lT City Research Online
UNIVEREI;;{ ]OSFgLfNDON

City, University of London Institutional Repository

Citation: Camara, A., Fernandez-Elvira, L. E., Stroumpouli, C. & Jagadeesh, C. (2023).
Skew wind actions on vehicles crossing bridges with solid parapets. Journal of Wind
Engineering and Industrial Aerodynamics, 240, 105485. doi: 10.1016/j.jweia.2023.105485

This is the published version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/31675/

Link to published version: https://doi.org/10.1016/j.jweia.2023.105485

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

Cite as:

A Camara, LE Fernandez-Elvira, C Stroumpouli, C Jagadeesh (2023).
Skew wind actions on vehicles crossing bridges with solid parapets.
Journal of Wind Engineering and Industrial Aerodynamics 240, 105485

Skew wind actions on vehicles crossing bridges with
solid parapets

Alfredo Camara®, Luis Fernandez Elvira®, Chrysanthi Stroumpouli®,
Chetan Jagadeesh®

@Department of Continuum Mechanics and Theory of Structures, Universidad
Politécnica de Madrid, Calle Profesor Aranguren s/n, 28040 Madrid, Spain.
b Department of Civil Engineering. City, University of London. Northampton Square,
London, EC1V 0OHB, United Kingdom

Abstract

This work focuses on the effect that the angle of incidence of the wind has
on the flow around bridge decks with low-rise edge parapets, and how it
affects the aerodynamic actions on vehicles. First, a generic deck model with
different barrier configurations is studied using computational fluid dynamic
(CFD) analysis, and it is observed that for very skew winds even relatively
low barriers can deviate the flow to make it aligned with the direction of
the deck, which is referred to as channelling effect in this study. The work
continues with an extensive wind tunnel (WT) testing programme on a deck
model that represents a realistic bridge with a conventional configuration
of short side barriers. The flow visualisation and the aerodynamic forces
measured on a high-sided vehicle show the existence of three different zones
in terms of the skew angle of the wind, which are in agreement with the
CFD results. It is concluded that skew winds can significantly increase the
aerodynamic actions on the vehicles due to the reduction of the shielding
area across the width of the deck, and also because of the along-deck wind
channelling.
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Apparent wind incidence angle in the test with z, northbound.
Angle between the horizontal mean wind speed and the deck.
Time-averaged pressure at the i-th pressure tap on the vehicle.
Time-averaged wind speed.

Relative incidence angle between the wind and a moving vehicle.
Inclination of the horizontal wind vector along the deck.
Kinematic viscosity of air.

Angle between the mean wind speed at the inlet and the horizontal
wind force resultant on the vehicle.

Density of air.

Standard deviation of the stream-wise turbulence.

Reynolds number.

Area of the rear face of the vehicle.

Tributary area corresponding to the i-th pressure tap on the vehicle.

Aerodynamic coefficient of the vehicle, with j = S, D, R, P, Y referring
to the side, drag, rolling, pitching and yawing, respectively.

Depth of the deck (without considering the barriers).

Frequency.

Drag (j = D) and side (j = S) force on the vehicle.

Vertical distance between the bottom of the vehicle and its centroid.
Height of the side barriers of the deck.

Total height of the vehicle.

Depth of the deck including the side barriers.
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Height of the vortex generators in the wind tunnel.
Length scale of the stream-wise turbulence.
Total length of the vehicle.

Rolling, pitching and yawing moments on the vehicle, with j = R, P, Y,
respectively.

n;* Components of the vector normal to the surface of the vehicle
in the i-th pressure tap.

Number of pressure taps in the vehicle.

Pressure at the i-th pressure tap on the vehicle.

Auto-spectral density of the stream-wise turbulence.

Time.

Magnitude of the horizontal component of the wind velocity vector.
Mean wind speed in the x direction (along-flow).

Mean wind speed in the z direction (across-flow horizontal).
Free-stream wind velocity in the wind tunnel.

Horizontal mean wind speed in the inlet.

Vehicle speed.

Total width of the vehicle.

Ta,Ya, 2c Coordinates of the centroid of the vehicle in its local axes.

x;, Ui, z; Coordinates of the i-th pressure tap in the local vehicle axes.

Ty, Yo, 2p Local axes of the vehicle.

z

Height from the floor of the wind tunnel.
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1. Introduction

Wind causes a large number of accidents and interruptions on road and
railway networks, particularly on bridges because of their exposure [1, 2,
3]. Understanding the aerodynamic actions on vehicles crossing bridges is
essential to assess the risk of accidents and discomfort.

Many researchers have studied the on-bridge vehicle wind actions in
bridges under purely crosswinds. Wind tunnel (WT) testing programmes
have demonstrated the importance that the flow interference created by the
shape of the deck and its furniture (parapets, wind barriers, etc.) have on
trains [4, 5, 6] and road vehicles [3, 7, 8, 9, 10, 11]. Although these works
consider the mean wind speed perpendicular to the deck, skew winds that
form an angle a # 90° with respect to the deck are more likely to occur, and
they are usually more dangerous from the point of view of the vehicle sta-
bility [12, 13, 14, 15]. In addition, the combination of the vehicle speed (V')
and the mean wind speed (U, ) results in a relative yaw incidence angle 3
as shown in Fig. 1(a), even for purely orthogonal winds. Indeed, Baker [16]
demonstrated with a dynamic model of a 4-wheeled vehicle that yaw angles
between § = 30° and 60° (headwinds) are more dangerous for the driving
stability of high-sided vehicles situated in homogeneous wind fields free from
obstacles (i.e. in off-bridge conditions). The same conclusion was reached
in the static analysis of different types of vehicles on a long-span bridge
conducted by Kim et al. [17]. Recently, Camara [18] proposed a dynamic
wind-vehicle-bridge interaction model that incorporated skew wind velocity
histories and concluded that headwinds in the range between 3 = 40° and
70° maximise the risk of driving accidents. The previous studies are based
on off-bridge aerodynamic vehicle coefficients, which are also used in many
other works focusing on the driving safety and comfort in bridges under wind
actions (e.g. [19, 20, 21, 22]). However, Han et. al. [23] demonstrated the
existence of significant flow interferences of the deck on the vehicle, and the
importance of obtaining the on-bridge vehicle aerodynamic coefficients for a
wide range of skew angles. Such disturbances may also deviate the projec-
tion of the wind direction in the horizontal plane along the deck, as well as
the resultant horizontal aerodynamic force on the vehicles, described by the
angles v and v in Figs. 1(b) and (c), respectively.

