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Abstract: Strong cross-wind gusts can cause the vehicle to overturn or slide off the road. This
problem is particularly experienced on bridges, as vehicles are extremely sensitive to complex wind-
bridge–vehicle interactions. While quasi-steady atmospheric winds create serious difficulties for
vehicles, this fact is exacerbated by gusts of wind, as is the case with bora, where gusts of wind can
reach velocities five times the average wind velocity. In the present study, experiments concerning
aerodynamic loads experienced by vehicles exposed to gusty, bora-like winds are carried out. It is
noted that the wind gusting and vortex shedding determine unsteady wind loads on vehicles. The
experimental results are used as a basis for developing a simple data-driven modeling approach
capable of predicting the time history of aerodynamic loads on vehicles exposed to cross-wind gusts.
The modeling results indicate that a model using more than two-state variables is needed to capture
the unsteady aerodynamic loads.

Keywords: vehicles; bridges; periodic aerodynamic loads; wind-tunnel experiments; data-driven model

1. Introduction

Unsteady aerodynamic loads on vehicles have recently been investigated more closely
aiming to improve roadway architecture in order to prevent wind-induced traffic accidents.
Along with the development of new experimental and computational techniques, such
studies are able to replicate unique flow conditions that were previously beyond the ca-
pabilities of traditional wind-tunnel methods. An approach using a conventional wind
tunnel capable of generating an impulsive gust from an adjacent shuttered nozzle indicates
some practical difficulties (Docton and Dominy, [1]), while a cross-wind track setup in con-
junction with a boundary layer wind tunnel shows promising results (Bocciolone et al. [2]).
Baker [3] developed a method for the calculation of the time histories of aerodynamic loads
experienced by trains for a time domain and artificial gust cases.

The scope of the present study is to investigate gusty bora-like cross-wind loads on
vehicles, as observed along the Croatian Coast. Downslope winds with characteristics
similar to the Croatian bora are commonly present in many world regions (e.g., Grisogono
and Belušić, [4]), so the results of the present study are highly relevant. The experiments
concerning aerodynamic loads on vehicles exposed to gusty winds are carried out in a
novel wind tunnel and a simple data-driven model capable of predicting the time history
of unsteady aerodynamic loads on vehicles is developed. Transient wind effects on engi-
neering structures and vehicles have been widely studied in the past, so the present study
is important in supporting further developments on this topic.
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2. Experimental Setup

Experiments are conducted in the Transient Flow Field Simulator (TFFS), a facility of
the NatHaz Laboratory at the University of Notre Dame. The TFFS is a multi-fan tunnel
system able to generate periodic wind events, e.g., Kozmar et al. [5,6]. It is a blow-down
wind tunnel. Its rectangular open test section is 50 cm wide and 50 cm high.

A single hot-wire transducer (DANTEC 54T30) is used for measurements of instanta-
neous flow velocity in the x-direction. Pressure measurements on the vehicle model are
simultaneously performed using SenSym transducers (model ASCX01DN). The side force
CFS, lift force CFL and overturning moment CMR coefficients are calculated by integrating
static surface pressures recorded in 45 pressure taps situated on the prism surfaces. Pres-
sure tap locations and definitions of the force and moment coefficients are provided in
Kozmar et al. [5].

A generic van model at the length scale of 1:40 is represented by the prism made of
Plexiglas, which is 114 mm long, 57 mm high and 57 mm wide. This van model is intended
to mimic the VW Transporter prototype. Two generic van models are studied, i.e., one van
model is equipped with wheels and the other one is without wheels, as seen in Figure 1.
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Figure 1. TFFS models (all dimensions in mm): (a) van model without wheels (model A) and (b) van 
model with wheels (model B); in both configurations, van models are placed on a 1 m long bridge-
deck section model; adapted from Kozmar et al. [5]. 

Bora-like winds are simulated through the wind speed that alternates between a high 
and low velocity, with each period being 3 s long for both vehicle models in the laboratory. 
The simulated time histories consist of 30 gust events. 

