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A B S T R A C T   

The reconstructed route E39 along the west coast of Norway will provide efficient local and regional trans
portation for people and goods. Efficient transportation implies safety measures exist, e.g., driving speed limits 
for adverse weather condition. This is especially important for structures in open areas, such as long-span 
bridges. This paper investigates the path tracking ability and lateral stability of two vehicle types – a tractor- 
semitrailer (TS) and a sport utility vehicle (SUV) – on the Bjørnafjorden floating bridge considering a 1-year 
storm condition. At a speed of 108 km/h, the TS experiences a roll-over risk, and at a speed of 90 km/h, it 
frequently leaves the traffic lane. At the highest speed, the SUV wheels do not lose contact with the bridge deck, 
but the vehicle does leave the traffic lane. This implies that a TS driver requires more vehicle handling effort over 
the floating bridge than an SUV driver. Results suggest that a TS can safely enter the bridge at a low speed (36 
km/h) and then accelerate to 72 km/h after travelling 2 km. An SUV entering at a speed of 90 km/h and 
accelerating to 108 km/h after travelling 0.5 km was found to be safe.   

1. Introduction 

Coastal highway route E39, the largest transportation project in 
Norway, will provide considerable benefits for society regionally and 
nationally, such as more efficient transport, improvement of road stan
dards and traffic safety. The new E39 route will reduce the travel time 
from the southern to the northern part of the country (from Kristiansand 
to Trondheim) by 11 h. Different types of structures, such as floating 
bridges, suspension bridges, submerged floating tunnels, and subsea 
road tunnels, will replace existing ferries on the route. A reduction in 
travel time will improve the conditions for freight transport and lower 
driving costs (e.g., fuel/oil consumption, vehicle repairs and mainte
nance). In addition, other expenses, such as driver/assistant wages, 
vehicle administration and garaging, will also be reduced (Vegvesen, 
2017, 2021). The new road will also improve the conditions for pas
senger transport, e.g., the time cost for leisure trips and home-to-work 
trips will be lower. 

Efficient transportation of people/goods on the route implies the 

existence of safety measures suitable for hazardous driving conditions. 
This is especially important for structures exposed to severe wind and 
waves during inclement weather, such as long-span bridges. In the past, 
safety measures on bridges under windy conditions were usually 
established on subjective experiences (Chen and Cai, 2004), without 
conclusions from proper numerical investigations. 

Ride comfort and driving safety for two vehicle types (light truck and 
sedan car) running on the coastal slender cable-stayed bridge subjected 
to wind and wave loads were investigating in (Zhu, J. et al., 2018). 
Analysis was done numerically using 13 degrees of freedom (DOFs) 
vehicle models. Investigation indicated that the effects of wave on the 
overall vibration total values, the roll safety criteria and the sideslip 
safety criteria were much less than those from the wind. Driving safety 
and comfort for high-sided vehicle (truck of 11 DOFs) in a slender arch 
bridge under turbulent wind were investigated in (Nguyen, K. et al., 
2017). The results showed that bridge vibration was significantly 
affected by the crosswind in terms of peak acceleration and frequency 
content. The crosswind had more effect on the ride comfort of the 
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vehicle in the lateral direction and on its safety in terms of overturning 
accidents. Safety analysis of high-sided road vehicle (large truck of 19 
DOFs) running on a long span cable-stayed bridge under a sharp-edged 
crosswind gust while the bridge was oscillating under fluctuating winds 
had been investigating in (Guo and Xu, 2006). Analysis showed that the 
oscillation of the cable-stayed bridge would lower the accident vehicle 
speed when wind speed reached a certain level. 

Floating bridges have been considered a crossing solution over the 
Bjørnafjorden floating bridge (Fig. 1). The effects of floating bridge 
vertical motion on a bus driver’s ride comfort and road grip were ana
lysed (Sekulic, D. 2018; Sekulic et al., 2020a,b) for different speeds 
based on numerical simulations and a driving simulator. The influence 
of vertical vibration was found to be mainly relevant at low frequency, i. 
e., motion sickness. The contact between the wheel and floating bridge 
deck was assessed by the dynamic load coefficient. The values were 
found to be within the range of the values for heavy vehicle exploitation 
on stationary roads in good condition. The results from driving simu
lator tests for a bus and a passenger car confirmed greater difficulty in 
staying within the traffic lane under bridge motion and aerodynamic 
loads, unlike driving on a (non)-moving road without aerodynamic 
loads (Gustafsson et al., 2019). The lateral stability of an intercity bus 
model under floating bridge motion excitations and wind has been 
recently investigated (Sekulic, 2018). Simulation results revealed that 
the vehicle deviation from the path increases with increasing bus speed. 
Roll-over risk was confirmed at a bus speed of 108 km/h since the 
windward rear wheels lost contact with the moving bridge deck. 

The influence of floating bridge motion together with aerodynamic 
loads on the lateral stability of multiunit heavy vehicles and SUVs is an 
area that has not been investigated enough. The lateral dynamics 
behaviour of multi-unit heavy vehicles becomes complex since the 
aerodynamic loads must be considered separately to account for the 
articulation angle effects. 

The first aim of this paper is to define vehicle dynamics models 
suitable for the investigation of bridge-vehicle-driver-wind interactions 
using two vehicle types, a tractor-semitrailer (TS) and a sport utility 
vehicle (SUV). The second aim is to analyse vehicle path tracking ability, 
vehicle stability and driver load for a 1-year storm driving condition 
over a floating bridge. Based on the results, the study suggests appro
priate vehicle speeds for safe crossing over the Bjørnafjorden floating 
bridge. MATLAB/Simulink software was used for vehicle modelling and 
numerical simulation. 

2. Vehicle models 

When defining the TS model, a Lagrangian method was used. This 
method is convenient when modelling complex vehicle systems with 
more units. Unlike Newton’s method, a Lagrangian formulation does not 
introduce reaction forces at the coupling point (fifth wheel), and the 

number of equation terms is correspondingly fewer. In the case of the 
SUV model, Newton’s second law and D’Alembert’s principle were used 
for the definition of the differential equations of motion (EOMs). 

2.1. Tractor semitrailer model definition 

For vehicle path-tracking ability and stability investigation, a three- 
rigid-axle TS model with 9 degrees of freedom (DOFs) was defined. The 
in-road-plane DOFs are the longitudinal motion, lateral motion, yaw 
motion of the tractor (X, Y, ψ1) and articulation angle (Ɵ) (Fig. 2). The 
out-of-road-plane DOFs include the roll motions of the tractor unsprung 
mass, semitrailer unsprung mass, tractor front and rear axles, and 
semitrailer axle (φ1, φ2, φfa, φra, and φsa) (Fig. 3). The notations in Fig. 3 
and the vehicle parameters and their values are provided in the Ap
pendix (Table 1, Table 3). These values were obtained from the available 
literature (Jacobson, 2020; Yang et al., 2015; MSC. Software, 2013; 
Sekulic et al., 2013; Lin et al., 1996; Jeyed and Ali Ghaffari, 2019) and 
are typical for this type of vehicle. 

It was considered that the suspension system at the tractor front axle 
contains two air springs (an air spring on the left side – ksfl; an air spring 
on the right side – ksfr), four shock absorbers (two shock absorbers on the 
left side – cdfl = 2 cd,fa; two shock absorbers on the right side – cdfr = 2 cd, 

fa) and an anti-roll bar (karb,fa). Air spring stiffness (ksfl, ksfr) values, single 
shock-absorber damping (cd,fa) value, equivalent shock-absorber 
damping (cdfl, cdfr) values and an anti-roll bar torsional stiffness (karb, 

fa) value are presented in the Appendix (Table 1). The suspension system 
at the tractor rear axle includes four air springs (two air springs on the 
left side – ksrl = 2⋅ks,ra; two air springs on the right side – ksrr = 2⋅ks,ra), 
four shock absorbers (two shock absorbers on the left side – cdrl = 2 cd,ra; 
two shock absorbers on the right side – cdrr = 2 cd,ra) and an anti-roll bar 
(karb,ra). Single air spring stiffness (ks,ra) value, equivalent air spring 
stiffness (ksrl, ksrr) values, single shock-absorber damping (cd,ra) value, 
equivalent shock-absorber damping (cdrl, cdrr) values and an anti-roll bar 
torsional stiffness (karb,ra) value are presented in the Appendix (Table 1). 
The suspension system at the semitrailer axles contains four air springs 
(two air springs on the left side – ksl = 2⋅ks,sa; two air springs on the right 
side – ksr = 2⋅ks,sa), four shock absorbers (two shock absorbers on the left 
side – cdl = 2 cd,sa; two shock absorbers on the right side – cdr = 2 cd,sa) 
and an anti-roll bar (karb,sa). Single air spring stiffness (ks,sa) value, 
equivalent air spring stiffness (ksl, ksr) values, single shock-absorber 
damping (cd,sa) value, equivalent shock-absorber damping (cdl, cdr) 
values and an anti-roll bar torsional stiffness (karb,sa) value are presented 
in the Appendix (Table 1). 

