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1. Introduction

When bridges are located in parallel configuration their wind
induced response becomes in general more complex than con-
sidering the single stand-alone bridge, due to the aerodynamic
interference between the two decks. Several researches have been
conducted in the last few years on this topic, since the need for
increasing the traffic capacity of existing motorways is becoming
quite common, and often the solution consists in doubling an
existing bridge crossing, or directly building a twin deck bridge.
Some examples of relevant parallel bridges whose aerodynamics
has been investigated are the Jindo bridge in Korea (Seo et al.,
2013; Kim et al., 2013); the Meiko-Nishi, the Onomichi, and the
Kansai Airport bridges in Japan (Suzuki et al., 1999; Okubo and
Enami, 1972; Honda et al., 1990); the Haihe, the Pingsheng and the
Hongdao bridges in China (Meng et al., 2011; Liu et al., 2009); the
Fred Hartman and the New Tacoma bridges in the USA (Svensson
and Lovett, 1990; Irwin et al., 2005); and the J.P. Duarte bridge in
St. Domingo (Larsen et al., 2000). An overall picture of some of
these bridges is shown in Fig. 1.

The presence of a new deck parallel to the existing one can
affect significantly the aerodynamics of both decks, and it is a good
rgentini).
design practice to assess possible problems and countermeasures
relying on wind tunnel tests on sectional aeroelastic models.

The main issues on parallel bridges that need to be investigated
are

1. interference effects on the steady aerodynamic coefficients;
2. vortex-induced vibrations (VIV) of the bridges and wake-exci-

tation effects on the downstream bridge;
3. interference effects on the aeroelastic stability (flutter or

galloping).

This paper presents the results of the investigations on the
aerodynamic interference effects of the Ewijk bridge, achieved
using sectional deck models in a 1:50 length scale, in the wind
tunnel of Politecnico di Milano.
2. The Ewijk bridge

The Ewijk bridge crosses the river Waal, which is the main
branch of the Rhine in the Netherlands, and it is a vital transpor-
tation route between the Port of Rotterdam and mainland Europe.
The bridge opened to traffic in 1976, and the 1055 m-long struc-
ture has ten spans, with a 480 m-long cable-stayed section over
the river. This part of the bridge has a main span of 270 m with
two side spans of 105 m. The deck is a steel trapezoidal box girder
with orthotropic plates on the top and bottom flanges. The box
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Fig. 1. Pictures of some relevant parallel bridges around the world.

Fig. 2. The Ewijk Bridge. (a) The original stand-alone configuration. (b) The new configuration with the existing deck (in refurbishment) and the new deck.
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Fig. 3. Existing and new deck sections. Barriers are sketched in red. (For interpretation of the references to color in this figure caption, the reader is referred to the web
version of this paper.)

Table 1
Configurations during the refurbishment stages.

Configuration Variation of height
of existing deck
(m)

Barriers on exist-
ing bridge

Upwind
deck

2 - Inner cables
removed

þ1.2 Removed New

3 - Outer cables
removed

0 Removed New

4 - In-service 0 Reinstalled New
Reinstalled þ
noise

5 - In-service þ noise
barrier

0 barrier on the
new

New

bridge
6 - In-service 0 Reinstalled Existing

Table 2
Inertial properties and eigenfrequency values for the two bridges during the
refurbishment (full scale).

Bridge Configuration Mass per
unit length
(ton/m)

Torsional iner-
tia per unit
length (ton m)

fv (Hz) ft (Hz)

New bridge All 75.5 7600 0.38 0.67
Existing

bridge
2 and 3 10.3 971 0.49 1.19

4, 5, and 6 23.2 2239 0.36 0.71
girder is continuous over the ten spans and it is supported by cable
stays in the span over the river crossing and in the adjacent spans.

