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Abstract

Vehicles of different type pass every day and innumerably roadside-mounted or overhanging
flat elements like traffic signs, billboards or charge devices. The vehicle aerodynamics gene-
rates a vehicle-specific flow and pressure field, which leads to transient wind loads on these
elements. In order to quantify the wind loads, a full-scale measuring campaign with different
vehicle types and differently sized testing boards was carried out. The campaign delivered a
broad data base for the quantification of wind loads on roadside-mounted or overhanging flat
elements allowing a better lay-out of such structures. Additionally, the wind loads induced by
different vehicle types on extended walls was investigated in full-scale.

Introduction

Specific pressure and flow fields develop around all moving vehicles. In almost all cases, a
first zone of overpressure at the front of the vehicle (bow wave) is followed by a zone of un-
derpressure at the side walls and roof of the vehicle. Thus, an roadside-mounted or over-
hanging flat element as well as an extended wall experience a resulting pressure force when
a vehicle passes. The strength of the transient force depends on the vehicle type and shape,
its aerodynamics, the vehicle velocity and the passing distance between vehicle and ele-
ment/wall. During the vehicle's passing, in the gap between the vehicle and the flat ele-
ment/wall, a specific highly unsteady flow field develops. Of course, vehicle aerodynamics
has been investigated in numerous studies in the last decades, see e.g. Sovran et al. 1978,
Hucho 1994, Watkins and Pagliarella 2007 and many others, however, the interaction of the
vehicle induced flow with static elements near the road has been investigated barely.

Cali and Covert 2000 performed experiments in a scale of 1:30 by measuring transient loads
on overhanging highway signs induced by the passing of simplified vehicle models. Macciac-
chera and Ruck 2001 conducted investigations in a reduced scale giving detailed pressure
measurements near passing vehicles. Full-scale experiments on vehicle induced forces act-
ing on flat plates were carried out by Quinn et al. 2001 a,b. In this case, plates of different
shape and inclination were tested on a road side, however, without precise acquisition of
vehicle type, distance and travelling speed. Sanz-Andrés et al. 2003 have introduced a ma-
thematical model of vehicle-induced transient loads which roughly approximated experi-
mented results in the bow wave section. In comparison to that, more studies exist on train-
induced pressure and suction loads e.g. concerning noise barriers and trackside structures at
high speed train lines, where frequent passings can lead to dynamic reactions and/or materi-
al fatigue, see e.g. Baker et al. 2001, Sterling et al. 2008, Fried! et al. 2013, Lee 2009 or Ca-
rassale and Brunenghi 2013. Also cross wind and gust induced effects on vehicles and road-
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side structures were treated in several studies in model as well as in full scale experiments,
see e.g. Pulipaka et al. 1998 or Dorigatti et al. 2012.

Summarizing the existing knowledge in the field of interaction of vehicle induced flow with
static elements near the road leads to the conclusion that no data of systematic investiga-
tions exist respecting all, the element size and alignment, vehicle type, passing distance etc.
In order to fill this gap of knowledge, the present project was realized consisting of the follow-
ing steps:

e A wind tunnel study with truck models using LDA technique to infer the undisturbed
flow field around trucks and to be able to correlate it with the obtained pressure re-
sults from the following extensive full-scale measurements.

o A full-scale measurement campaign performed with different vehicle types on a
closed road section with numerous configurations and positions of three individual
testing boards. For all configurations and positions, the aerodynamic interaction, i.e.
the vehicle induced loads were measured.

o A full-scale measurement campaign performed with six vehicle types on a closed
road section with a wall-like configuration with a surface-embedded vertical line of
pressure sensors to infer the pressure loads induced by passing trucks.

e Setting up a database named VIPAS (Vehicle Induced Pressure And Suction), which
contains typical time series of vehicle induced forces depending on the element con-
figuration, the vehicle type and the passing distance in order to allow a safer design
of roadside elements.

Experimental details

Flow field around moving vehicle

As can be seen from Fig. 1, the flow field of realistic truck models of scale 1:16 has been
investigated in a wind tunnel study by LDA. A 2D fiber-coupled LDA-system with an argon-
ion laser (514 nm and 488 nm) and a sending lens of 1139 mm focal length was used. The
investigations were performed in a Gottinger-type wind tunnel with low turbulence intensity
(< 1%). The trucks have been fixed at the beginning of a short splitter plate so that the form-
ing boundary layer above the plate was very thin.

