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ABSTRACT
This paper investigates the applicability of real-time hybrid

model testing (ReaTHM testing) to the study of offshore systems
in deep water. The focus is in particular on slender marine struc-
tures connecting floating structures to the seabed, and on how
they could be truncated so that a model test setup at a reason-
able scale could fit existing hydrodynamic laboratory infrastruc-
tures. In this context, ReaTHM testing consists in ”substructur-
ing” the slender structures in two parts. At the lower part of the
water column, the first substructure is numerical, simulated us-
ing a nonlinear finite element method. On the upper part of the
water column, the other substructure is physically modelled in
an ocean basin. Both substructures interact in real-time through
a set of sensors and actuators. This paper addresses through a
case study the important issue of accuracy of ReaTHM testing,
that is how the behavior of the substructured system varies from
that of the emulated system. A top-tensioned riser in 1200m wa-
ter depth is considered, with two truncation locations: 240m and
600m below the free surface. It is assumed that an artefact is in-
troduced by the ReaTHM test setup, namely a time delay induced
by e.g. the numerical calculations, or the actuation system. It is
first shown how this artefact influences the accuracy of the setup,
and then how the truncation ratio influences the tolerance of the
ReaTHM test setup to such an artefact.
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1 INTRODUCTION
Hydrodynamic model testing serves several purposes, in-

cluding the validation of numerical models, the study of complex
physical phenomena, and final design verification. In this latter
case, an ocean structure such as a floating production platform,
is modelled at reduced scale, and exposed to the wave, wind and
current conditions it may experience during its design life. It is
typically verified that the motions of the platform, and the loads
in the mooring and riser systems are acceptable under these en-
vironmental conditions. The test campaign is in general also a fi-
nal risk mitigation campaign, during which extreme events, such
as green water on deck, wave impact, or riser/mooring/structure
collision could be detected, prior to making any major investment
decision.

Oil and gas exploitation is however taking place at steadily
increasing water depths: the company Shell just set a new record
in September 2016, when their disconnectable FPSO started to
exploit the Stones field (Gulf of Mexico) in 2900m water depth
[1]. Let us assume that such a system should be tested in an ocean
basin, and let h be the water depth. An estimate of the radius
of the mooring system footprint is 1.0h-1.7h for a taut mooring
system, and 1.5h-2.5h for a catenary mooring system [2, 3, 4].
From these values, and the characteristic dimensions of the float-
ing structure, an estimate of the required basin dimensions can
be obtained. Inserting numbers, it becomes clear that modeling
such systems at a reasonably large scale (λ >1/100), in any of
the existing ocean basin laboratories is not feasible. This is due
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to both the vertical extent of the mooring/riser system, but also
due to its horizontal footprint.

The challenges associated to deep-water model testing have
been addressed in [5] and various solutions have been suggested,
among others ultra-small scale testing, or outdoor testing. The
state-of-the-art approach to solve such problems, is based on pas-
sive truncation of the slender marine structures, which will be
discussed in more detail in Section 2.

One envisioned solution is to perform real-time hybrid
model testing (abbreviated ReaTHM R© testing1 in the following),
and more specifically for this problem: active truncation. This
means that the floating structure and the upper part of the slender
structure system are modelled physically in the laboratory, while
its lower part, connected to the seabed infrastructure, is simulated
on a computer. In practice, these two so-called substructures may
interact as follows. The force from the lower end of the physi-
cal substructure (floater and upper part of the riser) is measured,
and applied as a top force on the numerical substructure (lower
part of the riser). The resulting displacement of the numerical
substructure is then calculated, and applied to the bottom part of
the physical substructure using underwater actuators. In reality,
this coupling is not perfect: various artefacts, related to measure-
ment errors, noise, time delay or jitter induced by the numerical
calculations, limited bandwidth of the actuators, among others,
may appear. These artefacts make the substructured system de-
viate from the emulated system, that is our best representation of
reality.

