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This paper recommends safe speeds for a heavy articulated vehicle when passing by Bjgrnafjorden floating bridge
tower under two constant crosswind speeds (65 km/h and 100 km/h). The analysis is based on the tractor-
semitrailer (TS) model with fifth-wheel (FW) coupling in roll and free in yaw. Comparison of safe speeds as-
sessments has been made with two TS models differ in FW coupling. Aerodynamic forces and moments for TS
models as function of their position relative to the bridge tower and time were computed using Computational
Fluid Dynamics (CFD) simulations. For TS model coupled in roll and free in yaw, no rollover risk is noticeable for
both crosswind excitations. For TS model free in roll and in yaw, roll-over risk is noticeable at lower vehicle
velocities (at 36 km/h and 54 km/h). TS with rigid connection in FW stays in the traffic lane for every considered
vehicle velocity. TS model which is roll and yaw moment free in the FW overestimates rollover risk assessment at
lower vehicle velocities. TS model with rigid connection in the FW underestimates traffic lane departure
assessment at higher vehicle velocity. Appropriate mathematical modelling of a heavy articulated vehicle that
considers tractor and semitrailer units as two separate bodies coupled in roll and free in yaw is of importance for
accurately assessing safe speeds when a vehicle passing by the bridge tower.

1. Introduction

Norway’s largest transport project, the Coastal Highway Route E39,
aims to significantly reduce travel time on the west coast. There are
eight fjords being operated by ferries on this route (Fig. 1). Various types
of high-tech constructions will replace ferries across huge fjords (e.g.
floating and suspension bridges, floating and road tunnels, [1]). Some of
the fjords are challenging to cross since of their width and depth di-
mensions. One of the proposed solutions for crossing of Bjgrnafjorden
(approximately 5 km wide and 550 m deep) is straight floating bridge
concept (Fig. 1b). On route E39 the typical driving speed for an articu-
lated vehicle is 80 km/h and for a passenger car is 110 km/h. Design
driving speed on Bjgrnafjorden floating bridge is 110 km/h [1].

Floating bridge is extreme construction exposed to the winds and
waves from the North Sea during inclement weather condition. Trav-
eling over the bridge might be unsafe during harsh weather conditions.
Closing the bridge for traffic will increase the travel time on the route
and driving costs for the road users. The straight bridge is stiffened
laterally by mooring lines connecting bridge pontoons with the seabed

* Corresponding author.

at four points (Fig. 1b) to prevent its excessive motion. At the south part,
bridge deck is fixed by the tower (Fig. 1b). Tower is 12 m in length and
placed on the higher part of the bridge on distance of 450 m from the
beginning (from axis O, Fig. 2). When running by the tower, a vehicle
goes through two phases. In the first phase, a vehicle is shielded by the
tower, and the intensity of the crosswind is significantly reduced. In the
second phase, the vehicle leaves the tower, and the intensity of the
crosswind load on a vehicle sharply increases. Such changes in cross-
wind load are demanding for a driver and require his quick reactions to
prevent the vehicle from overturning or departing the traffic lane [2].
This is specifically case for the unloaded high-sided heavy vehicle (e.g.
bus, TS). There is few evidence about traffic accidents happened on long
span bridges caused by strong crosswind gust. Seven high-sided road
vehicles were overturned on the Humen suspension bridge in China due
to intensive crosswind gust on August 11, 2004 [2]. A similar accident
occurred in 2005 with road vehicles traveling on the Minjiang
cable-stayed bridge in China [2,3].

The aerodynamic forces acting on a stationary and moving vehicle
behind the bridge tower have been studied numerically using
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Fig. 1. Route E39 a) Bjgrnafjorden; b) straight floating bridge concept [1].
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Fig. 2. Bridge tower position on the floating bridge deck and characteristic dimensions [1].

computational fluid dynamics (CFD) software [4]. Study showed that
side force coefficients of the moving vehicle are lower than those of the
stationary one for the same vehicle positions. Influence of the wind
barriers installed around bridge tower on aerodynamic loads affecting a
long vehicle had been investigating in Ref. [5]. Aerodynamic forces and
moments had been measured in the wind tunnel tests on a 1:40 TS scale
model. In the tests vehicle model was stationary and placed at different
location relative to the bridge tower. Also, vehicle length was longer
than the tower width. Study showed that aerodynamic loads (e.g. wind
side force and rolling moment) increased on the stationary vehicle
centred behind the tower. In the case of the barriers present, wind side
forces could change sign when the vehicle is placed behind the tower.
Investigations of the vehicle-driver behaviour when passing by the
tower of long span cable-stayed bridge under the crosswind of 15 m/s
mean speed and two vehicle speeds (80 km/h and 90 km/h) had been

done in Ref. [2]. Nonlinear one-unit heavy vehicle model with 6 Degrees
of Freedom (DOF) (i.e. no articulation angle DOF considered) and with
two axles had been defined. This study showed that unlike the vertical
and pitch motions, the vehicle roll, and lateral motions are significantly
influenced by the tower. No rollover risk for the one-unit vehicle has
been noticed in this study.

