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Tensioned flexible riser
vibrations under wave
excitation, an investigation
on the scale effect
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tSchool of Naval Architecture and Marinetime, Zhejiang Ocean University, Zhoushan, China, 2Institute
for Ocean Engineering, Shenzhen International Graduate School, Tsinghua University,
Shenzhen, China, 3School of Environment, Tsinghua University, Beijing, China

In order to study the scale effect in wave-structure interactions and the role that
structure-related parameters (tension T or bending stiffness E/) plays, riser model
tests under regular waves were conducted using the model with multiple
geometric scales (1:15, 1:12 and 1:9) in a wave basin. The riser model used is a
novel structural design combing the outer polyvinyl chloride pipe with the core
steel rod which could be simplified as a cantilever beam. Different initial tension T
acting on the riser are tested by adjusting the slotted weight. The results show
that the amplitude varies in a cubic fashion with the distance from the fixed end.
In addition, the influence of the wave period and top tension T on the amplitude
are investigated, which ultimately leads to a dimensionless number m; = KCy-TL2/
El where KC is the classical Keulegan—Carpenter number (KC), E/ shows the
bending stiffness of the riser model and L gives the pipe length. With the KC
number revised to take the distance from the fixed end into the calculation, this
parameter provides a good measure in estimating the amplitudes of the riser
vibrations induced by the waves.

KEYWORDS

gravity wave, scale effect, wave-induced vibration, similarity theory, fluid-
structure interaction

1 Introduction

The exploitation of oftshore oil and gas resources is gradually shifted from shallow
waters (<125m) to deep sea areas (125m~1500m) and ultra deep sea areas (>1500m)
(Manning, 2016). The riser system which connects the floating offshore platform with
underwater equipment hence plays a significant role. The dynamics of the marine riser not
only shows the reliability of engineering projects installed offshore, but also impacts the
marine hydrodynamic environment and ecosystems as the riser interacts with seawater and
presents the condition for the near-surface marine biology. Changes in the hydrodynamic
environment, such as wave and current characteristics, can alter the migration, diffusion,
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and transformation patterns of marine pollutants. More
importantly, once the marine riser is damaged, it will cause
serious environmental pollution. For example, the Diamond
Offshore’s marine riser connection failed during operations on
April 22, 2002; Discoverer Enterprise drilling vessel’s riser
ruptured in the Gulf of Mexico in 2003, leading to significant
economic loss and environmental damages (Chang et al.,, 2018).

According to DNV-RP-F204 concerning the riser fatigue
estimations, there are three main sources of riser fatigue failures:
1) waves, 2) low frequency motion, and 3) vortex-induced
vibrations (VIV). Comparing to the fatigue damages induced by
waves, the vibrations of risers under the influences of low-frequency
motion of the platforms and vortices have been studied extensively
(Jauvtis and Williamson, 2004; Zhang et al., 2020; Gao et al., 2021).
Discovers made in such studies have been taken into consideration
in the structural design. The vibrations and structural responses of
the riser system under waves, on the other hand, are seldom
investigated. British Petroleum, for example, monitored the full-
scale drilling riser’s response during a drilling campaign in the Gulf
of Mexico between 13th April and 11th July in 2007 (Joseph et al.,
2017). The acceleration spectrum shows the excitation is from VIV,
drilling string rotation and wave induced motion. The measured
peak frequency is 0.0866 Hz which is identified to be the response
frequency of VIV, but it also falls in the typical wave frequency
range. In addition, Huang et al. (2022) discussed a variety of models
all revealing the significant wave induced vibrations of TTR and
SCR. Liang et al. (2023) compared the wave-induced fatigue and
VIV-induced fatigue of a free-hanging riser numerically. Luo (2022)
studied the fatigue characteristics of subsea wellhead connector
considering the action of riser wave-induced vibrations.
Consequently, the structural design of the riser preventing the
wave-induced vibrations is not as thorough as the designs
concerning the VIV. The further study is significant on the
underlying mechanisms of the wave-induced vibrations and could
advance our understanding of the fluid-structure interactions and
help better develop and utilize the ocean.

Due to the unacceptable cost for the full-scale experiment, the
investigation on the riser vibration mainly relies on the scaled-down
experiment. For example, Lee and Allen tested two scaled top-
tensioned, flexible cylindrical structures’ VIV (Lee and Allen, 2010).
Zhang et al. cut off the anchor chain connecting to the drilling
platform to dynamically simulate the structural behavior of an
anchor chain (Zhang et al,, 2007). The cut-off model ensures the
static similarity and avoids unrealistically small scaled-down
experiment. Ren et al. conducted the SCR’s VIV experiment with
a complex geometry in ocean basin (Ren et al., 2020). Although
these experiments reveal important features for the vibrations of
risers induced by environmental loading, the scale effect could
deteriorate the results when they are used to reveal the behavior
of the full-scale riser.