This bridge was selected for renovation due to problems with
fatigue cracking in the stay cables (Maljaars and Vrouwenvelder,
2014). To this end, a second bridge was built, next to the existing
structure, in order to divert all the traffic off the existing crossing
to enable the repairs without loss of traffic capacity (see Fig. 2).
After the refurbishment, the new bridge allowed to increase the
traffic capacity of the motorway.

The new structure is a cable-stayed bridge, with an asymmetric
concrete deck made of two external trapezoidal hollow girders
connected by transverse precast beams, evenly spaced along the
bridge. Fig. 3 shows a sketch of the two decks with their main
elements and dimensions.

During the refurbishment, the existing deck profile, its stiffness
and mass are subjected to changes that affect its aerodynamics,
structural frequencies, and relative height between new and
existing decks (up to 1.2 m). The change of deck shape and mass is
due to the presence or not of parapets, asphalt, and traffic barriers
on the existing deck, and an optional noise barrier on the new
bridge. Tables 1 and 2 summarize some relevant configurations
and the corresponding bridge properties, during the refurbish-
ment and at in-service configurations.
The existing deck, in stand-alone configuration, did not suffer
of any aerodynamic problems up to the design wind velocity of
30 m/s. The target of the wind tunnel experimental campaign was
therefore to assess the interference of the new bridge on the
existing one, in terms of effects on static aerodynamic coefficients
for bearings verification, effects on aeroelastic stability, and effects
on vortex-induced vibrations.
3. Wind tunnels tests

3.1. Experimental setup

The aerodynamic behavior of the two parallel decks was
investigated in the boundary layer wind tunnel of Politecnico di
Milano (with a test section 14 m wide and 4 m high, and a max
wind velocity of 15 m/s). In order to study the interference effect,
one rigid sectional model was built for each deck, with a geome-
trical scale 1: 50Lλ = , and with a length ratio of 1:4. A large length
scale was chosen to accurately model the details of the traffic
barriers and of the parapets (see Fig. 4a and c), that were modeled
with an equivalent porosity and a simplified geometry. The edges
of the decks were made sharp in order to impose separation points
and limit Reynolds effects (at the largest wind speed, Reynolds
number was Re UD/ 10 3.67/1.5 10 5.5 105 6ν= = · · = ·− ).

A specific test rig was designed for the measurement of the
steady aerodynamic forces, the vortex-induced vibrations, and the



Fig. 4. Experimental test rig: (a) the two sectional models, (b) overall view of the rig; bottom view of the two sectional models.
aeroelastic stability, adopting a bi-dimensional approach. To this
end, the test rig consists of two side walls that bound the two
sectional models (Fig. 4b). The models are then supported by
means of transverse tensioned cables and vertical helical springs
that are connected to the walls of the test section.

The ratio between the distance from the mean water level and
the depth of the decks is larger than 5, and it was not reproduced
in the wind tunnel tests, where this parameter is larger (about five
times), since this effect is considered negligible on aerodynamic
forces and VIV.

During vortex-induced vibration and aeroelastic tests, the
models were suspended and free to vibrate, and their acceleration
was measured by means of MEMS accelerometers (sensing range

g2± , bandwidth 0–250 Hz). Displacements were obtained by post-
processing the recorded data. The model eigen-frequencies were
tuned selecting the stiffness and the position of the springs, while
the structural damping was tuned using two tunable eddy-current
dampers. Connections between the suspension system and the
models were made using ball-bearings in order to avoid unwanted
friction.

During steady aerodynamic force measurements, the new deck
was fixed rigidly, while each side of the existing deck was con-
nected to a six-component force balance (strain-gauge balance
RUAG type 192) through a constraint that allows the rotation
about the axis of the deck, in order to change the angle of attack.

All tests were performed in nominal smooth flow conditions
(along-wind turbulence intensity I 2%u < ).

