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The characteristics of wind- and rain-wind-induced vibrations of bridge stay cables are
studied by using ambient vibrations records acquired on a cable-stayed bridge. Mean wind
speed and wind-cable angle, as well as the occurrence of rainfalls, were investigated to
diagnose a possible excitation mechanism promoting the onset of large heave amplitude
oscillations, which were occasionally reported. Light rainfall, mean wind speed values be-
tween 8 ms~! and 12 ms~! and wind-cable angle ranging 45° to 65° were found to be crit-
ical conditions for the onset of large amplitude vibrations for the cases at hand. A single-
mode response (eigenmode 3) associated with reduced velocities around 35 was generally
activated during large cable oscillations (peak-to-peak amplitudes of twice the cable diam-
eter) in wet conditions. The simultaneous video camera recordings also contributed to an
improved understanding of the upper rainwater rivulet formation and the mechanism of
stay cable vibrations in wet state.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Large amplitude vibrations of bridge stay cables or, more in general, inclined cables, are mostly due to rain-wind-induced
excitation, high-reduced velocity vortex shedding and dry inclined cable galloping [1]. Most of the reported vibration prob-
lems for bridge stay cables are associated with the combined action of wind and rainfall [1-3]. In dry weather state, the
large amplitude vibrations of inclined cables at high Reynolds numbers can be described by different although possibly
interconnected aerodynamic phenomena. Firstly, Reynolds number effects, cable-wind angle and angle of attack govern the
so-called dry inclined cable galloping [4,5], the mechanism of which can be modelled by quasi-steady theory [6-8]. Secondly,
the axial flow on the leeward side of an inclined cable interacts with the Kdirman vortex shedding [9,10]. The corresponding
stationarity, steadiness and amplitude of the inclined cable oscillations depend on the level of mitigation of the Karman
vortex shedding [11]. Finally, the low-frequency unsteady variations of the flow around an inclined cable within the critical
Reynolds number range were found to be important for the onset of large amplitude vibrations [12,13].
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In-plane rain-wind-induced vibrations (RWIVs) of bridge stay cables were reported by Wianecki [14] and, later on, exten-
sively described based on full-scale observations [10,15-20]. Since the very first wind tunnel tests conducted by Hikami and
Shiraishi [16], numerous experiments aiming at evaluating rain-wind-induced vibrations of stay cables have been performed.
Nevertheless, there is currently no consensus on the precise flow mechanism associated with the onset of large-amplitude
RWIVs [21,22]. The synchronization between the circumferential water rivulet motion and heave oscillation of the cable has
been identified as a necessary condition for the onset of large amplitude vibrations [16,23-26]. Larose [27] elaborated on the
behaviour of dry inclined cables in the critical Reynolds number region and suggested that the water rivulet increases the
surface roughness of the cable, which is known to advance the critical flow regime [28]. Based on simultaneous measure-
ments of water rivulet, unsteady surface pressures and motion of a full-scale rigid model, Flamand et al. [29] and Cosentino
et al. [24,25] demonstrated that the interaction between the circumferential motion of the water rivulet and the fluid is such
that, within an oscillation cycle, the corresponding asymmetric surface pressure distribution is the same as the one expected
for a smooth circular cylinder in the one-bubble regime [30]. Thus, positive work is generated when the cable is moving
upwards [26]. On the other hand, the average angular position of the water rivulet running along the cable is assumed to
be the primary cause of aerodynamic instability [17,31]. The sudden decrease of the time-averaged lift coefficient due to the
presence of a fixed water rivulet, which is positioned within a critical range of angular position, was proposed as funda-
mental in the mechanism of RWIVs [32-34]. Matsumoto et al. [9,17] described the importance of the upper water rivulet as
well as the axial flow in the near wake for the aerodynamic instability of an inclined/yawed cable model. In particular, the
low-frequency component of the axial flow was found to be fundamental in the mechanism of high-speed vortex excitation
[10,35].

The aerodynamic behaviour of circular cylinders in pairs or group can deviate significantly from that of a single cylinder
[30]. The fluid-structure interaction between neighbouring circular cylinders is primarily governed by their relative distance
and the mean angle of incidence [36,37], as well as the geometry of the cluster, including the number of cylinders [38,39].
For particular arrangements, wake-induced vibrations experienced by the downstream cylinder may be severe. Reynolds
number [40] and turbulence in the flow [41,42] are among other parameters influencing the aerodynamic interference be-
tween circular cylinders.

Large amplitude vibrations of the stay cables of the Stavanger City Bridge (Norway) have been reported on different occa-
sions. For example, on 15/02/2014, the Norwegian Public Roads Administration was alerted to excessive vibrations, primarily
in the cable plane, of the groups of the stay cables on the west side of the deck, north of the tower. A video recording of
this event documented the presence of light rain and the cable response dominated by the third mode, with (visually) esti-
mated peak-to-peak vibration amplitudes of approximately 2-3 cable diameter at the antinodal points. Interestingly, all the
officially reported vibrational events from 1999 to 2018, were associated with wet conditions. Despite the presence of two
rigid connections along the cable span, which limit the excessively large vibration amplitudes to a certain degree, the occa-
sionally observed large vibrations create concern related to the visual discomfort for the road users and the life expectancy
and maintenance of cables. Hence, a measurement campaign was designed to document and interpret the characteristics
of the ambient vibrations of selected stay cables and their correlation with the meteorological conditions. The present pa-
per aims to examine the excitation mechanisms which govern the observed in-plane large amplitude vibrations. Firstly, an
overview of the recorded wind- and rain-wind-induced stay cable vibrations is given. The mean wind speed values, yaw
angles as well as possible rainfall promoting the onset of such oscillations are investigated. Thereafter, selected vibration
data under rainfall are addressed to describe the characteristics of the observed RWIVs and provide unique evidence of the
loading mechanism in full-scale. In particular, the role of cable-wind angle, mean wind speed and reduced velocity char-
acterising the largest vibration amplitudes recorded in wet conditions is emphasized and underpinned by dedicated video
camera recordings.

