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Dynamic compression and buckling are critical issues in the viability analysis of rigid
and flexible risers developed for offshore applications, especially concerning deep-water
operations. Those subjects have been addressed both numerically and analytically. How-
ever. few experimental data for validation purposes is found in literature. This paper
presents a set of experimental results on the dynamic compression of rigid and flexible
risers in catenary configurations, obtained by means of towing-tank tests. Two small-
scale models have been built, the first one emulating the dynamic behavior of a steel
catenary riser (SCR) and the other representing a much more flexible. line. Uniform
circular motion has been applied to the top of the models, emulating the floating system
first-order oscillations. Different amplitudes of top motion have been considered, each
one of them imposed with different frequencies of oscillation. Tension has been measured
ar the top of the models. The influence of current velocity has also been evaluated.
Dynamic tension estimations obtained through finite element analysis are compared o
the experimental results. Tension amplitude and critical compression load values are
evaluated and compared for both, the steel catenary (SCR) and the flexible models.
Comparisons show, in general, a fair agreement between simulations and experiments,
reassuring the reliability of numerical models. Results also demonstrate that finile ele-
ment code provides good predictions of maximum tension loads even when the risers are
subjected to high levels of dynamic compression and buckle. Nevertheless, it is clearly
noted that difficulties arise in the treatment of flexible structures under severe buckling
and torsion. The accuracy of analytical methods proposed for the estimation of critical

compression loads is also discussed, based on the experimental results.
[DOL: 10.1115/1.2199560]

Keywords: risers, catenary configuration, dynamic compression, towing-tank tests, fem
method, buckling loads

Introduction

As offshore production systems move to deeper waters, riser
design becomes a more and more critical issue, both from techni-
cal and economical points of view. Unquestionably, achieving a
reasonable level of confidence on the design of such structures is
not an easy task. Difficulties arise from many aspects as, for ex-
ample, the uncertainties regarding environmental excitation and
soil interaction.

One of the critical subjects involving riser design and its struc-
tural analysis is the dynamic compression phenomenon. Dynamic
compression occurs on a specific section of the line when the
time-varying component of the tension, the so-called dvaamic ten-
sion, surpasses the static tension component on that section, what
may lead to buckling of portions of the riser. Although deep-water
risers behave almost like cables [1], their nonzero bending stiff-
ness (EJ) provide some resistance to buckling and, therefore, ris-
ers can support a certain level of compression. The critical com-
pression load refers to the minimum load magnitude that results in
buckling of the structure and its value depends on the curvature
and also on the eventual torsion of the line. When attached to
floating systems that may present significant wave-induced mo-
tions as, for example, FPSO systems, determining an allowable
level of dynamic compression on the risers is crucial to assess
their viability.
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For design purposes, the problem of predicting the dynamic
tension along a particular submerged line is usually addressed
numerically. Solution provided by numerical methods as, for ex-
ample, finite element methods (FEM), is relatively straightforward
for this kind of application, although dealing with dynamically
compressed risers generally requires smaller elements and, there-
fore, higher computational effort.

Analytical approach for estimating the dynamic tension and
critical load on risers also present good results and it is certainly
more suitable for early stages of design, when several parameters
have to be adjusted and a broad set of analysis has to be per-
formed. Aranha and Pinto [2] presented an algebraic approxima-
tion for the dynamic tension on risers and mooring lines. Aranha
et al. [3] provided an analytic approximation for the critical load
on risers, which agreed very well with numerical results, both for
steel catenary risers and flexible risers analysis. Ramos, Jr. and
Pesce [4] later extended the approximation to the more general
-case of compression coupled with twisting of the line.

