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Abstract.

A new type of bridge deck section consisting of four-box decks, two side decks for vehicular traffic lanes and two

middle decks for railway traffic, has been experimentally investigated for determining its aerodynamic properties. The eight
flutter derivatives were determined by the Iterative Least Squares (ILS) method for this new type of four-box deck model, with

two windshields of 30 mm and 50 mm height respectively. Wind tunnel experiments were performed for angles of attack o =
+6°, +4°, £2° and 0° and Re numbers of 4.85x105 to 6.06x105 and it was found that the four-box deck with the 50 mm
windshields had a better acrodynamic performance. Also, the results showed that the installation of the windshields reduced the
values of the lift coefficient CL for the negative angles attack in the range of -6° to 0°, but the drag coefficient CD increased in
the positive angle of attack range. However, galloping instability was not encountered for the tested reduced wind speeds, of up
to 9.8. The aerodynamic force coefficients and the flutter derivatives for the four-box deck model were consistent with the
results reported for the Messina triple-box bridge deck, but were different from those reported for the twin-box bridge decks.

Keywords:

flutter derivatives; four-box bridge deck; aecrodynamic coefficients; wind tunnel tests

1. Introduction

Suspension bridges are slender structures with main
spans of up to 2,000 m, which developed through the years
reaching complex geometric deck configurations.
Improving the aerodynamic properties by adopting new
geometric shapes for the bridge decks was recently
attempted by numerous researchers, departing from the
single-box girder decks and developing to twin-box and
multiple-box girders. Due to their stability and efficiency,
several twin-box girder bridges have been constructed in
recent years, such as: the Yi Sun-Sin Bridge, with a main
span of 1,545 m (Lee et al. 2012), the Tsing Ma Bridge with
a main span of 1,377 m (Ge and Xiang 2009, Xu et al.
1997), the Stonecutters Bridge with a main span of 1,018 m
(Morgenthal ef al. 2010, Hui 2013), the Xihoumen Bridge
of 1,650 m main span Kwon et al. 2011, etc. However, the
bridges with twin-box deck sections could not overpass the
2,000 m main span length. Further advances towards three-

decks for Messina Bridge (Diana et al. 1995, Baldomir et al.

2013), Sunda Strait Bridge, Wangsadinata et al. 1992 and
Gibraltar Strait II Bridge (Lin and Chow 1991) and four-
decks for Megane Bridge (Dragomirescu ef al. 2016, Wang
and Dragomirescu 2016) have been made, thus
acknowledging the effect of complex deck geometries on
aerodynamic performance of bridges; however none of
these long-span bridge designs reached the construction
phase.
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According to Nieto et al. (2012) and Meng (2013), the
windshield barriers play an important role in the
aerodynamic properties of long-span bridge decks, and this
element should be an inseparable part for an actual bridge
deck or the sectional deck model used in experiments.
Long-span bridges, located over the sea straits, thus
exposed to higher wind loads, usually need to adopt the
strip windshields with large porosity. The height of the
windshield barrier is an important factor for protecting the
vehicles against high lateral wind loads, however these have
a direct effect on the static acrodynamic coefficients and the
flutter derivatives of the bridge deck itself. Porcino et al.
(2008) and Kozmar et al. (2012) performed wind tunnel
experiments and PIV measurements for investigating the
effect of the wind angle of attack on two viaducts with wind
shields of porosity factors of 30, 43 and 53 for turbulence
intensities of 0%, 3.3% and 17% and they found that the
variations in horizontal angle of attack do not affect
significantly the flow field characteristics along the deck;
however when no barriers are employed, the mean
incoming wind flow can produce strong vorticity in the
immediate vicinity of the road surface. Buljac ef al. (2017),
showed that for a cables stayed bridges with one box deck,
the drag coefficients increase with the decrease of shield
porosity and with the increase of its height, when the wind
barrier is placed at the windward edge of the deck, however
these decks were found more susceptible to torsional flutter.
Strukelj et al. (2005) analyzed the effect of wind barriers
geometry on the wind forces formed on the vehicles
crossing a viaduct, while Chen et al. (2015) studied the
dynamic response and the safety of wvehicles under
crosswind developed from the wind barriers.