It is of crucial importance to evaluate to which extent such
artefacts influence the accuracy of a ReaTHM test setup. On
the one hand, if, for a given accuracy target, the requirements
on the control system, including sensors, control algorithms and
actuation system, are beyond what is technically feasible, one
will conclude that ReaTHM testing is unfeasible for the consid-
ered setup. On the other hand, when the ReaTHM test setup is
feasible and realized, end-users of the test results are to be pro-
vided with quantitative estimates of the accuracy of these results.
While uncertainty quantification in classical model testing has
received considerable attention, see e.g. [6], ReaTHM testing is
a new field of research in which this aspect has not been much
focused on yet.

The present paper consists of a case study, aimed at illus-
trating this point. A top-tensioned riser in 1200m water depth
is studied, with two truncation locations: 240m and 600m be-
low the free surface. One type of artefact is considered, namely
the time delay induced by e.g. numerical calculations. It is in-
vestigated how this time delay influences the behaviour of the
substructured system as compared to the emulated system. The
paper is organized as follows. Section 2 provides a short review
of deep-water model testing, and truncation techniques. Section
3 and 4 describe the method used in the present case study and
the numerical results. Conclusions are summarized in Section 5.

1ReaTHM R© testing is a registered trademark of SINTEF Ocean AS.

2 PREVIOUS WORK
The challenges related to model testing of deep-water sys-

tems have been discussed in [5]: existing laboratory infrastruc-
ture may not have the horizontal extent nor the water depth re-
quired to accommodate ultra-deep water systems, while outdoor
testing and ultra-small scale testing do not allow for an accurate
modelling of the floating system and for a controlled environ-
mental loading. The state-of-the-art approach for the verifica-
tion of ultra-deep water systems involves a numerical study in
addition to model testing, and is therefore called ”hybrid verifi-
cation” [7].

Statically-equivalent truncated systems, and hybrid verifica-
tion. Hybrid verification is founded on the fact that the dy-
namic behaviour of marine slender structures is well-described
by validated numerical codes such as RIFLEX [8], while free
surface hydrodynamics including wave-current-body interaction
still requires experiments. Hybrid verification is a three-step pro-
cedure.

Step (1). First, model tests are performed using a (passive)
truncated version of the mooring and riser system. The trun-
cation is performed in order to achieve static similarity between
the truncated and full-depth systems. The design of the truncated
system is very dependent on the type of system under study. The
process involves in general an architectural design phase during
which the truncation point and a first estimate of line properties,
possibly clump weights, or blocking springs are decided upon.
The parameters of the truncated system are then refined by solv-
ing an optimization problem [9,10,11], whose objective function
is a measure of the difference between the static characteristic
of the full-depth and truncated systems. The constraints of the
optimization problem can be related to the manufacturability and
integrity of the truncated system. For example, the yield strength
of coil springs should not be exceeded [9].

Model testing is performed with this statically-equivalent
truncated system, which ensures that the floating structure be-
haves similarly to the full-depth system when exposed to the
environmental loads. It is important to emphasize that the dy-
namic tension in the mooring and riser lines measured during
these model tests, cannot be used directly for design verifica-
tion: indeed, inertial loads and transverse drag loads on the
truncated slender marine structures are in general significantly
less than on the full-depth system, which causes discrepancies
on the dynamic tension, especially in harsh sea-states. For the
same reason, designing a truncated system which is dynamically-
equivalent over a wide range of sea-states, is a difficult task. We
will come back to this.

Step (2). The second stage of hybrid verification involves
establishing a numerical model of the truncated setup, and the
calibration of the hydrodynamic model of the floating system in
order to match model test results [7]. Wave drift loads, wave-
current interaction and viscous damping of the floater are param-
eters that are in general tuned in this phase.
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Step (3). When satisfactory agreement with model tests is
achieved, the numerical results are ”extrapolated”: the truncated
mooring/riser system is replaced by the full-depth system, and
simulations are run in relevant environmental conditions to ob-
tain dynamic line tensions, extreme excursions of the floater,
which are used to verify the design.

The hybrid verification is considered as the most reliable
verification method as of today, but its main weakness lies in the
execution time of the model test, calibration and extrapolation
phases.