The main goal of this work is to provide some experimental
results on dynamic compression of rigid and flexible lines and to
address a preliminary comparison with numerical results. The
main purpose of this analysis is to compare the dynamic tension
results obtained experimentally with numerical predictions gener-
ated by means of FEM time-domain simulations and also to evalu-
ate the accuracy of analytical methods developed for the estima-
tion of critical compression loads. As noticed by Aranha and Pinto
[2], although numerical analysis of dynamically compressed risers
can be done in a relatively straightforward manner, it is not un-
usual that different numerical codes provide distinct predictions of
dynamic tension. Analytical formulations, on the other hand, de-
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pend on the hypothesis that riser dynamics remains confined to the
plane defined by its catenary. This is not always accurate, espe-
cially for dynamically compressed flexible risers. Nevertheless, it
is important to emphasize that there is no intention to provide an
exhaustive comparison between experimental and theoretical re-
sults. On the contrary, the experimental results obtained with the
two small-scale riser models with very different bending stiffness
are used here to point out some important aspects concerning riser
dynamics and the dynamic compression phenomenon.

In the first part of the paper, the experimental setup and the
small-scale models are described. The experimental results ob-
tained in the towing-tank are fully presented. Later on, dynamic
tension amplitudes and critical loads obtained in the tests are com-
pared to the predictions provided by the software orcarLex® [5].
Also, bearing in mind that an appropriate estimation of the allow-
able compression loads on risers is nowadays one of the most
important parameters in deep-water riser design, critical compres-
sion load values derived from experimental measurements are
compared to the analytical predictions proposed by Aranha et al.
[3] as well as with numerical predictions.

Experimental Setup

Tests were conducted at the State of Sdo Paulo Technological
Research Institute (IPT) towing tank, 240 m long, 6 m wide, and
4 m deep. Since the small-scale models had to be carried along
the tank to emulate current effects, a moving bottom was built for
these tests. The moving bottom was connected to the carriage and
supported the models anchors. Harmonic circular motions with
different combinations of amplitude and frequency were imposed
to the top of the models by means of a rotating device mounted on
the carriage. Load cells mounted on the top of each model mea-
sured the time-varying tension on the lines. Load cells were at-
tached to the rotating mechanism by means of a pin connection,
therefore, the tops of the models were free to rotate. Figure 1
presents a sketch of the experimental setup. Data acquisition was
performed by means of a standard A.D. device with sampling
frequency high enough to avoid aliasing problems.

Tests were performed with null velocity and also with V
=+0.2 m/s, the positive sign representing a top-to-anchor current
velocity. The current profiles emulated were, therefore, uniform
along the depth with velocity vectors parallel to the plane of the
catenary.

Small-Scale Rigid Model. The dynamics of a rigid riser (SCR)
was emulated by means of a small-scale model, which consisted
of an 8.85 m long steel wire rope with a diameter of 3.5 mm.
Main features of the model are specified in Table 1, which also
presents the excitation parameters applied in the tests.

Where:
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Sketch of the experimental setup at IPT

External diameter

Ly Total length of the model

h Water depth

R Horizontal distance anchor-top
H Vertical distance anchor-top

Dext

EA, Equivalent axial stiffness
Edeq Equivalent bending stiffness
q Weight per unit of length, in air
Brop Angle on the top (neutral position)
Vv Current velocity
A Amplitude of the motion (circular)
/o Imposed frequency

Small-Scale Flexible Model. A much more flexible riser was
represented by means of a model consisting of a steel strip
(10.0 mm % 1.0 mm, the 10.0 mm side being normal to the plane
of the riser), covered by a circular external rubber layer, providing
a 12 mm external diameter (see Fig. 2). The external rubber coat
was applied for hydrodynamic purposes only, since the model
bending stiffness depended almost exclusively on the steel strip.
Discrete weights were regularly distributed along the model in
order to increase its total weight per unit of length (g), providing
a value of ¢g=2.193 N/m (in air).

For the ballasted model the angle at the top of the line resulted
approximately 48 deg with respect to the horizontal plane. It
might be argued that this value is somewhat low compared (o
those usually observed for real deep-water risers. Nevertheless, it
must be kept in mind that the main purpose of the tests was to
provide experimental results for validation of numerical and ana-
lytical models, rather than reproducing real riser configurations,
The main particulars of the flexible model and the experimental
parameters used in the tests are presented in Table 2.

