
1 INTRODUCTION 

The formation of a local scour hole around subma-
rine pipelines is an important concern in design be-
cause it can lead to fatigue failure due to vortex-
induced vibrations; a topic that has been studied ex-
tensively over the past 4 - 5 decades. Another type of 
marine structure similar to a pipeline is the steel ca-
tenary riser (SCR). The touch down position of an 
SCR is also susceptible to scour, but the scour hole 
developed here differs from that related to a horizon-
tal stationary pipeline in that it moves up and down 
on the seabed due to the motions of the floating plat-
form. Thus published scour prediction equations for 
pipelines are inappropriate for SCR design. This is 
because SCR motions are expected to exacerbate the 
scouring process due to increased agitation of the 
sediments on the seabed. 

Most previous researches had focussed on the in-
teraction between a 2-dimensional vibrating riser 
and soil of sea bed under a range of amplitudes and 
velocities of vertical motion (Aubeny et al., 2008, 
Clukey et al., 2008, Langford & Aubeny, 2008, and 
Hodder et al., 2009). Hodder & Byrne (2010) carried 
out experiments to investigate the 3-dimensional in-
teraction between a forced vibrating SCR and a sand 
bed in still water. They measured the bending mo-
ment along the SCR, as well as the sand bed reaction 
forces and excess water pressure for both monotonic 
and cyclic tests, while the trench profile was ob-
served qualitatively. Hu et al. (2011) and Westgate et 
al. (2013) embedded a forced cyclic vibrating riser in 

a clay seabed and investigated the effect of soil 
strength, riser displacement rate and loading mode 
on riser–soil interaction. 

Consequently, these previous studies may not re-
veal the actual scouring mechanism around SCRs. Li 
et al. (2013) conducted experiments to study the im-
pact of a vibrating SCR on scour in a steady current. 
A forced vertical vibration of the riser was used in 
the tests. Their results showed that the scour profiles 
for a stationary and a vibrating riser were different. 
The maximum scour depth increased significantly 
with both vibration amplitude and frequency, with 
the latter having a more profound influence.  

Notwithstanding the limited published studies 
pertaining to scour around a forced vibrating riser in 
still water, there is as yet no detailed quantitative 
study on the interaction between the flow field, scour 
and vibrating riser. This study aims to obtain a better 
understanding of the characteristics of the flow field 
around a vibrating riser and its relationship with the 
surrounding scour hole. To this end, a physical ex-
periment with a 2-dimensional circular cylinder 
mounted elastically on a movable rod near an erodi-
ble seabed in still water was conducted. A server 
motor was used to control the movable rod vertically 
with fixed amplitude and three frequencies in order 
to simulate the vibration induced by the floating 
platform. 

Flow visualizations and high time-resolved PIV 
(particle image velocimetry) measurement tech-
niques were applied to observe and measure the flow 
field around the cylinder. In order to improve the 
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measurement accuracy of the velocity both in the 
space and time domains, a new high time-resolved 
PIV measurement technique was adopted in the pre-
sent study. This PIV system used high speed camera 
instead of the conventional CCD camera to obtain a 
sufficiently high sampling rate for the velocity and 
turbulence measurements. A high-pass filter process 
and multi-time interval method were used to in-
crease the accuracy of the velocity calculation near 
the scoured sand bed. The characteristics of interac-
tions between the vibrating cylinder, flow field and 
scour hole during the scouring process are discussed 
in this paper.  

2 EXPERIMENTAL SETUP 

2.1 Water flume, sand bed and coordinate system 
Laboratory experiments were carried out in a re-
circulating flume in the Hydraulics Modeling Labor-
atory at Nanyang Technological University. The test 
section, with length = 1100 cm, width = 60 cm and 
depth = 60 cm, has glass walls on both sides and the 
bottom to allow visual observations and PIV meas-
urements. 

For the experiments with an erodible bed, one 
uniform sand with median grain size d50 = 0.449 mm 
and geometric standard deviation σg = 1.296 was 
used. The sand bed was 8.4 m long with the thick-
ness of 10 cm. The water depth is kept constant at 40 
cm. It must be stated that the water remains station-
ary in all the tests. 

Figure 1 shows the coordinate system adopted in 
this study. The origin is located on the original sand 
bed level and directly beneath the center of the cyl-
inder. The x-axis is in the streamwise direction, 
while the y-axis in the vertical direction. 
 

 
Figure 1. Coordinate system adopted in present study. 