Dynamically-equivalent truncated systems. During the last
years, researchers have therefore attempted to design truncated
setups exhibiting a correct dynamic behaviour, which would re-
move the need for post-calibration and numerical extrapolation.

Starting from a statically-equivalent system, Ferreira et al.
[12] suggested to achieve dynamic equivalence by jointly vary-
ing the diameter and mass of the segments, while keeping the
submerged weight constant, and the static properties of the sys-
tem unchanged. Based on a numerical case study, they con-
cluded that the truncated setup was able to replicate the dynamic
line tensions in sea-states with comparable strength to the ones
used in the calibration. When quite different sea-states were
investigated, motions of the floater could however deviate sig-
nificantly. No detailed results were reported regarding dynamic
line tensions in these sea-states. Using a similar approach, Wei
et al. [13] presented a step-wise, systematic and efficient way
of solving the optimization problem mentioned in the previous
paragraph. Dynamic equivalence was only verified for quite mild
sea-states, very close in terms of strength to the ones used in the
optimization process. An overspecialization of the dynamically-
equivalent system is therefore likely to be an issue with both
approaches. Note that they also require nonlinear time domain
simulations to be performed prior to the test. This may prevent
the method to be applied in a commercial setting, for which, in
general, only a short period of time is available to design and
manufacture the truncated system.

Following another approach, Argyros [4] studied the drag-
induced decay of transverse vibrations of a taut string, subjected
to top motions. Based on this, he defined a truncation length
as the minimum length below which the line could be assumed
to be vibrating in air with regards to its in-plane normal vibra-
tions, in other words, a point below which drag-induced damp-
ing and added mass would have an insignificant effect on the
transverse motions. To model the lower, truncated, part of the
line, a nonlinear (polynomial) spring is used at the truncation
point, as well as a dashpot acting transversely to the line. An
additional axial force, calibrated from numerical simulations at
full-depth, may be added when studying extreme sea states. Ar-
gyros’ work allows for a rapid assessment of dynamic processes
related to taut lines in deep water, such as drag-induced damping
of their transverse vibrations, reflection and transmission due to
impedance mismatch and shackle-induced damping, when seg-

ment with different properties, as chains and polyester segments,
are connected. However, while the method seems very adequate
for the truncation of a large class of taut polyester mooring sys-
tems in deep water, it cannot be applied directly to other classes
of slender marine structures, such as steel catenary risers. Also,
even though the boundary conditions at the truncation point look
quite simple (polynomial stiffness, transverse dashpot, and ad-
ditional axial force), it may be unpractical to realize them with
simple components as springs or dashpots during model tests.

Active methods and ReaTHM testing Some researchers have
investigated the feasibility of active truncation, in which the trun-
cated part of the system is simulated using e.g. a nonlinear fi-
nite element method (FEM). The connection between the physi-
cal and numerical substructures happens through a set of sensors
and actuators [14, 15, 16]. In that setting, dynamic similarity is
achieved intrinsically, and the challenges lie in the practical im-
plementation of the method. One important difficulty resides in
the fact that when Froude scaling is applied, time runs λ−

1
2 faster

than full-scale real-time, which sets quite stringent requirements
on the efficiency of the numerical model. Christiansen [17] pro-
posed using neural networks, trained by nonlinear FEM, to solve
this issue. These ”active” approaches have never been applied in
a commercial setting for the study of floating systems in ultra-
deep water. However, Vilsen et al. [18] showed promising re-
sults for this application by performing ReaTHM tests, in which
twelve mooring lines were fully truncated, and simulated with
RIFLEX [8] running twelve times faster than real-time. The
same research group successfully performed ReaTHM testing of
a floating wind turbine [19, 20]. In that case, the wind-induced
loading was simulated, and applied in real-time on a physical
model of the wind turbine. The physical model was located in
the Ocean Basin at SINTEF Ocean, and was also subjected to
(physical) waves and current. The system ran in closed loop, i.e.
the measured motions of the floating wind turbine were used in
the calculation of the aerodynamic loading. Even if the appli-
cation of ReaTHM testing was different, many practical aspects
were also relevant to model testing of ultra-deep water systems.

