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Abstract

Wind-induced vehicle accidents on bridges depend not only on mean wind speed but

also on turbulence and pavement roughness. Existing wind-vehicle-bridge interaction

(W-VBI) studies typically rely on a limited number of stochastic wind and pavement

realisations, restricting the quantification of record-to-record variability in driving safety.

This study proposes a W-VBI framework that explicitly embeds this variability into the

driving safety assessment. Applied to a twin box-girder bridge, the methodology com-

bines stochastic simulations of turbulent wind and pavement profiles with aerodynamic

coefficients obtained from wind-tunnel tests, which are used to define wind loads in the

coupled W-VBI analysis. Over 85,000 nonlinear simulations are conducted for 11 wind

angles, five gust levels, two high-sided vehicles, and speeds from 15-130 km/h. Vehicle

overturning, side-slipping, and yawing probabilities are calculated, using bootstrapping

techniques to evaluate the statistical stability of the simulations. Results show that wind

and pavement randomness induce significant record-to-record variability in vehicle safety,

while bootstrapping enables estimation of the minimum number of stochastic records re-

quired for statistically stable reliability assessments.
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1. Introduction1

Wind-induced traffic interruptions and accidents pose a major operational challenge2

for long-span bridges worldwide [1]. For some of these structures exposed to strong3

winds, operational restrictions are governed by the driving safety of high-sided vehicles4

before structural limits of the bridge are reached [2, 3, 4]. Evaluating driving safety5

requires identifying the wind conditions under which overturning, side-slipping, or loss6

of control may occur. In long-span systems, this assessment involves a fully coupled7

wind–vehicle–bridge interaction (W-VBI) problem in which the aerodynamic excitation8

of the deck, the dynamic response of the bridge, and the vehicle-pavement interaction9

must be treated in the time-domain.10

Early W-VBI studies established semi-analytical formulations that compute wind11

forces on vehicles and decks from aerodynamic coefficients and solve the coupled equations12

of motion at each time step [5, 6]. Subsequent developments extended these formulations13

to fully coupled vehicle-deck motion, typically relying on modal superposition of the14

bridge response for computational efficiency [7]. Most of the previous works focus on15

driving safety under crosswinds, showing that lateral vehicle vibrations are dominated by16

wind loading, whereas vertical vehicle vibrations depend strongly on road roughness [8, 9].17

These works underline that both bridge motion and road unevenness may significantly18

amplify wind-induced vehicle dynamics.19

Driving safety is highly sensitive to pavement irregularities, which affect significantly20

the vehicle-bridge interaction [8]. Road roughness is commonly represented using one-21

dimensional stationary Gaussian processes, which capture longitudinal correlations but22

not transverse ones. Many W–VBI studies apply identical profiles to both wheel paths,23

or do not explicitly report the transverse correlation model used [10, 11]. Similar consid-24

erations apply to turbulent wind fields, typically generated as stochastic realisations from25

target spectra. Yet the number of pavement and wind records employed is often small;26

for instance, Xu and Guo used five samples [6, 12], and other works used eight [9] or ten27

records [3]. Camara et al. [4] showed that record-to-record variability significantly affects28

both safety and comfort predictions, underscoring the need for ensemble-based analyses.29
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Recent studies have broadened the scope of W-VBI by examining aerodynamic in-30

terference [13, 14], physics-driven surrogate modelling [15], nonstationary winds [16],31

wind-rain effects [17], vortex-induced vibrations [18, 19], ice-wind coupling [20], wake32

flow from upwind bridges [21], and data-driven risk evaluation [22, 23]. However, these33

works typically rely on a single pavement profile, a single wind history, or unspecified34

sample sizes, meaning that stochastic dispersion is not reported or assessed. Yang et35

al. [24] has also highlighted the importance of the variability in the wind turbulence36

and the contact irregularities in vehicle safety assessment, although their probabilistic37

decoupling framework is limited to railway applications and orthogonal wind conditions.38

Consequently, despite significant advances in modelling complexity, the literature still39

lacks a systematic quantification of record-to-record variability and its implications for40

probabilistic driving safety assessments and traffic management for road bridges under41

skew winds.42

To address this gap, the present study develops a W-VBI framework that explicitly43

quantifies record-to-record variability induced by stochastic turbulent wind and pavement44

irregularities, embedding these uncertainties into probabilistic vehicle driving safety as-45

sessments under skew wind conditions, for which critical wind curves are established for46

the first time. Unlike previous studies typically based on a limited number of orthogonal47

wind or pavement records, the proposed framework enables statistically stable reliability48

estimates through large-ensemble simulations and bootstrap analysis. The methodology49

is applied to a conventional double box-girder prestressed concrete bridge under an ex-50

tensive set of wind conditions, vehicle types, and traffic scenarios. This study contributes51

a practical framework for incorporating stochastic wind and pavement uncertainties into52

W-VBI analyses, supporting more statistically robust reliability assessments and wind-53

related traffic management strategies for large bridges.54

2. Methodology55

This study proposes a stochastic W-VBI framework to assess the driving safety of high-56

sided vehicles crossing bridges under turbulent skew winds and pavement irregularities.57
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The workflow combines pre-processing of stochastic inputs and aerodynamic data, time-58

domain coupled dynamic simulations, and statistical post-processing of the accident risk59

indicators. The W-VBI framework has 4 steps described in Fig. 1.60

Step 1: Modelling of the bridge and the vibration sources61

First, the wind field and the pavement irregularities on the site of the bridge are62

defined along with the dynamic properties of the structure. This information is included63

in the matrix containing the relevant vibration mode shapes (Φ) and the corresponding64

vibration frequencies (f), obtained from finite element (FE) analysis of the bridge.65

Synthetic wind speed records are generated as three-dimensional (3D) pseudo-random66

turbulent wind fields correlated in time and space, and inclined relative to the deck.67

To apply Veers’ methodology [25] for generating orthogonal wind fields, an auxiliary68

plane perpendicular to the mean wind is defined following [3]. This Generation Plane69

(GP) is a vertical plane upwind from the structure, forming an angle β with the vector70

normal to the structural plane (SP), as shown in Fig. 1(a). The wind field in the GP71

superimposes the mean speed U onto zero-mean turbulence components, generated at72

the orthogonal projections of the Np structural nodes. The generated wind histories73

preserve the prescribed turbulence intensity, integral length scales, and temporal/spatial74

correlation structure, enabling realistic simulation of gust events travelling across the75

bridge deck under skew wind conditions. The hat symbol (̂·) denotes quantities in the76

