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Abstract
Theoretical and experimental investigations to date assumed that bridge stay cables can be

modelled as ideal circular cylinders and that their aerodynamic coefficients are invariant with
wind angle-of-attack. These changes are neglected when the potential for bridge cable instability
is evaluated, i.e. in terms of negative aerodynamic damping. On the other hand it has been
demonstrated that bridge cables are characterised by local alterations of their inherent surface
roughness and shape. Small deviations from ideal circularity determine significant changes with
Reynolds number in the static drag and lift coefficients. The present study focuses on the dynamic
response of a full-scale yawed bridge cable section model, for varying Reynolds numbers and wind
angles-of-attack. Tests results show that the in-plane aerodynamic damping of the bridge cable
section, and the overall dynamic response, is strongly affected by changes in the wind angle-of-
attack.

1 Introduction

Recent investigations undertaken by Matteoni and Georgakis (2012) showed that bridge stay cables
are characterised by a non-uniform distribution of surface roughness and shape. Based on static wind
tunnel tests undertaken for full-scale bridge cable section models, it was demonstrated that the drag and
lift coefficient of both cross-flow and inclined/yawed bridge cable models are strongly dependent on
the degree of axial rotation of the cable model, i.e. on the wind angle-of-attack. Similar findings were
reported by Flamand et al. (2009). Assuming quasi-steady theory, Matteoni and Georgakis (2013)
found that negative aerodynamic damping can be predicted, especially in the critical Reynolds number
range, where the drag coefficient is reduced to its minimum, while the lift coefficient experiences
significant variations with wind angle-of-attack.

As a continuation of the study undertaken by Matteoni and Georgakis (2012), the current work in-
vestigates the effects of surface roughness and cross-sectional distortion on the wind-induced response
of bridge cables in dry conditions. In order to understand this dependency, passive dynamic wind tun-
nel tests were undertaken on a section of a bridge cable model inclined/yawed to the oncoming wind.
The aerodynamic damping and the peak to peak amplitude of the cable response were identified for
varying Reynolds numbers and varying degrees of axial rotation of the High Density Polyethylene
(HDPE) tubing covering the cable model, i.e. for varying wind angles-of-attack.

2 Passive-dynamic wind tunnel tests

Passive-dynamic wind tunnel tests were performed at the new DTU/Force Climatic Wind Tunnel in
Lyngby, (Georgakis et al., 2009). The tested cable section was made of plain HDPE tubing, provided
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by bridge cable suppliers, with a nominal diameter of 160 mm, placed on an inner aluminium tube
for increased rigidity. The HDPE tubing, of the same type as the one used for static wind tunnel tests
undertaken by Matteoni and Georgakis (2012), was not characterised by a uniform roughness, due to
the presence of minor scratches and of a 4 mm wide commercial indentation distributed all along its
length. Fig. 1 shows a detail of the HDPE tubing surface. The roughness average, measured both in the
direction of extrusion and of the wind flow, was found in the range of 0.7-2 µm. Increased roughness
was found along the commercial indentation, i.e. in the range of 50-100 µm. The measured roughness
average was comparable to values measured on original cables at the Øresund Bridge. Roundness
measurements of the cable model, i.e. including the inner aluminium tube, showed that it is nearly
circular, with a maximum deviation of the local diameter of 1.25 % (1 mm) from its nominal value,
(Matteoni and Georgakis, 2012).

Figure 1: HDPE tubing used for passive-dynamic wind tunnel tests.

Technical specifications on the dynamic rig are reported by Eriksen (2012). The cable model was
supported on the outside of the wind tunnel test section, whilst protruding across lateral openings. Fig.
2 shows the cable model seen from the inside of the wind tunnel test section.

Figure 2: Cable model seen from the inside of the wind tunnel test chamber.

In Fig. 3 the geometry of the dynamic rig is illustrated. In the present tests the cable was installed
with a vertical inclination Θ = 25◦, and a horizontal yaw of β = 60◦, leading to a cable-wind angle
Φ, i.e. the angle between the wind direction and the cable axis, of 63◦. This latter is in the range
where dry inclined instability is predicted to occur, (Raaesi et al., 2013). The wind angle-of-attack, α,
identifies the degree of axial rotation of the cable model, i.e. the angle formed between the projection
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of the free stream velocity U in the cable’s cross sectional plane xy, UN (normal wind velocity), and
the local y axis, so that

UN = U
√

sin2 β + sin2 Θ cos2 β (1)

Tests were performed for ten selected wind angles-of-attack, i.e. α = 0◦, 30◦, 60◦, 90◦, 105◦, 120◦,
150◦, 180◦, 195◦, 210◦, i.e. at intervals of ∆α = 15◦ − 30◦.

