were compared with the allowable stresses of ASTM-32 mild steel. The sea-keeping ability and structural reliability
of this new conceptual system were evaluated.

INTRODUCTION

The need to develop renewable energy resources continues to
increase because of the limited supply of fossil fuels and dan-
ger of environmental pollution. As energy resources start to be
exploited and explored, many countries are finding environmen-
tally friendly resources at offshore sites. Even though liquefied
natural gas (LNG) and shale gas have emerged as next-generation
energy supplies, offshore wind remains a viable alternative energy
resource. European Union (EU) countries have an agreement that
20% of their total energy consumption will be supplied by off-
shore wind energy by 2015 (EWEA, 2012).

To exploit offshore wind, several underwater structures have
been proposed such as spars, tension leg platforms (TLPs), and
semi-submersibles. However, none have yet gained a dominant
share of the market. There have been a number of conceptual
design studies of floating wind turbine structures (e.g., Jonkman,
2010; Shin, 2010; Robertson and Jonkman, 2011; Myhr et al.,
2011). Spar-based offshore wind turbines are in the industrial
proof stage; in 2011, Statoil of Norway began construction of the
Hywind-OC3 (2 MW) project. Numerical analysis tools, such as
FAST (NREL), Texas A&M University’s code, and MARINTEK’s
code, have been utilized to evaluate the safety and reliability of
these structures.

The Korea Research Institute of Ships & Ocean Engineering
(KRISO) has developed a new conceptual design for construct-
ing offshore wind farms with submerged interlinked structures
(Hong et al., 2012; Kim et al., 2014). Our previous works were
concentrated on evaluating the motion characteristics of this con-
ceptual design through a numerical approach. Boundary Element
Method (BEM) was utilized to obtain hydrodynamic coefficients,

*ISOPE Member.
Received July 27, 2015; updated and further revised manuscript received

by the editors December 4, 2015. The original version (prior to the
final updated and revised manuscript) was presented at the Twenty-fifth
International Ocean and Polar Engineering Conference (ISOPE-2015),
Kona, Hawaii, June 21–26, 2015.

KEY WORDS: Array of spar-type floaters, ocean basin experiment, elas-
tic connector, wave first-motion absorber.

while Finite Element Method (FEM) was applied to model moor-
ing lines and the underwater connecting mechanism. These stud-
ies were used to determine the initial design of the connecting
mechanism.

The present study experimentally evaluated the conceptual
design from our previous works in terms of the motion and struc-
tural reliability. The static characteristics of one connector were
examined first, and the surge natural frequency was obtained by
subjecting the whole system to a free decay test. The dynamic
characteristics of the floaters, mooring lines, and connectors were
identified by using the ocean basin model test with different
waves.

EXPERIMENTAL REPRESENTATION OF
CONNECTOR

First, a search was conducted for a suitable experimental mate-
rial to represent the previously designed connector (Kim et al.,
2014). Due to budget limitations, the model could not be cus-
tomized to meet the exact design specifications. Possible alterna-
tive materials were chosen: polyvinyl chloride (PVC), polyethy-
lene (PE) hydraulic pipe, PE electronic pipe, and high-density
polyethylene (HDPE). The actual numerical design for the con-
nector was a truss-type structure, while the considered materi-
als were all cylindrical because of the difficulty in matching the
geometry. Instead, an equivalent material was found where the
main properties, such as the weight, axial stiffness (EA), and
bending stiffness (EI), were analogous to those of the designed
model.

Figure 1 shows the experimental setup for measuring the
Young’s modulus of the possible materials. Two strain gauges
were attached to each sample, and the measured local deflection
was converted to the bending moment that was directly used to
calculate the Young’s modulus.

