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1 Introduction

Floating production platforms such as semi-submersibles, 
spars and floating production, storage and offloading (FPSO) 
units are popularly used in deepwater oil and gas exploi-
tation. These deepwater platforms may encounter strong 
winds, currents and waves in harsh environments. A com-
pliant mooring system is commonly used to withstand these 
environmental loads and restrain the platforms within a cer-
tain offset. The offset limit as well as the tension limit of the 
mooring line component is crucial for designing a compli-
ant mooring system. According to API criteria [1], the ten-
sion limit can be expressed as a percentage of the minimum 
breaking strength of the mooring components.

In deepwater, the tension limit is more critical owing to 
the increasing mass and hydrodynamic loads of the moor-
ing lines. To ensure that the tension limit is not exceeded, 
one of the common solutions is to design a more compliant 
mooring system by lessening its stiffness. A highly compli-
ant design is favourable to mooring loads and causes the 
offset of the platform to increase. Deepwater platforms that 
experience a large offset have been widely reported in recent 
years. Qiao and Ou [2] carried out global analysis of a semi-
submersible in the South China Sea, and they analysed and 
compared different mooring systems at a number of water 
depths. The results showed that, for the system at a water 
depth of 1500 m, the average surge motion of the platform 
reached 90 m and the maximum surge motion exceeded 
130 m. Li and Liu [3] carried out numerical studies of the 
hydrodynamic comparison among different types of plat-
forms in the South China Sea, and an offset exceeding 100 m 
was also observed. In the study by Luo et al. [4], who ana-
lysed the dynamic characteristics of a Gulf of Mexico FPSO 
unit with two types of mooring systems at a water depth of 
3048 m, the maximum offset of the platform exceeded 100 
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and 250 m for the two systems. Hussain et al. [5] studied 
motion characteristics of diverse types of semi-submersi-
ble platforms. The results showed that, under 1000-year-
return period sea state, the significant value of surge motion 
reached 85 m, and the maximum surge was even larger.

Because extreme offset has great influence on the reli-
ability of deepwater floating platform [6], it is important 
to predict the platform response under certain sea condi-
tions before the platform operates. Numerical simulation 
and wave basin model testing are two main methods used 
for predicting the response of deepwater floating platforms. 
Concerning numerical simulation, it is inefficient in predict-
ing the highly nonlinear responses such as wave run-ups [7]; 
hence, wave basin model testing is essential. However, the 
model testing of deepwater floating platforms with a compli-
ant mooring system faces critical challenges because a full-
depth mooring system is too large to be modelled in a wave 
basin at a normal scaling ratio [1]. To solve this issue, the 
hybrid model testing technique has been proposed, which is 
a combination of experiments and numerical simulations. In 
the experiments, an equivalently truncated mooring system 
is designed and used as a substitute for a full-depth mooring 
system to perform model tests. The results acquired by the 
experiments are the responses with the truncated mooring 
system. To acquire the responses with the full-depth moor-
ing system, numerical reconstruction and extrapolation 
should be performed. In numerical reconstruction, numeri-
cal simulations are performed with the truncated mooring 
system and the results are compared with the experimental 
results. Hydrodynamic coefficients such as the damping 
coefficients are adjusted to make the numerical results fit 
the experimental results. Then numerical extrapolation is 
performed. In this stage, numerical simulations using the 
full-depth mooring system are performed with the hydrody-
namic coefficients acquired from the numerical reconstruc-
tion. The responses of the full-depth system are acquired 
consequently. There are two types of truncated mooring 
systems: the active and passive equivalent systems [8]. So 
far, the hybrid model testing using the passive equivalent 
system has attracted more attention and has been widely 
verified to be more practical in reality. Stansberg et al. [9] 
performed model testing using both truncated and full-depth 
models of a semi-submersible platform and then carried out 
the numerical reconstruction and extrapolation. The extrapo-
lation results agreed with the results of the full-depth model 
testing. Later, Waals and Radboud [10], Zhang et al. [11], 
Baarholm et al. [12], Kendon et al. [13] and Su et al. [14] 
performed hybrid model testing of various floating platforms 
and further confirmed the feasibility of the method. With 
regard to the truncation design of an equivalent mooring 
system, Su et al. [14] and Zhang et al. [11] proposed multi-
objective optimization algorithms. Experimental and numer-
ical results showed that the truncated model could properly 

model the characteristics of the full-depth system. Luo et al. 
[15] compared the dynamic characteristics of full-depth and 
truncated mooring lines and found that the truncation of a 
mooring line could lead to the underestimation of hydrody-
namics forces. Fan et al. [16] calculated the damping of a 
truncated mooring under regular excitations and considered 
damping coefficients in the optimization design.

The purpose of truncation design is to obtain a trun-
cated model equivalent to the full-depth mooring system 
for the wave basin test. In general, both static and dynamic 
equivalence should be guaranteed within a certain offset 
range at least from the equilibrium position to the maxi-
mum offset predicted numerically. However, the truncated 
model always has an offset limit compared to the full-depth 
mooring system. Here, the offset limit refers to the maxi-
mum offset beyond which the difference in the total restor-
ing forces between the truncated and full-depth systems 
exceeds a certain tolerance (e.g. 5%). Therefore, the offset 
limit of the truncated model should be more than the pre-
dicted maximum offset to guarantee the equivalence. When 
hybrid model testing should be performed in harsh environ-
ments such as the sea state for a 100- or even 1000-year-
return period, the deepwater floating platform with a highly 
compliant mooring system will probably experience a large 
offset, as determined in some aforementioned numerical 
studies. This indicates that the offset limit of the truncated 
model should be sufficiently large, and thus, the equivalence 
should be guaranteed within a sufficiently wide range. Given 
the limited scale of the wave basin, this tends to become a 
big challenge because the conventional method of truncation 
design can hardly ensure equivalence in such a wide range.