Figure 3: Illustration of the dynamic rig geometry.

The total length of the cable model was Ltot = 3.35 m. The effective length, i.e. the length
of the model inside the wind tunnel test chamber was Leff = 2.55 m. The total mass of the cable
model, including the effective spring masses, was mtot = 46.09 kg, while the effective mass per unit
length of the model, i.e. obtained by dividing the total mass by the effective length was meff = 18.07
kg/m. The mass per unit length of full-scale prototype bridge cables can vary in the range of 40−120
kg/m. Thus the scaling factor between the current and prototype bridge cable ranges from 1 : 2.21
to 1 : 6.64. The cable’s structural frequency was 1.10 Hz, while the measured structural damping,
obtained as the rig damping at zero wind velocity, was 0.1%. The cable’s Scrouton number is defined
as

Sc =
mζ

ρD2
= 0.56 (2)

where m is the (effective) mass per unit length of the cable model, ζ is the structural damping, ρ
is the air density, and D is the nominal cable diameter.

All tests were conducted for a range of wind velocities spanning from 0 to 30 m/s. The along-
cable axis turbulence intensity was uniform and was found (by use of cobra probe) to be equal to
Iu = 0.53% at velocities of 9.6, 12.6 and 15.8 m/s.

Test parameters are summarised in Table 1.
The model displacements in both in-plane and out-of-plane directions were measured by use of

analogue laser displacement transducers. In all tests the aerodynamic damping was estimated as the
difference between the measured total and the structural damping. For wind velocities where the
cable vibration grew spontaneously, the total damping was evaluated as the slope of the vibration
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Table 1: Test parameters.
D [mm] f [Hz] Θ[◦] β[◦] Φ[◦] Leff [m] meff [kg/m] ζs [%] Sc [-] Iu [%]

160 1.10 25 60 63 2.55 18.07 0.1 0.56 0.53

growth. For the remaining wind velocities the total damping was evaluated from the slope of the free
vibration decay, obtained by exciting the cable model manually, so as to reach amplitudes of vibration
of approximately 1D-1.5D. Vibration growths indicated that aerodynamic damping was negative and
larger in absolute value than the structural damping. Vibration decays indicated that the total damping
was positive, thus the aerodynamic damping was either positive or negative but smaller in absolute
value than the structural damping. The number of test repetitions, i.e. vibration decay/growth events
used to evaluate the total damping, was between 2 and 10. For each test the peak to peak amplitude of
the response was estimated.

3 Results

3.1 Passive-dynamic wind tunnel tests

Figs. 5-8 show the mean in-plane aerodynamic damping, as well as the peak to peak amplitude
of response, for varying Reynolds number and wind angles-of-attack, α. The interval of Reynolds
number corresponding to the critical range, based on the drag and lift coefficient curves obtained from
static wind tunnel tests, Matteoni and Georgakis (2012), see Fig. 4, are also shown in Figs. 5-8 as
grey areas. The cable model used in the static tests was covered by an HDPE tubing identical to

(a) (b)

Figure 4: Drag (a) and lift (b) coefficient normal to cable for Φ = 60◦, based on static wind tunnel
tests, (Matteoni and Georgakis, 2012).

the one used for the present passive-dynamic tests and was oriented at the same cable-wind angle.
Nevertheless, the flow regime boundaries might not perfectly correspond for the cable tested statically
or passive-dynamically, due to a difference in the end conditions and in the relative roughness/shape
distribution in the critical area of the cable, i.e. where flow separation is expected to occur.

For the passive-dynamic tests, in subcritical Reynolds number region Re = 0.5−2·105, the in-plane
aerodynamic damping as well as the peak to peak amplitudes were in fair agreement for all tested wind
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angles-of-attack, α, and as would be expected from quasi-steady theory. On the other hand, a lack of
repeatability in the aerodynamic damping was obtained by changing the wind angle-of-attack, α, for
higher Reynolds numbers. In the upper tested Re range, the cable model exhibited three different types
of response, for varying wind angles-of-attack, α. The first type of response was characterised by the
occurrence of divergent type motion, accompanied by negative aerodynamic damping. This occurred
for all wind velocities higher than the critical one, corresponding to the onset of instability, (see Fig. 5).
The second type of response consisted in either divergent type or limited-type motion, accompanied
by negative aerodynamic damping, occurring for a limited range of Reynolds numbers within the
critical, (see Fig. 6). The third type of response consisted in low amplitude vibrations, accompanied
by positive aerodynamic damping throughout the whole tested range of Reynolds numbers, (see Figs.
7-8).

Response type 1
This type of response was identified for two of the ten tested wind angles-of-attack, i.e. α = 0◦

and α = 105◦ (see Fig. 5).

