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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

To achieve cost-effective and reliable structural design of floating wind turbines, efficient and accurate time domain numerical 
approaches are required to analyse structural responses in design conditions, e.g. wind and waves. This paper focuses on 
validation of a time-domain numerical approach for determining forces and moments in structural components of floaters. The 
approach considers floating wind turbines as a system of several structural components, e.g. blades, rotational shaft, nacelle, 
tower, mooring lines, columns, pontoons and braces. A finite element model is developed to represent global stiffness of the 
structural components. The external and inertia loads on the structural components are modelled as distributed loads. 
Hydrodynamic loads on each structural component are derived from the corresponding hydrodynamic coefficients obtained by 
solving the first order boundary value problem using WAMIT. A 1:30 scaled braceless semi-submersible model test which 
implements the ReaTHM® testing approach was done by SINTEF Ocean, formerly MARINTEK, in its ocean basin. 
Measurements of the global forces and moments at the base of a side column of the model and rigid-body motions of the model 
are compared to the corresponding simulations. This paper focuses on responses in moderate waves for which linear 
hydrodynamic loads are applicable. Differences in the corresponding simulations and measurements are found to be small, while 
possible reasons, e.g. synchronizations, non-linear effects, and uncertainties in the measurements and simulations, for the 
differences are analysed. Essential information about the model test, descriptions of the numerical models, calibrations and 
results and discussions of the validation are given in this paper.
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1. Introduction

Innovative floating wind turbine concepts are considered an attractive solution for harvesting offshore wind 
energy in relatively deep water, e.g. deeper than 80 m. The offshore wind industry is moving from pilot prototype 
field tests to pilot commercial size floating wind farms while structural optimization for cost reduction is a focus of 
these pilot projects [1, 2]. 

In general, a floating wind turbine is composed of a rotor nacelle assembly (RNA), a tower, a hull, and a mooring 
system. Many concepts, e.g. [3-9], have been proposed. These concepts can be classified as spar [3, 4], TLP [5, 6] 
and semi-submersible wind turbines [7-9]. 

Floating wind turbines operate in wind, current and waves which result in dynamic motions around mean offsets 
and structural responses. Limit states with respect to the motions and structural responses are specified in design 
standards of floating wind turbines, e.g. DNV-OS-J103, ABS #195 and ClassNK guideline [10-12], to make sure 
that the developed designs will have acceptable stability and structural strength. Consequently, designers must 
implement appropriate approaches, e.g. numerical simulations and/or model tests, to demonstrate that the designs 
satisfy the specified requirements and criteria.

Frequency-domain computer codes, e.g. WADAM [25], are widely used in the offshore oil and gas industry to 
efficiently analyse wave induced rigid-body motions and hydro-pressure forces on mean wetted body surface of a 
floating unit. The hydro-pressure forces can be used in a finite element analysis [25] to efficiently determine 
structural responses such as stresses, etc. If the unit has a hull, which is a statically determinate structure, global 
forces and moments in the hull can be obtained by integrating external and inertia loads which are acting on the 
corresponding structural components of the hull. Meanwhile, frequency-domain computer codes, e.g. Turbu 
Offshore [30], are capable of efficient optimizations for designs of offshore bottom-fixed wind turbines. However, 
validity of the linearized approximations used in the frequency-domain codes must be appropriately checked, in 
particular for novel designs of floating wind turbines. While we still need to use time-domain simulations and model 
tests to shed more light on the aero-hydro-servo-elastic feature [13]. Another limitation is that frequency-domain 
models cannot be used to account for transient loading events, e.g. wind turbine faults. Kvittem and Moan [31]
studied a frequency-domain method for estimating short-term tower base bending moments and tower fatigue 
damage of a semi-submersible wind turbine. In the frequency-domain method, responses to combined wind and 
wave loads are obtained by superposing responses to separated wind and wave loads. The frequency-domain method 
was used in a case study to predict bending moments and fatigue damage in tower base of a reference semi-
submersible wind turbine in combined wind and wave loads. Predicted results given by carrying out a fully coupled, 
nonlinear time-domain analysis are considered as reference values. Comparing to the reference values, the fatigue 
damage predicted by the frequency-domain method were underestimated by 0-60%, corresponding to discrepancies 
in standard deviations of stress in the order of 0–20%.

Conventional time-domain computer codes [14] focus on simulating global responses of the RNA, tower, and 
mooring system, and rigid-body motions of floating wind turbines. Finite element models for floating wind turbines 
are generated and solved in these computer codes. A review of conventional approaches for modelling aerodynamic 
loads on the RNA and tower and hydro loads on the hull and mooring lines is available in [15]. Morison formula 
and/or the conventional hybrid frequency-time domain approach [16] are used to model hydro loads on the floating 
wind turbine’s hull. The hull is modelled as a rigid-body with 6 d.o.f.s in the time-domain finite element model, 
while the conventional hybrid frequency-time domain approach gives integrated forces/moments in 6 d.o.f.s rather 
than distributed forces and moments. Consequently, sectional forces and moments in the hull cannot be captured in a 
straightforward manner. A straightforward manner means that the sectional forces and moments can be directly 
obtained from time-domain simulations and used for design check. This is in contrast to the approach for which a 
global motion response analysis must be carried out first and then the external aero- and hydro- dynamic loads as 
well as the inertial loads are applied in a structural analysis of the floater for design check.

Luan et al [16] developed an approach for determining forces and moments in floaters. The approach can be 
easily implemented in various state-of-the-art computer codes for wind turbine analysis, e.g. Simo/Riflex/Aerodyn, 
OrcaFlex and FAST+CHARM3D, to extend their capabilities to analyse sectional forces and moments in structural 
components of a generic floater. The sectional forces and moments in the structural components might be used as 
input to design formulas for structural strength design checks and/or used as boundary conditions in a sub-model 
finite element analysis. More details with respect to the difference between the developed approach and conventional 
approaches, as well features and limitations, can be found in [16]. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.10.361&domain=pdf
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We intend to, step by step, validate the approach of Luan et al [16] by using measurements of a 1:30 model test of 
a braceless semi-submersible wind turbine [9] which has been tested in the ocean basin of MARINTEK, now 
SINTEF Ocean. 

In this paper, we focus on comparisons of the responses of the semi-submersible wind turbine in moderate waves
with less non-linear effects for which frequency-domain commercial computer codes, e.g. WAMIT, WADAM, can 
be used as a reference model. Wave-induced transfer functions for rigid-body motions and fore-aft and side-to-side 
bending moments in base of a side column derived from time-domain and frequency-domain simulations and 
measurements are compared. The developed time-domain model is expected to give the same results as the 
commercial computer codes, while the time-domain model can be further used to analyze the sectional forces and 
moments in the hull in combined wind and wave loads in a straightforward manner but the frequency-domain codes 
cannot.

The “model-the-model” principle, which means to simulate the actual model tests as closely as possible [17, 18], 
is used. Uncertainties exist in the measurements, e.g. mass matrices, position of centre of gravity of each component 
and positions of the anchors. Consequently, necessary calibrations with respect to some inputs of the numerical 
models are carried out. All numerical results are given by the numerical models with calibrated inputs. 

Essential information of the model test, i.e. coordinate systems, measured model properties, environmental 
conditions and post-processing approach for the measurements, is given in section 2. More details with respect to the 
model test are referred to [19-21]. The developed numerical models are described in section 3. Calibrations are 
presented in section 4. Analyses and discussions of the results are available in section 5.

2. The floating wind turbine concept and model test

A layout of the experimental model and definitions of the direction of the wind and waves are shown in Figure 1 
in a global Earth-fixed coordinate system (𝑂𝑂𝑔𝑔-𝑥𝑥𝑔𝑔-𝑦𝑦𝑔𝑔-𝑧𝑧𝑔𝑔 ). 𝑂𝑂𝑔𝑔 is at the geometrical center of the water plane area 
when the model is in calm water. Mass properties and dimensions of the semi-submersible wind turbine are 
described in a body-fixed coordinate system (𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏) The 𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏 coordinate system is coincident to the 
global coordinate system when the model is in calm water. Note that all the data and results presented and discussed 
in this paper are given in full scale and in the corresponding coordinate systems described in this paper. A linear 
scaling factor of λ = 30 and the Froude scaling law are used to scale the original data measured from the model test. 

  The specified dimensions of the semi-submersible hull are tabulated in Table 1 and shown in Figure 2. As 
shown in Figure 2, a column which includes two flanges is used to connect “Side column 1” to “Pontoon 1”. Fore-aft 
and side-to-side bending moments in a cross section of the column are measured by strain gauges. The geometric 
centre of the cross section is (41, 0, -27) in the body-fixed coordinate system. The cross section splits the model into 
two parts. The part which includes the “Side column 1” is denoted as Part A while the rest is denoted as Part B. 
Measured mass properties are given in Table 2. 

The mooring system is composed of three catenary chain mooring lines with lead wires added for weight 
correction. Distributions of mass and buoyancy of the mooring lines are made according to a design of the mooring 
system for which each line has two segments from the fairlead to anchor with constant solid circular cross-section. 
The design parameters are given in Table 3 and 4. According to the Froude scaling law, the scaled value of the 
Young’s modulus of the mooring lines of the experimental model is 6.3 ∗ 109 kN/m2. 

Environmental conditions of the model tests, for which the results are discussed in this paper, are tabulated in 
Table 5. In addition, some model tests, e.g. the pull-out tests, decay tests and turbulent wind only tests, are used to 
calibrate the numerical models.

