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Abstract

We herein propose a new design procedure of a flexible container ship model where the vertical bending and 
torsional vibration modes are similar to its prototype. To achieve similarity in torsional vibration mode shapes, the 
height of the shear center of the model must be located below the bottom hull, similar to an actual container ship 
with large opening decks. Therefore, we designed a ship model by imparting appropriate stiffness to the hull, us-
ing urethane foam without a backbone. We built a container ship model according to this design strategy and vali-
dated its dynamic elastic properties using a decay test. We measured wave-induced structural vibrations and pre-
sent the results of tank experiments in regular and freak waves.

Keywords: Hydro-structural model; torsion; whipping; freak wave; tank experiment.

1. Introduction

For the design of a ship with large opening decks, such as a container ship, both the vertical strength and 

torsional strength are of great concern. To investigate ship structural responses, including elastic vibration 

to waves, experimental procedures using a flexible ship model whose vertical bending stiffness is similar to 

its prototype have been developed (ITTC, 2017). However, only a few studies have conducted ship model 

experiments considering torsional vibrations. Remy et al. (2006), Iijima et al. (2009), Oka et al. (2009, 

2010), Hong et al. (2012), and Hong and Kim (2014) conducted experiments using segmented backbone 

models and measured their torsional moments, including vibration components. In these models, the back-

bone is located inside or on the top of the ship body. Oka et al. (2010) used a model with an open-channel 

(U-shape) backbone whose vertical bending and torsional stiffness are similar to the prototype. However, 

similar torsional natural frequency was not obtained because the warping stiffness of the backbone could 

not be similar. Meanwhile, Iijima et al. (2009) designed a backbone whose vertical bending, horizontal 

bending, and torsional natural frequencies were similar to its prototype by finite element (FE) analysis. 

Hence, the desired natural frequencies were achieved. Hong and Kim (2014) designed H-shaped (see also 

Hong et al., 2012) and U-shaped backbones whose torsional natural frequencies were similar to the proto-

type ship by calculating the equivalent torsion constant considering the warping effect. By the ship model 
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Table 1 Principal dimensions and quantities related to the midship section. α is the model scale.
Ship Scaling ratio

Principal dimensions Length ��� [m] 283.8 �

Breadth � [m] 42.80 �
Depth � [m] 24.40 �
Draft � [m] 14.00 �

Quantities related to stiffness 
at midship section

Vertical bending stiffness �� [kgf m2] 1.237×1013 ��

Torsional stiffness �� [kgf m2] 1.213×1011 ��

Warping stiffness �� [kgf m4] 3.023×1015 ��

Height of neutral axis �� [m] 13.27 �
Height of shear center � [m] -10.96 �

design above (Iijima et al. 2009, Hong and Kim. 2014), a torsional natural frequency similar to the proto-

type can be obtained. However, the similar torsional vibration mode shape cannot be obtained owing to the 

shear center location of the model (see Bigot et al., 2011, Tiphine et al., 2014). These ship model designs 

cannot reproduce the shear center location of the prototype ships, which is below the bottom hull.

Therefore, the present study aims to design a flexible ship model whose torsional natural frequency and 

mode shape are similar to its prototype. Here, we adopt a hydro-structural model design (see ITTC, 2017) 

without a backbone whose hull is not segmented. This type of flexible model without a backbone, consider-

ing the similarity only for the vertical bending stiffness, has been used in some studies (e.g., Fukasawa et 

al., 1981, Sawada et al., 1987, Wu et al., 2003). In the present study, we extend this type of flexible model 

such that the similarity of the torsional and warping stiffness is also achieved. By imparting the stiffness to 

the model hull, the shear center of the model could be located below the bottom of the ship model.

Based on the idea above, we designed and built a hydro-structural model of a container ship. The static 

and dynamic elastic properties of the model were validated by three-point bending test, torsion test, and 

decay test. Furthermore, we performed towing experiments with this hydro-structural model in regular and 

freak waves, thereby demonstrating that the vertical bending and torsional moments, including elastic vi-

bration, could be measured successfully.