In order to unveil the scale effect in the scaled-down
experiments of riser vibrations, efforts have been continuously
made. For instance, Li (2013) and Zhou and Huang (2013) used
the commercial numerical tools of SHEAR7 and ANSYS-CEX to
simulate the VIV of a riser at the full-scale and of its geometrically
scaled-down models. Bearman et al. (2001) and Ren et al. (2011),
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in addition, designed a series of scaled-down experiments following
the Froude similarity theory and fluid-structure interaction theory
to investigate the VIV of risers. Lee and Allen (2010) conducted two
flexible risers’ VIV tests mainly to investigate the effects of the top
tension and structural stiffness on response. The previous studies
disclosed the importance of the Reynolds number similarity and
structural property similarity in designing the scaled-down
experiment for the VIV of risers. In fact, it is found that the
similarity of fluid-structure interaction parameters, such as the
mass ratio, plays a crucial role in designing riser vibraation
experiments within a certain range of Reynolds numbers.

Although a number of studies have already been devoted to
reveal the scale effect for the VIV of risers, it is rarely investigated
for wave-induced vibrations with neither numerical simulations nor
laboratory experiments. The conclusions drawn from the VIV’s
experiments, on the other hand, are not applicable for the wave-
induced vibration since

1) The Froude number similarity, which is verified not that
important in the VIV of risers, could play a significant role
in the wave-induced vibrations;

2) The common fluid-structure interaction parameters, such as
mass ratio, may be not as influential in the wave-induced
vibration as in the VIV;

3) The viscosity of the fluid, which is the key in determining the
amplitudes and frequencies of VIV could be ignored in the
wave kinematics, and hence in wave-induced vibrations.

Consequently, the structural design of the riser preventing the
wave-induced vibrations is not as thorough as the designs
concerning the VIV.

In the literature effect from wave is often treated as a static force
calculated by Morison’s equation or other wave theory. While wave-
induced vibrations are mostly coupled with water flow. To the
authors’ best knowledge there is no separate analysis of the dynamic
effect of waves on risers, and the scale effects.herein is still an open
topic and should be systematically investigated. It is postulated that
the structural parameters, together with the wave kinematics, are
important in determining the wave-induced vibrations of a riser,
and hence should be paid attention to when designing the scale-
down experiments. In detail, the present study preliminarily
investigates the scale effect of the riser vibrates under excitation of
waves using the carefully designed wave-basin tests on the riser
models with different geometric scales. After introduction, section 2
presents the design of the scaled riser models under investigation,
the description of the wave test basin and facilities, experimental set
up and the method of data analysis. Experimental results are
discussed in section 3. Conclusions are drawn in section 4.

2 Experimental setup and procedure

A truncated model of a riser, at three different geometric scales,
is placed in the wave-basin and its vibrations under the excitation of
waves with different kinematics are measured. From the
measurements of riser model vibrations, the scale effect of the
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wave-induced vibration is investigated, which focused on the
influences of wave kinematics and structural properties of the
riser model. This sections briefly reviews the similarity theories in
describing the wave-induced vibration and articulates the set-ups
and procedures to conduct the wave-basin tests for riser models at
different geometric scales.

2.1 Similarity theory

Since the cost associate with an experiment of risers at the full-
scale is unacceptably high, the academic investigations focusing on
the dynamic features of wave-induced riser vibrations mainly relies
on the scaled-down experiments. Given that the scaled-down
experiments are commonly used to reveal dynamic behavior of
complex systems, similarity theories have been developed for the
design of them. Ideally, both the dynamic characteristics at the fluid
side and the structure side should be similar for the prototype and
the model. The perfectly scaled-down experiment, however, does
not exist due to the absence of proper materials at both the fluid and
structure sides. Consequently, the dominate dynamic features in the
full-scale system should be identified, and corresponding similarity
theory is developed for the design of the scaled-down experiments.

In the scaled-down experiment for the offshore structures, the
Reynolds and Froude Number similarity theories are usually
employed. It is widely acknowledged that Reynolds similarity is
highly difficult to satisfy in the experiment. In the field of ocean
engineering, the Froude similarity is most widely followed through
adjust the geometry of the model and the velocity of the flow. When
the wave dynamics is of concern, the Keulegan-Carpenter (KC)
number similarity is also important as it reveals the periodic nature
of the wave excitation. Froude similarity is applied in the current
work. Table 1 provides the conversion of physical quantities
between model and prototype. The ratio of seawater to freshwater
density is y (y = 1.025).

With regards to the wave-induced vibration of risers, it is
expected that both the parameters in association with the KC
number similarity and the fluid-structure interaction should play
a role. In detail, it is postulated that the periodic nature of the wave
excitation and the natural frequencies of the riser are both
important in determining the dynamic responses of the riser
under waves. In addition to the frequencies, the magnitudes of
hydrodynamic forces and the structural properties of the riser
together determine the amplitude of the vibration. Since there is
no commonly acknowledged similarity theory to guide this kind of
experiments, it is beneficial to reveal the relative importance of

10.3389/fmars.2024.1372676

parameters for wave kinematics and structural properties, which
could lead to discoveries of novel dimensionless number describing
the dynamic responses of risers under the wave excitation.