In this paper, techniques overcoming such challenges in 
the truncation design are proposed; the process of hybrid 
model testing using the techniques is clarified; its validity 
is estimated; and the data acquired from the hybrid model 
tests are analysed. Hybrid model testing of a deepwater 
semi-submersible with a compliant mooring system is to be 
performed in harsh environments which will result in large 
offset of the platform. As predicted in preliminary numerical 
simulations, the semi-submersible will experience a large 
offset of up to 150 m. A symmetrically truncated mooring 
system will be designed firstly in accordance with the con-
ventional method to show that the offset limit and offset 
range cannot satisfy the requirements. Then, a pre-offset and 
asymmetric truncation design is proposed to perform the 
hybrid model testing. By enforcing a pre-offset that is less 
than the minimum offset predicted numerically, an asym-
metrically truncated mooring system will be designed, and 
the equivalence is guaranteed within a reduced working 
range from the pre-offset to the predicted maximum off-
set. By employing the asymmetrically truncated mooring 
system, offset tests, decay tests, white noise wave tests and 
irregular wave tests will be performed. Finally, numerical 
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reconstruction and extrapolation will be performed, and the 
results will be compared with the model test results. The 
restoring characteristics and hydrodynamic response of the 
deepwater semi-submersible along with its mooring system 
will be discussed.

2  Description of deepwater semi‑submersible 
system and sea state

The semi-submersible designed for deepwater operations 
consists of two pontoons, four square columns with rounded 
corners and four circular bracings interconnecting the col-
umns as shown in Fig. 1. The main particulars of the semi-
submersible are listed in Table 1. The four bracings are 

located at an elevation of 15.25 m above the baseline, quite 
close to the waterline. There are two coordinate systems. 
Figure 1 shows the body-fixed coordinate system G-xyz, 
and the origin is at the centre of gravity (COG). The global 
coordinate system O-XYZ is shown in Fig. 2 and coincides 
with G-xyz at initial time.

The spread mooring system comprises 12 mooring lines 
with uniform properties. The 12 mooring lines are grouped 
into four bundles stretching out in four directions at intervals 
of 90°, as shown in Fig. 2. Each bundle consists of three 
mooring lines, and the angle between the neighbouring lines 
is 5°. The mooring system is anchored at the water depth 
of 1500 m. The designed horizontal and vertical distances 
between the fairlead and anchor point are 2690 and 1480 m, 
respectively. Each mooring line consists of three segments: 
the platform chain, middle wire rope and anchor chain. 
The properties of the full-depth mooring lines are listed in 
Table 2, where L is the length; Ms, the wet mass in water; EA,  
the axial stiffness; d, the diameter; and Md, the dry mass in 
air. In general, these parameters are determined at the design 
stage by selecting appropriate specifications of chains and 
wire ropes in order to assure that the positioning capability 
and top tensions can satisfy the design requirements.

Corresponding to the survival condition, the sea state for 
a 100-year-return period in the South China Sea is applied. 
The sea state consists of an irregular wave with a signifi-
cant wave height of Hs = 13.0 m and a peak wave period of 
Tp = 15.4 s, collinear steady wind with a mean wind speed 
of Vw = 30.8 m/s and uniform current with a surface cur-
rent speed of Vc = 1.85 m/s. The typical JONSWAP wave 
spectrum is applied to simulate the irregular waves, with a 
peakedness factor of γ = 2.5. Both the following and quarter-
ing sea conditions are considered. The time duration for each 
irregular wave realization is approximately 3 h which is set 
according to ITTC criteria for sea keeping experiments [17].

3  Truncation design for model testing

In this study, the water depth in the basin is set at 9.8 m and 
the scaling ratio is selected to be 1:60 based on the capacity 
of the facilities and the Froude similarity law [18]. Owing 
to the limited size of the basin, the hybrid model testing 
technique is adopted and the full-depth mooring system is 
truncated at a water depth of 588 m.

3.1  Methodology of truncation design

Before designing a truncated system, the principles govern-
ing the truncation design should be determined. According 
to the ITTC [19] criteria, the following aspects should be 
modelled:

Fig. 1  Sketch of the semi-submersible platform

Table 1  Main particulars of the semi-submersible platform

Designation Symbol Unit Value

Length m 106
Width m 71
Depth m 33.50
Draught D m 17
Displacement Δ ton 45000
Column width m 16
Column height m 22.5
Corner radius of column m 1.5
Column spacing m 55
Height of centre of gravity zg m 21.46
Roll radius of gyration Rxx m 30.4
Pitch radius of gyration Ryy m 35.53
Yaw radius of gyration Rzz m 39.47
Dimensions of pontoons 

(length × width × height)
m 106 × 16 × 11

Diameter of bracings m 3.2
Height of bracings m 15.25
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1. The layout of the mooring system.
2. The total horizontal restoring forces and vertical stiff-

ness.
3. The total moment in the direction of the pitch, roll and 

yaw.
4. The static tension characteristics of each mooring line.
5. The hydrodynamic features of the mooring system.

In the model, the layout of the mooring system is 
retained, which means that the number, azimuth angles and 
fairlead positions of the truncated mooring lines are identical 
to those of the full-depth mooring lines. Furthermore, the 
truncated system should be designed equivalently to ensure 
that the other aforementioned aspects are close to those of 
the full-depth system.

The truncation of each mooring line can be mathemati-
cally represented as a multi-objective optimization problem 
with objective functions as following:

The objective functions represent the discrepancy of 
static characteristics between truncated and full-depth moor-
ing system. Ri is the static characteristics of the truncated 
mooring system, such as the tension of each mooring line 
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and the restoring force and moment of the complete mooring 
system; ri is the corresponding static characteristics of the 
full-depth mooring system. To better estimate the discrep-
ancy, a series of locations whose number is K are chosen, 
and the average relative errors are used as the objective func-
tions. Minimizing the objective functions by adjusting the 
properties of the mooring lines such as length, axial stiffness 
and wet mass, the truncated mooring system is designed.