In the tests with the experimental model, wave elevation at Pos1, see Table 6, was measured and denoted as 
WAVE1 while in the calibration tests (without the experimental model) wave elevations at Pos1, Pos2 and Pos3 
were measured and denoted as WAVE1c, WAVE2c and WAVE3c, respectively. Full-scale horizontal locations of 
the wave probes in the global coordinate system are given in Table 6.

Table 1. Specified dimensions of the semi-submersible hull (Full-scale)

Central column diameter [m] 6.5
Side column diameter [m] 6.5
Pontoon height [m] 6
Pontoon width [m] 9
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moments in the hull in combined wind and wave loads in a straightforward manner but the frequency-domain codes 
cannot.

The “model-the-model” principle, which means to simulate the actual model tests as closely as possible [17, 18], 
is used. Uncertainties exist in the measurements, e.g. mass matrices, position of centre of gravity of each component 
and positions of the anchors. Consequently, necessary calibrations with respect to some inputs of the numerical 
models are carried out. All numerical results are given by the numerical models with calibrated inputs. 

Essential information of the model test, i.e. coordinate systems, measured model properties, environmental 
conditions and post-processing approach for the measurements, is given in section 2. More details with respect to the 
model test are referred to [19-21]. The developed numerical models are described in section 3. Calibrations are 
presented in section 4. Analyses and discussions of the results are available in section 5.

2. The floating wind turbine concept and model test

A layout of the experimental model and definitions of the direction of the wind and waves are shown in Figure 1 
in a global Earth-fixed coordinate system (𝑂𝑂𝑔𝑔-𝑥𝑥𝑔𝑔-𝑦𝑦𝑔𝑔-𝑧𝑧𝑔𝑔 ). 𝑂𝑂𝑔𝑔 is at the geometrical center of the water plane area 
when the model is in calm water. Mass properties and dimensions of the semi-submersible wind turbine are 
described in a body-fixed coordinate system (𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏) The 𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏 coordinate system is coincident to the 
global coordinate system when the model is in calm water. Note that all the data and results presented and discussed 
in this paper are given in full scale and in the corresponding coordinate systems described in this paper. A linear 
scaling factor of λ = 30 and the Froude scaling law are used to scale the original data measured from the model test. 

  The specified dimensions of the semi-submersible hull are tabulated in Table 1 and shown in Figure 2. As 
shown in Figure 2, a column which includes two flanges is used to connect “Side column 1” to “Pontoon 1”. Fore-aft 
and side-to-side bending moments in a cross section of the column are measured by strain gauges. The geometric 
centre of the cross section is (41, 0, -27) in the body-fixed coordinate system. The cross section splits the model into 
two parts. The part which includes the “Side column 1” is denoted as Part A while the rest is denoted as Part B. 
Measured mass properties are given in Table 2. 

The mooring system is composed of three catenary chain mooring lines with lead wires added for weight 
correction. Distributions of mass and buoyancy of the mooring lines are made according to a design of the mooring 
system for which each line has two segments from the fairlead to anchor with constant solid circular cross-section. 
The design parameters are given in Table 3 and 4. According to the Froude scaling law, the scaled value of the 
Young’s modulus of the mooring lines of the experimental model is 6.3 ∗ 109 kN/m2. 

Environmental conditions of the model tests, for which the results are discussed in this paper, are tabulated in 
Table 5. In addition, some model tests, e.g. the pull-out tests, decay tests and turbulent wind only tests, are used to 
calibrate the numerical models.

In the tests with the experimental model, wave elevation at Pos1, see Table 6, was measured and denoted as 
WAVE1 while in the calibration tests (without the experimental model) wave elevations at Pos1, Pos2 and Pos3 
were measured and denoted as WAVE1c, WAVE2c and WAVE3c, respectively. Full-scale horizontal locations of 
the wave probes in the global coordinate system are given in Table 6.

Table 1. Specified dimensions of the semi-submersible hull (Full-scale)

Central column diameter [m] 6.5
Side column diameter [m] 6.5
Pontoon height [m] 6
Pontoon width [m] 9

4 Author name / Energy Procedia 00 (2017) 000–000

Central column freeboard [m] 10
Side column freeboard [m] 20
Centre-to-centre (central to side column) [m] 41
Centre-to-edge (central column to pontoon end) [m] 45.5
Operating draft [m] 30
Displacement [tonne] 10,555

Table 2 Measured mass properties of the experimental model. The center of gravity is described in the body-fixed coordinate 
system with respect to 𝑂𝑂𝑏𝑏. The moments of inertia are about the center of gravity.

Mass [tonnes] Centre of gravity [m] Moments of inertia [tonnes*m2]
𝑥𝑥𝑏𝑏 𝑦𝑦𝑏𝑏 𝑧𝑧𝑏𝑏 𝐼𝐼𝑥𝑥𝑥𝑥 𝐼𝐼𝑦𝑦𝑦𝑦 𝐼𝐼𝑧𝑧𝑧𝑧 𝐼𝐼𝑥𝑥𝑦𝑦 𝐼𝐼𝑥𝑥𝑧𝑧 𝐼𝐼𝑦𝑦𝑧𝑧

Complete model 9,730 0 0 -19.05 10297582 10297582 7641621 0 0 0
Part A 456.7 41 0 -12.93 96093 96093 2193 0 0 0

Table 3. Design parameters of a single mooring line

Segment Length Mass per length Wet weight Specified diameter
(m) (kg/m) (kN/m) (m)

Upper 240.00 235.0 2.005 0.195
Lower 367.55 446.0 3.804 0.269

Table 4. Arrangement of the mooring line anchors and fairleads described in the global coordinate system

Fairlead 𝑥𝑥𝑔𝑔 𝑦𝑦𝑔𝑔 𝑧𝑧𝑔𝑔 Anchor 𝑥𝑥𝑔𝑔 𝑦𝑦𝑔𝑔 𝑧𝑧𝑔𝑔
1 45.95 0 -27 1 603 0 -200
2 -22.98 39.8 -27 2 -301.5 522.2 -200
3 -22.98 -39.8 -27 3 -301.5 -522.2 -200

Table 5 Environmental conditions of selected model tests

Reference No. 𝐻𝐻𝑠𝑠 [m] [s] Wave direction [degree] Model test duration [hour] Note
2310 2 Period range:3.5-22 0 3 Pink noise tests
2321 4 Period range: 4.5-22
2420 3.6 𝑇𝑇𝑝𝑝: 10.2 0 3 JONSWAP spectrum

Table 6 Wave probe position in calibration (in the 𝑂𝑂𝑔𝑔-𝑥𝑥𝑔𝑔-𝑦𝑦𝑔𝑔-𝑧𝑧𝑔𝑔 coordinate system)

𝑥𝑥𝑔𝑔 (m) 𝑦𝑦𝑔𝑔 (m)
Pos1 -187.5 -94.2
Pos2 0 0
Pos3 0 -94.2

Figure 1 Layout of the experimental model
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Figure 2 A layout of the hull of the experimental model, courtesy of Fredrik Brun (SINTEF Ocean). Note that the configurations of the three 
pontoons are identical. Some parts of the configurations of Pontoon 1 and 3 are not shown.

3. Numerical methods and models

A time-domain model (TDM) and a frequency-domain model (FDM) are developed to calculate the forces and 
moments in the aforementioned cross section for which the geometric center of the cross section is (41, 0, -27) in the 
𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏 coordinate system. The forces and moments are denoted as 𝐹𝐹𝑥𝑥, 𝐹𝐹𝑦𝑦, 𝐹𝐹𝑧𝑧, 𝑀𝑀𝑥𝑥, 𝑀𝑀𝑦𝑦, and 𝑀𝑀𝑧𝑧 and described in 
a body-fixed coordinate system (𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝-𝑥𝑥𝑖𝑖𝑖𝑖𝑝𝑝-𝑦𝑦𝑖𝑖𝑖𝑖𝑝𝑝-𝑧𝑧𝑖𝑖𝑖𝑖𝑝𝑝) with respect to 𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝. The 𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝-𝑥𝑥𝑖𝑖𝑖𝑖𝑝𝑝-𝑦𝑦𝑖𝑖𝑖𝑖𝑝𝑝-𝑧𝑧𝑖𝑖𝑖𝑖𝑝𝑝 and 𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-
𝑧𝑧𝑏𝑏 coordinate systems are coincident except that 𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝 is located at (41, 0, -27) in the 𝑂𝑂𝑏𝑏 -𝑥𝑥𝑏𝑏 -𝑦𝑦𝑏𝑏 -𝑧𝑧𝑏𝑏 coordinate 
system. 𝑀𝑀𝑥𝑥 and 𝑀𝑀𝑦𝑦 correspond to the side-to-side and fore-aft bending moments, respectively. 

3.1. TDM

We denote the Simo/Riflex [43, 44] time-domain finite element model for calculating sectional forces and 
moments in the cross-section between Parts A and B as TDM.

The finite element model is generated in Riflex in the global coordinate system. The model is composed of 183 
truss elements for modelling the three mooring lines, three artificial beam elements for capturing the sectional forces 
and moments in the cross-section and two control nodes for modelling external and inertial loads on the Parts A and 
B.