Cheli et al. [24] compared the off-bridge and on-bridge wind actions in
WT experiments of a relatively shallow railway bridge without furniture,
and they did not report significant variations of the results for different yaw



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

101

102

103

104

Figure 1: Definition and positive convention of representative angles in bridges under skew
wind actions: (a) relative incidence angle 8 of wind on a moving vehicle, (b) inclination
~ of the horizontal wind vector along the deck, (c) angle 1) between the mean wind speed
and the horizontal wind force resultant.

angles. This is in agreement with the work of Dorigatti et al. [25], who
tested a typical long-span road bridge deck subject to a limited range of
wind skew angles from a = 60° to 120°. They considered a bridge deck
with relatively small parapets, in which the ratio of their height (hs) and
the depth of the deck (d) is less than 0.25. However, in a different work
Cheli et al. [26] studied experimentally single- and double-deck road bridges
with larger railed parapets (hy/d ~ 0.5), and it was observed that the bridge
interference modifies the lateral force and rolling moment coefficients of the
vehicles, particularly when the skew angle is significant (o = 45°) and the
width of the deck is narrow. Although it was not specifically explored by
these authors, their measurements could have been affected by the along-
deck wind flow deviated by deck and its furniture for skew angles, referred
to as ‘channelling effect’ in the present work. Relatively narrow bridges with
large solid windward barriers (hy/d ~ 1.2 and 2) were tested by Kozmar et
al. [27], and they argued that the skew angle of wind does not seem to affect
the flow field characteristics significantly. This could be attributed to the
lack of leeward barriers, which can redirect the wind flow along the deck as
it is demonstrated in the present work.

More recently, WT testing with scaled moving vehicles conducted at
Southwest Jiaotong University confirmed the strong influence of the skew
wind angle on the flow structures along different types of decks, including
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a through-truss deck with significant wind shielding [28, 29], and a shallow
box girder with or without windward barriers (hy/d = 0.7) [30, 31]. Despite
the different levels of shielding considered in these studies it was concluded
that the aerodynamic coefficients of the vehicles on the deck were not only
affected by the relative incidence angle of the wind (or yaw angle (), as it is
the case in off-bridge conditions, but also by the skew wind angle («) given
its influence on the flow interferences introduced by the deck. The effect of
the shape of the super-structure on the skew wind actions on the vehicles was
also observed by other researchers experimentally [32, 33, 34] and numeri-
cally with computational fluid dynamic (CFD) analysis [35, 36|, but it has
not been clearly connected with the parapets of the deck and their potential
channelling effect.

Solid parapets are widely used for safety, construction and maintenance
of bridges. The aim of this paper is to explore their effect on skew wind flows
around the deck, and also on the resulting vehicle aerodynamic actions. To
this end, the study combines CFD and WT testing on typical prestressed
concrete bridge decks. First, an extensive three-dimensional CFD analysis is
conducted on a highly idealised deck model to assess the influence that the
skew angle « has on the along-deck wind flow of the deck, considering different
configurations of the edge barriers. The results indicate the existence of three
distinct zones of influence of o on the wind velocity vector along the deck,
which is almost aligned with the deck within the height of the barriers when
a < 60° or a > 120°. This is due to the windward barrier and the results are
in agreement with the WT testing conducted in a detailed scaled model of a
real bridge. In these experiments, the flow visualisation and the study of the
pressure maps and the resultant forces on the vehicles clearly indicate the
importance of the wind skew angle on the driving safety due to the along-deck
flow channelling effects.

2. Bridge cross-sections

Two different road bridge box girders are examined in this work: (1) a
‘generic’ idealised deck cross-section that is studied numerically using CFD,
and (2) a ‘typical’ deck shape corresponding to a real bridge that is studied
experimentally in a WT. Both cases are illustrated in Fig. 2, in which the
dimensions have been normalised with respect to the depth of the deck (d).
In order to minimise local flow perturbations, and to focus on the effect of the
bridge furniture on the wind field above the deck in the generic bridge model
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of Fig. 2(a), it has been simplified to a single box girder, a top slab with
uniform thickness (0.09d) and two edge parapets. The deck cross-section in
Fig. 2(b) represents a typical prestressed concrete bridge with double box
girder. Its detailed dimensions are taken from the midspan cross-section of
the Orwell Bridge (UK, 190-m main span) and it has 4 lanes (L1 - L4), two
of them in the upwind girder (UG) and the other two in the downwind girder
(DG). The solid parapets in both cross-sections have a height of hy = d/3,
which is representative of many long-span bridges with concrete barriers, or
with edge parapets formed by a concrete plinth and metal railing on top [37].

Upwind Downwind Upwind Downwind
half-width half-width , Giﬁer (L L;G) G"Lfger QZG)
. . ane.
wind=_ & £ P3 Wmdl:J>0.8d\ 0.86d‘ ‘0.86d ‘O.Sd
0-06d,,. 164 pp 0084 I T e
N & 40.3d | lo.6d . =P1 — TO.86d
d/3 t ] £ d/3 i L . A
] S g T
J L A B . J.1.53d 1.1.53d |
0.6d 1.1d  1.1d 0.6d 0.64d 1.3d 0.64d
4.1d r 5.6d ‘
(a) (b)

Figure 2: Dimensions of the bridge cross-sections in terms of their depth d: (a) idealised
generic bridge, (b) typical bridge with a high-sided vehicle.

3. Numerical study of deck channeling effects

The aim of this section is to characterise the diverting effect of the deck
and its parapets on the mean wind field across its width. To this end, series
of three-dimensional (3D) CFD finite volume analyses were conducted in
OpenFOAM [38] considering the idealised deck model presented in Fig. 2(a).
In this model we chose d = 154 mm to assimilate it to the WT experiments
presented later. Vehicles are not included in the numerical model to focus
on the flow around the deck.

In the CFD analysis the Reynolds-averaged Navier—Stokes (RANS) equa-
tions and the standard k — e turbulence model [39] are solved in steady state.
This is deemed appropriate considering that the goal of the CFD analysis in
this research is to visualise the global wind flow around the deck for different
skew angles, and not to calculate the transient aerodynamic actions. For this
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reason, wall functions that incorporate the linear (laminar) and logarithmic
(turbulent) law-of-the-wall are implemented close to the deck surface with
yT ~ 50 in the first grid cell, spanning the inner region between the wall and
the fully developed turbulence region. The pressure-velocity coupling of the
fluid motion equations is solved with the semi-implicit algorithm SIMPLE
[40].

The 3D fluid domain around the deck model is described in Fig. 3(a)
in terms of the depth of the deck plus the side barriers (Hyps = d + hy =
4d/3). Sensitivity analysis were performed to validate the width of the fluid
domain and its near-wall refinement. The shape of the fluid cells is hexaedral
(structured) in the whole domain, establishing 7 inflation layers around the
perimeter of the deck that have a thickness of 1 mm in the first layer and grow
with an expansion rate of 1.2. A detail of the mesh close to the perimeter
of the deck cross-section is included in Fig. 3(b). The values of the skew
wind angle considered range from a = 20° to 90°, typically with increments
of 10°. As a reference, the model with purely orthogonal wind (o = 90°) and
both edge barriers has approximately 4 million cells in the fluid domain. The
different wind incidence angles are achieved by rotating the deck with respect
to the y axis and maintaining the orientation of the boundary conditions
of the flow. This implies that the mesh varies from case to case, but its
resolution is maintained and it has been verified that re-meshing for different
wind skew angles does not affect significantly the results.