For bridge decks with complex geometric configuration,
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Fig. 1 (a) Geometric dimensions of the multi-box bridge
deck section (mm), (b) Cross-section of the four box bridge
deck (mm)

the effect of the windshields on the aerodynamic
performance of the bridge might depend on the wind-
structure interaction for different angles of attack, among
others. The new four-box bridge deck model, consisting of
two middle decks for railway and two side decks with
sidewalks for traffic and pedestrians has an advanced wind-
structure interaction mechanism (Dragomirescu ef al. 2016),
thus it is very important to investigate the effect of the
added deck accessories on its aerodynamic performance. In
order to finalize the configuration of the four-box bridge
deck, the effect of the windshields and median barriers, as
additional elements on the bridge deck were used for
decreasing the incoming lateral wind, thus preventing the
vehicles’ rollover and ensuring driving security under high
lateral wind force, were investigated for different wind
speeds and angles of attack. Therefore wind tunnel tests
were performed for wind speeds of 0.8 m/s to 11.0 m/s for
angles of attack o = +6°, £4°, £2° and 0°, employing two
wind shields models and one type of middle barrier. For the
current test, the windshield height was investigated to
determine the effect of the wind flow deviated from these
windshields, on the aerodynamic properties of the four-box
bridge deck section, while the porosity of the windshield
was maintained constant.

2. Bridge deck model setup for wind tunnel test

The four-box bridge deck model had a total width of
870 mm, as shown in Figs. 1(a) and 1(b), with the two
middle decks of 125 mm width, two traffic decks on both
sides of the middle decks of the 200 mm width connected to
the two 47.5 mm wide pedestrian/bicycle lanes. The depth
of the railway decks and traffic decks were 37.5 mm and 25
mm respectively, with the gap width between the two
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Fig. 2 Windshields barrier models for (a) 20 mm height
windshield for middle decks, (b) 30 mm height wind shield
for side decks of Model 1 (¢) 50 mm height wind shield for
side decks of Model 2

railway decks of 35 mm. The gap between the railway and
traffic decks was 45 mm. Six windshields and barriers of
rectangular shape, with 20 mm height and 50% porosity
(Fig. 2(a)) were installed on the edges of the middle decks
and on the inside edges of the traffic decks, as indicated in
Fig. 4; Two windshields of 30 mm height and porosity of 50%
(Fig. 2(b)) were installed at the extremities of the bicycle
and pedestrian lanes, on the edges of the Model 1; also
these were replaceable in order to change the windshield
models from the 30 mm high windshield to the 50 mm high
windshields (Fig. 2(c)). All the windshields utilized have
the same length of 870 mm, spanning the entire bridge deck
model and the same barrier cell of 27 mm long and 3 mm
high. The four box decks were connected by three
stabilizing beams each of 30 mm width and maximum
depth of 62.5 mm, installed at 250 mm intervals between
the decks.

Four aircraft grade 7075 aluminum sheets of 0.4 cm
thickness were attached on the top surfaces of the decks, to
eliminate the roughness and also to increase the stiffness of
the model. Two aluminum end plates were mounted on each
of the extremities of the multiple box bridge deck model,
for avoiding the wall effect and for restraining the motion of
the individual deck boxes, which would interfere with the
overall bridge deck dynamic response (Fig. 3). These were
smaller than the usual wood plates used for bridge deck
sections, to limit the added weight of the model. The tests
were conducted in the open circuit atmospheric boundary
layer wind tunnel at Gradient Wind Engineering, which has
an overall length of 27 m with a test section of 2.1 m width
and 1.8 m height. The maximum testing wind speed in the
wind tunnel was 13 m/s; higher wind speeds can be
achieved in the wind tunnel, however the experiment was
stopped whenever the vertical and torsional vibrations
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dge windshields

became too aggressive, in order to avoid any permanent
damage for the bridge model or of the mounting system.