It is out of the scope of the present paper to provide a thor-
ough literature review of real-time hybrid testing in general, and
its applications. The interested reader may consult [19], and ref-
erences therein, for an introduction. Also, the work of Drazin
et al. [21] and of Terkovics et al. [22] is of direct relevance
to the topic addressed here, i.e substructuring of top tensioned
risers, and possible accuracy issues. They investigated the so-
called substructurability of beams, and accuracy losses induced
by imperfections at the physical-numerical interface. Also, the
present work is an extension of the approach used by Bachynski
et al. [23] for the design of the above-mentioned ReaTHM tests
of the floating wind turbine.
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(a) Emulated system (best representation of reality)
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(b) Substructured system, and artefacts introduced by the control system. In
the present case study, Artefact 1 corresponds to a time delay, induced by the
computation and actuation. Artefact 2 is not modelled, i.e. the connection
is considered ideal.

FIGURE 1: The emulated system and the substructured systems
including artefacts.

3 METHOD
The suggested general approach to study the accuracy of a

ReaTHM test setup consists in comparing the response of the
emulated system (Fig. 1a) subjected to a given relevant load case,
with the response of the substructured system including artefacts
(Fig. 1b) to the same load. This is described in details in the
following procedure, and each point will be detailed in the next
paragraphs.

1. Define the emulated system (Fig. 1a)
2. Partition the system into a physical substructure and a nu-

merical substructure (Fig. 1b)
3. Choose a relevant load case containing amplitudes, frequen-

cies, events of interest
4. Set up a high-fidelity model of the physical substructure
5. Perform co-simulation of the substructured system (Fig. 1b),

including time delay or other artefacts
6. Define a quantity of interest (QoI) in terms of the response
7. Calculate the error y on the QoI, between the emulated and

substructured/imperfect systems
8. Define an admissible upper bound of the error, and deduce

the specifications of the ReaTHM test setup

Emulated and substructured systems In the present case
study, the emulated system is a 1200m long top-tensioned steel
riser with a circular cross-section, an outer diameter of 300 mm
and a wall thickness of 15 mm. The steel density is 7850kg/m3,
the material is assumed elastic with a Young modulus of 206
GPa. The fluid transported in the riser has a density of 800
kg/m3, and the sea-water a density of 1025 kg/m3. A vertical top
tension of 3 MN is applied.
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FIGURE 2: The solid curves represent the riser’s configuration
at given time instants. Here α = 0.8, the numerical substructure
is represented in blue, and the physical substructure in red. The
dashed lines represent the envelope of the riser motions when
subjected to the dynamic load case (100 s), see Figure 3.

In order to accomodate it in an ocean basin, the riser is trun-
cated. The truncation ratio is defined as

α = 1− truncation depth
total depth

=
numerical depth

total depth

According to this definition, a truncation ratio α = 0 means no
truncation (purely physical riser), and α = 1 means that the riser
is fully represented by numerical simulations. Two truncation
ratio are investigated here: α = 0.5 and α = 0.8, corresponding
to truncation points located 600m and 240m below the free sur-
face, respectively. The curve indexed ”0” in Figure 2 shows the
static equilibrium configuration for α = 0.8. Assuming that the
ReaTHM tests are performed using Froude scaling with a scale
factor of λ = 1/100, α = 0.5 corresponds then to a truncation
depth of 6m, representative of combined wave and current tests
in a 10m deep wave tank using a movable bottom allowing for
current recirculation. The truncation ratio α = 0.8 would be ap-
plicable for tests performed at a larger scale, or in greater water
depths.

