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Abstract.  This study experimentally evaluated the serviceability of multi-unit floating structures designed for 
marine city applications and verified the effect of wave-dissipating modules on wave motion reduction. 
Serviceability indicators were defined as vertical acceleration and inclination (pitch and roll), reflecting both the 
stable operation of topside facilities and human activity and discomfort (motion sickness). The experimental results 
showed that the installation of wave-dissipating modules reduced vertical RMS accelerations by approximately 34-
39% and pitch/roll inclinations by 21-42%. These improvements were consistently observed not only under 1-year 
return period wave conditions but also under extreme 100-year return period waves, thereby confirming the 
reliability of the proposed design. This study demonstrates that wave-dissipating modules are an effective design 
strategy to enhance the habitability and serviceability of floating infrastructures for marine cities. Furthermore, it 
highlights the need to extend conventional serviceability evaluation frameworks, which have been focused on 
industrial facilities, to ergonomics-based criteria that reflect the dual requirements of technical stability and human-
oriented serviceability in marine city environments. These findings are expected to make an important contribution to 
the development of next-generation offshore infrastructures, such as marine cities and offshore renewable energy 
hubs, where both technical stability and human-oriented serviceability must be simultaneously ensured. 
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1. Introduction 
 

Recently, there has been a growing interest and demand for the eco-friendly utilization of 
maritime space through floating offshore infrastructure. Such infrastructure can be broadly 
classified into two categories: industrial facilities such as plants and ports, and human-oriented 
facilities such as marine cities. Traditionally, floating infrastructure has been widely applied to 
industrial purposes, including container ports and energy storage platforms for oil and LNG. 
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However, in recent years, projects aimed at human habitation have begun to emerge, such as the 
Oceanix Project in Busan, South Korea, and the NEOM City (Oxagon) project in Saudi Arabia. In 
addition, initiatives such as Denmark’s Net-zero Race Project seek to construct renewable energy 
hubs within offshore wind farms to address the intermittency of renewable energy output. These 
trends indicate that the operational conditions of floating infrastructure are gradually shifting 
toward “manned conditions”. Accordingly, from the perspective of motion performance, floating 
structures must satisfy performance requirements that reflect this recent trend. 

The serviceability of floating infrastructure can be defined as the ability to control wave-
induced motions of the floating body to a level that ensures the intended functionality of the 
topside facilities. For industrial-purpose floating infrastructure, serviceability guidelines have 
primarily focused on pitch and roll angle criteria to secure stable operation of the topside facilities, 
mainly to prevent equipment malfunction or failure [1-5]. In contrast, for marine cities intended 
for human habitation and activity, serviceability guidelines emphasize vertical acceleration criteria 
to prevent motion sickness and ensure human comfort and activity [2, 4, 6-8], as presented in Fig. 
1. From an ergonomic perspective, such serviceability guidelines are being extended not only to 
marine cities but also to offshore industrial facilities such as floating wind farms, where they 
address the health and safety of maintenance personnel [2, 7, 8]. 

At RWTH Aachen University, serviceability guidelines applicable to maintenance personnel on 
floating offshore wind platforms were investigated [8]. It was reported that serviceability 
guidelines addressing human discomfort (motion sickness) must include the low-frequency range 
(0.1-0.5 Hz) and vertical acceleration term, and therefore ISO 2631-1:1997 was deemed 
appropriate [8]. In addition, although Nordforsk guideline [4] provides guidelines originally 
intended for ships, it has been widely cited in the marine industry and is considered a useful 
reference. The Nordforsk guidelines [4] classify serviceability criteria for human activity 
(workability) on ships-based on acceleration and inclination-into five groups. 