2. Design Strategy of Hydro-Structural Ship Model

The principal dimensions and quantities related to the stiffness at midship of a subject container ship 

(6,600 TEU) are given in Table 1. The vertical bending stiffness ��, torsional stiffness ��, warping stiff-

ness ��, height of the neutral axis ��, and height of the shear center � should be scaled at the ratio given 

in Table 1 such that the vertical bending and torsional elastic responses, including the mode shapes, are 

similar to those of the full-scale ship. Here, �, �, �, �, and � denote the Young modulus, shear modulus, 

moment of inertia of area, torsional constant, and warping constant, respectively. The hydro-structural 

model was designed according to the following procedure: (i) determination of the model material and the 

dimensions of the midship hull (Section 2.1), (ii) determination of the hull dimension other than the mid-

ship section (Section 2.2), and (iii) detailed design with FE analysis (Section 2.3). The detailed procedure is 

described in the following subsections.

2.1 Material and Dimensions of Ship Hull

First, the model material and the dimension of the midship hull, including the thickness and deck width, 

were determined by considering the model size and the similarity of the vertical bending stiffness, torsional 

stiffness, warping stiffness, height of the neutral axis, and the height of the shear center. Here, we modeled 

the midship hull as a box-shaped model (Fig. 1) and considered its stiffness by thin-walled beam theory.

We conducted the model experiments in the actual sea model basin (ASMB) (80-m long, 40-m wide, and 

4.5-m deep) at the National Maritime Research Institute in Japan. A standard ship model length in the 
ASMB is approximately 4 m. Therefore, assuming that the ship model length ��� = 4.0 m, we evaluated 

the Young modulus of the material with which we could design a hydro-structural model. In the evaluation, 

we limited the hull dimensions to practical ranges:
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Fig. 1 Cross-sectional view of the left half of a box-shaped model.

�

0.01 m ≤ �� ≤ 0.08 m
0.01 m ≤ �� ≤ 0.08 m
0.01 m ≤ �� ≤ 0.08 m
0.01 m ≤ �� ≤ 0.15 m,

(1)

where ��, ��, ��, and �� denote the thickness of the bottom hull, thickness of the side hull, thickness of 

the deck hull, and width of the deck hull, respectively (see, Fig. 1). 

The conditions where the vertical bending stiffness ��, torsional stiffness ��, warping stiffness ��, 

height of the neutral axis ��, and height of the shear center � of the model were similar to its prototype 

were as follows:

⎩
⎪
⎨

⎪
⎧
0.8 < �� (��)�⁄ < 1.2

0.8 < �� (��)�⁄ < 1.2

0.8 < �� (��)�⁄ < 1.2

0.6 < �� ���⁄ < 1.4

0.6 < � ��⁄ < 1.4,

(2)

where the subscript 0 denotes the quantity of the scaled prototype with the ratios given in Table 1.

Using the thin-walled beam theory, we investigated the range of Young modulus of the material for the 
model of ��� = 4.0 m, where the solution of the hull dimensions (�� , ��, �� , ��) exists in the range (1) 

subject to condition (2). Here, we assumed a Poisson ratio of � = 0.30. The detailed description of the 

thin-walled beam theory is given at the end of Section 2.1. As a result of this investigation, we conclude 
that the hydro-structural model can be built with ��� = 4.0 m using a material whose Young modulus is 

within the range of 7 kgf mm�⁄ ≤ � ≤ 33 kgf mm�⁄ . However, we could not find an inexpensive and ma-

chinable material whose Young modulus is in the range above. 

Therefore, as an alternative, we examined the possibility of using urethane foam with � = 5.9 kgf/mm2. 

We next investigated the range of the model length, assuming � = 5.9 kgf/mm2, where the solution of the 

hull dimensions (�� , �� , �� , ��) exists in the range (1) subject to condition (2). Consequently, we conclude 
that a hydro-structural model can be built with the ship length ��� = 3.8 m. Based on one of the hull di-

mension solutions (�� , ��, �� , ��) = (0.045, 0.15, 0.035, 0.035 m), we proceeded to the next step of the de-

sign (Section 2.2). Here, the design values of ��, ��, ��, ��, and � are as listed in Table 2. The ratios 

between the design and prototype values are shown.

The details of the thin-walled beam theory (see Terazawa, 1981) used in this section to evaluate ��, ��, 

��, ��, and � are described below.
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Table 2 Designed values related to stiffness at the midship section.