The approach, which is initially described in [16], is used in Simo to calculate the external and inertial loads on 
Parts A and B. The loads given by Simo are described in the corresponding body-related coordinate systems (𝑂𝑂𝑟𝑟,𝐴𝐴-
𝑥𝑥𝑟𝑟,𝐴𝐴-𝑦𝑦𝑟𝑟,𝐴𝐴-𝑧𝑧𝑟𝑟,𝐴𝐴 and 𝑂𝑂𝑟𝑟,𝐵𝐵-𝑥𝑥𝑟𝑟,𝐵𝐵-𝑦𝑦𝑟𝑟,𝐵𝐵-𝑧𝑧𝑟𝑟,𝐵𝐵) respectively and transferred to the control nodes of the finite element model. 
Each control node has 6 d.o.f.s. Each of the end nodes of the artificial beam elements and the top end nodes of the 
mooring lines (the fairleads) rigidly follows the motions of the corresponding control node. The 𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏 and 
body-related coordinate systems are coincident when the model is located at its mean position in calm water. 𝑂𝑂𝑟𝑟,𝐴𝐴

and 𝑂𝑂𝑟𝑟,𝐵𝐵 rigidly follow rigid-body motions of the 𝑂𝑂𝑏𝑏 but the orientation of the body-related coordinate systems and 
vertical position of the 𝑂𝑂𝑟𝑟,𝐴𝐴 and 𝑂𝑂𝑟𝑟,𝐵𝐵 are fixed (as the same as the body-related coordinate systems when the model 
is located at its initial position in time-domain simulation). To obtain the first order hydro loads, boundary value 
problem in an earth-fixed coordinate system (e.g. 𝑂𝑂𝑔𝑔-𝑥𝑥𝑔𝑔-𝑦𝑦𝑔𝑔-𝑧𝑧𝑔𝑔) with assumption that the hull is a rigid-body needs 
to be solved to derive the corresponding coefficient vectors and matrices. Note that the derived coefficient vectors 
and matrices include hydrodynamic interactions. Second order and higher order hydrodynamic loads and 
hydroelastical effects are not included. More details are available in [16].
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Morison’s formula is used to model the hydrodynamic loads on the mooring lines, while the drag term of the 
Morison’s formula is use to model the drag forces on Parts A and B. A discussion with respect to selection of the 
corresponding drag coefficients (𝐶𝐶𝑑𝑑) and added mass coefficients (𝐶𝐶𝑎𝑎) is given in section 4.

Young’s modulus of mooring lines of the numerical model is specified as 2.1 ∗ 108 kN/m2 rather than the value 
of the experimental test (6.3 ∗ 109 kN/m2) to avoid numerical problems. In theory, effects of this difference on 
mooring line tensions and global responses of the model are negligible.

In Riflex, the time-domain finite element model is solved by using the Newmark-𝛽𝛽 numerical integration 
(𝛽𝛽 = 3.9 and 𝛾𝛾 = 0.505). Time step is set to be 0.05 seconds. Rayleigh damping, which is a linear combination of 
the Riflex generated global mass and stiffness matrices, is used for modelling effect of structural damping. The 
corresponding mass and stiffness proportional coefficients are set to be 0 and 0.005, respectively. More explanations 
are given in [24].

3.2. FDM

WADAM implements a function for which a specified plane, e.g. the y-z plane at x=5, automatically divides the 
hull into two parts, and calculates sectional forces and moments that are in equilibrium to inertial and external hydro-
loads on each part. However, we cannot use this function to calculate the forces and moments in the base of the side 
column of our model since the specified plane in WADAM is infinite. If we specified an x-y plane at z=-24, one of 
the parts divided by the specified plane would be composed of the wetted surface of the three side columns and the 
central column. Consequently, the FDM, which implements the same principle as WADAM for calculating wave 
induced transfer functions for rigid-body motions and sectional forces and moments but is more flexible for users to 
divide the wetted surface into user specified parts, is developed in Matlab [22] and validated by using WADAM. 
Note that the FDM implements linear theory [25]. Viscous drag forces on the hull and hydroelastic effects are not 
included.

The implemented principle is described as follows:
The transfer functions for the sectional forces and moments (𝑹𝑹𝑠𝑠 (𝜔𝜔)) can be derived from 𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡) =

ℛ{𝑹𝑹𝑠𝑠 (𝜔𝜔)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖}. 𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡) denotes the global forces and moments induced by a unit-amplitude regular wave for 
which second order and higher order terms with respect to amplitude of the regular wave are removed. The hull of 
the experimental model is a statically determinate structure. As a result, the global forces and moments (𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡))
are in equilibrium with inertia loads (𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡)) and external loads (𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡)) on the Part A, see Figure 2 and Eq. 
(1). 𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡) is determined by the mass matrix of Part A and acceleration (�̈�𝒀(𝜔𝜔, 𝑡𝑡)). �̈�𝒀(𝜔𝜔, 𝑡𝑡) is obtained by solving 
the equations of motion in the the 𝑂𝑂𝑔𝑔-𝑥𝑥𝑔𝑔-𝑦𝑦𝑔𝑔-𝑧𝑧𝑔𝑔 coordinate system, see Eq. (2). Rigid-body motions are denoted as 
𝑌𝑌(𝜔𝜔) = [𝑌𝑌1,𝑌𝑌2,𝑌𝑌3,𝑌𝑌4,𝑌𝑌5,𝑌𝑌6]. 𝒀𝒀(𝜔𝜔, 𝑡𝑡) = ℛ{𝒀𝒀(𝜔𝜔)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖} denotes the 6 d.o.f. rigid-body motions induced by a unit-
amplitude regular wave. ℛ{} denotes the real part of the complex value inside the bracket. Approaches for
generating and solving the equations of motion are well known and referred to [26]. In Eq. (1), 𝑴𝑴𝑔𝑔, 𝑨𝑨𝑔𝑔(𝜔𝜔), 𝑩𝑩𝑔𝑔(𝜔𝜔), 
𝑪𝑪𝑔𝑔and 𝑯𝑯𝑔𝑔 (𝜔𝜔) are the mass matrix, added mass coefficient matrix, potential damping coefficient matrix, restoring 
coefficient matrix and first order wave excitation load transfer function. The 𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡) is composed of wave 
excitation loads (𝑹𝑹𝑤𝑤𝑎𝑎𝑒𝑒𝑎𝑎(𝜔𝜔, 𝑡𝑡)) , added mass forces (𝑹𝑹𝑎𝑎𝑑𝑑𝑑𝑑(𝜔𝜔, 𝑡𝑡) ), potential damping forces (𝑹𝑹𝑝𝑝𝑑𝑑(𝜔𝜔, 𝑡𝑡) ) and 
𝑹𝑹𝑓𝑓𝑓𝑓𝑓𝑓(𝜔𝜔, 𝑡𝑡). 𝑹𝑹𝑤𝑤𝑎𝑎𝑒𝑒𝑎𝑎(𝜔𝜔, 𝑡𝑡), 𝑹𝑹𝑎𝑎𝑑𝑑𝑑𝑑(𝜔𝜔, 𝑡𝑡), and 𝑹𝑹𝑝𝑝𝑑𝑑(𝜔𝜔, 𝑡𝑡) can be obtained by 1) solving the potential-flow boundary value 
problem with the assumption that the hull of the model is a rigid-body; 2) calculating the corresponding pressure 
forces on the mean wetted body surface of the Part A based on the Bernoulli’s equation and the corresponding 
velocity potential, and 3) integrating the pressure forces and transfer the integrated forces and moments to the 
corresponding coordinate system. 𝑹𝑹𝑓𝑓𝑓𝑓𝑓𝑓(𝜔𝜔, 𝑡𝑡) is the resultant forces and moments of gravity, hydrostatic pressure 
forces on the outer surface and the atmospheric pressure forces on the inner surface of the Part A when the model is 
located at an instantaneous position. Note that second and higher order terms with respect to amplitude of the regular 
wave are not included in the 𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡) and 𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡) as well.
𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡) + 𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡) + 𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡) = 0                                                                                                                                       (1)
ℛ{�𝑴𝑴𝑔𝑔 + 𝑨𝑨𝑔𝑔(𝜔𝜔)��̈�𝒀(𝜔𝜔, 𝑡𝑡) + 𝑩𝑩𝑔𝑔(𝜔𝜔)�̇�𝒀(𝜔𝜔, 𝑡𝑡) + 𝑪𝑪𝑔𝑔𝒀𝒀(𝜔𝜔, 𝑡𝑡)} = ℛ{𝑯𝑯𝑔𝑔 (𝜔𝜔)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖}                                                               (2)
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Figure 2 A layout of the hull of the experimental model, courtesy of Fredrik Brun (SINTEF Ocean). Note that the configurations of the three 
pontoons are identical. Some parts of the configurations of Pontoon 1 and 3 are not shown.

3. Numerical methods and models

A time-domain model (TDM) and a frequency-domain model (FDM) are developed to calculate the forces and 
moments in the aforementioned cross section for which the geometric center of the cross section is (41, 0, -27) in the 
𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏 coordinate system. The forces and moments are denoted as 𝐹𝐹𝑥𝑥, 𝐹𝐹𝑦𝑦, 𝐹𝐹𝑧𝑧, 𝑀𝑀𝑥𝑥, 𝑀𝑀𝑦𝑦, and 𝑀𝑀𝑧𝑧 and described in 
a body-fixed coordinate system (𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝-𝑥𝑥𝑖𝑖𝑖𝑖𝑝𝑝-𝑦𝑦𝑖𝑖𝑖𝑖𝑝𝑝-𝑧𝑧𝑖𝑖𝑖𝑖𝑝𝑝) with respect to 𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝. The 𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝-𝑥𝑥𝑖𝑖𝑖𝑖𝑝𝑝-𝑦𝑦𝑖𝑖𝑖𝑖𝑝𝑝-𝑧𝑧𝑖𝑖𝑖𝑖𝑝𝑝 and 𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-
𝑧𝑧𝑏𝑏 coordinate systems are coincident except that 𝑂𝑂𝑖𝑖𝑖𝑖𝑝𝑝 is located at (41, 0, -27) in the 𝑂𝑂𝑏𝑏 -𝑥𝑥𝑏𝑏 -𝑦𝑦𝑏𝑏 -𝑧𝑧𝑏𝑏 coordinate 
system. 𝑀𝑀𝑥𝑥 and 𝑀𝑀𝑦𝑦 correspond to the side-to-side and fore-aft bending moments, respectively. 