The tractor has two steering wheels on the front axle and two dual- 
wheels on the rear axle (Fig. 13). The semitrailer has three rigid axles 
with two dual-wheels on each axle (Fig. 13). These suspension system 
elements and wheel configurations are standard for a TS (Jacobson, 
2020). Radial damping for heavy vehicle tires is small (Nguyen and Le, 

Fig. 1. Bjørnafjorden floating bridge (straight concept solution).  
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Fig. 2. Vehicle in-plane motion, view from above.  

Fig. 3. Vehicle out-of-plane motion and vehicle parameters.  
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2019; Liu et al., 2001; Gillespie, 1992) and not considered. In the 
analysis, a TS without loads is considered, as this configuration would 
have the lowest mass and hence be maximally sensitive to wind loads. 

The following limitations and assumptions have been considered:  

• The vehicle moves at a constant forward speed (traction and braking 
compensate for driving resistance);  

• The pitch motion of the tractor/semitrailer units is not considered 
since the vertical bridge displacement has very long wavelengths 
(Sekulic, 2018);  

• The vertical motion of the tractor/semitrailer units is not considered 
because of the low excitation frequencies from the bridge deck 
(Sekulic et al., 2020a,b);  

• The tractor/semitrailer units are symmetrical relative to their centres 
of gravity (CoGs) along the longitudinal axis (x-axis);  

• All springs and damper elements have linear characteristics;  
• The tractor/semitrailer bodies and axles are rigid;  
• One equivalent axle is considered for the semitrailer unit (this unit 

has three axles, as shown in Fig. 13);  
• Axles can roll with respect to the sprung body to which they are 

attached;  
• The CoG of the tractor/semitrailer sprung mass coincides with the 

CoG of the whole tractor/semitrailer units since the mass of the 
tractor/semitrailer body is considerably higher than the masses of 
their axles; 

• The effect of vehicle motion on the bridge is considered nonsignifi
cant since the mass of the floating bridge is much higher than the 
mass of the considered vehicle (Sekulic, 2018; Siringoringo and 
Fujino, 2012);  

• Roll centres (RCs) for the axles coincide with their CoGs;  
• Wind drag force acts only on the tractor unit in the local x1-direction 

(Fxwind,1);  
• The articulation joint (TS fifth wheel) has no friction in yaw and is 

free of a roll moment; 

2.1.1. Lagrangian equations for the system 
When formulating nonlinear differential equations of motions, a 

Lagrangian formulation was used (Eq. (1)). 

d
dt

∂T
∂q̇i

−
∂T
∂qi

+
∂V
∂qi

+
∂D
∂qi

= Qi, i = 1,…, n; (1)  

where T is the kinetic energy of the system; V is the potential energy of 

the system; D is the dissipative energy of the system; qi are generalized 
coordinates; q̇i are generalized velocities; Qi are generalized forces; and n 
is the total number of generalized coordinates. 

The number of generalized coordinates of the system is equal to the 
number of aforementioned DOFs, and these are 

q=
[
X1; Y1; ψ1; θ; φ1; φ2; φfa; φra; φsa

]
(2) 

In vehicle dynamics, variables and equations are often expressed in 
the fixed (local) coordinate system of the vehicle. Some reasons for this 
are the large values of the vehicle yaw angle (Pacejka, 2012), easier 
derivation of the tire forces (Ghandriz et al., 2020), etc. When consid
ering the local coordinate system of the first unit (tractor), modified 
equations with new generalized variables (longitudinal velocity, lateral 
velocity and yaw rate of the tractor (u, v, ω1; Fig. 4)) should be 
considered. The form of modified the Lagrangian equations can be found 
in (Pacejka, 2012). For the generalized coordinates (Ɵ, φ1, φ2, φfa, φra, 
φsa), the classical Lagrangian formulation remains, Eq. (1). 

2.1.2. Determination of the energies for the system 

2.1.2.1. Kinetic energy. The kinetic energy of the system contains the 
kinetic energies of the rigid bodies due to in-plane and out-of-plane 
motion. Before determination of the kinetic energy, the longitudinal/ 
lateral velocities of the vehicle rigid bodies CoGs need to be defined 
(Points 1–7, Fig. 4). Velocities are expressed as a function of appropriate 
generalized velocities and vehicle geometric parameters and given in 
their final forms by Eqs. 3–11  

• Point 1, (CoG of the tractor front axle), 

u1 = u
v1 = v + lftω1

(3)    

• Point 2, (CoG of the tractor unit), 

u2 = u
v2 = v (4)    

• Point 3, (CoG of the tractor rear axle), 

u3 = u
v3 = v − lrtω1

(5)   

Fig. 4. The velocities of the vehicle rigid body CoGs.  
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• Point 4, (CoG of the semitrailer unit), 

u4 = (u + ls1(θ̇ − ω1)sinθ)cosθ − (v − aω1 + ls1(θ̇ − ω1)cosθ)sinθ
v4 = (u + ls1(θ̇ − ω1)sinθ)sinθ + (v − aω1 + ls1(θ̇ − ω1)cosθ)cosθ

(6)    

• Point 5, (CoG of the semitrailer axle), 

u5 = u4
v5 = v4 − (ω1 − θ̇)ls2

(7)    

• Point 6, (CoG of the tractor sprung mass), 

u6 = u + hsm,tω1sinφ1
v6 = v − hsm,t φ̇1cosφ1

(8)    

• Point 7, (CoG of the semitrailer sprung mass), 

u7 = u7′ cosθ − v7′ sinθ
v7 = u7′ sinθ + v7′cosθ

(9)  

u7′

= u4′

− hsm,sφ̇2cosφ2sinθ − hsm,ssinφ2cosθ(θ̇ − ω1)

v7 = v4′

− hsm,sφ̇2cosφ2cosθ + hsm,ssinφ2sinθ(θ̇ − ω1)
(10)  

u4′

= u + ls1(θ̇ − ω1)sinθ
v4′

= v − aω1 + ls1(θ̇ − ω1)cosθ
(11) 

After defining the velocities, the kinetic energy could be determined, 
such as 

T =Tin− plane + Tout− of − plane (12)  

T =
1
2
Jtψ̇2

1 +
1
2
Js(θ̇ − ω1)

2
+

1
2

mfa
(
u12 + v12)+

1
2
mra
(
u32 + v32)

+
1
2
msa
(
u52 + v52)+

1
2

msm,t
(
u62 + v62)+

1
2
msm,s

(
u72 + v72)

+
1
2
Jfaφ̇2

fa +
1
2
Jraφ̇2

ra +
1
2
Jsaφ̇2

sa +
1
2
Jsm,t φ̇2

1 +
1
2
Jsm,sφ̇2

2

(13)  

2.1.2.2. Potential energy. The potential energy of the system comes 
from spring deformation (air springs in the suspension system and tires), 
anti-roll bar deformation and height changes of the sprung mass CoGs 
due to roll motion. 