2.2 Riser model

In order to investigate the scale effect for the riser vibrating
under waves, a series of wave-basin tests were conducted and
reported in the present study. In fact, riser models at different
geometric scales were tested, which reveals the connections of
frequencies and amplitudes of riser vibrations with wave
kinematics and its structural properties. As revealed by Lee and
Allen (2010), the axial and lateral stiffness, in the combination with
the top tension, determines the dynamic features of the riser
vibration under periodic excitation. So it is reasonable to ignore
the axial stiffness of the riser as it seldom influences the structural
responses of a riser in the range of wave elevations. Consequently,
the top tension and the bending stiffness are focused in the design of
the riser model in the present study.

The riser model employed is scaled down from a real riser used
by China National Offshore Oil Corporation (CNOOC) in a project
installed in the South China Sea. The major structural parameters of
the riser at the full-scale is summarized in Table 2. Considering the
restrictions of the wave-basin dimensions, the geometric scales for
the design of the riser model are specified as 1:9, 1:12 and 1:15.

It is apparent that the geometrically perfect scaled-down of the
real riser would lead to an unrealistic model with extremely thin ring
as the cross-section. In fact, the riser model corresponding to the scale
of 1:9 shows a thickness of 3.5 mm. Consequently, a novel approach
to manufacture the riser model is suggested in the present study.
Because the geometric and structural similarity are most important in
the manufacturing process, it is designed that the outer diameter and
the bending stiffness are preferentially scaled-down. This is achieved
by the combination of round steel and polyvinyl chloride (PVC)
pipes. In order to eliminate the additional stiffness brought about by
the PVC tubes, they are disconnected along the whole length.

In fact, the scaled-down model is manufactured as follows. a)
the fully-threaded steel rod with desired diameters is selected and
truncated to be the core of the riser model, and to present the
desired bending stiftness; b) PVC tube segments, with the outer
diameters determined from the geometric scale, are manufactured;
3) the PVC tube segments placed onto the lateral supports of the
core steel rod are assembled along the core steel rod using water-
proof glue; d) the assembled PVC tube is sealed at both ends to have
a water-tight riser model. Figure 1 shows the components, i.e., the

TABLE 1 Scaling criterion of physical quantities between model and prototype.

Quantity Symbol Conversion coefficient Quantity Symbol Conversion coefficient
Length Ly/Lyy, A Period To/Trn A2
Area Ap/Am 2 ‘ Mass M/ My, 7
Volume Vol Vin 23 ‘ Force Fy/Fy 75
Inertia I/ A ‘ Young’s modulus Ey/Ex, bz
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TABLE 2 Geometric and structural characteristics of the CNOOC riser at
the full-scale.

Outer diameter (mm) 457
Thickness (mm) 31.8
EI of the Pipe (Nm?) 2x10°
Mass (kg) 6x10°
Length (m) 1800
Material API PSL2 X65 Carbon Steel

steel core rod and the outer PVC tube segments, used to
manufacture the riser model at different geometric scales.

To obtain the desired bending stiffness, the deflection of the
assembled riser model is accurately measured in the mechanic
laboratory using a three-point bending machine to apply the load.
Supplementary Figure 1 shows the sketch for the bending test and
the photo showing the site.

In addition to the bending stiffness, the top tension also
influences the dynamic behavior of the riser. In fact, it is
suggested that the dimensionless parameter of TL*/EI determines
the behavior of the riser, in which T is the initial tension, L is the
length of the riser and EI, in general, shows the bending stiffness.
While TL? larger than EI indicates string-like behavior of the riser,
TL?/EI<1 implies that it is a beam-like structure. Consequently,
three different slotted weights—47, 95, and 143 kg—are connected
to the riser model at the geometric scale of 1:9 to evaluate the
influence of top tension on wave-induced vibrations. Given the riser
models are at three different geometric scales and three slotted
weights are connected to the riser model at the scale of 1:9, six
different riser models are under investigation. Table 3 summarizes
the structural properties of them. For the sake of brevity, these
models at the scales of 1:15, 1:12 and 1:9 are labeled as Small,
Medium and Large model respectively. The value of slotted weights
is appended to those label for further clarification.

.:.:j‘
. = Small pipe

Steel rod

;5,?; Medium pipe

Il'
Large pipe

FIGURE 1
Comparison of riser models at different geometric scales.
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2.3 Experiment facilities

The riser models at different geometric scales are tested in the
wave basin in the Shenzhen International Graduated School,
Tsinghua University. In fact, the vibrations of the riser models
under the regular waves with different kinematic characteristics
were employed in the present study to investigate the wave-
induced vibration.