The paper is organized as follows: Section 2 describes the Stavanger City Bridge and the instrumentation utilized to
monitor the stay cable vibrations. The processing of both acceleration and atmospheric data is included in Section 3.
Section 4 presents an overview of the response characteristics of the monitored stay cables under different flow and meteo-
rological conditions. The emphasis is on the mechanism promoting significant heave oscillations. Based on selected records,
Section 5 focuses on the dynamic and spatial characteristics of the large amplitude rain-wind-induced vibrations for the
case at hand.

2. Bridge instrumentation

The Stavanger City Bridge is located in Stavanger, Norway. The total length of the bridge is 1067 m, the central part of
which is a cable-stayed bridge with a suspended span of 185 m at 26 m a.s.l., supported by a 70 m-high A-shaped tower
(Fig. 1, 2). The main span is a steel box girder of 15.5 m width and 2.4 m depth [43]. The deck is suspended from the tower
by three stay-cables at each side of the deck and each side of the tower. The stays, which are of the locked-coil wire type,
are between 61 m to 141 m long, with a constant diameter D=79 mm. For corrosion protection, the outer surface of the stay
cables was treated with a paint layer. As for other cable surfaces, the roughness and texture will change over time due to
exposure to different atmospheric conditions. This increases the wettability [23,44], allowing for the formation of rainwater
rivulet and, therefore, the occurrence of rain-wind-induced vibrations [3]. The monitored stay cables, which are 98.3 m and
95.6 m long, are anchored to the cross beams at one of the supports of the continuous concrete bridge girder.
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Fig. 1. The Stavanger City Bridge (left panel) and a view of the instrumented stay cables on the east side of the deck and corresponding cross-ties, showing
also two accelerometers and the anemometer mast (right panel).
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Fig. 2. Weather and vibration sensors on the Stavanger City Bridge.

Table 1

Main properties of the instrumented stay cables C1 and C2.
Stay No.cables L(m) D(mm) 6() m(kg/m) f (Hz)
ClE,C1W 4 98.3 79 29.8 40 C1E: 1.05, C1W: 1.05
C2E,C2W 4 95.6 79 30.7 40 C2E: 1.08, C2W: 1.07

The character string utilized to identify each stay-cable is CXY, where X is a number ranging from 1 to 7 and Y indicates
the east (E) or west (W) side of the deck (see Fig. 2). The stays C1, C2, C6 and C7 comprise of four individual cables each
having a centre-to-centre distance of 4D, 6-7D along the sway and heave planes, respectively. Rigid connections between
individual cables are utilized at two (C1, C2 and C6) or three (C7) locations along the cable span, as depicted in the right
panel of Fig. 1. Instead, stays C3 and C5 are made of a pair of cables with rigid connections placed in two locations along
the stay span. The properties of the monitored stay-cables are reported in Table 1.

The monitoring system has been operating since early June 2019. The set-up is described in Fig. 2. Four wireless battery-
powered tri-axial accelerometers (G-Link200-8G from Microstrain) were installed on the stay cables C1 and C2 (on both
sides of the deck) about 4 m above the deck level. The instrumented cables in each of the four stays are the ones closest
to the roadway, see Fig. 1. Firstly, the measurement points were dictated by the need for a periodic replacement of the
batteries powering the sensors, without interrupting the traffic on the bridge with a dedicated lifting machine. Secondly,
simultaneous measurement of the longest stay cables located on both sides of the deck, i.e. C1 and C2, was essential in the
adopted sampling strategy to characterise the vibrations and, eventually, investigate the critical excitation mechanism for
the monitored cables. The range of the accelerometers was set to +4g for each channel. The sampling frequency has been
set at either 32 Hz or 64 Hz. Each accelerometer was installed in such a way that the acceleration components normal to
the cable axis in the heave and sway directions, as well as along-cable axis, can be measured. The aforementioned sensors
are identified using the string previously introduced for the stay cables, e.g. C1E stands for cable 1 on the east side of the
bridge.

A weather transmitter (WXT530 from Vaisala) was mounted on a 3.5 m-high pole between the anchoring point of the
stays C1-C2 and C3 on the east side of the bridge deck (Fig. 2). The instrument measures the horizontal wind components,
relative humidity, pressure, absolute temperature and rain intensity with a sampling frequency up to 4 Hz.
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Two tri-axial accelerometers (CUSP-3D from Canterbury Seismic Instruments) were located inside the bridge deck on each
side of the tower to study the lateral and vertical response of the bridge as well as potential coupled deck-stay oscillations.
One sensor was mounted on the east wall of the concrete deck north of the tower 20.8 m from the anchor beam of the
stay cables C1 and C2. The second one was placed in the steel box girder 35 m south of the tower. The sampling frequency
of the CUSP-3D was set to 50 Hz. In the following, the sensors are addressed to as DN (deck north) and DS (deck south),
respectively.

Data acquired with the accelerometers located inside the bridge deck and weather station were gathered and synchro-
nized using a single data acquisition unit whereas the wireless accelerometers installed on the cables were served by a
dedicated logging unit. Therefore, the synchronization between the signals was carried out in the pre-processing phase of
the analysis.

A field camera (CCFC from Campbell Scientific) was mounted in the vicinity of the anchoring point of cable CI1E to
observe the cable vibrations with a video frame rate up to 30 FPS in 720p.

3. Data processing

The data processing is carried out as follows:

(a) The weather station acquires the horizontal wind speed and direction with a sampling frequency of 4 Hz together
with an averaging time of 1 s. The anemometer signals were over-sampled at 50 Hz. Thus, the records were low-pass
filtered and, subsequently, down-sampled to 1 Hz.