Except for PVC, the materials were too stiff or flexible, and the
EA and EI values were quite far from the target values. Table 1
presents the Young’s moduli of several PVC pipes and the corre-
sponding values for their axial stiffness and bending stiffness. All
values are represented at the model scale.
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Fig. 1 Experimental setup for measuring the Young’s modulus of
various pipes

OD [mm] ID [mm] E [N/m2] EA [N] EI [N·m2]

PVC 1 22 17 4.91E+09 7.52E+05 7.27E+01
PVC 2 26.5 20.5 5.05E+09 1.12E+06 1.57E+02
PVC 3 32 26 5.18E+09 1.42E+06 3.01E+02
PVC 4 38 31 5.05E+09 1.91E+06 5.76E+02
PVC 5 48 40 5.05E+09 2.79E+06 1.36E+03

Table 1 Material properties of PVC pipes with different size

The PVC3 sample was chosen as the final experimental rep-
resentation of the connector. The length was 450.0 m, and the
cross-sectional area was 0.55347 m2 at the prototype scale. The
design values for the connector were 472.5 m for the length and
0.5 m2 for the cross-sectional area. The characteristic geometries,
the length and the area, were scaled down through the use of
Froude’s law.

The desired values for the weight in water, the axial stiff-
ness, and the bending stiffness at the model scale were zero,
2.80E05 N·m2, and 3.12E02 N·m2, respectively. The weight and
bending stiffness of the experimental and numerical design mod-
els matched closely, while the axial stiffness of the former was
about five times larger than that of the latter. Because the domi-
nant mechanism of the connectors was identified as the bending
mode in the numerical study, we concentrated on matching the
bending stiffness. In the previous study, EA exhibited little influ-
ence on the restoring capacity (Kim et al., 2014).

The complex fluid phenomenon near the connectors needs to
be investigated in the future.

EXPERIMENTAL SETUP

In this experiment, the model scale was 1:45, and Froude’s law
was applied to set up the experimental models. All physical quan-
tities, such as the weight and spring constant, were represented
at the prototype scale. Figure 2 shows the experimental setup for
the rhombus array of offshore wind turbines.

The Hywind-OC3 type spar was selected for the construction
of the offshore wind farm. Table 2 lists the main parameters of the
floaters. The four floaters were geometrically identical. Floater 1,
which would face the incident wave first, had two stiffened moor-
ing springs (Kc = 110036 ton/m). The other floaters had one soft
mooring spring (Kc = 10591 ton/m). The soft mooring spring con-
stant was the same as the equivalent restoring ability of one cate-
nary mooring line that was actually installed at the Hywind-OC3
project (phase 4). Both the mooring lines and interlinking connec-
tors were installed −7000 m from the still water level. The water
depth was 320.0 m at the prototype scale.

Fig. 2 Schematic view of the array of interlinked spars

Mass [ton] 8,276.00

Draft [m] 120.00
Diameter 1 / Height 1 [m] 6.5 / 4.0
Diameter 2 / Height 2 [m] 9.4 / 12.0
Center of mass [m] (0, 0, −80.97)
Center of buoyancy [m] (0, 0, −60.0)
�n (heave) [rad/s] 0.20
�n (pitch) [rad/s] 0.22

Table 2 Main parameters of the floaters

Five electro-resistant strain gauges were installed on the upper
part to obtain the vertical mode deflection, and an additional five
sensors were installed on the 90� anti-clockwise part to obtain the
horizontal mode deflection at all connectors. Fiber Bragg Grat-
ing (FBG) sensors were installed on the opposite side of Con-
nector 5. The electro-resistant strain gauges had a measurement
range of 5.0 mm, while the FBG sensors had a measurement
range of 50.0 mm. Thus, the FBG sensors measured the strain
over a broader range. Figure 3 shows the installation points of the
electro-resistant strain gauges and FBG sensors. Figure 4 shows
the wave first-motion absorber device.

The wave first-motion absorber device was installed between
each spar and connector and was firmly fixed to both sides. Here-
inafter, we refer to this simply as the device. The device was
proposed in order to reduce the first-component wave energy at
connectors. Then the connectors can respond to low-frequency
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Fig. 3 Installation points of strain gauges on connectors. Upper
part: Electro-resistant strain gauge for all connectors. Lower part:
FBG sensor for Connector 5.

Fig. 4 Wave first-motion absorber device

components of waves. The spring constant for elongation was
68.85 ton/m, while that for compressing was 34.14 ton/m.

RESULTS AND DISCUSSION

Static Pull-out and Surge Free Decay Test

First, the static pull-out test was performed with one connector.
The left side of the connector was firmly fixed, while the right
side was pulled out by horizontal ballasting weights. The ballast-
ing weight was increased up to 2 kg at the model scale. Figure 5
shows the corresponding offset of the right end along the ballast-
ing weights.