GP: x̂ (across-flow horizontal), ŷ (along-flow), and ẑ (vertical, aligned with SP’s z-axis).77

Pavement irregularity surfaces are implemented as imposed displacement profiles at78

the vehicle wheels. Distinct profiles are generated for the leeward and windward wheel79

lines (rL and rW , respectively). These ergodic, stationary Gaussian random processes are80

based on the target displacement Power Spectral Density (PSD) Gd(n) = Gd(n0)(n/n0)
−2

81

from ISO 8608 [26] for Road Category A, where n is spatial frequency, n0 the discontinuity82

frequency and Gd(n0) is the road quality parameter. The road profiles rW (reference) and83

rL are separated transversely by the vehicle width (2b), with partial correlation governed84

by: (1) spatial frequency content, and (2) transverse separation. Under isotropic and85

homogeneous assumptions, profiles are generated via Shinozuka’s method [27]:86
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Figure 1: W-VBI framework supporting the driving safety assessment in this work: (a) pre-processing,
(b) analysis, (c) post-processing, (d) traffic operation assessment for different wind angles. The novelties
in the methodology are highlighted in green.
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r(x, y) =
N∑
i=1

[√
2Gxy(ni)∆n cos(2πnix+ ϕi)

+
√
2(G(ni)−Gxy(ni))∆n cos(2πnix+ θi)

]
,

(1)

where N is the number of spatial frequencies; ∆n is the spatial frequency resolution; Gxy87

is the one-sided cross PSD; ϕi and θi are independent random phases.88

Step 2: Dynamic time-history analysis89

In the W-VBI analysis the dynamic response of deck and vehicles is coupled through90

tyre-pavement contact forces, with wind forces acting on both (Fig. 1(b)). The time-91

varying vehicle contact points induce dynamic actions on the bridge additional to the92

wind excitation. Assuming no wheel loss of contact, the bridge response decomposes93

into single degree-of-freedom (DOF) systems representing relevant vibration modes. The94

coupled system of dynamics is defined from the displacement vector of the bridge (qb in95

modal coordinates) and the vehicles (qv), as well as their time-derivatives (q̇, q̈):96

Mb 0

0 Mv


 q̈b

q̈v

+

Cb 0

0 Cv


 q̇b

q̇v

+

Kb 0

0 Kv


 qb

qv

 =

 ΦT(fb,r + fb,w)

fv,g + fv,r + fv,w

 ,
(2)

where Ml, Cl and Kl are constant mass, damping and stiffness matrices for bridge (l = b)97

and vehicles (l = v). The forcing vector from moving wheel-pavement contact includes98

pavement irregularity effects on vehicle (fv,r) and bridge (fb,r), obtained at each time-step99

by imposing road displacement profiles at instantaneous contact points. fv,g represents100

vehicle gravity forces, and fv,w steady aerodynamic forces and moments:101

f i
v,w =

1

2
ρU2

rCi(ψ)Af , f j
v,w =

1

2
ρU2

rCj(ψ)Afhv, (3)

where ρ is the density of the air; Af and hv are the reference surface of the vehicle and the102

distance between its centroid and the centroid of the deck (see Fig. 1(b)), respectively.103
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The static coefficients Ci are related to the drag, side and lift forces on the vehicles104

f i
v,w (i = D,S, L, respectively), and Cj refer to the yaw, pitch and roll moments f j

v,w105

(j = Y, P,R, respectively). These coefficients are obtained by linear interpolation from106

wind tunnel testing and they depend on the instantaneous angle of incidence of the107

wind on the vehicles (ψ(t)), following the system of velocities included in Fig. 2(a), and108

considering as positive the speed of the vehicles driving eastbound (positive-x direction).109

The wind-vehicle angle of incidence is given as ψ = arctan (uy/(ux − Vd)), in which Vd110

is the driving speed and U is the mean wind speed, which is projected in the along-111

drive wind (ux = U cos(β)) and the across-drive wind (uy = U sin(β)), where β is the112

apparent incidence angle of the wind. The resultant wind velocity acting on the vehicle113

is U2
r = (ux − Vd)

2 + (uy)2.114

Vd

U

x

y
uy

ux

Ur

Drag

U

Lift

Side

Roll

Yaw

Pitch

wheel 3

wheel 1

wheel 4
wheel 2

(a) (b)

(c)

Figure 2: (a) Relative wind/driving velocity system in the case of headwinds, wheel numbering and
positive convention of important vehicle aerodynamic coefficients. (b) Time-averaged side and (c) rolling
aerodynamic coefficients in the vehicle located on different lanes of the bridge considered. The corre-
sponding off-bridge vehicle coefficients given by Baker (1987) [28] are also included for reference.

The wind force vector on the deck fb,w is applied to a simplified 3-DOF model of the115

cross-sections along its length, as shown in Fig. 1(b). In this model fb,w = [fD
b,w, f

L
b,w, f

M
b,w]

T
116

represents a vector with the drag, lift and moment components of the wind forcing at117

each node of the deck, respectively, and qb = [p, h, α]T are the corresponding generalised118

movements. The deck wind forces are obtained as a linear superposition of the mean,119
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buffeting and self-excited forces, that is, f b,w = f b,w−s + f b,w−b + f b,w−se [29, 30]. The120

mean wind forces are given as follows:121

fD
b,w−s =

1

2
ρU2BCD, fL

b,w−s =
1

2
ρU2BCL, fM

b,w−s =
1

2
ρU2B2CM , (4)

where B is the depth of the bridge deck; CD = CD(αs), CL = CL(αs) and CM = CM(αs)122

are the static coefficients of the deck at the angle of attack αs formed between the mean123

wind velocity vector and the deck section in static equilibrium.124

For simplicity, the buffeting and aeroelastic wind actions in the bridge are obtained125

with the linear quasi-steady (LQS) model [31] in which the fluid memory is neglected, and126

with it the aerodynamic admittance. This would effectively increase the buffeting forces127

in the deck but it can be accepted because it has been demonstrated that the choice of128

the wind load model in the deck is almost irrelevant in W-VBI analyses at wind speeds129

significantly lower than the structural design ones [9], such as those conducted for the130

driving safety assessment in this work. The reader is referred to [3] for a full description131

of the buffeting (f b,w−b) and the aeroelastic (f b,w−se) deck forces in the LQS model.132

The W-VBI analysis is repeated for each of the Nr records of wind time-histories and133

pavement profiles simulated in Step 1 of the analysis.134

Step 3: Accident analysis, performance ratios η135

This step of the W-VBI framework (Fig. 1(c)) involves post-processing of the time-136

history results obtained in Step 2 for each wind/pavement realisation. The safety analysis137

computes the arithmetic mean and the standard deviation (σ) of performance ratios (η).138