3.2. Similarity laws and scaling factors

For vortex-induced vibration and aeroelastic tests the following
scale factors were adopted:
1. The length scale parameter L
L
L

1
50

M

R
λ = = , where M identify

model quantity and R full scale one.
2. The density scale parameter 1M

R
λ = =ρ

ρ
ρ

(same fluid: air)

3. The reduced velocity parameter 1V
V

V
M

R
λ = =⁎

⁎

⁎ . The reduced

velocity is defined as V V fB/= ( )⁎ , where V is the mean wind
velocity, B is the deck chord of the new deck, and f is the
vibration frequency.

4. The Scruton number parameter, or mass-damping parameter,
1Sc

Sc
Sc

M

R
λ = ≤ . For the vertical modes, the Scruton number is
defined as Sc m B2 / 2πζ ρ= ( ) ( ), where m is the deck mass per unit
length and ζ is the damping ratio coefficient; for the torsional
modes, Sc J B2 / 4πζ ρ= ( ) ( ), where J is the deck moment of inertia
per unit length.

As a consequence of the previous relationships, the velocity
scale depends on the frequency scale (which was set between
5 and 6 for the different configurations tested):

V

V
V
V

1
1

V L f
M

R

M

R
λ λ λ= ⇒ = =

( )

⁎

⁎

The Scruton number similarity is achieved acting both on mass
and damping scale factors, λζ and mλ :

Sc
Sc

1
2

Sc
m

L

M

R
2λ

λ λ
λ λ

= = ≤
( )

ζ

ρ

Indeed, the mass and moment of inertia per unit length scale
factors that nominally are

; 3m L L J L L
2 2 4 4λ λ λ λ λ λ λ λ= = = = ( )ρ ρ



can be taken smaller, in a conservative way for aeroelastic stability,
while allowing for more flexibility in the investigation of a wide
range of Sc values, tuning only the damping of the aeroelastic
model. In other words, if the model is designed lighter than it
should be ( m L

2λ λ< ), its Sc number will be lower than it should
1Scλ < , but this can be adjusted acting on the damping value

( 1λ >ζ ), which can be tuned more easily. In particular, the sec-
tional models for VIV tests were made with mass scale factors
smaller than the nominal one (0.7 times), in order to allow the
investigation of a wide range of Scruton numbers, acting on the
tunable eddy current dampers.
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Fig. 6. Existing bridge: comparison of CD, CL, CM as a function of the angle of attack
α, for three different configurations.
4. Results

In this section, results about steady aerodynamic forces and
vortex-induced vibrations are presented. Free motion tests were
also performed to investigate the aeroelastic stability up to the
design wind speed (30 m/s), but results are not discussed in this
paper because nor instability issues nor other significant events
were recorded.

4.1. Steady aerodynamic coefficients

During the different refurbishment stages, the existing deck
was expected to rotate of 7 2°, because of an asymmetric dead
loading. Therefore, aerodynamic steady forces were measured
varying only the rotation of the existing deck, to investigate the
aerodynamic interference between the two decks.

For the existing bridge, steady aerodynamic drag force (FD), lift
force (FL) and pitching moment (M) are provided in terms of
steady force and moment coefficients, CD, CL, CM as a function of
the angle of attack α, according to following formulation:

C
F

qBL
C

F
qBL

C
M

qB L
, ,D

D
L

L
M 2

=
¯

¯
=

¯
¯

=
¯

¯

where B and L represent the characteristic lengths adopted to
express the loads in non- dimensional forms (respectively the deck
chord and the length of the sectional model); q is the dynamic
pressure at deck height, and the overbar sign represents the mean
operator. Sign conventions are reported in Fig. 5.

The interference effect of the two decks can be assessed from
Fig. 6, where the steady coefficients of the existing bridge are
reported as a function of α, for three different arrangements of the
deck: the stand-alone deck is compared with the case when it is
upwind the new one (Configuration 6), or downwind (Configura-
tion 4). The main interference effect occurs when the new deck
shelters the existing one: the drag coefficient drops significantly
(about �50% at α¼0°); the lift coefficient keeps its positive slope
with the angle of attack, but globally shifts towards negative
values (CL from þ0.1 to �0.57 at α¼0°); the moment coefficient,
in agreement with the lift, shifts towards negative values, keeping
M

Fig. 5. Sign conventions for
its slope (CM from þ0.014 to �0.04 at α¼0°). When the existing
deck is upwind the new one, there are less significant interference
effects: the main effect is a reduction in the drag force for negative
and neutral angles of attack (about �35% ).