Fig. 3(a) also includes the reference axes of coordinates and the boundary
conditions applied to all the faces, with a uniform wind flow of U, = 10
m/s in the x direction imposed at the inlet (Re = U, od/v, &~ 1.5 X 10°, with
v, = 1.48x107° m?/s being the kinematic viscosity of air). Several variations
of the barrier configuration presented in Fig. 2(a) are introduced to study
their effect on the flow, resulting in the following cases: (1) original model
with the two edge parapets, (2) model with only the windward parapet, and
(3) model with no parapets. The three deck cross-sections are shown in Fig.
4.

3.1. Across-flow horizontal wind field

Fig. 4 presents the across-flow horizontal wind field (U, ) in the vertical z—
y midplane of the model illustrated in Fig. 3(a). The results are normalised
with respect to the inlet wind speed U, o, = 10 m/s to show the important
influence of the angle between the deck and the mean wind speed on the
deviation of the flow. When the wind direction is purely orthogonal to the

8



(a) Midplane

Figure 3: (a) Geometry and boundary conditions of the CFD study in the generic bridge
section. Hyps = 4d/3 is the total depth of the deck, including the edge barriers. The
blue shaded region represents half of the wind domain, the other half is removed for
visualisation purposes. (b) Detail of the mesh around the cross-section of the deck. The
two views correspond to the case with @ = 90° and both barriers.
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deck the across-flow component of the wind field (U,) is negligible, regardless
of the barrier arrangement above the deck slab, as it is observed in Figs. 4(a)
- (¢). However, skew winds forming an angle of o« = 45° with the deck are
partly diverted when they reach the vertical faces of the girder, which creates
a U, component of the wind velocity vector that is up to 70% of the inlet
speed. This effect is observed along the depth of the deck (d) regardless of
its barriers, but the presence of a windward edge parapet extends it above
the pavement and reach the region used by the vehicles. This is shown in
Figs. 4(d) and (e), which also indicate that the leeward parapet does not
contribute to the diversion of the wind flow in the carriageways.

Windward & Leeward parapets Windward parapet No parapets

a =90

Skew wind Cross-wind
a = 45

Figure 4: Normalised across-wind velocity fields (U,/Us ) for different wind incidence
angles and geometries of the generic bridge cross-section.

3.2. Deck channelling effects

The across-wind velocity field U, included in Fig. 4 is strongly influenced
by the distance above the deck in which it is measured. In order to explore
this effect and the orientation of the wind flow along the deck, the wind speed
is obtained in the horizontal x—z planes P1, P2 and P3 described in Fig. 2(a).
Each of these planes contain the interpolated CFD results corresponding to
the fluid cells that they intersect. Ignoring the y-component of the wind
velocity gives a grid of points in each horizontal plane with velocities in
the x and z directions (U, and U, respectively). We define the along-deck
horizontal inclination of the wind field shown in Fig. 1(b) as:

U.
v = arctan (;) . (1)

10
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The angle of wind above the deck 7 is calculated along two lines parallel to
the bridge that are located at the centres of the upwind and the downwind
halves of its width, as shown in Fig. 2(a). This is done for each of the
planes P1-P3, and the arithmetic average of v along these lines is calculated
discarding the points close to the z — y boundary faces. Fig. 5(a) shows the
averaged v in the plane P1 of the model with two edge barriers. The results
indicate that purely cross-winds with a = 90° lead to v = 0°. This means
that the streamlines are contained in vertical z —y planes, and it is visualised
in the quiver plot presented in Fig. 5(b) when o = 90°, in which the size of
the vectors represents the magnitude of the horizontal wind component (i.e.
U, =+/U2+ U2 in Fig. 1(b)), and their inclination is given by ~. Fig. 5(b)
also shows the small magnitude of the horizontal wind velocity within the
edge parapets due to their shielding effect for purely cross-winds. However,
for non-orthogonal winds the horizontal inclination of flow along the deck
within the height of the parapets is significant, and its relationship with the
incidence angle « can be divided in three zones represented in Fig. 5(a):

e Zone I - Initiation of channelling. This region corresponds to nearly-
orthogonal winds with 75° < a < 90°, for which the angle of wind along
the deck () is very sensitive to . As the wind incidence angle is more
skewed with respect to the deck the wind field across its width rapidly
becomes more aligned with the direction of its edge barriers, particu-
larly in the upwind half of the deck. Fig. 5(c) shows the horizontal
wind field for a representative incidence angle in this region.

e Zone II - Transition. When 60° < a < 75° the inclination of wind along
the deck is almost insensitive to variations of the skew wind angle. In
this region, as the incident wind becomes more parallel to the deck (i.e.
« is reduced) the flow within the height of the edge barriers is almost
aligned with them, as shown in Fig. 5(d) .

e Zone III - Full channelling. If the wind is significantly skewed, with
a < 60°, the windward barrier diverts the streamlines and creates a
strong wind flow parallel to the girder in the first half of the deck,
introducing a full channelling effect for which v ~ «. This effect is
less pronounced in the downwind half of the deck after the streamlines
reattach, as it is illustrated in Fig. 5(e). The quiver plot also shows
that the magnitude of the horizontal wind field along the deck for very
skew winds is larger than for orthogonal flows, suggesting the loss of

11
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the shielding effect of the edge barriers in Zone III. The limit case in
which o = 0° has not been analysed due to modelling difficulties, but
in this case the deck is parallel to the wind flow and therefore it would
lead to v = 0° across its width.

(b) @=90° - purely cross-wind

(a)
80

—— Upwind half  --=-- Downwind half

00 ® @

60 1

(c) a=85° - Zone I: Initiation

401

20+

——— e
B

-20

-40

Angle of wind along the deck; y [°]
o

-60 o i
§ 2 (e) a=45° - Zone III: Full channelling
G|z
75 7|7 105
-80

0 20 40 60 8090100 120 140 160 180
Inlet wind skew angle; a [°]

Figure 5: (a) Horizontal inclination of the wind velocity vector along the deck () for
different wind incidence angles « in the plane P1, within the height of the barriers. Figures
(b)-(e) include quiver plots with the horizontal wind vector orientation around the deck,
with the thick black lines indicating its edge barriers (plan view of the deck). CFD results
in the generic bridge with both edge barriers.

If the wind skew angle is a > 90° the values of the angle v are anti-
symmetric with respect to the axis a = 90°, and the full channelling region
is described by v = a — 180°, as it is indicated in Fig. 5(a).

The above zonification refers to the plane P1 in the bridge with both edge
barriers. Fig. 6 compares the averaged wind inclination ~ in different planes
and deck cross-sections. The angle v in the plane closer to the upper slab
of the bridge (P1) obtained for the case with the two edge barriers is almost

12
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identical to the case with only the windward parapet, distinguishing the
three regions of channelling previously discussed (Figs. 6(a) and Fig. 6(b)).
However, the deviation of the wind field above the deck is small when there
are no barriers on the deck (y & 0 for any value of the skew wind angle «),
even in the plane P1 as shown in Fig. 6(c). On the other hand, the influence
of the furniture of the bridge above the deck is less significant as the distance
from the pavement level increases. Certain flow channelling is observed in
the downwind half of the bridge with barriers in the intermediate plane P2,
but this effect disappears in plane P3, which corresponds to height of the top
of typical high-sided vehicles, regardless of the presence of parapets.