2D LDA system

flow
measuring plane z

6 (270 mm)
=+ 5 (250 mm)
= 4 (192 mm)
3 (135 mm)
= 2 (78 mm)

e 4 (20 mm)

Fig. 1: Wind tunnel study with truck models in scale 1:16

As can be inferred from Fig. 2, a moving vehicle displaces the quiescent air. Most interesting
in this respect is that for near passing distances the wind velocity V measured perpendicular
to the direction of movement is about twice as high as the velocity U measured at the same
point but in the direction of vehicle movement.
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Fig. 2: LDA measurement of velocity U and V in the plane z = 135 cm

Since most of the European trucks, typically, have a box shape the measurements differ only
slightly between the trucks of different truck manufacturers.

Full-scale measurements with testing boards
Fig. 3 explains the full-scale measurements with differently sized testing boards and denotes
the parameters of influence.

Subject: Interaction of vehicle induced flow field with flat roadside elements/boards
Typical elements: Traffic signs, noise barriers, charge devices, billboards.....,

vehicle velocity ——pp |J

Parameters of influence pressure and suction

vehicle type (truck, van, bus...)  force acting on element
vehicle velocity U

passing distance Y

vehicle frontarea A,

plate size (areaA)

orientation of plate (configuration A, B, C)

plate height z

vehicle length L

150 cm

Question to be answered: How strong is the unsteady
force acting on the element during the vehicle passage

Aim: Can we reduce the variables and set up a database
for a safe design of roadside elements (knowledge up to
now is fragmentary)

Fig. 3: Three different testing boards (50 cm X 50 cm, 100 cm X 100 cm, 150 cm X 150 cm, denoted
as small-sized, medium-sized and large-sized board) with three different configurations (board align-
ments)

The measurements were performed on a straight road section of 800 m length having two
turning loops at the ends, see Fig. 4. Two containers with electronic control and data
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processing units including a weather station were installed near-by. The atmospheric wind
conditions were registered parallel to all measurements to exclude non-vehicle wind load
contributions. In order to fix the boards at pre-defined y,z-positions a gantry and a fork-lift
was used. Vibrations of the boards have been suppressed as much as possible, i.e. the rock-
ing forces should be measured and not the plate dynamics.

vehicle  gantry -

at plate
= — a straight road section of about 800 m in length
I
luming loop container  conlamer fork-lif turning loop

flat plate/
measuring board

Facility:

- straight road section (800 m)
- measuring containers

- measuring bridge (gantry)

- fork-lift

Ll Measurement of:

. - differential pressure dis-
tribution of flat element

- vehicle velocity

- passing distance

- wind velocity

- wind direction

- ambient temperature

im =

a: measuring containers including data aquisition c: large-sized measurement board with tappings
b: fork-lift with flat element d: electronics of data aquisition

Fig. 4: Test field and measuring devices

Hundreds of test runs were performed with different vehicle types, see Fig. 5, and for differ-
ent so-called test positions. A test position was defined as a combination of one particular
configuration, vehicle type and vertical level Z of the test plate. At each test position, typical-
ly, N = 15 to 25 test runs were carried out.

total width  [total height [total length characteristics
vehicle type 8[m] H[m] L{m] examples
passenger car 1.75 1.45 45-4.8 combined lim./ estate —
e e o — >
van 20 27 5.4/6.8 combined short/long — T
(commercial vehicle) _ o IS | 5
truck 2.5 3.4 7.8 rigid box body ¥ "
(goods vehicle) m -
truck with trailer 26 4.0 {3.55) 16.6 Canvas cover,
(road train) trailer lower m —1 —
trailer-truck 6 4.0 16.6-18.6 canvas cover -
(articulated vehicle) . ‘i
tour-bus 2,55 3.7 12,95 3-axle, roof structures 2 5 R
(long distance coach) W

Fig. 5: Vehicle fleet consisting of six different vehicle types
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For each run, the variable vehicle velocity U and the variable distance Y between plate and
vehicle were captured automatically using laser light beam trigger and distance measuring
technique. The testing boards were equipped with many pressure tappings on both sides,
see Fig. 6, in order to measure differential pressure distributions with high spatial and tem-
poral resolution during the vehicle's passing. Integrating the instantaneous differential pres-
sure distribution leads to a transient force acting on the element, which is a function of ve-
hicle type, passing distance Y, vehicle velocity U and time t. Two different embedded pres-
sure scanning systems were used for the experiments. Small- and large-sized plates were
equipped with a digital temperature compensated DTC Initium System from Measurement
Specialties with 2 miniaturized electronic scanners ESP32HD, each with 32 silicon piezo-
resistive pressure sensors and a nominal accuracy of £ 0.06 % FS with FS =+ 2.5 kPa and a
data rate of 1 kHz per channel. Both ESP scanning arrays were implemented opposite to
each other on both surfaces of the plate. Shearing the common reference pressure of both
EPSs, the differential pressure could be computed directly in a grid of 30 (small-sized plate)
and 32 (large-sized plate) taps. The medium-sized plate was equipped with a high speed
USB-2537 DAQ board from MCC and an array of 64 analog signal conditioned and tempera-
ture compensated differential pressure transducers HCX from Sensortechnics, having a no-
minal accuracy + 0.1 %FS with FS = + 1 kPa and a data rate 3 kHz per channel.