In fact, the wave basin is 25m long, 8m wide and filled with
water up to 5m shown in Supplementary Figure 2. In other words,
the water depth of it is 5m. It is equipped with a flap wave maker
and a wind tunnel at one end. While the regular waves are generated
by the wave maker, the wind tunnel is turned off in the present
experiment to eliminate the influence of winds on the vibration of
riser models. The riser model is installed at the bottom of the trailer
and placed in the middle of the basin. Given the diameters of the
riser models and the location of their installation, the wall proximity
effect are negligible. The maximum wave height generated in the
basin is 0.75m. However, the wave heights are in the range of
0.Im~0.5m in the present study to avoid the stability issue for
higher wave heights. Opposite to the wave maker, there is a
absorbing beach at the end of the basin.

The trailer is controlled to positioned at the horizontal center of
the basin and is fixed at the predefined location throughout the
experiment, which provides a fixed boundary condition for the
model. At the top end of the model, a force sensor is attached to
measure the top tension during the experiment. At the lower end, a
specifically designed frame is used to host the slotted weights. It is
noted that the frame only restricts the horizontal movement of the
slotted wight. The layout of the riser model is shown in Figure 2.
Supplementary Figure 3 shows the apparatus connected to both
ends of the riser model.

In order to measure the dynamic responses of the riser model
under waves, a series of strain gauges are attached along its axial
direction. Since the dynamic responses near the free surface is of
concern, the strain gauges are placed denser close to the free surface.
More specifically, there are 6 gauges along the axis of the riser
model, and their locations are shown in Figure 3. It is noted that the
gauges are placed in pair to measure the strains for both the
upstream and downstream directions. While the gauge P1 is
located above the free surface, P2-P6 gauges are underwater. In
fact, the gauge P1 is installed 0.75m beneath the top of the riser
model, and is 0.35m above the still water. The signals of the gauges
are sent to the central computer via the M3841 collection system as
shown in Supplementary Figure 4. In addition, a series of wave
elevation sensors are installed before the riser model to verify the
wave load conditions. The specifications of the measuring
equipment are summarized in Supplementary Table 1.

2.4 Experimental produces and wave
load cases

During the wave-basin test, the riser could be regarded as a
cantilever beam. In fact, it is essentially a truncated model, in which
the influence of remaining riser occupying the water down to the
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TABLE 3 Key parameters of the scaled riser model.

Small Medium LargeO Large47 Large95 Largel43
Scale Ratio 1:15 1:12 1:9 1:9 1:9 1:9
Outer Diameter of the PVC Pipe/mm 32 40 50 50 50 50
Diameter of the Steel Rod/mm 10 12 24 24 24 24
Measured EI of the Pipe/Nm® 107 118 1937 1937 1937 1937
Total Mass/kg 7.6 10.6 28.8 28.8 28.8 28.8
Slotted Weight/kg 0 0 0 47 95 143
Pipe Length/m 6 6 6 6 6 6
Initial Tension/N 99.7 145.4 186.7 579.2 1092.6 1565.5
TL*/EI 33.5 44.2 3.5 10.8 20.3 29.0

seabed is ignored. At first, it is practically impossible to model the  is activated to generate the regular waves and the measurements of
entire riser system as the riser in the real project is around 1800  the strains and top tensions are accumulated.
meters long. Secondly, the wave-induced vibration is understandably With regards to the kinematics of waves, the heights and periods
only observed near the free surface. Therefore, a truncated model is  of regular waves were varied to provide different load cases. In fact,
fabricated in the present study. And the remaining part of the riser in  different wave kinematics are adopted for riser at different geometric
fact provides the restriction for the motion of the truncated model.  scales. For the Small riser model, the wave height ranges from 0.1m to
Considering the extensive length of the it, it is reasonable to assume it~ 0.4m and the wave periods ranges from 0.7s to 2.0s. For the Medium
hardly restricts the dynamic responses of the model under the waves.  riser model, the wave height varies in the range of 0.12m-0.45m, and
Therefore, the model is regarded as a cantilever beam, and the  the wave period varies in the range of 0.79s to 2.07s. The wave heights
restriction of the remaining riser part is simply ignored. and periods both increase in the test corresponding to the Large riser
The general procedures to conduct the wave basin experiments ~ model to ranges of 0.15m-0.56m and 0.84s-2.24s. The details of the
are as follows: a) the core rod is manufactured according to the  load cases employed are illustrated in the Table 4; Supplementary
desired geometric scale and the strain gauges are attached to therod ~ Tables 2, 3. All the waves are seen as deep-water waves. During the
at the prescribed locations; b) The core rod is connected to the outer  test, the wave parameters are controlled by the wave-making system.
PVC tube segments to prepare the riser model at different geometric
scales; ¢) A three-dimensional force sensor is installed at the end of
the trailer, and the interface is designed to connect with the riser 2.5 Data analysis
model at its top end; d) The riser model, together with the desired
slotted weight, is hoisted and installed onto the trailer (Figure 4); Strains of the riser model are the main measurement
Meanwhile, the base frame is placed to the bottom of the wave  accumulated in the wave-basin test. Given the strains at various
basin; The riser model is then carefully moved by the trailer to the = positions along the riser model are measured, the dynamic
predefined position with the slotted weight perfectly hosted by the  displacements are discerned via modal analysis. In addition, it is
base frame; e) The wires connecting the strain gauges and the force ~ well known, from the VIV experiments, that the dynamic responses
sensor are sealed inside the outer PVC tube segments and dredged  of a riser may couple with the tension to present a complex fluid-
out to collect the signals to the central computer; f) The wave maker ~ structure interaction phenomenon, in which the simple modal