An analysis such as presented by Argyros [4] can give a
sense of the dynamics of the riser at the truncation point. In-
serting numbers corresponding to the present problems, it can be
estimated that the amplitude of the transverse vibrations of the
riser have almost halved at the truncation point when α = 0.8
(l50 ≈ 286 m).
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Load case Depending on the focus of the model tests, the sys-
tem under study will be exposed to various types of environmen-
tal loads, most likely various combinations of wind, current and
wave loads. The latter type is focused on here. Waves can induce
various types of loading in the slender structure system, rang-
ing from monochromatic or narrow banded spectra to impulsive
loads, when extreme events occur. The load case selected for the
evaluation of the ReaTHM test setup (point 3 in the above pro-
cedure) should cover the type of loading that is expected during
the test. In the present case, a frequency sweep (chirp) covering
the frequency range [0,0.5] Hz was applied as a horizontal force
on the top of the riser, see Figure 3. This load case provides a
rather simple indicator of the bandwidth of the system in the lin-
ear wave excitation range, for transverse vibrations of the riser.
If impulsive loads were of interest, approximations of Dirac or
Heaviside type of signals could be chosen. If compression of
the riser, or axial-transverse coupling due to curvature or tension
modulation were to be studied, the load would also include a ver-
tical component.

A specialized FE code The problem at hand requires a numer-
ical solution of the riser’s dynamics to evaluate the response of
the emulated and substructured systems to an arbitrary load. Ide-
ally, a Finite Element (FE) software for global analysis of slender
marine structures such as RIFLEX [8] should be used. However,
at the time this study was performed, there was no ready solu-
tion to include the artefacts depicted in Figure 1b in the solution
process. A customized FE code was therefore developed for this
purpose. A bar element formulation, similar to that presented
in [24], was used, including drag and effective weight loads. The
boundary conditions for the riser were fixed, i.e. prescribed dis-
placements, at the bottom, and free, i.e. prescribed loads, at the
top. The static analysis was performed using Newton-Raphson
iterations and accounts for geometric nonlinearities. The mass,
damping and stiffness matrices obtained at the static equilibrium
were used in a linear dynamic simulation. A 4th order Runge-
Kutta scheme with adaptive step size was used for the time inte-
gration. Note that in general, and in particular for e.g. steel cate-
nary risers, a nonlinear dynamic analysis should be performed,
to account for geometric nonlinearities and structure-soil inter-
action.

Two FE models were set up, representing the physical and
the numerical substructures, respectively. The top of the latter
was connected to the bottom of the former. nel elements were
uniformly distributed along the riser’s length: the physical sub-
structure included d(1−α)nele elements, and the numerical sub-
structure bαnelc elements. It was verified that the QoI were con-
verging when increasing nel , see Figure 7 on page 10. Satisfac-
tory convergence was obtained for 60 elements, for which the
error measure associated to all quantities of interest (which will
be defined later on in this Section) were less than 2% . This value
of nel = 60 was used from this point.

Co-simulation with artefacts The above-mentioned conver-
gence study was also performed on the substructured system.
The coupling between the numerical substructure and the physi-
cal substructure was then assumed to be perfect, in the sense that
the top displacement of the bottom part of the riser was match-
ing exactly the bottom displacement of the top part of the riser.
In addition to this kinematic compatibility condition, a dynamic
compatibility condition was satisfied at the truncation point, at
every synchronization time step ∆t. Note that, as indicated previ-
ously, the inner time step of time integration of each substructure
was adapted according to its own dynamics.

However, the main objective of the present study was to
study the effect of an imperfect coupling. To this purpose, an
artefact class was developed, that allowed modelling vari-
ous types of artefacts such as time delays, jitter (i.e. varying time
delay), and noise. An illustration of the possible effect of this
class is provided in Figure 4. Only constant time delays were of
interest in the present study

The system was then subjected to an external load τ(t). In
our case study, τ consists of the top force variation only, but it
could also have been generated by variations of the ambient cur-
rent velocity. Let τ1(t) be the part of τ applied to the physical
substructure, and τ2(t) be the part of τ load applied to the nu-
merical substructure. Let f be the force and d the displacement at
the interface between the substructures. Let f̄ and d̄ be their ”im-
perfect” counterparts. At each synchronization time step ∆t, the
following iterative procedure ensures force- and displacement-
consistency between the substructures.