Prototype Design Ratio

Vertical bending stiffness �� [kgf m2] 5324 4313 0.81

Torsional stiffness �� [kgf m2] 52.22 54.90 1.05

Warping stiffness �� [kgf m4] 233.2 228.1 0.98

Height of neutral axis �� [m] 0.1777 0.1389 0.78

Height of shear center � [m] -0.1463 -0.1948 1.33

Vertical bending stiffness �� and height of the neutral axis ��: The height of the neutral axis �� of the 

box-shaped model shown in Fig. 1 is given as the solution of the following equation (3):

( ) 0j j
j

ES z z- =å (3)

where ��, �� denote the area and height of each rectangular element �, respectively. The vertical bending 

stiffness �� is evaluated with �� as
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Torsional stiffness ��: The torsional constant � of a beam with a rectangular cross section whose dimen-

sions are � × � is given as follows when � ≫ �.

3 / 3J ab= (5)

The torsional stiffness �� of the box-shaped model is evaluated as the sum of the component torsional 
stiffness (��)� for each rectangular element. 

Warping stiffness �� and the height of the shear center �: The height of the shear center � and the 

warping stiffness �� of the box-shaped model are given as follows:
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Fig. 2 (a) Deck widths of the model and (b) vertical bending stiffness EI at each square station.

Fig. 3 Vibration-mode analysis with FE models. (a) 1st torsional mode, (b) 1st vertical bending mode.

2.2 Cross-Sectional Dimensions of Ship Hull

Next, the hull dimensions were modified considering the actual hull configuration. Here, we considered 

only the vertical bending stiffness. The vertical bending stiffness at each square station (SS) was evaluated 

assuming a hull thickness of 35 mm, deck thickness of 45 mm, and deck width of 150 mm based on the 

result of Section 2.1. We adjusted the deck widths (Fig. 2(a)) such that the vertical bending stiffness of the 

model was almost similar to that of the prototype in the range from SS2 to SS8 (Fig. 2(b)). It is noteworthy 

that we designed the model such that its vertical bending stiffness around the midship was slightly lower 

than that of the prototype. This was performed such that the model becomes slightly rigid following water-

proof painting.

2.3 Detailed Design with FE Model

Finally, we modified the hull dimensions with FE model analysis. The FE model was constructed based 

on the hull dimensions determined in Section 2.2, and bulkheads were arranged in the FE model. Natural 

frequency analysis with the FE model revealed that the vertical bending and torsional natural frequencies 

were slightly higher than those of the prototype. Therefore, we modified the hull thickness from 35 mm to 

30 mm. The first modes of the vertical bending and torsional vibrations with the modified FE model are 

shown in Fig. 3. The natural frequencies of the modified FE model were slightly lower than those of the 

prototype; however, these values would become closer to the prototype owing to the influence of the paint-

ing.

3. Validation of the Elastic Property of the Ship Model

We built a hydro-structural model of a container ship according to the design presented in Section 2 (Fig. 

4(a, b)). The elastic properties of the model were validated by three-point bending test, torsion test, and 

decay test. The validation results are presented in this section.

3.1 Measurement with FBG Strain Gauges
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We measured the strain of the hull with optical strain gauges based on fiber Bragg grating (FBG). The 

strain gauges were attached on the inner surface of the hull (Fig. 4(c)) at each section from SS2 to SS8 at 

the intervals of SS1. Gauges #1, #3, #4, and #6 were for the normal strain measurement, and gauges #2 and 

#5 were for the shear strain measurement. The vertical bending component �� and the torsional compo-

nents �� of the strain were extracted with Eq. (9):

#1 # 6 #3 # 4

# 2 #5

V

T

= + - -ì
í

= -î

ò ò ò ò ò

ò ò ò
(9)

The conversion constant between the vertical bending strain �� and the vertical bending moment ��

was obtained by the three-point bending test that will be described in Section 3.2. Likewise, the conversion 

constant between the torsional strain �� and torsional moment �� was obtained by the torsion test, 

which will be described in Section 3.3. Unfortunately, some strain gauges did not perform well because it 

was difficult to attach the strain gauges on a rough surface of the urethane foam. Therefore, only the meas-

urement results at SS5 for the vertical bending and only the measurement results at SS4 for the torsion will 

be presented herein. 