FIGURE 2
Layout of the riser model in the wave basin.
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FIGURE 3
Schematic diagram of strain gauge arrangement (unit: mm).

analysis linking the strains and dynamic displacements of a riser is
no longer applicable. Consequently, the strain gauges are arranged
symmetrically about the axis of the riser in the wave-incident
direction to evaluate the influence of vibrations on the tension,
and in turn on the strains of a riser.

2.5.1 Strain acquisition

Since it is reported, in the literature concerning the VIV, that
the vibration could induce periodic variations in tension, which
ultimately influences the dynamic responses of the riser, the strains
measured symmetrically about the neutral axis in the wave-basin
are employed to eliminate the influence of tensions. In detail, the
strains measured across the neutral axis of the riser show the
variation of the neutral position of the riser model, which
indirectly reveals the deformation characteristics of the riser.

Figure 5 shows a segment of strain time history measured at the
position of P5 under the load case of #13 corresponding to the
Largel43 model. It is observed from the figure that the two strain
time serials are equal in value and opposite in the sign, and the averages
of the strains in the opposite directions is acceptably close to zero. Such
an feature implies that the riser model under investigation in the wave-
basin test is in the pure bending state, in which the shear does not play
a dominate role. In other words, the strain measurements
corresponding to the upstream face of the riser in the wave-incident
direction contain all the information required to estimate the
dynamic displacements, and therefore only those measured at the
upstream face are used for subsequent processing and discussion.

2.5.2 Modal analysis

The strains measured at the upstream face are used to infer the
vibration response of the riser via modal analysis (Equations 1-6) as
demonstrated by Gao et al. (2015). In detail, it is assumed that there

FIGURE 4
Hoisting of the riser model.

Frontiers in Marine Science

10.3389/fmars.2024.1372676

are n-th modes participating in the dynamic response of the riser, and
the displacement at a given location along the riser axis is obtained
through a linear superposition of the participated modes. In other
words, the displacement along the axis of a riser model is expressed as:

x(z,1) = 3L, ¢i(2hi(t) (1)

where x(z,t) is the displacement of a riser in the wave-incident
direction;z shows the vertical coordinates of the location; ¢ is the
time; ¢; is the shape of i-th mode participating in vibration; # is the
highest mode order considered in the modal analysis; k; is the i-th
mode contributing coefficient, i.e., the contribution of the i-th mode
to the total displacement response of the system. The relationship
between the displacement and curvature x{(z, t) shows:

2

X S @R (). @)

K(Z, t) = @

From the structural dynamics of a cantilever beam, its mode
shapes are,

cosa;L + cosha,L

i\Z) = cosa;z — cosha;z — sing;z
t( ) Al i h i ( i

sing;L + sinha;L

— sinha;z)] (3)

where A; and a; are undetermined constants. Then the
curvature corresponding to the selected mode shape is given by

cosa;L + cosha;L

¢,7 (2) = a’A,[-cosa;z — cosha,z — (- sing;z

sina;L + sinha;L
— sinha;z)] (4)

According to classic structural dynamics (Liu et al., 2005), the
first four solutions of alL are 1.875, 4.964, 7.855 and
10.996, respectively.

Considering the relationship between curvature and strain e:

_&(z,1)

Kz t)=—p (5)

where R is the diameter of steel rod, it is derived that

e(z,) = K(zt)-R= S ¢ (Dh(t) - R=S" 6/ (2ei(t),  (6)

in which ¢;(¢) is the i-th mode contribution coefficient to the
total strain. The relationship between displacement and strain can
then be obtained combing the relationships shown in Equations (7):

£(zy, 1)€(z1, 1) -+ €2y, ) er(t)e () -+ e ()

ey(t)ex(ty) -+ ex(tny)

01(2))0,(25) -+ 9 (2n)
01(2)03(2) - B (zx)

£(z3, 1)) €(22, 1) -+ €(25 tny)

e, (t)e,(ty) - e,(tny)

(7)

01(2)05(22) = O (2n)

e(zy, t)e(zy, ty) - €2y, tar)

With the help of the measurements of strains taken, the
contribution coefficients of the modes participated in the dynamic
responses of the riser model are determined, which in turn leads to
the estimates of the displacements given the known mode shape.
Figure 6A shows the time history of the contribution coefficients of
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TABLE 4 Regular wave height and period for Small pipe model test.