3.1. TDM

We denote the Simo/Riflex [43, 44] time-domain finite element model for calculating sectional forces and 
moments in the cross-section between Parts A and B as TDM.

The finite element model is generated in Riflex in the global coordinate system. The model is composed of 183 
truss elements for modelling the three mooring lines, three artificial beam elements for capturing the sectional forces 
and moments in the cross-section and two control nodes for modelling external and inertial loads on the Parts A and 
B.

The approach, which is initially described in [16], is used in Simo to calculate the external and inertial loads on 
Parts A and B. The loads given by Simo are described in the corresponding body-related coordinate systems (𝑂𝑂𝑟𝑟,𝐴𝐴-
𝑥𝑥𝑟𝑟,𝐴𝐴-𝑦𝑦𝑟𝑟,𝐴𝐴-𝑧𝑧𝑟𝑟,𝐴𝐴 and 𝑂𝑂𝑟𝑟,𝐵𝐵-𝑥𝑥𝑟𝑟,𝐵𝐵-𝑦𝑦𝑟𝑟,𝐵𝐵-𝑧𝑧𝑟𝑟,𝐵𝐵) respectively and transferred to the control nodes of the finite element model. 
Each control node has 6 d.o.f.s. Each of the end nodes of the artificial beam elements and the top end nodes of the 
mooring lines (the fairleads) rigidly follows the motions of the corresponding control node. The 𝑂𝑂𝑏𝑏-𝑥𝑥𝑏𝑏-𝑦𝑦𝑏𝑏-𝑧𝑧𝑏𝑏 and 
body-related coordinate systems are coincident when the model is located at its mean position in calm water. 𝑂𝑂𝑟𝑟,𝐴𝐴

and 𝑂𝑂𝑟𝑟,𝐵𝐵 rigidly follow rigid-body motions of the 𝑂𝑂𝑏𝑏 but the orientation of the body-related coordinate systems and 
vertical position of the 𝑂𝑂𝑟𝑟,𝐴𝐴 and 𝑂𝑂𝑟𝑟,𝐵𝐵 are fixed (as the same as the body-related coordinate systems when the model 
is located at its initial position in time-domain simulation). To obtain the first order hydro loads, boundary value 
problem in an earth-fixed coordinate system (e.g. 𝑂𝑂𝑔𝑔-𝑥𝑥𝑔𝑔-𝑦𝑦𝑔𝑔-𝑧𝑧𝑔𝑔) with assumption that the hull is a rigid-body needs 
to be solved to derive the corresponding coefficient vectors and matrices. Note that the derived coefficient vectors 
and matrices include hydrodynamic interactions. Second order and higher order hydrodynamic loads and 
hydroelastical effects are not included. More details are available in [16].
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Morison’s formula is used to model the hydrodynamic loads on the mooring lines, while the drag term of the 
Morison’s formula is use to model the drag forces on Parts A and B. A discussion with respect to selection of the 
corresponding drag coefficients (𝐶𝐶𝑑𝑑) and added mass coefficients (𝐶𝐶𝑎𝑎) is given in section 4.

Young’s modulus of mooring lines of the numerical model is specified as 2.1 ∗ 108 kN/m2 rather than the value 
of the experimental test (6.3 ∗ 109 kN/m2) to avoid numerical problems. In theory, effects of this difference on 
mooring line tensions and global responses of the model are negligible.

In Riflex, the time-domain finite element model is solved by using the Newmark-𝛽𝛽 numerical integration 
(𝛽𝛽 = 3.9 and 𝛾𝛾 = 0.505). Time step is set to be 0.05 seconds. Rayleigh damping, which is a linear combination of 
the Riflex generated global mass and stiffness matrices, is used for modelling effect of structural damping. The 
corresponding mass and stiffness proportional coefficients are set to be 0 and 0.005, respectively. More explanations 
are given in [24].

3.2. FDM

WADAM implements a function for which a specified plane, e.g. the y-z plane at x=5, automatically divides the 
hull into two parts, and calculates sectional forces and moments that are in equilibrium to inertial and external hydro-
loads on each part. However, we cannot use this function to calculate the forces and moments in the base of the side 
column of our model since the specified plane in WADAM is infinite. If we specified an x-y plane at z=-24, one of 
the parts divided by the specified plane would be composed of the wetted surface of the three side columns and the 
central column. Consequently, the FDM, which implements the same principle as WADAM for calculating wave 
induced transfer functions for rigid-body motions and sectional forces and moments but is more flexible for users to 
divide the wetted surface into user specified parts, is developed in Matlab [22] and validated by using WADAM. 
Note that the FDM implements linear theory [25]. Viscous drag forces on the hull and hydroelastic effects are not 
included.

The implemented principle is described as follows:
The transfer functions for the sectional forces and moments (𝑹𝑹𝑠𝑠 (𝜔𝜔)) can be derived from 𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡) =

ℛ{𝑹𝑹𝑠𝑠 (𝜔𝜔)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖}. 𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡) denotes the global forces and moments induced by a unit-amplitude regular wave for 
which second order and higher order terms with respect to amplitude of the regular wave are removed. The hull of 
the experimental model is a statically determinate structure. As a result, the global forces and moments (𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡))
are in equilibrium with inertia loads (𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡)) and external loads (𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡)) on the Part A, see Figure 2 and Eq. 
(1). 𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡) is determined by the mass matrix of Part A and acceleration (�̈�𝒀(𝜔𝜔, 𝑡𝑡)). �̈�𝒀(𝜔𝜔, 𝑡𝑡) is obtained by solving 
the equations of motion in the the 𝑂𝑂𝑔𝑔-𝑥𝑥𝑔𝑔-𝑦𝑦𝑔𝑔-𝑧𝑧𝑔𝑔 coordinate system, see Eq. (2). Rigid-body motions are denoted as 
𝑌𝑌(𝜔𝜔) = [𝑌𝑌1,𝑌𝑌2,𝑌𝑌3,𝑌𝑌4,𝑌𝑌5,𝑌𝑌6]. 𝒀𝒀(𝜔𝜔, 𝑡𝑡) = ℛ{𝒀𝒀(𝜔𝜔)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖} denotes the 6 d.o.f. rigid-body motions induced by a unit-
amplitude regular wave. ℛ{} denotes the real part of the complex value inside the bracket. Approaches for
generating and solving the equations of motion are well known and referred to [26]. In Eq. (1), 𝑴𝑴𝑔𝑔, 𝑨𝑨𝑔𝑔(𝜔𝜔), 𝑩𝑩𝑔𝑔(𝜔𝜔), 
𝑪𝑪𝑔𝑔and 𝑯𝑯𝑔𝑔 (𝜔𝜔) are the mass matrix, added mass coefficient matrix, potential damping coefficient matrix, restoring 
coefficient matrix and first order wave excitation load transfer function. The 𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡) is composed of wave 
excitation loads (𝑹𝑹𝑤𝑤𝑎𝑎𝑒𝑒𝑎𝑎(𝜔𝜔, 𝑡𝑡)) , added mass forces (𝑹𝑹𝑎𝑎𝑑𝑑𝑑𝑑(𝜔𝜔, 𝑡𝑡) ), potential damping forces (𝑹𝑹𝑝𝑝𝑑𝑑(𝜔𝜔, 𝑡𝑡) ) and 
𝑹𝑹𝑓𝑓𝑓𝑓𝑓𝑓(𝜔𝜔, 𝑡𝑡). 𝑹𝑹𝑤𝑤𝑎𝑎𝑒𝑒𝑎𝑎(𝜔𝜔, 𝑡𝑡), 𝑹𝑹𝑎𝑎𝑑𝑑𝑑𝑑(𝜔𝜔, 𝑡𝑡), and 𝑹𝑹𝑝𝑝𝑑𝑑(𝜔𝜔, 𝑡𝑡) can be obtained by 1) solving the potential-flow boundary value 
problem with the assumption that the hull of the model is a rigid-body; 2) calculating the corresponding pressure 
forces on the mean wetted body surface of the Part A based on the Bernoulli’s equation and the corresponding 
velocity potential, and 3) integrating the pressure forces and transfer the integrated forces and moments to the 
corresponding coordinate system. 𝑹𝑹𝑓𝑓𝑓𝑓𝑓𝑓(𝜔𝜔, 𝑡𝑡) is the resultant forces and moments of gravity, hydrostatic pressure 
forces on the outer surface and the atmospheric pressure forces on the inner surface of the Part A when the model is 
located at an instantaneous position. Note that second and higher order terms with respect to amplitude of the regular 
wave are not included in the 𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡) and 𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡) as well.
𝑹𝑹𝑠𝑠 (𝜔𝜔, 𝑡𝑡) + 𝑹𝑹𝑖𝑖 (𝜔𝜔, 𝑡𝑡) + 𝑹𝑹𝑒𝑒 (𝜔𝜔, 𝑡𝑡) = 0                                                                                                                                       (1)
ℛ{�𝑴𝑴𝑔𝑔 + 𝑨𝑨𝑔𝑔(𝜔𝜔)��̈�𝒀(𝜔𝜔, 𝑡𝑡) + 𝑩𝑩𝑔𝑔(𝜔𝜔)�̇�𝒀(𝜔𝜔, 𝑡𝑡) + 𝑪𝑪𝑔𝑔𝒀𝒀(𝜔𝜔, 𝑡𝑡)} = ℛ{𝑯𝑯𝑔𝑔 (𝜔𝜔)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖}                                                               (2)
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4. Calibration of numerical model

The “model-the-model” principle, which means to simulate the actual model tests as closely as possible [18], is 
used. A rational calibration procedure for the mooring system is available in [27] and implemented in this paper. 𝐶𝐶𝑑𝑑
and 𝐶𝐶𝑎𝑎 for the segments of each mooring line are specified as 1.4 and 1.0 respectively. The anchors of the mooring 
lines are moved 1.5 meters away along the radial direction to increase the simulated pretension of each mooring line 
in calm water from 1,517 kN to 1,597 kN. As discussed in [27], the deviation can be attributed to small inaccuracies 
in the setup of the model test, e.g. the actual positions of anchors deviated from the specified positions and the actual 
lengths of the mooring lines were slightly shorter than the specified values. 