—— Upwind half  --+-- Downwind half

a b C
_ 90( ) — (b) — () .
= 80 B B 2
g N B N e 7 -
[v] /
S 60 1 Upwind Dwnw. @ @ Upwind Dwnw. @ @ . Upwind Dwnw. d
@ half  half [\, ] half  half \\ half  half 7
= g 7
o AN s e
S 401 Y 1 @ A 1 /
= P1 /,,; J P1 V=a
e} » a ‘ /'/
c 204 7 i\ 7
E _/'/ P2 Y=a ///
S Y=a JR 7 P2 , P1
() s e Y-t 7 e Wi ety 7 -
S 01—F e et P = o ;:::%Eéﬁ"""’
= ) P3 - g~ o p3 P2 P3

10 . . : . . : : : : :
-10 0 20 40 60 8090 O 20 40 60 8090 0 20 40 60 80 90
Inlet wind skew angle; a [°] Inlet wind skew angle; a [ °] Inlet wind skew angle; a [°]

Figure 6: Horizontal inclination of the wind velocity vector along the deck (v) for different
wind incidence angles « in the bridge section with (a) both edge parapets, (b) windward
parapet, and (c) no parapets. CFD results in different horizontal planes (P1-P3) of the
generic bridge.

The magnitude of the horizontal wind field is also affected by the flow
channelling in the models with windward barriers, as it is shown in the along-
deck average of Uy, presented in Figs. 7(a) and (b). This is appreciable in the
plane P1, where the velocity magnitude is reduced due to the protection of
the barriers if the wind is nearly orthogonal to the deck (Zone I), and it gets
closer to the inlet wind speed as the wind incidence angle is more skewed
(Zones 11 and III). The channelling effect in terms of Uy, is smaller in plane
2 (but higher than in terms of 7 at this position), and it vanishes in plane
P3. The influence of « in the velocity magnitude is also weak in the bridge
without parapets described in Fig. 7(c), regardless of the position above the
deck where it is measured.

13
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Figure 7: Horizontal wind speed magnitude along the deck (U},) normalised with respect
to the inlet wind speed (U, ) for different wind incidence angles « in the bridge section
with (a) both edge parapets, (b) windward parapet, and (c¢) no parapets. CFD results in
different horizontal planes (P1-P3) of the generic bridge.

4. Experimental testing of a typical deck with a high-sided vehicle

The purpose of the WT testing is to study the wind flow around the
deck of a typical bridge and the aerodynamic forces on high-sided vehicles
for different wind incidence angles. To this end, a 1/50 scale model of the
midspan segment of the bridge deck included in Fig. 2(b) was built and
tested in the closed-return environmental WT at City, University of London.

4.1. Preliminary considerations

The working zone of the WT is 3-m wide x 1.5-m high x 8.1-m long.
A castellated barrier and four elliptical vortex generators with a height of
H,, = 1.2 m were fitted at the upstream end of the working zone to generate
simulated atmospheric shear flows. These were described in detail by Sykes
[41]. In addition, the floor between the vortex generators and the 2.8-m
diameter turning table was covered by near-cylindrical roughness elements,
with height of 70 mm (0.058H,,) and mean diameter of 55 mm.

First, the wind field at the centre of the rotary table was measured with-
out the deck model, with a free-stream wind speed of Uy = 9 m/s. The
measurements were obtained in 248 points equally-spaced in the vertical di-
rection (z) using a pressure scanner mounted on an adjustable rake. The
sampling time and frequency was 600 s and 100 Hz, respectively. Fig. 8(a)
shows the profiles of the time-averaged horizontal (stream-wise) velocity and
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turbulence intensity, normalised with respect to the height of the vortex gen-
erators (H,,) and the free-stream wind speed (Uy ). The measured boundary
layer can be described by the power law

U p 0.25

with U representing the time-average of the wind speed and z the distance
from the tunnel floor. This work is mostly interested in the wind flow around
the deck of the bridge, where the boundary layer also matches the profile
given by EN1991-1-4 [42] for a terrain of type II.
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Figure 8: Stream-wise wind flow properties in the WT without deck model: (a) mean
wind speed and turbulence intensity profiles, (b) frequency spectrum of the wind velocity
record at the height z = 0.58 H,,,, normalised with respect to the mean speed at the same
point (Ug,o0).

The frequency content of the stream-wise turbulence measured at the
height corresponding to the centroid of the vehicle model (z = 0.58H,,) is
consistent with the corresponding Von Karman spectrum shown in Fig. 8(b),
which is described as

S, 4f.
ST —— Q
o 25\ 2/6

u (1 +70.8 fg)
where S, and o, are the auto-spectral density andAthe standard deviation of
the turbulent component, f is the frequency and f, = fL, /U, « its reduced
expression. It refers to the recorded flow velocity at the level of deck in the
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study of the wind field of the empty tunnel, for which the mean wind speed
is Uyoo = 7.9 m/s, and the along-flow turbulence length-scale is measured as
L, =0.84 m.

The dimensions of the typical deck cross-section tested in the WT are
included in Fig. 2(b), with d = 85 mm to give a scale factor of 1/50 with
respect to the midspan segment of the Orwell Bridge deck. In order to
inform the design of the tunnel setup, a series of 3D CFD simulations were
conducted in OpenFOAM [38] using the same numerical scheme described
previously. The simulations showed that even with a relatively long deck
of 2.4 m the wake of the upwind edge under the most inclined wind tested
(v = 45°) affected the vehicle located at its centre, particularly in Lane 4
(downwind) as shown in Fig. 9(a). Therefore, it was decided to place the
vehicle at the quarter-span of the deck, 0.6 m away from its downwind end,
where such effect is reduced (Fig. 9(b)). Three different end plates were
built in plywood to adjust to the upwind end of the deck model at skew
wind angles of a = 45°, 60° and 75°. In order to prevent clashing with the
road furniture a small gap was left between the edge barriers and the plate,
and it was covered by a small flexible screen to avoid the wind flow through
the plate. The CFD results showed that the plate was not needed at the
downwind end of the deck to explore the wind flow around the vehicle. The
influence of the upwind end plate in the experimental results is considered
further in Section 4.4. Regardless of the use of end plates, the CFD analysis
also suggested that very skew incidence angles, with o < 45° (or a > 135°)
cannot be tested accurately in the current setup because the flow disturbances
originated at the upwind end of the deck propagate to the vehicle.

The stiff timber deck model includes all the relevant details of the para-
pets and barriers with a tolerance of & 1 mm. The bridge model was mounted
on the tunnel’s turntable using two vertical metal struts bolted to the un-
derside of the model. These props have a small cross-section to minimise the
obstruction to the wind flow because they are only used to hold the deck
with vehicles at a height of approximately 600 - 800 mm from the tunnel’s
floor, and not to represent the actual piers of the bridge. The blockage ratio
of the model in the WT is approximately 6%. Fig. 10 shows the test setup.