For the static tests the two longitudinal bars of the
bridge deck model were fixed by the aid of steel connecting
frames and two custom made force cells were attached at
both ends of the longitudinal bar, one for measuring the lift
coefficient and the other for measuring the drag coefficient.
The force cell measured the strain variation of the steel bar,
and the corresponding stresses and forces were determined
by using the StrainSmart software. As other wind tunnel
studies pointed out (Wang 2015), for multiple box deck,
tested for wind speeds higher than 7 m/s, the lift and drag
coefficients are not significantly influenced by the increase
of the wind speed. Therefore the static tests were performed
for wind speeds of 8 m/s to 10 m/s, for angles of attack of -
6° to 6°. The corresponding Reynolds numbers are between
4.85%10° and 6.06x10°. The quasi-steady formulation of
the wind loads were considered per unit length of deck, as
presented by Simiu and Scanlan (1996):

1
D(«) =§pUZBCD(a) (1)

L(@) =3 pU7BC, (@) o

where D and L are the static drag and lift forces,
respectively; Cp and C, are the static drag and lift force
coefficients, respectively; p is the air density with a value
of 1.214 kg/m3; U is the wind speed; B is the width of
the tested bridge deck model, which is 870 mm for the
current model.

For the dynamic test, a total of eight springs, with an
equivalent elastic constant of A~=680 kN/m, were connected
to the transversal bar of the bridge deck model, four on the
upper side of the model and four on the lower side of the
model, as schematically represented in Fig. 4(a). The

Fig. 3 Four-boxes bridge deck model with windshields
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Fig. 4 Dynamic wind tunnel test (a) Schematic
representation of the spring suspension system (b) Bridge
deck setup for the wind tunnel dynamic test

vertical vibrations of the bridge deck model were measured
at both sides of the transversal bar by laser sensors with 5
mm to 35 mm measuring range and 0.01 mm accuracy, each
placed at 200 mm from the mid-point of the transverse bar
(Fig. 4). The natural frequencies and the damping ratios for
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the tested bridge deck section model were calculated based
on the free vibration test, and it was found that the natural
frequency of the model in vertical direction was f;,=1.398
Hz, the natural frequency in torsional direction was
fo=1.982 Hz, the frequency ratio was ¢ = f,/f, = 1.409,
the damping ratio in vertical direction was &, = 0.0113,
and the damping ratio in torsional direction was &, =
0.0132.

3. Aerodynamic coefficients and vibration responses

Installing the windshields barriers on the four-box
bridge deck model increased the drag coefficient for the
positive angles of attack o = 0° to 6° (Fig. 5(a)), when
compared with the same four-box deck with no windshields
(Wang et al. 2015), however this was still significantly
lower than the drag coefficients of Messina Bridge deck,
composed of three box decks (Diana et al. 1995). The
lowest drag coefficients were reported for Stonecutters
Bridge twin deck, for both positive and negative angles of
attack (Hui 2013). Meanwhile, the windshield barriers have
the effect of decreasing the slope of the drag force
coefficient, for the negative range of angles of attack, which
is smoother when compared with the four-box bridge deck
model without windshields barrier. The lift coefficients for
the four-box deck model with windshields increased
gradually with the increase of angle of attack from -
6° to 6°, as it can be noticed in Fig. 5(b). Obviously, the
installation of the windshield barriers decreased the lift
coefficients for all angles of attack tested, maintaining
however the same increasing evolution as for the lift
coefficients reported for other multiple-decks sections
(Wang et al. 2015, Diana et al. 1995) thus the slope was not
affected. The twin-box decks stand apart from the multiple-
box bridge decks, showing a wider variation of lift
coefficients, as reported for Stonecutters Bridge (Hui 2013).
A higher slope and a smaller range of magnitudes for the lift
coefficient, and higher drag coefficients, have a stabilizing
effect for the galloping instability as per Den Hartog
criterion (Den Hartog 1956), especially in the positive range
of angles of attack for the current four-box bridge deck.

dCy (ac)

<0
durg (3)

