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'is paper presents an experimental investigation of stayed cable vibrations in dry-wind and rain-wind coupling hazards. To
mitigate large vibrations of the cable, the use of spiral wires wrapped around the cable is proposed. By testing two cable models in a
wind tunnel in dry and rain conditions for different yaw angles and wind speeds, the effectiveness of using the spiral wires to
mitigate large vibrations is clarified. Finally, the paper provides a further understanding of the complex mechanism of wind-
induced and rain-wind-induced vibrations. It is found that the low-frequency vortex flows in the wake play a significant role in the
excitation of large responses of the cable in high wind speeds. 'e spiral wires dismiss these low-frequency flows and then reduce
the large vibrations.

1. Introduction

Stay cables, such as members of cable-stayed bridges, are
very sensitive to wind loading, leading to large oscillation
amplitudes, even to collapses due to aeroelastic instability.
'ey are also vulnerable to large vibrations due to rain-wind
coupling actions. Study on aerodynamics and aeroelasticity
of cables has attracted much interest for many years. It has
been shown that common types of large vibrations of cables
include vortex-induced vibration (VIV), galloping, and rain-
wind-induced vibrations (RWIV). 'e studies on these
topics have not only focused on understanding the physics
andmechanics of the phenomena but also providedmethods
to mitigate the vibrations.

It is well known that the classical VIV occurs when a Von
Karman vortex is shed with a frequency close to structural
frequency.'is resonance then results in large vibrations. For an
inclined cable, an axial vortex flow exits along the cable and near
the wake. It interacts and mitigates Von Karman vortex and
then excites large vibrations of the cable in high wind speeds.
'e role of the axial vortex on large vibrations of cables and its
mechanism has been investigated though pioneering studies by

Matsumoto and his colleagues [1–6]. 'e phenomenon related
to these large amplitude vibrations of cables in dry conditionwas
referred to as dry galloping and also considered as a special case
of VIV due to the presence of the axial vortex. It has been
recognised that wind flow around inclined cables as well as
aerodynamic and aeroelastic behaviour of the cables is so-
phisticated that needs further investigations.

In the 21st century, a number of studies on dry galloping
of inclined cables have been conducted in different parts of
the world. In an attempt to explain the mechanism of dry
galloping of inclined cables, Macdonald [7] used quasisteady
theory to predict successfully the occurrence of galloping
that was observed in wind tunnel tests by Cheng et al. [8].
Macdonald’s study shows that drag crisis in the critical
Reynolds number range causes the dry galloping. Later,
quasisteady conditions for the occurrence of galloping of
inclined cables were developed [9, 10]. Wind tunnel ex-
periments on cables have been carried out to understand
further the phenomenon [11–17]. Despite many efforts, the
mechanism of excitation of large vibrations of cables re-
mains unclear and therefore is deserved for further
investigations.
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'e first report on violent vibrations of stay cables in the
coupling of rain and wind actions was provided by Hikami
and Shiraishi [18] based on full-scale measurement.'e field
observations on this phenomenon were documented later by
other researchers [19–23]. Due to the nature of complexity
and uncertainty in field measurement, it is difficult to clarify
the mechanism of RWIV. A number of wind tunnel ex-
periments on cable models have been conducted to un-
derstand the phenomenon. To simulate rain water on cables,
fixed artificial water rivulets were attached on the cable
surface [2, 24], or liquids were sprayed on the cables [25–29].
Recently, rain simulators were employed in wind tunnel to
have better rainfall simulations, in which rainfall intensity
can be adjusted in the tests [30, 31]. According to those
studies, the existence of axial flows, water rivulets, and thin
waters plays significant roles in RWIV. However, their roles
as individuals or as combinations have not been clearly
understood [31].

In order to mitigate large responses of stayed cables in
dry and rain conditions, two main approaches have been
applied in research as well as in real practices. 'e first
method is to use one or two external damper devices at-
tached near a cable anchorage, such as viscous dampers,
fluid dampers, tuned mass dampers, tuned inerter dampers,
and magnetorheological dampers. Although there are many
studies on dynamic properties and effectiveness of those
dampers for the mitigation of structural vibrations [32–36],
very few studies are on how these dampers affect the oc-
currence of large vibrations of cables in winds. Nguyen and
Macdonald [37] first addressed the galloping issue of a taut
cable with an attached viscous damper.