These results are consistent with those reported by Liu et al.
(2009) for the Hongdao bridge, when a similar ratio between the
length of the gap between the two decks and the deck chord, x, is
considered (for Ewijk bridge x 3.4/37.2 0.1= ≈ , see Fig. 3). Larsen
et al. (2000) reported similar results for the drag reduction, when
considering the parallel Duarte bridge ( x 0.6≈ ), and eventually a
beneficial slope reduction in the lift and moment coefficients was
measured. However it is not possible to relate the change in the
coefficients only to the x parameter, because many parameters are
involved, first of all the shapes of the two decks and the structure
of their wakes.

4.2. Vortex-induced vibrations

Before the refurbishment, the existing bridge in stand-alone
configuration did not suffer of any significant vortex-induced
vibrations at its operational Scruton number (Sc¼0.27 for the
L

D

F

F

drag, lift, and moment.



V* = V/(fB)
0 0.5 1 1.5 2 2.5 3

z/
B

N
E

W

0

0.002

0.004

0.006

0.008

0.01
NEW bridge

Conf 0, 
Sc

  = 0.2

Conf 5, 
Sc

  = 0.2
Conf 4, 

Sc
  = 0.2

V* = V/(fB)
0 0.5 1 1.5 2 2.5 3

z/
B

E
X

I

0

0.002

0.004

0.006

0.008

0.01
EXISTING bridge

Conf 4, 
Sc

  = 0.7
Conf 5, 

Sc
  = 0.7

Fig. 7. Non-dimensional vortex induced vertical vibrations for the new and the
existing decks as a function of the reduced velocity, for a low Sc number, at three
different configurations.
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Fig. 8. Non-dimensional vortex induced vertical vibrations for the new and the
existing decks as a function of the reduced velocity, for different Sc numbers at
Configuration 4.
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Fig. 9. Non-dimensional vortex induced vertical vibrations for the new and the
existing decks as a function of the reduced velocity, for Configurations 2 and 3.
vertical mode, and Sc¼0.02 for the torsional one). Therefore, one
of the targets of the wind tunnel tests was to investigate if there
were any interference effect due to the imminent presence of the
new deck, also considering that the two bridges, at in-service
condition, have similar eigen-frequencies for the first vertical and
torsional modes (respectively, fv and ft in Table 2).

Experimental results show that the new bridge, for low Sc
values ( 0.2Scλ = ), suffers from vortex shedding excitation for the
vertical mode. Fig. 7 reports the VIV response on the decks as a
function of the reduced velocity for three configurations: Config
0 is the case of stand-alone new deck (tested for reference); Config
4 is the configuration with the existing deck in the wake of the
new one; Config 5 is like Config 4, but with the addition of the
optional noise barrier on the new deck. No data are shown for
Configuration 6, because in this condition no VIV was recorded.

On one hand, the new bridge response exhibits a classical lock-
in range, and the presence of the downstream deck does not
influence significantly the VIV response; on the contrary, the lock-
in range extension and response amplitude increase if the solid
noise barrier at the leading edge of the bridge is present.

On the other hand, the existing bridge seems affected by the
VIV response of the upwind deck: this interference is more evident
for Configuration 5. It is possible to notice that the range of Vn,
where the downstream deck vibrates, coincides with the lock-in
region of the upwind deck. Moreover the vibration amplitudes
exhibit a nonlinear dependence upon the reduced velocity: for
example, in the range V1.5 1.8< <⁎ the new deck vibrates at quite
steady amplitudes, while the existing deck increases the vibration
amplitude approximately linearly with Vn (1 to 3 amplification).