The mass of the experimental model can be estimated based on the draft, configuration of the hull and resultant 
force of the vertical components of the mooring line tensions at the fairleads. Comparing the estimated mass to the 
measured mass (which is tabulated in Table 2), a 4.7% deviation is observed. Meanwhile there are discrepancies 
between the simulated and measured roll/pitch natural periods (obtained from decay tests) and mean heeling angle 
and fore-aft and side-to-side bending moment in turbulent wind-only conditions. As discussed in [27], deviations 
may exist in the measurements of the position of the centre of gravity and moment of inertia.

Consequently, a constant force which is acting on the 𝑂𝑂𝑟𝑟,𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎 𝐵𝐵 and pointed to the negative axis of  𝑧𝑧𝑟𝑟,𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎 𝐵𝐵 is 
added in the TDM model to compensate the 4.7% difference and make the numerical model float at the same draft as 
the experimental model in calm water while the vertical position of the centre of gravity and mass matrix of Part A 
and B are calibrated.

The centre of gravity of the Part A is adjusted to (41, 0, -15.3) in the body-fixed coordinate system to give the 
TDM the same mean bending moments as the measurements when the experimental and numerical models are 
subjected to the same static tilt angle. The centre of gravity of the Part B is adjusted to (-2.019, 0, -20.6) so that the 
TDM and experimental model have the same title angle under the same overturning moment. Adjustment of the 
centre of gravity of the Part A has limited effects on the centre of gravity of the whole model. The relative difference 
between the adjusted and original vertical positions of the centre of gravity of Part B is 6% (compared to [27]).

Three forces and moments are used to adjust the inertial loads of Part B and denoted as 𝑴𝑴𝑎𝑎𝑑𝑑
𝐵𝐵 �̈�𝜼𝐵𝐵(𝑡𝑡). The 𝑴𝑴𝑎𝑎𝑑𝑑

𝐵𝐵 is a 
6 × 6 matrix.  The �̈�𝜼𝐵𝐵(𝑡𝑡) is the simulated motions of Part B. The 𝑴𝑴𝑎𝑎𝑑𝑑

𝐵𝐵 , �̈�𝜼𝐵𝐵(𝑡𝑡) and 𝑴𝑴𝑎𝑎𝑑𝑑
𝐵𝐵 �̈�𝜼𝐵𝐵(𝑡𝑡) are described in the 

𝑂𝑂𝑟𝑟,𝐵𝐵-𝑥𝑥𝑟𝑟,𝐵𝐵-𝑦𝑦𝑟𝑟,𝐵𝐵-𝑧𝑧𝑟𝑟,𝐵𝐵 coordinate system with respect to the 𝑂𝑂𝑟𝑟,𝐵𝐵. According to the results of a parametric study with 
respect to the effect of each term in the 𝑴𝑴𝑎𝑎𝑑𝑑

𝐵𝐵 on the motion responses and bending moments, all the terms in the 𝑴𝑴𝑎𝑎𝑑𝑑
𝐵𝐵

are zero except for 𝑚𝑚11 = 𝑚𝑚22 = 571 tonnes and 𝑚𝑚24 = 𝑚𝑚42 = 5690 tonnes*m2. Relative differences between the 
adjusted terms and the corresponding terms in the original measured mass matrix of Part B are less than 6%. 

Adjustments with respect to the terms in the mass matrix of the Part A are not considered since a parametric study 
shows that reasonable variations, e.g. in a range from -10% to 10%, have very limited effects on the motion 
responses and bending moments.

The non-dimensional drag coefficients (𝐶𝐶𝑑𝑑 ) for the width and height of the pontoons and the columns are 
specified as 2.1, 1.7 and 0.5, respectively, according to [28]. Results of a sensitivity study show that the effect of the 
drag coefficients on the simulated global forces and moments and rigid-body motions are negligible in the wave 
frequency range, i.e. from 0.3 rad/s to 1.4 rad/s.

5. Results and discussions

In this section we intend to compare the simulated and measured responses, i.e. the fore-aft and side-to-side 
bending moments and rigid-body motions, of the model in moderate wave-only conditions.

5.1. General

WAVE2c are the measurements of undisturbed waves at Pos2 in wave calibration tests (without the experimental 
model). WAVE2c were synchronized with the measurements of the model tests by comparing the WAVE1 and 
WAVE1c from the time 0 to 100 seconds (full-scale) since the WAVE1 and WAVE1c were measured by the same 
wave probe at the same position in the model tests and wave calibration tests, and radiation and diffraction effects of 
the experimental model on the wave elevations at the Pos1 are expected to be negligible in the first 100 seconds. The 
synchronized WAVE2c are considered as measurements of incident waves of the corresponding model tests (with 
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the experimental model) and were used as input to the TDM. 
Lowpass Butterworth filter [22] and zero-phase digital filtering are used to remove high frequency components in 

the measurements. The cutoff frequency, which is the frequency where the magnitude responses of the filter is 
�1/2, is specified as 0.5 Hz. Then, the measurements are downsampled from 111.11 Hz to 5 Hz without risk of 
aliasling.

Skewness and kurtosis [29] of the measured and simulated responses and waves are around 0 and 3, respectively 
and indicate that, in moderate waves, the experimental model and TDM are linear systems with respect to waves
(input, denoted as 𝑥𝑥) and the corresponding response (output, denoted as 𝑦𝑦). Therefore, wave induced transfer 
function (𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔)), which is composed of the response amplitude operator (RAO) and phase angle (α), are derived 
by using Eq. (3, 4). 𝐺𝐺𝑥𝑥𝑦𝑦 and 𝐺𝐺𝑥𝑥𝑥𝑥 are one-side spectra that are derived from the corresponding cross-correlation and 
autocorrelation with respect to the realizations of 𝑥𝑥 and 𝑦𝑦, respectively [29]. 𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔) is a complex number. Real and 
imaginary parts are denoted as 𝑅𝑅𝑒𝑒 and 𝐼𝐼𝑚𝑚 respectively. The phase angle (α) is derived based on the corresponding 
values of 𝑅𝑅𝑒𝑒 and – 𝐼𝐼𝑚𝑚. A negative phase angle (α) means the 𝑦𝑦 lags the 𝑥𝑥. Note that computation of the phase angle 
of the 𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔) derived from measurements of the incident waves and corresponding responses is very sensitive to the 
synchronization in particular for high-frequency components of the transfer functions. For example, a 0.4 seconds 
mismatch means a 9-degree-shift and a 32-degree-shift of the phase angle for the wave components for which the 
frequency is 0.4 rad/s and 1.4 rad/s, respectively. 

𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔) =
𝐺𝐺𝑥𝑥𝑦𝑦(𝜔𝜔)
𝐺𝐺𝑥𝑥𝑥𝑥(𝜔𝜔) = 𝑅𝑅𝑒𝑒 + 𝑖𝑖𝐼𝐼𝑚𝑚                                                                                                                                                    (3)

RAO = �𝑅𝑅𝑒𝑒2 + 𝐼𝐼𝑚𝑚2                                                                                                                                                                       (4)

The linear characteristic of the system can also be checked by calculating the corresponding coherence function 
𝛾𝛾𝑥𝑥𝑦𝑦2 (𝜔𝜔), see Eq. (5), [29]. The values of 𝛾𝛾𝑥𝑥𝑦𝑦2 will always satisfy 0 ≤ 𝛾𝛾𝑥𝑥𝑦𝑦2 ≤ 1. The 𝛾𝛾𝑥𝑥𝑦𝑦2 will equal to one for an ideal 
constant parameter linear system. 𝐺𝐺𝑦𝑦𝑦𝑦 is one-side spectrum that is derived from the corresponding autocorrelation 
with respect to the realizations of 𝑦𝑦.

𝛾𝛾𝑥𝑥𝑦𝑦2 (𝜔𝜔) =
|𝐺𝐺𝑥𝑥𝑦𝑦(𝜔𝜔)|2

𝐺𝐺𝑥𝑥𝑥𝑥(𝜔𝜔)𝐺𝐺𝑦𝑦𝑦𝑦(𝜔𝜔)
                                                                                                                                                              (5)

5.2. Comparisons of transfer functions

Transfer functions are derived from 1-hour measurements of the pink noise and Jonswap spectrum model tests, 
i.e. model test 2310, 2321 and 2420, and the corresponding simulations. Reasonably good agreement between the 
RAOs of the experimental and numerical models is observed, see Figure 3-6. In the comparisons, we focus on 
frequency ranges where majority of the wave energy is distributed (from 0.4 rad/s to 1.4 rad/s for the pink noise 
model tests and from 0.5 rad/s to 1 rad/s for the Jonswap spectrum model test). Spectral densities of the waves are 
given in Figure 7. In addition, the work of Bachynski et al [19] shows that the RAOs which are derived from the 
pink noise and regular wave model tests are consistent.