1. At the initial iteration, assume no change at the interface, that is f̄ (t+∆t) =
f̄ (t), and d̄(t +∆t) = d̄(t).

2. Perform time integration of the numerical substructure between t and t+∆t,
with interface force varying from f̄ (t) to f̄ (t +∆t), and external load from
τ2(t) to τ2(t +dt).

3. Evaluate d(t +∆t) from the response of the numerical substructure
4. Evaluate d̄(t +∆t) from d(t ′), t ′ ∈ [0, t +∆t] and the artefact (here a simple

time delay)
5. Perform time integration on the physical substructure between t and t +∆t,

with interface displacement varying from d̄(t) to d̄(t +∆t), and external
load from τ1(t) to τ1(t +dt).

6. Evaluate f (t +∆t) from the response of physical substructure
7. Evaluate f̄ (t +∆t) from f (t ′), t ′ ∈ [0, t +∆t] and the selected artefact (here:

none, but another time delay, or some noise could be added)
8. Repeat from 2 until convergence of f̄ (t +∆t) and d̄(t +∆t), advance time,

and restart from step 1.

Note that this procedure reduces to a classical coupled anal-
ysis when no imperfection is included, that is when f (t)≡ f̄ and
d ≡ d̄. In the context of our study, a synchronization time step
of ∆t = 10ms was chosen. It was verified that the solution was
insensitive to ∆t for values less than 50ms. This conclusion is of
course specific to the present system.

Response of interest and error indicator As indicated earlier,
the objective is to compare the response of the emulated and the
(imperfect) substructured systems when subjected to the same
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FIGURE 3: Time series of the frequency sweep.
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FIGURE 4: Illustration of a delayed and jittered (dimensionless)
signals, as simulated by the artefact class. In this illustration,
the sampling frequency is 20Hz.

load. To do so, it is necessary to define a Quantity of Interest
(QoI) characterizing the response, as well as an error measure
allowing to compare the QoIs. In the studied case, the riser was
subjected to the horizontal force loading, and the impedance of
the system was of interest, so we chose to look in particular at
the following response time series:

1. horizontal velocity of the top of the riser (main indicator),
2. instantaneous power at the top of the riser,
3. top position at the top of the riser,
4. force time series at the bottom of the riser.

For each Quantity of Interest (QoI), an L2-based indicator of
the error between the emulated and the imperfect substructured
system was considered:

y(s,sre f ) =
1
2

log10

∫ T
0
(
s− sre f

)2 dt∫ T
0
(
sre f
)2 dt

(1)

where sre f is the reference signal, corresponding to the QoI of the
emulated system, and s corresponds to its counterpart, originat-
ing from the imperfect substructured system. T is the duration of
the load signal, equal here to 100s. If for example, discrepancies
of maximum 1% are tolerated between s and sre f , then y should
not exceed -2.

Other examples of QoI include the maximum/minimum val-
ues of a given response component, or other statistical quantities
such as mean value or standard deviation. Note that interface-
related indicators, such as the incompatibility of the force at the
truncation point, are good indicators of the performance of the
control system as such, but are not of direct interest for the out-
come of the test.

Note also that the present approach relates to the accuracy
of the ReaTHM test setup, but also covers the stability of such
a closed-loop system: the fact that the system becomes unstable
will in general lead to a significant loss of accuracy.

4 NUMERICAL RESULTS
The method outlined in the previous Section was applied to

the 1200m riser test case, subjected to the load depicted in Figure
3 . We focused in particular on the two following issues.

1. For the case α = 0.8, we investigated the effect of the delay
induced by computation/actuation, ranging from 150ms to
750ms full-scale. This corresponds to a 15 to 75ms range at
model scale for λ = 1/100.