Considering Fig. 5, the potential energy takes the form shown in Eqs. 
14 and 15 

V =
1
2
ksfl(zB − zB′ )

2
+

1
2
ksfr(zA − zA′ )

2
+

1
2
ktfl
(
zD − ζtfl

)2
+

1
2

ktfr
(
zC − ζtfr

)2

+
1
2

ksrl(zF − zF′ )
2
+

1
2
ksrr(zE − zE′ )

2
+

1
2
ktrl(zH − ζtrl)

2

+
1
2

ktrr(zG − ζtrr)
2
+

1
2

ksl(zJ − zJ′ )
2
+

1
2

ksr(zI − zI′ )
2

+
1
2

ktsl(zL − ζtsl)
2
+

1
2
ktsr(zK − ζtsr)

2
+ Varb(fa;ra;sa) + VΔhsm(t;s)

(14)  

V =
1
2
ksfl2e2

u1

(
φ1 − φfa

)2
+

1
2

ksrl2e2
u2(φ1 − φra)

2
+

1
2

ksl2e2
us(φ2 − φsa)

2

+
1
2

ktfl

((
ζfa + bf φfa − ζtfl

)2
+
(
ζfa − bf φfa − ζtfr

)2
)

+
1
2

ktrl
(
(ζra + brφra − ζtrl)

2
+ (ζra − brφra − ζtrr)

2)

+
1
2

ktsl
(
(ζsa + bsφsa − ζtsl)

2
+ (ζsa − bsφsa − ζtsr)

2)

+
1
2

karb,fa
(
φ1 − φfa

)2
+

1
2
karb,ra(φ1 − φra)

2

+
1
2

karb,sa(φ2 − φsa)
2
−

1
2
msm,tghsm,tφ1

2 −
1
2
msm,sghsm,sφ2

2

(15)  

2.1.2.3. Dissipative energy. The dissipative energy of the system origi
nates from dampers in the suspension system. Considering Fig. 5, this 
energy takes the form shown in Eqs. 16 and 17 

D=
1
2
cdfl(żB − ˙zB′ )

2
+

1
2
cdfr(żA − ˙zA′ )

2
+

1
2

cdrl(żF − ˙zF′ )
2
+

1
2
cdrr(żE − ˙zE′ )

2

+
1
2
cdl(żJ − ˙zJ′ )

2
+

1
2

cdr(żI − ˙zI′ )
2

(16)  

D=
1
2
cdfl2e2

u1

(
φ̇1 − φ̇fa

)2
+

1
2

cdrl2e2
u2(φ̇1 − φ̇ra)

2
+

1
2

cdl2e2
us(φ̇2 − φ̇sa)

2 (17)  

2.1.2.4. Definition of generalized forces. Generalized forces are given by 
Eq. (18) 

Qi =
∑k

j=1

(
∂ṙj

∂q̇i

)

⋅Fj; i = 1,…, 9; q̇ =
[
u; v; ψ̇1; θ̇; φ̇1; φ̇2; φ̇fa; φ̇ra; φ̇sa

]

(18)  

where Qi are generalized forces; ṙj are velocity vectors (given by Eqs. 
3–11) of the points where external forces act (Figs. 2 and 5); Fj are 
external tire and wind forces (Figs. 2 and 5). In addition to the wind 
forces, within the aerodynamic loads, wind moments act on the vehicle. 
External forces imply the wind moment components, whereas velocities 
imply appropriate angular rates when calculating generalized forces 
using Eq. (18). MATLAB code was written for the derivation of the 
Lagrangian equations. Simulink blocks (one block for each generalized 
coordinate) were used as the outputs from the code and used for the TS 
model definition. 

2.2. SUV model definition 

For the SUV, a vehicle dynamics model with 8 DOFs was defined. The 
in-road-plane DOFs are the lateral motion and yaw motion (y, ψ1) 
(Fig. 6a). The out-of-road-plane DOFs include the roll motion of the 
vehicle sprung mass, vertical motion of the vehicle body (sprung mass) 
and each wheel (unsprung masses) (φxs, z, zflw, zfrw, zfrw and zrrw) 
(Fig. 6b). The notations in Fig. 6 and the vehicle parameters and their 
values are presented in the Appendix (Table 2, Table 3). These values 
were obtained from the available literature (Jacobson, 2020; Brandt 
et al., 2021; Shyrokau et al., 2013; Zhang et al., 2019) and are typical 
values for this type of vehicle. The SUV is equipped with an independent Fig. 5. Roll-dynamics of the tractor.  
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suspension system and includes one spring and one shock absorber at 
each wheel. The suspension system also contains an anti-roll bar at the 
vehicle front and rear part. 

When forming EOMs, all assumptions for the bus model (Sekulic, 
2018) applied to the SUV, except those for rigid axles. The SUV has an 
independent suspension system, and unsprung masses (wheels) are 
considered point masses (Fig. 6b). 

2.2.1. In-road plane motion 
The lateral equilibrium for the vehicle is defined by Eq. (19), and the 

vehicle yaw equilibrium around the z-axis (Fig. 6a) is given by Eq. (20). 
These equations are the same form as Eqs. (1) and (2) presented in 
(Sekulic, 2018). The notations in the equations can be found in Table 3 
in the Appendix. 

m
(
v̇y + vxωz

)
=Fyflcosδ+Fyfrcosδ+Fyrl +Fyrr + Fywind,v (19)  

Jzωż =
(
Fyfl − Fyfr

)
sinδbf +

(
Fyfl +Fyfr

)
cosδlf −

(
Fyrl +Fyrr

)
lr + Mwind yaw,v

(20)  

2.2.2. Out-of-road plane motion 
Free-body diagrams (FBDs) for the SUV sprung mass and unsprung 

masses are presented in Fig. 7. Active and fictive forces in the vertical 
direction are also presented in Fig. 7. 

The vertical motion of the vehicle sprung mass is given by (Eq. (21)). 
Here, we presented the equation in its final form, and the procedure of 
its derivation can be found in (Sekulic, 2018). 

msz̈= −
(
csfr + csfl + csrr + csrl

)
z −̇
(
ksfr + ksfl + ksrr + ksrl

)
z+ csfr żA′ + ksfrzA′

+ csfl żB′ + ksflzB′ + csrr żC′ + ksrrzC′ + csrl żD′ + ksrlzD′ + Fzwind,v

(21) 

Unlike the rigid axle with the roll-motion DOF used in the bus model 
(Sekulic, 2018), the SUV has an independent suspension system. 

Fig. 6. SUV a) in-plane motion, view from above; b) out-of-plane motion.  

Fig. 7. FBDs of the vertical motion of a) the vehicle body; b) the rear left and right wheel.  
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Considering the FBD (Fig. 7b), EOMs for the front left/right wheels in 
their final forms are presented by Eqs. 22 and 23. The EOMs for the rear 
left/right wheels take the same form as for the front wheels but with 
different notions. 

mtz̈B′ = −
(
csfl + ctfl

)
żB′ −

(
ksfl + ktfl

)
zB′ + csflż+ ksflz+ csflbf φ̇xs + ksflbf φxs

+ ctflζ̇fl + ktflζfl + karb,f
1

2bf

(

φxs −
zB′ − zA′

2bf

)

(22)  

mtz̈A′ = −
(
csfr + ctfr

)
żA′ −

(
ksfr + ktfr

)
zA′ + csfr ż+ ksfrz − csfrbf φ̇xs − ksfrbf φxs

+ ctfr ζ̇fr + ktfrζfr − karb,f
1

2bf

(

φxs −
zB′ − zA′

2bf

)

(23) 

The EOM for the sprung mass roll DOF is given by Eq. (24). The 
derivation of this equation can be found in (Sekulic, 2018) and is given 
here in its final form. 

Jsxωẋs =
(
msg − Fz wind,v

)
Δhsmφxs +msayΔhsm −

( (
2bf φxs + zA′ − zB′

)
ksfr

+
(
2bf φ̇xs + żA′ − żB′

)
csfr
)
2bf − ((2brφxs + zC′ − zD′ )ksrr +(2brφ̇xs

+ żC′ − żD′ )csrr)2br − karb,f

(

φxs −
zB′ − zA′

2bf

)

− karb,r

(

φxs −
zD′ − zC′

2br

)

+ Mwind roll,v

(24)  

2.3. Tire forces 

Brush tire model was used for the tire lateral force calculations in 
both vehicle models. The brush tire model depends on a few values, 
given by Eq. (25) 

Fy,w =

⎧
⎪⎪⎨

⎪⎪⎩

− sign
(
sy
)
⋅

(

Cy⋅
⃒
⃒sy
⃒
⃒ −

(
Cy⋅
⃒
⃒sy
⃒
⃒
)2

3⋅Zw⋅μ +

(
Cy⋅
⃒
⃒sy
⃒
⃒
)3

27⋅(Zw⋅μ)2

)

; if
⃒
⃒sy
⃒
⃒ <

3⋅Zw⋅μ
Cy

− sign
(
sy
)
⋅μ⋅Zw; else

(25)  

where Fy,w is the lateral tire force on each wheel; Cy is the cornering 
stiffness; Zw is the vertical tire force on each wheel; sy is the lateral tire 
slip for each wheel; and μ is the road friction coefficient (Table 3). 

Cornering stiffness is given by Eq. (26) 

Cy =Ccy⋅Zw (26)  

where Ccy is the cornering stiffness coefficient; The corresponding 
stiffness coefficient Ccy takes different values for passenger car and 
heavy vehicle tires. For a passenger car tire, this value is higher than that 
for a heavy vehicle tire (Table 3). When calculating vertical tire forces, 
the same procedure was used as in (Sekulic, 2018). 