H(a)=( +CD(0‘C)J

ac=a

Verification of the Den Hartog expression for the lift and
drag coefficients reported in Figs. 5(a) and 5(b) for the four-
box bridge deck section, showed that galloping could be
encountered for negative angles of attack, for which H(a)
was determined to be in the range of -0.07 to -0.02. For
angles of attack o = 0° to 6°, H(a) was positive, in the
range of 0.0 to 0.13, thus showing that the proposed deck
model would not encounter galloping instability. To verify
experimentally the occurrence of this aerodynamic
instability, the vertical and torsional vibrations of the four-
box deck model were measured in the wind tunnel for the
four-box bridge deck model suspended on the spring
system, for angles of attack between -6 ° and +6°, and Re
numbers of 0.48x10° to 6.66x10°. The tests were performed
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Fig. 5(a) Drag coefficient Cp and (b) Lift coefficient C; for
the four-box bridge deck with windshields of 30 mm and
without windshields, at 8 m/s, 9 m/s and 10 m/s

in very small steps between Re 0.5 x 10° and 2 x 103 to
detect the occurrence of the VIV response, while for higher
Re numbers the galloping response was verified. The mean
non-dimensional vertical amplitudes of vibration, 4/D,
where D is the width of the deck model, and torsional
vibrations in radians represented in Figures 6 and 7, showed
that the wind-induced responses increased with the wind
speed, for both bridge deck models, Model 1 with 30 mm
and Model 2 with 50 mm high windshields. For Model 1, at
lower Re numbers, of up to 1.8 x 105, (test wind speed
below 4.0 m/s), the magnitudes of both vertical and
torsional vibrations were rather constant; however the
response gradually increased with the increase of Re
number, becoming considerably higher especially for -6°
and +6° (Figs. 6(a) and 6(b)). A similar trend of increasing
vertical and torsional vibrations for higher Re numbers was
noticed for Model 2 (Figs 7(a) and 7(b)), however the
difference between the responses recorded at -6° and +6°,
and the other angles of attack of -4°, -2°, 0 +2° and +4°,
was not as high as for the previous case. Overall the 50 mm
high windshield model (Model 2) had similar response, for
lower Re numbers of up to 1.8 x 10°, recording vertical
vibrations of up to A/D = 2.0x10" when compared with 4/D
= 1.92x107 for the Model 1 with 30 mm windshield. For
higher Re numbers of 6.66 x 10° the maximum vertical
response for the 50 mm windshield model was lower of up
to A/D = 11.43x1073, compared with 4/D = 13.2x107, for
the 30 mm windshield model. Similarly, for Model 2, the
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Fig. 6 Wind-induced response for Model 1 with 30 mm windshield model (a) Vertical vibrations (4/D) and (b) Torsional
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Fig. 7 Wind-induced response for Model 2 with 50 mm windshield model (a) Vertical vibrations (4/D) and (b) Torsional
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Fig. 8 Wind-induced response for four-box deck bridge deck model with windshields and without windshields, (a) Vertical

vibrations (4/D) and b) Torsional vibrations (rad)

torsional response of up to 0.005 rad were recorded for
lower Re of 1.8 x 103, while for higher Re numbers the
torsional response increased up to 0.032 rad (Fig. 7(b)). For
the Model 1, the torsional response was similar at lower Re
numbers reaching 0.005 rad, and for higher Re numbers of
6.6 x 10° this gradually increased to a maximum value of
0.036 rad (Fig. 6(b)).

Also it could be noticed that, for both 30 mm and 50
mm windshields models, larger amplitudes for vertical and
torsional vibrations were registered for negative angles of

attack, thus the vibration amplitudes for -6° were higher
than the response measured at +6°; similarly the responses
for -4° and -2° were higher than the responses measured at
+4° and +2° respectively. Always the wind-induced
response recorded for 0° was the lowest. The study
performed by Wang (2015) for a four-box bridge deck
model without windshields revealed that vertical wind-
induced responses at 0° were higher than the responses
reported for the models with 30 mm and 50 mm
windshields at 0°, for all wind speeds (Fig. 8(a)). For the
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case of -6° the vertical response was similar for the bridge
deck models with windshields and without windshields for
Re = 42 x 10°; a significant difference was noticed at
higher Re, where the vertical and torsional responses of the
four-box deck without windshields showed a sudden
increase, indicating the occurrence of galloping (Wang
2015). The increase of wind-induced response is even more
evident for the torsional vibrations for which the sudden
increase was noticed from Re = 5.0x103 (Fig. 8(b)). For the
four-box bridge deck model with 30 mm and 50 mm
windshields, the vertical and torsional responses gradually
increased, but galloping did not occur for Re up to 6.6x103
(Figs. 8(a) and 8&(b)). Thus, the 30 mm and 50 mm
windshields installed on the bridge deck model, had the
effect of decreasing the vertical and torsional vibrations,
when compared with the model without windshield barriers,
which obviously encountered aerodynamic instability for
high wind speeds. The model with 50 mm high windshield
barriers performed better than the model with 30 mm high
windshield barriers, in mitigating the increase of both
vertical and torsional vibrations. No VIV and galloping
responses were detected for any of the tested models.