The driving accident risks are assessed from the time-histories of the vehicle wheel139

reactions in the vertical and the transverse directions: Fc,Z−wh(t
∗) and Fc,Y−wh(t

∗), respec-140

tively. Considering the 4-wheel high-sided light truck in Figure 2(a) with wheel numbers141

wh = 1, · · · , 4, the total forces in the leeward and windward vehicle wheels are defined as142

Fc,Z−L = Fc,Z−1 + Fc,Z−2, Fc,Z−W = Fc,Z−3 + Fc,Z−4, respectively. The total force in the143

front and real axles of the vehicle are Fc,i−F = Fc,i−1 +Fc,i−3 and Fc,i−R = Fc,i−2 +Fc,i−4,144
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respectively, where i = Y, Z denotes lateral and vertical directions.145

The safety against different types of wind-induced vehicle accidents is expressed as:146

ηo = max
t

[
Fc,Z−L(t)− Fc,Z−W (t)

Fc,Z−L(t) + Fc,Z−W (t)

]
(5a)

147

ηs = max
t

[
|fS

v,w(t)|
µc(Fc,Z−F (t) + Fc,Z−R(t))

]
(5b)

148

ηy = max

[
max

t

(
|Fc,Y−F (t)|
µcFc,Z−F (t)

)
,max

t

(
|Fc,Y−R(t)|
µcFc,Z−R(t)

)]
, (5c)

149

in which µc is the tyre-pavement friction coefficient. Values of ηo, ηs and ηy above 1150

indicate that the corresponding limit state has been exceeded, namely overturning, side-151

slipping, and yawing instability, respectively. In particular, ηo > 1 implies unloading of152

the windward wheel line, whereas ηs > 1 and ηy > 1 indicate that the lateral tyre force153

demand of the wheel axles exceeds the available friction resistance [3, 32, 33]. A global154

accident ratio is also defined as ηG = max(ηo, ηs, ηy) in this study.155

Step 4: Skew-dependent critical wind curves and response statistics156

For each wind incidence angle and wind speed level, the vehicle driving speed is pro-157

gressively increased until a driving accident is detected according to the previous accident158

criteria. This procedure is repeated for all stochastic wind and pavement realisations con-159

sidered in the analysis, allowing the calculation of a set of critical driving speeds associated160

with each wind scenario.161

From these results, skew-dependent Critical Wind Curves (CWCs) are established,162

defining the maximum vehicle speed above which accidents may occur for a given wind163

speed and angle of incidence (Fig. 1(d)). The proposed framework enables the estimation164

of mean critical wind curves together with their associated statistical dispersion. Details165

are provided in Section 4.1.166

9



3. Case study167

The general W-VBI framework described in Section 2 is next applied to a represen-168

tative bridge with documented wind-related traffic restrictions. This section introduces169

the bridge geometry, aerodynamic data, stochastic wind inputs, pavement irregularities,170

and vehicle properties required for the implementation of the methodology.171

3.1. Bridge structure172

The proposed methodology is applied to the assessment of the driving safety in the173

Orwell Bridge (Ipswich, UK). This structure is selected because it has a slender long deck174

(1287 m) very exposed to wind, with a central span of 190 m. It is located approximately175

in West-East direction and it holds 4 traffic lanes, two in the North girder (eastbound)176

and two in the South girder (westbound). Figure 3(a) shows the general arrangement of177

the bridge in elevation. The deck alignment is straight in plan view, with its centreline178

contained in the vertical structural plane (SP) used for the wind field definition. The179

bridge deck consists of two 12-m wide prestressed concrete box girders with variable180

depth, ranging from 4 m at midspan and at the adjacent spans to 12 m at the central181

piers (P9 and P10). Figure 3(b) illustrates the cross-sections at these key locations,182

including the two 1.7-m high edge barriers that extend continuously along the entire183

length of the deck. The aerodynamic coefficients of the bridge deck were obtained from184

two-dimensional computational fluid dynamic (CFD) simulations of the wind flow around185

the bridge deck sections conducted in ANSYS Fluent [34] for angles of attack of the wind186

ranging from αs = −10◦ to 10◦. It should be noted that the present case study focuses187

on a conventional bridge without towers or other major bluff bodies near the traffic188

lanes; therefore, local aerodynamic interference effects associated with these elements are189

outside the scope of this work.190

The structure was modeled in the finite element (FE) analysis software ABAQUS191

[35], using two independent lines of linear-interpolation 3D beam elements for the deck,192

each connecting the centroids of the box girders. A total of 2,600 elements were used to193

discretise the deck, with a typical element length of 1 m to accurately capture its depth194

10
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Figure 3: (a) Elevation of the bridge and position of the nodes where wind is generated in Np = 110
nodes. (b) Two relevant cross-sections of the deck and detail of the application of the irregularity profiles
(rW , rL) to the vehicle wheels, including the numerical model of the latter and its DOF, as well as the
transverse distribution of the road lanes. (c) description of the wind cases considered in the study (only
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variation. The asphalt layer was accounted for by increasing the concrete density in the195

deck elements, while the parapets, sidewalks, barriers, and diaphragms were represented196

as lumped masses located at their respective centroids. The piers were modelled using197

the same beam element formulation as the deck and were fully fixed at their base. They198

allow the longitudinal movement of the deck (except P8 to P14) and restrain the lateral199

one. The resulting FE model of the bridge has approximately 16,000 DOF.200

A modal analysis was carried out to identify the vibration modes most relevant to the201

W-VBI analysis. Fig. 1(a) includes the first vibration mode of interest for the driving202

safety, which corresponds to a lateral mode of the deck main span and the adjacent spans,203

between piers P8 and P11, with a frequency of 0.5 Hz. The first vertical vibration mode204

also involves these spans and it has a frequency of 0.77 Hz. A modal convergence study205

was performed to determine the number of bridge modes required in the dynamic analysis.206

Based on this study, only the relevant lateral, vertical, and torsional deck modes up to 5207

Hz were retained, while higher-frequency or non-participating modes were excluded due208

to their negligible influence on the coupled bridge-vehicle response. In total, 74 bridge209

modes were considered in the W-VBI analysis.210

3.2. Turbulent wind field211

The wind velocity field is generated at Np = 110 nodes along the deck, and also212

additional points in the approaching platforms. The position of the Np points shown in213

Fig. 3 (a) indicates that the density of generated wind data is higher at the central span,214

where the mean wind speed is stronger and the movement of the deck is more significant.215