In the second method, cables are wrapped with single
or multiple spiral protuberance wires (helical fillets). 'e
efficiency of this method has been shown through wind
tunnel tests. For example, a series of experiments in the
wind tunnel of Yokohama National University success-
fully used the spiral wires to reduce dry galloping [38, 39].
Larose and Smitt [27] reported an effective application of
a single spiral protuberance for mitigating RWIV. Nev-
ertheless, full-scale monitoring at Øresund Bridge re-
ported that the use of spiral wires was not effective as
initially expected [23].

'e above remarks have motivated this study, in which
vibrations of two cable models in dry and rain conditions
were studied by means of wind tunnel tests. One of the
models is a circular cylinder with smooth surface. Another is
as the same as the smooth cylinder but is wrapped with spiral
wires as a proposed method for mitigating large responses of
the cable in dry-wind and rain-wind coupling. Rainfall was
simulated through a rain simulator system, which allows
controlling the rain intensity and provides better and more
realistic rain modelling compared with others in the liter-
ature. Finally, mechanism of the large vibrations of the two
models was investigated that provides a further under-
standing of the complex phenomena of wind flows which
passed an inclined cable.

'e paper is structured into five main sections. Section 2
presents the details of the wind tunnel testing setup and
results of themeasurement of the aeroelastic responses of the

two cable models in dry and rain conditions. Section 3
explains themechanism of the large vibrations of the circular
cable through the measurement of the flow field in the wake
of the fixed cable. Section 4 presents the further tests on the
fixed cable wrapped by spiral wires to assess the reduction of
the large vibrations of the cable. Finally, critical comments
are provided in Section 5.

2. Vibrations of Cables in Dry Wind and Rain
Wind and Their Mitigations

2.1. Setup of Wind Tunnel Tests. Wind tunnel tests on two
stay cable models were conducted in a wind tunnel of the
Yokohama National University. 'e wind tunnel has a
working section with the dimension of 1.3m width and
1.8m height. 'e maximum wind speed is about 20m/s.

Model 1 is a plain high-density polyethylene (HDPE)
tube of 158mm diameter and 1500mm length (Figure 1(a)).
Model 2 is the same as Model 1 but is wrapped with 12 spiral
protuberances (Figure 1(b)). 'e spiral wires were arranged
with a spiral angle of 27°. 'e dimensions of each spiral wire
are 7.5mm width and 5mm height.

'e cable models were supported by a system of springs
allowing the vibrations only in vertical direction, i.e., normal
to the wind flow, as one-degree-of-freedom (1DOF) system.
'e orientation of the cable with respect to the wind flow is
determined through the angles α, β, and c defined as in
Figure 2. 'e angles a and β are commonly referred to as
inclination angle and yaw angle, respectively. 'e tests were
conducted for an inclination angle α� 25° and four yaw
angles β� 0°, 15°, 30°, and 45° in smooth wind with dry and
rain conditions.

Rain was simulated by a system of water nozzles located
up-front of the Model (front wind) and at the ceiling of the
working section of the wind tunnel (Figure 3).'e rainwater
was sprayed from these nozzles to the cable models. 'e rain
volume can be controlled through a volume adjustment
system located outside the wind tunnel.

In the arrangement of measurement systems, dynamic
pressure and wind speed were measured by a Pitot Tube. An
accelerator system was used to capture cable vibrations in
time. Each accelerometer has a rate capacity of 49.03m/s2.
To measure the cable vibrations, an accelerometer was
mounted at each end of the cable. 'e vibrations were
recorded for a duration of 60 seconds with the sampling
frequency 50Hz.

'e structural, wind, and rain parameters used in the
tests are given in Table 1. For each yaw angle β, dynamic
parameters of the cable models, including the fundamental
frequency fs (Hz) and damping ratio ξ (%), were estimated
from free vibration tests and showed in Table 2.

2.2.Wind-Induced Responses of the Circular Cable in Dry and
Rain Conditions. Figures 4(a) and 4(b) show the reduced
amplitudes, yr, of the cable displacements versus reduced
wind velocity, Ur, in dry and rain conditions, respectively,
for different yaw angles.'e reduced amplitude and reduced
wind speed are defined as follows:
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yr �
y

D
,

Ur �
U

fsD
,

(1)

where y, U, and fs are the maximum amplitude (peak-to-peak
displacement response, unit: m), inlet wind velocity (m/s), and
structural fundamental frequency (Hz), respectively.