To efficiently achieve good equivalence, a four-level 
screening method [20] for the truncation design is used for 
both the symmetric and asymmetric mooring systems. For 
designing an asymmetrically truncated system, traditional 
multi-objective optimization methods can hardly provide 
satisfactory results [21] because of the high dimensionality 
of the objectives (e.g. more than 10 objectives). However, in 
the four-level screening method, the objectives are divided 
into four levels, and thus, step-by-step optimization can be 
performed successively. At the first level, a feasible region 
of multi-variables is generated for each mooring line. The 
individuals in this feasible region have the smallest devia-
tion in the pre-angle and the same pre-tension as the full-
depth mooring line. At the second level, groups of truncated 
models are generated for each mooring line by searching the 
feasible region such that the static equivalence of the top 
tension and its three component forces is guaranteed. At the 
third level, the truncated mooring lines generated at the sec-
ond level are combined and screened to form the complete 
system. This step guarantees the static equivalence of the 

Fig. 2  Layout of full-depth mooring system: a top view and b side view

Table 2  Properties of full-
depth mooring line

Segment Name L (m) M
s
 (kg/m) EA (MN) d (m) M

d
 (kg/m)

1 Platform chain 200 224.1 1728 0.111 257.59
2 Wire rope 1621 50.81 781 0.105 50.81
3 Anchor chain 1451 199.22 1522 0.105 228.99
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restoring forces and moments of the complete system. At the 
fourth level, numerical forced oscillations are generated to 
determine the rest of variables and achieve dynamic equiva-
lence in the mooring system. The validity of this method 
has been proved by Wei et al. [20], so that the details of the 
method will not be discussed here.

Given specific environments, the floating platform will 
have a certain offset range in the model test, and this can be 
approximately predicted numerically. Therefore, the static 
and dynamic equivalence between the truncated and full-
depth mooring systems should be guaranteed within a suf-
ficiently large offset range that covers the predicted values.

3.2  Symmetric truncation design

As shown in Fig. 2, the full-depth mooring system is sym-
metric, and thus, the truncated system will be designed to 
be symmetric conventionally. As previously mentioned in 
Sect. 1, the offset limit of the truncated model is affected by 
the scale of the testing basin. Considering the scale of the 
testing basin, the absolute value of the x and y coordinates of 
the anchors should be less than 21 and 15.7 m in the model 
scale, respectively, owing to the limited available area of 
the false bottom.

Given the survival environments under following and 
quartering sea conditions with time duration of 3  h in 
Sect. 2, the offset range of the semi-submersible with a 
full-depth mooring system can be predicted by coupled 

numerical analysis using a trademarked and copyrighted 
software SESAM [22]. Figure 3 shows the time histories of 
the offset along the wave direction. A large offset is observed 
under both the conditions, and this indicates that the full-
depth mooring system behaves in a highly compliant manner 
under survival conditions. Under following sea and quarter-
ing sea conditions, the offset of the platform ranges from 60 
to 150 m and from 75 to 150 m, respectively. Therefore, the 
offset limit of the truncated mooring system should exceed 
150 m.

Under the following sea condition, the symmetrically 
truncated system is initially designed with the aim to achieve 
offset limit larger than 160 m, which is set to be larger than 
the maximum offset considering the numerical error of the 
coupled analysis. To maximize the offset limit the symmetric 
system can reach, the equivalence in the offset range from 
zero to the minimum offset is sacrificed, and the objective 
functions of optimization problem are defined only in the 
range from 60 to 150 m for following sea conditions and 
from 75 to 150 m for quartering sea conditions. The four-
level screening method is used to design the symmetri-
cally truncated system, and groups of optimal solutions are 
obtained. Two optimal solutions are selected. The optimal 
solutions are symmetric and have the same layout as the 
full-depth mooring system. Each mooring line also consists 
of three segments: the platform chain, middle wire rope 
and anchor chain. Properties of the mooring line of the first 
solution are listed in Table 3 as an example. The designed 

Fig. 3  Numerical prediction of 
offset range of platform under: 
a following sea condition and b 
quartering sea condition
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horizontal and vertical distances between the fairlead and 
anchor point are 1189.9 and 591 m, respectively. The static 
characteristics of these two optimal solutions are calculated 
and compared with those of the full-depth system.

Figure 4 shows the static characteristics of these two opti-
mal solutions. For the first solution (Fig. 4a–c), good agree-
ment (less than 5% relative error) can be observed in the 
restoring force curve before the offset at 120 m. However, 
the restoring moment of the first solution is different from 
that of the full-depth system by more than 10%. Inversely, 
the second solution (Fig. 4d–f) has a better restoring moment 
but a worse restoring force. In summary, if the restoring 
moment is sacrificed, the offset limits of the symmetrically 
truncated system can reach 130 m, which, however, is still 
smaller than the maximum offset. Clearly, the symmetrically 
truncated system cannot satisfy the requirements of hybrid 
model testing.

3.3  Pre‑offset and asymmetric truncation design

To achieve good static and dynamic equivalence between 
the truncated and full-depth mooring systems, a pre-offset 
and asymmetric truncation design is proposed. Considering 
that the predicted offset range from 60 to 150 m is situated 
far away from the equilibrium location in still water, i.e. the 
offset is zero, it is not essential to guarantee equivalence 
in the offset range from zero to the minimum offset; this 
aspect is commonly considered in the symmetric truncation 
design. Therefore, for the semi-submersible, it is reasonable 
to enforce a pre-offset that is less than the minimum offset 
and that guarantees static and dynamic equivalence only 
within an appropriate offset range that covers the predicted 
values. In this situation, the bundles of mooring lines in 
the offset direction are loosened with decreasing tensions, 
whereas those in the opposite direction are tensioned with 
increasing tensions.

Under the following and quartering seas conditions, the 
pre-offset values are selected to be 60 and 70 m, respectively. 
Because of the pre-offset, the span of the tensioned moor-
ing lines stretching up to the incident waves is enlarged, and 
thus, the truncated system becomes asymmetric, as shown in 
Fig. 5. The offset range from the equilibrium position to the 
pre-offset is not considered in the truncation design.

Given the pre-offset values, two asymmetrically trun-
cated systems for the following and quartering sea con-
ditions are designed by using the four-level screening 

method. The properties of the three mooring lines in each 
of the four bundles are kept identical. The equivalence 
of the restoring forces and moments of the mooring sys-
tem and the top tensions of each mooring line within the 
determined offset ranges is guaranteed in the asymmetric 
truncation design. The properties of the truncated mooring 
lines and the positions of the fairleads and anchor points 
are listed in Tables 4, 5 and 6.