3.2 Three-Point Bending Test and Torsion Test

A three-point bending test and a torsion test for the hydro-structural model was performed to validate its 

static elastic property. In the three-point bending test, the model was supported at SS1.5 and SS8.5 and was 

loaded at SS5, wherein the strains and hull deflection were measured. In the test, a linear correlation be-

tween the strain �� and the moment �� was confirmed (Fig. 5(a)). Therefore, the slope of the linear cor-

relation was used as the conversion constant between them. However, the values of the measured strains 

were much smaller than those estimated from the beam theory (Fig. 5(a)). Meanwhile, the measured deflec-

tion �� agreed well with the estimations of the beam theory and FE analysis (Fig. 5(b)). These results 

indicate that the model was built appropriately as designed, and the outputs of the FBG gauges were much 

smaller than those of the actual strains. The cause for the smaller output appears to be because the FBG 

strain gauge, which is made of quartz glass coated with polyimide, is more rigid than the hull made of ure-

thane foam. The influence of the gauge stiffness on the output is confirmed qualitatively by an FE analysis 

of the vertical bending test of a cantilevered urethane plate with an FBG strain gauge (Fig. 6). Because the 

normal stress around the FBG strain gauge is locally small, the gauge output becomes smaller than the ac-

tual strain.

Fig. 4 Pictures (a, b) and schematic cross-sectional view (c) of the hydro-structural container ship model. (a) side view, (b) 

inside the hull. The location of the attached strain gauges are indicated in (c).
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Fig. 5 Results of the three-point bending test and torsion test. (a) Correlation between vertical bending strains �� and vertical 

bending moments, (b) correlation between deflection �� and vertical bending moment, and (c) correlation between torsional 

strain �� and torsional moment. BT: beam theory, FE: FE analysis.

Fig. 6 FE analysis for a vertical bending test of a urethane plate with an FBG strain gauge. (a) Schematics of the cantilevered 

plate, and (b) FE analysis. Location of the FBG gauge is indicated by a red ellipse. The colors indicate the magnitude of normal 

stress; red: large, blue: small.

The torsion test was conducted with the model floated on water. Torsional moments were imposed to the 

model by loading weights on the portside deck at SS8.5, and on the starboard side deck at SS1.5. Accord-

ingly, a linear correlation between the strain �� and the moment �� were confirmed (Fig. 5(c)). There-

fore, the conversion constant between them was determined from this result.

It is noteworthy that a structure with significant warping effect must be tested for several torsional modes, 

considering the axial strain induced by the warping effect in addition to the shear strain (e.g., Hong and 

Kim, 2014). This is because, according to beam theory, a torsional moment of a thin-walled open cross 

section consists of two components induced by torsional deformation (��(�� ��⁄ )) and warping defor-

mation (−��(��� ���⁄ )):

3

3T

d d
M GJ E

dx dx

q q
G= - (10)

where � denotes the angle of twist. However, because the bulkhead of the present model exhibits relative-

ly low rigidity, we regarded the warping effect as negligible and consequently conducted the pure torsion 

test described above.

3.3 Decay Test

A decay test of the model was performed in a wave basin by hammering the hull to validate its dynamic 

elastic property. Consequently, damped oscillation curves for the vertical bending moment and the torsion-

al moment were obtained, as shown in Fig.7. From those frequency spectra, the wet natural frequencies

were estimated and compared with the FE model analyses (prototype and model) in Table 3. Compared to 

the prototype, the model was revealed to be slightly rigid for vertical bending and slightly soft for torsion. 
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Table 3 Comparison of the wet natural frequencies. Unit: Hz

Prototype (FE) Model (FE) Model (EXP)

1st Vertical bending mode 4.77 4.34 5.49

1st Torsional mode 5.08 3.91 3.91

Furthermore, the comparison between the physical and FE models indicated that the painting did not af-

fect the torsional stiffness much but affected the vertical bending stiffness significantly.

From the time series, the damping ratios of the first mode for the vertical bending and torsional vibration 

were estimated as 2.2% and 3.5%, respectively. These values are larger than those of segmented flexible 

models with a backbone (e.g., Iijima et al., 2009, Oka et al., 2009., Zhu et al., 2011). From the decay test, 

we conclude that the vertical bending and torsional moments can be measured, including elastic vibration 

components, with the hydro-structural model. Furthermore, the creep behavior of the urethane foam does 

not affect the measurements of structural vibration.

4. Experiment in Waves

The towing experiments of the hydro-structural model in regular and freak waves were conducted in the 

ASMB. In the towing experiments, the surge, sway, and yaw motions were constrained weakly by restoring 

forces given by servomotors. The experimental results are presented in this section to demonstrate that the 

vertical bending and torsional vibration were measured successfully. 