Peaks at 0.8 and 1.25 rad/s and trough at 1 rad/s are observed in the RAO for the fore-aft bending moment, see 
Figure 3. The peaks and trough are attributed to inertial loads and added mass forces which are related to second 
derivatives of surge and pitch motions (accelerations). Two troughs nearby 0.8 and 1.25 rad/s and a peak nearby 1 
rad/s can be observed in the RAO for surge motion.

More significant discrepancies are in comparisons of the phase angles of the transfer functions, in particular for 
frequencies that are higher than 0.9 rad/s. For the fore-aft bending moments in Figure 3, absolute value of the 
difference between the phase angle given by the FDM and the phase angle given by experimental measurements or 
simulations is less than 10 degrees at 0.4 rad/s (the frequency), but up to 50 degrees at 1.4 rad/s. For surge, heave 
and pitch motions, large differences between the phase angle given by the FDM and the phase angle given by 
experimental measurements or simulations are in frequency ranges where amplitudes of the corresponding RAOs are 
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4. Calibration of numerical model

The “model-the-model” principle, which means to simulate the actual model tests as closely as possible [18], is 
used. A rational calibration procedure for the mooring system is available in [27] and implemented in this paper. 𝐶𝐶𝑑𝑑
and 𝐶𝐶𝑎𝑎 for the segments of each mooring line are specified as 1.4 and 1.0 respectively. The anchors of the mooring 
lines are moved 1.5 meters away along the radial direction to increase the simulated pretension of each mooring line 
in calm water from 1,517 kN to 1,597 kN. As discussed in [27], the deviation can be attributed to small inaccuracies 
in the setup of the model test, e.g. the actual positions of anchors deviated from the specified positions and the actual 
lengths of the mooring lines were slightly shorter than the specified values. 

The mass of the experimental model can be estimated based on the draft, configuration of the hull and resultant 
force of the vertical components of the mooring line tensions at the fairleads. Comparing the estimated mass to the 
measured mass (which is tabulated in Table 2), a 4.7% deviation is observed. Meanwhile there are discrepancies 
between the simulated and measured roll/pitch natural periods (obtained from decay tests) and mean heeling angle 
and fore-aft and side-to-side bending moment in turbulent wind-only conditions. As discussed in [27], deviations 
may exist in the measurements of the position of the centre of gravity and moment of inertia.

Consequently, a constant force which is acting on the 𝑂𝑂𝑟𝑟,𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎 𝐵𝐵 and pointed to the negative axis of  𝑧𝑧𝑟𝑟,𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎 𝐵𝐵 is 
added in the TDM model to compensate the 4.7% difference and make the numerical model float at the same draft as 
the experimental model in calm water while the vertical position of the centre of gravity and mass matrix of Part A 
and B are calibrated.

The centre of gravity of the Part A is adjusted to (41, 0, -15.3) in the body-fixed coordinate system to give the 
TDM the same mean bending moments as the measurements when the experimental and numerical models are 
subjected to the same static tilt angle. The centre of gravity of the Part B is adjusted to (-2.019, 0, -20.6) so that the 
TDM and experimental model have the same title angle under the same overturning moment. Adjustment of the 
centre of gravity of the Part A has limited effects on the centre of gravity of the whole model. The relative difference 
between the adjusted and original vertical positions of the centre of gravity of Part B is 6% (compared to [27]).

Three forces and moments are used to adjust the inertial loads of Part B and denoted as 𝑴𝑴𝑎𝑎𝑑𝑑
𝐵𝐵 �̈�𝜼𝐵𝐵(𝑡𝑡). The 𝑴𝑴𝑎𝑎𝑑𝑑

𝐵𝐵 is a 
6 × 6 matrix.  The �̈�𝜼𝐵𝐵(𝑡𝑡) is the simulated motions of Part B. The 𝑴𝑴𝑎𝑎𝑑𝑑

𝐵𝐵 , �̈�𝜼𝐵𝐵(𝑡𝑡) and 𝑴𝑴𝑎𝑎𝑑𝑑
𝐵𝐵 �̈�𝜼𝐵𝐵(𝑡𝑡) are described in the 

𝑂𝑂𝑟𝑟,𝐵𝐵-𝑥𝑥𝑟𝑟,𝐵𝐵-𝑦𝑦𝑟𝑟,𝐵𝐵-𝑧𝑧𝑟𝑟,𝐵𝐵 coordinate system with respect to the 𝑂𝑂𝑟𝑟,𝐵𝐵. According to the results of a parametric study with 
respect to the effect of each term in the 𝑴𝑴𝑎𝑎𝑑𝑑

𝐵𝐵 on the motion responses and bending moments, all the terms in the 𝑴𝑴𝑎𝑎𝑑𝑑
𝐵𝐵

are zero except for 𝑚𝑚11 = 𝑚𝑚22 = 571 tonnes and 𝑚𝑚24 = 𝑚𝑚42 = 5690 tonnes*m2. Relative differences between the 
adjusted terms and the corresponding terms in the original measured mass matrix of Part B are less than 6%. 

Adjustments with respect to the terms in the mass matrix of the Part A are not considered since a parametric study 
shows that reasonable variations, e.g. in a range from -10% to 10%, have very limited effects on the motion 
responses and bending moments.

The non-dimensional drag coefficients (𝐶𝐶𝑑𝑑 ) for the width and height of the pontoons and the columns are 
specified as 2.1, 1.7 and 0.5, respectively, according to [28]. Results of a sensitivity study show that the effect of the 
drag coefficients on the simulated global forces and moments and rigid-body motions are negligible in the wave 
frequency range, i.e. from 0.3 rad/s to 1.4 rad/s.

5. Results and discussions

In this section we intend to compare the simulated and measured responses, i.e. the fore-aft and side-to-side 
bending moments and rigid-body motions, of the model in moderate wave-only conditions.

5.1. General

WAVE2c are the measurements of undisturbed waves at Pos2 in wave calibration tests (without the experimental 
model). WAVE2c were synchronized with the measurements of the model tests by comparing the WAVE1 and 
WAVE1c from the time 0 to 100 seconds (full-scale) since the WAVE1 and WAVE1c were measured by the same 
wave probe at the same position in the model tests and wave calibration tests, and radiation and diffraction effects of 
the experimental model on the wave elevations at the Pos1 are expected to be negligible in the first 100 seconds. The 
synchronized WAVE2c are considered as measurements of incident waves of the corresponding model tests (with 
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the experimental model) and were used as input to the TDM. 
Lowpass Butterworth filter [22] and zero-phase digital filtering are used to remove high frequency components in 

the measurements. The cutoff frequency, which is the frequency where the magnitude responses of the filter is 
�1/2, is specified as 0.5 Hz. Then, the measurements are downsampled from 111.11 Hz to 5 Hz without risk of 
aliasling.

Skewness and kurtosis [29] of the measured and simulated responses and waves are around 0 and 3, respectively 
and indicate that, in moderate waves, the experimental model and TDM are linear systems with respect to waves
(input, denoted as 𝑥𝑥) and the corresponding response (output, denoted as 𝑦𝑦). Therefore, wave induced transfer 
function (𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔)), which is composed of the response amplitude operator (RAO) and phase angle (α), are derived 
by using Eq. (3, 4). 𝐺𝐺𝑥𝑥𝑦𝑦 and 𝐺𝐺𝑥𝑥𝑥𝑥 are one-side spectra that are derived from the corresponding cross-correlation and 
autocorrelation with respect to the realizations of 𝑥𝑥 and 𝑦𝑦, respectively [29]. 𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔) is a complex number. Real and 
imaginary parts are denoted as 𝑅𝑅𝑒𝑒 and 𝐼𝐼𝑚𝑚 respectively. The phase angle (α) is derived based on the corresponding 
values of 𝑅𝑅𝑒𝑒 and – 𝐼𝐼𝑚𝑚. A negative phase angle (α) means the 𝑦𝑦 lags the 𝑥𝑥. Note that computation of the phase angle 
of the 𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔) derived from measurements of the incident waves and corresponding responses is very sensitive to the 
synchronization in particular for high-frequency components of the transfer functions. For example, a 0.4 seconds 
mismatch means a 9-degree-shift and a 32-degree-shift of the phase angle for the wave components for which the 
frequency is 0.4 rad/s and 1.4 rad/s, respectively. 

𝐻𝐻𝑥𝑥𝑦𝑦(𝜔𝜔) =
𝐺𝐺𝑥𝑥𝑦𝑦(𝜔𝜔)
𝐺𝐺𝑥𝑥𝑥𝑥(𝜔𝜔) = 𝑅𝑅𝑒𝑒 + 𝑖𝑖𝐼𝐼𝑚𝑚                                                                                                                                                    (3)

RAO = �𝑅𝑅𝑒𝑒2 + 𝐼𝐼𝑚𝑚2                                                                                                                                                                       (4)

The linear characteristic of the system can also be checked by calculating the corresponding coherence function 
𝛾𝛾𝑥𝑥𝑦𝑦2 (𝜔𝜔), see Eq. (5), [29]. The values of 𝛾𝛾𝑥𝑥𝑦𝑦2 will always satisfy 0 ≤ 𝛾𝛾𝑥𝑥𝑦𝑦2 ≤ 1. The 𝛾𝛾𝑥𝑥𝑦𝑦2 will equal to one for an ideal 
constant parameter linear system. 𝐺𝐺𝑦𝑦𝑦𝑦 is one-side spectrum that is derived from the corresponding autocorrelation 
with respect to the realizations of 𝑦𝑦.