Fig. 5 Restoring curve of one connector in the surge direction

Fig. 6 Tensile loads on the mooring lines (upper graph) and con-
nector ends (lower graph) in the surge free decay test with the
2 × 2 array

This structure showed slight nonlinear behavior because the two
materials of the connector and device had very different spring
constants. The gradient of the regression linear graph was 420.76
kN/m, which was quite close to the device’s spring constant.

After the static characteristics of the connecting mechanism
were examined, a free decay test was performed in the surge direc-
tion on a 2 × 2 rhombus array with interlinked connecting struc-
tures and mooring lines. Figure 6 shows the tensile loads on the
mooring lines and connector ends. The tensile loads are dynamic
loads only. They exclude static loads from the total structural
loads. The static tension of the prototype was 718.61 kN and that
of the experimental model was 696.03 kN.

The natural mode of the whole system appeared dramatically
at the mooring line tension, while the secondary mode was found
at the connector end tension. The former’s period was 216.7 s,
and the latter’s period was 24.25 s. The secondary mode was
triggered by the resonance of the device and had a period close
to the typical wave frequency. This secondary mode induced by
the device remained for a fairly long time compared to the natural
mode induced by the mooring lines.

Regular Wave Test

Next, regular wave tests were performed in the range from 0.20
rad/s to 0.90 rad/s. The optical measurement system had a small
visual field capacity, so only the motion of Floater 1 was obtained.
The measured data were compared with those from a previous
work on the case of one floater (Shin, 2010). Figures 7 and 8
illustrate the motion responses at Floater 1’s center of gravity
(COG).
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Fig. 7 Motion RAO of surge (top), heave (middle), and pitch (bot-
tom)

As shown in Fig. 7, the surge motion of Floater 1 in the 2 × 2
array is quite large compared to that of the one floater case over
a lower frequency range. The device’s natural frequency was 0.26
rad/s, so the resonance of the device was inferred to significantly
affect the surge motion. The heave motion decreased at the heave
resonant frequency, which greatly affected the bending stiffness
of the connector. The pitch response was similar to that in the
one-floater experiment. Compared with the one-body experiment,
this system showed a weakness at keeping the horizontal position.
However, the system dramatically decreased the heave motion in
the low-frequency domain.

As shown in Fig. 8, sway, roll, and yaw motions appeared that
were not active in the previous experimental case. The mooring
force given by the mooring lines and connectors was not symmet-
rical along the x-axis on Floaters 2 and 4. When even small y-
axis directional motions appeared, they could be amplified under
this nonsymmetric condition. The three motion modes showed the
largest motion at 0.25 rad/s.

Table 3 lists the tensions acting on the mooring line ends. The
tension acting on Line 1 was much larger than the others because
Line 1 had five times the stiffness of the other mooring lines. The
maximum tensions in Lines 1 and 3 were measured at 0.22 rad/s,
while the maximum tensions in Lines 2 and 4 were measured at
0.20 rad/s. The maximum values were located in the vicinity of
the heave or pitch natural frequencies.

Table 4 lists the tensions acting on the connector ends. The
resonance phenomenon of the device moved the peak point to a

Fig. 8 Motion RAO of sway (top), roll (middle), and yaw (bot-
tom)

slightly higher frequency region in Connectors 1 and 4. However,
this tendency was not significant, and the other peak points were
observed at the heave or pitch natural frequency. The maximum
values were relatively similar among the connectors.

Figure 9 presents the abbreviations for the sensors. The odd-
numbered SGs were electro-resistant strain gauges that were
installed on the top side of the connectors. The even-numbered
SGs were installed on the lateral side of the connectors. The for-
mer measured the vertical deflections, while the latter measured

� [rad/s]
MOOR1

[kN]
MOOR2

[kN]
MOOR3

[kN]
MOOR4

[kN]

0.20 18703 5603 3701 9202
0.22 57900 2508 6108 3605
0.25 51300 1101 5003 2303
0.30 52406 1700 4909 1605
0.40 11302 703 1805 902
0.50 4002 608 1009 900
0.60 4803 701 1000 700
0.70 2406 606 900 907
0.80 1904 609 1001 1004
0.90 1607 600 1000 808