(b) The first-order stationarity of the wind velocity fluctuations was addressed using a centred-unweighted moving aver-
age filter with an averaging time equal to 5 min. The instantaneous mean values having a relative difference larger
than 15% were disregarded in the present study. Any linear trend was removed before computing the turbulence
characteristics.

(c) The acceleration records of the bridge deck and the signals acquired by the weather station were gathered into
10 min-bin and synchronized with the acceleration data acquired on the monitored cables based on the GPS time.

(d) The acceleration records were despiked and the resulting NaN values were interpolated [45] provided that the per-
centage of NaN is lower than 5%.

(e) The displacements of the cables were retrieved in the frequency domain through Fourier transform. A sixth-order
high-pass Butterworth filter with a cut-off frequency of 0.60 Hz was applied. The cut-off frequency was set to ap-
proximately half of the fundamental eigenfrequency of the cables, as suggested by Zuo and Jones [20], to remove
potential low-frequency noise.

(f) The modal displacements and accelerations were isolated by successively applying zero-phase digital low-pass and
high-pass sixth-order Butterworth filters.

(g) The spectral peak-picking method was utilized to identify the eigenfrequencies of the single cables.

The horizontal velocity components are referred to as u and v for the along-wind and cross-wind components, respec-
tively. The mean and fluctuating components are denoted as j and j', respectively, where j = {u, v}. The wind direction is
defined herein as the azimuth angle measured from the magnetic North. The wind-based coordinate system is described by
the axis {x',y’, 7'}, where ¥’ and y’-axis identify the horizontal plane. The cable-wind angle ® (Fig. 3) is defined as:

® = arccos(cos(f) cos(B)) (1)

where B is the yaw angle, which is defined as the azimuth angle between the mean wind direction and the cable axis
projected onto the horizontal plane; 6 is the inclination angle, which is designated as the angle between the horizontal
plane and the cable axis. The cable is in cross-flow when @& = 90°. Consequently, the mean wind speed normal to the cable
axis is defined as iy = u-sin(®) (Fig. 3). The angle between the wind speed normal to the cable axis iy and the axis y
(in-plane) is defined by:

tan(B)

(2)

tan(o) =

sin(0) °

Uy =T - Si“((y

Plane normal to Ellipse fitted to
the cylinder axis the motion trajectory

Fig. 3. Schematic of the reference system adopted to study stay cable vibrations.
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The in-plane, out-of-plane and along-cable displacement are denoted ry, ry and r;, respectively (Fig. 3). The velocity and
acceleration are expressed correspondingly using the 'over-dot’ notation, e.g. k = 92k/9t2 where k = ry, Ty, Tz.

As the motion trajectories of cables in wet state are generally characterised by near-elliptical shapes [20], the equation
of an ellipse is fitted herein to the 1 min-long recorded motion trajectories. Based on the schematic reported in Fig. 3, the
major and minor axis of the fitted ellipse are designated as 14 = A1A; and ng = B;B,, respectively. The primary direction of
the cable oscillations is identified by the angle y, which is defined as the angle between the in-plane axis y and the major
axis of the ellipse 7, in the plane normal to the cable axis. The angle y is assumed positive anticlock-wise (Fig. 3).

Two different datasets were considered for the present analysis. Wind and acceleration data collected from 18/07/2019
to 18/09/2019 were utilized to explore the vibration characteristics of the monitored stay cables against the different envi-
ronmental conditions. During this period, the sensors were set to operate in a continuous sampling mode, as the sampling
strategy was aimed at diagnosing potentially different aerodynamic and/or structural behaviour advancing the onset of rel-
atively large in-plane vibrations of the stay cables. The corresponding observations and results are included in Section 4.
The second phase of the monitoring, which encompassed a period from 04/12/2019 to 22/08/2020, focused on rain-wind-
induced vibrations by employing triggered sampling based on the meteorological data acquired on-site. In fact, wet con-
ditions appeared to have a primary role in triggering a large in-plane response of the cables under a restricted range of
wind characteristics. Section 5 explores a 48 h-long event (21-22/02/2020) during which the monitored cables exhibited the
largest response observed. In the following, samples associated with a rain intensity different than zero will be referred to
as wet conditions.

4. Overview of the stay cable vibrations

To study the stay cable vibrations for a range of environmental conditions consisting of 10 min-long samples acquired
over a two months period from 18/07/2019 to 18/09/2019, 960 hours of vibrational records were utilized.

4.1. Wind characteristics

Fig. 4 reports the mean wind speed u and the along-wing turbulence intensity I, measured 3.5 m above the east side of
the deck. The thick black line in the figure represents the bridge axis. During the period considered, a westerly wind was
prevailing and the largest mean wind speed was 1 =16.5 ms~!. Flow distortion induced by the combined effects of passing
vehicles, as discussed for example in Hay [46], and the bridge deck itself [47], may explain the relatively high along-wind
turbulence intensity measured at times for westerly winds, when the wind sensor is positioned on the downwind side of
the bridge deck. However, flow distortion induced by the deck affects the vertical wind component much more than the
along-wind component [46,47]. Hence, deck-induced flow distortion is considered to affect I, to a limited extent only.

The along-wind turbulence intensity exhibited a directional variation. A more turbulent flow, e.g. I, > 0.25, was generally
found from 180° to 240° because of the neighbouring urban area a few hundred meters upstream the bridge. The flow
characteristics observed 3.5 m above the bridge deck were taken as reference in the analysis of stay cable vibrations. Based
on the estimated along-wind turbulence values and the assumed ratio oy /u, = 2.5, where u, is the friction velocity, the
expected increase of u at the cable midspan is between 14% and 17%.