𝛾𝛾𝑥𝑥𝑦𝑦2 (𝜔𝜔) =
|𝐺𝐺𝑥𝑥𝑦𝑦(𝜔𝜔)|2

𝐺𝐺𝑥𝑥𝑥𝑥(𝜔𝜔)𝐺𝐺𝑦𝑦𝑦𝑦(𝜔𝜔)
                                                                                                                                                              (5)

5.2. Comparisons of transfer functions

Transfer functions are derived from 1-hour measurements of the pink noise and Jonswap spectrum model tests, 
i.e. model test 2310, 2321 and 2420, and the corresponding simulations. Reasonably good agreement between the 
RAOs of the experimental and numerical models is observed, see Figure 3-6. In the comparisons, we focus on 
frequency ranges where majority of the wave energy is distributed (from 0.4 rad/s to 1.4 rad/s for the pink noise 
model tests and from 0.5 rad/s to 1 rad/s for the Jonswap spectrum model test). Spectral densities of the waves are 
given in Figure 7. In addition, the work of Bachynski et al [19] shows that the RAOs which are derived from the 
pink noise and regular wave model tests are consistent.

Peaks at 0.8 and 1.25 rad/s and trough at 1 rad/s are observed in the RAO for the fore-aft bending moment, see 
Figure 3. The peaks and trough are attributed to inertial loads and added mass forces which are related to second 
derivatives of surge and pitch motions (accelerations). Two troughs nearby 0.8 and 1.25 rad/s and a peak nearby 1 
rad/s can be observed in the RAO for surge motion.

More significant discrepancies are in comparisons of the phase angles of the transfer functions, in particular for 
frequencies that are higher than 0.9 rad/s. For the fore-aft bending moments in Figure 3, absolute value of the 
difference between the phase angle given by the FDM and the phase angle given by experimental measurements or 
simulations is less than 10 degrees at 0.4 rad/s (the frequency), but up to 50 degrees at 1.4 rad/s. For surge, heave 
and pitch motions, large differences between the phase angle given by the FDM and the phase angle given by 
experimental measurements or simulations are in frequency ranges where amplitudes of the corresponding RAOs are 
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very small (close to zero).

Figure 3 Transfer function for the fore-aft bending moment, derived from 1-hour realizations, pink noise, 𝐻𝐻𝑠𝑠 = 2 m (2310) and 𝐻𝐻𝑠𝑠 = 4 m (2321), 
and Jonswap spectrum, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 seconds (2420)

Figure 4 Transfer function for surge, derived from 1-hour realizations, pink noise, 𝐻𝐻𝑠𝑠 = 2 m (2310) and 𝐻𝐻𝑠𝑠 = 4 m (2321), and Jonswap 
spectrum, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 seconds (2420)
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Figure 5 Transfer function for heave, derived from 1-hour realizations, pink noise, 𝐻𝐻𝑠𝑠 = 2 m (2310) and 𝐻𝐻𝑠𝑠 = 4 m (2321), and Jonswap 
spectrum, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 seconds (2420)

Figure 6 Transfer function for pitch, derived from 1-hour realizations, pink noise, 𝐻𝐻𝑠𝑠 = 2 m (2310) and 𝐻𝐻𝑠𝑠 = 4 m (2321), and Jonswap spectrum, 
𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 seconds (2420)

Figure 7 Spectral densities of measured and simulated wave elevations at Pos2 (WAVE2c), derived from 1-hour realizations
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5.3. Investigation of differences between simulation and experiment

Some explanations for differences in the transfer functions between the TDM and experimental model are 1) 
some non-linear effects, e.g. second and higher order hydrodynamic loads and non-linear wave kinematics, which 
inherently exist in the model tests but are not modelled numerically, and 2) uncertainties, noise and unknown errors 
in the measurements. Some relevant observations are discussed as follows.

Coherence functions are expected to equal to one when the TDM and experimental model are subject to small 
incident waves, e.g. the pink noise model test 2310. However, as shown in Figure 8, significant deviations can be 
observed in the coherence function of the measurements in the frequency range from 1 rad/s to 1.4 rad/s. The 
deviations indicate that one or more of three possible physical situations exist. The three possible situations are 1) 
extraneous noise is present in the measurements; 2) the system relating the incident wave (input) and the 
corresponding response (output) is not linear; and 3) the response is an output due to an input of the wave elevation 
as well as to other inputs.

Figure 8 Coherence functions between incident waves (input) and the fore-aft bending moment (output), derived from 1-hour realizations, pink 
noise, 𝐻𝐻𝑠𝑠 = 2 m (2310) and 𝐻𝐻𝑠𝑠 = 4 m (2321), and model test 2420, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 s

Statistical moments, i.e. skewness and kurtosis, are used to analyse characteristics of probability distributions of 
the measurements with and without implementing a highpass Butterworth filter [22]. The cutoff frequency [22] is 
1.2 rad/s. The use of the highpass filter removes the frequency components below 1 rad/s. The results, see Table 7, 
show that 1) in full frequency range (without filter) the skewness and kurtosis of the measurements are close to 0 and 
3, respectively, and indicate that Gaussian distribution can be used to model the probability distribution of the 
measurements; 2) measurements of the responses are dominated by components that are linearly proportional to the 
corresponding components of the measured incident waves since in the full frequency range the measured waves and 
responses can be described by Gaussian distributions; and 3) non-Gaussian components exist in the measurements in 
particular for the low frequency range due to slow varying drift force on the model and frequency range above 1 
rad/s where the corresponding coherence functions significantly deviate from 1. For example, the kurtosis of the 
measured pitch motion in the model 2321 is 3.68 and 2.99, with and without filter respectively. The kurtosis of the 
measured wave elevation in the model test 2321 is 3.05 and 6.01, with and without filter respectively.

Some statistical values of the measured and simulated wave elevations are tabulated in Table 8. Airy wave theory 
is implemented in the TDM. The spectral densities and standard deviations of the simulated and measured wave 
elevations are almost identical, see Figure 7. However the relevant difference between the maximum values of 1-
hour wave elevation of the simulation and measurement can be more than 19% (in the Pink noise model test 2321), 
also see Figure 9.
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Table 7 Skewness and kurtosis of measurements with and without filter

Measurements Wave 𝑀𝑀𝑦𝑦 Surge Heave Pitch

Skewness

2420
Full frequency range 0.09 0.02 -0.10 0.08 0.24

Above 1 rad/s (after filtering) 0.38 0.00 -0.11 0.96 0.02

2310
Full frequency range 0.13 0.08 -0.08 0.07 -0.03

Above 1 rad/s (after filtering) 0.34 -0.02 -0.02 -0.87 0.01

2321
Full frequency range 0.15 0.04 -0.05 0.03 0.03

Above 1 rad/s (after filtering) 0.78 0.06 -0.12 2.49 -0.04

Kurtosis

2420
Full frequency range 3.00 3.08 3.05 2.93 3.14

Above 1 rad/s (after filtering) 3.64 3.14 8.21 56.72 3.06

2310
Full frequency range 3.17 3.02 2.53 2.97 3.19

Above 1 rad/s (after filtering) 3.90 3.00 3.14 32.70 3.21

2321
Full frequency range 3.05 2.99 2.77 2.92 3.68

Above 1 rad/s (after filtering) 6.01 3.87 5.17 233.01 2.99

Table 8 Statistical values of simulated and measured wave elevations

Unit [m] 2310 2321 2420
Std Model test 0.47 1.00 0.92

TDM 0.47 0.99 0.92
Max Model test 1.89 3.89 4.00

TDM 1.78 3.15 3.89
Min Model test -1.62 -3.08 -3.03

TDM -1.63 -3.33 -3.02
Skewness Model test 0.13 0.15 0.09

TDM 0.11 0.02 0.10
Kurtosis Model test 3.17 3.05 3.00

TDM 3.12 2.92 2.99

Figure 9 Comparisons of measured and simulated wave elevation realizations. Pink noise model test 2321

Incident wave elevations are measured at the Pos2. However, there is a difference between the mean position of 
the experimental model, which is induced by mean drift forces on the model, and the Pos2. Fortunately, the 
difference is negligible since, in moderate wave conditions, the mean offset of the model is relatively small 
compared to wave length of the incident waves. For instance, the mean offset is less than 0.2 meters (in full-scale) 
while the wave length of a 4-second-period wave, approximately, is 25 meters.

Transfer functions that are derived from different sets of 1-hour simulations subjected to different moderate 
waves are more consistent than the transfer functions derived from different sets of 1-hour measurements, see Figure 
10 as an example. To quantify uncertainties in the measurements, well designed and systematical repeat-model tests 
are needed and should be analysed in future.
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1.2 rad/s. The use of the highpass filter removes the frequency components below 1 rad/s. The results, see Table 7, 
show that 1) in full frequency range (without filter) the skewness and kurtosis of the measurements are close to 0 and 
3, respectively, and indicate that Gaussian distribution can be used to model the probability distribution of the 
measurements; 2) measurements of the responses are dominated by components that are linearly proportional to the 
corresponding components of the measured incident waves since in the full frequency range the measured waves and 
responses can be described by Gaussian distributions; and 3) non-Gaussian components exist in the measurements in 
particular for the low frequency range due to slow varying drift force on the model and frequency range above 1 
rad/s where the corresponding coherence functions significantly deviate from 1. For example, the kurtosis of the 
measured pitch motion in the model 2321 is 3.68 and 2.99, with and without filter respectively. The kurtosis of the 
measured wave elevation in the model test 2321 is 3.05 and 6.01, with and without filter respectively.