For dry condition, it can be seen from Figure 4(a) that
the responses are generally larger for higher wind speeds.
Among the four yaw angles β, the cable exposes to smallest
responses for β� 0° (when wind is normal to the cable plane)

(a) (b)

Figure 1: Spiral protuberance cable Model.

Wind

Cable model

α

β

γ

Figure 2: Definition of cable angles.

Figure 3: Rain simulator system.

Table 1: Structural, wind, and rain parameters.

Parameters Value
Rain volume (mm/h) 40–50
Cable diameter: D (mm) 158
Effective length: L (mm) 1500
Inclination angle: α (°) 25

Mass: m (kg/m) 9.9 (Model 1)
10.8 (Model 2)

Reynolds number 0–2.1× 105
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and largest responses for β� 45°. For most of the cases, the
amplitudes increase for increasing reduced wind speed. For
β� 45°, there is a sudden reduction of amplitude at Ur � 76.
'e reduction of amplitude is also seen for β� 0° and β� 15°
but less significant. 'is amplitude reduction feature has
been previously observed in the literature [5, 12, 17, 30]. In
addition to Figure 4(a), at a given reduced wind speed, the
cable does not vibrate with larger amplitudes for higher β as
seen that the responses for β� 15° are larger than those for
β� 30°. For a range of low reduced wind speeds from 0 to 15,
there is an apparent peak response for β� 30° at Ur � 6.5,
looking similar to the classical vortex-induced vibration
(VIV) due to Von Karman vortex. For other yaw angles,
observation of VIV responses is not clear. 'is will be
explained in the next section.

For rain condition, the vibration amplitudes do not
always increase for increasing wind speeds. Instead, for each
yaw angle, the amplitude is increasing for increased wind
speed but significantly reduced at a higher wind speed as
seen in Figure 4(b). 'ese shapes of the responses are typical
for rain-wind-induced vibration (RWIV) of cables as
documented widely in the literature [3, 18, 24].

Comparing the responses of the cable in rain and dry
condition, it reveals that, depending on the value of the
reduced wind speed, the cable in wind condition can expose

larger or smaller vibration amplitudes. Taking β� 30° as an
example, for Ur � 57.3–111, the cable vibrates violently in
rain condition with amplitudes much larger, up to 4 times,
than those without rain. However, for stronger wind with
reduced speed higher than 111, rain can lead to reduction of
cable vibrations. In summary, rain can be beneficial for the
cable vibrating in high wind but significantly detrimental for
the cable in a certain rain of wind speeds.

2.3. Mitigating Cable Vibrations with Spiral Wires.
Section 2.2 has shown the large vibration amplitudes of the
smooth cylinder (Model (1) in both cases with and without
rain. To mitigate the large responses, 12 spiral wires were
used to wrap around the smooth cable. 'e experimental
results on the spiral cable (Model (2)) are shown below.

Figure 5 plots the reduced amplitudes of the cable with
(w) and without (w/o) using spiral wires in rain and dry
conditions for various yaw angles.'e substantial reductions
of vibration amplitudes can be seen when the cable is
wrapped with the wires. 'is shows the efficiency of using
spiral wires as a method to mitigate the cable vibrations.

Looking at the vibrations of the cable with the spiral
wires, their amplitudes generally increase for increasing
wind speeds, both in rain and without rain. Also, it can be
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Figure 4: Wind-induced responses of circular cable in dry condition (a) and rain condition (b).

Table 2: Dynamic parameters of cable Models for different yaw angles.

β� 0° β� 15° β� 30° β� 45°

f s ξ f s ξ f s ξ f s ξ
Model 1 (circular) 0.9 0.16 0.9 0.14 0.86 0.16 0.86 0.16
Model 2 (spiral) 0.88 0.14 0.86 0.11 0.86 0.16 0.86 0.14
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observed from Figures 5(a)–5(c) that, for yaw angles β� 0°,
β� 15°, and β� 30°, wind induces larger vibration ampli-
tudes in rain than in dry condition. For β� 45°, the vibration
amplitudes in rain are larger or smaller than in dry con-
dition, depending on the wind speed.

In addition to the vibrations of the cable with the spiral
wires, particularly in rain, the variation of the amplitudes of
Model 2 (with the spiral wires) against wind speeds has
different pattern from those of Model 1 (without the spiral
wires).'e later has been discussed in the previous section in
relation to Figure 4. As shown in many studies [28, 31, 40],
the formation and vibration of water rivulets on the cable in

rain give rise to large amplitude vibrations of cables without
spiral wires. 'e appearance of the spiral wires herein in-
terrupts the oscillations of water rivulets on the cable, re-
ducing cable vibrations and changing their patterns.