The wind is only applied on the vehicles and on the deck of the bridge, not on the piers.216

This is deemed acceptable given the large transverse stiffness of the piers, which can be217

observed in the first lateral vibration mode included in Fig. 1(a). The height of the deck218

above ground level at the j-th node (zj) also varies, reaching a maximum of 48.1 m above219

the river at the midspan of the central span. This variation is accounted for in the target220

boundary layer profile when generating the wind field. However, the slope of the deck is221

not considered in the dynamic response of the vehicle.222

A total of Nr = 100 independent pseudo-random orthogonal and non-orthogonal wind223

12



velocity signals were obtained at the centreline of the bridge deck. The GP is defined as224

the vertical plane that forms an angle β with the normal of the SP and intersects with225

it at the left abutment (P1) if β < 90◦, or at the right abutment (P19) if β > 90◦. The226

time-step and the frequency band width considered in the wind field generation are ∆t227

= 0.01 s and ∆f = 0.001 Hz, respectively. The along-flow mean wind speed profile is228

defined ignoring orographic effects and considering the specifications of EN1991-1-4 [36]229

and the UK recommendations [37, 38] for terrain Type II, regardless of the wind incidence230

angle: Uj = 0.19log (zj/0.05)Uz,10, with zj being the height above ground of the j-th deck231

node, and Uz,10 the mean along-flow wind speed at the reference height z = 10 m. For232

practical purposes, the reference mean wind speed is evaluated at the lowest point of the233

deck (P19, located at z19 = 29.5 m), and it is designated as Ub. Hence, Uz,10 = 0.82Ub.234

The along-flow turbulence intensity of the j-th node of the deck also depends on zj,235

with I ûj = 1/log (zj/0.05), but it is assumed to be invariant with respect to the wind236

skew angle β. This gives values of I ûj ≈ 0.15 along the deck of the bridge. Following [39]237

and assuming homogeneous terrain conditions, the across-flow turbulence intensities are238

defined as I v̂j = 0.75I ûj ≈ 0.11 and I ŵj = 0.5I ûj ≈ 0.075, in the longitudinal and vertical239

directions, respectively. The along-flow turbulence length scale is estimated in accordance240

with EN 1991-1-4 [36] as Lû = 139 m. The turbulence length scales in the longitudinal241

and vertical directions are derived as Lv̂ = 0.25Lû ≈ 34.75 m, and Lŵ = 0.1Lû ≈ 13.9 m.242

With these parameters, the Kaimal spectra describes the frequency content of turbulence243

in the i-th direction (i = û, v̂, ŵ) and the j-th node of the GP as:244

fĜi
jj(f)

(σi
j)

2
=

Aif̃ i

(1 + 1.5Aif̃ i)5/3
, (6)

where σi
j = I ijUj is the standard deviation of the turbulence, defined from the reduced245

frequency f̃ = fLi/Uj, with the spectral parameters Aû = 6.8 and Av̂ = Aŵ = 9.4.246

In the wind generation the spatial coherence decrements for wind turbulence at the247

bridge site are adopted from [40] as C û
x̂ = C û

ẑ = 10, C v̂
x̂ = C v̂

ẑ = 6.5, and Cŵ
x̂ = 6.5 and248

Cŵ
ẑ = 3 for the along-flow, across-flow and vertical turbulent components, respectively.249

The dynamic driving stability analysis presented later is based on the 3-s gust along-250
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flow wind speed calculated from the velocity wind histories at any point j when β = 90◦:251

U3s,j. It has been verified that this value does not change significantly along the deck but,252

to be conservative, the minimum peak 3-s gust wind speed recorded in its entire length is253

used to assess the driving safety: U3s = min
j
(U3s,j). The 3-s gust factor is U3s/Ub ≈ 1.25254

for all the records and mean wind speeds considered.255

3.3. Pavement irregularity surfaces256

A total of Nr = 100 representative pavement irregularity profiles are generated in257

compliance with ISO 8608 standards [26], adopting Category A for the analysis. Fig.258

3(b) shows the bridge’s four-lane configuration across its two box girders, along with the259

location of a high-sided vehicle centered on the two lanes considered; Lanes 1 (westbound260

direction) and 4 (eastbound direction). These were selected based on their increased wind-261

driving accident risks given that the inner lanes (2 and 3) are more shielded from the262

wind [41]. Due to the lack of lane-specific pavement data, uniform irregularity profiles are263

assumed in both road lanes. Fig. 3(b) indicates the position of the pavement irregularities264

in the two wheel lines of the vehicle.265

In the random pavement irregularity generation, the target displacement PSD function266

is Gd(n0) = 16 × 10−6 m3/cycle at the reference frequency n0 = 0.1 cycles/m, which267

corresponds to a very good quality (Road Category A in [26]). The pavement spatial268

frequency ranges from n1 = 6.3 × 10−4 cycles/m (lower bound) to nN = 20 cycles/m269

(upper bound), with ∆n = 1.0× 10−4 cycles/m being the frequency resolution.270

The pavement profiles are separated transversely by a distance corresponding to the271

vehicle width: 2b = 2.2 m. The pavement profiles extend 250m west of the bridge to272

allow for the vehicle dynamics to stabilise before entering the deck. A 50-m extension is273

added to the east to keep consistent conditions in the vehicles after leaving the bridge.274

A representative pair of independently generated irregularity profiles at both wheel lines275

is included Fig. 4.276
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Figure 4: Pavement irregularity profiles along the bridge length in the windward and the leeward wheels.
The shaded areas indicate the approaching platforms. Realisation 1.

3.4. High-sided vehicle models277

A single unladen high-sided vehicle crossing the bridge at a constant speed Vd centered278

on Lanes 1 or 4 of the deck is considered in this work. These outermost lanes are the279

most exposed to crosswind effects and therefore represent the critical traffic positions for280

safety assessment [41]. A single-vehicle scenario is adopted to isolate wind-induced vehicle281

instability (e.g. [6, 8, 9]), as traffic-induced deck vibrations are comparatively small282

for the bridge studied and more complex traffic scenarios would significantly increase283

computational cost with limited influence on the results. The vehicle is modelled as a284

13-DOF system represented in Fig. 3(b), which includes heave, sway, roll, pitch and yaw285

of the vehicle box, and vertical and lateral displacements of its four wheel/suspension286

masses. Two different vehicles have been considered in this study from a review of287

published works [32, 33, 42]. Their mechanical properties are included in Table 1.288