There are vehicle mathematical models of different levels of
complexity used for the investigations of their dynamics behaviour on
long span bridges [2,6,7,8]. Complexity of a vehicle mathematical
model depends on an aim of an analysis. Simplified one-rigid unit heavy
vehicle model with 6 DOF does not consider suspension system elements
when analysing vehicle rollover risk [2]. High-sided vehicle model of 11
DOF incorporates spring-damper elements for vehicle suspension system
and tyres, and it was used for comfort and safety analysis on slender arch
bridge under turbulent wind [8]. It was assumed that the vehicle run
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Fig. 3. TS model with roll-stiffness (kg) in the FW.

along straight line and driver model was not included. TS model of 19
DOF had been defined in Ref. [7]. This model considers tractor and
semitrailer units separately and three rigid axles and was used for ride
comfort analysis on long-span bridge under crosswind. It was assumed
that the vehicle moved along straight line at constant velocity and no
driver model was included. Unlike the previously mentioned heavy
vehicle models, TS model of 9 DOF is convenient for the analysis of its
lateral stability on floating bridges [6]. It considers tractor and semi-
trailer units separately (i.e. articulation point included), three rigid
axles, suspension system and tyres together with the driver model.

The main objective of this work is to recommend safe speeds for a
heavy articulated vehicle passing by the floating bridge tower under the
influence of the different constant crosswinds’ speeds. The second
objective of this work is to investigate the influence of the roll-stiffness
in the articulated point on safe speeds assessment. For these in-
vestigations, modified two units TS model with 9 DOF, which baseline
version was previously defined in Ref. [6], had been used. Modified TS
model considers the roll-stiffness in the FW. The third objective of this
study is to analyse the importance of articulation angle DOF in TS model
and its influence on safe speeds assessment. For this analyse one rigid TS
model with 7 DOF was defined based on TS model in Ref. [6]. In our
investigations we employed simulation method. Vehicle modelling and
all simulations have been done in MATLAB/Simulink software.

2. Description of the tractor semitrailer models

In this paper two modified versions of the baseline TS model with 9
DOF previously defined in Ref. [6] have been used. TS model consists of

two units (tractor and semitrailer) connected at articulated point by FW
coupling. There are two alternatives for FW modelling: it could be
modelled with the spring of the rotational stiffness kj, in the roll DOF
(Fig. 3) or it could be modelled to be roll rigid (Fig. 4).

When defining TS models, all assumptions from Ref. [6] have been
applied, except one which state that the articulation joint is free of a roll
moment.

2.1. TS model with FW coupling in roll with the rotational stiffness kg,

Fig. 3 presents modified TS model which considers FW coupling in
roll (kz,) unlike the basic TS model from Ref. [6]. Modified TS model
considers tractor unit sprung mass (M), semtrailer unit sprung mass
(mgm,s), tractor fron axle (myg,), tractor rear axle (m;q) and semitrailer axle
(myq). Suspension systems on the left and on the right side of each rigid
axle are modelled with the spring and the damper elements. Suspension
systems also consider anti-roll bar on each axle. The tyre on every axle is
modelled with the spring element. Spring stiffness coefficients, damping
coefficient and anti-roll bar coefficients are given in Appendix (Table 1).
The influence of the roll-stiffness in the FW on the vehicle responses and
the safe speeds assessment is presented in section 4.

Modified TS model was defined by Lagrangian method including
kinetic energy, potential energy, and dissipative energy of the system.
Kinetic and dissipative energies of the system take the same form as for
the baseline TS model described by Egs. (13) and (17) in Ref. [6]. Po-
tential energy includes spring deformation in the FW unlike the baseline
TS model, given by Eq. (1)
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Detail description of the generalized forces definition could be found
in section 2.1.2.4 in Ref. [6]. The notations in Fig. 3 and in Eq. (1) and
their values are given in Appendix (Table 1). Available literature was
used to obtain the typical values for TS vehicle [9-16,17]. Method to
introduce wind excitations on the detailed TS vehicle model from Adams
database for the investigation of its dynamic behaviour on Bjgrnafjorden
floating bridge has been presented in Ref. [16]. Analysis considered
random varying wind velocity signal acting on the TS model along the
whole length of the bridge. This work considers wind disturbance caused
the bridge tower which is a single strong transient excitation unlike the
wind excitation from Ref. [16].

2.2. TS model with FW rigid in roll and yaw

TS model with the rigid connection (rigid in roll and yaw) in the FW
was defined to investigate its influence on the vehicle responses (e.g.
traffic lane departure, section 4.4.2) and the safe speeds assessment.
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Defined one rigid body (one roll-stiff unit) TS model has 7 DOF in total,
and 2 DOF less than baseline TS model (no articulation angle and no
relative roll-motion between vehicle units). The vehicle out-of-road-
plane DOFs are roll motions of the vehicle sprung mass, first, second
and third axles (¢, ¢so, ¢se and ¢ro), (Fig. 4). The vehicle in-road-plane
DOFs are the longitudinal, lateral and yaw motions (X3, Y3, ), (Fig. 5a).
The notations in Fig. 4 and their values are given in Appendix (Table 1).
Mathematical model was built on Lagrangian method, Eq. (2)

i 0Ttot, _ 0Tmt, dvpot, + aDdls

dt dg;  0g;  0g; 0qi:Qi’l:1""’n; @

where Ty, Vpor and Dy, are the kinetic, potential, and dissipative en-
ergy of the system, respectively; g;, ¢;, Q; refers to generalized co-
ordinates, velocities, and forces; and n are all generalized coordinates of
the system.

The generalized coordinates for the one rigid body TS model are
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Fig. 4. One rigid body TS model with three axles.
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Fig. 5. Vehicle a) in-plane motion and external forces/moments (view from above), b) velocities of rigid body CoGs.

presented by Eq. (3)

q=[X1; Y1: v; &5 b oo dia 3

Lagrangian equations were derived using MATLAB symbolic toolbox
and using the equations in sections 2.2.1 - 2.2.4. The result was used in a
dynamic model in Simulink, where each generalized coordinate was
represented by a state variable using a Simulink model (an integrator
block).