Figures 6 and 7 show the restoring force and static ten-
sion of the representative mooring lines under the follow-
ing and quartering sea conditions, respectively. Figure 8 
shows the relative error in the static tension of the loaded 
truncated mooring lines compared to that of the full-
depth mooring lines. The offset limit of the asymmetri-
cally truncated system can reach more than 180 m, which 
is 50% larger than the offset limit of the symmetrically 
truncated system. The relative errors in the static tension 
of the loaded truncated mooring lines are restrained to 
under 5%. The truncated system can equivalently model 
the static characteristics of the full-depth model in the off-
set range of the platform. However, discrepancy between 
the truncated and full-depth systems increases when the 
offset decreases to a position near the equilibrium position 
because the pre-offset is applied and the truncated system 
is asymmetric. Particularly under the quartering sea con-
dition, discrepancy is observed in the restoring moment. 
The restoring moment should be maintained because it 
influences the roll and pitch motion of the platform. Such 
discrepancy mainly results from the differences in the pre-
angle between the truncated mooring line and full-depth 
model line and sometimes cannot be avoided. To model 
the restoring moment equivalently, a constant shift is 
allowed in the design, as shown in Fig. 7b, c. Then, in the 
model tests, this shift of moment is balanced by shifting a 
small weight on the platform.

Figure 9 shows the time histories of the surge, heave 
and pitch of the platform for the full-depth system, sym-
metrically truncated system and asymmetrically trun-
cated system. It is found that the asymmetrically trun-
cated system can achieve better dynamic equivalence 
than the symmetrically truncated system. In terms of the 
maximum value of the surge motion (Fig. 9a), the dif-
ference between the symmetrically truncated system and 
full-depth system is 11.4%, whereas the asymmetrically 
truncated system constrains the difference to less than 
3%. As shown in Fig. 9c, the pitch motions of these three 

Table 3  Properties of the 
symmetrically truncated 
mooring system

Segment Name L (m) M
s
 (kg/m) EA (MN) d (m) M

d
 (kg/m)

1 Platform chain 200 224.1 1728 0.111 257.59
2 Wire rope 360 406.8 39.05 0.39 531.16
3 Anchor chain 911 297.9 1522 0.39 420.38



J Mar Sci Technol 

1 3

Fig. 4  Static characteristics of optimal solutions of symmetrically 
truncated system: a restoring force versus offset of Solution 1, b ver-
tical force versus offset of Solution 1, c restoring moment versus off-

set of Solution 1, d restoring force versus offset of Solution 2, e verti-
cal force versus offset of Solution 2 and f restoring moment versus 
offset of Solution 2
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Fig. 5  Layout of asymmetrically truncated system: a top view of 
truncated system under following sea condition, b side view of trun-
cated system under following sea condition, c top view of truncated 

system under quartering sea condition, d side view of truncated sys-
tem under quartering sea condition and e comparison of side view 
between truncated system and full-depth system
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systems exhibit similar tendencies, and the asymmetri-
cally truncated system can more equivalently model the 
full-depth system.

According to the numerical results, the use of the pre-
offset and asymmetric truncation design can effectively 
solve the large offset problem of the semi-submersible 
with a compliant mooring system operating in harsh envi-
ronments. The asymmetrically truncated system is then 
used in hybrid model testing.

4  Hybrid model testing programme

4.1  Model tests

The model testing of the deepwater semi-submersible system 
is performed in the Deepwater Offshore Basin of Shanghai 
Jiao Tong University in China. The basin has a length, width 
and maximum water depth of 50, 40 and 10 m, respectively. 
A large-area movable floor allows the flexible modelling of 

Table 4  Properties of truncated 
mooring line under following 
sea condition

Seg Name L (m) M
s
 (kg/m) EA (MN) d (m) M

d
 (kg/m)

Line 4–Line 9 1 Platform chain 200 224.1 1728 0.111 257.59
2 Wire rope 493.8 398.9 39.5 0.39 521.34
3 Anchor chain 700 286.8 1522 0.39 409.3

Line 1–Line 3 and 
Line 10–Line 12

1 Platform chain 200 224.1 1728 0.111 257.59
2 Wire rope 426.4 349.1 60.7 0.39 471.59
3 Anchor chain 470 161.7 1522 0.39 284.2

Table 5  Properties of truncated 
mooring line under quartering 
sea condition

Seg Name L (m) M
s
 (kg/m) EA (MN) d (m) M

d
 (kg/m)

Line 1–Line 3 1 Platform chain 200 224.1 1728 0.111 257.59
2 Wire rope 291.2 278.8 597.2 0.262 334
3 Anchor chain 470 297.57 1522 0.262 352.83

Line 4–Line 6 and 
Line 10–Line 12

1 Platform chain 200 224.1 1728 0.111 257.59
2 Wire rope 451.9 327.4 629.74 0.262 382.62
3 Anchor chain 470 303.22 1522 0.262 358.47

Line 7–Line 9 1 Platform chain 200 224.1 1728 0.111 257.59
2 Wire rope 489.3 408.3 39.23 0.39 530.73
3 Anchor chain 650 414 1522 0.39 536.42

Table 6  Positions of fairleads 
and anchor points of truncated 
mooring system

No Fairlead Anchor point (following sea) Anchor point (quartering sea)

x (m) y (m) z (m) x (m) y (m) z (m) x (m) y (m) z (m)

1 31.5 36 3 707.56 562.44 − 588 576.55 501.12 − 588
2 27.5 36 3 658.48 618.43 − 588 534.17 542.67 − 588
3 23.5 36 3 604.74 671.00 − 588 488.62 581.05 − 588
4 − 23.5 36 3 − 725.22 919.89 − 588 − 522.77 726.66 − 588
5 − 27.5 36 3 − 805.98 854.34 − 588 − 584.19 679.77 − 588
6 − 31.5 36 3 − 880.55 781.82 − 588 − 641.85 628.02 − 588
7 − 31.5 − 36 3 − 880.55 − 781.82 − 588 − 846.37 − 713.75 − 588
8 − 27.5 − 36 3 − 805.98 − 854.34 − 588 − 776.94 − 785.44 − 588
9 − 23.5 − 36 3 − 725.22 − 919.89 − 588 − 701.25 − 850.87 − 588
10 23.5 − 36 3 604.74 − 671.00 − 588 615.52 − 646.35 − 588
11 27.5 − 36 3 658.48 − 618.43 − 588 671.27 − 592.69 − 588
12 31.5 − 36 3 707.56 − 562.44 − 588 722.16 − 535.27 − 588



 J Mar Sci Technol

1 3

the water depth from 0 to 10 m as required. Various ocean 
environments can be modelled, including collinear and non-
collinear waves, currents and winds by using two multi-flap 
wave generators, a deepwater global current generation sys-
tem and an axial wind fan matrix.