4.1 Experiment in Regular Waves

We towed the model at �� = 0.060 in bow quartering regular waves (� = 120°.; 60° from the head sea) 
whose wave height and wavelength are � = 13.4 cm and � ���⁄ = 0.4, respectively. The encounter wave 

frequency is �� = 1.13 Hz. The time series and its frequency spectrum for the vertical bending moment 

are shown in Fig. 8(a, b), and those for the torsional moment are shown in Fig. 8(c, d). Because the fifth 

harmonic of the encounter wave frequency (5�� = 5.65 Hz) was close to the first wet natural frequency for 

the vertical bending vibration (5.49 Hz), its spectral energy was dominant (Fig. 8(b)). Meanwhile, the first 

harmonic energy was dominant for the torsional vibration because the wet natural frequency (3.91 Hz) was 

not close to the higher harmonics, e.g., 3�� = 3.39 Hz and 4�� = 4.52 Hz. Hong et al. (2012) reported 

similar results and referred to these phenomena as resonant and non-resonant whipping, respectively.

4.2 Experiment in Freak Wave in Directional Wave Field

In the ASMB, in which 382 wave makers were arranged on the peripheral, we performed a towing exper-

iment of the model in a freak wave in a directional wave field. The directional wave field was based on a 

hindcast spectrum that corresponds to the wave field in which a freak wave was observed in the Northwest 

Pacific Ocean in October 2009 (Waseda et al., 2011, Fujimoto et al. 2019). Here, we used a recently estab-

lished wave generation method based on the higher-order spectral method. The details of the freak wave 
generation are given in Houtani et al. (2018). The peak wavelength was scaled to �� = 4.0 m, which was 

approximately the same as the model length to measure a large vertical bending moment. The freak wave 

height was 31.4 cm. The model was towed in the head sea with respect to the peak wave direction.

Fig. 7 Time series obtained from the decay tests. (a) Vertical bending moment and (b) torsional moment.
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Fig. 8 Vertical bending and torsional moments measured in the towing experiment in the regular wave. (a) Time series of the 

vertical bending moment, (b) frequency spectrum of the vertical bending moment, (c) time series of the torsional moment, and 

(d) frequency spectrum of the torsional moment.

The time series of the wave elevation, ship motions, and vertical acceleration at the forward perpendicular 

(FP) are shown in Fig. 9. The maximum freak wave crest appeared at � = 74.2 s, and accordingly, the 

ship motions, except the roll, became large around that time. Larger roll motions were observed before the 

model encountered the freak wave.

The vertical bending and torsional moments measured concurrently with the ship motions are presented in 

Fig. 10. Large moments and whipping vibrations occurred when the model encountered the freak wave 

(� = 74.2 s) (Fig. 10 (a, c)). However, whipping vibrations were also observed in the smaller wave groups 

around � = 67 s and 86 s. From the frequency spectra (Fig. 10(b, d)), these vibration modes were re-

vealed to be primarily of the lowest frequency natural modes. Hence, we confirmed that the whipping vi-

bration induced by a freak wave could be measured successfully by the hydro-structural model.

5. Conclusion

We proposed a new design procedure of a hydro-structural model of a container ship in which the vertical 

bending and torsional vibrations were similar to those of the prototype. The shear center of the model could 

be located below the bottom hull by imparting stiffness to the hull, and accordingly, the torsional vibration

Fig. 9 Wave elevation, ship motions, and vertical acceleration at FP measured in the towing experiment in the freak wave.



Hidetaka Houtani , Yusuke Komoriyama , Sadaoki Matsui , Masayosh Oka , Hi-roshi Sawada , Yoshiteru Tanaka, and Katsuji Tanizawa 183
Journal of Advanced Research in Ocean Engineering 4(4) (2018) 174-184

Fig. 10 Vertical bending and torsional moments measured in the towing experiment in the freak wave. (a) Time series of the 

vertical bending moment, (b) frequency spectrum of the vertical bending moment, (c) time series of the torsional moment, and 

(d) frequency spectrum of the torsional moment. The lowest natural frequencies are indicated by arrows.

mode shape became similar to that of the prototype. In the proposed design procedure, the hull has to be 

made of soft material. A hydro-structural model of a container ship was built, and its elastic property was 

confirmed by three-point bending test, torsion test, and decay test. From the three-point bending test, it was 

revealed that the strain gauge output was smaller than the actual strains because the gauge was more rigid 

than the hull made of urethane foam. However, with the linear correlation between the output strain and the 

moments in the three-point bending and torsion tests, we could estimate the dynamic structural responses of 

the model. We successfully measured the wave-induced structural vibrations of the model in towing exper-

iments in regular and directional freak waves.
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