2.2 Test model and vibrating system 
An acrylic circular cylinder with diameter = 3.5 cm, 
and length = 56 cm were used as the model in the 
experiments. The purpose of this study is to explore 

the characteristics of the flow field around a two-
dimensional forced vibrating steel catenary riser 
(SCR) that is elastically mounted and moves verti-
cally, and its relationship with the surrounding scour 
hole. To this end, the cylinder was mounted on an 
aluminum supporting frame, which, in turn, is con-
nected by two springs to a moveable rod on another 
frame that is fixed on the two sides of the flume, as 
illustrated in Figure 2. A server motor was used to 
control the movable rod vertically with certain fre-
quency and amplitude in order to simulate the vibra-
tion induced by the floating platform. The support-
ing frame is designed to vibrate only along the 
vertical direction with the use of four bearings; 
moreover, the length of rod of the supporting frame 
can be adjusted for a predetermined gap size be-
tween the cylinder and sea bed. 

The weight of the vibrating system, including the 
circular cylinder and the aluminum frame is 1.445 
kg, which corresponds to an equivalent mass ratio 
m* = 2.682. By conducting free decay tests in still 
water following the procedure in Sumer and Fredsøe 
(1997), the following parameters are obtained: natu-
ral frequency fN = 0.82 Hz, damping ratio ζ = 0.124, 
and m*ζ = 0.333.  
 

 
Figure 2. Schematic diagrams of experimental setup. 

2.3 Velocity measurements and analysis techniques 
Although PIV techniques and related applications 
have become mature in the past decade, there are 
still some limitations that need to be resolved for the 
present study. Consequently, a new high time-
resolved PIV measurement technique proposed by 
Hsieh (2008) was adopted in the present study. 

The PIV measuring system comprised a 5 W air-
cooled laser with wavelength = 532 nm as the light 
source, and a high speed camera (Phantom Miro 
M120) to capture the images. The beam emitted 
from the laser source was reflected by a mirror, re-
sulting in a laser light fan with 1.5 mm thickness 



cast downward into the water through a transparent 
acrylic sheet on the water surface, which reduced re-
flection from water surface oscillations. Additional-
ly, aluminum particles with diameter = 10 µm and 
specific density = 2.7 were used as seeding particles 
in the experiment. Using Stoke's law, the settling ve-
locity of the aluminum particles was estimated to be 
less than 10 µm/s. 

The high speed camera with a three-gigabyte 
memory storage and 1600 × 1200 pixel resolution 
was used to capture images of the particle-laden 
flow. A 60-mm focal lens was mounted on the high 
speed camera that was operated at 200 fps (frame per 
second). A multi-grid processing algorithm was 
adopted to enhance the accuracy of velocity calcula-
tion; the interrogation window started from 32 × 32 
pixels and ended with 8 × 8 pixels. 

Moreover, a high-pass filter technique and multi-
time interval method was also applied to reduce the 
error from light reflection and time interval selec-
tion. Details of this PIV technique can be found in 
Hsieh (2008). Moreover, wavelet transform was 
used to phase-average analyses for periodic varia-
tions of the flow field. 

3 RESULTS 

The present experimental setup is able to fulfill the 
objective of studying interactions between seabed 
scour and a forced vibrating cylinder mounted elas-
tically on an oscillating rod with different frequen-
cies. In this study, only the flow characteristics in the 
intermediate region (G0/D = 1) around a two-
dimensional freely vibrating circular cylinder near a 
plane boundary were investigated. Only one ampli-
tude A0 = 5 cm was used, and three vibrating fre-
quencies f0 = 0.3, 0.96 and 1.5 Hz (case A, case B 
and case C) were used in the experiments. Herein A0 
and f0 are the amplitude and frequency of the vibra-
tion rod. 

3.1 Vibrating characteristics of a circular cylinder 
with different frequency 

The motions of the cylinder displacement were rec-
orded by using the high speed camera and PIV sys-
tem with a sampling rate of 100 Hz. Figure 3 dis-
plays the time history records of the vertical 
displacement of the cylinder, η with different f0 in 
still water far away from the sand bed (no plane 
boundary condition). The results show that the be-
haviors of the cylinder vibration are very distinct 
with different frequencies. The response amplitude A 
= 3.05, 4.53, and 0.08 cm with f0 = 0.3, 0.96 and 1.5 
Hz, respectively. Herein the response amplitude A of 
the vibrating cylinder is obtained by taking the aver-
age of the 10% of the highest peaks recorded for 
each case. If the forced vibrating frequency is close 

to the natural frequency of the system, A would be-
come bigger. 

However, when the cylinder is close to the sand 
bed, the behavior of the vibrating cylinder is differ-
ent from the “no plane boundary” condition. Figure 
4 shows the time history records with G0/D = 1.0 
when the scour hole has reached its asymptotic state. 
The response amplitude with f0 = 0.3 Hz reaches 
5.52 cm, 81% largerthan the response amplitude of 
the “no plane boundary” case with the same frequen-
cy. The result reveals the important inter-dependent 
relationship between the bottom boundary, vibrating 
cylinder and scour hole. 
 