Although these two vehicles have different mechanical properties and dimensions, they289

are assumed to have comparable aerodynamic shapes. Therefore, the same aerodynamic290

coefficients (Ci, Cj) for different relative wind incidence angles ψ obtained from wind tun-291

nel tests reported in [41] are adopted for both vehicles. Fig. 2 shows the resulting side and292

rolling coefficients, time-averaged during the experimental testing. This modelling choice293

allows the influence of moderate variations in representative vehicle parameters to be294

isolated and assessed within the W–VBI framework, in which stochasticity is introduced295
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Parameter Units Vehicle 1 Vehicle 2
Full length of the vehicle m 10.82 8.5
Longit. distance from centroid to front wheels m 2.6 1.74
Longit. distance from centroid to rear wheels m 3.0 2.96
Reference area (Af ) m2 8.68 7.5
Vertical distance between wheels and centroid (h) m 1.0 1.0
Half distance between wheel lines (b) m 1.1 1.0
Mass of the vehicle body kg 4480 6500
Pitching moment of inertia of vehicle body kg·m2 5516 9550
Rolling moment of inertia of vehicle body kg·m2 1349 3030
Yawing moment of inertia of vehicle body kg·m2 10000 100000
Mass of each wheel in front axle kg 800 400
Mass of each wheel in rear axle kg 710 400
Upper vertical spring stiffness (all wheels) kN/m 399 250
Upper lateral spring stiffness (all wheels) kN/m 299 187.5
Upper vertical damper damping coeff. in front wheels kN·s/m 23.21 2.5
Upper lateral damper damping coeff. in front wheels kN·s/m 23.21 2.5
Upper vertical damper damping coeff. in rear wheels kN·s/m 5.18 2.5
Upper lateral damper damping coeff. in rear wheels kN·s/m 5.18 2.5
Lower vertical spring stiffness (all wheels) kN/m 351 175
Lower lateral spring stiffness (all wheels) kN/m 121 100
Lower vertical damper damping coefficient (all wheels) kN·s/m 0.8 1.0
Lower lateral damper damping coefficient (all wheels) kN·s/m 0.8 1.0

Table 1: Mechanical properties of the vehicles considered in this study.
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only through wind and pavement inputs, and not through the vehicle properties.296

The wind velocity histories acting on the vehicle are obtained by linear interpolation297

between the two nodes of the deck (or the approaching platforms) that are adjacent to298

the vehicle centroid at each time-step of the analysis. The wind velocity on the vehicle299

is increased linearly when it is on the west approaching platform, ranging from 0 at the300

start of the analysis to full wind speed when the front wheels access the deck of the bridge301

(at this instant the deck is also subject to full wind speed). This is to avoid introducing302

unrealistic transient dynamic effects on the vehicle.303

3.5. Dynamic analysis, accident risk assessment and simplifying assumptions304

The solution of the coupled system of dynamics for the bridge and the vehicle is solved305

in the time-domain using the modal dynamics library MDyn [43], freely available at306

https://github.com/AlfredoCamaraC/MDyn. A fixed time-step of 0.01 s and a damping307

ratio ξ = 1% equal for all the vibration modes considered in the analysis.308

For each of the five 3-s gust wind speed ranging from 16.83 to 39.27 m/s, the vehicle309

speed is gradually increased until an accident is observed (ηG ≥ 1) to compute the310

critical driving speed Vc, defined as the maximum safe speed immediately below the311

accident threshold. This stepwise threshold-search procedure is commonly adopted in312

previous W-VBI research works [4, 44, 45]. To this end, the sliding-type of accidents313

are assessed considering a tyre-pavement friction coefficient of µc = 0.7, appropriate for314

dry to moderately wet conditions [46]. The dynamic study considered vehicle speeds315

that range from 20 to 80 mph (32.19 to 128.75 km/h). In cases where accidents occur316

at the minimum studied speed of 20 mph (32.19 km/h), the critical speed threshold for317

accident occurrence is conservatively assigned as Vc = 0 km/h, indicating that unsafe318

conditions are predicted even at the lowest operational speed considered in the analysis.319

This extrapolation avoids additional low-speed simulations, which have limited influence320

on wind-induced instability but substantially increased computational time due to longer321

bridge crossing durations, consistent with previous vehicle safety studies [4, 44]. The322

results were obtained for each of the Nr = 100 wind and pavement records.323

The cases with inclined winds only consider situations with headwind (i.e. the wind324
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reaching the front of the vehicle first) because they are known to be critical for the vehi-325

cles’ safety, and the same wind records are considered for symmetric cases. For example,326

the wind records generated for β = 70◦ in Lane 1 are the same as those used for winds327

with β = 110◦ and the vehicle using Lane 4. This is illustrated in the description of328

the wind cases in Figure 3(c). In addition, aerodynamic forces are represented using329

experimental quasi-steady coefficients as functions of wind incidence angle and vehicle330

position. This widely used approach captures the main directional dependence of aerody-331

namic loads while neglecting higher-order unsteady effects. Although moving-model wind332

tunnel techniques have been developed, they remain limited to simplified configurations333

and are not yet available for the fully coupled stochastic wind–vehicle–bridge interaction334

problem considered here.335

In the present study, uncertainty quantification is focused on the stochastic variabil-336

ity of wind histories and pavement irregularities, while turbulence intensity and vehicle337

properties are treated deterministically to isolate the influence of record-to-record vari-338

ability. Other simplifying assumptions involve the definition of the vehicle velocity, which339

is constant throughout the analysis and follows a straight trajectory without active driver340

steering corrections. The induced vibrations from other vehicles on the bridge are ignored341

in the definition of the path of the vehicle. Additionally, the cross-slope of the deck, joint342

effects at abutments (P1 and P19), and the longitudinal road camber are neglected. These343

simplifications are consistent with common W-VBI practice and allow the study to focus344

on the probabilistic influence of stochastic wind and pavement inputs. While additional345

traffic complexity, driver behaviour, and vehicle interactions may affect quantitative re-346

sults, they are not expected to alter the general conclusions regarding the importance of347

record-to-record variability and uncertainty quantification.348

4. Results349

Fig. 5 shows the wheel reactions of Vehicle 1 as it crosses the bridge under one sim-350

ulated pavement and orthogonal wind record. The mean wind side force on the vehicle351

(f̄S
v,w), shown in Fig. 5(a), increases as the vehicle approaches the main span (between352
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piers P9 and P10) due to the higher deck elevation, causing the largest peaks in the353

instantaneous lateral reactions at both axles. The lateral reactions oscillate around this354

mean force, with larger values at the front axle because the vehicle centroid is located355

closer to it (see Fig. 3(b)). In contrast, the vertical wheel reactions in Fig. 5(b) contain356

higher-frequency fluctuations, as they are mainly governed by pavement irregularities357

rather than wind turbulence. The static front wheel reactions (F static
c,Z−F ) are larger than358

the rear ones (F static
c,Z−R) due to the centroid position, while the side wind loads the leeward359

wheels (1 and 2) and unloads the windward wheels (3 and 4). Significant deviations360

between instantaneous and static wheel reactions are observed in both directions, high-361

lighting the influence of stochastic wind and pavement inputs and the importance of362

accounting for their randomness.363

(a) (b)

P1 P9 P10 P19P1 P9 P10 P19

Figure 5: Wheel reactions in the (a) lateral direction, and (b) vertical direction. Pavement and wind
velocity realisation 1. Vehicle 1, speed Vd = 64.4 km/h. Lane 1. β = 90◦ and U3s = 22.35 m/s.