2.2.1. Kinetic energy
Total kinetic energy of the system is given by Eq. (4)

Ttot. = Tin—mad—plane + Tout—of—road—plane (4)

where Ti.roadplane is kinetic energy due to in-plane motion; Toyurof-road-
plane is kinetic energy due to out-of-plane motion. The longitudinal and
lateral velocities of the vehicle rigid bodies Centre of Gravity (CoG)
(Points 1-5, Fig. 5b) are given by Egs. (5)-(9).

e Point 1, (first axle),

ul =u

vi=v+(h+bhe ®

ud=u

V4 =v— Lo ®
e Point 5, (CoG of the vehicle sprung mass),
us =u-+ hsm(p sin ¢ ©)

V5 = v — hgpepcos ¢

The total kinetic energy of the system is given by Eq. (10) and used in
Eq. (2)

1 - 1 1 1
T = i.hyz +5Mpa (u1*+v1%) + SMsa (u2* +v2%) + SMa (u4® +v4%)
1 1. .2 1 .2 1 .2 1 :
+ mem (US2 + V52) + 5Jfa¢fa + 5J5a¢sa + EJm¢m + Ejsmqu
(10)

2.2.2. Potential energy

Potential energy of the system takes into account roll motion-
induced height change of the vehicle sprung mass CoG, deformation of
anti-roll bar on every axle, deformation of air springs in the suspension
system on every axle and radial deformation of tires (Fig. 4). Potential
energy is defined by Eq. (11), and used in Eq. (2)

1 1 1 1 1
Vpot. :Eksﬂzeil (¢ - ¢fa)2 +§ksrlze§2 (4) - (psa)z +§ks1232us (4) - ¢m)2 +§klﬂ ((gfa + bf¢fa - gql)z + (gfa - bf¢fa - Cg‘r)2> JrEktrl ((Cm + br¢sa - gnl)z

1 1 1 1 1
+ (Cra - br(l)sa - gm)2> + Eksl (((sa + b5¢m - gul)z + (Cxa - bs¢ta - é’mr)2> +§kurb.fa ((l) - ¢fu)2 +§kw’b-rﬂ(¢ - ¢s¢1)2 + Ekarb,sa((ﬁ - ¢ta)2 - Emsmghsmd)z

e Point 2, (second axle),

u2=u

Vv2=v+ 120) (6)
e Point 3, (CoG of the vehicle),

u3=u

v3=v @

e Point 4, (third axle),

1D

2.2.3. Dissipative energy

Viscous dampers in the vehicle suspension system cause the dissi-
pative energy. This energy could be expressed by Eq. (12), and used in
Eq. (2)

1 oy oz 1 oo a1,
Dis. :Ecdﬂzeld (¢ — )"+ Ecdrlzeuz (¢ — ds0) + Ecdlzem(¢ -0 (12)
2.2.4. Generalized forces

Generalized forces (Q;) are the external (tire and wind) forces

(Fig. 5a). They are expressed as functions of the velocity vectors (Egs.
(5)-(9)). Details are found in section 2.1.2.4 in Ref. [6].
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2.3. Aerodynamic loads computation

In earlier studies [6,18] of the traffic over this bridge, the influence
from other objects, such as the tower, has not been included. Those
studies only had vehicle velocity changing. Hence, it was possible to
convert the aerodynamic forces into non-dimensional coefficients to
simplify the comparisons of different cases and recalculate the aero-
dynamic forces for the cases that were not simulated. However, in this
study both wind and vehicle velocities vary, and choosing a single
reference velocity for different cases can not be performed. In addition,
it means that all presented cases with different vehicle and wind velocity
need to be simulated without an advantage provided by using aero-
dynamic coefficients. Consequently, in this study the aerodynamic
forces are presented as they are. Additionally, other numerical studies
showed the importance of having a dynamically moving mesh for the
vehicle passing a tower [4]. Therefore, this study takes a similar
approach, with a stationary mesh region surrounding the bridge struc-
tures constantly exchanging the necessary parameters to a moving
overset mesh region containing a vehicle that dynamically moves.

Fig. 6. TS model on the floating bridge deck for CFD simulations. CFD simulations have been extensively used for calculation of

aerodynamic loads acting on a vehicle [19,20]. Aerodynamic forces and
moments for both TS models as function of their position relative to the
bridge tower and time were computed for two constant crosswind

Fig. 7. Vector plot of the velocity field showing the wheel centre hight horizontal cutting plane.
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Fig. 8. TS model with articulation angle DOF a) with reference coordinate systems (ISO 4130) and sign convention; b) characteristic distances relative to floating

bridge tower.
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speeds of 65 km/h and 100 km/h using CFD simulations. Overview of
the CFD simulation setup is presented in Fig. 6. Vehicle runs in the
North-South direction placed in the nearest traffic lane to the bridge
tower since aerodynamic forces and moments are of the large values for
this lane [3,21,22]. TS changes its position relative to the tower on the
distance of one hundred meters before and after the bridge tower.

Firstly, the flow-field around the bridge structures and the TS posi-
tioned 120 m away from the tower is solved using a steady-state Rey-
nolds-Averaged Navier-Stokes approach with an ideal gas model for air
and realizable k-epsilon model for turbulence. This solution is then used
as a starting condition for the Unsteady-RANS simulation when the
overset mesh approach is taken to model the vehicle movement through
the tower wake. An example of the CFD results can be seen in Fig. 7,
where vector plot of the velocity field showing the wheel centre hight
horizontal cutting plane can be seen. The vortex structures around the
towers and the wake behind the TS can clearly be observed as well as the
flow acceleration around the bridge deck.

