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Summary

This paper focuses on the effects of the deck equipment — such as median dividers,
edge safety barriers or parapets — on the aerodynamic response of long-span sus-
pension and cable-stayed bridges. The importance of modelling such members in
the analysis of bridge aerodynamics is demonstrated using numerical simulations
both with and without barriers. The numerical technique is applied to two
famous long-span bridge decks (the Normandy cable-stayed bridge and the
Great Belt suspension bridge), presented by different cross section geometries
and various aerodynamic characteristics. The obtained results are compared with
each other and with wind-tunnel data. In particular, the numerical modelling of
the barriers provides a closer insight into the mechanisms responsible for the
vortex-induced oscillations of the Great Belt East bridge in 1998.

Introduction

The knowledge of wind action exerted
on deck covers a prominent role in the
design of long-span bridges. The analy-
sis of the aerodynamic and aeroelastic
instabilities associated with bridges has
rapidly advanced since the well-known
Tacoma failure in 1940 [1]. In spite of
the historical progress and extensive
wind tunnel tests, the large wind-in-
duced oscillations which occurred in
1998 at the Great Belt East Bridge [2]
(Fig. I) confirmed that the aerody-
namic analysis of the deck still remains
a critical task during the design process
in terms of accuracy, costs and time
requirements.

The aim of this study is to increase the
accuracy of the simulations by pointing
out the equipment effects on the over-
all wind load acting on the deck. In
fact, the effects of such deck members
on its aerodynamics have been little
studied up to now. Bienkiewicz [3]
qualitatively showed the effects of traf-
fic barriers on the aerodynamic re-
sponse of a bridge deck. Adopting the
same approach, Scanlan et al [4] indi-
cated the critical dependence of flutter
derivatives upon even minor details,
such as deck railings. Furthermore, the
same authors consider the modelling
of the section details as a critical com-
ponent of wind-tunnel tests. This is
because of a number of difficulties:

— to single out the influence of particu-
lar features in the geometry or in the
flow

—to detect and measure small-size,
complex flow structures

—to respect the conditions of aerody-
namic similitude of the model.

In particular, the solidity ratio of the
prototype barriers cannot be repro-
duced in the model by a simple scaling
of their dimensions [4]. The design
procedures imposed by some of the
more advanced national codes [5] or
adopted in the case of special works
generally suffer from such difficulties
by showing an incomplete knowledge
about the topic.

Because the equipment is so small,
the perturbations induced by these
members on bridge aerodynamics are
expected to be mainly due to inter-
ference phenomena with the deck.
Hence, such effects should be evaluat-
ed with respect to various deck shapes
and to the flow pattern respectively
associated. Fig. 2 schematically shows
a possible classification of the bridge
decks according to their degree of
bluffness [6].

Generally, a bluff body is characterised
by the separation of the boundary
layer, whereas such a phenomenon
does not occur around a perfectly
streamlined section (airfoil) at least at
low incidences [7].

Fig. 1: Vertical oscillations of Great Belt
East Bridge deck (from [2])
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Fig. 2: Bridge deck sections with different
degree of bluffness

Sections A) and B) are generally
adopted for short and medium span
bridges. Their shaping involves un-
steady flows characterised by large
vortical structures shed at the wind-
ward sharp edges. At low values of the
B/D ratio, the whole section is includ-
ed in the region of separation and the
vortex-shedding frequency (Strouhal
number St = Df;/U)) is unique, where-
as for values B/D = 2.8 the separated
flow unsteadily reattaches along the
side surfaces and discontinuities or
double mode of the lift fluctuations
occur. On the other hand, sections C)
and D) have been extensively em-
ployed during the last decades in the
field of long-span bridges. Even if it is
sometimes difficult to clearly establish
the borderline between such classes,
the last one is generally subjected to
steady aerodynamic forces. On the
contrary, the semi-bluff sections are of-
ten prone to unsteady vortex-induced
forces characterised by a spread fre-
quency content. Such phenomenon is
of great interest from the practical
point of view. In fact, it occurs at a
relatively low range of wind speeds
and can markedly affect the durability
and serviceability of the structure. For
such reasons, the effects of the barriers
are evaluated in the present study for
two case studies coming from classes D
(Normandy bridge) and C (Great Belt
East bridge).