The model testing of the semi-submersible and the 
designed asymmetrically truncated system in Sect. 3.3 was 
performed in the basin. The geometry and mass properties 
of the semi-submersible were exactly modelled, including 
the dimensions, mass, draught, position of the centre of 
gravity (COG) and radii of gyration. In accordance with the 
properties listed in Tables 4, 5 and 6, the truncated mooring 
system was modelled with sufficient accuracy. The truncated 
mooring line models were fabricated by using small steel 
chains and wire ropes with specified lengths and diameters. 
The axial stiffness was exactly modelled by adding springs. 
Additional lead weight elements were evenly distributed 
along the mooring line models to match the specified mass 

in water. The mooring line models are fixed at the specified 
positions on the bottom of the testing basin.

The experimental programme included static offset tests 
and decay tests for verifying the modelling results, white 
noise wave tests for obtaining the motion response trans-
fer functions and irregular wave tests corresponding to the 
specified survival sea states. Six-degree-of-freedom motions 
at the COG were captured by a non-contact optical motion 
tracking system. Tensions at the top of each mooring line 
were measured by force transducers. The ambient wave 
elevation was measured by wave gauges. Figure 10 shows 
a photograph of the semi-submersible used in the model 
tests. The time duration for irregular wave realizations was 
approximately 23.2 min in the model scale, which corre-
sponded to 3 h in the full scale.

During the static offset tests, the offset of the semi-sub-
mersible, the system restoring forces and moments, and the 
top tension of each truncated mooring line were measured 

Fig. 6  Comparison of static characteristics between full-depth system and asymmetrically truncated system under following sea condition: a 
restoring force versus offset, b restoring moment versus offset, c top tension of Line 2 versus offset and d top tension of Line 6 versus offset



J Mar Sci Technol 

1 3

at given positions along the following and quartering direc-
tions. At these positions, the semi-submersible model was 
kept static and horizontal without heel and trim by external 
forces and moments which resist the restoring forces and 

moments. During the white noise wave tests, the semi-sub-
mersible model was restrained by a horizontal mooring sys-
tem with four soft lines, which provided negligible restoring 
forces for heave, roll and pitch motions.

Fig. 7  Comparison of static characteristics between full-depth sys-
tem and asymmetrically truncated system under quartering sea condi-
tion: a restoring force versus offset, b restoring moment in roll versus 

offset, c restoring moment in pitch versus offset, d top tension of Line 
2 versus offset, e top tension of Line 8 versus offset and f top tension 
of Line 11 versus offset

Fig. 8  Relative error in static characteristics between full-depth system and asymmetrically truncated system at each offset under: a following 
sea condition and b quartering sea condition
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Prior to the irregular wave tests, steady wind was simulated 
and the wind loads on the semi-submersible model were cali-
brated by comparing them with the target values obtained from 
wind tunnel tests. An actual flow of water was generated in the 

model basin to simulate the steady current conditions. The cur-
rent in the basin was demonstrated to be steady and uniform 
over the entire possible offset area. Prior to placing the model 
in the basin, the specified irregular waves were calibrated such 

Fig. 9  Comparison of dynamic characteristics among full-depth system, symmetrically truncated system and asymmetrically truncated system: 
a time history of surge, b time history of heave and c time history of pitch
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that the resulting spectral density distribution and wave group 
spectrum closely matched the corresponding target spectra. 
Figure 11 shows the calibration results, and the good agree-
ment indicates that high-quality wave generation was achieved.

4.2  Numerical reconstruction and extrapolation

After the model testing in the basin, numerical reconstruction 
was carried out on the truncated system described in Sect. 3.3 
to validate the hydrodynamic parameters and the accuracy of 
the numerical programme. By replacing the truncated system 
with the full-depth system described in Sect. 2, numerical 
extrapolation was carried out to predict the hydrodynamic 
responses. In this study, both the numerical reconstruction 
and extrapolation were carried out using a trademarked and 
copyrighted software SESAM [22]. The mathematical model 
used is as below:

(2)(M + A
∞
)𝝃 + C�̇� + ∫

t

0

h(t − 𝜏)�̇�(𝜏)d𝜏 + K𝝃 = Fex,

where � is the six-degree-of-freedom motion of the plat-
form; M is the mass matrix; A

∞
 is the added mass matrix 

when frequency � = ∞; K is the linear restoring coefficient 
matrix; C is the additional linear damping coefficient matrix; 
h is the retardation function computed by a transformation 
of the frequency-dependent damping C(�); and Fex is the 
other external force acting on the platform including the 
wave excitation force, current force, wind force and mooring 
force. The added mass, radiation damping and wave excita-
tion forces were calculated in the frequency domain based 
on the linear potential theory [23].

5  Results and discussion

5.1  Verification of static restoring characteristics

The offset test results of the static restoring characteristics 
of the semi-submersible with a truncated mooring sys-
tem are compared with the numerical results in Figs. 12 
and 13 for the following and quartering sea conditions, 
respectively. For the following sea condition, the static 
tensions of Line 2 and Line 6 are shown as representative 
mooring lines. For the quartering sea condition, the result-
ant restoring force in the ambient wave direction (45°) 
and the restoring moment in the roll and pitch motion are 
presented and the static tensions of Line 2, Line 8 and 
Line 11 are shown as representative mooring lines. The 
model test results agree well with the numerical results, 
and hence, the modelling accuracy of the truncated system 
is verified. As predicted by the numerical simulation, the 
offset limit of the truncated system can reach up to 180 m, 
which means that the mooring line models are correctly 
fabricated and installed.

Fig. 10  Photograph of semi-submersible used in model tests

Fig. 11  Calibration results of waves: a white noise wave and b irregular wave
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5.2  Motion characteristics

Decay tests were performed to verify the modelling accuracy 
and measure the natural periods and damping of the semi-
submersible along with its mooring system. The motions 
of surge, sway, heave, roll and pitch are considered. Time-
domain analysis is also carried out to simulate the response 
of the platform with the mooring system in the decay tests. 
Exponential fitting based on Eq. 3 is performed on the time 
histories of the damped oscillation to acquire the natural 
period and estimate the damping coefficients [24]:

After finding the values of �n and � that best fit the time 
histories of the damped oscillation, the natural period of 

(3)� = �0 exp(−��nt) cos
�
√

1 − �2�nt
�

.

the platform can be determined. The damping coefficient Cii 
which is required in numerical reconstruction and extrapola-
tion can be modified according to �.