4.2. Eigenfrequencies and structural damping

Fig. 5 depicts the time histories of the heave acceleration and displacement response of C1E, as well as the correspond-
ing PSD estimate, acquired on 28/08/2019 from 07:30 to 08:00, with i = 8.6 ms~! and & = 98°. The linear relationship
between the eigenmode number and the corresponding eigenfrequency suggests that non-linear effects due to sag and

60°

E

I, (%)

. 35 to 50
. 30 to 35
. 25 to 30
20 to 25
15 to 20
=310 to 15
[0 to 10

26 %

Fig. 4. Mean wind speed (left panel) and along-wind turbulence intensity (right panel) based on 1533 10 min-long stationary samples from 18/07/2019 to
18/09/2019, with & > 5 ms~".
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Fig. 5. Snapshots of a 30 min-long time history of heave acceleration and displacement response of cable C1E (left column) and corresponding power
spectral densities (right column), recorded on 28/08/2019 from 07:30 to 08:00.

bending stiffness of the cable can be neglected [3,48]. The fundamental eigenfrequency of the cables is designated herein as
f1 and is reported in Table 1. This agrees well with the eigenfrequency associated with the out-of-plane oscillations (#y) of
the monitored cables. In fact, for sag-to-span ratios below 0.01 and 6 = 30°, which is approximately the elevation angle of
the monitored cables, the eigenfrequencies associated with in-plane and out-of-plane motions are identical [49]. Local and
global cable network modes [50,51] were not detected for the monitored cables, which have a bundled configuration. This
is in line with other field measurements of cable vibrations showing that the heave response is dominated by the native
modes of the stay cables [51]. Hence, for the present study, the cables were modelled as taut strings fixed at two ends [52],
as commonly adopted for the interpretation of bridge stay cable vibrations [18,20,48].

Based on the flow conditions analysed herein, the Reynolds number Re = @iD/v (where v = 1.47 - 10> m2s~! is the kine-
matic viscosity of the air at 15°C) ranged approximately from 1-104 to 1-10°, which corresponds to the subcritical range
for a single smooth-surfaced circular cylinder in a smooth flow [53]. Critical damping ratios (£) of the stay cables were
estimated herein based on traffic-induced vibrations [54], e.g. the corresponding single-mode filtered free decay. For the
in-plane eigenmodes ranging from 5 Hz to 8 Hz, which were found to be more sensitive to traffic loading, the estimated
damping ratios generally lie between ¢ =2-10"% and ¢ = 5-10~%. Hence, the corresponding (in-plane) Scruton number
Sc = m¢/pD? was relatively small, e.g. ranging from 1 to 2.5, as commonly observed for eigenmodes higher than the first
one [49].

4.3. Heave acceleration response

The 10 min-long heave acceleration response acquired on the longest monitored cables, i.e. C1E and C1W, during the 2
months period were considered herein. Fig. 6 and 7 depict the standard deviation of the heave accelerations (o7, ) estimated
at the measurement locations of cables C1E and C1W, respectively, as a function of i and the mean wind direction. Oscilla-
tions characterised by oy, ~ 8 ms~2 were recorded for C1E in wet conditions, 1 =10 ms~! and wind directions ranging from
220° to 240° (Fig. 6), which correspond to a cable-wind angle range of 65° < ® < 80°. The cable C1W (Fig. 7) did not un-
dergo vibration amplitudes as large as those recorded on C1E, especially in wet state. A different level of structural damping
associated with the dominant vibration eigenmode may contribute to the different amplitude of vibrations observed. The
response amplitudes above 0.6 ms=2 for 8 ms~! < @i < 11 ms~!, were associated with light rain intensity, thereby contribut-
ing to the observations that cable oscillations involving rainfall are velocity-restricted, as observed for cable C1E. For a fixed
mean wind speed and in dry state, the variation observed in the heave acceleration response data of cable C1W (Fig. 7)

150 8
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2] 100 5~ 2
= ° ~—
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0 5 10 15 20
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Fig. 6. The standard deviation of the heave acceleration (o},) of cable CIE as a function of the mean wind speed # (left panel) and wind direction (right
panel), based on 1750 10 min-long samples from 18/07/2019 to 18/09/2019.
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Fig. 7. The standard deviation of the heave acceleration (o7,) of cable CIW as a function of the mean wind speed i (left panel) and wind direction (right
panel), based on 2360 10 min-long samples from 18/07/2019 to 18/09/2019.
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Fig. 8. Correlation between the mean wind component normal to cable axis iy and the eigenfrequency f dominating the heave acceleration response of
cable C1E, in dry (left panel) and wet (right panel) state, based on 10 min-long stationary samples. The black line indicates the Strouhal relationship.

was largely described by the varying wind-cable angle ®. The degree of dispersion could be thus partly reduced if the wind
component normal to the cable axis iy is adopted.

To investigate the range of reduced velocities involved, Fig. 8 depicts the dominant frequency f of the heave acceleration
response of cable C1E as a function of the wind component normal to the cable axis iy, considering dry and wet states
separately. The Strouhal relationship established for an isolated cylinder describes adequately the acceleration response with
a certain degree of dispersion. Firstly, Kirman-vortex shedding frequency may depend on the cable-wind angle [20] and the
horizontal shear of the oncoming flow [55,56]. Secondly, free-stream turbulence is known to influence the vortex shedding
process for a single circular cylinder [57-59]. Besides, the flow patterns around the four single cables in each bundle are
more complex than around a single circular cylinder due to the wake and proximity interference [38,39,60]. Fig. 8 shows
that the in-plane acceleration amplitudes associated with vortex shedding were generally low, e.g. op, < 1 ms—2. In general,
Karman-vortex-induced vibrations have modest amplitudes for the Scruton numbers commonly estimated for stay cables
[3]

The occurrence of rain was found to have no significant influence on the amplitudes of Karman-vortex-induced vibra-
tions. On the other hand, rainfall appeared to be critical for the onset of large amplitude vibrations (o}, ~ 8 ms~—2), at
reduced velocities 20 < i/ fD < 40 (eigenfrequency f; = 3.15 Hz), i.e. at frequencies much lower than the nominal frequency
associated with Karman-vortex shedding. This is consistent with the results of full-scale monitoring of bridge stay cables
vibrations in wet conditions [18-20], as well as dynamic wind tunnel tests on prototype inclined cable models with artifi-
cial rivulet [9,17]. The dataset considered in Fig. 8 suggests that large-amplitude in-plane oscillations did not occur in dry
conditions for the cases at hand.