Based on the study of the wheel reactions included in Fig. 5, the analysis of the364

accident risk ratios in Eq. (5) is presented in Fig. 6. The highest wind-induced vehicle365

accident risk is recorded at midspan due to the larger value of the side force, as discussed366

previously. In this case the risk of yawing in the vehicle is higher than side-slipping and367

overturning, but along the entire deck it is seen that η < 1, indicating that accidents368

are not observed for this specific combination of vehicle speed, wind intensity, angle of369

incidence and pavement irregularity - turbulence record.370

It is noted that the results in Figs. 5 and 6 correspond to a single realisation of two371
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stochastic processes: turbulent wind and pavement irregularities. Therefore, the analysis372

was repeated for Nr = 100 records. For each wind scenario and road lane, the vehicle373

speed was gradually increased to determine the corresponding critical driving speed (Vc).374

In total, more than 85,000 dynamic analyses were performed, and the results are presented375

as Critical Wind Curves (CWC), which define the wind and driving speed combinations376

above which accidents occur. Fig. 7 shows the mean (µ) and standard deviation (σ) of377

Vc for the most critical lane and wind angle combinations, compared with the current378

bridge wind protocol. For a conservative comparison, the mean CWC is reduced by two379

standard deviations, showing that when the full dataset (Nr = 100) is used, the CWC380

remains above the operational limits. In contrast, using only a reduced subset (Nr = 10)381

may classify currently accepted combinations of relatively low 3-s gust speeds (64-72382

km/h) and high vehicle speeds as unsafe. Increasing the number of wind and pavement383

records improves the statistical confidence of the results and increases the safety margin384

of the current protocol, particularly for wind speeds below 60 mph. In the limiting case385

of a stationary vehicle (Vd = 0 km/h), variability in the critical wind speed arises only386

from the turbulent wind histories, as pavement irregularities no longer contribute.387

P1 P9 P10 P19

Unsafe

Safe

Figure 6: Vehicle 1 accident risk ratios for the pavement and wind velocity realisation 1. Vehicle speed
Vd = 64.4 km/h. Lane 1. Orthogonal wind (β = 90◦) with U3s = 22.35 m/s.
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Figure 7: Critical Wind Curve (CWC) for the worst wind incidence angle and lane in each case, obtained
for the mean critical driving speed (µ) minus two standard deviations (2σ). The current wind operation
protocol of the bridge is included in green. Vehicle 1.

4.1. Influence of the record-to-record variability388

The previous result illustrates the importance of the number of wind and pavement389

records included in the driving safety analysis, this section further explores the degree of390

confidence associated with the average CWC as Nr increases. Given that the probability391

distribution of the performance ratios is unknown, bootstrapping techniques were used in392

this study. To this end, the critical driving speed Vc obtained from the W-VBI analysis393

of each record is included in the sample vector Vc = [Vc,1, Vc,2, · · · , Vc,100]. A total of Nr394

results are randomly selected with replacement from Vc to obtain a bootstrap sample395

Vc
∗ = [V ∗

c,1, V
∗
c,2, · · · , V ∗

c,Nr
], with Nr ≤ 100. Each observed performance ratio in η has the396

same probability of being selected for Vc
∗ (in this case 1/100). The process is repeated397

1000 times to obtain relatively smooth and stable confidence intervals [47]. The mean398

value of the performance ratios in the Br-bootstrap sample Vc
∗ (with Br = 1, · · · , 1000)399

was computed for each size of the sample Nr = 1, · · · , 100. This mean is referred to as400

the Br-bootstrap replication and its 1000 random values for different Nr are included in401

Fig. 8, in which only three representative gust wind levels are shown, as the two lowest402

wind cases (U3s = 16.83 and 22.21 m/s) do not generally produce vehicle accidents.403

The plots in this figure show that the bootstrap replications tend to oscillate about the404
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Figure 8: Random realisations of the critical vehicle speed in bootstrap samples of different size (number
of records Nr): (a,b,c) skew wind with β = 70◦ in Lane 1 and (a) Nr = 1, (b) Nr = 20, (c) Nr = 100;
(d,e,f) orthogonal wind with β = 90◦ in Lane 4 and (d) Nr = 1, (e) Nr = 20, (f) Nr = 100; (g,h,i) skew
wind with β = 110◦ in Lane 4 and (g) Nr = 1, (h) Nr = 20, (i) Nr = 100. Vehicle 1.

mean value of the original 100-record sample Vc, referred to as V̄c
U3s . However, there is405

a significant variability of Vc for small Nr, particularly for wind speeds of intermediate406

intensity (U3s = 34.13 m/s) because lower or higher wind speeds are more clearly safe or407

unsafe for vehicles, and there is less scatter in Vc for those situations.408

Fig. 9 shows the variability of the mean of the critical driving speed obtained from409

1000 bootstrap samples of increasing size Nr, with three different levels of the wind410

intensity, and two different wind incidence angles. The central lines represent the mean411

(V̄c
∗
) of all the 1000 random bootstrap replications of Vc, for eachNr. The upper and lower412

lines around them are the 2.5th and the 97.5th-percentiles of the bootstrap distribution:413

V
∗(2.5%)
c and V

∗(97.5%)
c , respectively (meaning that 2.5 and 97.5% of the samples have a414

critical driving speed below those two bounds). The range between both limits represents415

the 95%-confidence interval of the mean critical driving speed: W95 = V
∗(97.5%)
c −V ∗(2.5%)

c .416
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Figure 9: Mean critical wind speed Vc and 95%-confidence intervals represented as shaded bands around
the mean: (a) skew wind with β = 70◦ in Lane 1, (b) skew wind with β = 110◦ in Lane 4. Vehicle 1.