 
 

 
Figure 1. Methodology for accessing motions on floating offshore wind turbines 
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Marjanen [9] studied validation methods for the guidelines specified in ISO 2631-1:1997 [6] 
with respect to human motion sickness in multi-axial vibration environments. Scheu et al. [7] 
utilized ISO 2631-1:1997 to develop a workability index for personnel operating on floating 
offshore wind platforms according to the process presented in Fig. 1. Fang and Chan [10] applied 
the methods of ISO 2631-1:1997 to investigate vertical motion sickness in high-speed ferries, 
reporting that numerical analysis results may show some discrepancies in the pitch resonance 
region. 

Kim et al. [11] explored the use of Analysis Wavelet Transform (AWT) as an alternative to the 
commonly used FFT method in the time-frequency conversion process for calculating frequency-
weighted RMS acceleration. Asua et al. [12] evaluated passenger discomfort and motion sickness 
in vehicles using the frequency-weighted RMS acceleration index specified in ISO 2631. Sindre 
[13] evaluated the location-specific serviceability on the feed barge and conducted a comparative 
analysis against serviceability guidelines. Furthermore, Jeong et al. [2] conducted a serviceability 
assessment of floating infrastructure using ISO 2631-1:1997 based on wave flume (2D) tests. 
However, since the experiments were limited to half the beam width of the floating body in a 2D 
wave flume, the results did not fully reflect the serviceability of actual models subjected to multi-
axial environments. 

In this study, an experimental serviceability assessment was conducted through wave basin 
(3D) tests on a multi-unit floating infrastructure (4×2 EA array) designed for marine cities. In 
addition, the serviceability improvement effect was compared and analyzed between the prototype 
model and the case in which wave-dissipating modules were installed around the periphery to 
reduce the wave-induced motions of the main floating body. Based on the two experimental cases, 
serviceability indicators of the floating body-namely vertical acceleration and inclination angles 
(pitch and roll)-were evaluated and compared. 

 
 
2. Small scale tests 

 
2.1 Test models and set-up 
 
2.1.1 Test models 
To experimentally evaluate the serviceability of multi-unit floating structures, wave basin (3D) 

tests were conducted. The test model was designed based on the marine city concept shown in Fig. 
2, applying a Froude scale ratio of 1/60, and constructed as a 4×2 units array (total of 8 units). In 
addition, wave basin tests were also performed to verify the serviceability improvement effect 
when wave-dissipating modules were installed to reduce the wave-induced motions of the main 
floating body. The detailed specifications of the test model are presented in Table 1. 

For unit-to-unit connections of the floating body, a fender-cable connection method was 
adopted to ensure flexible joint behavior while maintaining uniform motion among the units, as 
shown in Fig. 3. Specifically, three types of cables (two lateral and one diagonal-vertical) were 
used to connect the units. In this method, the fender resists compressive forces between units, 
while the cables resist tensile forces (separating forces), thereby stabilizing the behavior of the 
connections. Regarding the mooring system, since the marine city is intended to be located in 
coastal areas with mild sea conditions and water depths of approximately 20 m, a dolphin-fender 
mooring system (10 units in total) was applied. This method is suitable for such conditions and 
minimizes the wave-induced motions of the floating body. 
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The wave-dissipating module consists of external slits, which dissipate wave energy acting on 
the floating body, and internal buoyancy cells, which provide the module’s own buoyancy, as 
shown in Fig. 4. To enhance wave energy dissipation, vertical slits [14, 15] with a porosity of 30% 
[2, 16, 17] were applied to both the front and rear walls. The internal buoyancy cells were 
designed in the form of circular columns, and together with the slit walls at the front and rear, they 
form a semi-double chamber configuration [18-20]. Furthermore, the bottom plate of the wave-
dissipating module was devised to partially function as a heave plate [21-29]. The peripheral 
wave-dissipating modules were fabricated with the same draft and freeboard as the main floating 
body, and rigid connections using steel rods were applied between the modules and the main 
structure. As shown in Table 2, the experimental models were classified into two cases depending 
on whether the wave-dissipating modules were installed. 