Table 1 Main parameters of the experimental setup. Rigid
model.
Dcxl (mm) 350
Ly (m) 8.85
h (m) 3.0
R (m) 7.20
H (m) 3.36
EAe (KN) 2020.4
EJ (kKN-m?) 1.5469 % 1073
q (N/m) 0.736
Orop (deg) 71
V (m/s) 0, £0.20
A (m) 0.075, 0.100, 0.150
F (Hz) 0.750, 1.000, 1.125, 1.500
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Fig. 2 Layout of the flexible small-scale model

Compilation of the Experimental Results

Experimental Results for the Rigid Model. Figure 3 presents
an excerpt of a typical time-series of the tension (T) measured at
the suspended end of the rigid model. For most tests, dynamic
compression was achieved even at the top of the model. Tension
amplitude remained relatively constant in time. Although submit-
ted to high-levels of dynamic compression, no out-of-plane oscil-
lations or buckling of the model were observed in the tests.

The whole set of experimental results obtained for the rigid
model without current effects (V=0) is summarized later, in Fig.
4, together with numerical results, which will be discussed ahead
in the paper. Results in Fig. 4 present the maximum tension ob-
tained in each test (7,,,) normalized by the static tension at the
top of the model (Ty). For the zero current condition, T
=2.96 N. It can be seen that, for the three different amplitudes of
motion imposed to the top, experimental values of tension in-
crease monotonically with respect to the frequency of oscillation,
as predicted by numerical and analytical studies.

Current effects on the model dynamics may be inferred through
Figs. 5 and 6, which present the normalized maximum tension

Table 2 Main parameters of the experimental setup. Flexible
model case.

Dexl (mm) 12.0

Ly (m) 8.0
h (m) 3.0
R (m) 7.0
H (m) 336

EAgq (kN) 265.25

EJ.y (kN-m?*) 2.6384% 107*

g (N/m) 2.193

brop (deg) 47.8

V (m/s) 0, £0.20
A (m) 0.050. 0.075, 0.100, 0.150
F (Hz) 0.750, 1.000, 1.250, 1.500
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Fig. 3 Time-series of the top tension on the rigid model. A
=150 mm, F=1.52 Hz, V=0.

(Thax! To) obtained in the tests with V=+02m/s and V=
-0.2 m/s, respectively. Experimental values of static tension at
the top corresponded to T=2.72 N for positive velocity and Ty
=3.50 N for negative velocity.

It should be noted that, compared to the zero current results,
current effects were pronounced only for the highest amplitude of
top motion (A=0.150 m). For smaller amplitudes of excitation,
current effects resulted almost negligible for the velocities
adopted in the tests.

Experimental Results for the Flexible Model. A typical ten-
sion signal measured at the suspended end of the flexible model is
presented in Fig. 7. In contrast with the rigid model results, very
irregular tension amplitudes were observed along the tests, espe-
cially for the higher amplitudes of top motion. Such irregular
behavior is related to buckling and torsion of the line and conse-
quent out-of-plane oscillations of the model, which could be ob-
served along the tests.

For high amplitudes of top motion, as is the case in Fig. 7 (A
=0.150 m), it can be clearly observed that the compression loads
reach a limit value, corresponding to the buckling load at the top
of the model. This limit value of compression will be named criii-
cal compression load. In the tests corresponding to the most se-
vere loading cases (high amplitudes and frequencies of oscilla-
tion), buckling of the model could indeed be visually inferred in

200

150

100

Ty

50

0 w2 % 4 S0 60

Time (5)
Fig. 4 Normalized maximum tension results. Rigid model. V
=0. Experimental: (4) A=150 mm, (M) A=100mm, (¢) A

=75 mm. Numerical: (A) A=150 mm, (O0) A=100mm, (&) A
=75 mm.
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Fig. 5 Normalized maximum tension results. Rigid model. V
=+0.2 m/s. Experimental: (A) A=150 mm, (H) A=100 mm, (¢)
A=75 mm. Numerical: (&) A=150 mm, ((I) A=100 mm, (<) A
=75 mm.

the form of a wave that propagated along the model, from the
touchdown region towards the top (see Fig. 8).

Normalized maximum tension results for the flexible model in
zero current condition are presented later, in Fig. 9, which sum-
marizes the results obtained for all the different combinations of
amplitude and frequency of excitation. The measured static ten-
sion in this case corresponded to Ty=11.82 N.