The potential occurrence of coupled deck-cable vibrations was also investigated. It can be inferred that the harmonic of
the cable generally activated during large amplitude rain-wind-induced vibrations (eigenmode 3), does not lie in the vicinity
of the eigenfrequencies governing the vertical motion of the bridge deck. This suggests that internal resonance between the
global (bridge deck) and local (stay cables) modes is unlikely to occur.

4.4. Heave modal displacement response

The heave displacement response of the stay cables is now studied in terms of the key modal displacement amplitudes,
which are estimated based on the taut string theory [52]. For example, the in-plane vibration amplitude corresponding the
mode j is computed as follows:

IA;,
sin (jnza/L)

jAry —

(3)
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Fig. 9. Normalized heave modal (eigenmode 1 and 3) displacement of cable C1E (left panels) and cable C1W (right panels) as a function of the mean wind
speed i, based 10 min-long stationary samples. Dry (top panels) and wet (bottom panels) conditions are considered separately.

where fAry is the amplitude of the modal displacement at the measurement location z,4; j is the mode number; L is the
cable span; z; = 8 m is the span-wise distance from the measurement location to the cable anchoring point.

The largest vibration amplitudes were often associated with wet conditions and governed by eigenmode 3 (see also
Fig. 8) for both cables analysed herein. Such a frequency falls within 0.5 Hz and 3.3 Hz, which is generally reported during
RWIVs [22,61]. When it comes to the corresponding probability of occurrence based on the analysed dataset, only 3% of the
samples were found to be governed by eigenmode 3. The majority (93% of the samples) of the cable in-plane displacement
response was governed by eigenmode 1. Fig. 9 compares the normalized modal displacement associated with eigenmodes 1
and 3 for both cables C1E and C1W. In dry state, the oscillation amplitudes associated with eigenmode 1 were larger than
those associated with eigenmode 3. However, especially for cable C1E (left panels of Fig. 9), significant vibration amplitudes
associated with eigenmode 3 were found in wet state approximately between 8 ms~! and 12 ms~!, namely 2-3Ary /D =0.6.
The latter oscillation level, which was averaged over 10 min-long segments, was approximately 4 times larger than the max-
imum displacement associated with eigenmode 1. A similar behaviour was observed for cables C1W (right panel of Fig. 9),
which, however, did not undergo vibration amplitudes as significant as for cable C1E. Based on Fig. 9, two fundamental
results can be outlined. Firstly, a significant heave response of the monitored cables was found only in wet conditions. Sec-
ondly, eigenmode 3 was primarily activated during the large amplitude vibrations in wet state, for the mean wind speed
and direction described in Figs. 6, 7 and 9.

4.5. Cable proximity and wake interference

The monitored stay cables are characterised by a bundled geometry, i.e. a cluster of four single cables (Fig. 1). Therefore,
it is reasonable to investigate if the proximity of cables within the bundle can induce cable wake interference [37] that
influences the response of individual cables. We considered 10 min-long stationary samples of westerly flows, namely wind
directions from 207° to 297°, in dry conditions, and studied the ratio between the displacement response of cables C1W
and C1E, both in the heave and sway direction. For such flow conditions, the single cable C1W is located on the upwind
side of the deck and in a downstream position with respect to its cluster arrangement. Conversely, the cable C1E is located
on the downwind side of the deck and in an upstream position with respect to the corresponding cable group. Fig. 10
shows the above-mentioned ratios as a function of the angle of incidence (&5 = 0° when the cable plane and the cross-
flow plane coincide). The corresponding median values are 0.96 and 0.87 for the heave and sway oscillations, respectively.
Fig. 10 suggests that the interaction between the unsteady upstream wake and the monitored cable located downstream
does not generate an increase in cross-flow response as significant as the one generally observed for similar separations
[39,62-64]. The angle of incidence of the flow is a governing parameter in the fluid-structure interaction as both drag and
lift forces acting on the downstream cylinder are known to be dependent on its position with respect to the centre of the
unsteady wake [36,37]. For example, Tokoro et al. [65] highlighted that the most severe heave vibrations occurred for a
horizontal spacing X/D = 4.3 and a mean angle of incidence of 15°. However, such a dependency was not detected based on
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as (°) as (°)

Fig. 10. Ratio between the standard deviation of the heave (left panel) and sway (right panel) displacement response for cable C1W (downstream) and
C1E (upstream) as function of the mean angle of incidence &s, based on stationary 10 min-long samples from 18/07/2019 to 18/09/2019, wind direction
from 207° to 297°, dry conditions.

the dataset analysed herein. The turbulence likely has a beneficial effect on the recovery of the wake of the upstream cables
in the bundle [41,42]. This and the presence of the rigid connections [2,66] can explain why large amplitude vibrations,
potentially induced by the upstream cables unsteady wake, were not detected in dry conditions. It is worth noting that the
simultaneous recording of videos did not reveal any notable relative motions between the cables of the same bundle during
large amplitude vibrations in wet conditions.