 
 

(a) 1 unit (m) (b) 4×2 units array 
Figure 2. Test model 

 

 
(a) Plan view 

 

(b) Front view 
 

(c) Install 
Figure 3. Fender-cable connection (unit-unit) details 
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(a) Details 

 

 
(b) Fabrication and install 

Figure 4. Wave-dissipating module 
 
Table 1. Dimension of test models 

Items Dimension(m) 
(L×W×H)

Weight 
(kg) Etc. 

1. Floating structure 1.00×1.00×0.16 64.80  - 

2. Topside 0.80×0.80×0.25 50.46 - 

3. Wave dissipating modules 0.33×0.10×0.16 1.28 1EA 
 
Table 2. Test model cases 

Cases 
Test models 

Floating structure Topside building Wave-dissipating module 
CASE 1 ○ ○ - 

CASE 2 ○ ○ ○ 
 
 

2.1.2 Set-up and measurement 
The experimental setup of the test model in the 3D wave basin is shown in Fig. 5. The purpose of 

this experiment was to evaluate serviceability indicators by measuring the wave-induced motions of the 
multi-unit floating structure. To accurately capture the motions of the eight floating units, a motion 
capture system employing ultraviolet cameras was utilized. In addition, as shown in Fig. 2(b), six 
accelerometers were installed at the corners of the floating body for supplementary measurements. 
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(a) Test model installation (b) Dolphin-fender mooring 
Figure 5. Test model set-up 

 
Table 3. Wave conditions (irregular, JONSWAP γ=3.3) 

No. Tp (s.) 
Small (real) 

Hs (cm) 
Small (real) Return period 

IR-1 0.65 (5.0) 2.17 (130)  

IR-2 0.71 (5.5) 2.17 (130) 1 yr. 
IR-3 0.84 (6.5) 2.17 (130)  
IR-4 0.71 (5.5) 3.33 (200)  
IR-6 0.84 (6.5) 3.33 (200)  
IR-7 0.90 (7.0) 3.33 (200) 100 yr. 
IR-8 0.97 (7.5) 3.33 (200)  

 

(a) Incident wave 0˚ (1 yr.) (b) Incident wave 0˚ (100 yr.) 

Figure 6. Vertical acceleration distribution 
 
 
2.1.3 Waves conditions 
Irregular wave loads corresponding to return periods of 1 year and 100 years were applied as 

design conditions, as summarized in Table 3. The purpose of evaluating the wave-induced motions 
of the floating body was to assess its serviceability, and many projects and guidelines related to 
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serviceability adopt evaluations based on 1-year return period waves [2]. Accordingly, in this 
study, wave basin tests were primarily conducted under 1-year return period conditions. 
Additionally, to investigate the effectiveness of wave-dissipating modules in reducing wave-
induced motions under extreme conditions, supplementary experiments were performed using 
100-year return period waves. The water depth was set to 20 m. 

 
 

3. Evaluation of serviceability indicators 
 

To determine the serviceability evaluation positions of the multi-unit floating body [13], the 
distributions of vertical acceleration and inclination for each unit, as shown in Fig. 2(b), were 
analyzed (Fig. 6 and Fig. 7). Based on this analysis, the M1 unit (maximum value) and the M3 unit 
(minimum value) were selected as representative positions for serviceability evaluation with 

 
  

(a) Incident wave 0˚ (1 yr.) (b) Incident wave 0˚ (100 yr.) 

Figure 7. Inclination distribution 
 

 
Figure 8. Frequency-weighting function to motion sickness (Wf) 
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respect to wave-induced motions. Although various wave loads were applied in the wave basin 
tests to investigate motion characteristics, only the 1-year return period wave load (IR-2) and the 
100-year return period wave load (IR-7) were utilized for serviceability evaluation. 