Table 7 compares the model test results with the numeri-
cal simulation results. The natural periods obtained from the 
decay tests agree well with those obtained from the numeri-
cal simulation with less than 1.8% difference, and hence, 
the modelling accuracy of the truncated system is further 
verified.

The motion response amplitude operators (RAOs) are 
obtained from white noise wave tests and compared to 
the numerical results in Figs. 14 and 15 for the following 
and quartering sea conditions, respectively. In general, the 
numerical results of the motion RAOs are in good agreement 
with the model test results, especially for the medium ranges 
of wave frequencies. This indicates that the linear potential 

Fig. 12  Numerical results and model test results of static characteristics under following sea condition: a restoring force versus offset, b restor-
ing moment versus offset, c top tension of Line 2 versus offset and d top tension of Line 6 versus offset
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theory is generally effective in predicting the motion char-
acteristics of the semi-submersible in waves with small 
steepness values. For lower and higher wave frequencies, 
however, some discrepancies can be observed owing to the 
deficiency of the theory in simulating nonlinear effects such 
as nonlinear coupling and viscous flows in wave–structure 
interactions.

Fig. 13  Numerical results and model test results of static character-
istics under quartering sea condition: a restoring force versus offset, 
b restoring moment in roll versus offset, c restoring moment in pitch 

versus offset, d top tension of Line 2 versus offset, e top tension of 
Line 8 versus offset and f top tension of Line 11 versus offset

Table 7  Natural periods and damping coefficients

Period (s) Damping coefficient �

Experiment Numerical Experiment

Surge 177.2 179.4 0.080
Sway 230.3 232.6 0.051
Heave 20.0 20.1 0.039
Roll 43.8 43.2 0.031
Pitch 47.0 46.2 0.028

Fig. 14  Numerical results and model test results of motion characteristics under following sea condition: a RAO of surge, b RAO of heave and 
c RAO of pitch
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5.3  Motion response

The statistics of the motions under the following and quar-
tering sea conditions are summarized in Tables 8 and 9, 
respectively. R.E. is the relative error of the results compared 
with the corresponding numerical results with truncated 
mooring system. Generally, the numerical results of the 

truncated system show good agreement with the model test 
results, although some discrepancies are observed. Under the 
following sea condition, in terms of the surge motion, the 
large predicted offset (exceeding 140 m) of the platform with 
the compliant mooring system is validated by the model test 
results. In addition, the statistics predicted by the numerical 
simulation can fully represent those measured in the model 

Fig. 15  Numerical results and model test results of motion RAOs under quartering sea condition: a RAO of surge, b RAO of sway, c RAO of 
heave, d RAO of roll and e RAO of pitch

Table 8  Statistics of numerical and experimental results under following sea condition

Name Unit System Max R.E. Min R.E. Mean R.E. Std R.E.

Surge m Numerical Truncated 145.88 64.22 90.66 11.81
Full-depth 141.68 − 2.88% 64.31 0.14% 90.53 0.14% 11.39 − 3.56%

Experiment Truncated 142.44 − 2.36% 61.36 − 4.45% 92.38 1.90% 11.40 − 3.41%
Heave m Numerical Truncated 10.09 − 8.72 0.00 2.56

Full-depth 9.66 − 4.26% − 8.59 − 1.49% − 0.02 2.49 − 2.70%
Experiment Truncated 10.36 2.68% − 11.31 29.7% 0.02 2.46 − 3.91%

Pitch deg Numerical Truncated 4.97 − 7.92 − 0.13 1.78
Full-depth 4.81 − 3.22% − 7.76 − 2.02% − 0.67 1.86 4.50%

Experiment Truncated 5.45 9.65% − 10.74 35.6% − 0.56 2.08 16.8%
Tension of Line 2 (unloaded) kN Numerical Truncated 3306.58 1507.93 2453.07 265.95

Full-depth 3300.53 − 0.18% 1427.00 − 5.37% 2401.89 − 2.09% 239.38 − 9.99%
Experiment Truncated 3224.92 − 2.47% 1436.34 − 4.75% 2456.2 0.13% 247.11 − 7.08%

Tension of Line 5 (loaded) kN Numerical Truncated 4813.40 3264.85 3952.12 202.80
Full-depth 5423.81 12.68% 2716.65 − 16.7% 3860.58 − 2.32% 343.01 69.1%

Experiment Truncated 5424.28 12.7% 3216.42 − 1.48% 3993.1 1.04% 248.23 22.4%
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tests, with 5% difference in general. This means that the 
utilization of the pre-offset and asymmetrically truncated 
system does help in enlarging the offset limit and equiva-
lently modelling the dynamic characteristics of the full-
depth system. However, discrepancies are observed in the 
extreme responses of the pitch and heave motions. The rela-
tive error in the minimum pitch motion reaches 35.6%. For 
the quartering sea condition, as in the case of the following 

sea condition, good agreement is observed in the surge and 
sway motions, with less than 9.15% difference in general. 
Discrepancies in the heave, roll and pitch motions are also 
observed.

To further investigate the motion response and the dis-
crepancies, the power spectral density (PSD) of the platform 
motion is calculated, as shown in Figs. 16 and 17. As shown 
in the figures, the responses of the platform motion can be 

Table 9  Statistics of numerical and experimental results under quartering sea condition

Name Unit System Max R.E. Min R.E. Mean R.E. Std R.E.