For the simulation domain only 100 m before and after the bridge
tower are considered as on this distance the effect of bridge tower wake

become insignificant.

Fig. 8a shows TS model with two units used in CFD simulations. Two
ISO 4130 reference coordinate systems were placed in the ground plane
for obtaining aerodynamic forces and moments for both vehicle units.
Red arrows point out positive direction according to sign convention.
Two vehicle fixed coordinate systems (ISO 8855) are attached to vehicle
units CoGs. Aerodynamic forces and moments were transformed into the
vehicle fixed coordinate systems when performing simulations.

Fig. 9 shows aerodynamic forces and moments as a function of dis-
tance for the tractor and semitrailer units for the vehicle velocity of 36
km/h and the crosswind speed of 65 km/h. Side forces and rolling
moments on both units decrease and then increase when TS passing by
the tower. Considerable change is noticed for yawing moment on
semitrailer unit (Fig. 9d). Yawing moment change its sign when semi-
trailer is shielded by the tower (Fig. 9d).

Fig. 10a shows TS model with one unit used in CFD simulations.
Origin of the ISO 4130 reference coordinate system (point O) is at the
intersection point of the front axle projection on the ground and the mid-
track line. Red arrows point out positive direction according to the sign
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convention. A vehicle fixed coordinate system (ISO 8855) is attached to
vehicle CoG.

Fig. 11 shows aerodynamic forces and moments as a function of
distance for the one rigid body TS model, for the vehicle velocity of 36
km/h and the crosswind speed of 65 km/h. It could be noticed that side
force value is close to zero (Fig. 11a), whereas wind rolling moment
value changes its sign (Fig. 11b) when the vehicle is behind the tower.
Changes in wind side force and yawing moment with a similar trend
were confirmed in Refs. [2,4,5].

3. Vehicle models excitations
3.1. Bridge deck motions
On the south part, floating bridge deck is fixed with seabed by the

tower (Fig. 1b). Bridge deck vertical, lateral and roll motions due to the
wind and waves are insignificant near the tower. As an example, Fig. 12

presents vertical, lateral and roll bridge deck motions near to the bridge
tower for the North-South direction under 1-year storm condition.
Bridge vertical, lateral and roll motions are small values for every
vehicle velocity, within +£0.04 m (Fig. 12a), +£0.02 m (Fig. 12b) and
+0.04° (Fig. 12c), respectively. Similar floating bridge deck excitations
magnitudes around tower are confirmed for conditions more severe than
1-year storm (e.g. 100-year storm) [23]. Therefore, no bridge motions
inputs in the vehicle models had been considered in the simulations.
Detailed procedure for obtaining bridge motion inputs could be found in
Refs. [6,18].

3.2. Wind forces and moments

Fig. 13 shows velocities of the crosswind component defined in the
earth coordinate system (Fig. 9b) around the bridge tower as a function
of distance and vehicle speeds for 1-year storm and 100-year storm
conditions. Absolute of mean values of the crosswind velocities are
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approximately 18 m/s (=65 km/h) (Fig. 13a) and 27 m/s (=100 km/h)
(Fig. 13b) for 1-year storm and 100-year storm condition, respectively.
Therefore, aerodynamic forces and moments acting on the vehicle had
been calculated for the constant crosswind speeds of 65 km/h and 100
km/h in the CFD simulations.

As an example, Fig. 14a and b shows wind side forces for the tractor
and the semitrailer units for the crosswind speeds of 65 km/h and 100
km/h and vehicle velocity of 90 km/h. For both vehicle units, wind side
forces are higher values for the crosswind speed of 100 km/h. For the
crosswind speed of 65 km/h, side forces for both units reach their max.
negative values after the vehicle gets out of the tower (Fig. 14a). On the
contrary, for the crosswind speed of 100 km/h, side forces for both units
reach their max. negative values before the vehicle enters the tower
(Fig. 14b). Side forces on both units decrease when vehicle is briefly
shielded by the tower, and even change their signs. Characteristic
changes in the side forces values might influence driver’s ability to keep
the vehicle on the intended path especially for the case of the strong
crosswind.

Fig. 14c and d presents wind rolling moments for the vehicle units for
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the crosswind speeds of 65 km/h and 100 km/h and vehicle velocity of
90 km/h. Rolling moments on semitrailer unit decrease when vehicle is
briefly shielded by the tower and change their signs. Changes in the
rolling moments values might influence considerable vertical tyre forces
shifts for the semitrailer and apparently rollover risk. Wind side forces
and rolling moments have been used as the vehicle model excitation
inputs when passing by the bridge tower in the simulation process.

3.3. Driver’s handwheel steering input

In this paper, the driver model based on pure pursuit method defined
earlier in Ref. [18] was used in the simulations. Driving simulator
(CASTER) had been used for pure pursuit controller tuning, such as
look-ahead time (LAT) value [18]. Detail description of the driver’s
model and its tuning for the heavy vehicle could be found in previous
work [6,18]. Handwheel steer angle signals are used for assessing
driver’s effort in steering the vehicle when passing by the floating bridge
tower (section 4.2).
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4. Results of the simulation and discussion

For vehicle to achieve steady state motion, distance of 0.95 km
before the bridge tower was considered as starting point for the vehicle
movement (Fig. 16a). Constant values of aerodynamic forces and mo-
ments were used for the vehicle models excitations from starting point
up to 100 m before the bridge tower centreline (Fig. 15). As an example,
Fig. 15 presents aerodynamic rolling, pitching and yawing moments for
the tractor unit as a function of distance for the vehicle velocity of 72
km/h and the crosswind speed of 65 km/h.