Technical details of measuring boards

@ 3 different board sizes (50cm x 50cm, 100cm x 100cm, 150cm x150 cm)

small and big board:

@ 32 miniaturized piezoresistive pressure tapings on each side of the board
including 2 Scanner Type DTC ESP32H with 1 kHz sampling rate;
thickness of board: 3 cm (small board), 4 cm (big board)

medium board:

® 2 x 32 analog and temperature-compensated pressure sensors Type HCX
from SENSORTECHNICS scanned by a high speed USB-DAQ-2537 board
from MCC with a sampling rate of 3 kHz/sensor
thickness of board: 4 cm

® measurement of unsteady differential pressure distribution

medium-sized board (50 cm x 50 cm) big-sized board (150 cm x 150 cm)

Fig. 6: Testing boards with embedded pressure scanning systems

The data capturing and processing was performed on the basis of individual force curves
(integration of the instantaneous differential pressure distribution in the boards). Considering
one vehicle type, hundreds of force curves were detected, which differ in amplitude and tem-
poral length according to the fact that not all tested vehicles of this type had the same veloci-
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ty and the same distance with respect to the testing board, see also Fig. 7, where the data
processing is explained. In order to decrease the variety of force curves and to reduce the
variables, first of all, the vehicle-induced force F(t) was normalized by a force consisting of
the product of vehicle velocity-based dynamic pressure, air density and the vehicle frontal
area (A, = B x H). This led to the dimensionless transient force coefficient Cg(t). The curves
for the dimensionless transient force coefficient Cg (t) still depend on U and Y, however, all
curves of the same passing distance show now the same amplitude but have different time
durations due to varying vehicle velocity. If we introduce on the abscissa a dimensionless
time t, formed by multiplying the real time with the vehicle velocity divided by the vehicle
length L, then, all measured curves of the dimensionless transient force coefficient Cg(t,) will
have the same length. Thus, for a fixed passing distance Y, the curves of Cg(t,) show the
same amplitude and length, i.e. Cg(t,) depends only on Y. Since the dimensionless transient
force coefficient Cg(t,) depends only on Y, it should be possible to divide it by a function k(Y),
which is called 'distance model', forcing all curves collapsing to more or less one single
curve, the so-called ‘characteristic load curve' Cg*(t,) for one test position, see Fig. 7.

-, +» U Real measurement situation:

EaEET 5 U, and Y, are variable leading to variable amplitude and duration of the
YJ detected force curve = how to reduce the number of variables?

F(t) Ce(ty)=1f(Y) e Celty)
F(t)=f(UY) Ce(t)= m =f(U,Y) e U-t Ce(t,) = K(Y)
2 X N0

= f(Y)

t[sec]

it W teee] M tlsec]

Lot

YG
characteristic load curve
t[sec] for a specific vehicle type
and a defined test position
of a chosen configuration
measurements deliver a plenty of curves having different | equalizing the amplitudes equalizing the lenghts normalizing with distance
amplitudes and time durations for a specific passing distance| of the curves modell -> all curves collapse

Fig. 7: Data processing and characteristic load curve

A distance model describes the relation between force impact and passing distance Y. In
order to obtain a distance model, a great number of vehicle passings was realized with a
specified test position measuring the differential force coefficient (difference of the force coef-
ficient of the first maximum P1 and first minimum P3) in each curve, see Fig. 8. Applying the
procedure in Fig. 8 yielded the characteristic load curves, which could be obtained for each
test position and which were fed into a database named VIPAS, see Fig. 9. The use of data-
base VIPAS is explained in Fig. 10 with a typical data set. Beside the characteristical load
curves, the user can download video sequences showing the unsteady differential pressure
distribution in the boards. Based on these data also a resulting moment can be deduced for
any position of an axis of rotation. Furthermore, comparative plots can be seen and down-
loaded for one fixed board alignment but different vehicle types.
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F(t)=f(¥,U)

w.’ T T T T T
] I | _ \ ® config.A(Z=10m, L=77m) 20 data point
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max Fai (Y,U) e
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| r = Fed _
0 [<] — = » -3 A plg
_ F[ {[sed] £ i k(Y) = 120.456 * (Y+1.065)° x107; R” = 0.935
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- * . .
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L]
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::. 20 Truck, 80 km/h
| *
It was found that the differential force é
coefficient Cggir13 could be approxi- 10+
mated with a -3"4* power function
fitted within the tested distance 0 L 1 1
range. Thus, for each test position, a 0 02 04 06 °.°d“m':* - 12 14 16 18
distance model k(Y) was estimated

applying model coefficients a [m3]