The scaling is performed through the x = ut equation, where x is the spatial scale, t is 
the time scale, and u is the velocity scale. The mean wind velocity in the atmosphere can 
be taken as 17 m/s, based on previous measurements on meteorological masts. In the TFFS, 
the mean flow velocity is ~4.4 m/s and the length scale of the van model is 1:40. The time 
scale 1:10 is accordingly determined and further utilized. 

Figure 1. TFFS models (all dimensions in mm): (a) van model without wheels (model A) and
(b) van model with wheels (model B); in both configurations, van models are placed on a 1 m long
bridge-deck section model; adapted from Kozmar et al. [5].

Bora-like winds are simulated through the wind speed that alternates between a high
and low velocity, with each period being 3 s long for both vehicle models in the laboratory.
The simulated time histories consist of 30 gust events.

The scaling is performed through the x = ut equation, where x is the spatial scale, t is
the time scale, and u is the velocity scale. The mean wind velocity in the atmosphere can be
taken as 17 m/s, based on previous measurements on meteorological masts. In the TFFS,
the mean flow velocity is ~4.4 m/s and the length scale of the van model is 1:40. The time
scale 1:10 is accordingly determined and further utilized.

The flow is perpendicular to the side surface of the van model. The turbulence intensity
of the flow impinging on the van model is 8%, the same during ‘regular’ wind periods and
the gusts. The total record length is 180 s at a sampling rate of 500 Hz.
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3. Experimental Results

Example records of the experimental velocity time series, simulating periodic features
of the bora wind, are presented in Figure 2.
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Figure 2. Example velocity time series in accordance with periodic features of the bora wind:
(a) model A (without wheels) and (b) model B (with wheels).

Steady aerodynamic loads on the van model increase as the flow velocity increases,
Table 1; u is average freestream flow velocity. CFS, CFL and CMR coefficients are calcu-
lated using the same velocity u averaged during low wind periods of the time record
(u = 3.8 m/s).

Table 1. Steady aerodynamic side force, lift force and overturning moment coefficients.

(a) Low Velocity Period (Weak Winds) (b) High Velocity Period (Wind Gusts)

u, m/s
√

u′2, m/s CFS CFL CMR u, m/s
√

u′2, m/s CFS CFL CMR

Model A 3.8 0.26 0.16 1.21 0.37 5.0 0.38 0.38 2.08 0.68

Model B 3.8 0.26 1.19 0.72 0.46 5.0 0.37 2.14 1.39 0.87

CFS is considerably larger for the B model (with wheels), as the van in that config-
uration is higher and less protected by the bridge barrier. CFL is larger for the A model
(without wheels) due to a stronger flow separation and the respective pressure suction on
the roof of the van, when there is no underbody flow. CMR is calculated using the pressure
on the sides, and the roof of the van is slightly larger for the B model (with wheels), as in
that configuration the contribution to the side force due to higher van model is stronger
than the simultaneous reduction in the lift force.

Figure 3a shows the power spectral density of longitudinal velocity fluctuations
f · Su( f )/σ2

u presented against frequency, for the time records presented in Figure 2; f is
the frequency, Su( f ) is the power spectral density and σ2

u is the variance of the longitudi-
nal velocity.

In Figure 3a, a peak at f 1~0.16 Hz is observed. It is a consequence of intermittent
switching between lower and higher flow velocity for 3 s each, which is in accordance with
full-scale measurements, a typical feature of bora-like winds. The spectral peak at 0.16 Hz
scaled up using the 1:10 time scale would represent wind gusting events lasting 60 s at
full-scale. The additional harmonic components are present at n·f 1, where n = 3, 5, etc., i.e.,
the first two other harmonics are recorded at 0.48 Hz and 0.8 Hz, a common phenomenon
of ideal signals.

The power spectra of longitudinal velocity fluctuations are basically the same in the
two studied configurations. In the side force fluctuations, there is a peak at 10 Hz for
model A, a trend likely a consequence of vortices shed from the bridge deck, as seen in
Figure 3b. For model B, the unsteady aerodynamic side force is predominantly affected
by wind gusting because a strong peak at 0.16 Hz, and a less exhibited peak at 10 Hz is
observed, as seen in Figure 3b. The flow beneath model B weakens the low-frequency peak
in the respective side force spectrum.
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Figure 3. Power spectral density of (a) longitudinal velocity fluctuations, (b) side force fluctuations,
(c) lift force fluctuations and (d) overturning moment fluctuations; in all diagrams, the black solid
line is for model A and the grey solid line is for model B.