As an example, Fig. 16b shows the handwheel steer angle (HSA) for
different vehicle velocity and the crosswind speed of 65 km/h as a
function of travelled distance. Transient solution could be noticed at the
beginning of the simulation for every vehicle velocity. Steady state so-
lution appears after some distance travelled. It could be noticed that

travelled distance for steady state increases with higher vehicle velocity.
For example, for the vehicle velocity of 108 km/h steady state solution
appeared after 600 m. In the analysis of the TS safe speeds all vehicle-
driver responses have been considered after 800 m of travelled dis-
tance as denoted in Fig. 16b.

In the following section, proposed measures for safe vehicle speeds
on Bjgrnafjorden floating bridge will be presented. Measures have been
defined in Refs. [6,18].

4.1. Lateral path deviation and risk of leaving the traffic lane
4.1.1. Vehicle path tracking

The aim of this section is to reveal how path tracking changes as
function of a vehicle velocity. The lateral distance between the vehicle’s

CoG and the centreline of the traffic lane has been defined as the

11
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measure for the path tracking (Fig. 19b). Simulation results for TS path
tracking around the bridge tower under the crosswind speeds of 65 km/

h and 100 km/h are presented in this section.

Fig. 17a—d presents path tracking for vehicle velocities of 36 km/h,
54 km/h, 90 km/h and 108 km/h for the crosswind speed of 65 km/h.
Path deviation increases with the vehicle speed for both units (Fig. 17e
and f). For the vehicle velocity of 90 km/h, path deviation for the tractor
and the semitrailer units are 0.25 m and 0.3 m, respectively (Fig. 17e).
Maximal path deviation of the semitrailer unit is higher in comparison

with the tractor unit for velocities below 108 km/h (Fig. 17e). RMS
value of the path deviation is higher for the semitrailer unit (Fig. 17f).

Fig. 18a-d presents path tracking for the vehicle velocities of 36 km/

12

h, 54 km/h, 90 km/h and 108 km/h under the crosswind speed of 100
km/h. Path deviations are of high values for the high vehicle speeds. For
the vehicle velocity of 90 km/h, path deviation for the tractor and the
semitrailer units are close to 0.6 m and 0.7 m, respectively (Fig. 18e). For
the vehicle velocity of 108 km/h, path deviation for both units is close to
0.8 m (Fig. 18e). The path deviations for both units are significantly
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larger than those for the crosswind speed of 65 km/h (Fig. 18e; Fig. 17e).

4.1.2. Traffic lane departure

When passing by the bridge tower, path deviation of both vehicle
units increases with the speed. It is of importance to reveal if TS leaves
the traffic lane. Outermost vehicle body points are shown in Fig. 19a,
whereas their position within the traffic lane in Fig. 19b.

Fig. 20 presents the outermost body points position within the traffic
lane for the tractor and the semitrailer units for different vehicle ve-
locities and the crosswind speed of 65 km/h. Simulation results show
that the tractor unit stays within the traffic lane for every vehicle ve-
locity. As an example, positions of the outermost tractor body points for
the velocity of 108 km/h are shown in Fig. 20e. The outermost point at
the rear-left side and front-left side of the semitrailer unit slightly leaves
the traffic lane at 90 km/h and at 108 km/h soon after passing the bridge
tower, denoted with red circles in Fig. 20d and f. Semitrailer unit stays in
the traffic lane at and below velocity of 72 km/h.

Fig. 21 presents outermost body points position within the traffic
lane for the tractor and the semitrailer units for different vehicle ve-
locities and the crosswind speed of 100 km/h. At 54 km/h, 72 km/h, 90
km/h and 108 km/h the outermost point at the semitrailer rear-left side
leaves the lane (Fig. 21b-f). The outermost point at the rear-right side of
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the tractor unit leaves the traffic lane at velocity of 108 km/h (Fig. 21e).
Semitrailer unit does not leave the traffic lane at 36 km/h (Fig. 21a).

4.2. Driver’s effort when steering the vehicle around floating bridge tower

The aim of this subsection is to investigate driver’s effort in steering
the vehicle when passing by the floating bridge tower under the influ-
ence of the crosswind. RMS value of HSA is appropriate measure for
assessing driver’s effort [18].

Fig. 22a presents the HSA as a function of travelled distance under
the crosswind speed of 65 km/h. Absolute steady state HSA value in-
creases with increasing vehicle velocity. HSA value of one degree
compensates for the crosswind load at the vehicle speed of 36 km/h
(Fig. 22a). For the vehicle speed of 108 km/h, steady state HSA value is
—7° (Fig. 22a). HSA changes considerably when vehicle passing by the
bridge tower to compensate for the lateral path deviation. It could be
notice that the driver takes quick action to resist the wind shielding
effects of the tower by steering the vehicle at a high angle. For example,
for the vehicle speed of 54 km/h, HSA value is +15° (Fig. 22a). Another
driver’s quick action happens when the vehicle leaves the tower to
compensate for excessive lateral displacement since of suddenly high
side wind force. For instance, for the vehicle speed of 54 km/h, HSA
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value is a little over —15° (Fig. 22a). Fig. 22d presents HSA in function of distance under the crosswind
Fig. 22b shows PSD of HSA for different vehicle speeds. The HSA’s speed of 100 km/h. Absolute steady state values of HSA are higher
intensities are less than 1.5 Hz. The highest intensity for the lower compared to those for the crosswind speed of 65 km/h. For the vehicle

vehicle speeds of 36 km/h and 54 km/h are at the around 0.4 Hz, speed of 108 km/h, steady state HSA value is around —20° (Fig. 22d).
whereas for the high speed of 108 km/h around 0.15 Hz. Fig. 22¢ pre- For the vehicle speed of 90 km/h, maximum value of HSA is around
sents RMS value of HSA. RMS value increases with the vehicle velocity. +20° whereas minimum value is —37° (Fig. 22d). The highest HSA in-
RMS value is +8° at 108 km/h (Fig. 22c¢). tensities are concentrated around 0.4 Hz for the vehicle speeds of 72 km/
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h, 90 km/h and 108 km/h (Fig. 22e). RMS values are higher than those
for the crosswind speed of 65 km/h (Fig. 22¢). RMS value is around 20°
at 108 km/h (Fig. 22f).