Numerical Prediction of Bridge
Aerodynamics

The adoption of the numerical ap-
proach in this analysis permits the pre-
viously mentioned difficulties in the
experimental study of the equipment
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effects on bridge aerodynamics to be
overcome.

The detailed description of the flow
modelling and of the numerical proce-
dures adopted in the simulations over-
comes the objectives of this paper.
Nevertheless, it is important to remem-
ber that the direct numerical solution
of the complete Navier-Stokes equa-
tions remains up to now unachieved
for the high Reynolds number, turbu-
lent flows typical of bridge aerody-
namics. Despite such limitations, sim-
plified models can actually represent a
complementary approach to the aero-
dynamic analysis of bridge decks if
they are able to describe the funda-
mental physical features of the prob-
lem [7]. In this study, the so-called LES
(Large Eddy Simulation) and RANS
(Reynolds Averaged Navier Stokes)
methods are respectively applied to
classes C) and D). The employed nu-
merical tools (Fluent code) and tech-
niques have been fully discussed, opti-
mised and validated in [8].

Applications

To clearly identify the effects of the
equipment on the aerodynamic behav-
iour of the bridge deck and their im-
pact on the design process, the results
of both applications are illustrated in
four steps:

1) The numerical approach is briefly
validated with respect to the experi-
mental measurements. To do this, the
pressure coefficient (Cp) distribu-
tions on the deck are compared. Cp
is preferred to the aerodynamic co-
efficients because a perfect agree-
ment in term of the latter does not
assure the correct simulation of the
flow, whereas the first allows to lo-
cally evaluate the accuracy of the
results.

2) The local and global effects of the
equipment are singled out by com-
paring the results obtained from
models with and without barriers.

3) The observed discrepancies are jus-
tified by means of a closer insight
into the physical modification in-
duced by the barriers.

4) Finally, the simulated wind loading
are compared with the ones pre-
scribed by ENV 1991-2-4 [5].

The Normandy Bridge

The geometry of the Normandy Bridge
deck [9] is characterised in Table I
consistently with [5]

B B/D %51 Pside Aeff, med Aequip
23.8 6.9 74°  0.37 038 <0.1%
cross section

of the deck T

B2

Table 1: Geometry of deck section

where the reference width B is ex-
pressed in [m], @, is the solidity ratio
of the side railings

A A

e 7
Ac . 4 £

(pside =

At meq the shadow area in elevation
per meter length (effective area) of the
median dividers [m’], and Acquip the
percentage ratio between the overall
cross sectional area of the barriers and
the one of the box girder. Fig. 3 shows
a close-up view of the mesh adopted in
the numerical simulation.
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Fig. 3: Grid system near equipped cross sec-
tion

Fig. 4 shows the Cp distributions on
the deck surfaces.

The results obtained from computa-
tional models with barriers (la-
belled “equipped”) and without barri-
ers (“bare”) are compared with those
obtained in the wind tunnel tests [10]
(labelled “wind tunnel data — section
model”). The results obtained with the
equipped deck are in good agreement
with the experimental ones. The most
surprising result follows from the com-
parison of the Cp distributions on the
equipped and bare decks. In spite of
the attention paid by the designers
to reduce the wind effects on the
side railings using circular profiles, the
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Fig. 4: Cp distributions on deck

equipment does not only locally modi-
fy the pressure field on the road sur-
face, but also dramatically affects the
Cp distribution on the lower surface
of the deck. This global effect is not
hardly surprising when looking at the
physics of the flow. In fact, parapets
and median dividers, even if charac-
terised by apparently low solidity ra-
tios, have a relevant blockage effect
with respect to the flow passing over
the upper surface of the girder. Then,
the flow is deviated along the lower
surface where its speed U,/Ujy is local-
ly increased (Fig. 5).
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Fig. 5: Velocity profiles at x/B=0.4

Bearing in mind the well-known
Bernoulli equation, the higher velocity
in the equipped configuration involves
a higher suction on the lower surface
of the girder.