5. Rain-wind-induced vibrations

To illustrate the characteristics of RWIVs, which were occasionally reported (see Section 4), records acquired during a sec-
ond phase of the monitoring campaign are studied. The largest vibration amplitudes of the monitored cables were recorded
on 21/02/2020 and 22/02/2020. Fig. 11 summarises the 10 min-averaged in-plane acceleration standard deviations (o3, ) of
cables C1W and C2W, as well as the corresponding mean wind speed i, cable-wind angle ® and rain intensity, estimated
over 48 h. The large values of o+, which could reach 16 ms2 for cable C2W, were often associated with rainfalls. The latter
appears to be a triggering condition for the onset of large amplitude heave oscillations. Fig. 11 shows that for nominally
identical mean wind speed u and cable-wind angle &, large in-plane oscillations did not occur in dry conditions. During
these large vibration amplitude events, wind flows from S and SSW were recorded. The mean wind speed 3.5 m above the
deck level ranged from 8 ms~! to 10 ms~!. The along-wind turbulence intensity, which was observed on the downstream
side of the deck, was generally fairly high, e.g. [, ~ 0.30. The wind-cable angle ® ranged from 45° to 65° and, hence, the
monitored cables were geometrically declining along the mean wind direction. Fig. 11 suggests that the wind-cable angle ¢
may be one of the key parameters for large-amplitude RWIVs to occur, as demonstrated in dynamic wind tunnel tests with
rain simulated by spray water [9,23,67]. In fact, the abrupt change of wind direction around 05:00 (UTC) on 22/02/2020
coincides with the sudden decrease of the in-plane vibration amplitudes, still in wet conditions.
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Fig. 11. 10 min-averaged acceleration amplitudes of cables C1W and C2W and corresponding mean wind speed, cable-wind angle and rain intensity,
recorded on 21-22/02/2020.
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Also, the simultaneous video recordings of the events considered herein showed that no significant heave oscillations
occurred for the cables geometrically inclining along the mean wind direction. Furthermore, even though stay cables C3
are not monitored with accelerometers, video recordings during the most significant RWIVs events revealed that also cables
C3E and C3W underwent relatively large vibrations when 60° < & < 70°. The fact that different (geometrically declining)
stay cables can be simultaneously excited in wet conditions may suggest that the observed large amplitude RWIVs are not
a purely frequency-dependent phenomenon. On the other hand, the mean wind speed @ and wind-cable angle ® appeared
as key parameters associated with the onset of large-amplitude heave motions during rainfalls.

5.1. Rainwater rivulets

Reported full-scale visual observations of water rivulets on the surface of bridge stay cables during RWIVs are rare,
except for those described in Hikami and Shiraishi [16]. The left panel of Fig. 12 presents a snapshot of the upper water
rivulets on the surfaces of stay cables C1E and C2E during a build-up of heave oscillations in wet conditions, recorded
on 21/08/2020 at 08:41 (UTC). The mean wind speed was around 9 ms~!, the wind-cable angle was ® =51° and the
rainfall started approximately 3 min before the framing time. The vibration level was modest, e.g. both cables C1E and C2E
underwent peak-to-peak heave acceleration of approximately 3 ms—2. The particular framing of the cables suggests that
the water rivulet was not fully developed and tended to slip over the leeward side of the cable surfaces for the case at
hand. On the other hand, during the large amplitude RWIVs observed on 21/08/2020 at 10:38 (UTC) peak-to-peak heave
acceleration of approximately 40 ms~2 were recorded. The upper water rivulet was found to be well-established for all the
cables belonging to the stays C1E and C2E (Fig. 12). The mean wind speed was 9 ms~!, the wind-cable angle was ® = 55°
and a light rainfall was observed. The snapshot suggests that mean angular position of the upper rivulet was characterised
by a windward shift from the cable plane, in agreement with wind tunnel experiments [26,68-70], for a comparable angle
of attack «. The apparent stationarity of the upper rivulet at the framed location may be attributed to the relative vicinity
to the anchoring point of the stay cables, which inherently implies lower vibration amplitudes for the eigenmodes generally
excited in wet conditions. Besides, the oscillation amplitudes of the upper water rivulet, which generally are of the order of
15° [26], may be more difficult to visibly detect due to the relatively modest cable diameter for the case at hand. Full-scale
visual observations are further challenged by the technical difficulties in visually differentiating the oscillating hump-shaped
water rivulet from the underlying so-called carpet [16,24,26,68,70]. Nevertheless, for large oscillation amplitudes, wind-
tunnel investigations based on full-scale rigid models [16,24-26] as well as flexible models [70,71] demonstrated that the
motion of the upper water rivulet is generally synchronized with the cable motion.

5.2. Cable response during a selected RWIV event

The response of the cable C2W recorded on 21/02/2020 from 12:00 to 14:00 (UTC) is utilized herein to illustrate the
main characteristics of both heave and sway oscillations in wet conditions. Fig. 13 shows the time histories of the accel-
eration response as well as the corresponding flow conditions. A remarkably stationary flow was found especially within
the segment from 12:30 to 13:40, during which i = 9.0 ms~! and & = 55°, i.e. the mean wind direction was around 210°.
The along-wind turbulence intensity was I, = 0.33. A 5 min-long segment of heave oscillations build-up, starting from 12:40,
from peak to peak accelerations of 8 ms=2 to 40 ms~2, corresponded to a total negative damping of —3 - 10~# for eigenmode
3. The maximum peak-to-peak heave acceleration amplitude was 48 ms~2. The sway oscillations (i) were on average 0.34
of the corresponding ones along the cable plane and with a certain phase with respect to the heave motion. This suggests
that rain-wind-induced stay-cable vibrations can be highly two-dimensional, as full-scale measurements generally reported
[19,56].

Water rivulet

= - 4

Wind

Fig. 12. Snapshots of the upper water rivulets forming approximately 4 m from the lower anchoring points of cables C1E and C2E, recorded during a
build-up on 21/08/2020 at 08:41 (UTC) (left panel) and significant RWIVs on 21/08/2020 at 10:38 (UTC) (right panel).