The lateral tire slip for the wheels on the tractor front axle is given by 
Eq. (27) 

stf ,y =
Δvtf ,y

u1
=

v1 − vy br,fa

u1
− δ (27) 

Similarly, the lateral tire slip for the wheels on the tractor rear axle is 
given by Eq. (28) 

str,y =
Δvtr,y

u3
=

v3 − vy br,ra

u3
(28) 

The lateral tire slip for the wheels on the semitrailer axle is given by 
Eq. (29) 

ss,y =
Δvs,y

u5
=

v5 − vy br,sa

u5
(29)  

where Δvtf,y, Δvtr,y and Δvs,y are respectively the relative lateral veloc
ities between the tractor front tyres, tractor rear tyres, semitrailer tyres 

and bridge deck at the contact point; v1, v3 and v5 are respectively 
lateral velocities of the CoG of tractor front axle, tractor rear axle and 
semitrailer axle; u1, u3 and u5 are respectively longitudinal velocities of 
the CoG of tractor front axle, tractor rear axle and semitrailer axle; vy br, 

fa, vy br,ra and vy br,sa are respectively the lateral velocities of the bridge 
deck at the tyre contact point for the tractor front axle, tractor rear axle 
and semitrailer axle; and δ is the steering angle (same for the two front 
wheels). When calculating lateral tire slip for SUV model, the same 
procedure was used as for the TS model. 

For tire slip calculations, the lateral velocities of the bridge deck at 
the tire contact point were taken. Fig. 8 shows the bridge deck lateral 
velocities for the TS tire model inputs for a vehicle speed of 72 km/h. 
These signals differ slightly due to wheelbase distances and lateral 
motion of the bridge deck. For a vehicle speed of 72 km/h, the values of 
the lateral bridge velocity lie within ±0.2 m/s. 

Fig. 9b shows the power spectral density (PSD) of the lateral bridge 
velocities for the tractor front axle as a function of different vehicle 
speeds. Velocity intensities are mainly concentrated into two frequency 
ranges, from 0 to 0.1 Hz and 0.2–0.3 Hz. These characteristics are found 
to be similar for the bridge velocity signals for the tractor second axle 
and for the semitrailer axle. The presentation of these signals in the 
frequency domain is of importance in regard to the analysis of the 
handwheel steer angle (HSA) signals (section 6.2). 

2.4. Aerodynamic loads 

The aerodynamic coefficients for the TS were determined using 
Computational Fluid Dynamics (CFD) simulations. The simulation 
method used was verified experimentally at Chalmers model scale wind 
tunnel (Dineff, 2021). Several 3D printed generic tractor-trailer combi
nations were used to compare aerodynamic coefficients obtained in the 
tunnel and in the corresponding CFD simulations. The magnitudes of 
forces and trends with changing air angle of attack, especially in the 
main region of interest (0–45 deg) correlated well. An example of such a 
comparison for the side force coefficient is shown in Fig. 10. 

Fig. 11a–d shows the aerodynamic force/moment coefficients as a 
function of wind yaw angle for the tractor and semitrailer units. 
Fig. 11e–f presents the aerodynamic force/moment coefficients as a 
function of wind yaw angle for the SUV. For the semitrailer and the SUV, 
Fig. 11c–d, a sudden decline in the lift coefficient is observed at around 
40◦ wind yaw angle. At around this angle and above, the flow is no 
longer attached to the roof and creates a large, separated area, see 
Fig. 12 for the case of the semitrailer. This results in increased pressure 
on the roof and, consequently, decreased lift. This behaviour was also 
observed experimentally by (Dineff, 2021). 

The CFD simulations were performed using steady-state RANS 
approach, hence, only the averaged flow conditions were considered for 
each wind yaw angle investigated. Given a transient side wind signal 
and vehicle velocity, the instantaneous wind yaw and relative vehicle 
velocity could be calculated. This transient data was used to obtain the 
signal for magnitudes of aerodynamic forces and moments, imitating 
realistic flow conditions in presence of wind gusts, see Fig. 16 for an 
example. Although the bridge deck should have an influence on the 
aerodynamic loads, particularly the side force, it was not considered in 
the CFD simulations. This simplification was made to facilitate the 
computation of multiple configurations at different yaw angles. Addi
tionally, according to Wang and Hariharan (2021), it is expected that 
with the absence of the deck and wind barriers, the side forces on the 
vehicle will be larger, representing then a worst scenario input to the 
vehicle dynamics model as the wind will not be deflected by bridge 
structures which would provide partial shielding for the vehicle. 

The drag force coefficients for the semitrailer unit are lower than 
those for the tractor unit (Fig. 11a, c). The drag force coefficients for the 
semitrailer are close to zero since the semitrailer is completely shielded 
by the tractor unit (Fig. 13). 

Fig. 13 shows the TS model used in the CFD simulations with two ISO 
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4130 coordinate systems attached to two reference points (Ot, Os). The 
reference point for the tractor unit (Ot) was set up in the ground plane at 
the position where the line of the tractor front axle projection on the 
ground intersects the mid-track line of the unit. Similarly, the reference 
point for the semitrailer unit (Os) was set up in the ground plane at the 

position where the line of the semitrailer first axle projection on the 
ground intersects the mid-track line of the semitrailer unit. A sign 
convention of the aerodynamic coefficients for both units is denoted, 
where the arrows indicate positive directions. An ISO 8855 coordinate 
system was attached to each CoG unit. The RCs are also shown in the 
figure. 

Fig. 14 shows the SUV model used in the CFD simulations. The co
ordinate system (ISO 4130) is attached to reference point O and was set 
up in the ground plane at the mid-wheelbase and mid-track positions. 
The vehicle coordinate system (O3x3y3z3) attached to its CoG is also 
presented in the figure. 

Aerodynamic forces and moments acting on the tractor/semitrailer 
unit and SUV were calculated using Eqs. 30–35: 

Fxwind,i = sign
(
Vrel wind,i

)
⋅
1
2

ρV2
rel i⋅Ai⋅cD,i(βwi) (30)  

Fywind,i = sign
(
Vrel wind,i

)
⋅
1
2

ρV2
rel i⋅Ai⋅cS,i(βwi) (31)  

Fzwind,i =
1
2

ρV2
rel i⋅Ai⋅cL,i(βwi) (32)  

Mwind roll,i =( − 1) ⋅
1
2

ρV2
rel i ⋅ Ai ⋅ Li⋅

(

cR,i(βwi)+
hCoG,i − hRC,i

Li
⋅ cS,i(βwi)

)

(33)  

Fig. 8. Bridge lateral velocity for the tire model inputs for the TS axles as a function of time (vehicle speed of 72 km/h).  

Fig. 9. Bridge lateral velocity for the vehicle front axle as a function of a) distance; b) frequency.  

Fig. 10. Comparison between wind tunnel and CFD results for the aerodynamic 
side force coefficient obtained for simplified truck model. 
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Mwind pitch,i =( − 1) ⋅
1
2

ρV2
rel i ⋅ Ai ⋅ Li⋅

(

cP,i(βwi)+Rpitch i ⋅ cL,i(βwi)

−
hCoG,i

Li
⋅ cD,i(βwi)

) (34)  

where Rpitch 1 =
ltf
Lt
; Rpitch 2 = − ls2 − ls3

Ls
; Rpitch 3 = −

L
2− lf

L 

Mwind yaw,i =
1
2

ρV2
rel i ⋅ Ai ⋅ Li⋅

(
cY,i(βwi)+Ryaw i ⋅ cS,i(βwi)

)
(35)  

where. Ryaw 1 = −
ltf
Lt
; Ryaw 2 = ls2 − ls3

Ls
; Ryaw 3 =

L
2− lf

L 
In the aerodynamic equations, i = 1,2,3 refer to the tractor unit, 

semitrailer unit and SUV, respectively. Fxwind,i, Fywind,i and Fzwind,i are the 
wind forces acting on the vehicle CoGs along the xi-, yi- and zi-axes, 
respectively. Mwind roll,i, Mwind pitch,i and Mwind yaw,i are the wind moment 
components about the vehicle xi-, yi- and zi-axes, respectively. Vrel i is the 
relative wind velocity. Ai is a vehicle frontal area (where A1 = A2). Li is 
the vehicle reference length (for the TS L1 = L2 and is equal to the total 
length of the combination; for the SUV, the wheelbase length is used as 

L3). cD,i, cS,i, cL,i, cP,i, cY,I and cR,i are vehicle aerodynamic coefficients 
that are functions of the wind yaw (attack) angle βwi, and ρ is the air 
density. 

For the relative wind velocity and wind yaw angle calculation, the 
same procedure as in (Sekulic, 2018) was used. It transforms the wind 
velocity signals from the global (Earth) coordinate system (OXYZ) into 
the vehicle coordinate system (Oixiyizi; i = 1,2,3) (Fig. 15). 