2. The effect of the truncation ratio (α = 0.8→ 0.5) on the
sensitivity to the time delay.
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Sensitivity to the time delay (for α = 0.8) The delay induced
by the computation/actuation phase was studied. Figures 8 to 10,
in the Appendix, show the time series of the horizontal veloc-
ity, power and horizontal position of the top node, respectively,
for various values of the delay. These values originate from the
physical substructure. Figure 11 shows the time series of the
horizontal component of the bottom force, which comes from
the numerical substructure.

It can be seen from Figures 8 and 9 that the top node veloc-
ity, and thus the dissipated power are quite sensitive to the time
delay, especially in the middle part of the time series, where the
frequency content is close to 0.5Hz. This shows the limitations
in terms of bandwidth of the ReaTHM test setup when a too large
time delay is present.

The sensitivity of the top node position (Fig. 10) and of the
bottom node force (Fig. 11) to the time delay is less significant.
For the former, this is due to the fact the integration from velocity
to position over one cycle tends to make discrepancies less ap-
parent, with the selected error measure. For the latter, this is due
to the weak coupling of the bottom horizontal force, at 1200m
water depth, and the dynamic horizontal load 240m below the
free surface.

For each Quantity of Interest (QoI), the error indicator y was
calculated from equation (1). The results are presented in Figure
5. Note that y decreases when the length of the bar increases,
and note the logarithm in the expression of y. From this Figure,
it can for instance be decided that the delay should be less than
150ms full-scale (i.e. 15ms at scale 1:100) to ensure an error of
less than 5% on the power estimation.

Influence of the truncation ratio (α = 0.8→ 0.5) The next
step was to investigate how this result evolves when the trunca-
tion point was lowered from 240m to 600m below the free sur-
face. Figure 6 shows the error indicators corresponding to the
latter case (α = 0.5). These indicators can be compared with
Figure 5.

The only error indicator that increases when the truncation
ratio decreases is yFx,bottom. Yet, this increase is not significant.
However, a significant reduction of the other indicators, related
to the top node, is observed when going from α = 0.8 to α = 0.5.
Indeed, even with a 750ms delay (75ms at model scale), the
power estimated from the imperfect substructured system was
within 5% of the target, obtained from the emulated system.
Comparing directly the time series in Figure 12 shows indeed
little sensitivity of the horizontal velocity to the time delay, when
α = 0.5.

It can be concluded that the ”bandwidth” of the ReaTHM
test setup is significantly improved by decreasing α . Intuitively,
this is explained by the fact that the coupling between the re-
sponse of top of the riser and dynamics of the truncation point
becomes weaker when the distance between these two points in-
creases. Therefore, an artefact at the truncation point will have
less influence on the response of the upper part of the system,

-2.5 -2 -1.5 -1 -0.5 0

y [-]

ǫ
x,top

ǫ
Vx,top

ǫ
P,top

ǫ
Fx,bottom

α=0.8 - delay 150ms

α=0.8 - delay 300ms

α=0.8 - delay 450ms

α=0.8 - delay 600ms

α=0.8 - delay 750ms

FIGURE 5: Influence on a time delay induced by e.g. calcula-
tion time or actuation, on various error indicators y. From top to
bottom: error on the horizontal position of the top node, on the
horizontal velocity, on the dissipated power, and on the horizon-
tal force at the bottom node. The truncation ratio is α = 0.8.

-3 -2 -1 0

y [-]

ǫ
x,top

ǫ
Vx,top

ǫ
P,top

ǫ
Fx,bottom

α=0.5 - delay 150ms

α=0.5 - delay 300ms

α=0.5 - delay 450ms

α=0.5 - delay 600ms

α=0.5 - delay 750ms

FIGURE 6: Similar to Figure 5, but with α = 0.5.

and on the related QoI. This conclusion would of course not hold
if the force at the lower end of the riser was the focus.
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5 CONCLUSION
In the present paper, a numerical case study was performed

to evaluate the accuracy of a ReaTHM test setup involving a trun-
cated top tensioned riser. The accuracy was defined through a set
of Quantities of Interest (QoI) and an error indicator y. Using
this measure, the emulated system (best available model of the
physical system under study), and the substructured system, in-
volving artefacts, could be compared. It was emphasized that the
QoI should not necessarily be related to the interface between
the numerical and physical substructures (as force or displace-
ment incompatibility indicators would be), but to the physical
values of interest and to the very purpose the ReaTHM test.