Table 3 Mooring line tension in regular wave test
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� [rad/s]
CON1
[kN]

CON2
[kN]

CON3
[kN]

CON4
[kN]

CON5
[kN]

0.20 1162.5 1310.1 1624.0 1198.0 2911.9
0.22 1666.5 2975.3 2631.3 1993.5 1528.0
0.25 2706.1 1244.3 1938.4 2363.6 810.9
0.30 2300.7 1829.1 1614.5 1825.4 793.8
0.40 400.4 483.5 453.9 530.5 316.9
0.50 288.0 256.2 329.2 309.3 104.5
0.60 374.1 390.2 410.5 413.6 27.4
0.70 199.5 177.2 224.8 213.0 31.8
0.80 158.4 146.5 143.4 165.4 28.8
0.90 126.6 125.4 146.7 175.4 47.5

Table 4 Connector end tension in regular wave test

• SG: electro-resistant strain gauge
• MF: single-axis load cell for measuring the connector end ten-
sion
• DF: single-axis load cell for measuring the soft mooring line
tension
• W1_F, W2_L, W1_C, W1_R: wave probes

Fig. 9 Sensor identifications and their locations

the horizontal deflections. The installation scheme for the FBG
sensors is given in Fig. 3.

Figures 10 and 11 illustrate the horizontal and vertical deflec-
tions, respectively, that were calculated with the local strains
obtained from the electro-resistant strain gauges on Connectors 1
to 4. SG refers to the strain obtained from the electro-resistant
sensors, and F denotes the filtered data.

In terms of the horizontal deflection, the strain RAO showed
a tendency similar to that of the motion RAO. The maxima of
the horizontal deflections were located in the lower-frequency
region (0.2–0.25 rad/s). For the vertical deflections, the primary
resonance also appeared at about 0.22 rad/s, but the peak values
were much lower than those of the horizontal deflections except
for Connector 4. In addition, a secondary peak emerged at about
0.5 rad/s. At lower frequencies, the heave motion was suppressed
in this system, as shown in Fig. 6. Thus, the vertical deflection at
the resonance frequency was not severe.

The local strains were measured with both the electro-resistant
and FBG sensors at Connector 5, as illustrated in Figs. 12 and 13.
The two signals matched relatively well, while the data from the
electro-resistant strain gauge were slightly higher at certain fre-
quencies. The discrepancy in the sensing range was inferred to

Fig. 10 Microstrain: the horizontal deflections of Connectors 1
to 4

be the prime reason for this difference: 5.0 mm for the electro-
resistant strain gauge and 50.0 mm for the FBG sensor. Thus,
highly nonlinear phenomena, such as snapping, were difficult
to measure with the FBG sensors because of the large sensing
range.

Irregular Wave Test

Finally, the motion and structural responses were measured in
various sea states, as listed in Table 5. Hs refers to the significant
wave height, Tp indicates the peak period, and � is the peakness
parameter that is used in the JONSWAP spectrum. Test ID 541
was the operating condition for the Hywind-OC3, and two sur-
vival conditions were set. The 50-year return period wave of Jeju
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Fig. 11 Microstrain: the vertical deflections of Connectors 1 to 4

Island was chosen for the two survival conditions. The tests under
Survival Condition 2 were repeated and are denoted by Test IDs
543 and 544.

Fig. 12 Microstrain: the vertical deflection at the end of Connec-
tor 5

Fig. 13 Microstrain: the vertical deflection at the middle of Con-
nector 5

TEST ID Hs [m] Tp [s] �
Developing

time [s]
Measuring

time [s]

541 (Operation) 2.40 10.00 2.50 1,800 10,800
542 (Survival 1) 7.20 13.40 2.50 1,800 10,800
543 (Survival 2) 8.00 12.00 2.50 1,800 10,800
544 (Survival 2) 8.00 12.00 2.50 1,800 10,800

Table 5 Test conditions with irregular waves

The motion responses were much larger in Test ID 542, which
had the longest peak period, than in the other tests. Even though
the difference in the peak periods of the two survival conditions
was not large, the significant motion heights were quite different.
The surge SDA (Significant Double Amplitude) of ID 542 almost
reached 16.0 m, which was 5% of the water depth (320.0 m). In
order to stabilize the station, it is recommended that the mooring
capacity be increased. The results from the repeated tests under
Survival Condition 2 were quite similar.