Experimental results in Fig. 9 demonstrate that, as the ampli-
tude of top motion increases, tension amplitude presents a differ-
ent behavior regarding its variation with the frequency ol excita-
tion. For A=0.050 m, a monotonic increase of the tension
amplitude with frequency is obtained. For higher values of ampli-
tude, on the other hand, a different trend is observed and the rate
of increase of tension amplitude decays for higher frequencies of
excitation.” Once again, this behavior is related to buckling and
out-of-plane oscillations of the model.

The same trend is verified under current action, as shown in
Figs. 10 and 11, respectively, for V=+0.2 m/s (7;=9.93 N) and
V=-0.2 m/s (Ty=13.74 N). In fact, results indicate that the cur-
rent effects are now more pronounced and play an important role
in the dynamics of the flexible model.

Numerical Analysis of Rigid Model Results

In this section, dynamic tension amplitudes measured at the
suspended end of the SCR riser model are compared to the results
provided by the software orcarex® [5]. orcarLex® is a validated
commercial package, which presents a three-dimensional (3D)
nonlinear time-domain finite element program for the dynamic
analysis of risers and mooring systems. Line modeling is done by
means of a lumped mass model and assumes axisymmetric me-
chanical properties of the line.

Figure 12 provides a comparison between the experimental
time-series of tension measured at the top of the SCR model and
the one predicted numerically for one of the tests with the highest
amplitude of top motion (A=0.150 m and F=1.00 Hz).

It can be inferred from Fig. 12 that, even for the highest values
of amplitude and frequency of top motion, the tension response 1s
nearly harmonic. The numerical model reproduces maximum ten-
sion very well. There is no evidence that a critical compression
load was reached at the top of the model. No out-of-plane oscil-
lations were observed during the tests or in time-domain simula-
tions. Analysis of tension signals demonstrates that almost all the
energy of the signal is concentrated in a very narrow band around
the frequency of excitation. This can be inferred in Fig. 13, which
brings the power spectra of the tension signals presented in Fig.
12.

Comparisons of normalized maximum tension (7,,/Ty) de-
rived from the towing-tank tests and numerical predictions are
condensed in Figs. 4-6. They present the tension results for the
three different current conditions considered in the tests, V=0

"It should be noticed that a similar behavior was observed by Aranha and Pinto
[2] for the tension amplitude at the TDP of a steel catenary riser, predicted by means
of numerical time-domain simulations performed with two different codes.
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Fig. 6 Normalized maximum tension results. Rigid model. V
=-0.2 m/s. Experimental: (A) A=150 mm, (H) A=100 mm, (¢)
A=75 mm. Numerical: (/) A=150 mm, () A=100 mm, (&) A
=75 mm.

(Ty=2.96 N), V=+02m/s (7,=2.72 N) and V=-0.2 m/s (T,
=3.50 N), respectively. A seventy elements mesh was adopted for
numerical simulations, the size of the mesh being chosen after
convergence analysis.

The mechanical properties of the model adopted for simulations
correspond to those obtained experimentally, already presented in
Table 1. Time-step for calculations were kept under 1/20th of the
shortest natural period of the model. The shortest natural period,
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Fig. 7 Time-series of the top tension on the flexible model. A
=150 mm, F=1.50 Hz, V=0.
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Fig. 8 Propagating wave arising from buckling at the TDP re-
gion of the flexible model

in this case, corresponded to 86> 107 5. All simulations were
performed for a minimum of 50 cycles of oscillations to guarantee
steady-state response.

Comparisons show a very good agreement between experimen-
tal and numerical results. The FEM code is able to reproduce the
model dvnamics well, even for the most extreme case of dynamic
compression. It should be noted that the dynamic tension ampli-
tude was up to five times the static tension at the top of the model.

Numerical Analysis of Flexible Model Results

It was already pointed out that the tests performed with the
flexible model provided a much richer dynamic behavior. Critical
compression loads were reached even at the top of the model and
the dynamics involved torsion, buckling and out-of-plane oscilla-
tions.