10



N. Daniotti, ].B. Jakobsen, J. Snebjornsson et al. Journal of Sound and Vibration 503 (2021) 116106

#; (ms™?)
o
i

o
o
o
S3
N
=3
I3
S
@
S
I3
S3
IS
o
1S3
S
o
Q
I3
S
-3
o
=3
S}
~
=3
a
IS}

t (s)

Fig. 13. 2 h-long time histories of heave and sway acceleration of cable C2W (top panel), along-wind component u (mid panel) and wind direction (bottom
panel), recorded on 21/02/2020 from 12:00 to 14:00 (UTC).
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Fig. 14. Evolutionary Power Spectral Density of the heave acceleration of cable C2W (top panel) and selected 10s-long snapshots (bottom panels), recorded
on 21/02/2020 from 12:00 to 14:00 (UTC).

The top panel of Fig. 14 presents the normalized Evolutionary Power Spectral Density [72] of the heave acceleration re-
sponse of cable C2W. During the course of the largest vibrations, from 12:40 and 13:40, the response was clearly dominated
by eigenmode 3, i.e. f3 =3.15 Hz. This is in agreement with the majority of field observations on rain-wind-induced vibra-
tions, which are typically dominated by a single-mode response [73]. Three 10 s-long snapshots of the studied acceleration
time-history are also reported in the bottom panels of Fig. 14 to illustrate the characteristics of the observed response. At
the very beginning of the build-up of the vibration amplitudes, a heave response consisting of eigenmode 6 (dominant) and
eigenmode 3 was observed. Conversely, when approaching the end of the very first build-up (around 12:20), eigenmode 3
was dominant over eigenmode 6. Finally, a single-mode response, governed by eigenmode 3 (f; =3.15 Hz) and associated
reduced velocity of u/fD = 40, was recorded throughout the entire duration of the large amplitude RWIVs, from 12:40 to
13:40. The amplitude modulation of the corresponding vibrations likely depends on changes in the rainfall rate, as well as
the turbulence of the oncoming flow. Mode switching during large amplitude in-plane RWIVs did not generally occur. This
can be attributed either to a relatively coherent distribution of the upper water rivulets along the cable span and its dynamic
interaction with the cable motion or, perhaps, to a peculiar aerodynamic behaviour enhanced by the bundled geometry of
the stay cables. The latter aspect will be further investigated in a future measurement campaign.

The left panel of Fig. 15 provides a unique, graphic documentation of the (time-lagged) correlation between rain intensity
and the normalized heave modal displacement amplitude (2 - 3f\ry /D) of cable C2W, averaged over 60s-long segments. The
build-up of the larger oscillations, which started at around 12:40 (UTC), was associated with a generally time-lagged increase
of the rain intensity. The largest vibration amplitudes, which reached values of 2 - 3Ary /D = 1.7, occurred between the period
from 12:40 and 13:20 (UTC), during which a light rain intensity was recorded. Thereafter, the vibration decay started with a
certain time delay with respect to the fade-out of the rain intensity. Such behaviour is in agreement with the wind tunnel
tests on a full-scale rigid model of cable described in Flamand et al. [29], who highlighted a slight increase of the oscillation
amplitudes before a decay, once the rainfall is stopped. Similarly, Chang et al. [74] pointed out the formation of a thin water
film on the cable surface after the rainfall stopped and before reaching a dry state. Such a condition may explain the above-
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Fig. 15. 60s-averaged heave modal displacement 2~3A,y/D of C2W and rain intensity (left panel), corresponding reduced velocity i/fD (right panel),
recorded on 21/02/2020 from 12:00 to 14:00 (UTC).
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Fig. 16. Snapshot of the displacement response of cable C2W (left panel) and corresponding trajectory (right panel) estimated at the measurement location,
based on 10 s-long segments recorded on 21/02/2020 from 12:00 to 14:00 (UTC).

mentioned time lag generally observed for the RWIVs to die out. A certain time is usually needed for the cable surface to
reach a dry state and the inherently low structural damping of the stay cables does not allow for an abrupt suppression of
the cable oscillations. As both the wind direction and u are fairly stationary during the studied event, the result in the left
panel of Fig. 15 suggests that the rainfall is a necessary condition for both the onset and sustained presence of the large
amplitude RWIVs of the monitored stay cables.

The right panel of Fig. 15 shows the evolution in time of the reduced velocity i/ fD within the considered 2 h-long event.
The reduced velocity was computed for every 60s-long segment based on the frequency corresponding to the spectral peak
of the heave displacement response of the cable. A correlation was found between the onset of the vibration build-up and
the abrupt drop of i/ fD to a value slightly lower than 40. This value is then fairly constant during large amplitude vibrations
up to 13:40 (UTC). The eigenfrequency of the cable C2W associated with ii/fD ~ 40 is 3.15 Hz, i.e. the in-plane eigenmode
3. This agrees well with RWIVs being a velocity-restricted type of oscillations at high reduced velocities [10,17,75].

The coupled motion of the cables in the two degrees of freedom was also investigated. Fig. 16 depicts a 10s-long snapshot
of both sway and heave displacements along with the corresponding cable trajectory in the plane normal to cable axis,
recorded around 12:50 (UTC) on 21/02/2020 (see Fig. 15). Fairly steady oscillations amplitudes within + 22 mm and + 50
mm were found in the sway and heave direction, respectively, with a near-elliptical shape of the displacement trajectory.
The primary oscillation plane was found at y = 20° whereas the across-wind response plane was 22°, e.g. o = 68° for the
case at hand. Hence, the major axis of the fitted ellipse (14) was located approximately along the cross-flow direction. The
dominant vibration frequencies along the in-plane and out-of-plane were tuned at 3.15 Hz. Sway r(t) and heave r,(t) were
more or less out of phase, with ry(t) lagging by 150° behind ry(t). The ratio between the major and minor axis of the
fitted ellipse was n4/np = 5.4. Wake and proximity interference may contribute to enhancing the two-dimensionality of the
motion trajectories observed in wet conditions. Nevertheless, the example of motion trajectory experienced by the cable
during RWIVs and shown in Fig. 16 is in overall agreement with those generally observed in full-scale for bridge stay cables
[15,19,20,56].