4. Flutter derivatives identification

Flutter derivatives are critical parameters for bridge
flutter analysis, which can be directly extracted from the
wind tunnel experiment results by employing a proper
system identification method. Different methods for
extraction of flutter derivatives can be used, however the
aerodynamic self-excited forces for lift and moment
formulations presented by Scanlan and Simiu, (1996),
which include 16 flutter derivatives, are the most common
for bridge design. The 16 flutter derivatives are H;" (Kj), H;"
(Ka), A" (Ky), and 4;" (Ka), (1=1,2,3,4) as they appear in
Egs. 4 below. Among them, H;" (K;) and H" (Ko), (i
=1,2,3,4) are used for calculating the aecrodynamic lift force,
Lee and A4;" (Kz), (1=1,2,3,4) are used for obtaining the
aerodynamic moment M. Iwamoto and Fujino (1995)
investigated the effect of coupling between the bending and
torsional motions of a bridge deck section model tested in
wind tunnel, under smooth wind flow and they showed that
the weak coupling between these motions can allow for a
simplification of the terms containing & and ¢ related to

the vertical frequency ah and the terms containing / and h
related to the rotational frequency w., Which thus can be
neglected. Therefore as a general approach, the 16 flutter
derivatives are reduced to 8 flutter derivatives and the
aerodynamic forces are formulated per unit length of deck
as (Iwamoto and Fujino 1995):

L., :%pUZB{KthUE+ KHHQ‘%+ K?Hjo + KhZH;‘%]

: “4)
1 h Ba h

M, =ZpUBB K A —+K A——+K Ao+ KA —
ae 2 [ hAlU aAZ U aA3a hAA B]

where, an is the vertical bending frequency, @ is the

torsional frequency, U is the mean wind speed, B is the
width of the bridge deck (m), p is the air density (kg/m?)

and K is the reduced frequency. The flutter derivatives are
H;", H/", A", and 45", depend of an, which means that these
four flutter derivatives are related to the bending response
and therefore these are called direct-flutter derivatives as
they can be identified by analyzing a single-degree-of-
freedom model system. Similarly, the other four flutter
derivatives H,", H;", A;", and A4, can be obtained through
the torsional responses (Sarkar 1992) and are characteristic
to a two-degree-of-freedom system with the coupled
motion, thus these can be obtained by investigating the
motion of the other degrees-of-freedom. The flutter
equation of motion of a two-degree-of-freedom bridge
section model under smooth wind flow can be expressed in
matrix form as (Simiu and Scanlan 1996):

I+ CIX [+ [<Ix]=[Fec] (5)

Where the aeroelastic self-excited force F,, can also be
expressed as the matrix format as:

KeH*
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Assigning the corresponding terms for the aeroelastic
effective damping and stiffness matrices of the system,
[C¥] and [K*] respectively and for the mechanical damping
and stiffness matrices [C"*"] and [K™*"] set under no wind
speed condition, the expression formula for each flutter
derivative can be obtained as:

* 2m el mecf * 2m ef mecl|
H1 (K) :_szwn (le _C11 " Hz(K) == 3(0” (CJ *Cn "

. 2m r e . 2m e med
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As Eq. (7) shows, the known parameters are, the mass of
the model m (kg), the mass moment of inertia /, the circular
natural frequency an, we, for bending and torsion motions,
respectively. The only unknown parameters are the
aeroelastic effective damping and stiffness matrices.