These changes in the pressure field, in
addition to the ones exerted on the
tangential stresses distribution, deeply
modify the resultant aerodynamic force
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acting on the deck. The evolutions of

the aerodynamic coefficients

_ 2F, _ 2F,

X pUiB’ " pUZB
expressed in the profile axes versus the
angle of attack are plotted in Fig. 6. To
single out the direct contribution of

the barriers, in the equipped deck, the
normal and tangential stresses have

.08 xB 1been integrated on the box girder

surface (“box component”) and on
the overall surface of the equipment
(“barriers component”). Moreover, the
interference phenomena can be appre-
ciated by comparing the box compo-
nent with the values related to the bare
geometry.

The direct contribution of the equip-
ment remains fundamentally constant
versus the incidence for both Cx and
Cy. This result indicates that the deck
does not exert any appreciable effect
on the barriers aerodynamics in the
studied range of incidences.

On the one hand, the interference
effects of the barriers on the deck be-
haviour are relevant for both forces
at every angle of attack. Hence, the in-

terference phenomena occurring be-
tween girder and equipment are “one
way” effects.

The magnitudes of both Cx and Cy are
hardly affected by the barriers, but in
different ways.

The direct contribution of the equip-
ment is significant for the force in X-
direction only. The most relevant dif-
ferences in its value are found at
positive incidences (wind from below),
indicating that the interference phe-
nomena do not vanish when the barri-
ers are sheltered by the deck.

As the lift coefficient, it is constantly
and markedly increased in magnitude
(ACy = 280%) at every angle of attack.
Hence, the aforementioned blockage
effect of the railings remains relevant
in the entire usual range of incidences.

To give a comparison between the avail-
able predictions of the barriers effects
on the steady wind loads acting on the
case-study, Table 2 compares the com-
puted values of the wind forces ex-
pressed in [kN]/[m] with the ones ob-
tained by applying ENV1991-2-4 [5]
(incoming wind speed U, = 44 ms™, in-
cidence o = 0°).
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+0.02 —
"’ _,", equipped deck —m—
-0.02 = P boxicomponent ——-a—-
A barrierscomponent - -« -
« : bare deck - -m- -
1 1 | 1 1
-6 -3 0 +3 +6
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0.00 b2
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20.50 7
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B

Fig. 6: Effects of deck equipment on aero-
dynamic coefficients

Fx bare Fx equip AFx equip

ENV 1991-2-4
actual study

+3.80
+0.79

+3.43
+1.80

-9.7%
+127%

Fy bare Fy equip AFy equip

ENV 1991-2-4
actual study

-12.7
-4.0

-12.7
-15.2

0%
-280%

Table 2: Wind loads on deck

The code recognises the influence of
the barriers on the horizontal force
only. Surprisingly, its magnitude is re-
duced whereas the numerical simula-
tions indicate its relevant growth. The
equipment effects on the lift force are
completely neglected by the code. This
is not surprising because such complex
interference is hardly predictable by
semi-empirical formulas.

The Great Belt East Bridge

The effects of the barriers on the steady
aerodynamic forces acting on fully
streamlined decks designed according
to the “inversed airfoil” concept have
been illustrated by means of the pre-
vious case study. On the one hand,
the analysis of the equipped deck of
the Great Belt East Bridge highlights
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the possible effects of the equipment
on the vortex-induced excitation. The
final cross section of the deck [11] is
described in Table 3.