Lift force fluctuations are characterized by a similar trend for both van models, i.e., an
exhibited low-frequency peak at 0.16 Hz and a secondary peak at 10 Hz, Figure 3c. The
overturning moment for model A is affected by both characteristic flow phenomena, i.e.,
wind gusting represented by a peak at 0.16 Hz and the vortices shed from the bridge deck,
which is observed in the 10 Hz peak. The low-frequency peak at 0.16 Hz is more exhibited
for model B, as seen in Figure 3d.

Based on pressure fluctuations observed at the van surface, it is possible to assume
that the flow separated from the windward edge of the bridge at frequencies around 10 Hz
(1 Hz full-scale) corresponding to the peak in force and moments spectra. The Strouhal
number St = fD/u is equal to 0.068. It is calculated using the peak frequency f = 10 Hz,
D~0.03 m (bridge-deck model height including the barrier model), and the mean flow
velocity u = 4.4 m/s. St = 0.068 is moderately in accordance with full-scale bridge decks
because St~0.1 is commonly observed regarding flow separation from bridge decks, as
shown by Ryall et al. [7].

Previous relevant studies, e.g., Baker [8–10], reported similar results for the overturn-
ing moment and the side force, in agreement with the model B (with wheels) reported in
the present study. The differences observed for model A are likely a consequence of an
overestimation of the lift contribution to the overturning moment because the underbody
flow is not present in the model A, in addition to various design features in the leading
edge of the bridge model.
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4. Modeling Framework

The experimental results are further employed to develop a simple data-driven mod-
eling approach, which is expected to predict the time history of unsteady aerodynamic
loads on vehicles in transient winds. To simulate unsteady wind forces on the generic van
model, the following linear time invariant (LTI) model (Van Overschee and De Moor [11])
is assumed, .

x(t) = Ax(t) + Bu(t),
F(t) = cTx(t) + dTu(t),

(1)

where A ∈ <n×n, B ∈ <n×2, c ∈ <n and d ∈ <2 are state matrix, input matrix, output
vector and feed-through vector, respectively. Time-dependent vector x(t) ∈ <n is the state
vector, F(t) is the wind-induced force and u(t) =

(
u(t) e(t)

)T ∈ <2 is the input vector
comprising of wind velocity u(t) and error channel e(t).

The primary motivation for choosing the LTI model for modeling periodic cross-wind
loads on a vehicle is its inherent simplicity. Due to the fact that the wind is simulated in
laboratory conditions, its spectrum exhibits discrete frequency content. This is unlike bora-
like winds in real conditions, where the spectrum is continuous. Indeed, by calculating a
discrete Fourier transform of the wind velocity u(t), as seen in Figure 4, dominant harmonic
signals are clearly identified at frequencies 0.166 Hz, 0.5 Hz, 0.834 Hz and 1.165 Hz, as that
is commonly the case with the ideal signals, where the harmonic components have peaks
at 3, 5 and 7 times larger frequencies than the first low-frequency peak.
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In Figure 4, the velocity time series is reported in the form of unfiltered amplitude
spectrum of longitudinal velocity fluctuations.

Therefore, by calculating discrete Fourier transforms for the unsteady aerodynamic
forces experienced by the van model, harmonic signals are observed at the same frequencies,
i.e., at frequencies close to 0.166 Hz, 0.5 Hz, 0.834 Hz and 1.165 Hz. As an illustration, the
discrete Fourier transform of the unsteady side force is presented in Figure 5.

This provides additional justification for selecting a linear model, i.e., it is well known
that the output of a LTI system fed with harmonic signal at a given frequency is also
harmonic, with exactly the same frequency content. Thus, this indicates that the measured
harmonic signals at the van location, yielding the four discrete frequencies specified above,
are due to harmonic wind velocity oscillations only. This serves as a basis for subsequent
system identification, i.e., estimation of the unknown model parameters A, B, c and d.
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Prior to this, however, the measured data are pre-processed in the following fashion:
Depending upon the transducer position on the vehicle, the measured data also contain
signals due to vehicle-induced unsteady flow and vortex shedding, as well as the noise.
Such signals are not a direct consequence of wind variations and they present a significant
difficulty in system identification. Hence, four band-pass filters centered at the characteristic
frequencies are applied to the measured wind force data in order to filter out the spurious
signals. For that purpose, second-order digital peaking filters with appropriate bandwidths
are used. As a result, wind force data with the desired frequency content are obtained
and used in model parameter calculations. This filtering approach generally allows for
removing the less relevant content of wind fluctuations.