For illustration purposes, a 1200 m long top-tensioned riser
was truncated, or ”substructured”. Two truncation ratios were
investigated: α = 0.5 and α = 0.8. The physical substructure
consisted on the upper part of the riser. Its bottom end was
displacement-controlled, based on numerical simulation of the
lower part of the riser, which was the numerical substructure. An
artefact, namely a time delay, was artificially introduced at the
truncation point to represent a possible delay induced by the cal-
culation or actuation phase.

On the one hand, for a relatively large truncation ratio, it
was shown that this delay had a great influence on most of the
selected QoI, and that an upper limit value for the delay could be
obtained to meet a given accuracy target. It was then shown that
the influence of the time delay could be significantly reduced by
redefining the truncation point. In other words, the constraints on
the ReaTHM test setup were significantly relaxed if the trunca-
tion point was moved further away from the locations of interest,
i.e. at a greater water depth. In this case, the requirements on
numerical simulations would also be relaxed (the spatial extent
to simulate would be less), but the needed water depth and foot-
print on the basin floor would increase. These conclusions are
summarized in a qualitative way in Table 1. Note that the result
of this case study is of course specific to the level of coupling and
damping present in the studied system, and to the selected set of
QoI.

Open issues and further work In the present work, the time
delay was the only type of artefact that was modelled. This
choice was based on previous experience, showing that time de-
lays, inevitable in such setups, may have severe consequences
on the accuracy. However, other types of artefacts are present,
such as noise from sensors, jitter due to nonlinear iterations or
buffers, scaling due to calibration errors, and disturbances from
actuators. Their combined effect, and possible interaction should
be studied.

The object of the case study was a top-tensioned riser in zero
current, and only transverse oscillations of the riser were consid-
ered. The conclusion of the study would most probably be very
different if more coupling between the axial and transverse mo-
tions was present, such as in a steel catenary riser, or a tension
leg platform’s tendon in extreme seas. Such structures should be

TABLE 1: Comparison of the two truncation ratios. A plus (resp.
minus) sign means tougher (resp. milder) requirements.

Requirements on the: α = 0.5 α = 0.8

- control system (incl. actuators) - +

- laboratory infrastructure + -

- numerical simulation tool - +

part of the scope of a further study. A nonlinear dynamic analysis
is required to describe their behaviour in a satisfactory manner.

When studying more complex structures, combined arte-
facts, and possibly more complex load cases, the computational
cost of each co-simulation is expected to increase. In that case,
it is important to minimize the number of co-simulations, while
ensuring a reliable estimation of the ”limit state” of the ReaTHM
test setup, i.e. the amount of imperfection leading to an unaccept-
able loss of accuracy. It should also be possible to confirm which
type of artefact has the greater consequence on the accuracy, in
order to focus on this aspect in the design of the ReaTHM test
setup. These aspects are focused on in ongoing research.
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FIGURE 7: Influence of the number of elements of the emulated system nel on the time series of the horizontal velocity at the top node.
The number of elements of the physical substructure is d(1−α)nele with α = 0.5 in the present case.
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FIGURE 8: Influence of a time delay induced by e.g. the time integration of the numerical substructure, on the time series of the
horizontal velocity at the top node. The truncation ratio is α = 0.8.
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FIGURE 9: Influence of a time delay induced by e.g. the time integration of the numerical substructure, on the time series of the power
at the top node. The truncation ratio is α = 0.8.
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FIGURE 10: Influence of a time delay induced by e.g. the time integration of the numerical substructure, on the time series of the
horizontal position of the top node. The truncation ratio is α = 0.8.
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FIGURE 11: Influence of a time delay induced by e.g. the time integration of the numerical substructure, on the time series of the
horizontal force at the bottom node. The truncation ratio is α = 0.8.
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FIGURE 12: Similar to Figure 6, but with α = 0.5.
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