The WT is operated with an incoming wind speed at the level of the deck
of U, » & 8 m/s, resulting in a Reynolds number Re ~ 2.5x10°. This is lower
than the expected Re numbers in actual bridges, but it has a small effect in
the results according to other WT studies on scaled vehicle-bridge models
that reached Re values in the same order of magnitude (e.g. [25, 43, 44]).
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Figure 9: Normalised pressure contour map in the 2.4-m long deck model with an idealised
vehicle on the leeward lane: (a) vehicle at midspan, (b) vehicle at downwind quarter-span.
Both cases consider skew wind with a = 45°, going from left to right. The red and blue
colour indicates the regions with highest and lowest pressures.

)

Vortex Bridge

generators Roughness _End plate  deck

Figure 10: Setup of the model in the WT: (a) view of the model with the vortex generators
behind, (b) view of the deck cross-section with the pressure tap tubes going to the vehicle,
and the plate at the upwind end of the deck.
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4.2. Vehicle model

The vehicle in this study is a 1/50-scale model of a typical rigid truck
with a simplified shape to facilitate manufacturing and maintain generality
in the results. The dimensions of the vehicle are included in Fig. 11(a),
along with its reference local axes (z,, ¥y, z,) and the position of its centroid.
This point is not the actual centroid of the physical model of the vehicle, but
it represents a conventional location of the centroid of unladen rigid trucks
reported in literature [16, 45]. The wheels are simplifed as 6-mm thick timber
segments that represent the equivalent blockage of typical wheels to cross
winds. A 64-channels pressure scanner is used to calculate the aerodynamic
actions on the vehicle.

Front view Side view

578
= -~

7v yAY
H,=73
44
Yv Xv
—

v 14T h=20

6 [ [

ool anle
1

24.511 99 11T 245

L,=170

Plan view

23

X —+ W,=46
23
Yv

(a) (b)

Figure 11: High-sided vehicle model used in the WT testing: (a) views with dimensions
in mm, (b) distribution of pressure taps.

The vehicle model is made of acrylic plastic elements that are interlocked
and glued together to form all its faces. They have a total of 62 pressure
taps that were laser-cut. The distribution of these sensors in the vehicle
is designed to capture the pressure gradients for different wind incidence
angles, using as a reference the pressure maps obtained from the 3D CFD.
The distribution and the numbering of the pressure taps on the faces of the

18



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

vehicle is included in Fig. 11(b). The wheels of the vehicle are screwed to
a sliding plate that fits in the upper slab of the deck model. It allows the
vehicle to be placed on the centreline of the road lanes (L1 - L4) of the deck.
The tubes that connect the pressure taps on the vehicle with the pressure
scanner are mounted inside the hollow deck girders to avoid interference with
the air flow. It is noted that the lift forces on the vehicle are not obtained
because of the lack of pressure taps at its bottom face.

The side and drag forces (Fs and Fp), as well as the rolling, pitching and
yawing moments (Mg, Mp and My ) are calculated at every instant from the
time-history recording of the pressure at each of the NV; = 62 taps shown in
Fig. 11(b):

Fy(t) = ﬁ?a(tmm% (4a)
Fp(t) = i P(t) At (4b)
Mglt) = fj Pt A (2 — 26) + P(DAm? (5 —ve)  (4¢)
Mp(t) = Xi?l%(t)flm?“ (v~ 26) + P AnE (5 — ) (4d)
My (1) = zi?Pi(t)Am% (e — 26) + B ADE (i — ya).  (4e)

where P;(t) and A; are the instantaneous pressure and contributing area of
the i-th tap; (ni*,nY",n?") are the three components of the vector normal
to the surface of the vehicle at the pressure tap ¢, in the Cartesian coordi-
nate system of the vehicle (z,,y,, z,) shown in Fig. 11(a); (z;,y;, z;) are the
coordinates of the i-th pressure tap in these axes; and (zq,yq, 2¢) are the
local coordinates of the centroid of the vehicle, which are (0,0,0) in this case
because it coincides with the origin of the vehicle coordinate system. The
convention for positive pressures is that they point inside the vehicle, and
the positive normal vector at the surfaces also points inside the volume of the
vehicle. During the WT testing the instantaneous pressure P;(t) is recorded

for 180 s with an adquisition frequency of 10 Hz.
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We obtained the time-averaged aerodynamic coefficients from the time-
history results given in Eq. (4). The quasi-steady force coefficients are

F.
Cj=—-">2— 5
7 0.5pU2 LA (5)

with the subindex j = 5, D refering to the side and drag forces, respectively.
A; = 3082 mm? is the area of the back face of the vehicle, and p =~ 1.2
kg/m? is the density of the air measured during the experiment. Similarly,
the quasi-steady moment coefficients are

M ;
C.=— "3 6
J O.5pU§7ooAfh7 ( )

in which j = R, P,Y represent the rolling, pitching and yawing moments,
respectively, and h = 20 mm is the vertical distance from the wheel/deck
interface and the centroid of the vehicle (Fig. 11(a)).

4.8. Test programme

The experimental programme aims to cover a wide range of combinations
of the wind incidence angle (a)) and the position of the vehicle across the
width of the deck, which is always centered on one of the four road lanes
shown in Fig. 2(b). To facilitate the comparison of the results, the vehicle
is orientated southbound (with the local vehicle axis x, pointing at the bot-
tom) regardless of the lane occupied and the wind incidence angle, as it is
illustrated in Figs. 12(a) and (b). The incidence angles range from o = 45°
to a = 135°, with an interval of 5°. As it was observed in the CFD simula-
tion, if the wind incidence angle is between o = 45° and o = 90° the upwind
side of the deck model (which is the northbound one in Fig. 12(a)) does not
affect the wind flow around the vehicle. However, when o > 90° the upwind
end of the deck becomes the southbound one, and the test would require to
move the end plate and the vehicle to the opposite side of the bridge, or to
disassemble the whole bridge and rotate it 180° to reach the setup in Fig.
12(b). Symmetry is exploited to avoid this difficulty, and the vehicle is ro-
tated to face to the northbound end of the deck for the tests with a > 90°.
This leads to the configuration described in Fig. 12(c), which is equivalent
to Fig. 12(b) with o = o* 4+ 90°, and o* being the apparent wind incidence
angle in the test with x, northbound. Hereinafter, no mention is made to
the orientation of the vehicle in the test and only the wind incidence angle
« is reported.
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Figure 12: Plan view of the test configurations (looking from above) with wind incidence
angles: (a) o <90°, (b) @ > 90°, and (¢) o > 90° with opposite vehicle orientation ()
to make it equivalent to (b). Note that the vehicle is static during testing. UG and DG
refer to the upwind and downwind girders of the bridge, respectively.

In total, 76 different wind-vehicle configurations have been tested without
end plates, and 24 additional cases are repeated with these elements for angles
a = 45°,60°, 75°, 105°, 120° and 135° to explore their influence in the results.