4.3. Risk of vehicle roll-over

Passing by the tower under the crosswind might cause vehicle-driver
responses leading to hazardous situation such as a vehicle roll-over. The
aim of this subsection is to investigate risk of vehicle roll-over consid-
ering load transfer ratio (LTR) values [18].

Fig. 23a-f presents vertical tyre forces (VTFs) for the tractor and the
semitrailer units as a function of time and velocities for the crosswind
speed of 65 km/h. It could be seen that vertical force on the tractor
windward rear wheel decreases with velocity, but the values are above
zero. Similarly, vertical force on the semitrailer windward wheel de-
creases with velocity and stays above zero. No risk of TS rollover is
confirmed with the LTR values (Fig. 22g). Tractor rear axle has the
highest LTR values of 0.5 at velocities of 54 km/h and 72 km/h
(Fig. 22g). RMS values of LTR increase with the vehicle velocity for each
axle and both units (Fig. 22h).
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Fig. 24a—f shows VTFs for the tractor and the semitrailer units as a
function of time and velocities for the crosswind speed of 100 km/h.
Vertical forces on the windward wheels for both units decrease with
velocity and are greater than zero. Tractor rear axle has the highest LTR
values of 0.6 at velocities of 54 km/h and 72 km/h (Fig. 24g).

4.3.1. Assessment of TS sideslip

Intensive lateral tyre forces due to driver’s response might exceed
maximum allowable lateral friction forces. The aim of this subsection is
to investigate risk of TS sideslip by Lateral Sideslip Limit (LSL) param-
eter [18].

The risk of TS sideslip could be investigated considering LSL
parameter for the vehicle axles and for the whole vehicle [24,25]. LSL
parameter for the vehicle axle is given by Eq. (13)

LSLi=min[Fye* — Fy| =min[u-Z,; - F,|>0 a3)
where i=fa,ra,sa refer to front, rear and semitrailer axle; F;,"l“" are the

maximum values of the lateral tyre forces that could be achieved on the
axle, for a particular surface of the road; Z;; are the normal tyre forces on
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the axle; F,; are the lateral tire forces for vehicle axle; and p is coefficient 4.4. Comparison between different ways to model the TS
of the road friction. TS sideslips when the LSL value is lower than zero.

Minimum values of the LSL parameter for the tractor axle and both This section presents TS models responses considering different ways
units as function of vehicle velocity for the crosswind speeds of 65 km/h of coupling in the FW. The differences between TS models responses (e.
and 100 km/h is shown in Fig. 25. LSL values decrease with vehicle g. maximum absolute LTR value, position of outermost body points)
velocity for both crosswind speeds. The tractor rear axle has the lowest explains the importance of appropriate mathematical modelling of TS
LSL values for the crosswind speed of 65 km/h (Fig. 25a) whereas the vehicle.
semitrailer axle for the crosswind speed of 100 km/h (Fig. 25b). TS does
not sideslip since LSL values are higher than zero for dry/wet road 4.4.1. Responses of TS model coupled in roll
surface (road friction coefficient of 0.7 peak value). The main aim of this subsection is to investigate roll-over risk for TS

model which is roll moment free in the FW considering vertical tyre
forces and LTR values.
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Fig. 26 presents TS model responses (roll and articulation angles) for
the crosswind speed of 65 km/h. Body roll angles for both units are
similar values for the TS model with the roll-stiffness of kz,=5000 kN/
rad in the FW (Fig. 26a and b). For instance, steady state roll angle value
for both units is close to —2° for the vehicle velocity of 108 km/h.
Further, two peak values occur due to the driver’s HSA input when the
vehicle passing by the tower. For example, the first peak value of +1°
and the second peak value of around —3° at velocities of 54 km/h and
72 km/h (Fig. 26a and b). When roll-stiffness is not considered (kz,=0
kN/rad), two TS units roll independently. It could be noticed that roll
angles for the tractor unit are lower values than those for the semitrailer
unit (Fig. 26d and e). Also, the tractor body roll angles are smaller values
compared to those from TS model coupled in roll (Fig. 26a and d). It is
opposite for the semitrailer unit (Fig. 26b and e).

Roll-stiffness does not have significant influence on the differences in
the articulation angle values (Fig. 26c¢ and f). For example, for both TS
models articulation angle amplitudes are +£2° at 108 km/h (Fig. 26¢-f).

Fig. 27 presents VTFs for the TS model without roll-stiffness in FW for
the crosswind speed of 65 km/h. Load transfer from the tractor wind-
ward to leeward wheels is less pronounced especially at lower vehicle
velocities (Fig. 27a) in comparison with TS model with roll-stiffness
(Fig. 24a). For the semitrailer unit, load transfer from the windward
to leeward wheel is more pronounced at the lower vehicle velocities (at
36 km/h and 54 km/h). At these speeds VTFs on the semitrailer wind-
ward wheel is close to zero indicating roll over risk for this unit (Fig. 27b
and d). LTR values are higher than 0.9 at the vehicle velocities of 36 km/
h and 54 km/h (Fig. 27g). These characteristic changes in the VTFs could
be explained considering the roll eigenfrequency of the vehicle in
combination with the passing time behind the tower.