 
3.1 Vertical acceleration 
 

The serviceability evaluation indicator for vertical acceleration was assessed by calculating the 
RMS values from time-history data. Here, the RMS values include both the un-weighted RMS 
acceleration, which serves as a general indicator of human activity [4], and the frequency-weighted 
RMS acceleration, which serves as an indicator of motion sickness [2, 6, 7]. The concept of 
frequency weighting reflects the sensitivity of human motion sickness to different frequency 
ranges by applying differentiated weighting factors to the motion amplitudes in each frequency 
band. To this end, as shown in Fig. 8, ISO 2631-1:1997 [6] provides a frequency weighting 
function (Wf) for human motion sickness. Accordingly, as shown in Fig. 9, the frequency-
weighted amplitude is obtained by multiplying the amplitude of the frequency-domain response 
spectrum-derived from FFT of the vertical acceleration time history-by the weighting function 
(Wf). The inverse FFT of this frequency-weighted amplitude then yields the time-history data, 
from which the RMS value is calculated to determine the frequency-weighted RMS acceleration [2, 
9, 11]. 

At the serviceability evaluation position, M1 unit (ACC.1), the vertical acceleration time-history 
data measured for Models A and B are shown in Fig. 10 and Fig. 11, respectively. The frequency-
domain response spectrum obtained through FFT of the vertical acceleration time-history data 
(amplitude, α(ω)) and the frequency-weighted response spectrum (F.W. amplitude, α(ω)), calculated by 
multiplying each frequency component by the frequency weighting function (Wf), are presented in Fig. 
12 and Fig. 13. 

 
  

Figure 9. Process of frequency-weighted RMS acceleration
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The motion periods of the floating body were found to be similar to the wave periods, with 
distributions of 0.18 Hz (5.5 s) for the 1-year return period and 0.14 Hz (7.0 s) for the 100-year return 
period. Consequently, the motion periods of the floating body are distributed around 0.16 Hz (6.25 s),  

 
 

(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 10. Measured acceleration: A model, M1(ACC.1) 

 
 

(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 11. Measured acceleration: B model, M1(ACC.1) 
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(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 12. Response spectrums: A model, M1(ACC.1) 

 
Table 4. Vertical accelerations: RMS, m/s2 

Items 
1 yr. (IR-2) 100 yr. (IR-7) 

Incident wave 0˚ Incident wave 45˚ Incident wave 0˚ Incident wave 45˚ 
RMS_Un RMS_FW RMS_Un RMS_FW RMS_Un RMS_FW RMS_Un RMS_FW

A 
(M1) 

MAX 0.261  0.228 0.119 0.083 0.480 0.408 0.181  0.146 

RMS 0.073 
-  

0.068 
(0.94) 

0.028 
-

0.024 
(0.88)

0.144 
-

0.128 
(0.89)

0.052 
-  

0.045 
(0.87)

B 
(M1) 

MAX 0.240  0.144 0.116  0.061 0.455  0.262 0.198 0.103 

RMS 0.044 
-  

0.041 
(0.93) 

0.018 
-

0.016 
(0.89)

0.094 
-

0.083 
(0.88)

0.036 
-  

0.032 
(0.87)

B/A (RMS) 0.61 0.61 0.65 0.66 0.65 0.64 0.69 0.70 
 

 
which is the frequency most strongly associated with human motion sickness. As a result, the 
frequency-weighted response spectrum (red line) and the un-weighted response spectrum (blue 
line) exhibit similar distributions, indicating that the reduction effect of the frequency weighting 
factor relative to the un-weighted case is minimal. 

The time-history responses obtained through the inverse FFT of the frequency-weighted response 
spectrum, together with their RMS values (frequency-weighted RMS acceleration), are presented in Fig.  
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(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 13. Response spectrums: B model, M1(ACC.1) 

 
 

14, 15 and Table 4. The evaluation results show that the RMS acceleration of Model A under the 1-
year return period wave load ranged from approximately 0.028 to 0.073 m/s², with the frequency-
weighted RMS acceleration corresponding to about 88-94% levels of the un-weighted RMS 
acceleration. For Model B, the RMS acceleration under the 1-year return period wave load ranged from 
approximately 0.018 to 0.044 m/s², with the frequency-weighted RMS acceleration corresponding to 
about 89-93% levels of the un-weighted RMS acceleration. 