Currently several system identification methods exist for
the unknown system parameters involved in a standard
dynamic wind tunnel test, such as such as the Ibrahim Time
Domain (ITD) method, the Modified Ibrahim Time Domain
(MITD) method, the First-Order Reliability (FOR) method,
Iterative Least Squares (ILS), (Chowdhury and Sarkar
2003, Yang et al. 2010, Mohanty and Rixen 2004, Ibrahim
and Mikulcik 1977). Iterative least squares method was
employed for the data measured in the current experiment,
as described by Chowdhury and Sarkar (2003). A low-pass
digital Butterworth filter was applied for eliminating the
noise interferences from the recorded vibration time
histories, for which the cut-off frequencies were selected
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based on the energy content of each measured data,
determined by a Fast Fourier Transform. Once the filtered
time histories were obtained, a Matlab code was written for
applying the finite difference formulation to generate
velocity and acceleration time histories as described by
Chowdhury and Sarkar (2003). To minimize the filter and
the finite difference altering effect on the recorded data, a
“windowing” procedure was used by taking only the middle
part of the three time histories for the construction of initial
least square matrix of the displacements and velocities
defined as:

A’ = (XXT)(XXT)™ ®)

Using the initial conditions X?, the vibration time history
X! was simulated for the next time step, as the exponential
of the initial matrix 4° and the residuals were recalculated
considering the least square matrix estimated for the
successive time steps. The convergence criteria for the
matrix 4 was considered in the order of 1076

X=X, Al= (XX )(XX")* ©)

ik gk
R, jmabsAl -7

VA for i=n+1..2n, and j=1....2n (]O)

4.1. Windshields effect
derivatives

on aerodynamic flutter

Figs 9 and 10 show the flutter derivatives for the four-
boxes bridge deck models with 30 mm and 50 mm high
windshields, for the angles of attack -6°, 6° and 0°, where
the vertical and torsional vibrations were highest and
lowest, respectively. The flutter derivatives for the other
tested angles of attack were not included due to graphical
visualisation comprehensibility. With the increase of the
reduced wind speeds, the absolute values for all eight flutter
derivatives had a general increasing trend, when positive
values are encountered and a general decreasing trend for
negative values. Among the eight flutter derivatives, Hs,
H; and A, showed more variation along the general
increment or decrement trends. Also considering that the
Hi flutter derivative, which is related to the aerodynamic
damping in the vertical direction, is negative, then flutter
instability might occur for both models, 30 mm windshield
bridge deck model and the 50 mm windshield model. The
H; flutter derivative, related to the torsional damping in the
coupled motion, had a slight stagnation initially until
reduced wind speed of U/fB =2.8, after which this
decreased gradually until maximum reduced wind speed of
U/fB =9.8, except for the case of 50 mm windshield at 0°,
where an increase was noticed between U/fB =2.66 and
4.5. This is a first indication that the 50 mm windshield
model would perform better for torsional instability. Hj,
corresponding to the lift force contribution from the
torsional displacement, decreased steadily with the increase
of the reduced wind speed, however for U/fB = 6.2 and
7.1, the model with 50 mm windshield registered an
increase for 0°. The model with 30 mm windshield is
expected to encounter torsional instability, as from reduced

wind speed of U/fB =7.1 to at U/fB = 9.8, both flutter
derivatives, H; and H, had a sudden decrease, for 0°
angle of attack. For both windshields models, as expected,
Hj;, which represents the aerodynamic stiffness associated
with the torsional motion, had a similar evolution as the H;
flutter derivative, but the increasing part for the range of
U/fB =2.66 to 4.5, was registered for all tested cases,
except for the model with 30 mm windshield under 6°
angle of attack, where a more constant decrease was
noticed. However, H;, does not significantly affect the
overall flutter behaviour of the bridge (Scanlan and Tomoko
1971), thus many studies would report only the first six
flutter derivatives.