Fig. 16 shows the wind side force for each vehicle as a function of 
distance and five vehicle speeds. The semitrailer unit is exposed to the 
highest magnitude wind side forces due to its high side area. High values 
of the wind side force could cause large displacement of this unit from 
the path and lead to leaving the traffic lane. 

Fig. 17 shows the wind rolling moment for the TS and SUV at five 
speeds as a function of distance. The semitrailer unit is exposed to the 
highest magnitude wind rolling moment. High values of the wind rolling 
moment, especially at high vehicle speeds, could cause a roll-over risk of 
this unit. 

Fig. 11. Aerodynamic coefficients as a function of the wind yaw angle for a) forces (tractor); b) moments (tractor); c) forces (semitrailer); d) moments (semitrailer); 
e) forces (SUV); f) moments (SUV). 

Fig. 12. Flow field comparison around the roof of a semitrailer at 35◦ (left) and 40◦ (right) of wind yaw angle.  

D. Sekulic et al.                                                                                                                                                                                                                                 



Journal of Wind Engineering & Industrial Aerodynamics 227 (2022) 105070

10

3. Bridge model 

Floating bridge was modelled as finite element model in Orcaflex 
software for dynamic analysis and Sofistik for static analyses (Vegvesen, 
2017). An overview of how the floating bridge is modelled numerically 
(Orcaflex model) is given in Fig. 18. 

The line elements used for describing the structural properties of the 
bridge applies finite segment theory, which yields similar results as 
using finite element beam theory for slender structures. The model 
considers geometric non-linear stiffness for each static position and each 
time step. For the mooring lines and stay-cables a different element is 
used, cables elements that have no stiffness in compression, bending or 
torsion. A master-slave connection is used between elements that are not 
directly connected. 

The south abutment is fixed to the bridge girder in all 6 DOFs, while 
at the north abutment the bridge is free to elongate and to rotate about 
vertical axis. At the tower the bridge girder has a fixed connection for 
rotation, vertical translation, and horizontal translation. A linear ma
terial model is used for all elements. 

The hydrodynamic loads and properties for the pontoons are given in 
the pontoon node at the water line. Hydrodynamic Morrison loads are 
defined for the mooring lines. Wind loads are applied for all objects 
above the water line, however for the pontoon only the static wind load 
is included. 

4. Vehicle model excitations 

Both vehicle models were excited with floating bridge vertical, 
lateral and roll motions as well as wind loads for 1-year storm condi
tions. The input data set is the same as those used for the bus model, and 
detailed information can be found in (Sekulic, 2018). 

4.1. Bridge vertical excitation 

Vertical excitations on the left and the right TS wheels are obtained 
by Eq. (36): 

Fig. 13. Coordinate systems (ISO 4130, ISO 8855) for the TS model.  

Fig. 14. Coordinate systems (ISO 4130, ISO 8855) for the SUV model.  
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ζw,i(vt)= zbr(vt)+ ζrr(vt)+ di ⋅ φbr(vt)= ζR(vt)
+ di⋅φbr(vt), (i= tfl, tfr, trl, trr, sl, sr)

(36)  

where zbr(vt) is bridge vertical displacement (point C, Fig. 20a); ζrr(vt) is 
road roughness modelled by ISO 1995 8608 ISO, 1995; di is lateral 
distance from the rotational centre (point C) to the contact point be
tween the TS wheel and the bridge deck (Fig. 20a); φbr(vt) is roll motion 
of the bridge deck; ζR(vt) is vertical excitations on the point R (Fig. 20a). 

A random road profile can be represented by an infinite sum of 
harmonic functions of different amplitudes, circular frequencies and 
phase angles, according to Shinozuka (1972), Eq. (37) 

ζrr(x)=
∑N

i=1
Ai⋅cos(2π ⋅ ni ⋅ x+ αi) (37)  

where N is number of harmonic waves; Ai is amplitude of harmonic 

waves in [m]; ni is the discrete frequencies of excitation in [cycle/m]; αi 
is the independent random phase angles uniformly distributed in the 
interval [0, 2 π]. Number of harmonics is N = 1000 according to (Sekulic 
et al., 2013). 

Amplitude of harmonic waves is given by Eq. (38) 

Ai =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2⋅Δn⋅Φζ(ni)

√

(38)  

where Δn is spatial frequency step in [cycle/m]; Φζ(ni) is PSD of road 
elevation in [m2/(c/m)]; 

ISO 8608 defines PSD by Eq. (39) 

Φζ(n)=Φζ(n0)⋅
(

n
n0

)− w

(39)  

where Φζ(no) is PSD for reference spatial frequency (for A/B road class 
Φζ(no) = 32⋅106 [m2/(c/m)] which is road in good condition); no is 

Fig. 15. Wind velocities in a) the Earth (OXYZ) and TS (O1x1y1z1, O2x2y2z2) coordinate systems; b) the Earth (OXYZ) and SUV (O3x3y3z3) coordinate system.  

Fig. 16. Wind-side force as a function of distance and vehicle speed for a) the SUV; b) the tractor unit; c) the semitrailer unit.  
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reference spatial frequency (n0 = 0.1 [c/m]); w is exponent of fitted PSD 
(w = 2); 

Spatial frequency step is given by Eq. (40) 

Δn=
nmax − nmin

N
(40)  

where nmax is maximum spatial frequency (nmax = 2.83 [c/m], according 
to ISO 1995 8608 ISO, 1995); nmin is minimum spatial frequency (nmin =

0.011 [c/m], according to ISO 1995 8608 ISO, 1995); 
The length of the modelled A/B road is equal to the length of the 

Bjørnafjorden floating bridge (5240 m). Fig. 19a shows the road 

Fig. 17. Wind rolling moment as a function of distance and vehicle speed for a) the SUV; b) the tractor unit; c) the semitrailer unit.  

Fig. 18. Overview of Orcaflex model used for environmental analyses (Vegvesen, 2017).  
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roughness as a function of distance. The roughness magnitudes are 
distributed mainly within ±0.01 m. Fig. 19b shows vertical excitations 
for the point R on the bridge deck (Fig. 20a) as function of bridge dis
tance and vehicle speed. The vertical bridge excitation magnitudes are 
distributed mainly within ±0.2 m. 

Fig. 19c presents vertical excitation in the ISO 8608 standard in 
function of spatial frequency. It could be noticed that bridge excitations 
with low angular spatial frequencies (long wavelengths) prevail. High 
PSDs exist at frequencies below 0.2 rad/m. Roughness at higher angular 
spatial frequencies (larger than 0.2 rad/m) mainly comes from the A/B 
road class that was modelled using ISO 8608. When moving across a 
floating bridge, vehicles will be vertically excited by the moving deck 
with low frequencies (e.g., even for the highest speed of 108 km/h, the 
frequencies are below 0.1 Hz (Sekulic, 2018)). 

Fig. 20a shows TS left and right wheels on the bridge deck cross 
section. Fig. 20b shows an example for the left/right track vertical 

excitations for the left traffic lane as a function of time for a TS speed of 
90 km/h. Fig. 20d shows roll-angle bridge motion data as a function of 
time for five different vehicle speeds. The roll motions for each bus speed 
are small, within ±0.5◦. Vertical bridge excitations for the right traffic 
lane are considered to be identical to vertical excitations for the left 
traffic lane due to insignificant bridge roll motion values. 

4.2. Bridge lateral excitation 

The lateral bridge velocities were used as inputs when calculating the 
lateral tire slip for lateral tire forces (Eqs.27–29). Lateral bridge motions 
were used as inputs for the vehicle driver model when calculating the 
handwheel steering angles. Fig. 21a presents the lateral bridge motion 
for a vehicle front axle as a function of distance and vehicle velocity. The 
bridge lateral displacement values lie within ±0.1 m. Fig. 21b presents 
the PSD of the bridge lateral displacement as a function of different 

Fig. 19. Vertical excitation a) A/B road class generated from ISO 8608 standard; b) vertical bridge excitation (point R) as a function of distance and vehicle speed; c) 
PSDs of vertical floating bridge excitation in the ISO 8608 standard. 

Fig. 20. a) Bridge deck cross section; b) vertical excitations on the left/right track for the left lane for a vehicle speed of 90 km/h; c) magnified view for the left/right 
track for a vehicle speed of 90 km/h; d) bridge roll motion as a function of distance and vehicle speed. 
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vehicle speeds. The lateral bridge motion intensities go below 0.1 Hz, 
and these excitation frequencies correspond to the excitation fre
quencies of the crosswind component (Fig. 22b). 