10.3389/fmars.2024.1372676

Period Frequency Froude No.
Height H/m Tls f/Hz
1 0.10 0.70 1.40 0.64 9.82
2 0.10 0.90 111 0.39 9.82
3 0.10 1.00 1.00 0.31 9.82
4 0.10 1.20 0.83 0.22 9.82
5 0.10 1.50 0.67 0.14 9.82
6 0.10 1.80 0.56 0.10 9.82
7 0.20 1.02 0.98 1.21 19.64
8 0.20 1.20 0.83 0.87 19.64
9 0.20 1.50 0.67 0.56 19.64
10 0.20 1.80 0.56 0.39 19.64
11 0.20 2.00 0.50 0.31 19.64
12 0.30 2.00 0.50 0.71 29.45
13 0.40 2.00 0.50 1.26 39.27

the first four modes corresponding to the riser model at the geometric
scale of 1:15 under the load case of #1. The coefficients are around
-6x107° ~ 1x107°, -8x10° ~ 7x10° | -9x107 ~ 1x10°and -9x107
~ 7x107, respectively. Therefore, the first two order modes are
considered dominant the vibration of the riser model. The sum of
the energies corresponding to the first three modes reaches 95%
(Figure 6B). Consequently, it is sufficient to estimate the vibration of
the riser model considering the first three participating modes.

3 Results and discussions

Including the riser models at different geometric scales and
slotted weights applied at the end, there are 6 different models
tested in the wave basin. For each of them, 13 different load cases

80 T T

are applied, which is named as #1 through #13. Using the
measurements of strains, the dynamic responses, mainly the
vibration frequency and amplitudes, are analyzed to reveal the scale
effect of risers vibrated in waves.

3.1 Spectrum of the displacement

With the help of the measurements of strains at different location
along the riser model, the time histories of displacements at
corresponding locations are obtained, which are used to show the
spectral characteristics of the vibrations through Fourier
transformations.

Figure 7 depicts the vibration spectra at different sampling
points for the Large0 model under the load condition of #12 (see
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FIGURE 5
Strain time history for Largel43 pipe under condition #13.
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Contribution coefficients of the first four modes: (A) Temporal variation; (B) Percentages.

Supplementary Table 3). It is revealed from the figure that the
vibration of the riser model is fairly periodic with a dominant
frequency equaling to the frequency of the wave excitation. In some
cases, the secondary vibration frequency, which is twice as the wave
excitation frequency, cannot be ignored.

In addition to the spectral characteristics, the time histories of
the displacements also leads to the estimates of the vibration
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FIGURE 7
Spectrum for LargeO pipe (Fr=0.70, KC=25.13).
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amplitudes. Figure 8 shows the root-mean square of
displacements normalized by the diameter of the riser models
under the excitation of the load case of #1. It is noted that the
first point showing a vertical coordinate of 0.35m is above the still
water surface, and the other five points are well below the water
surface even in the wave condition. As expected, Figure 8 shows that
the vibration amplitude for all the riser model under investigation
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increases downwards. Such a finding substantiates that the
experiment configuration discloses the dynamic responses of a
cantilever beam under the excitation of waves.

3.2 Vibration amplitude along the
riser model

According to the structural dynamic theory concerning the
cantilever beam, it is postulated that the vibration amplitudes of
the riser model is related to the distance from the fixed end of the riser
model in a nearly cubic fashion. In fact, when the excitation of waves
is modeled as external loads mainly applied within a narrow band
near the water surface, the deformation of the riser model can be
satisfactorily described as a cubic function of the distance from the
fixed end. Figure 9 shows the variation of the vibration amplitude of
the Small model with the distance from the fixed end under the load
cases of #3 and #12. The cubic functions calculated by fitting the
measured vibration amplitudes are also included here. It is noted that
the vibration amplitude is defined as the standard deviations of the
time series of displacements obtained from the wave basin test.

The agreement shown in Figure 9 between the vibration
amplitudes and the fitted cubic function indicates that amplitudes of
wave-induced vibration beneath the water surface can be satisfactorily
estimated via the wave-induced vibrations observed near the water
surface. The coefficients of the fitting function differ due to their wave
height and period. As the wave height period increases, the
corresponding absolute value of the coeficient also increases.

3.3 Vibration amplitude with scale ratio

In the present study, both geometry similarity of the pipe and
wave load similarity are considered following the Froude criterion.
Froude number for each wave load case (#1 ~ #11) corresponding to
different pipes is approximately equal. Figure 10 compares the
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nondimensional amplitude for these eleven load cases with
different scale ratios. Theoretically each curve with the same
Froude number should be a horizontal line. It is shown that
dimensionless amplitude decreases with scale ratio almost linearly
for case #1, #2, #4 and #7; while for the other group the curve shows
a hill shape. Apparently, the straight lines occur when the wave
height and period are both small in these cases nonlinearities are
not that intense. Vibrations are influenced mainly by the magnitude
of the wave forces. Also, it should be mentioned that the bending
stiffness can not be exactly scaled down. In fact, it is smaller than its
theoretical value, which makes the vibration frequency near the
natural frequency for Medium model causing a larger amplitude, i.e.
the hill-like curves. In the later case, the nonlinearity increases with
the wave hydrodynamics and the structural characteristics start to
play the dominant roles. Therefore, these results indicate a greater
impact of structural properties of the riser than fluid characteristics

given nonlinear enhancement of waves.