Surge m Numerical Truncated 95.64 44.24 65.51 7.63
Full-depth 89.04 − 6.90% 44.97 1.65% 66.75 1.89% 7.32 − 4.06%

Experiment Truncated 102.03 6.68% 43.66 1.31% 63.7 − 2.76% 7.07 − 7.34%
Sway m Numerical Truncated 105.79 72.15 88.47 4.59

Full-depth 101.15 − 4.39% 69.44 − 3.76% 84.02 − 5.03% 4.86 − 5.88%
Experiment Truncated 107.29 1.42% 69.66 − 3.45% 82.53 − 6.71% 4.17 − 9.15%

Heave m Numerical Truncated 8.56 − 8.59 0.09 2.75
Full-depth 8.48 0.93% − 7.89 − 8.15% 0.03 2.54 − 7.64%

Experiment Truncated 9.59 12.0% − 10.89 26.8% 0.26 2.44 − 11.3%
Roll deg Numerical Truncated 10.66 − 4.73 2.89 2.08

Full-depth 9.93 − 6.85% − 4.72 − 0.21% 2.65 − 8.30% 1.88 − 9.61%
Experiment Truncated 9.73 − 8.72% − 6.69 41.4% 2.91 0.69% 2.29 10.1%

Pitch deg Numerical Truncated 5.23 − 8.65 − 0.96 1.33
Full-depth 4.99 − 4.59% − 8.27 − 4.39% − 0.33 1.51 13.5%

Experiment Truncated 5.76 10.1% − 9.39 8.55% − 1.03 1.4 6.26%
Tension of Line 2 

(unloaded)
kN Numerical Truncated 2916.75 1035.73 2114.58 205.74

Full-depth 2874.34 − 1.44% 1038.36 0.29% 2102.86 − 0.55% 194.74 − 5.36%
Experiment Truncated 3032.98 3.97% 1011.55 − 2.33% 2119.51 0.24% 214.61 4.31%

Tension of Line 8 
(loaded)

kN Numerical Truncated 5509.88 3814.13 4667.43 219.495
Full-depth 6023.38 9.33% 3359.43 − 11.9% 4528.94 − 2.97% 337.67 53.9%

Experiment Truncated 6075.35 10.3% 3788.47 − 0.68% 4467.01 − 4.29% 300.21 37.0%
Tension of Line 11 kN Numerical Truncated 4592.32 1483.93 3112.84 243.73

Full-depth 4523.73 − 1.50% 1565.48 5.50% 3265.48 4.92% 236.84 − 2.88%
Experiment Truncated 4401.04 − 4.16% 1398.27 − 5.73% 3168.16 1.80% 228.58 − 6.17%

Fig. 16  Numerical results and model test results of PSD under following sea condition: a PSD of surge motion, b PSD of heave motion and c 
PSD of pitch motion
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classified into wave-frequency motion and low-frequency 
motion. Generally speaking, in both the numerical results 
and model test results, the power is found to be mainly con-
centrated near the peak spectral frequency of the ambient 
wave (0.408 rad/s) and the natural frequency of the platform 
with the compliant mooring system. For surge/sway motion, 
two power peaks are observed at the peak wave frequency 
and natural frequency of the surge/sway motion. As shown 
in Figs. 16a and 17a, b, the low-frequency motion plays a 
major role in the surge/sway motion and the wave-frequency 
motion is less important. As in the case of the statistical 
results, good agreement is observed between the numeri-
cal results and model test results. For the heave motion 
(Figs. 16c, 17c), besides the peak near the peak wave fre-
quency, the numerical results show an obvious peak at the 
natural frequency of the heave motion. Although the model 
test results also show similar distribution, the PSD near 
the natural frequency of the heave motion is considerably 
smaller. For the pitch motion (Figs. 16c, 17e), the model test 
results show three obvious power peaks in the vicinity of the 
natural frequency of the surge motion, natural frequency of 
the pitch motion and peak spectral frequency of the ambient 
wave. For the roll motion (Fig. 17d), the model test results 
similarly show three power peaks in the vicinity of the natu-
ral frequency of the sway motion, natural frequency of the 
roll motion and peak spectral frequency of the ambient wave. 

However, the peaks in the vicinity of the natural frequencies 
of the pitch and roll motions cannot be predicted by numeri-
cal simulation.

From the statistical and PSD results, it can be known 
that the linear theory may not properly predict the vertical 
motions of the semi-submersible with a compliant mooring 
system operating in harsh environments. The discrepancy in 
the heave motion mainly results from the deficiency of the 
linear theory in approximating the damping and wave excit-
ing force induced by nonlinear effects. When the wave height 
is small, the damping and wave exciting force can be accu-
rately calculated by the linear theory, which has been proved 
from the agreement among the RAOs (Sect. 5.2). However, 
in harsh environments with large wave steepness values, the 
damping of the platform can no longer be estimated by the 
linear theory. As a result, the amplitude of the PSD esti-
mated by the linear theory differs from that obtained from 
model testing. In addition, nonlinear effects such as wave 
breaking and wave impact, which were frequently observed 
in the model tests, account for the discrepancies in the 
wave exciting force between the model tests and numerical 
simulations. These effects cannot be predicted by the linear 
theory [25] and will enlarge the heave and pitch motion of 
the platform, which is coincident with the statistical results.

In terms of the pitch/roll motion, the deviation of New-
man’s approximation in calculating the second-order wave 

Fig. 17  Numerical results and model test results of PSD under quartering sea condition: a PSD of surge motion, b PSD of sway motion, c PSD 
of heave motion, d PSD of roll motion and e PSD of pitch motion
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force accounts for the loss of the exceptional peak near the 
natural frequency of the pitch/roll motion. It is found that 
Newman’s approximation cannot generate the second-order 
wave component that resonates with the natural frequency 
of the pitch/roll motion. Similar phenomena have also been 
observed by Simos et al. [26], Matos et al. [27] and Pes-
soa et al. [28]. For comparison, the full quadratic transfer 
function (QTF) is calculated and time-domain simulation is 
performed under the following sea condition as an example. 
As shown in Fig. 18, the exceptional peak that cannot be 
predicted by Newman’s approximation is observed. How-
ever, the distribution of the PSD is still different from that 
obtained from the model tests. Actually, a semi-submersible 
with a compliant mooring system experiences a large motion 
response when it operates in harsh environments. Owing 
to the large motion response, the behaviour of the external 
structures in harsh environments becomes more complicated 
than that in mild environments. For such a semi-submersible, 
the influence of the bracings is special. As can be inferred 
from the main particulars listed in Table 1, the positions of 
the bracings are close to the water surface. Therefore, in 
harsh environments, when the platform oscillates fiercely, 
the bracings sink into and exit the water surface frequently, 
and result in volumetric change of the platform. The non-
linear effects of the bracings cause difficulties in obtaining 
accurate numerical simulation results [29]. One difficulty is 
that the numerical damping is hard to determine whether the 
influence of the bracings is to be considered. Another dif-
ficulty is that the buoyancy variation induced by the bracings 
can make the pitch/roll response substantially more com-
plicated than that in the case without bracings. As a result, 
discrepancies arise in the power distribution near the natural 
period of the pitch/roll motion.