 
Figure 3. Time history records of the vertical displacement 
with different f0 in still water (no plane boundary condition). (a) 
f0 = 0.3 Hz; (b) f0 = 0.96 Hz; (c) f0 = 1.5 Hz. 
 

 
Figure 4. Time history records of the vertical displacement 
with different f0 with G0/D = 1.0. (a) f0 = 0.3 Hz; (b) f0 = 0.96 
Hz; (c) f0 = 1.5 Hz. 



3.2 Comparison the scour hole with different 
vibrating frequency 

The data also show distinctly different scour hole 
profiles when different vibrating frequencies are im-
posed. Figures 5 and 6 show variations of the scour 
hole profiles when f0 = 0.3 and 0.96 Hz, respectively. 
It must be noted that no scour occurs when f0 = 1.5 
Hz because the resulting response amplitude is too 
small to induce any vortex formation. 

When f0 = 0.3 Hz, the asymptotic scour hole pro-
file resembles a symmetrical inverted triangular cyl-
inder, as shown in Figure 5. Figure 6 shows how the 
asymptotic scour profile with f0 = 0.96 Hz is mark-
edly different from the f0 = 0.3 Hz counterpart, with 
the latter having a flat-bottom scour hole, somewhat 
resembling a trapezoidal cylinder shape, and is sig-
nificantly wider. The bottom width of the scour hole 
is approximately 2 times the cylinder diameter. 
However, the depth of the scour hole (= 1.1 cm) is 
smaller than the case of f0 = 0.3 Hz (= 1.6 cm).  
 

 
Figure 5. The profile variations of the scour hole with f0 = 
0.3 Hz, G0/D = 1.0. 
 

 
Figure 6. The profile variations of the scour hole with f0 = 0.96 
Hz, G0/D = 1.0. 
 

The experimental data show that the scour hole 
expectedly develops quickly at their early stage of 
development (t < 180 min.). This is because the vi-
brating cylinder bounces on the sand bed, forcing 
both water and sand beneath the cylinder to move 
toward the left and right of the cylinder. The result is 
the formation of a symmetrical scour hole with the 
ensuing sediment mounds or dunes on either sides of 
the cylinder. When the depth of scour hole and 
height of the dunes increase, it becomes more diffi-

cult to “force” the bed sediment out of the hole. 
However, it must be stated that even when the scour 
hole has approached its asymptotic stage, one can 
still observe the bed sediment particles being 
“picked-up” by the movement of the cylinder, but 
they cannot be entrained out of the scour hole. The 
sediment particles merely move up and down in the 
scour hole. 

3.3 Variations of the velocity field in scouring 
process 

Figures 7 and 8 show the results of PIV measure-
ment 1440 minutes after the commencement of the 
test. At this juncture, the scour hole has entered the 
asymptotic stage in that scouring has slowed down 
significantly. The phase-averaged analysis was con-
ducted to evaluate the velocity vectors; the vorticity 
counters also are superimposed in the figures. Here-
in, the vorticity zω  (1/s) = )()( yuxv ∆∆∆∆ −  is the 
spanwise vorticity of the flow field. The red vorticity 
contours denote positive vorticity in the counter-
clockwise direction and the blue counterpart repre-
sents the negative vorticity in the clockwise direc-
tion. Moreover, it is assumed that fp is the primary 
component of the cylinder vibration, and can be rep-
resented as ηp(t) = Ap·cos(t/T), where Ap is the pri-
mary component amplitude; T is the primary com-
ponent vibrating period of the cylinder; and the time 
t varies from 0 to T. In these figures, the region 
above the cylinder has no data because of the shad-
ow of the cylinder. Because the flow field around the 
cylinder is symmetrical, the discussion below is con-
fined to the right side (x > 0.0) of the cylinder. 

Since the vibration speed of the cylinder is signif-
icantly different between these two cases (f0 = 0.3 
and 0.96 Hz), the formation and convection of vorti-
ces around the cylinder are correspondingly differ-
ent. Fig. 7 shows the lower vibrating case (f0 = 0.3 
Hz), revealing a lower flow velocity induced by the 
cylinder when compared with the fast vibrating case 
in Fig. 8 (f0 = 0.96 Hz). When the cylinder is in the 
falling phase (0.0 < t/T < 0.5), a pair of vortices with 
a similar strength but opposite in direction, are gen-
erated from the shear layers at the right and left sides 
of the cylinder. Figs. 7(a-c) and 8(a-c) show how the 
red, counter-clockwise vortex follows the cylinder 
and progressively increases in strength as the latter 
moves down to the bed. When t/T = 0.5, the cylinder 
hits the sand bed and forces the sand to be suspend-
ed. In the meanwhile, the counter-clockwise vortex 
stays between the cylinder and the slopes of the 
scour hole, spewing the suspended sediment parti-
cles from the hole (see Figures 7d-e). However, in 
the second case (fast vibrating, f0 = 0.96 Hz), the 
counter-clockwise vortex moves into the scour hole 
as the cylinder begins to move up (see in figure 8d-
f). This phenomenon is probably because the coun-
ter-clockwise vortex has a stronger momentum. 