Fig. 10 shows that for the A] flutter derivative, which
conveys the damping for the vertical vibration mode,
measured for both models, 30 mm and 50 mm high
windshields, the angle of attack did not increase
significantly, when compared with the other flutter
derivatives. A destabilizing effect for coupled flutter is
expected when the absolute values of both flutter
derivatives A] and Hj3 increase, however in the current
case the H; was lower, especially for the model with 50
mm high windshields. A stabilizing effect is induced by the
A5 flutter derivative, which represents the non-dimensional
aerodynamic damping for torsional vibration, and
considering the decreasing negative values recorded, it can
be concluded that then the models are not prone to torsional
flutter; this occurs when the flutter divergent response is
achieved without coupling with the vertical vibration mode.
Also, the windshields height did not have a significant
effect on the flutter derivative A3, the curves for each angle
of attack being very close to each other, except for the case
of 0° for which at reduced wind speeds higher than
U/fB =5.33, slightly higher flutter derivatives were
noticed for the deck model with 50 mm windshield. The
installation of the windshields did not affect the non-
dimensional aerodynamic stiffness contribution for the
torsional mode, thus a similar trend was noticed for the A3
flutter derivative, except that the models tested for 0°
registered the highest response, for both models. Even
though the most variation was noticed for A) flutter
derivative, this relates to the stiffness term in the vertical
vibration mode and it is not considered to contain important
information for the flutter response estimation. For reduced
wind speeds higher than U/fB = 2.66, the A} flutter
derivative curves suddenly increased for the 50 mm and 30
mm windshields models tested at 6°, recording a local
decrement at U/fB =05 .33 followed by a second
increment for U/fB = 7.2, decreasing thereafter.

The experimental results of the flutter derivatives
obtained for the current four-box bridge deck model with 30
mm and with 50 mm windshields were compared with the
experimental results for the four-box bridge deck without
any windshields, reported by Wang and Dragomirescu
(2016), and with the results reported for other multi-box
bridge deck models, such as Messina Bridge, which has a
three-box bridge deck (Baldomir et al. 2013) and
Stonecutters Bridge with a twin-box deck (Hui ef al. 2013).
As shown in previous studies (Rizzo et al. 2018) the flutter
derivatives experimental results can register up to 3.3% of
the sampled points outside the tolerance interval, thus the
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Fig. 10 Flutter derivatives for the Model 1 (30 mm windshield) and Model 2 (50 mm windshield) for -6°, 0° and 6° angles of
attack

experimental error propagation can have a significant effect flutter derivatives determined empirically did not exhibit
on measuring the flutter derivatives. For the current four- high variation; however for the similar four-box deck, but
box deck models with 30 mm and 50 mm windshields, the without windshields (Wang and Dragomirescu 2016), the
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Fig. 12 Flutter derivatives comparison for different types of bridge decks models at 0° angle of attack

experimental data showed some discrepancies which can be
attributed to the experimental measurements induced errors.

As it can be noticed in Figs 11 and 12, the H;, A5 and
Aj results, extracted from the experimental data of the
four-box deck with 30 mm and 50 mm high windshields,
agreed well with the experimental results obtained by Wang
and Dragomirescu (2016) for the aerodynamic four-box

deck without windshields. However, the flutter derivative
A, registered a significant discrepancy when compared
with the results obtained from the four-box deck models
with windshields, especially for reduced wind speeds higher
than U/fB = 7.6. A similar discrepancy was noticed for
H{ and Hj, for which the four-box deck model without
windshields (Wang 2015) showed a local increment at
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U/fB = 6, decreasing steadily afterwards. Thus, it was
evident that using the windshields on the four-box bridge
deck model, improved its acrodynamic performance.