B B/D O Oside Aeff, med Aequip
31 7.0 63° 0.23 0.16  <0.07%
cross section of the deck T
& D
o :
B2

Table 3: Geometry of deck section

It is important to outline that the B/D
ratio (one of the main geometrical pa-
rameters characterising the aerody-
namic behaviour of the deck according
to [5]) is the same as that of the Nor-
mandy Bridge. On the one hand, the
safety barriers used are more porous
than the ones adopted for the previous
case study. The computational grid
adopted around the equipped deck is
shown in Fig. 7.

A preliminary numerical study was un-
dertaken to identify the vortex-shed-
ding mechanism around the deck. In
fact, the unsteady motions of vortical
structures around the deck and in its
wake play an important role in the
production of aerodynamic forces, in
terms of their mean value and frequen-
cy content. Fig. 8 schematically illus-
trates the flow pattern around the deck
by means of the computed instanta-
neous streamlines.

The instants t; and t, respectively cor-
respond to a local maximum and mini-
mum value of the lift force. The main
vortical structures around the deck are
located at its lower surface and in the
near wake. The vortices vy, developing
from the separation bubble downstream
at the lower windward corner, travel
across the intrados. Independently, an-

S -

Fig. 8: Vortex shedding process around
Great Belt East Bridge deck
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other eddy (v,) is emerging in the near
wake region close to the lower side
panel. When the advected vortices v,
pass the lower leeward corner they co-
alesce with the vortex v, and shed in
the wake.

The two vortex-shedding mechanisms
described here explain the spread fre-
quency content of the lift force experi-
mentally measured (0.109 < St < 0.158)
[12].

This description of the shedding process
justifies the effectiveness of the guide
vanes installed as an add-on retrofit
measure [2] to mitigate the unaccept-
able vortex-induced oscillations (r.m.s.
resonant amplitudes y,,,, = 0.25m,
r.m.s. acceleration level 4= 0.03g [13])
related to the 5th mode (natural
frequency n, = 0.205 Hz) which oc-
curred after the bridge completion
(Fig. 9). In particular, the positioning
of such vanes, first designed at the
bottom/side panel joints to be effective
in case of traffic queues [11], is justi-
fied by avoiding the merging between
vortices travelling along the intrados.
Once the vortex formation process has
been clarified, it is possible to establish
the role played by the equipment.

It is important to schematically distin-
guish local phenomena (that is, the
ones concerning the neighbourhood of
the equipment) and global effects. Two
local interference effects of the barri-
ers are clearly visible in Fig. 8.

First, the separated shear layer at the
upper surface is reattached thus avoid-
ing a larger separation bubble. In ad-

4 separated flow
at the upper side

dition to observing the excellent agree-
ment of the numerical simulations with
the experimental measurements [12],
the analysis of the distributions of
the mean pressure coefficient and of
its standard deviation on the deck
(Fig. 10) permits the appreciation of
the effects of the flow reattachment on
the pressure field. The windward side
railing acts as a guide vane maintaining
the flow attached to the intrados down-
stream the leading upper-side panel.
Hence, it reduces both the mean value
of the suction and the pressure fluctua-
tions on the windward traffic lanes
(0.06<x/B<0.5). Once more, the effec-
tiveness of the railings grows at posi-
tive incidences (o = + 6°). This phe-
nomenon, in addition to the higher
suction at the lower surface due to the
aforementioned blockage effect of the
rails, determines the lower mean value
of the force in Y-direction acting on
the equipped deck at positive inci-
dences (Fig. 11). The effect of the bar-
riers on the mean aerodynamic forces
is reduced with respect to the case

Fx bare Fx equip AFx equip

ENV 1991-2-4

actual study

+4.84
+2.59

+4.23
+3.24

-12.6%
+25.1%

Fy bare Fy equip AFy equip

ENV 1991-2-4

actual study

-16.1
-6.8

-16.1 0%
=75 -95%

Table 4: Wind loads on deck (Uy = 44 ms™';
a=0°)

vs vortex street behind the barriers

v, upper vortex in
the deck wake

v, advected vortices
at the lower side

boundary layer
separation point

v, lower vortex in
the deck wake

interaction between v, e vs

reattachment points due to the barriers

v,_, coalescence of vortices v, e v,

Fig. 9: Guide vanes for suppression of vortex-induced response
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Fig. 10: Effects of the barriers on Cp distributions at two incidences

study of the Normandy Bridge (7ables
2 and 4).