The roll motion for each vehicle speed is small, within ±0.5◦

(Sekulic, 2018). This motion has been incorporated as an input through 
the vertical excitations on the vehicle left/right tracks. 

4.3. Wind excitations 

A stochastic wind velocity field was generated in WindSim software 
(Vegvesen, 2017). Turbulent wind time series are simulated in the 
WindSim code for a set of positions based on mean wind speed, single 
point gust spectrum and coherence functions. The code is using inverse 
FFT (the fast Fourier transform) to generate the wind speed time series 
from a spectral description of the fluctuating wind components. 

The mean wind speed is defined in the design basis as the 1-h average 
at 10 m above sea level. The vertical wind profile is described by Eq. (41) 

U(z)=U10⋅
( z

10

)α
(41)  

where U10 is the mean wind speed at 10 m height; α is the profile factor 
of the wind profile (α is defined as 0.127 in the metocean report (Veg
vesen, 2017)). 

The turbulence spectrum as function of frequency n and integral 
length scale Li is defined by Eq. (42) (according to N400 (Vegvesen, 
2015) for wind components i = u,v,w, (u - longitudinal; v - transversal; w 

- vertical)): 

nSi

σ2
i
=

Ai n̂i

(1 + 1.5Ai n̂i)
5/3 (42)  

where Ai is integral length scale factors (Au = 6.48; Av = Aw = 9.4); n^i – 
is frequency given by Eq. (43) 

n̂i =
n Li(z)
U(z)

(43)  

where Li(z) is integral length scale. The integral length scale is 132 m 
calculated in accordance with N400 (Vegvesen, 2015) at the reference 
height. 

The coherence function is an exponential decay function defined by 
Eq. (44) 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
coh(nΔS)

√
= exp

(

− Ci
nΔS
U(z)

)

(44)  

where Ci is the decay factor for each wind component (Cu = 10; Cv = Cw 
= 6.5). 

Fig. 22 presents an example of the wind velocity signal defined in the 
GCS for a vehicle speed of 72 km/h. The along-wind and crosswind 
components have larger magnitudes (close to 20 m/s) in the first 1000 m 
of the distance travelled and decrease to approximately 15 m/s at the 
end of the bridge. Fig. 22b presents the PSDs of the wind velocity 
components. Signal intensities are mainly concentrated in the low- 

Fig. 21. Lateral bridge displacement for different vehicle velocities as a function of a) distance; b) frequency.  

Fig. 22. Wind velocity components for a vehicle velocity of 72 km/h as a function of a) distance; b) frequency.  
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frequency range, below 0.1 Hz. 
Simulation of bridge motions under the influence of environmental 

loads (wind and waves for 1-year storm conditions) was performed for 1 
h (3600 s) of simulation time. A wind field was generated from a Kaimal 
wind spectrum with mean wind speed ws = 21.40 m/s and along tur
bulence Iu = 0.15. The structure was excited by waves generated from a 
Jonswap spectrum with significant wave height (Hs = 1.2 m) and peak 
period (Tp = 4.26 s). Small swell waves propagating into the fjord from 
the North-Sea were also considered (Hs = 0.22 m, Tp = 17 s) (Vegvesen, 
2017). 

5. Driver model 

The driver model based on the path tracking pure pursuit method 
previously defined in (Sekulic, 2018) was used for simulations in this 
work. When tuning the pure pursuit controller, a look-ahead time (LAT) 
of 0.6 s for heavy vehicles was confirmed (Sekulic, 2018). The same 
procedure was used here when determining a LAT for an SUV. Briefly, a 
LAT was defined by comparing the HSA responses from the tests (Bhat, 
2020) performed on a driving simulator (CASTER) and numerical 
simulations. 

Fig. 23 compares HSAs from driving simulator tests (two drivers) at a 
simulated speed of 72 km/h for the case of a LAT equal to 0.5 s. Although 
the magnitudes of the signals are similar (Fig. 23a–b), the frequencies 
are different (Fig. 23c). However, the HSA incorporates signal fre
quencies from both drivers (Fig. 23a). A LAT of 0.5 s is also confirmed 
for a vehicle speed of 90 km/h. 

6. Simulation results and discussion 

In this section, suggested measures for safe vehicle speeds for safe 
crossing Bjørnafjorden floating bridge will be presented. These measures 
have been proposed in (Sekulic, 2018). In addition, the results for the 
vehicle leaving the traffic lane will be discussed here. Simulation results 
refer to one specific driving condition (1-year storm condition; dry/wet 
asphalt (road friction of 0.7)) and two vehicle types. Proposed measures 
could also be applicable for different storm and road conditions and 
different vehicle types. 

6.1. Risk of lateral path departure and leaving the traffic lane 

6.1.1. Path tracking or lateral path deviation 
This section presents simulation results for the path tracking of the 

TS and SUV. Path tracking reflects vehicle deviations from the path that 

vehicle is supposed to follow. Lateral distance between the vehicle CoG 
and the path (centreline within traffic lane) has been considered as the 
measure for path tracking. Small lateral distance means better path 
tracking, and vice versa. Fig. 24 shows lateral displacements for two 
vehicle models within traffic lane. 

Fig. 25a–c shows the TS path tracking for velocities of 36 km/h, 90 
km/h and 108 km/h. The deviation from the path increases for both 
units with the speed. Due to the crosswind load, the lateral offset from 
the path can be noticed for the semitrailer unit. At a speed of 108 km/h, 
the lateral displacement from the path is very large for both units when 
the vehicle enters the bridge (for a tractor up to 1.5 m and for a semi
trailer up to 2.5 m). Fig. 25d shows the path tracking without wind 
acting on the vehicle but with bridge motion excitations for a vehicle 
velocity of 90 km/h. In this case, both units follow the path, and only 
minor lateral displacement of the semitrailer unit can be noticed. 

Fig. 25e–f shows the path tracking for the SUV at speeds of 90 km/h 
and 108 km/h. At a speed of 90 km/h, in the case when the wind does 
not act, the vehicle follows the driving path (Fig. 25f). At a speed of 108 
km/h, the vehicle path deviation is over 0.5 m when the vehicle enters 
the bridge (Fig. 25e). 

6.1.2. Leaving the traffic lane 
Under a crosswind, the lateral displacement from the vehicle path 

increases with the vehicle speed, and it is important to analyse whether 
the vehicle leaves the traffic lane. Fig. 26 shows the vehicles outermost 
points for which positions within traffic lanes will be analysed. Some 
important vehicle parameters, such as the total length (LTS, LSUV), total 
width (WT, WS, WSUV) and front/rear overhangs (foh_t, roh_s, foh_suv, roh_suv), 
are also denoted in the same figure. Values of these parameters are given 
in Table 3. 

Fig. 27 shows the position of the outermost body points for the 
semitrailer unit, tractor unit and SUV within the traffic lane. At a speed 
of 36 km/h, the outermost point at the rear-right side of the semitrailer 
only slightly leaves the traffic lane at distances of approximately 1 km 
and 4 km (Fig. 27a). At a speed of 72 km/h, the outermost point at the 
right/left sides of the semitrailer leave the traffic lane (rear-right side at 
distances of approximately 1,3 km and 2 km; front-left side at a distance 
of approximately 2 km, Fig. 27b). At a speed of 90 km/h, the semitrailer 
leaves the traffic lane more frequently (Fig. 27c). At a speed of 90 km/h, 
the outermost points at the left side of the tractor slightly leave the 
traffic lane close to 4 km of travelled distance (Fig. 27d). 

At a speed of 90 km/h, the SUV stays in the traffic lane (Fig. 27e). At 
a speed of 108 km/h, the outermost points at the right side of the vehicle 
slightly leave the traffic lane after the vehicle enters the bridge 

Fig. 23. HSA signals for an SUV and LAT = 0.5 s as a function of a) time (driver 1); b) time (driver 2); c) frequency.  
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(Fig. 27f). 

6.2. Driver steering effort 

Fig. 28a–c presents the HSA as a function of distance for the TS and 
SUV. The HSA is of higher intensities for the TS than for the SUV. The 
HSA magnitudes for speeds of 36 km/h and 108 km/h for the SUV are 
similar. Fig. 28b–d shows the PSDs of the HSA signals for both vehicles. 
The intensities of the HSA are below 0.5 Hz, and concentrated into two 
frequency ranges, 0–0.1 Hz and 0.2–0.3 Hz. Intensities below 0.1 Hz are 
due to the excitations (crosswind (Fig. 22b) and lateral bridge 
displacement (Fig. 21b)) that the driver needs to compensate for. HSA 
intensities in the frequency range 0.2–0.3 Hz comes from the driver’s 
compensation of the vehicle yaw moment caused by the generation of a 
tire lateral forces due to the lateral bridge velocity (Fig. 9b). 