3. Mechanism of Large Amplitude Vibrations of
the Circular Cable

Since the cable exposes to large amplitude vibrations as
shown in Figure 4, it is important to understand the
mechanism of cable vibrations in wind. For this purpose,
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Figure 5: Reduced amplitudes of cable vibrations with and without using spiral wire in rain and dry condition for (a) β� 0°, (b) β� 15°, (c)
β� 30°, and (d) β� 45°.
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vertical component of fluctuating velocity in the wake of the
cable is investigated through further wind tunnel tests.

In the experimental setup, the circular cable (Model 1)
was statically fixed in the wind tunnel for α� 25° and β� 30°.
A hot-wire anemometer was used to measure the fluctuating
wind speed in the wake of the cable. As illustrated in Fig-
ure 6, it is located in the wake of the cable with the coor-
dinates of 0.5D and 2D and varied along the cable with
distances from 2D to 7D, allowing the fluctuating speeds to
be measured at different locations.

Due to technical difficulty in measuring the fluctuations
using hot-wire anemometer in rain, only dry condition was
considered during the measurements. For the interest of
understanding the flow in the wake of cable in rain, readers
might refer to the studies mentioned in Section 1, which
used artificial rivulets.

Figure 7 shows the power spectral density (PSD) of the
vertical fluctuating wind velocity in the wake along the cable
at different locations X, which is a distance from the top end
of the cable to the measured location, for α� 25° and β� 30°.
'e inlet mean wind velocities in the wind tunnel are 5m/s
(Figure 7(a)), 10m/s (Figure 7(b)), and 15m/s (Figure 7(c)).
'e reduced frequency, denoted as fr as in the figure, is
defined as

fr �
fwD

U
, (2)

where fw is the frequency of the vertical fluctuating velocity.
For the inlet wind speed U� 5m/s, as shown in

Figure 7(a), there are slight PSD peaks at reduced frequency
fr � 0.15; that is, Strouhal number St� 0.15. Such St implies
the Von Karman vortex of the circular cable [3, 5, 14],
leading to the classical VIV, theoretically at a critical wind
speed Ur � 1/St� 6.67. 'is explains the peak amplitude at
Ur � 6.5 in the dynamic tests as shown in Figure 4(a),
showing the excellent agreement between the theoretical
prediction and experiment.

'e situation changes for the inlet wind speed 10m/s. It
can be seen from Figure 7(b) that the dominant PSD peaks
are at a low reduced frequency fr � 0.013, equivalent to a
relatively high reduced velocity Ur � 76.9. 'e appearance of
this low-frequency flow weakens the Von Karman vortex as
seen in Figure 7(b) and generates larger responses for higher
wind speed than those for Ur � 6.5 (Figure 4(a)).

It can be seen from Figure 7(c) that when the inlet wind
speed increases to 15m/s, Von Karman vortex is signifi-
cantly mitigated and two clear PSD peaks appear at reduced
frequencies fr1 � 0.009 and fr2 � 0.017, equivalent to reduced
velocities Ur1 � 111 and Ur2 � 58.8, respectively. To have a
further insight into these peaks, Figure 8 shows the wavelet
map of the fluctuating wind velocity at the location X� 6D,
which is near the middle of the cable. 'e Morlet wavelet
mother function was used in the wavelet transform. It can be
observed that the mode associated with the reduced fre-
quency fr1 is dominant between the two modes and more
consistent in time. From (2), the flow at this mode has a
frequency of 0.85Hz, which is close to the structural fre-
quency; therefore, it excites large vibrations of the cable at
the high reduced wind speed Ur1.

In summary of the observations from Figures 7 and 8, it is
evident that the low-frequency flows in the wake of the cable
are more dominant and Von Karman vortex is weaker for
higher wind speed. 'ese low-frequency flows contain high
energy at high wind speed and so excite large vibrations of the
cable. 'e phenomenon was referred to as dry galloping,
according to important investigations by Matsumoto and his
colleagues with similar observations [2, 5]. 'ese studies
showed that low-frequency axial flows along the cable and near
the wake are the main cause of large responses at high wind
speeds. On the other hand, in the present study, the low-
frequency flows are associated with vertical fluctuation. 'is
implies three-dimensional characteristics of the low-frequency
flows in the wake of the cable. 'is remark agrees CFD
simulations of wind flow which passed a yawed cable in [41].