Figure 14 presents a comparison of the time-series of tension
measured in a test with A=0.100 m and F=1.00 Hz and the cor-
responding numerical prediction.

The comparison presented in Fig. 14 illustrates the overall
agreement obtained for smaller amplitudes and frequencies of top
motion, but the same level of accuracy was not observed for the
whole set of experimental conditions. As the amplitude and fre-
quency increases, the model undergoes severe buckling even at
the top, leading to out-of plane oscillations and, as a consequence,
the tension fluctuation in time was more pronounced. In fact, the

] A
| ///,g

0.6 0.8 1 1.2 1.4 1.6
Frequency (Hz)

Fig. 9 Normalized maximum tension results. Flexible model.
V=0. Experimental: (A) A=150 mm, (H) A=100 mm, (¢) A
=75 mm, and (X) A=50 mm. Numerical: (A) A=150 mm, ()
A=100 mm, (<) A=75 mm, and (+) A=50 mm.
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Fig. 10 Normalized maximum tension results. Flexible model.
V=4+0.2 m/s. Experimental: (4) A=150 mm, (H) A=100 mm,
(¢) A=75 mm, and (X) A=50 mm. Numerical: (~) A=150 mm,
() A=100 mm, (<) A=75 mm, and (+) A=50 mm.

analysis of experimental tension signals demonstrates the contri-
bution of several higher harmonics. Figure 15 presents a compari-
son of the power-spectra derived from the signals in Fig. 14.

The experimental power-spectrum demonstrates that the test re-
sults presented significant contributions of several sub-harmonics.
Furthermore, it must be reminded that the small-scale riser model
configuration was based on a steel strip and, therefore, presented
different bending stiffness for in-plane and out-of-plane oscilla-
tions, a feature that could not be represented by the numerical
code, since axisymmetric bending is assumed in the numerical
model. This configuration might be responsible for the discrepan-
cies observed, since torsion will not occur in the same way.

The agreement for normalized maximum tension (7../7Tp)
concerning the flexible model analysis can be inferred from Figs.
9-11, which present the comparison between experimental and
numerical results for the three different current conditions, V=0
(Ty=11.82 N), V=+0.2 m/s (7,=9.93 N) and V=-0.2 m/s (7,
=13.74 N), respectively.

Once again, convergence analysis demonstrated that a seventy
elements mesh was sufficient for numerical simulations, concern-
ing the stabilization of maximum tension amplitudes. However,
transitory response was now much more pronounced and some-
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Fig. 11 Normalized maximum tension results. Flexible model.
V=-0.2 m/s. Experimental: (A) A=150 mm, (H) A=100 mm,
(#) A=75 mm, and (X) A=50 mm. Numerical: (A) A=150 mm,
() A=100 mm, (£) A=75 mm, and (+) A=50 mm.
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Fig. 12 Excerpt of time-series of tension at the top of rigid
model. A=150 mm, F=1.00 Hz; V=0. (—numerical;
—experimental).

times required the simulation of 100 cycles in order to guarantee
steady-state response. As a rule, the total time of simulation re-
quired increased with amplitude and frequency and was connected
to the beginning of out-of-plane response. The time-step was 10
x 1076 s.

Compared to the results obtained for the rigid model, it can be
readily seen that the agreement between numerical and experi-
mental results is now much more difficult. As could be antici-
pated, discrepancies grow with the level of dynamic compression
and buckling, which are more significant for V=+0.2 m/s (as a
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Fig. 13 Power Spectra of tension at the top of the rigid model.
A=150 mm, F=1.00 Hz; V=0.
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Fig. 14 Excerpt of time-series of tension at the top of
flexible model. A=100 mm, F=1.00 Hz; V=0 (- numerical; —
experimental).

result of the lower static tension). The tests indicated that buckling
of the model was followed by intense out-of-plane oscillations,
which were certainly enlarged due to the structural configuration
of the model (the use of a steel strip). As previously mentioned,
the non-axisymmetric bending properties of the structure could
not be modeled in the numerical code and, therefore, the torsion
of the line could not be correctly reproduced. This is certainly one
of the reasons for the discrepancies. Nonetheless, it is noteworthy
that results in Fig. 11 (V=-0.2 m/s) indicate that as soon as the
level of buckling is reduced (due to an increase in static tension),
numerical predictions once again get closer to the experimental
values. This is indeed an outstanding result since. even for V=
-0.2 m/s, the model was subjected to high levels of dynamic
compression and buckling.