The RMS acceleration of Model B, equipped with wave-dissipating modules, was about 61-66% 
levels of that of Model A, indicating that the vertical acceleration was reduced by approximately 34-
39% due to the installation of wave-dissipating modules. This result demonstrates that the 
serviceability of the multi-unit floating body was improved. 

 
3.2 Inclination 
 
The serviceability evaluation indicators for inclination were assessed by calculating the maximum 

values and RMS values from the time-history data. The maximum values are related to the stable 
operation of the topside facilities (e.g., prevention of malfunction or failure) [3, 5], while the RMS 
values are associated with human activity [4]. Inclination refers to pitch and roll in the vertical direction, 
and when both components occur simultaneously, the combined value is calculated using the Square 
Root of the Sum of Squares (SRSS) method, as shown in Eq. (1) [7]. 
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(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 14. Frequency-weighted RMS acceleration: A model, M1(ACC.1) 

 
 

(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 15. Frequency-weighted RMS acceleration: B model, M1(ACC.1) 
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(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 16. Measured pitch & roll angle: A model 

 
 
Table 5. MAX and RMS inclination (°) 

Items 
1 yr. (IR-2) 100 yr. (IR-7) 

Incident wave 0˚ Incident wave 45˚ Incident wave 0˚ Incident wave 45˚

A_M1 MAX 0.666 0.279 1.376 0.578 
RMS 0.172 0.077 0.423 0.178 

A_M3 MAX 0.127 0.156 0.323 0.399 
RMS 0.042 0.060 0.104 0.126 

B_M1 
MAX 0.456 0.175 0.985 0.415 
RMS 0.117 0.050 0.293 0.104 

B_M3 
MAX 0.088 0.101 0.256 0.269 
RMS 0.030 0.044 0.081 0.096 

 
 𝑅௥௢௧ሺ𝑡ሻ ൌ 𝑆𝑅𝑆𝑆 ൌ ටሺ𝑅௣௜௧௖௛ሺ𝑡ሻሻଶ ൅ ሺ𝑅௥௢௟௟ሺ𝑡ሻሻଶሻ , (1)

where, 𝑅௥௢௧ሺ𝑡ሻ  represents the total inclination, 𝑅௣௜௧௖௛ሺ𝑡ሻ  represents the pitch inclination, and 𝑅௥௢௟௟ሺ𝑡ሻ represents the roll inclination, respectively. 
At the serviceability evaluation position, M1 unit, the inclination time-history data measured 

for Models A and B are shown in Fig. 16 and Fig. 17, respectively, while the SRSS time histories 
of pitch and roll are presented in Fig. 18, 19 and Table 5. The evaluation results indicate that, 
under the 1-year return period wave load, the inclination (maximum) of Model A ranged from 
approximately 0.28° to 0.67°, and the inclination (RMS) ranged from approximately 0.08° to 0.17°.  
For Model B, the inclination (maximum) ranged from approximately 0.18° to 0.46°, and the 
inclination (RMS) ranged from approximately 0.05° to 0.12°. 
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The inclination of Model B, equipped with wave-dissipating modules, was about 58-79% levels 
of that of Model A, indicating a reduction of approximately 21-42% in inclination due to the 
installation of wave-dissipating modules. This demonstrates that the serviceability of the multi-unit 
floating body was improved. 

 
 

(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 17. Measured pitch & roll angle: B model 

 
 

(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 18. SRSS of pitch & roll angle: A model 
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(a) Incident wave 0˚ (1 yr.) (b) Incident wave 45˚ (1 yr.) 