3.4 Influence of wave periods

As in the VIVs, it is concerned that the resonance occurred in the
wave-induced vibration could bring significant damages to the riser.
Therefore, it is interesting to reveal the connections between the
amplitudes and the wave periods. Figure 11 shows the variation of the
wave-induced vibration amplitudes with the wave period for the riser
models without slotted weights, i.e. the Small, Medium and Large0
models. Since it is shown that the vibration amplitudes of the entire
riser model can be well represented by the those near the water
surface, these amplitudes shown here all corresponds to the sampling
point of P2. It is noted that the load cases are in association with
different wave heights. While the wave heights in the load cases of
#1~6 are 0.1m, the wave heights in the load cases of #7~11 are 0.2m.

It is shown from the figure that vibration amplitudes first
increase with the wave periods and then decreases with a peak
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appeared in the middle. The only exception is found for the Large
model in the load case with the wave height of 0.1m, and can be
explained as the wave excitation is not strong enough to induce the
resonance. Other curves shown in Figure 11, on the other hand,
contain a resonance peak illustrate the importance of wave periods
in describing the wave-induced vibration. To be more specific, the
natural frequencies of different riser models are calculated and
compared to the wave periods corresponding to the resonance
peaks. In detail, the natural frequencies of the riser model are
estimated (Equation 8) according to Lee and Allen (2010) as

_ EI TL?
fo = U)o

T, =21/fpn=1,23.., (8)

where 7 is the selected mode number, f, and T, are the nth
natural frequency or period of the riser model, m and L are the mass
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Variation of amplitude with wave period for different pipes: # 1~6,
Hy = 0.1m; # 7~11, H,, = 0.2m.
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TABLE 5 Wave periods with peaks and natural periods of
different model.

Riser Model Wave period Natural period (s)
with peaks (s)
Small 12 & 1.5 1.1 (2nd)
Medium 1,57 & 1.57 1.2 (2nd)
Large0 0.84 &2.16 0.7 (2nd) & 2.3 (Ist)

and the length of the riser model; EI shows the bending stiffness and
T is the initial tension. Table 5 compares the periods
corresponding to the resonance peak shown in Figure 11 with the
natural frequencies of the corresponding riser model. For the Small
model, the resonance peaks are observed at T,, = 1.2s (H,, = 0.1m)
and 1.5s (H,, = 0.2m), which is near the second natural period of
this pipe (T, = 1.1s). For the Large0 model, the frequencies
corresponding to the resonance peaks are 0.84s (H,, = 0.1m) and
2.16s (H,, = 0.2m), which agrees with the corresponding first and
second order natural frequencies.

3.5 Influence of the top tension

As revealed in Figure 11 and Table 5, the resonance occurs
when the periods of the wave excitation are close to the natural
periods of the riser model. Since the natural frequency is related to
not only the bending stiffness, but also the tension when the riser
behaves as a string, it is reasonable to suggest that the wave-induced
vibrations is influenced by the top tensions applied to the model.

Figure 12 depicts the time history of the fluctuating tension,
strain and non-dimensional vibration displacement and their
corresponding spectrum for Small pipe at Load case #1. The
second column in the figure is the initial part of the first column
to present a close look on the vibration curves. It’s shown that top
tension, strain and displacement are nearly in phase and there is no
hysteresis among them. In addition, the dominant frequency
corresponding to tensions, strains and vibrations are the same
(~1.4 Hz) in this specific case. Such simultaneous measurements
of top tension and vibration under the excitation of waves indicate
that waves cause the variation in the tension with no lag comparing
to the dynamic vibration of the riser model.

Figure 13 shows the variation of the amplitude with the initial
tension at sampling point P2 corresponding to the models with different
slotted weights, ie., the Large0 model to Largel43 model. Six curves
correspond to the first six wave load cases (see Table 4; Supplementary
Tables 2, 3). It is observed from the figure that the amplitudes of wave-
induced vibration decrease with the top tension monotonically with a
rebound at Load case #1, #2 and #4. It maybe because the second order
natural period of the Large143 model is close to these wave periods.

3.6 Influence of the KC, TL?/EI
on amplitude

From the investigation on the amplitudes of vibrations under
the influences of the distance from the fixed end, the wave period
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and the initial tensions applied to the riser model, it is suggested
that the estimate of the vibration amplitude should take into
consideration wave periods and structural properties of the riser
model. In addition, it is common knowledge that the wave-induced
vibration amplitude is in connection with the wave height, i.e., the
strength of external loading, and the bending stiffness of the riser
model. Consequently, it is attempted, based on the measurements of
the wave-basin experiment, to suggest a dimensionless parameter to
estimate the vibration amplitude of risers.