4.4. Results of the wind tunnel testing

The time-averaged pressure (P;) measured on the faces of the vehicle when
it occupies different lanes and it is subject to purely cross wind (o = 90°) is
presented in Fig. 13. The tributary area of each tap is coloured according
to its pressure, intentionally avoiding the use of smoothing interpolators to
show the actual test data. Regardless of the lane occupied by the vehicle, the
results in Fig. 13 show negative pressure (suction) in all its faces apart from
the windward side when a = 90°, and this is because of the separation of the
flow around the sharp corners of the vehicle faces. On the other hand, the
windward side of the vehicle presents a characteristic gradient of pressures
that goes from negative at the bottom to positive at the top due to the
diversion of the wind flow exerted by the upwind edge barrier of the deck.
This effect increases the rolling moment and it is most significant when the
vehicle is closer to the barrier (lane 1), reducing its importance as the vehicle
moves to the downwind edge. In order to visualise the flow, a stream of
smoke was introduced upstream of the deck, at the level of its barrier. Fig.
14 shows two frames of the visualised smoke, which indicate that the flow is
diverted by the barrier and thereafter impacts the top of the vehicle.
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Figure 13: Time-averaged pressure distribution on the vehicle located in: (a) lane 1, (b)
lane 2, (c) lane 3, and (d) lane 4. Purely cross wind a = 90°. The red and the blue colours
indicate positive and negative pressures, respectively. Units in Pa.

Wind direction

—

Figure 14: Two frames of the smoke flow recorded by a high-speed camera in the WT
testing of the typical bridge, with the vehicle located on lane 3. Purely cross wind (o = 90°)
going from left to right.

22



456

457

458

459

460

461

462

464

465

466

467

468

469

470

471

472

474

475

476

477

The wind flow and the pressure distribution on the vehicle changes sig-
nificantly with the incidence angle, as illustrated in Figs. 15 and 16 for skew
wind angles with a = 45° and « = 135°, respectively (without end plate).
This is particularly true in the downwind lanes and it is attributed to (1) the
flow reattachment in this part of the deck due to the increased along-wind
width of the deck for skew incidence angles, and (2) the flow channelling
effects discussed previously. The latter affects the vehicle as a combination
of flow diversion () within the height of the parapets (plane P1, see Fig.
6(a)), and the increment in the velocity magnitude (Uy) in the full height of
the vehicle (planes P1 and P2, Fig 7(a)). With o = 45° and o = 135°, the
shielding effect of the edge parapet is only visible in the windward side face
of the vehicle located on the upwind girder (lanes 1 and 2). When it is on the
downwind girder (lanes 3 and 4) most of this face is under positive pressure,
with an along-deck gradient that contributes to the yawing moment in the
vehicle. This effect is also present in the suction measured on the leeward
face of the vehicle, which contrasts with the approximately uniform suction
observed on this face under cross-winds, as seen in Fig. 13.

Lane: 1 |2 314 Lane: 1 |2 314 Lane: 1 | 2 314 Lane:| 1 |2 3|4
—> =

wind I | e ' Y ”E" t‘b‘rﬁ =i ”H'"-HEJ" .
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U U,
Lane 1 %, Lane 2 Lane 3 Lane 4 x,
50 40 20 0 -20 -40-50 50 40 20 O -20 -40-50 50 40 20 O -20 -40-50 50 40 20 O -20 -40-50
[ — ] [ — ] | — ]

(a) (b) ©) (d)

Figure 15: Time-averaged pressure distribution on the vehicle located in: (a) lane 1, (b)
lane 2, (c) lane 3, and (d) lane 4. Skew wind a = 45°. The red and the blue colours
indicate positive and negative pressures, respectively. Units in Pa.

The skew wind angles o = 45° and o = 135° fall within the full-channelling
Zone III identified in the CFD analysis of Section 3, and its characteris-
tic along-deck diversion of the flow contribute to the vehicle pressure maps
recorded in Figs. 15 and 16. Under very skew tail-winds (o = 45°) the pres-
sure at the rear face of the vehicle is higher than at its windward side, which
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Figure 16: Time-averaged pressure distribution on the vehicle located in: (a) lane 1, (b)
lane 2, (c) lane 3, and (d) lane 4. Skew wind o = 135°. The red and the blue colours
indicate positive and negative pressures, respectively. Units in Pa.

affects the vehicle drag and it is attributed to the along-deck wind flow on
the deck, particularly in lanes 3 and 4 (Figs. 15(c) and (d)). The same effect
is observed in the case with skew head-wind a = 135°, but in this case the
large positive pressure is recorded at the front vehicle face (Figs. 16(c) and
(d)). We also note that the increment of suction at the windward edge of the
vehicle top for very skew winds was also reported by [46] testing a similar
vehicle in an open flat surface (off-bridge), which suggests that it is due to
the wind incidence angle and not to the wake of the parapets.

Following the study of the pressure distribution on the vehicle, the dis-
cussion now focuses on the resultant wind effects. Fig. 17 presents the side
coefficient (Cg) of the vehicle located in both girders, and compares it with
the off-bridge coefficient given by Baker [16] to highlight the important dif-
ferences with the on-bridge aerodynamic effects for a wide range of wind
incidence angles. The zonification of skew winds observed in the CFD anal-
ysis of Section 3 is also included, which is proven to have an important effect
in the results obtained experimentally. The side coefficient for winds in Zone
I (small incidence angles) is reduced by approximately 42%, 83%, 66% and
53% in lanes 1, 2, 3 and 4, respectively, with respect to the corresponding
off-bridge reference value. This indicates that the shielding of the upwind
edge barrier reduces the side force significantly for purely or nearly-cross
winds, especially in lane 2 because it is where the region of low wind speeds
across the deck (referred to as ‘protective bubble’) created by the windward
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barrier is higher. However, this effect diminishes as the vehicle moves to the
downwind lanes. On the other hand, the side force is reduced by increasing
the wind incidence angle in the transition Zone II when the vehicle is in lane
1, but it is almost insensitive to changes of a within this Zone when the
vehicle is in other lanes. The picture changes significantly under large skew
wind angles in Zone III, where the side force on the vehicle increases with
« in Zone III for all the road lanes, but particularly in the downwind girder
lanes 3 and 4 (Fig. 17(b)), for which Cyg rises by up to 80% when « varies
only 25% (from 60° to 45°). This is attributed to the reattachment of the
wind flow on the downwind girder for very skew wind angles in Zone III.
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Figure 17: Side coefficient of the vehicle in: (a) upwind girder, and (b) downwind girder.
The off-bridge side coefficient given by Baker [16] is included for comparison. The cross
markers connected with lines refer to the tests without end plate, whilst the circular
markers indicate the results with end plate. The positive convention for side forces in the
vehicle is included.