The Critical Compression Load

The maximum value of compression allowable for a particular
deep-water riser is one of the most important parameters involved
in its design. Therefore, some aspects of the experimental results
here presented deserve special attention.

Aranha et al. [3] proposed a very simple analytical formulation
for the estimation of the quasi-steady buckling load of a curved
riser, named critical load. The critical load therefore corresponds
to the maximum compression load that would be measured on a
particular segment of the riser that undergoes buckling. The ana-
lytical model takes into account the effect of beam curvature in

[

12}

-
L=
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0.6 0.8 1 1.2 14 L6
Frequency (Hz)

Fig. 15 Power spectra of tension at the top of flexible model.
A=0.100 m, F=1.00 Hz; V=0.
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Table 3 Analytical predictions of critical load at the top of rigid
model

F (Hz) Pl Ty
0.75 4.84
1.00 6.45
1.13 F:25
1.50 9.67

the calculations of buckling loads. The value of compression that
leads to buckling is called P, and its value depends on the par-
ticular position of the line under analysis since static tension and
curvature vary along the riser.

If x denotes the curvature of the riser, m is the mass per unit
length, m,, is the added mass per unit length and EJ is the bending
stiffness, Aranha et al. [3] propose the following expression for
the calculation of the local buckling load:

Po(x) = 27F BL(x)N(m +m,)EJ (1)

The parameter B, is obtained as the solution of an eigenvalue
problem of the curved beam.

According to the formulation presented in [3], for the SCR
model the maximum compression loads at the top of the model
were below the critical values for the whole set of conditions
tested. For example, for the tests with V=0, the values of pre-
dicted critical load at the top of the model range from P,
=14.32 N for F=0.75 Hz to P,=28.63 N for F'=1.50 Hz. Indeed,
experimental results show no indication of buckling since a limit
compression value was never observed in the time-series. Table 3
presents the theoretical values of the critical load, calculated ac-
cording to (1), normalized by the static tension at the top. The
solution of the eigenvalue problem indicates that for the rigid
model 8.,=2.984 for all frequencies.

Figure 16 presents the values of minimam tension (7,,;,) mea-
sured in each one of the tests conducted with the rigid model, as a
function of the top motion amplitude. Once again, values are nor-
malized by the static tension. Negative values of T,/ T} indicate
compression. Results in Fig. 16 confirm that critical compression
loads have not been reached in the tests with the rigid model.

In order to provide a quantitative comparison with the analyti-
cal predictions, some higher values of amplitude (A) were simu-
lated numerically until a saturation of compression loads could be
observed. Figure 17 presents the experimental and numerical re-
sults of T,;,/ Ty for the frequencies F=0.75 Hz and F=1.50 Hz,
including the numerical values obtained for higher amplitudes.
For the sake of comparison, the analytical predictions of P/ T} at

2 o]
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L] * )
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m]
-1
. *
& |
H.E Z
[
3
m]
4
5 L L L
0 0.05 01 0.15 0.x
Amplitude (m)

Fig. 16 Experimental values of normalized minimum tension
loads. Rigid Model. V=0. (O) F=0.75 Hz, (Jx) F=1.00 Hz, (*) F
=1.125 Hz and (J) F=1.50 Hz.
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Fig. 17 Normalized minimum tension loads. Rigid model. V
=0. Experimental: (O) F=0.75 Hz and ((J) F=1.50 Hz. Extended
numerical results: (®) F=0.75 Hz and (M) F=1.50 Hz.

the top of the model are represented by the dashed horizontal lines
(P./Ty=4.84 for F=0.75 Hz and P./Ty=9.67 for F=1.50 Hz).