This is certainly due to the reduc-
ed porosity ratio of the side rails
(Tables I and 3), but also to the dis-
turbed separated flow in which they
are positioned. Owing to this feature,
the increment of the drag force cannot

Cx Cx equip L
Cy Cy bare o
4050 Cy equip ---m—-1

Cy bare Sarmhersit

) ctes s s e
~0.50(-

-1.00— L

-10 -6 0 +6 +10

Fig. 11: Effects of barriers on aerodynamic
coefficients

be completely related with the direct
contribution given by the barriers.
Hence, attention is focused on the con-
tribution of the near wake (base) re-
gion of the deck.

Fig. 12 shows the mean velocity defect
along two straight lines at different
locations in the wake. The barriers in-
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crease the ratio between the width of
the wake and that of the deck. Hence,
the distance between vortices of differ-
ent signs increases and the deck expe-
riences a higher value of drag force.
The second local phenomenon is in-
duced by the leeward side railings and
impacts the vortex shedding mecha-
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Fig. 12: Velocity defect in wake

nisms. As depicted in Fig. 8, small ed-
dies (vs) are shed in a classical Karman
street downstream the circular side
railings.

This high frequency vortex-shedding
is probably responsible for the higher
frequency content of the lift force
in the equipped configuration (upper
bound of the Strouhal range from
0.317 to 0.333 (Fig. 13).

On the other hand, the vorticity of
these eddies is mixed with one of the
adjacent eddies v4 and quickly disap-
pears along the wake (Fig. 12). Owing
to the high frequency content and the

bare deck

equipped deck

"Bl iy

PSD .105 .141 .186 .211 .235 317 St-bare

8 . bare deck -~
equipped deck

.6 |
4 3
2t \

7098 122 186 211 260 333 Stequip

Fig. 13: Mean streamlines and frequency
content of lift force

moderate level of energy, the fluctuat-
ing force induced by the vortex-shed-
ding has no relevant effects on the
structural response of the bridge. But
surprisingly, the barriers also affect the
lower bound of the Strouhal numbers
range, that is, the shedding frequency
related to the interaction between the
vortices v; shed from the separation
bubble and the vortices v, that emerge
past the leeward edge. Once more, this
effect is due to the blockage effect of
the barriers. Because of this, the veloc-
ity increases along the lower side of the
deck with respect to the bare geome-
try. As the velocity outside the outer
boundary layer at the separation point
increases, the instantaneous flux of vor-
ticity also increases. Then, the vorticity
shed downstream the separation bub-
ble is higher and more concentrated.
Consequently, the vorticity, convected
along the lower surface of the deck,
moves downstream the maximum ve-
locity defect in the wake (Fig. 12). The
more concentrated vorticity reduces
the length of the separation bubble
and permits to correctly predict the
experimental pressure  distribution
(Fig. 10) o = +0°, 0.2<x/B <04). As a
result, of the reduction in length of the
bubble bl (Fig. 13), the vortices vy
cover a longer length to reach the lee-
ward edge and to merge into the vor-
tices v,. Hence, the shedding period
becomes longer and the associated
Strouhal number (Fig. 13) is reduced
from 0.105 < St < 0.141 (without barri-
ers) to 0.098 < St < 0.122 (with barriers,
AStequip =-8.5 0/o).
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In ENV 1991-2-4 [5] a semi-empirical
formula is suggested for predicting an
unique Strouhal number for bridge
decks

B - B
St=[1.1—+1| =0.114 for5¢—<10
D D _

The predicted value is in good accor-
dance with both the equipped numeri-
cal simulation and experimental mea-
surements (1:80 model with barriers).
However, such agreement seems to be
due to an accidental case taking into
account that any parameter related to
the equipment appears in the formula
so that their influence is completely
neglected.