Finally, the model parameters A, B, c and d are estimated using the subspace identi-
fication algorithm (Van Overschee and De Moor [11]). For comparison purposes, model
parameters were identified for four different model orders n = 2, n = 3, n = 4 and n = 5.
Due to space constraints, the system matrices are reported for the second-order model
only, while the same approach is used to identify the higher order models as well. System
matrices for the vehicle models A and B are presented in the Appendix A.

The time–domain response for those models is calculated using the measured wind
velocity as the input. In the simulations presented throughout the next section, the error
channel is ignored, i.e., e(t) = 0 is assumed.

5. Modeling Results

Comparisons of the calculated time–domain model responses and the measured data
for the vehicle side force, lift force and overturning moment coefficients are provided in
Figures 6–8, respectively.

The modeling results compared against the experimental results indicate that a simple
data-driven modeling approach developed in this study is capable of reproducing the
time history of periodic aerodynamic loads on vehicles on bridges exposed to cross-wind
gusts with satisfactory accuracy. The model with two-state variables is not entirely capable
of modeling the van dynamics with sufficient accuracy, i.e., higher-order computational
models are required to calculate unsteady aerodynamic loads on vehicles.
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6. Concluding Remarks

Wind-tunnel experiments concerning gusty bora-like aerodynamic loads on vehicles
are carried out. The focus is on the effects of the vehicle underbody flow on its overall
aerodynamics.

Experimental results indicate an increase in steady aerodynamic loads in periods
of wind gusts. The steady side force coefficient is larger for the model with wheels, as
the vehicle in that configuration is higher and less protected by the bridge barrier. The
steady lift force coefficient is larger for the model without wheels due to a stronger flow
separation and the corresponding suction pressure on the roof of the vehicle when there is
no underbody flow. The steady overturning moment coefficient is slightly larger for the
model with wheels.

The experimental results are further used to develop a simple data-driven model
capable of predicting unsteady aerodynamic loads on vehicles exposed to cross-wind gusts.
The results indicate that a data-driven model using more than two-state variables is needed
to fully capture the unsteady aerodynamic loads on vehicles exposed to cross-wind gusts.

The results are constrained by the generic vehicle-bridge system and the studied range
of flow velocities, thus outlining the path for future work.
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Appendix A

System matrices for the A vehicle model

Side force coefficient: A =

(
0.9989 −0.01079
0.0105 0.9999

)
, B =

(
−3.521 · 10−6

−3.426 · 10−5

)
,

cT =
(
4.47 −0.02048

)
, d = 0

Lift force coefficient: A =

(
0.9999 −0.01039
0.01077 0.9999

)
, B =

(
6.736 · 10−7

−1.385 · 10−5

)
,

cT =
(
2.738 −0.01234

)
, d = 0

Overturning moment coefficient: A =

(
0.9985 −0.01134

0.009493 0.9993

)
, B =

(
2.375 · 10−5

−0.0001701

)
,

cT =
(
0.07229 −0.0003475

)
, d = 0

System matrices for the B vehicle model

Side force coefficient: A =

(
0.9998 −0.01073
0.01034 0.9997

)
, B =

(
1.2 · 10−5

−2.828 · 10−5

)
,

cT =
(
4.843 −0.02205

)
, d = 0
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Lift force coefficient: A =

(
0.9998 −0.01011

0.009713 0.9997

)
, B =

(
1.32 · 10−5

−0.0001077

)
,

cT =
(
2.32 −0.009992

)
, d = 0

Overturning moment coefficient: A =

(
0.9995 −0.009959

0.009483 0.9997

)
, B =

(
2.633 · 10−5

−0.0001993

)
,

cT =
(
0.06171 −0.0002605

)
, d = 0
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