Figure 17 demonstrates that the numerical model reproduces
very well the minimum tension values observed in the experi-
ments. For F=0.75 Hz, numerical results indicate a critical com-
pression value that agrees very well with the analytical predic-
tions. Also, for F=1.50 Hz, results confirm that the critical load
has not been reached even for A=0.60 m, attesting that the varia-
tion of P, with the frequency of oscillation is indeed well cap-
tured by Eq. (1).

Finally, Fig. 18 presents an excerpt of the time-series of nondi-
mensional tension (7/7,) obtained numerically for A=0.60 m, F'
=0.75 Hz, and V=0. The saturation of compression close to the
critical value of P./T, can already be visualized, once again dem-
onstrating the good agreement between numerical and analytical
predictions of the buckling load.

For the flexible model, on the other hand, experimental results
indicate that critical compression loads on the top were reached in
several tests. However, comparison of analytical and experimental
results in this case cannot be provided since the analytical formu-
lation is strictly two-dimensional [6]. Buckling of the flexible
model was always followed by significant out-of-plane oscilla-
tions. The structural configuration of the model, with nonaxisym-
metric bending stiffness contributed to this behavior. Experimen-
tal results demonstrated that the critical loads were very small,
with buckling occurring as soon as the line started to be dynami-
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Fig. 18 Excerpt of normalized tension series. Rigid model. A
=0.60 m; F=0.75 Hz; V=0.
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cally compressed, regardless the frequency of excitation. Applica-
tion of the two-dimensional analytical formula (1), in this case,
leads to P, values that are overestimated, as could be anticipated.

Finally, it must be emphasized that, despite the differences ob-
served for the maximum tension loads of the flexible model, the
numerical FEM code was always able to reproduce the correct
values of buckling loads.

Conclusions

Tension amplitudes at the suspended end of dynamically com-
pressed riser models were obtained experimentally in a set of tests
conducted at the IPT towing-tank. Those tests consisted of impos-
ing harmonic circular motions to the top of small-scale models.
Uniform current profiles were emulated by towing the models
along the tank. Two different models with distinct flexural rigidi-
ties were tested, each one of them presenting a very different
dynamic behavior.

Although submitted to high levels of dynamic compression, the
tests conducted with the rigid model did not lead to buckling of
the structure. As a result, tension amplitudes presented a steady
behavior in time and out-of-plane oscillations were not observed.
Tension amplitude increased monotonically with both, frequency
and amplitude of top motion, in accordance with analytical studies
(see, for example, Aranha and Pinto [2]).

For the more flexible model, critical compression loads were
reached even at the top of the model. Buckling and out-of-plane
oscillations could be visually inferred along the tests, leading to
an irregular oscillation of tension amplitudes. Tension response
was clearly composed by several sub-harmonics. Compared to the
rigid model results, dynamic tension variation on the flexible
model presented a different trend with respect to amplitude and
frequency of excitation.

Dynamic tension results obtained in the towing-tank tests with
the rigid and flexible riser models were (_ompared to numerical
predictions obtained with the software ORCAFLEX™.

Results have shown that the numerical approach was able to
cope well with the dynamics of the rigid model, despite the influ-
ence of dynamic compression. The maximum and minimum ten-
sion values measured at the top of the rigid model were very well
reproduced by the numerical model for all cases tested.

The flexible model underwent more severe levels of dynamic
compression and buckling, which occurred even at the suspended
end of the model for the higher amplitudes of top motion. In these
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cases, tests have shown that the model dynamics was essentially
three-dimensional, with clear twisting of the cable. Experimental
tension results have also shown the significant contribution of
higher harmonics force components. Concerning flexible model
results, it could be observed that discrepancies between numerical
predictions and experimental results increased with the level of
dynamic compression and buckling. However, it must be empha-
sized that the structural configuration of the model certainly con-
tributed to such discrepancies, since the numerical model could
not represent a structure with nonaxisymmetric bending stiffness.

Finally, results obtained with the rigid model were confronted
with the analytical predictions of buckling loads proposed by
Aranha et al. [3]. Analytical formulation was able to capture very
well the buckling loads on the model and also their dependence on
the frequency of excitation, confirming that the buckling loads on
a catenary riser could be correctly estimated by means of a sur-
prisingly simple analytical formulation.
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