Figures 14 to 16 illustrate the significant motion heights of
Floater 1 for surge, sway, and yaw in different sea states. Figures
17 and 18 show the tensions acting on the connector ends and
mooring lines, respectively.

Similar to the motion responses, the tension was dominant in
Test ID 542. The tensions in Connectors 2 and 3, which were
located at the back, were larger than those in the other connectors.
Floater 1 was highly constrained with much stiffer mooring lines
than the other floaters. Thus, connectors that were not installed on
Floater 1 were needed to provide the restoring force to the whole

Fig. 14 Significant surge motion height for different sea states
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Fig. 15 Significant sway motion height for different sea states

Fig. 16 Significant yaw motion height for different sea states

system. This feature can also be identified in Fig. 18; the tension
was much larger in mooring Line 1 than in any of the other moor-
ing lines. The maximum tension in the mooring lines was about
780 kN. This value needs to be considered in the detailed design
stage.

Local strains were also measured in the irregular wave tests
with the allowable stress. The allowable stresses for the yielding,
buckling, and bending of cylindrical members are given by Eqs.

Fig. 17 Significant double amplitude of tensions acting on the
connector end

Fig. 18 Significant double amplitude of tensions acting on the
mooring lines

1 to 3, respectively (API, 2000):
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Here �y is the yield stress. �t , �a, and �b are the allowable tensile
stress, allowable axial compressive stress, and allowable bending
stress, respectively. All stresses are in megapascals. E [MPa] is
the Young’s modulus of elasticity, and K [-] is the effective length
factor in API-PR 2WD. For this concept, K was set to 1.0 for the
jacket legs and pilings. l is the unbraced length in meters, and r

is the radius of gyration in meters. D is the diameter of the cross-
section, and t is the thickness of the cylinder.

The connectors were initially designed to use the mild steel
ASTM 32 series that has a Young’s modulus of 211 GPa. With
this material, the allowable stresses for tension, buckling, and
bending were 240.0, 225.2, and 300.0 MPa, respectively.

Figures 19 and 20 illustrate the significant double amplitudes
for the local strains of Connectors 1 and 5, respectively. Some
strain gauges broke during the experiments, so the results for
SG01, 04, 49, and 50 are absent. The middle vertical deflection
was less than the vertical deflection of the sides in Connector
1, while this tendency was absent in Connector 5. The vertical
deflection of Connector 1 was generally larger than that of Con-
nector 5, while the horizontal deflections of the two connectors
were relatively similar. Even though the measured local strains
were much lower than the yield points, the strain imbalance and
fatigue needed to be analyzed.
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Fig. 19 Significant double amplitude for the local strain of Con-
nector 1: vertical deflection (top) and horizontal deflection (bot-
tom)

Fig. 20 Significant double amplitude for the local strain of Con-
nector 5: vertical deflection (top) and horizontal deflection (bot-
tom)

CONCLUSIONS

This study experimentally evaluated the multi-body dynamics
of elastic connectors and mooring lines. A comprehensive evalu-

ation of the offshore wind farm concept suggested by Hong et al.
(2012) and studied numerically by Kim et al. (2014) is presented.
The following conclusions were drawn from this work:

1. A PVC pipe with a 32-mm outer diameter was utilized to
represent the designed connector. The weight in water and bend-
ing stiffness were close to the target values, while the axial stiff-
ness was about five times greater than the design value. The bend-
ing mode was identified as the primary source of station-keeping
ability in the previous research, so this experimental representa-
tion is reasonable.

2. The wave first-motion energy absorber was the primary
source for determining the global restoring ability, while the con-
nector was almost negligible. A weakly nonlinear restoring curve
was obtained because of the complicated connecting mechanism.
Two natural frequencies of the connector and wave first-motion
energy absorber were considered.

3. Local strains were obtained with both electro-resistant strain
gauges and FBG sensors. Because the electro-resistant gauge
had a smaller sensing range, it could measure a wider range of
dynamic behavior than the FBG sensor. Under relatively stable
conditions, the two types of sensors provided comparatively sim-
ilar results.