The reduction of the Strouhal number
induced by the barriers is, according
to the authors, of primary importance
with respect to the resonant conditions.
Table 5 summarizes the ratio between
the frequency of vortex shedding f; and
the natural frequency 7, and the critical
wind velocity u,; for the 5th and 8th
mode of cross-wind vibration.

mode fone Ueris
bare equip bare equip

Sth 1.09 1.00 73 8.0

8th 0.57 052 140 153

Table 5: Resonant vortex-shedding conditions

Firstly, the numerical simulations
clearly indicate that in the case study
the blockage effect of the barriers ap-
proaches the resonant condition for
the 5th mode. The corresponding criti-
cal wind speed is in good accordance
with the full-scale measurements [13].

Secondly, the obtained results could
contribute to explain some of the un-
certainties encountered in the wind-
tunnel tests during the design of the
bridge. In fact, the wind-tunnel test
carried on the section model (scale
1:80) [12] indicated the excitation of
the 5th mode (r.s.m. y,, = 0.30m),
well simulating the full-scale behav-
iour. On the contrary, the full-aero-
elastic bridge model (scale 1:200) [11]
underestimated the maximum ampli-
tudes (r.s.m. y,,. = 0.13m) related to
the 8th mode (n, = 0.39 Hz). Due to
this uncertainty, the bridge was only
prepared for guide vanes during the
design phase and their installation
was kept in reserve according to a “wait
and see” strategy. As the model scale
becomes smaller, the aerodynamic
similitude of the barriers is corrupted

294  Science and Technology

and their effective porosity decreases.
Hence, the blockage effect of the equip-
ment increases and the lower Strouhal
number is underestimated. In such a
way the small-scale full-aeroelastic
model, even if it accurately simulates
the 3-dimensional dynamic characteris-
tics of suspended structures, could erro-
neously predict the frequency content
of the vortex-shedding excitation and
thus the dynamic response of the bridge.

Conclusions

In this paper, the authors have at-
tempted to discuss the role played by
the equipment on the aerodynamic be-
haviour of long-span bridge decks.

Firstly, the authors tried to shed new
light on the essential physical features
of the complex aerodynamic interfer-
ences occurring between the deck and
its equipment. The numerical simu-
lations demonstrated their aptitude to
contribute to the understanding of the
physics of the flow, allowing informa-
tion to be obtained that could not have
been derived from experiments.

Secondly, the effects of these fluid flow
phenomena on the steady and fluctu-
ating wind loads acting on the deck are
singled out. From comparison made
between the simulated forces and the
ones predicted by ENV 1991-2-4 fol-
lows that standards rules generally
give inadequate design guidance and
incorrect results in the case of decks
with complex geometries (errors up to
200%). To partially fill in the gaps of
the more advanced codes about wind
actions on bridges, the authors suggest
some qualitative guidelines to be con-
sidered during concept design:

—the barriers increase the overall de-
gree of bluffness of the section

— as the barriers solidity ratio becomes
larger, the its effect are more relevant.
A value of ¢,;4, = 30% should be con-
sidered very high

— as the bare deck shape is more stream-
lined, the effects are more relevant

— the main effects of the equipment on
the mean values of the aerodynamic
forces can be summarised in: a) the
rise of the drag force; b) the lowering
of the mean value of the lift force

—in the case of semi-bluff sections
prone to vortex shedding, further ef-
fects can be outlined: ¢) the reduction
of the amplitude of the lift fluctua-
tions; d) the redistribution of the lift
frequency content in a broader band.

In the later design phases — and espe-
cially in the case of flexible bridge
structures — the numerical simulation
represents a useful complementary
method of analysis of the aerodynamic
behaviour of the actual deck section. In
spite of the increased computational ef-
fort, the numerical modelling of the bar-
riers is strongly recommended to take
into account correctly their features and
their global effects on the flow.
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