Depending on the numbers of boxes composing the
bridge deck models, the aerodynamic properties reflected
by the flutter derivatives, had different evolution. Thus, for
the direct-flutter derivatives, H;, H;, A5 and A5, the
four-box deck model showed good agreement with that of
the Messina Strait Bridge deck. The Hj results reported for
the twin-box Stonecutters Bridge deck, had some
similarities with those of the four-box bridge deck and the
three-box Messina Strait Bridge deck; the other flutter
derivatives of the Stonecutters Bridge deck however,
indicated large discrepancies when compared with the
three-box and four-box bridge decks (Fig. 11(a)). Therefore,
for the one-degree-of-freedom vibration motions, only the
four-box girder bridge deck compared well with the three-
box deck girder bridge of the Messina Strait Bridge, thus
grouping them in a distinct category of multiple-box bridge
decks. Due to the fact that the cross-flutter derivatives, H,,
H;, A] and A, are obtained through coupled motion
vibrations, these parameters would differ significantly
among different types of bridge decks. For H;, there is a
considerable difference between the four kinds of bridge
decks, the Stonecutters Bridge deck flutter derivative
decreased initially, followed by a steady increase afterwards
(Fig. 11(b)); the Messina Bridge deck decreased gradually
until maximum reduced wind speed U/fB = 10, while the
current four-box bridge deck had a more consistent
evolution, registering only a limited decrease. The H3
flutter derivative, corresponding to the lift force resulted
from the self-excited motion, for the multiple-box decks
models, H; presented the smallest variation among the
eight flutter derivatives (Fig. 11(c)). The same flutter
derivative H;  for the twin-box deck model of the
Stonecutters Bridge however, decreased sharply after
U/fB=6. In comparison to the other H" flutter
derivatives, H, had closer agreement between the four-
box and three-box Messina bridge deck models, for all
reduced wind speeds (Fig. 11(d)); therefore, changing the
height of the edge windshield or extending the width of the
deck with two more box decks, did not affect significantly
the values of H;. Similarly for A% flutter derivative, an
obvious conclusion was that different heights of the
windshields did not have a major effect; also the four-box
deck results agreed very well with the results reported by
Baldomir et al. (2013) for Messina three-box deck (Fig. 12
(b)). For both A5 and Hj, installing the windshields on
the four-box deck helped stabilizing the aerodynamic
response of the model. For Aj flutter derivative, the four-
box bridge deck model without windshields registered
results very similar to the Messina three-bridge box deck,
until U/fB = 6, increasing for higher reduced wind speeds
(Fig. 12(a)). The four-box bridge deck models with 30 mm
and 50 mm windshields registered A] flutter derivative
values consistent with each other, but had higher values
than the other multiple-box bridge decks, and lower than the
twin-box Stonecutters Bridge deck model.

The A3 flutter derivative, representing the effect of the
uncoupled aerodynamic stiffness on the frequency and

damping parameters, showed a lower variation for the
three-box and four-box bridge decks, but registered higher
values for the twin-box Stonecutters Bridge (Fig. 12(c)).
The trends for the A3 flutter derivative for 30 mm and 50
mm windshield models were similar, but the four box-deck
model without windshields compared better with the three-
box Messina bridge deck. The flutter derivative A}
depends on the pitching moment component of the vertical
motion in the two degrees of freedom system vibrations.
The A} trend lines presented in Figure 12 d) were different
for each type of bridge deck model discussed: while the A}
values for the four-box bridge decks with 30 mm and 50
mm were consistent with each other, and gradually
decreasing, the A) values for the model without
windshields registered a higher variation and a sudden
increase from U/fB = 7.6. The Messina Bridge deck had a
good agreement with the four-box bridge deck with
windshields, until U/fB = 6.0, but increased steadily
thereafter. The Stonecutters Bridge deck is the single deck
model which has only positive values for the same flutter
derivative, increasing until U/fB =4, but decreasing
gradually until almost 0 at U/fB = 10.

5. Conclusions

The effect of windshields barriers with 30 mm and 50
mm heights built for a four-box bridge deck model, was
investigated through wind tunnel experiments and it was
found that these have a significant effect on aerodynamic
characteristics of the bridge deck. In general, it could be
concluded that (1) at low reduced wind speeds, of up to
U/fB = 2.66, for most of the flutter derivatives, there was
no obvious effect of the angle of attack. (2) For reduced
wind speeds higher than U/fB = 2.66, higher flutter
derivatives were observed at 6° and -6°, especially for Hy
and A,. (3) The flutter derivatives obtained for both
models, the four-bridge deck with 30 mm and with 50 mm
windshields, were very similar, however for the A} flutter
derivative, the model with 50 mm windshield had a better
performance.

Also, the cross-flutter derivatives experimentally
obtained for the four-box bridge deck model with
windshields and without windshields compared better with
the Messina Bridge deck, except for A}, where different
responses were noticed for the three types of models
beyond U/fB = 6. The direct flutter derivatives were more
consistent for all the multiple-box bridge decks, except for
H{, for which the results for all the discussed bridge deck
models showed more scatter. Finally, when comparing with
other twin-box and triple-box bridge decks models, the
effect of the windshields height of 30 mm or 50 mm for the
four-box bridge deck model, was not dominant, however
when comparing with the same four-box deck but without
windshields, it was evident, that these improve the
aerodynamic stability of the entire deck. The windshield
porosity and the effect of the incoming turbulent wind are
important parameters, which influence the aerodynamic
characteristics of a bridge deck, thus these will be tested in
a second phase of the experimental investigation.
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