In fluid dynamics, the KC number is an important
dimensionless parameter (KC = UT/L,) that characterizes the
periodic wave forces acing on offshore platforms. By definition,
the KC number quantifies the relative importance of resistance over
inertial forces on blunt bodies in oscillating flows. The present study
revised the KC number to indicate the general strength of the wave
loads in a distance of x from the fixed end of the riser model. In
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other words, the present study suggests that the distance from the
fixed end ( x) replaces the characteristic length of the bluff body ( L)
to deliver a KC; number.

In structural dynamics, TL*/EI is widely used to measure the
relative importance of two different mechanism contributed to the
total structural stiffness of a riser (Ren et al., 2020). In detail, TL?
shows the stiffness resulted from the string-like behaviour, and EI
gives the stiffness of beam-like behaviour. Such a dimensionless
parameter is hence borrowed in the present study to show the
overall stiffness and to imply the natural frequencies of the riser.

Combing the revised KC; number and the dimensionless
parameter of TL?/EI, the present study suggests a new
dimensionless number m (m; = KC4 TL?/EI), which
comprehensively takes the wave and structure into account, to
estimate the amplitude of wave-induced vibrations. Figure 14 shows
the amplitude normalized by the cubic of the distance x at sampling
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points P1 to P6 as a function of m; for six models. It is concluded
that the normalized amplitude collapse into a single curve described
by a function of m; The amplitudes at the sample point P1 agree
with the global trend but their magnitude are one order larger than
the value at P2 to P6. There are two ways this could be interpreted.
The first one is this P1 is above the water surface which leads to
different loading and vibration. The other one is near the fixed end
where the boundary condition has primary effect. So the conclusion
here predicting wave-induced vibrations is not applicable to the
sampling point which is above the water surface or near the
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boundary (x/L< 0.2). That is the limitation of the proposed
dimensionless parameter. While it is suitable to describe the
wave-induced vibration for those underwater and away from the
boundary (x/L > 0.2).

It is discerned from the figure that the normalized vibration
amplitudes monotonically increase with the dimensionless
parameter of m. In fact, it is found that the normalized
amplitude marginally increases when m; is below 10, and the
increase is significantly expanded when m; > 10. From such an
observation, it is suggested that further studies can be conducted
separately for the wave-induced vibration of risers corresponding to
the regime of m; < 10 and 7; > 10.

3.7 Dominant vibration frequency

Figure 15 shows the dominant vibration frequency reduced by
wave incidence frequency between different sampling points of each
pipe. It’s obvious from the figure that the dominant frequency of the
vibration agrees, in most cases, the wave incident frequency. In
certain cases, the dominant frequency of vibration is 2, 3, 5, or 6
times the wave frequency. In Figure 15C, the dominant frequency of
Large0 pipe under conditions # 4 and # 8 ~ #9 is twice the wave
frequency; while it is threefold under conditions # 10~# 13 and
fivefold (0.51Hz vs 2.49Hz) under conditions # 13 for the Small
pipe. It should be noted that different sampling points have different
frequency component at the same load case. P5 and P6 usually have
higher dominant frequency and more spectral components. The
generation of the multi-frequency is related to the higher-order
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Variation of normalized amplitude with KC,*TL?/EI for six pipes: (A) P1; (B) P2~P6.
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Dominant frequency at different sampling points normalized by wave frequency: (A) Small; (B) Medium; (C) LargeO; (D) Large47; (E) Large95;
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components generated by waves passing through a cylinder. The
displacement at the lower end of the pipe to be delayed compared to
the displacement at the upper end. The lower end of the riser has
not yet returned to its equilibrium position Thus, the displacement
at the lower end is excited by the superposition of multiple waves.

4 Conclusion

Multiple scaled riser model tests under regular waves were
conducted in a wave basin to study the scale effect of riser in waves.
Considering that the hydrodynamic geometries and the structural
stiffness are the most influential factors in determining the dynamic
responses of a riser under the excitation of waves, the present study
offers a novel design of the scaled-down model of risers combing the
disconnected PVC tubes with steel core rod.

Using the novel riser models, a series of wave-basin tests were
carried out with different wave kinematics and riser models at
different geometric scales. The results show that the vibration
amplitude of the riser model is a cubic function with the distance
x from the fixed end. When the wave height is constant, the
amplitude of wave-induced vibrations varies with the wave period
showing a resonance peak around the pipe’s natural period. Based
on the measurement concerning the wave-induced vibrations along
the riser model, a dimensionless number m; = KCzTL%/EI is
introduced where L is the pipe length, EI is the bending stiffness,
T is the top tension and the characteristic length in the KC number
is taken as the distance x. The normalized amplitude of the wave-
induced vibration is found increase with this parameter. While the
increase of normalized vibration amplitude is only marginal when
m < 10, it significantly expanded when m; > 10.
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