5.4  Mooring loads

Tables 8 and 9 list the statistics of the dynamic tension of the 
representative mooring lines under the following and quar-
tering sea conditions, respectively. In terms of the dynamic 
tension of the mooring line, the model test results of the 
average tension of each mooring line can be predicted by the 
numerical simulation with less than 4.5% difference. How-
ever, the extreme responses measured in the model tests are 
larger than those obtained through numerical simulation. 
Because the mooring system and semi-submersible are cou-
pled, the hydrodynamic force acting on the semi-submers-
ible influences the tension of the mooring lines. As men-
tioned above, the linear theory is deficient in predicting the 
damping and wave exciting force. Therefore, the dynamic 
tension measured in the model tests would be different from 
those obtained through numerical simulation.

In addition, the results of the numerical reconstruction 
and extrapolation show good agreement. Good equivalence 
is achieved in the mean values of the dynamic tension of the 
mooring lines, with a difference of less than 5%. The rela-
tive errors in the extreme responses are constrained to less 
than 6% for an unloaded mooring line and less than 12% for 
a loaded mooring line. However, large discrepancy (69.1%) 
is observed in the standard deviation of the loaded mooring 
line. The mean values are mainly influenced by the extent 
of static equivalence, and the extreme values and standard 
deviations are mainly influenced by the extent of dynamic 
equivalence. Therefore, the statistical results show that for 
the unloaded mooring lines, the truncated mooring lines can 
successfully model the static and dynamic characteristics 
of the full-depth mooring lines, but for the loaded mooring 
line, the truncated mooring lines face difficulty in modelling 
the dynamic characteristics of the full-depth mooring lines.

Power spectral density of top tensions of the loaded 
mooring line is processed to further investigate the dis-
crepancies. As shown in Fig. 19, concerning the results of 
numerical reconstruction, good agreement of low-frequency 
response is observed. However, discrepancy of wave-fre-
quency response still exists because of the discrepancy of 
wave-frequency motions mentioned above. Concerning the 
results of numerical extrapolation, good agreement of low-
frequency response is also observed between the full-depth 
and truncated mooring lines, whereas the full-depth moor-
ing lines have much larger wave-frequency response. The 
low-frequency response of the mooring line is mainly deter-
mined by the static characteristics, while the wave-frequency 
response is mainly related to the dynamic characteristics. 
Therefore, coincident with the conclusion derived from the 
statistics, for the loaded mooring line (such as Line 5 under 
following sea condition and Line 8 under quartering sea con-
dition), the static characteristics of the full-depth mooring 
lines are properly modelled by the truncated mooring lines, 

Fig. 18  Comparison of results of pitch motion under following sea 
condition
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while the dynamic characteristics cannot be properly mod-
elled. Such inequivalence results from the difference of the 
lay-down part between the full-depth and truncated mooring 
line. In truncation design, the truncated mooring lines are 
required to be designed to fit the scale of the test basin. Thus, 
in harsh environments, the loaded mooring lines transform 
from being catenary to being taut as the offset of the plat-
form increases. However, such a phenomenon will not occur 
in full-depth mooring lines, which are always kept catenary. 
If the mooring line becomes taut, the dynamic equivalence 
will be impaired because catenary and taut mooring lines 
have different dynamic characteristics [2, 30]. Consequently, 
discrepancies arise in the wave-frequency response of the 
loaded mooring line. However, such discrepancies are still 
acceptable because the standard deviation is insignificant 
compared to the average value (less than 10%).

6  Conclusions

A deepwater semi-submersible with highly compliant 
mooring system experiences large offsets in harsh environ-
ments, and this causes difficulties in the truncation design 
for hybrid model testing. Numerical results show that the 
traditional symmetrically truncated system is deficient in 
modelling the static and dynamic characteristics of the 
full-depth system because of the large offset and limited 
basin scale. Therefore, this paper proposes an innovative 
technique using pre-offset and asymmetrically truncated 
systems in the truncation design, validates the feasibility 
of the technique using experiments and numerical simula-
tions, and analyses the advantages and disadvantages of 
the technique. The technique is validated to enlarge the 

offset range of the truncated system and achieve sufficient 
equivalence of both static and dynamic characteristics. 
The pre-offset is determined, and the asymmetrically 
truncated system is designed according to the offset range 
calculated by coupled analysis. The four-level screening 
method is proved to be effective in designing the asym-
metrically truncated system, which is then successfully 
used in wave basin tests.

The results of the model test, numerical reconstruction 
and extrapolation are compared, and good agreement can be 
seen in general in terms of the motion response and mooring 
loads. However, special attention should be paid to some 
particular aspects. The numerical results of low-frequency 
and wave-frequency components of motions are close to the 
model test results, but clear discrepancies can be observed 
in the components in the vicinity of the natural frequencies 
of the heave, roll and pitch motions between the numerical 
and experimental results. This indicates that the numerical 
simulation based on the linear potential theory may not prop-
erly predict the vertical motions of the semi-submersible 
system operating in harsh environments because of the non-
linear effects such as large wave steepness, wave breaking 
and wave impact. Moreover, the bracings may sink into and 
exit the water surface frequently in steep waves, and thus, 
nonlinear coupling could influence the heave and pitch/roll 
motions. In addition, discrepancies of dynamic tensions of 
the loaded mooring lines will occur owing to the difference 
of the lay-down part between the full-depth and truncated 
mooring lines. When the truncated mooring lines trans-
form from being catenary to being taut, while the full-depth 
mooring lines remain catenary in large offset cases, the static 
equivalence of the tension can be achieved, but the discrep-
ancy of in the dynamic tension becomes substantial because 

Fig. 19  PSD of loaded mooring lines: a PSD of Line 5 under following sea condition and b PSD of Line 8 under quartering sea condition
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of the difference in the dynamic characteristics between taut 
and catenary mooring lines.
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