The drag coefficient (Cp) is included in Fig. 18, and it also shows its
dependency with the skew wind zonification and the position of the vehicle
across the width of the deck. The drag increases more with « in Zone I than
in Zone II, which can be connected with the smaller change of the inclination
angle of the horizontal wind along the deck (7) in Zone II, as it was described
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in Fig. 5(a). However, when the wind flow is fully channelled in Zone III the
drag coefficient grows at a higher rate with the wind incidence angle. This is
observed in all the lanes, but the influence of « is stronger in the downwind
girder (Fig. 18(b)) resulting in drag coefficients in lanes 3-4 that are larger
than those in lanes 1-2, also exceeding the reference values for the vehicle in
open terrain. This is explained by the large wind pressure in the rear or front
vehicle faces for tail- or head-winds, respectively, as shown in Figs. 15(c)-(d)
and 16(c)-(d), which is attributed to the flow channelling in Zone III.
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Figure 18: Drag coefficient of the vehicle in: (a) upwind girder, and (b) downwind girder.
The off-bridge side coefficient given by Baker [16] is included for comparison. The cross
markers connected with lines refer to the tests without end plate, whilst the circular
markers indicate the results with end plate. The positive convention for drag forces in the
vehicle is included.

Fig. 19 shows that the influence of the wind incidence angle a on the
rolling moment of the vehicle (Cg) is closely related to that on the side force.
The exception is mainly in Lane 1 for highly skew winds, in Zone III, where
the rolling coefficient is strongly reduced. This is because the vertical pressure
gradient observed in the windward vehicle face for cross-winds gives way to
a more uniform pressure distribution in the vertical direction when a < 60°
(Fig. 15(a)) or a > 120° (Fig. 16(a)). However, the same range of skew
angles in Zone III increases the rolling moment in the downwind girder even
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beyond the off-bridge reference value (Fig. 19(b)), both for tail- and head-
winds. This may be due to the larger positive and negative pressures recorded
at the top of the vehicle’s windward and leeward side faces, respectively, when
it is in lanes 3 and 4 and the incidence angle of the wind is in Zone IIT (see
Figs. 15(c)-(d) and 16(c)-(d)), in combination with the relatively low position
of the centroid of the vehicle.
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Figure 19: Rolling coefficient of the vehicle in: (a) upwind girder, and (b) downwind
girder. The off-bridge side coefficient given by Baker [16] is included for comparison. The
cross markers connected with lines refer to the tests without end plate, whilst the circular
markers indicate the results with end plate. The positive convention for rolling moments
in the vehicle is included.

The pitching and the yawing moment coefficients of the vehicle (Cp and
Cy) are included in Figs. 20 and 21, respectively. The apparent asymmetry of
these two actions with respect to the cross-wind angle of incidence o« = 90°
contrasts with the other aerodynamic coefficients, particularly due to the
large increments of Cp and Cy for Zone III head-winds (o > 120°) in lanes
1 and 2, and for tail-winds (o < 60°) in lanes 3 and 4. The pitching moment
is larger than the off-bridge vehicle reference value in the upwind girder,
especially in lane 1, when o > 120° (Fig. 20(a)). This is attributed to
the pressure imbalance at the top vehicle face shown in Figs. 15 and 16,
and it also appears on its side faces (windward and leeward) to contribute
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to the yawing moment presented in Fig. 21. Lane 1 shows values of Cy
that are similar to those in the off-bridge vehicle for all the angles tested
apart from skew headwinds with o > 120° that fall in Zone III, for which
the yawing moment increases significantly. The same happens in Lane 2,
which is significantly shielded until a > 120°. The effect is more significant
in the downwind girder, in which the yawing moment is relatively low for
angles in Zones I and II, but increases significantly in Zone III, particularly
for tailwinds with o < 60°. Indeed, when o = 45° the value of Cy is more
than 5 times higher than with a > 60°. This is explained by the horizontal
pressure gradient increasing towards the windward face of the vehicle for
very skew tailwinds when it is in the downwind girder, favoured by the flow
channelling in Zone III as depicted in Figs. 15(c) and (d). The effect is
stronger under tailwinds because the distance between the centroid of the
vehicle and its rear side is larger than to its front side (Fig. 11(a)).
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= Bridge Bridge
§ —Lane 2 Lane 37 %%
2
g x\iﬁbx
5 i &
£ 11 W
' ' 75 90 105 ‘ ‘ 0 ‘ ‘ 75 90 105 ' '
0 20 40 60 80 100 120 140 160180 20 40 60 80 100 120 140 160 180
Inlet wind skew angle; a [°] Inlet wind skew angle; a [°]

(@) (b)

Figure 20: Pitching coefficient of the vehicle in: (a) upwind girder, and (b) downwind
girder. The off-bridge side coefficient given by Baker [16] is included for comparison. The
cross markers connected with lines refer to the tests without end plate, whilst the circular
markers indicate the results with end plate. The positive convention for pitching moments
in the vehicle is included.

It is observed in Figs. 17 - 21 that the results with the end plate installed

28



D Off-bridge
/ Baker (1987)]

_3 | Off-bridge
Baker (1987) x%é ‘

Yawing coefficient; Cy

_51 Lane 1 / i
=61 | Bridge %/ |
75 90 105 o Lane 4—& 75 90 105
0 20 40 60 80 100 120 140 160180 20 40 60 80 100 120 140 160 180
Inlet wind skew angle; a [°] Inlet wind skew angle; a [°]
(a) (b)

Figure 21: Yawing coefficient of the vehicle in: (a) upwind girder, and (b) downwind
girder. The off-bridge side coefficient given by Baker [16] is included for comparison. The
cross markers connected with lines refer to the tests without end plate, whilst the circular
markers indicate the results with end plate. The positive convention for yawing moments
in the vehicle is included.
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in the bridge model are very similar to the corresponding cases without this
element, with a maximum difference in the order of 10%. This indicates that
under non-orthogonal winds the upwind end of the model does not affect
significantly the flow around the vehicle thanks to the length of the deck
model, and it validates the use of the results without end plate for all the
wind incidence angles tested. In the following, the WT test results correspond
to cases without this element.

4.5. Further considerations on wind channelling effects

The along-deck channelling of the wind field is explored further consid-
ering the horizontal vehicle aerodynamic force vector that results from the
combination of the side and the drag forces in the horizontal plane (z — 2),
as shown in Fig. 1(c). The magnitude of this vector, Fsp = /F2 + F3,
is normalised with respect to the projected area of the vehicle in the wind
direction:

Fsp

Caon =
P 0.5pU2  LyH,’

(7)

this is to avoid distorting the results because the area of the vehicle’s side
face is larger than the rear one. In Eq. (7) H, = 73 mm is the height of
the vehicle and L, is the projected length of the vehicle plan in the wind
direction: L, = L, sin(a) + W, cos(«), with L, = 170 mm and W, = 46 mm
being the length and the width of the vehicle, respectively (see Fig. 11(a)).

The results of the combined side-drag coefficient are obtained in each
time frame during testing and their average values are presented in Fig. 22.
The horizontal force exerted by the wind on the vehicle is almost insensitive
to changes in the wind incidence angle when it is moderately skewed, in
Zones I and II, for all the lanes with the exception of the upwind one (lane
1). However, the transition to Zone III marks a strong increment of the
horizontal wind force as it becomes more inclined with respect to the deck,
particularly in lanes 3-4 as shown in Fig. 22(b). This is attributed to the
along-deck channelling of the wind field within the height of the barriers,
combined with flow reattachment in the downwind girder.