4.4.2. Responses of TS model rigidly coupled in roll and yaw

The aim of this subsection is to investigate position of the outermost
points within the traffic lane for TS model rigidly coupled in the FW.
Fig. 28a shows the outermost points of one rigid body TS model. Fig. 28b
shows their position within the traffic lane.

Fig. 29a—e presents outermost body points position within the traffic
lane for one rigid body TS model for different vehicle velocities and the
crosswind speed of 65 km/h. Vehicle stays in the traffic lane for every
velocity unlike TS model with articulation angle considered (Fig. 20).

17

Fig. 29f shows maximum of absolute LTR value. Vehicle second axle has
the highest LTR value, but these values are below 0.9. For example, LTR
value is close to 0.7 for vehicle speed of 108 km/h (Fig. 29f). LTR value
for the whole vehicle is increasing with the vehicle speed (Fig. 29f). The
same conclusion has been confirmed in Ref. [2]. LTR value for the whole
vehicle is lower than 0.9 (Fig. 29f), and the same has been confirmed in
Ref. [2].

5. Conclusions

As stated main objective, safe velocities for a heavy articulated
vehicle when passing by Bjgrnafjorden floating bridge tower under the
influence of different constant crosswind speeds (65 km/h and 100 km/
h) were recommended. The recommendation is based on the TS model
with FW coupling in roll and free in yaw. Furthermore, important re-
sponses from TS models that are roll moment free and rigidly coupled
have been analysed to investigate the influence of different ways of FW
modelling on safe speed assessments. Analysis reveals importance of
appropriate mathematical modelling of an articulated vehicle when
passing bridge tower.

The main conclusions from this research are as follows:

e Path deviation of the tractor and the semitrailer units increase with
vehicle speed and with the crosswind speeds. Path deviation for the
semitrailer unit is larger than for the tractor unit for the vehicle
velocities up to 90 km/h for both crosswind speeds.

e Tractor unit leaves the traffic lane at higher vehicle velocity and

higher crosswind speed after passing the bridge tower. Semitrailer

unit leaves the traffic lane at lower vehicle velocity and higher
crosswind speed after passing the bridge tower.

Tractor rear axle has the highest LTR values at velocities of 54 km/h

and 72 km/h for both crosswind speeds. Those LTR values are below

threshold of 0.9 meaning that no rollover risk happens when TS
passing by the tower.

Absolute steady state HSA value increases with vehicle velocity for

both crosswind speeds. Absolute steady state HSA are higher values

for the crosswind speed of 100 km/h than for the crosswind speed of

65 km/h.
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e HSA changes considerably when the vehicle passing by the bridge
tower to compensate for lateral path deviation. Firstly, high HSA
value appears to resist the wind shielding effects of the tower. Sec-
ondly, high HSA value appears when the vehicle leaves the tower to
compensate for excessive lateral displacement since of sudden side
wind force.

LSL values are greater than zero for every vehicle velocity meaning
that there is no risk of TS sideslip for dry/wet road surface (road
friction coefficient of 0.7 peak value).

TS safe velocity decreases with the crosswind speed. TS can safely
pass by the tower at and below velocity of 72 km/h and at velocity of
36 km/h for the crosswind speeds of 65 km/h and 100 km/h,
respectively.

Roll-stiffness in the FW has a significant influence on load transfer
from windward to leeward wheels, and apparently assessment of TS
safe speed. For TS model free in roll, roll-over risk is noticeable at
lower vehicle velocities (at 36 km/h and 54 km/h). At these veloc-
ities LTR values are higher than threshold of 0.9.

Unlike TS model coupled in roll, TS model rigidly coupled stays in
the traffic lane for every considered vehicle velocity under the
crosswind speed of 65 km/h. Rigid connection in the FW un-
derestimates TS safe speed assessments when vehicle passing by the
bridge tower.

The Bjgrnafjorden floating bridge is part of the E39 coastal highway
route road project in Norway and is currently in its design phase.
Therefore, experimental investigation of the vehicle’s behaviour when
passing bridge tower and verification of the validity of the vehicle
models are planned for future work.

Appendix

Table 1
TS parameters (applied for 9 DOF and 7 DOF TS models).
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Geometric parameters of the tractor unit and semitrailer unit