4. In the regular wave test, the motion responses at around
0.3 rad/s were quite large compared to those in the single floater
case. Mooring lines installed at Floater 1 showed relatively high
tension. This imbalanced loading on the mooring lines needs to
be modified.

5. In the irregular wave test, the largest motion responses were
observed in Survival Condition 2, which was the 50-year return
period wave of Jeju Island. Strains were generally larger at the
ends of connectors. All measured local strains were below 200
ms, which corresponds to a stress of 42.4 MPa. This is signif-
icantly lower than the allowable stress of ASTM-32 mild steel.
This means that this conceptual design is reliable in terms of the
structural aspect in this initial evaluation stage.

ACKNOWLEDGEMENTS

This work presents part of the results of the KRISO internal
research program “Development of Technology of Design and
Performance Evaluation of the Mooring System for Deepsea Off-
shore Plant” and the Ministry of Oceans and Fisheries research
project “Establishment of Research Infrastructure for Deepsea
Offshore Engineering Basin and Development of Offshore Struc-
ture Pre-FEED Technologies.” All support is gratefully acknowl-
edged. The authors especially thank the KRISO ocean basin tech-
nicians for their devoted support.

REFERENCES

API (2000). Recommended Practice for Planning, Designing and
Constructing Fixed Offshore Platforms: Working Stress Design,
API RP 2A-WSD, American Petroleum Institute, Washington,
DC, USA, 226 pp.

EWEA (2012). The European Offshore Wind Industry – Key 2011
Trends and Statistics, European Wind Energy Association.
Retrieved from http://www.ewea.org/fileadmin/files/library/
publications/statistics/EWEA_stats_offshore_2011_02.pdf.

Hong, SY, Hong, SW, Nam, BW, and Kim, YH (2012). “Design
and Analysis of an Array of Floating Wind Turbine Structures,”
Proc 10th ISOPE Pacific/Asia Offshore Mech Symp, Vladivos-
tok, Russia, ISOPE, 5–10.



24 Experimental Study of the Feasibility and Hydrodynamic Responses of an Array of Interlinked Spars

Jonkman, J (2010). Definition of the Floating System for Phase
IV of OC3, NREL/TP-500-47535, National Renewable Energy
Laboratory, Golden, CO, USA.

Kim, YH, Hong, SY, Nam, BW, Kim, BW, and Hong, SW (2014).
“A Numerical Study of the Motion and Structural Responses of
Interlinked Spars in Irregular Waves,” J Ocean Wind Energy,
ISOPE, 1(3), 161–169.

Myhr, A, Maus, KJ, and Nygaard, TA (2011). “Experimental and
Computational Comparison of the OC3-HYWIND and Tension-

Leg-Buoy (TLB) Floating Wind Turbine Conceptual Design,”
Proc 21st Int Offshore Polar Eng Conf, Maui, HI, USA, ISOPE,
1, 353–360.

Robertson, AN, and Jonkman, M (2011). “Loads Analysis of Sev-
eral Offshore Floating Wind Turbine Concepts,” Proc 21st Int
Offshore Polar Eng Conf, Maui, HI, USA, ISOPE, 1, 443–450.

Shin, HK (2010). “Model Test of the OC3-Hywind Floating Off-
shore Wind Turbine,” Proc 21st Int Offshore Polar Eng Conf,
Maui, HI, USA, ISOPE, 1, 361–366.

Proceedings of the 11th (2014) ISOPE Pacific/Asia
Offshore Mechanics Symposium (PACOMS-2014 Shanghai)

Shanghai, China, October 12–17, 2014

Hydrodynamics Coastal Hydrodynamics Arctic Transport & Ice Mechanics
Geomechanics Offshore Wind & Ocean Energy Floating Structures & Operations

The Proceedings (ISBN 978-1-880653-90-6; ISSN 1946-004x), 432 pp: $100 (ISOPE Member; $80)
in a single volume (CD-ROM) available from www.isope.org (orders@isope.org), ISOPE, 495 North
Whisman Road, Suite 300, Mountain View, CA 94043, USA (Fax+1-650-254-2038)