When driving across the floating bridge under the influence of cross- 
wind loads vehicle lateral displacement from the path will be larger 
when comparing it with the case when cross-wind is not present. 
Apparently more intensive driver inputs will be necessary to keep the 
vehicle on the path. Driver model which is based on pure pursuit 

tracking method confirms this when looking into HSA signal (Fig. 29). It 
could also be seen that intensive driver’s steering wheel input is 
necessary to compensate for the cross-wind load and to steer the vehicle 
back on the path when vehicle enters the bridge section (Fig. 29). 

6.3. Roll-over risk 

Fig. 30 shows the total vertical force for each TS wheel as a function 
of time at a speed of 108 km/h. The vertical tire forces change consid
erably for the semitrailer unit due to the high value of the wind rolling 
moment acting on this unit (Fig. 17c). At a speed of 108 km/h, the 
windward wheel on the semitrailer axle loses contact with the bridge 
deck at, 6 s and 13 s (180 m and 380 m after the vehicle enters the 
bridge). Losing contact indicates a roll-over risk of the semitrailer unit 
and apparently of the whole vehicle. The roll-over risk for the semi
trailer unit is also confirmed with the load transfer ratio (LTR) param
eter, Fig. 30c. 

Fig. 30d–e shows the vertical tire forces for the SUV at speeds of 90 
km/h and 108 km/h. At both speeds, the wheels do not lose contact with 
the bridge deck. The vertical tire forces do not considerably change as in 

Fig. 24. Lateral displacement for path tracking analysis a) TS; b) SUV.  

Fig. 25. Path tracking at velocities of a) 36 km/h for the TS; b) 108 km/h for the TS; c) 90 km/h (with wind) for the TS; d) 90 km/h (no wind) for the TS; e) 108 km/h 
for the SUV; f) 90 km/h for the SUV. 
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Fig. 26. Vehicle outermost body points for a) the TS; b) the SUV.  

Fig. 27. Path of the outermost body points at velocities of a) 36 km/h for the semitrailer; b) 72 km/h for the semitrailer; c) 90 km/h for the semitrailer; d) 90 km/h 
for the tractor; e) 90 km/h for the SUV; f) 108 km/h for the SUV. 
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the case of the TS vehicle due to the much lower height of the SUV’s CoG 
and independent suspension system. 

6.4. Comparisons of the proposed measures for the TS and SUV 

6.4.1. RMS value and maximum absolute value for path deviation 
Fig. 31 shows the simulation results for the path deviation of both 

vehicles as a function of vehicle speed. The path deviation increases with 
the vehicle speed (Fig. 31a). The RMS value of the path deviation is the 
highest for the semitrailer unit. The RMS values are similar for the 
tractor unit and SUV at a velocity range of 36–54 km/h. The maximal 
deviation increases with the vehicle velocity, and the semitrailer unit 
reaches a high value of 2.5 m at a speed of 108 km/h. The maximal 

deviation is below 0.5 m for the semitrailer unit, tractor unit and SUV at 
velocities lower than 60 km/h, 90 km/h and 100 km/h, respectively 
(Fig. 31b). 

6.4.2. Mean value and RMS value of the HAS 
Fig. 32 shows the mean and RMS value of the HSA for the TS and 

SUV. Mean and RMS values increase with the vehicle velocity. These 
parameters have higher values for the TS than for the SUV. According to 
the simulation results, the TS driver would experience more effort in 
vehicle handling over the floating bridge compared to the SUV driver. 

6.4.3. Maximum of absolute and RMS value of LTR parameter 
Fig. 33 shows the maximum absolute LTR value for the TS and SUV 

as a function of velocity. A roll-over risk (a LTR higher than 0.9) is 
indicated for the semitrailer unit at speeds greater than 95 km/h 
(Fig. 33a). No roll-over risk is noticeable for the SUV (the LTR value is 
considerably lower than 0.9, Fig. 33b). 

Fig. 34 shows the RMS value of the LTR parameter. The RMS value 
increases with the vehicle velocity. High RMS values for the semitrailer 
axle indicate a vehicle roll-over risk due to wheel lift-off (Fig. 34a). The 
RMS value is considerably lower for the SUV than for TS (below 0.03, 
Fig. 34b). 

6.4.4. Minimum value of the LSL parameter 
Fig. 35 shows the minimum value of the LSL parameter for the TS and 

SUV as a function of velocity. The LSL value decreases with vehicle 
velocity. LSL values are greater than zero for each axle/vehicle, indi
cating that for the considered road surface (dry/wet road), no sideslip 
risk is noticeable. The SUV rear axle has the lowest LSL value at a speed 
of 108 km/h (Fig. 35b). 

Fig. 28. HSA for different vehicle speeds as a function of a) distance for the TS; b) frequency for the TS; c) distance for the SUV; d) frequency for the SUV.  

Fig. 29. HSA signal for tractor unit with cross-wind and without cross-wind 
component for the vehicle speed of 90 km/h. 
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7. Conclusion 

In this work, vehicle dynamic models for two vehicle types, a TS and 
an SUV, were defined for the analysis of vehicle/driver behaviour and 
safe speed recommendations for the Bjørnafjorden floating bridge in 
Norway considering a 1-year storm condition. 

From this research, the main conclusions are as follows:  

• The vehicle lateral displacement from the path increases with 
increasing vehicle speed. The lateral displacement is large for the 
tractor/semitrailer combination when entering the bridge (for a 
tractor unit up to 1.5 m and for a semitrailer unit up to 2.5 m) at a 
speed of 108 km/h. For the SUV, the path deviation is slightly over 
0.5 m when entering the bridge.  

• The crosswind load influences vehicle path deviation the most. 
Considering floating bridge motions separately, these motions do not 
have a substantial influence on the vehicle’s path tracking ability.  

• At a speed of 90 km/h, the tractor unit slightly leaves the traffic lane 
at only one position (at a distance of approximately 4 km) on the 
bridge. At speeds of 36 km/h and 72 km/h, the semitrailer unit 
slightly leaves the traffic lane at a few positions on the bridge. At a 
speed of 90 km/h, the semitrailer unit leaves the traffic lane more 
frequently and more severely along the bridge.  

• At a speed of 90 km/h, the SUV stays in the traffic lane. At a speed of 
108 km/h, the outermost points on the SUV right side leave the 
traffic lane after the vehicle enters the bridge. 

• The roll-over risk (a LTR higher than 0.9) is indicated for the semi
trailer unit at speeds greater than 95 km/h. No roll-over risk is 
noticeable for SUV (the LTR value is considerably lower than 0.9). 

Fig. 30. Vertical tire forces for a) the tractor (speed of 108 km/h); b) the semitrailer (speed of 108 km/h); c) the SUV (speed of 90 km/h); d) the SUV (speed of 108 
km/h) and the LTR for e) the TS (speed of 108 km/h). 

Fig. 31. Path deviation a) RMS value; b) maximum of the absolute value.  
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• According to the simulation results, the TS driver would require 
more effort for vehicle handling over the floating bridge compared to 
the SUV driver.  

• The LSL values are greater than zero for each axle/vehicle, indicating 
that for the considered road surface (dry/wet road), no sideslip risk is 
noticeable. 

Fig. 32. Mean and RMS value of the HSA for a) the TS; b) the SUV.  