: =>For each combination of vehicle type, board size, position and
and b [m] appropriately.

orientation, a distance model could be deduced

Fig. 8: Differential force coefficient (characterizing the force jump between the first maximum and first
minimum of a detected force curve) depending on passing distance of vehicle with respect to testing
plate. Fitting of curves (distance models) to the measurement values for three truck test positions (for

configuration C, the notation of distance Y symbolizes vertical distance Z’); R2 coefficient of determina-
tion

Characteristic cH

load curves configuration (A) configuration (B) configuration (C)
velocity range: 40-90 km/h medium-sized board A ] big-sized board BB  big-sized board
distance range: 0,3-20m Z=0,0m Z=10m overhanging Z=1,0 m

Fig. 9: Examples of characteristic load curves (can be found in database VIPAS) for different vehicle
types and board alignment)
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Database VIPAS

(freely accessible in the Internet)
www.windforschung.de/vipas1.htm vehicle type

No. 1 : passenger car
. No. 2 : van
small-sized plate data example. No. 3 : truck
(50 cm x 50 cm) No. 4 : truck with trailer
- the bottom of the plate No. 5 : trailer-truck
configuration A 21 isin a heightof 2,1 m No. 6 : bus
(plate parallel to driving direction) ,
i et s o gs
. characteristic load plate size
\I:lehlglettyps ——3AsmaZ21 <« ;e ‘sma’ : small-sized plate
0. 3 (truck) (50 cm x 50 cm)
aVl3ASmaZz1 < ﬁ'm Of ur]s‘teady pressure ‘med' : medium-sized plate
—— distribution _ (100 cm x 100 cm)
‘big' : large-sized plate
v N\ (150 cm x 150 cm)
film test position

Fig. 10: Data notation in database VIPAS

Adequate normalizing, plotting against a dimensionless time and the deduction of distance
models allowed the generalization of the data being valid now also for other not measured
vehicle velocities and passing distances. Thus, for a fixed vehicle type, board configuration
and position, the loads can be computed for user defined velocities and passing distances.
Supposed, the passing distance Y, the vehicle velocity U and the vehicle type with frontal
area A, are known, the data base VIPAS can be used to compute the wind load F(t) or F(X)
acting on a flat element of size 50 cm x 50 cm, 100 cm x 100 cm or 150 cm x 150 cm in
height Z with configuration A, B or C. This computation can be performed on the basis of the
experimentally determined characteristic load curves <Cg*> in combination with the distance
models k(Y) derived from full scale measurements:

distance model

yaHIcle Velcity (given in database)

(input)
\ y /
/F(tn /A k( \< (’[rl
force acting on front area of passing \ _
element vehicle (input) distance universal load curve

(input) (given in database)

In this way, comparative plots can be computed for exactly the same vehicle velocity and
passing distance of all investigated vehicle types, see example in Fig.11.

Full-scale measurements with wall-like configuration

When vehicles move close to extended walls, a characteristical pressure imprint of the ve-
hicle type moves over the wall. To investigate the induced load behaviour, systematic full
scale investigations have been carried out also for this case. The wall was realized with
stacked oversea containers, see Fig. 12 and 13, where further experimental details are re-
vealed. In Fig. 14, typical pressure imprints of four different vehicle types are shown. The
evaluation of the measured data is underway and we aim at setting up part 2 of database
VIPAS, which allows for a specific vehicle type the computation of pressure at any point of
the wall as a function of vehicle velocity and passing distance.
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Fig. 11: Characteristic vehicle-induced resultant force on the large-sized testing plate with a passing
distance of 0,5 m and a passing velocity of 80 km/h for all three configurations
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Fig 12: Sketch of full-scale measurements with wall-like configuration
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Fig. 13: Vehicle passages at extended walls with different vehicle types
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RunMo: 6020, CarType: Passenger car - limousine, Velocity: B0.40 km/h, Distanz: 0.78 m (approximately)
Pressure coofficient values Cp(x,z) []

RunMNo: 6030, CarType: Van {long transporter), Velocity: 74.26 km/h, Distanz: 0.B8 m (approximately)
Pressure coefficient values Cp(x.z) []

Z[m]

RunMo: 8174, CarType: Truck 181, Velocity: 82.25 km/h, Distanz: 0.93 m (approximately)
Pressure coefficient values Cp(x,2) [-]

Runio: 6147, CarType: Traller<truck, Velocity: 78.96 kmuh, Distanz: 0.75 m (approximataly)
Pressure coefficient values Cp(x,z) []

LD - R W B th
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Xim)

Fig. 14: Typical pressure imprints of moving vehicles of different type at extended walls
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