5.3. Characterising large amplitude oscillations in wet conditions

Large amplitude oscillations of cable C2W acquired on 21-22/02/2020 in wet state (see Fig. 11) are used herein to study
further the response in wet conditions. Statistics were computed based on 60 s-long segments and the considered dataset
encompassed a total of 180 min of records. Vibration amplitudes were also estimated based on the major (1) and minor
(ng) axis of the ellipse fitted to the displacement trajectories, as described in Section 2.

Fig. 17 depicts the normalized major axis of the modal displacement trajectories (1,/D) as a function of the mean wind
speed i, reduced velocity i/ fD as well as wind-cable angle . The in-plane response data was scattered within the range 5
ms~! << 15 ms~! (3-10% < Re < 8-10%). The majority of the events occurred around 9 ms~!, at reduced velocity centred
around u/fD = 35, where the dominant frequency is f =3.15 Hz, i.e. eigenmode 3. The onset of large-amplitude vibrations
was associated with a narrow range of wind-cable angle, namely 40° < ® < 70° with a median value of ® = 55°. Hence,
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Fig. 17. (1 min-averaged) major axis of displacement trajectories as a function of u (left panel), reduced velocity i/ fD (mid panel) and mean cable-wind
angle @ (right panel); 160 min of vibrations in wet conditions for cable C2W, recorded on 21/02/2020 and 22/02/2020.
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Fig. 18. 1 min-averaged heave and sway modal displacement amplitudes (left panel), and major and minor axis of displacement trajectories (right panel);
160 min of vibrations in wet conditions for cable C2W, recorded on 21/02/2020 and 22/02/2020.

the cable was geometrically declining along the mean wind direction. The limited ranges of both mean wind speed u and
wind-cable angle @, as well as the dominant vibration frequencies, are in overall agreement with those generally reported
to occur for the onset of RWIVs [16,18-20,23,76-78].

During RWIVs, in-plane oscillations are generally larger than the out-of-plane ones at the same frequency [71,78]. How-
ever, full-scale investigations on bridge stay cables pointed out that the oscillations can exhibit a significant two-dimensional
behaviour in wet conditions [19,20,56]. The correlation between the in-plane and out-of-plane oscillations, which is reported
in the left panel of Fig. 18, confirmed the above-mentioned response behaviour. The correlation was non-linear, especially for
larger y, and dependent on the vibration amplitude. The major axis of measured oscillations was generally in the range from
5° to 20° from the in-plane (on the upstream side), with tuned eigenfrequencies for the two degrees of freedom. A similarly
scattered correlation is found between the major (17,4) and minor (ng) axis of the ellipse fitted to the displacement trajecto-
ries (right panel of Fig. 18). If a linear relationship between the two variables is assumed, the slope of the corresponding fit
is 3.8, with a root mean squared error of 0.45. In particular, Fig. 18 indicates that the degree of two-dimensionality of the
cable motion depends on the estimated primary oscillation direction y. In fact, an increase of the latter is associated with
larger ng/D for a fixed value of major axis oscillations 14/D. Due to the bundled arrangement of the monitored stay cables,
wake and proximity interference likely contributes to the specific two-dimensionality of the displacement trajectories during
RWIVs.

6. Conclusions

The paper presents the main findings from a monitoring campaign tailored to study the bridge stay cable vibrations on
the Stavanger City Bridge (Norway). The monitored single stays (D = 79mm and L = 98.3 m) are clustered in a group of four
cables (centre-to-centre distance of 4D and 6D along the sway and heave directions, respectively) connected by rigid cross
ties at two points along the cable span. Rainfall was found to promote the onset of large amplitude heave oscillations for
all the monitored stay cables. Based on 690 h of continuous monitoring, the probability of occurrence of vibration ampli-
tudes above 0.10D for eigenmode 3 is estimated to be 0.4%. Despite their rare appearance, the observed rain-wind-induced
vibrations contributed to an improved understanding of the phenomenon in full-scale. The prime role of the rainfall in the
excitation mechanism was documented by video camera recordings of the water rivulets on the surface of stay cables un-
dergoing large vibrations, as well as in terms of the time-lagged correlation between the rainfall and large amplitude modal
response. The majority of large amplitude oscillations occurred in presence of light rain-fall, mean wind speed between
8 ms~! and 12 ms~! (4.3 -10% < Re < 6.4-10%) and wind-cable angle ranging from 45° to 65°. During the observed large
amplitude vibrations in wet conditions, eigenmode 3 (3.15 Hz) was generally excited, thereby promoting the onset of fairly
mono-harmonic oscillations. The corresponding range of reduced velocity was high, i.e. around i/ fD = 35. Furthermore, the
heave and sway dominant eigenfrequencies were found adequately tuned. Displacement amplitudes (averaged over 60 s)
along the primary response plane reached values up to 2.5 the cable diameter. The displacement trajectories exhibited a
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near-elliptical shape during large amplitude vibrations in wet state. A significantly two-dimensional cable response was also
highlighted, due to a phase lag between heave and sway degrees of freedom. The discussed results were essential to assess
and, possibly, design countermeasures to inhibit the excessive vibrations occurring in wet state.

The potential role of wake and proximity interference in promoting and/or enhancing the observed large amplitude rain-
wind-induced vibrations, as well as structural damping estimates, are topics of future investigations.
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