 
Figure 7. PIV measurement and phase average velocity vector 
of a forced vibrating circular cylinder with f0 = 0.3 Hz at 1440 
minutes after the commencement of the test. 

 
Figure 8. PIV measurement and phase average velocity vector 
of a forced vibrating circular cylinder with f0 = 0.96 Hz at 1440 
minutes after the commencement of the test. 



Hence, the pair of vortices remains in the scour hole 
and is able to induce a higher bedload transport and 
thereby a deeper scour hole when compared with the 
former case. The phenomenon is likely a reason for 
the flat bottom of the scour hole (see Figure 6). 

According to the results of the flow field and vis-
ualization, two distinctive scour holes profiles, each 
dependent on the vibration frequency even though 
their amplitude is the same, can be identified. In 
summary, a full understanding on the inter-
relationship of all the variables involved in inducing 
the type of scour hole still remains elusive presently; 
more data are still needed before one can arrive at 
that position. 

3.4 Mean velocity and turbulence characteristics 
with different vibrating frequency 

The purpose of this section is to compare the charac-
teristics of the mean velocity field and turbulence 
properties around two forced vibrating cylinders 
with f0 = 0.3 and 0.96 Hz. Figures 9 and 10 show the 
results of the ensemble mean velocity fields corre-
sponding to the flow fields of Figures 7 and 8, re-
spectively. The turbulence properties, which include 
detailed distributions of the velocity fluctuations in 
the horizontal and vertical directions ( 2u′  and 2v′ , 
where u′  and v′ are the fluctuations of u and v), are 
also superimposed in the figures. 
 

 
Figure 9. Ensemble mean velocity field and turbulent 
properties with f0 = 0.3 Hz. (a) horizontal direction; 
(b) vertical direction (The unit for turbulence intensi-
ties is cm/s). 

In the figures, both the mean velocity fields clear-
ly reveal the presence of a counter-clockwise flow in 
the scour holes. It may be surmised that erosion in 
the scour hole is principally affected by the counter-
clockwise vortex that accompanies the descending 
phase of the cylinder when it moves towards the bed.  

A comparison of the turbulence properties in 
these two cases shows that the turbulence intensity 
associated with the higher f0 expectedly is stronger 
than its lower counterpart. Because of this stronger 
counter-clockwise vortex (in case B), it persists to 
impinge onto the scour hole even during the ascend-
ing phase of the pipeline. This probably is the reason 
why this part of the scour hole is plane. 
 

 
Figure 10. Ensemble mean velocity field and turbulent proper-
ties with f0 = 0.96 Hz. (a) horizontal direction; (b) vertical di-
rection (The unit for turbulence intensities is cm/s). 

4 CONCLUSIONS 

This study is an attempt to investigate the effect of 
the forced vibration induced by an elastically mount-
ed circular cylinder on scour in still water. Only one 
gap ratio G0/D = 1.0, with forced vibration ampli-
tude A0/D = 1.43, and three forced vibration fre-
quency f0 = 0.3, 0.96 and 1.5 Hz were tested. The 
flow field and turbulence properties around the vi-
brating cylinder with different f0 measured using 
flow visualization and PIV also were conducted to 
help explain the different types of scouring process.  
 
 



The main findings are summarized as follows: 
 

1. The study shows that the characteristics of vibra-
tion of the cylinder elastically mounted on a 
forced vibrating rod will become different when 
the cylinder is close to the sand bed (G0/D = 1.0). 
This behavior reveals the important effect of the 
proximity from the bottom boundary on the inter-
action between the vibrating cylinder and scour 
hole. 

2. The speed of vibration or vibration frequency 
plays an important role in the formation of the 
scour hole. A scour hole with the profile of an in-
verted triangle is formed when the frequency is 
small. On the other hand, the scour hole has the 
profile of a trapezoidal cylinder when the fre-
quency increases.  The reason for the difference is 
probably due to the stronger vortex and turbu-
lence intensities associated with higher frequency.  

3. Two distinct types of scour process, which dic-
tates whether the vortices impinge on the scour 
hole or not, can be observed with different vibra-
tion frequencies although a precise understanding 
of this process remains uncertain presently. Addi-
tional data are needed to better understand this 
phenomenon. 
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