Wheelbase of the tractor, L, [m] 5.95
Distance from the tractor CoG to its front axle, Iy [m] 3.00
Distance from the tractor CoG to its rear axle, L [m] 2.95
Distance from the tractor front axle CoG to the front right/left wheel, by [m] 1.00
Distance from the tractor rear axle CoG to the rear right/left wheel, b, [m] 1.00
Distance from the ground to the tractor CoG, hcog,: [m] 1.16
Distance from the tractor FW to the tractor CoG, a [m] 2.75
Distance from the ground to the tractor roll-centre, hgrc, [m] 0.6306
Height of the tractor front axle roll-centre, hr¢fa. [m] 0.6306
Height of the tractor rear axle roll-centre, hgcrq, [m] 0.6306
Distance from the tractor CoG to the roll-centre of the front axle, Ahy [m] 0.5294
Distance from the CoG to the roll-centre of the rear axle, Ahg [m] 0.5294
Distance from suspension elements on the tractor front axle to the front axle CoG, e,; [m] 0.70
Distance from suspension elements on the tractor rear axle to the rear axle CoG, e,z [m] 0.80
Wheelbase of the semitrailer, L; [m] 11.08
Distance from the semitrailer CoG to the fifth-wheel, L;; [m] 9.18
Distance from the semitrailer CoG to its axis, I,z [m] 1.19
Distance from the semitrailer right/left wheel to its axle CoG, bs [m] 1.00
Height of the semitrailer CoG, hcog,s. [m] 1.724
Distance from the ground to the semitrailer axle roll-centre, hgcsq, [m] 0.6306
Distance from the semitrailer CoG to the roll-centre for its axle, Ahg [m] 1.0934
Height of the semitrailer roll-centre, hgcs [m] 1.0765
Distance from suspension elements on the semitrailer axle to its CoG, e,s [m] 0.80
Length of the tractor-semitrailer combination, Lts [m] 20.51
Width of the tractor-semitrailer combination, Wy, Wg [m] 2.55
Front overhang, fon 1.50
Rear overhang, rop s 2.80
Distance from the vehicle first axle to its second axle (the one rigid body model), I; [m] 5.95
Distance from the vehicle second axle to its CoG (the one rigid body model), Iz [m] 2.74
Distance from the vehicle third axle to its CoG (the one rigid body model), I3 [m] 8.09
Distance from the vehicle CoG to the ground (the one rigid body model), h¢og [m] 1.4292
Height of the vehicle roll-centre (the one rigid body model), hgc [m] 0.6306
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Table 1 (continued)

Geometric parameters of the tractor unit and semitrailer unit

Distance from the vehicle CoG to the roll-centres of the axles (the one rigid body model), Ahy,s) [m] 0.7986
Mass parameters of the tractorunit and semitrailer unit
Sprung mass of the tractor, mgn, [kg] 8739
Mass of the tractor front axle, my, [kgl 746
Mass of the tractor rear axle, myq [kgl 1355
Moment of inertia about its x-axis of the tractor sprung mass, J;x [kgmz] 15000
Moment of inertia about its x-axis of the tractor front axle, J, x [kgm?] 315
Moment of inertia about its x-axis of the tractor rear axle, Jyqx [kgmz] 657
Moment of inertia about its z-axis of the tractor, J;, [kgmz] 21500
Empty semitrailer sprung mass, mgys [kgl 8100
Equivalent semitrailer axle mass, my, [kg] 1800
Moment of inertia about its x-axis of semitrailer sprung mass, Js x [kgm?] 85500
Equivalent semitrailer axle moment of inertia relative to its xsg-axis, Jyq x [kgmz] 750
Semitrailer moment of inertia about its z-axis, J [kgm?] 151000
Vehicle sprung mass (the one rigid body model), mgy, [kg] 16839
Vehicle first axle mass (the one rigid body model), my, [kg] 746
Vehicle second axle mass (the one rigid body model), my, [kg] 1355
Vehicle third axle mass (the one rigid body model), my, [kg] 1800
Vehicle sprung mass moment of inertia about its x-axis (the one rigid body model), J, [kgm?] 100500
Vehicle sprung mass moment of inertia about its z-axis (the one rigid body model), J, [kgm?] 187370
Oscillatory parameters of the tractor unit and semitrailer unit
Stiffness of the air spring - tractor front axle, ks, ks [N/m] 175000
Damping of the single shock-absorber - tractor front axle, cq s [Ns/m] 20000
Damping of the equivalent shock-absorber on the left/right side - tractor front axle, cqp, ¢4 [Ns/m] 40000
Stiffness of the single air spring - tractor rear axle, ks, [N/m] 200000
Stiffness of the equivalent air spring on the left/right side - tractor rear axle, kg1, ks [N/m] 400000
Damping of the single shock-absorber - tractor rear axle, ¢4, [Ns/m] 22500
Damping of the equivalent shock-absorber on the left/right side - tractor rear axle, cgn, ¢4 [Ns/m] 45000
Stiffness of the single tire radial on the left/right side - tractor front axle, ktﬂ: ktf, [N/m] 1000000
Stiffness of the equivalent tire radial on the left/right side - tractor rear axle, kg, kgr [N/m] 4000000
Stiffness of the single air spring - semitrailer axle, k; s, [N/m] 200000
Stiffness of the equivalent air spring on the left/right side - semitrailer axle, ks, kg [N/m] 400000
Damping of the single shock-absorber - semitrailer axle, ¢4 s, [Ns/m] 22500
Damping of the equivalent shock-absorber on the left/right side - semitrailer axle, cg, c4- [Ns/m] 45000
Stiffness of the single tire radial on the left/right side - semitrailer axle, k(ﬂ, ktf, [N/m] 1000000
Stiffness of the equivalent tire radial on the left/right side - semitrailer axle, ke, ki [N/m] 6000000
Torsional stiffness of the anti-roll bar - tractor front axle, kqrb,fe [Nm/rad] 120000
Torsional stiffness of the anti-roll bar - tractor rear axle, kqrp,r, [Nm/rad] 120000
Torsional stiffness of the anti-roll bar - semitrailer axle, kg sq [Nm/rad] 120000
Spring of the rotational stiffness in FW (modified TS model), ks, [Nm/rad] 500000
Table 2

Abbreviations, notations and other parameters.

Abbreviations

Tractor-semitrailer (TS)

Fifth-wheel (FW)

Computational Fluid Dynamics (CFD)
Degrees of Freedom (DOF)

Centre of Gravity (CoG)

Notations

Vehicle fixed coordinate systems - ISO 8855
Reference coordinate systems for CFD simulations - ISO 4130
Other parameters

Handwheel steer angle (HSA)

Root mean square (RMS)

Power Spectral Density (PSD)

Load transfer ratio (LTR)

Vertical tyre forces (VTFs)

Lateral Sideslip Limit (LSL)
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