The value of V̄c
∗
is almost independent of Nr, for all the wind speeds, incidence angles417

and road lanes considered. However, the width of the confidence intervals decreases418

significantly by increasing Nr, particularly from 1 to 20 records in cases where accidents419

are possible (ignoring situations of low speed). Considering a single record, there is a420

95%-confidence that the critical driving speed falls between Vc = 64 and 111 km/h (i.e.421

W95 = 47 km/h) for the case with skew headwinds β = 110◦ and U3s = 28.16 m/s.422

However, for the same wind scenario and considering the average of 20 records, in 95% of423

the simulations the results will be between Vc = 78 and 95 km/h (i.e. W95 = 17 km/h).424

The position of the mean value with respect to the confidence interval limits in Fig. 9425

also gives information about the probability distribution. Bootstrap samples composed of426

small number of records (Nr = 1 in the limit) can lead to very non-normal distributions,427

with the mean value V̄c
∗
closer to the 2.5th- or to the 97.5th-percentile, particularly in the428

case with U3s = 34.13 m/s. This supports the use of bootstrapping techniques to obtain429

W95 instead of standard normal distribution tables [47]. In agreement with the central430

limit theorem, as Nr increases the mean becomes centered between confidence intervals,431

and the results are closer to a normal probability distribution.432

The width of the 95%-confidence interval is normalised to facilitate the comparison433

between the critical driving speed obtained for different wind scenarios:434

Ŵ95 =
W95

V̄c
∗ =

V
∗(97.5%)
c − V

∗(2.5%)
c

V̄c
∗ . (7)
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Figure 10: Normalised 95%-confidence interval of Vc in terms of the number of records considered, with:
(a) β = 70◦ in Lane 1, (b) β = 90◦ in Lane 4, and β = 110◦ in Lane 4. Vehicle 1.

The values of Ŵ95 for the critical driving speed are included in Fig. 10 for different435

wind scenarios. In all the cases with significant driving accident risks, the decrement of436

Ŵ95 as Nr increases appear as nearly straight lines in logarithmic coordinates. In order437

to obtain an analytical expression that predicts such variation, the following model is438

proposed to fit the obtained data points using least squares (LSQ) minimisation:439

log(Ŵ95) = log(a) + b log(Nr). (8)

The results show that b ≈ −0.5 in all the situations analysed, and therefore:440

Ŵ95 =
a√
Nr

, (9)

which has been taken as the LQS model. Fig. 10 shows the good agreement between441

the results obtained with the fitted Eq. (9) and the data, as well as the minimum442

number of records required to obtain the critical driving speed with a target confidence443

of Ŵ target
95 = 0.15. Table 2 gathers the parameter a and the coefficient of determination444

R2 of the LSQ fitting (goodness of fit) in all the wind cases considered.445

The required number of records strongly depends on the wind speed, incidence an-446

gle and road lane, and in general it requires a preliminary bootstrap analysis with the447

following steps, also illustrated in Fig. 1:448

1. run the W-VBI simulation for a reduced number of records: N test
r ; recommended449

at least 5 records in this test to avoid large dispersions in Ŵ95 (see Fig. 10),450
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Road Lane 1 Road Lane 4
β U3s a R2 β U3s a R2

[◦] [m/s] [◦] [m/s]
45 28.16 0.27 0.930 90 22.21 0.48 0.987
45 34.13 0.99 0.990 90 28.16 0.41 0.984
50 28.16 0.34 0.979 90 34.13 0.38 0.975
50 34.13 1.19 0.993 100 22.21 0.53 0.985
60 28.16 0.51 0.993 100 28.16 0.60 0.984
60 34.13 1.20 0.993 100 34.13 0.48 0.956
70 28.16 0.55 0.990 110 22.21 0.71 0.992
70 34.13 0.98 0.990 110 28.16 0.89 0.984
80 28.16 0.57 0.990 110 34.13 1.34 0.985
80 34.13 1.74 0.992 120 22.21 0.70 0.986
90 28.16 0.13 0.887 120 28.16 1.12 0.987
90 34.13 3.25 0.990 130 22.21 0.63 0.992

130 28.16 1.56 0.980
135 22.21 0.55 0.990
135 28.16 1.52 0.993

Table 2: Coefficient a and R2 values for the model Ŵ95 = a×N−0.5
r . Vehicle 1.

2. do bootstrapping to obtain the width of the 95-% confidence interval for that re-451

duced set of records: Ŵ95|Ntest
r

,452

3. obtain the number of records required to reach the desired confidence target Ŵ target
95 :453

Nr =
N test

r

(
Ŵ95|Ntest

r

)2

Ŵ target
95

. (10)

In the following, Nr = 100 records is considered, which ensures that Ŵ95|Ntest
r

< 0.15454

in the most critical cases for the driving stability.455

4.2. Influence of the vehicle type and its location across the deck456

Fig. 11 compares the CWC obtained with the two high-sided vehicles described in457

Table 1, for the case with the vehicles using Lane 1 and purely cross-winds (β = 90◦).458

The results indicate only minor changes in the CWC between both vehicles despite their459

different mechanical properties, suggesting that for this family of high-sided vehicles the460

accident risk is governed primarily by aerodynamic loading rather than by variations in461

vehicle dynamics parameters. Nevertheless, Vehicle 1 is marginally more prone to wind-462

induced driving accidents due to its lower mass and larger surface, and it is the vehicle463
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considered hereinafter. It is also observed that with the vehicles crossing the bridge in464

Lane 1 (β = 90◦) the driving accident risks are moderate due to the shading provided by465

the upwind parapet. Only for 3-s gust speeds in the order of 35 m/s and above accidents466

are observed in the vehicles in Lane 1 with purely crosswinds. However, this is not the467

critical wind scenario and will be discussed later.468
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Figure 11: CWC for different types of vehicles. Crosswind (β = 90◦) and vehicles located in Lane 1. The
solid lines represent the arithmetic mean of Nr = 100 records, and the coloured bands around it have a
height of plus/minus one standard deviation. The green shading shows the bridge’s wind protocol.