(a) (b)

Figure 5: In-plane aerodynamic damping (a) and peak-to-peak amplitude (b) versus Re for α = 0◦

and α = 105◦.

In the start of the subcritical Reynolds number range the aerodynamic damping undergoes a linear
increase, accompanied by low amplitude vibration (near zero). Subsequently, but still in the sub-
critical Reynolds number range, the aerodynamic damping stabilizes around nearly constant positive
values and the amplitude of vibration remains limited. A change in sign in the aerodynamic damping
(from positive to negative) occurs in the critical Reynolds number regime where the cable vibration
amplitude builds up. At a certain Reynolds number the aerodynamic damping reaches an absolute min-
imum and the vibration becomes divergent. For higher Reynolds numbers, the aerodynamic damping
increases, but still remains negative and the vibration remains divergent. Note that for α = 0◦, at
Re = 2.13 · 105, both positive and negative aerodynamic damping, i.e. ζa = 0.70% and −0.81%,
are measured. At this Reynolds number, after the cable is manually excited to the target amplitude
of vibration it first undergoes a free decay (showing positive aerodynamic damping) until it reaches
a certain level of vibration amplitude. From this level, it then starts to grow spontaneously, leading
to negative aerodynamic damping. In particular, the slope of the decay is higher in absolute value
than the slope of the growth. This behaviour is likely to be associated to specific flow transitions, for
example the single separation bubble regime (TrS1), (Zdravkovich, 1990).

Response type 2
This response was identified for the wind angles-of-attack, i.e. α = 120◦ and α = 180◦ (see
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Fig. 6). As for response type 1, in the beginning of the subcritical Reynolds number range, the

(a) (b)

Figure 6: In-plane aerodynamic damping (a) and peak-to-peak amplitude (b) versus Re for α = 120◦

and α = 180◦.

aerodynamic damping remains approximately constant after an initial linear increase, and the peak to
peak amplitude is limited. A change in sign in the aerodynamic damping (from positive to negative)
occurs in the critical range. Here, the amplitude of vibration is either divergent-type (α = 120◦)
or of the limited amplitude-type (α = 180◦). The aerodynamic damping stays negative (and the
amplitude of vibration remains divergent or large), but only for a limited range of Reynolds numbers.
A second change in the sign of the aerodynamic damping, from negative to positive, accompanied by
a consistent mitigation of the vibration amplitude, is experienced for both wind angles-of-attack for
higher Reynolds numbers. This might be an indication of the transition from the end of the critical to
the supercritical regime.

Response type 3
This response was identified for the majority of the tested wind angles-of-attack, i.e. α = 30◦,

60◦, 90◦, 150◦, 195◦, 210◦ (see Figs. 7-8). The aerodynamic damping undergoes a linear increase

(a) (b)

Figure 7: In-plane aerodynamic damping (a) and peak-to-peak amplitude (b) versus Re for α = 30◦,
60◦, 90◦.

with Reynolds number in the start of the subcritical Reynolds number range (as for responses 1 and 2).
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(a) (b)

Figure 8: In-plane aerodynamic damping (a) and peak-to-peak amplitude (b) versus Re for 150◦, 195◦

and 210◦.

It then remains positive and is accompanied by low amplitude vibrations throughout the whole tested
range of Reynolds numbers. Here the cable response was always stable, implying that the critical Re
range was not characterised by negative aerodynamic damping. Note that for certain wind angles-of-
attack, α, it was not possible to determine the aerodynamic damping and peak to peak amplitude for
the whole tested range of Re numbers. For these cases only partial curves are reported.

4 Conclusion

Passive-dynamic wind tunnel tests undertaken in dry conditions for a bridge cable section charac-
terised by a fixed mass and frequency, and oriented at a fixed cable-wind angle, showed that the
in-plane aerodynamic damping as well as the peak to peak vibration amplitudes change significantly
with Reynolds number, for varying wind angles-of-attack. Minor deviations in the cable response are
observed in the subcritical Re range. On the other hand, in the critical Re range the cable can either
exhibit a stable response, characterised by positive aerodynamic damping and limited peak to peak
amplitudes of vibration, or can undergo divergent vibration accompanied by negative aerodynamic
damping. Thus, dry instability is very sensitive to geometrical imperfections of the cable model and
changes in surface roughness which trigger the instability over a broad range of Reynolds numbers.
Therefore bridge cables should not be treated as ideal circular cylinder when modelled analytically or
experimentally. This confirms experimental findings obtained by static tests which demonstrated that
the drag and lift coefficient of an inclined/yawed cable model are significantly affected by the wind
angle-of-attack.
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