To have a further illustration of the dominating vortices
as increasing wind speed and to summarise the mechanism
of the large vibrations, Figure 9 shows the normalised PSD,
denoted as Sn and given by (3), against the reduced fre-
quency for different wind speeds:

Sn �
PSD
σv

, (3)

where σv is the standard deviation of the vertical fluctuating
wind speed in the wake.

It can be seen from Figure 9 that Von Karman vortex is
apparent at low reduced wind speed.When the wind speed is
increasing, this vortex is gradually suppressing. At the same
time, low-frequency flows are developing and getting
stronger for higher wind speeds. 'e low-frequency flows
contain high energy that excites the vibration of the cable to
higher amplitudes for higher wind speeds.

4. Mechanism of Vibration Stabilisation of the
Cable with Spiral Wires

For further understanding how spiral wires can help re-
ducing large vibrations of the cable, it is important to
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Figure 6: Locations of the hot-wire anemometer in the wake and
along the cable.
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investigate the vibration mechanism of the cable when it is
wrapped with the spiral wires. For this purpose, the vertical
component of the fluctuating wind speeds in the wake of
Model 2 (Figure 1(b)) was measured.'e experimental setup
for this measurement with the use of hot wire was the same
as described in Section 3, with the same inclination angle and
yaw angle; that is, α� 25° and β� 30°. 'e inlet wind flow is
smooth with the speed U� 15m/s.

Figure 10 compares the spectrums of the vertical
fluctuating wind speeds at the location X � 6D, i.e., near
the middle of the cable, for Model 1 (without spiral wires)
and Model 2 (with spiral wires). It can be seen that the

dominant spectrum in the low-frequency regime is sig-
nificantly mitigated when the cable is wrapped with the
spiral wires. As these low-frequency vortices are weaken,
their energies are too low to excite large vibrations in high
wind speeds.

With the presence of the spiral protuberance, the
dominant spectrum associates with Von Karman vortex
(St� 0.2). 'en, the critical reduced velocity for the oc-
currence of Von Karman VIV is 1/St� 5. For higher wind
speeds, the vortex’s frequency is different from the frequency
of the cable. As a result, the VIV is diminished, showing
small amplitude vibrations of the cable.
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Figure 7: PSD of vertical fluctuating wind speeds for different locations in the wake of the cable, (a)U� 5m/s; (b)U� 10m/s; (c)U� 15m/s.
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5. Conclusions

'is paper studies the vibration characteristics of stayed
cables in wind with and without rain through a series of wind
tunnel experiments. A rain simulator system in which rain
intensity can be controlled was used to simulate a more
realistic rainfall and water on the cable surface. 'e tests
were conducted for four yaw angles (0°, 15°, 30°, and 45°).
Also, the use of spiral protuberance wires wrapping around
the cable as a method to mitigate cable vibrations is
investigated.

'e tests on the smooth cable (without spiral wires)
showed that, in dry condition, Von Karman VIV was
apparent for yaw angle 30° and weak for other yaw angles.
Meanwhile in rain condition, VIV disappeared for all

angles. In addition, for each yaw angle, RWIV with large
amplitudes were observed for a range of wind speeds.
'ese amplitudes were larger, up to 4 times, than those
without rain. For higher wind speeds outside this range,
the amplitudes were significantly reduced. Among tested
yaw angles, for the both cases with and without rain, the
cable is exposed to smaller vibration amplitudes when
being normal to the wind (zero yaw angle) than when
being yawed to the wind.

On the other hand, the tests on the cable wrapped with the
spiral wires showed considerable reduction of vibrations am-
plitudes in both dry and rain conditions. Typical RWIV were
then suppressed, although they had slightly larger amplitudes
than in dry condition. 'is observation implies the role of the
spiral wires in mitigating the larger responses of cable in wind
hazards with and without the coupling of rain.

In an attempt to understand the mechanism of the
large amplitude vibrations as well as the mechanism of
mitigating such amplitudes, the vertical fluctuations in the
wake of the cable models were measured. 'e low-fre-
quency vortex flows were found. 'ey play a vital role in
generating large responses of the smooth cable in high
wind speeds. 'ese vortices interrupt the Von Karman
vortex, shed continuously and regularly in time, and
contain high energy that excites the vibration of the cable.
When the spiral wires were wrapped around the cable, they
dismissed the low-frequency flows and so reduced the
vibration amplitudes.
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