Some statistical values of the measured and simulated wave elevations are tabulated in Table 8. Airy wave theory 
is implemented in the TDM. The spectral densities and standard deviations of the simulated and measured wave 
elevations are almost identical, see Figure 7. However the relevant difference between the maximum values of 1-
hour wave elevation of the simulation and measurement can be more than 19% (in the Pink noise model test 2321), 
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Incident wave elevations are measured at the Pos2. However, there is a difference between the mean position of 
the experimental model, which is induced by mean drift forces on the model, and the Pos2. Fortunately, the 
difference is negligible since, in moderate wave conditions, the mean offset of the model is relatively small 
compared to wave length of the incident waves. For instance, the mean offset is less than 0.2 meters (in full-scale) 
while the wave length of a 4-second-period wave, approximately, is 25 meters.

Transfer functions that are derived from different sets of 1-hour simulations subjected to different moderate 
waves are more consistent than the transfer functions derived from different sets of 1-hour measurements, see Figure 
10 as an example. To quantify uncertainties in the measurements, well designed and systematical repeat-model tests 
are needed and should be analysed in future.
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Figure 10 Transfer functions of the fore-aft bending moment, derived two sets of 1-hour realizations

5.4. Simulations and measurements in a moderate Jonswap wave-only condition

Spectral densities and realizations of the simulated and measured responses, i.e. the fore-aft and side-to-side 
bending moments and rigid-body motions, of the model in a moderate wave-only condition (model test 2420) are 
compared. The difference in the standard deviation of the simulated and measured fore-aft bending moment is 1.4% 
and good agreement is seen in the spectrums and realizations, see Figure 11 and 12. In wave frequency range (from 
0.4 rad/s to 1.4 rad/s), good agreement is seen in spectrums of measured and simulated rigid-body motions. Motions 
induced by the slow varying drift force on the experimental model can be observed in the low frequency range in the 
spectrums of the measurements, while second and higher order hydrodynamic loads, expect for viscous drag forces, 
are not included in the TDM.

Figure 11 Spectral density functions of the fore-aft bending moment, derived from 1-hour realizations, moderate wave only, 𝐻𝐻𝑠𝑠 = 3.6 m and 
𝑇𝑇𝑝𝑝 = 10.2 s
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5.4. Simulations and measurements in a moderate Jonswap wave-only condition

Spectral densities and realizations of the simulated and measured responses, i.e. the fore-aft and side-to-side 
bending moments and rigid-body motions, of the model in a moderate wave-only condition (model test 2420) are 
compared. The difference in the standard deviation of the simulated and measured fore-aft bending moment is 1.4% 
and good agreement is seen in the spectrums and realizations, see Figure 11 and 12. In wave frequency range (from 
0.4 rad/s to 1.4 rad/s), good agreement is seen in spectrums of measured and simulated rigid-body motions. Motions 
induced by the slow varying drift force on the experimental model can be observed in the low frequency range in the 
spectrums of the measurements, while second and higher order hydrodynamic loads, expect for viscous drag forces, 
are not included in the TDM.

Figure 11 Spectral density functions of the fore-aft bending moment, derived from 1-hour realizations, moderate wave only, 𝐻𝐻𝑠𝑠 = 3.6 m and 
𝑇𝑇𝑝𝑝 = 10.2 s
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Figure 12 Part of measured and simulated fore-aft bending moment, moderate wave only, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 s

Figure 13 Spectral density functions of surge, derived from 1-hour realizations, moderate wave only, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 s

Figure 14 Spectral density functions of heave, derived from 1-hour realizations, moderate wave only, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 s

Figure 15 Spectral density functions of pitch, derived from 1-hour realizations, moderate wave only, 𝐻𝐻𝑠𝑠 = 3.6 m and 𝑇𝑇𝑝𝑝 = 10.2 s
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6. Conclusions

Measurements of a 1:30 scaled braceless semi-submersible model test which implements the ReaTHMTM testing 
approach are used to validate a recently developed time-domain numerical approach for determining forces and 
moments in floaters. The focus of this paper is on responses in moderate waves. Second order wave loads are 
expected to be negligible in moderate waves. Statistical values, kurtosis and skewness, for the wave elevations and 
responses measured in the model test show that the incident waves and corresponding responses are Gaussian-
distributed and indicate that the model is linear system with respect to the incident wave (input) and responses 
(output). Therefore, measurements of the global forces and moments in the base of the side column of the 
experimental model are compared to the corresponding simulations given by a frequency-domain model (the FDM) 
and a time-domain model (the TDM). Necessary calibrations with respect to some measured data, i.e. mass matrices, 
position of centre of gravity and positions of the anchors of the experimental model and drag and added mass 
coefficients for the hydrodynamic loads on the mooring lines and drag forces on the hull of the model have been 
carried out according to a rational procedure. The measured wave elevations were synchronized. 

Reasonably good agreements are observed in the comparisons between the transfer functions for wave induced 
rigid-body motions and bending moments at the base of the side column, which are directly given in the FDM and 
derived from the corresponding simulations and measurements, and comparisons between the corresponding 
response spectral densities. More differences are observed in comparisons of phase angles of the transfer functions, 
in particular in frequencies that are higher than 0.9 rad/s. Phase angles of the transfer functions are very sensitive to 
the synchronizations of the measured data in particular for the higher frequency components of the waves. Due to 
mean drift forces on the experimental model, there is a difference between the mean position of the experimental 
model and the Pos2. Fortunately, the difference is negligible in moderate waves. Viscous drag forces have limited 
effects on the transfer functions. Transfer functions that are derived from different sets of 1-hour simulations 
subjected to different moderate waves are more consistent than the transfer functions derived from different sets of 
1-hour measurements. 

The differences in the transfer functions may be arbitrated to 1) some non-linear effects, e.g. second and higher 
order hydrodynamic loads and non-linear wave kinematics, inherently exist in the model tests but are not modelled
numerically; and 2) uncertainties, noise and unknown errors exist in the measurements. Relevant observations in 
term of coherence functions, statistical properties and realizations are analysed. To quantify the uncertainties in the 
measurements, well designed and systematical repeat-model tests are needed and should be analysed in future.

Analysis for the comparisons between the simulated realizations and measurements in extreme waves, for which 
the second-order effects and maybe also high-order effects are critical, will be given in future. Simo/Riflex can 
account for the second-order wave loads as long as the hull is modelled as one rigid-body. However, to capture the 
sectional forces and moments in a straightforward manner, the hull needs to be modelled at least as two rigid-bodies. 
Therefore, additional efforts are needed to develop modelling approaches to address this problem. At the moment, 
the second-order wave loads are not modelled in the estimation of the cross-sectional loads.
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6. Conclusions

Measurements of a 1:30 scaled braceless semi-submersible model test which implements the ReaTHMTM testing 
approach are used to validate a recently developed time-domain numerical approach for determining forces and 
moments in floaters. The focus of this paper is on responses in moderate waves. Second order wave loads are 
expected to be negligible in moderate waves. Statistical values, kurtosis and skewness, for the wave elevations and 
responses measured in the model test show that the incident waves and corresponding responses are Gaussian-
distributed and indicate that the model is linear system with respect to the incident wave (input) and responses 
(output). Therefore, measurements of the global forces and moments in the base of the side column of the 
experimental model are compared to the corresponding simulations given by a frequency-domain model (the FDM) 
and a time-domain model (the TDM). Necessary calibrations with respect to some measured data, i.e. mass matrices, 
position of centre of gravity and positions of the anchors of the experimental model and drag and added mass 
coefficients for the hydrodynamic loads on the mooring lines and drag forces on the hull of the model have been 
carried out according to a rational procedure. The measured wave elevations were synchronized. 

Reasonably good agreements are observed in the comparisons between the transfer functions for wave induced 
rigid-body motions and bending moments at the base of the side column, which are directly given in the FDM and 
derived from the corresponding simulations and measurements, and comparisons between the corresponding 
response spectral densities. More differences are observed in comparisons of phase angles of the transfer functions, 
in particular in frequencies that are higher than 0.9 rad/s. Phase angles of the transfer functions are very sensitive to 
the synchronizations of the measured data in particular for the higher frequency components of the waves. Due to 
mean drift forces on the experimental model, there is a difference between the mean position of the experimental 
model and the Pos2. Fortunately, the difference is negligible in moderate waves. Viscous drag forces have limited 
effects on the transfer functions. Transfer functions that are derived from different sets of 1-hour simulations 
subjected to different moderate waves are more consistent than the transfer functions derived from different sets of 
1-hour measurements. 

The differences in the transfer functions may be arbitrated to 1) some non-linear effects, e.g. second and higher 
order hydrodynamic loads and non-linear wave kinematics, inherently exist in the model tests but are not modelled
numerically; and 2) uncertainties, noise and unknown errors exist in the measurements. Relevant observations in 
term of coherence functions, statistical properties and realizations are analysed. To quantify the uncertainties in the 
measurements, well designed and systematical repeat-model tests are needed and should be analysed in future.

Analysis for the comparisons between the simulated realizations and measurements in extreme waves, for which 
the second-order effects and maybe also high-order effects are critical, will be given in future. Simo/Riflex can 
account for the second-order wave loads as long as the hull is modelled as one rigid-body. However, to capture the 
sectional forces and moments in a straightforward manner, the hull needs to be modelled at least as two rigid-bodies. 
Therefore, additional efforts are needed to develop modelling approaches to address this problem. At the moment, 
the second-order wave loads are not modelled in the estimation of the cross-sectional loads.
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