The influence of the road lane in which the vehicle is located is illustrated in Fig. 12469

for different wind incidence angles. The downwind lane (i.e. Lane 4) is more prone to470

vehicle accidents induced by wind, particularly when it is skewed with respect to the deck.471

This is due to the larger value of the side coefficient in this lane for large skew angles,472

as shown in Fig. 2(b), which results from the combination of wind flow reattachment473

and channelling created by the solid bridge parapets along the leeward edge of the deck.474

However, large rolling aerodynamic coefficients were also measured experimentally in the475

vehicle located in the windward lane (i.e. Lane 1) for β = 90◦ in Fig. 2(c), which leads476

to few cases in which purely cross winds and high wind intensities are more detrimental477

for the safety of the vehicle when it is located in Lane 1 (see Fig. 12(a)).478

4.3. Influence of the wind incidence angle479

The vehicle accident risks for different wind incidence angles when the driving speed480

of high-sided vehicles is limited to the current driving speed limits in the bridge (Vd = 70481
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Figure 12: CWC for different lanes with: (a) purely crosswinds (β = 90◦), (b) moderately skewed
headwinds (β = 70◦ for Lane 1, and β = 110◦ for Lane 4), and (c) more inclined headwinds (β = 60◦

for Lane 1, and β = 120◦ for Lane 4). Vehicle 1. The solid lines represent the arithmetic mean with
Nr = 100 records, and the coloured bands around it have a height of plus/minus one standard deviation.
The green shading refers to the bridge’s wind protocol.

mph and Vd = 40 mph) is included in Fig. 13. These are obtained by interpolating from482

the CWC the wind speed Uc above which accidents occur for a given driving speed, for483

different values of β to obtain Uc(β). Aiming at increasing the confidence in the results,484

the interpolation is done considering the CWC corresponding to the arithmetic mean485

minus two standard deviations. Since the results follow a normal distribution given that486

a sufficiently large number of records is considered (Nr = 100), as it was demonstrated487

in Section 4.1, this would imply that 95.4% of the high-sided vehicles considered would488

cross the bridge safely if the 3-s gust along-flow wind speed at the level of the deck is489

below the limits included in the polar plots of Fig. 13. The results show that wind490

incidence angles coming from the southeast in the range β = 110◦ − 135◦ are critical491

because they can trigger vehicle accidents on Lane 4 (leeward lane). This is directly492

related to the strong influence of lane position and wind incidence angle on the local493

aerodynamic modification of the flow by the deck and parapets. Previous CFD and wind494

tunnel studies on this bridge [41] showed that the side parapets partially shield vehicles495

under crosswind conditions, particularly near the deck centre and windward side. Under496

skew winds, however, the deck induces flow channelling along the bridge axis and local497

flow reattachment in the downwind girder, which can amplify aerodynamic loads and498
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rolling moments on vehicles travelling in the leeward lane. This explains the critical499

conditions observed in the present study for skew headwinds and leeward-lane traffic.500

Due to symmetry of the bridge, winds coming from the northwest with β = 290◦−315◦501

are also critical for vehicles circulating on Lane 1, which would be the leeward lane in that502

case as shown in Fig. 3(c). It is observed that a high-sided vehicle crossing the bridge at503

40 mph (64.4 km/h) is likely to do it safely if the wind speed is below 60 mph (26.8 m/s),504

regardless of its orientation, but this wind speed limit could be increased significantly if505

the wind incidence angle is considered in the operation protocol. However, if the vehicle506

velocity is 70 mph (112.7 km/h) the critical wind speed above which accidents could507

occur is reduced to 50 mph (22.4 m/s).508
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Figure 13: Polar plots with the maximum admissible 3-s wind speed (Uc) in the site of the bridge
represented in the radial coordinate (in m/s) with respect to the apparent wind incidence angle (β) in
the polar coordinate: (a) driving speed of 70 mph (112.7 km/h), (b) driving speed of 40 mph (64.4
km/h). The red colour shading indicates potentially unsafe wind speeds.

In the site of the bridge the most likely direction of strong winds is southwest, accord-509

ing to the wind rose provided by the meteorological office. This is in principle favourable510

for the safety of vehicles crossing the bridge according to the results presented in Fig. 13,511

because southwest winds affect more the vehicles located on Lane 1, and the shape of the512

deck is able to offer some protection to them as it was observed in the wind tunnel testing.513

However, there are also records of strong winds from the southeast (β = 110◦ − 120◦) at514

the site, and this can be critical for the stability of vehicles in the north girder. At this515

location, the shape of the deck does not shield the traffic, instead, it generates complex516

turbulent flow along the deck that could create hazardous conditions for the vehicles.517
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5. Conclusions518

This study proposed a probabilistic W-VBI framework to quantify the record-to-519

record variability in the wind-induced accident risks on vehicles crossing bridges under520

stochastic wind and pavement conditions. The main findings are:521

� The inherent randomness of the turbulent wind and pavement irregularity affect522

significantly the safety of the vehicles on the bridge. For specific records of those two523

stochastic processes a wheel may go through a localised depression of the pavement524

surface (or a downwards movement of the deck) at the same instant as the vehicle525

is subject to a wind gust, thereby increasing the risk of accidents.526

� The latter observation leads to a large record-to-record variability of the Critical527

Wind Curve (CWC) in the bridge, and it is important to consider a sufficiently528

large number of pavement and wind velocity histories to have results with statistical529

significance.530

� A study with bootstrapping techniques determined that the mean value of the531

driving speed above which accidents occur is almost unaffected by increasing the532

number of records in the analysis, but the confidence in the results strongly increase533

and the histograms assimilate more to a normal distribution.534

� A simple analytical expression is proposed to estimate the confidence associated535

with the vehicle safety analysis of bridges using least squares minimisation tech-536

niques, which can also be used to calculate the number of records required in the537

analysis to reach a target confidence in the results.538

� For the two representative high-sided vehicles considered, varying mechanical char-539

acteristics and exposed area while maintaining the aerodynamic shape did not sig-540

nificantly influence driving safety. This observation is limited to the family of541

high-sided light goods vehicles considered in this study and should not be directly542

extrapolated to vehicles with substantially different aerodynamic characteristics.543
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� The position of the vehicle across the width of the deck, and the wind incidence544

angle are very important for assessing the risk of accidents. The worst case is545

usually related to skew headwinds acting on the vehicle located in the leeward lane.546

The results highlight the importance of explicitly accounting for stochastic wind and547

pavement variability in reliability-based traffic management on wind-sensitive bridges. In548

practical applications, the proposed framework can support the definition of statistically549

stable safety thresholds and traffic restrictions under adverse wind conditions. However,550

the quantitative results presented correspond to the selected representative case study551

and should not be directly extrapolated to all bridge or vehicle types. Nevertheless, the552

proposed probabilistic framework is general and can be extended to alternative vehicle553

classes, bridge configurations, aerodynamic deck sections, and wind environments. Future554

work should extend the methodology to additional vehicle categories, pavement adherence555

models and traffic scenarios involving multiple vehicles with wind shading effects.556
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