The angle 1) between the horizontal aerodynamic force on the vehicle and
the inlet wind direction that was described in Fig. 1(c) is:

Fpcos(a) + Fgsin(a)
Fpsin(a) — Fg cos(a)

1) = arctan

(8)
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Figure 22: Combined side-drag aerodynamic coefficient Csp of the vehicle in (a) upwind
girder, and (b) downwind girder. The positive convention for side and drag forces in the
vehicle is included.

which is averaged in Fig. 23 from the instantaneous values measured in the
WT. The results indicate that the deviation of the side-drag force resultant
with respect to the wind incidence angle is relatively small (within ¢ + 10°)
in Zones I and II, with the exception once again of Lane 1 and o < 75° due
to the large wind exposure in this part of the deck. The small value of v
in Zones I and II indicates that for moderate-to-low wind incidence angles
the horizontal force Fisp on the vehicle is almost aligned with the inlet wind
direction. However, large deviations between the direction of wind and Fsp
appear in Zone III due to the flow channelling along the deck, particularly
in the downwind girder.

However, there are significant differences between the angle v measured
in the WT and the direction of wind within the height of the barriers (7),
because the former is affected by the aerodynamic pressure on the vehicle
above the barriers. For this reason additional WT tests with light-weight
woolen tufts distributed along the centre of the four lanes were conducted
to visualise the orientation of the wind flow along the deck, close to the
pavement surface. One end of these tufts was fixed to the model and they
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Figure 23: Angle 1) between the inlet mean wind speed direction and the horizontal side-
drag resultant force Fgp in (a) upwind girder, and (b) downwind girder. The positive
convention for the angle v is included.
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are shown as black lines in the plan views of the testing included in Fig.
24, where the numbers 1, 2, 3 and 4 refer to the corresponding road lanes.
During testing, a high-speed camera mounted above the model was used to
study the movement of the tufts. The orientation of the wind flow at the
pavement level, v (Fig. 1(b)), was estimated by identifying which tufts were
actively moving during the tests and averaging the angle that they formed
with the horizontal line. The lines in Fig. 25 show the angle of wind along
the deck, after averaging separately the values of v in the active wool strips
of the lanes in the two girders. The figure also includes shaded bands that
represent one standard deviation of v above and below the mean value.

Purely Zone I - Zone II - Zone III -
cross-wind initiation transition full channelling
1.2 ]34 I Vi ! \\ N
> 1 \1 )
1y ) A
S b It s
) ;‘ ] 1
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S i HE
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= 44 ks
=> 1l
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Figure 24: Plan view of the experimental measurement of the along-deck wind inclination
(7) in the WT for wind incidence angles () that are representative of different flow regions.

The experimental results in Fig. 25 are compared with those obtained
from the CFD analysis of the wind flow within the height of the barriers
(Plane 1) in the generic bridge deck discussed in Section 3. The results of
both studies are consistent, even though the experimental testing and the
CFD results refer to slightly different deck cross-sections (see Fig. 2). The
differences between CFD and W'T testing are higher for wind flows that are
fully or nearly perpendicular to the deck, because the larger shielding effect of
the barriers reduces significantly the mean wind speed close to the pavement
level (also observed in the CFD results of Fig. 5(b)-(c)), and the movement of
the tufts is more chaotic as it can be observed in the large standard deviation
of the angle v across the deck in Zone I. However, the influence of the skew
angle o on the wind flow in the downwind region of the deck agrees well with
the three different zones described in the CFD study. As it was observed
in the numerical analysis, the WT testing shows that v is smaller than «
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in the downwind girder. The larger differences between the inclination of
the wind flow in the upwind girder of the tested bridge, compared with the
CFD results, are attributed to a stronger recirculation effect, observed in the
inclination of the tufts in lanes 1 and 2 in Fig. 24. Nevertheless, for very
large skew angles in Zone III the experimental results indicate that the flow
in these lanes is almost aligned with the deck, resulting in a fully channelled

flow.
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Figure 25: Comparison of the along-deck wind inclination () obtained with WT testing
in the typical bridge, and with CFD in Plane P1 of the generic bridge.

5. Conclusions

This work studied the effect of the angle of incidence of the wind on the
flow around bridge decks with low-rise edge parapets (hy/d = 1/3), and how
it affects the aerodynamic forces and moments on vehicles. To this end, a
generic (idealised) deck model with different barrier configurations is studied
using computational fluid dynamic (CFD) analysis. The work continues with
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an extensive wind tunnel (WT) testing programme on a deck model that
represents a real bridge with a conventional configuration of relatively short
side barriers. The following conclusions are drawn:

e The CFD analysis of the generic deck model showed that a low-rise
windward edge parapet is able to introduce a significant diversion of
the wind velocity field along the deck for skew incidence angles. This
flow diversion mainly occurs within the height of the barriers.

e The effect of the wind skew angle («) on the horizontal angle of inclina-
tion of the wind velocity along the deck (v) is studied experimentally
and numerically. In the region of the deck within the height of the barri-
ers both methods show that for small incidence angles (75° < o < 105°)
~ rapidly changes to get closer to « (Zone I - Initiation); for interme-
diate skew angles v is relatively insensitive to « (Zone II - Transition);
and for very skew winds (a < 60° or a > 120°) the wind flow is almost
aligned with the deck (Zone III - Full channelling). The deviation of
the wind velocity field by the deck is negligible above the parapets,
regardless of the skew angle.

e The pressure maps on the vehicle faces obtained in the WT testing
indicate that under purely cross-winds the low-rise parapets are able
to shield significantly high-sided vehicles across the width of the deck,
particularly in its centre and towards the windward side. However, the
parapets direct the wind to the top of the vehicle, increasing the rolling
moment in the most upwind lane.

e The skew wind angle affects significantly the pressure distribution and
the resultant aerodynamic coefficients on the vehicle, which exceed the
reference off-bridge values if « is in Zone III due to the along-deck flow
and its reattachment in the downwind girder.

One limitation of this work is that it considers the vehicle as static in
the wind tunnel testing. However, its relevance lies in the observation of sig-
nificant flow disturbances around conventional bridge decks with relatively
short edge parapets, which are widely used for the safety of traffic but rou-
tinely ignored in the aerodynamic actions on vehicles. More importantly,
it is demonstrated that the wind field around vehicles changes significantly
with the incidence angle. This suggests that the widely spread use of aerody-
namic vehicle coefficients calculated from numerical or experimental models
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in which the vehicle is static are not entirely valid in further wind-vehicle-
bridge interaction analyses. This is because as the vehicle moves in this type
of studies the relative angle of incidence of wind changes (f in Fig. 1(a)),
and this cannot be directly related to the angle o used in the test with a
static vehicle, as it was also argued by [28, 29] in railway bridges. There-
fore, additional WT testing with moving vehicles for different wind incidence
angles is needed.
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