(c) Incident wave 0˚ (100 yr.) (d) Incident wave 45˚ (100 yr.) 
Figure 19. SRSS of pitch & roll angle: B model 

 

 
Figure 20. Summary of vertical acceleration evaluation

 
 
3.3 Summary 
 
By analyzing various guidelines [4, 6, 30] available for the classification of vertical 

acceleration as a serviceability indicator of floating bodies, the classification can be broadly 
divided into three groups. The criteria for classification are generally based on the duration of 
exposure. For example, in the case of human habitation, Group 1 (permanent residence, < 0.25 
m/s²), Group 2 (temporary residence, < 0.50 m/s²), and Group 3 (short-term stay, < 1.00 m/s²) can 
be distinguished. 
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Figure 21. Summary of inclination evaluation

 
 
The evaluation results of vertical acceleration under various wave conditions (return periods 

and incident angles) are presented in Fig. 20. The results indicate that the vertical acceleration of 
the multi-unit floating infrastructure in this study reached a maximum of 0.073 m/s² under the 1-
year return period wave load, corresponding to Group 1 (< 0.25 m/s²). This satisfies the 
performance target of a marine city for permanent human residence. Furthermore, under the 100-
year return period wave load, the maximum vertical acceleration was 0.144 m/s², which also 
remained within Group 1 (< 0.25 m/s²).  

By analyzing various guidelines [3, 4, 5] available for the classification of inclination as a 
serviceability indicator of floating bodies, the classification can be broadly divided into three 
groups. The criteria are determined according to the operational feasibility of the topside facilities. 
For cases requiring high safety levels, such as marine airports and marine roads, Group 1 (land-
like flatness, < 1.0–1.5°) is applied. For industrial plants, where the prevention of equipment 
malfunction or failure is critical, or for ensuring human activity, Group 2 (high flatness, < 2.0°) is 
applied. For workspaces, where securing workability is the main objective, Group 3 (medium 
flatness, < 3.5°) is applied. In this context, maximum values should be applied to evaluate the 
stable operation of equipment, while RMS values should be applied to assess human activity and 
workability. The evaluation results of inclination under various wave conditions (return periods 
and incident angles) are presented in Fig. 21. Under the 1-year return period wave load, the multi-
unit floating infrastructure exhibited a maximum inclination of 0.67° and an RMS inclination of 
0.17°, both corresponding to Group 1 (< 1.0-1.5°). This satisfies the performance targets of a 
marine city, ensuring stable operation of topside equipment and meeting the criteria for human 
activity. Furthermore, under the 100-year return period wave load, the maximum inclination was 
1.38° and the RMS inclination was 0.42°, which also remained within Group 1 (< 1.0-1.5°). 

 
 

4. Conclusions 
 
This study experimentally evaluated the serviceability of multi-unit floating structures designed 

for marine city applications and verified the effect of wave-dissipating modules on motion 
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reduction. Serviceability indicators were defined as vertical acceleration and inclination (pitch and 
roll), reflecting both the stable operation of topside facilities and human activity and discomfort 
(motion sickness). 

The experimental results demonstrated that the introduction of wave-dissipating modules 
significantly improved serviceability performance. Specifically, vertical RMS accelerations were 
reduced by approximately 34-39%, while pitch and roll inclinations decreased by 21-42%. These 
improvements were consistently observed not only under 1-year return period wave conditions but 
also under extreme 100-year return period waves, thereby confirming the reliability of the 
proposed design. 

This study shows that wave-dissipating modules serve as an effective design strategy to 
enhance the motion performance of floating structures, improving both the operational stability of 
topside facilities and the habitability of marine city environments. Furthermore, by applying 
ergonomics-based serviceability criteria such as ISO 2631-1:1997, the evaluation framework can 
be extended beyond industrial facilities to human-oriented offshore infrastructures, reflecting the 
dual requirements of technical stability and human-oriented serviceability in marine city contexts. 

In conclusion, this study experimentally demonstrated that multi-unit floating structures 
equipped with wave-dissipating modules can achieve improved serviceability under realistic sea 
conditions. These findings are expected to make an important contribution to the development of 
next-generation offshore infrastructures, such as marine cities and offshore renewable energy hubs, 
where both technical stability and human-oriented serviceability must be simultaneously ensured. 
Future research should further establish the applicability of this approach through additional 
analyses under diverse sea conditions. 
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