This interference effect is due to the vortexes shed from the
upstream deck that forces harmonically the downwind deck. To
support this statement, two considerations can be added:

1. if the Sc of the new deck is increased ( 0.7Scλ = or 1.0) its VIV
disappears, and so does the vibration of the existing deck (see
Fig. 8).
2. if the two bridges have well separated frequencies, as it hap-
pens in the refurbishment stages, where the ratio of the vertical
frequencies is 1.3 instead of the 0.95 of the in-service config-
uration, the downstream vibration is not present (see Fig. 9).

This interference can be further analyzed looking at the transfer
function between the vertical oscillations of the two decks. In parti-
cular, looking at the phase shift Δϕ between the displacements of the
two decks in the lock-in range, reported in Table 3, it is possible to



Table 3
Phase shift ϕΔ as a function of the reduced velocity. The negative value indicates
that the displacement of the existing (downwind) is in delay with respect to the
new bridge.

Vn ϕΔ (deg)

1.3 �296
1.4 �250
1.5 �202
1.65 �150
1.8 �120
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Fig. 10. Non-dimensional vortex induced vertical vibrations for the new and the
existing decks as a function of the reduced time, for Configuration 5, at V 1.8=⁎ (cf.
Fig. 7).
notice that it varies almost linearly with the reduced velocity. Fig. 10
shows the time histories of the two vertical responses at V 1.8=⁎

where the phase shift is about �120°.
This phase shift is correlated to the vibration amplitude of the

downstream deck, that also increase with the reduced velocity.
Therefore, it seems that to force efficiently the downwind deck
three conditions should be met:

1. the upwind deck should move to create strong whirling struc-
tures able to force the downwind deck

2. the frequencies of the two decks should be close enough in
order to force the downwind deck at resonance

3. The combination of
(a) the dimensions and the distance of the two decks
(b) the reduced velocity
(c) the phase between the displacement of the two decks

should synchronize in a way that allows the vortexes shed from
the upwind deck to cross the downwind deck at the right time,
in order to increase the energy of the downwind deck.

For example, making the hypothesis that the vortex is shed
from the wind barriers on the upwind deck and that it travels
along the upper surface of the deck when it is moving upwards,
the more efficient combination of the aforementioned para-
meters is reached at V 1.8=⁎ and 130Δϕ = − °, so that the
existing bridge is moving upwards with large velocity when the
vortex approaches its leading edge. An animated sketch illus-
trates this concept (see Supplementary data).
However, this seems a complex behavior and deeper studies

should be carried on, since no discussions on this topic can be found in
the literature.

5. Conclusions

The aerodynamic interaction of two different adjacent parallel
bridges was studied by means of wind tunnel tests on sectional
scale models. The large-scale of the models allowed to reproduce 
geometric details with accuracy, and it is well suited for the 
measurement of steady aerodynamic forces, and for the study of 
vortex shedding and vortex-induced vibrations.

The two bridges are close to each other and have similar fre-
quencies. In this condition the aerodynamic interference effect is 
present both for the steady aerodynamic forces and for the vortex-
induced vibrations. In particular the experimental results high-
lighted that a forcing effect is present on the downwind bridge if 
the upwind bridge is subjected to VIV when the two decks have 
similar frequencies. The time shift of the vertical vibration of the 
two decks varies within the lock-in range of the upwind deck, and 
when the Vn and the Δϕ reach an efficient energy introduction an 
amplification of the motion of the downwind deck was recorded. 
For the considered case, no torsional vibrations, nor aeroelastic 
instabilities were recorded up to the design wind velocity.

As already reported by other researches (e.g. Kimura et al., 
2008) it is not possible to generalize the results since they depend 
on the specific case analyzed, however the experimental results 
confirm the necessity of tunnel testing to assess the safety of 
parallel bridges, in order to eventually identify efficient counter-
measures to aerodynamic problems.
Appendix A. Supplementary data

Supplementary data associated with this article can be found in 
the online version.
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