Fig. 33. Maximum absolute LTR value for a) the TS; b) the SUV.  
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• The simulation results suggest that a TS could safely enter the bridge 
at a low speed (36 km/h) and increase speed up to 72 km/h after 
travelling 2 km. An SUV could safely enter the bridge at a speed of 90 
km/h and increase the speed up to 108 km/h after travelling 0.5 km. 
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Appendix  

Table 1 
Tractor-semitrailer parameters  

Geometric parameters of the tractor/semitrailer unit 

Tractor wheelbase, Lt [m] 5.95 
Distance from the tractor front axle to its CoG, lft [m] 3.00 
Distance from the tractor rear axle to its CoG, lrt [m] 2.95 
Distance from the tractor front right/left wheel to the front axle CoG, bf [m] 1.00 
Distance from the tractor rear right/left wheel to the rear axle CoG, br [m] 1.00 
Distance from the tractor CoG to the ground, hCoG,t [m] 1.16 
Distance from the tractor CoG to the fifth wheel, a [m] 2.75 
Height of the tractor roll-centre, hRCt [m] 0.6306 
Height of the tractor front axle roll-centre, hRCfa. [m] 0.6306 
Height of the tractor rear axle roll-centre, hRCra, [m] 0.6306 
Distance from the tractor CoG to the roll-centre of the front axle, Δhsf [m] 0.5294 
Distance from the CoG to the roll-centre of the rear axle, Δhsr [m] 0.5294 
Distance from suspension elements on the tractor front axle to the front axle CoG, eu1 [m] 0.70 
Distance from suspension elements on the tractor rear axle to the rear axle CoG, eu2 [m] 0.80 
Semitrailer wheelbase, Ls [m] 11.08 
Distance from the fifth wheel to the semitrailer CoG, ls1 [m] 9.18 
Distance from the semitrailer axis to its CoG, ls2 [m] 1.19 
Distance from the semitrailer right/left wheel to its axle CoG, bs [m] 1.00 
Distance from the semitrailer CoG to the ground, hCoG,s. [m] 1.724 
Height of the semitrailer axle roll-centre, hRCsa. [m] 0.6306 
Distance from the semitrailer CoG to the roll-centre for its axle, Δhss [m] 1.0934 
Height of the semitrailer roll-centre, hRCs [m] 1.0765 
Distance from suspension elements on the semitrailer axle to its CoG, eus [m] 0.80 
Length of the tractor-semitrailer combination, LTS [m] 20.51 
Width of the tractor-semitrailer combination, WT, WS [m] 2.55 
Front overhang, foh_t 1.50 
Rear overhang, roh_s 2.80 
Mass parameters of the tractor/semitrailer unit 
Tractor sprung mass, msm,t [kg] 8739 
Tractor front axle mass, mfa [kg] 746 
Tractor rear axle mass, mra [kg] 1355 
Tractor sprung mass moment of inertia about its x-axis, Jt,x [kgm2] 15000 
Tractor front axle moment of inertia about its x-axis, Jfa,x [kgm2] 315 
Tractor rear axle moment of inertia about its x-axis, Jra,x [kgm2] 657 
Tractor moment of inertia about its z-axis, Jt,z [kgm2] 21500 
Sprung mass of the empty semitrailer, msm,s [kg] 8100 
Equivalent semitrailer axle mass, msa [kg] 1800 
Semitrailer sprung mass moment of inertia about its x-axis, Js,x [kgm2] 85500 
Equivalent semitrailer axle moment of inertia relative to its xsa-axis, Jsa,x [kgm2] 750 
Semitrailer moment of inertia about its z-axis, Js,z [kgm2] 151000 
Oscillatory parameters of the tractor/semitrailer unit 
Air spring stiffness on the tractor front axle, ksfl, ksfr [N/m] 175000 
Single shock-absorber damping on the tractor front axle, cd,fa [Ns/m] 20000 
Equivalent shock-absorber damping on the left/right side of the tractor front axle, cdfl = 2 cd,fa; cdfr = 2 cd,fa [Ns/m] 40000 
Single air spring stiffness on the tractor rear axle, ks,ra [N/m] 200000 
Equivalent air spring stiffness on the left/right side of the tractor rear axle, ksrl = 2⋅ks,ra; ksrr = 2⋅ks,ra [N/m] 400000 
Single shock-absorber damping on the tractor rear axle, cd,ra [Ns/m] 22500 
Equivalent shock-absorber damping on the left/right side of the tractor rear axle, cdrl = 2 cd,ra; cdrr = 2 cd,ra [Ns/m] 45000 
Single tire radial stiffness on the left/right side on tractor front axle, ktfl, ktfr [N/m] 1000000 
Equivalent tire radial stiffness on the left/right side on tractor rear axle, ktrl, ktrr [N/m] 4000000 
Single air spring stiffness on the semitrailer axle, ks,sa [N/m] 200000 
Equivalent air spring stiffness on the left/right side of the semitrailer axle, ksl = 2⋅ks,sa; ksr = 2⋅ks,sa [N/m] 400000 
Single shock-absorber damping on the semitrailer axle, cd,sa [Ns/m] 22500 
Equivalent shock-absorber damping on the left/right side of the semitrailer axle, cdl = 2 cd,sa; cdr = 2 cd,sa [Ns/m] 45000 
Single tire radial stiffness on the left/right side on semitrailer axle, ktfl, ktfr [N/m] 1000000 
Equivalent tire radial stiffness on the left/right side on semitrailer axle, ktsl, ktsr [N/m] 6000000 
Anti-roll bar torsional stiffness on tractor front axle, karb,fa [Nm/rad] 120000 
Anti-roll bar torsional stiffness on tractor rear axle, karb,ra [Nm/rad] 120000 
Anti-roll bar torsional stiffness on semitrailer axle, karb,sa [Nm/rad] 120000 
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Table 2 
SUV parameters  

Geometric parameters 

Wheelbase, L [m] 2.786 
Distance from the front axle to the CoG, lf [m] 1.043 
Distance from the rear axle to the CoG, lr [m] 1.743 
Distance from the front right/left wheel to the roll-centre at the front RCf, bf [m] 0.776 
Distance from the rear right/left wheel to the roll-centre at the rear RCr, br [m] 0.776 
Distance from the CoG of the whole vehicle to the ground, hCoG, stat. [m] 0.605 
Height of the roll-centre at the front, hRCfa, stat. [m] 0.250 
Height of the roll-centre at the rear, hRCra, stat. [m] 0.100 
Distance from the CoG to the roll-centre at the front, hRCfa, stat. [m] 0.355 
Distance from the CoG to the roll-centre at the rear, hRCra, stat. [m] 0.505 
Length, LSUV [m] 4.619 
Width, WSUV [m] 1.828 
Front overhang, foh_suv [m] 0.733 
Rear overhang, roh_suv [m] 1.10 
Mass parameters 
Sprung mass, ms [kg] 1900 
Unsprung mass, mt [kg] 50 
Sprung mass moment of inertia about its x-axis, Jsx [kgm2] 350 
Moment of inertia about z-axis Jz [kgm2] 2100 
Oscillatory parameters 
Spring stiffness on the left/right side at the front, ksfl, ksfr [N/m] 25000 
Shock-absorber damping on the left/right side at the front, csfl, csfr [Ns/m] 3250 
Spring stiffness on the left/right side at the rear, ksrl, ksrr [N/m] 25000 
Shock-absorber damping on the left/right side at the rear, csrl, csrr [Ns/m] 3250 
Tire radial stiffness on the left/right side at the front, ktfl, ktfr [N/m] 250000 
Tire radial stiffness on the left/right side at the rear, ktrl, ktrr [N/m] 250000 
Tire damping on the left/right side at the front, ctfl, ctfr [Ns/m] 150 
Tire damping on the left/right side at the rear, ctrl, ctrr [Ns/m] 150 
Anti-roll bar torsional stiffness at the front, karb,f [Nm/rad] 14000 
Anti-roll bar torsional stiffness at the rear, karb,r [Nm/rad] 14000   

Table 3 
Other notations  

O1x1y1z1; O2x2y2z2; O3x3y3z3 Vehicle coordinate systems 
δ Steering angle for the vehicle front left/right wheel [rad] 
Fyfa; Fyra; Fysa Tire lateral forces at the tractor front/rear axle, semitrailer axle [N] 
Fyfl; Fyfr; Fyrl; Fyrr Tire lateral forces at the SUV front left/right wheel, rear left/right wheel [N] 
Farb, rl; Fyarb, rr Anti-roll bar force on the rear left/right SUV wheel [N] 
φxs, ωxs, ω̇xs Roll-angle motion/rate/acceleration of the SUV body [rad; rad/s; rad/s2] 
z, ż, z̈ Vertical motion/velocity/acceleration of the SUV body [m; m/s; m/s2] 
zB’, żB’, z̈B’ Vertical motion/velocity/acceleration of the SUV front left wheel [m; m/s; m/s2] 
zA’, żA’, z̈A’ Vertical motion/velocity/acceleration of the SUV front right wheel [m; m/s; m/s2] 
zD’, żD’, z̈D’ Vertical motion/velocity/acceleration of the SUV rear left wheel [m; m/s; m/s2] 
zC’, żC’, z̈C’ Vertical motion/velocity/acceleration of the SUV rear right wheel [m; m/s; m/s2] 
vx, v̇y Longitudinal velocity, lateral acceleration of the SUV CoG in vehicle fixed coordinate system [m/s; m/s2] 
ay Total lateral acceleration of the SUV CoG in vehicle fixed coordinate system [m/s2] 
Ψ , ωz, ω̇z SUV yaw motion/rate/acceleration [rad; rad/s; rad/s2] 
φ1, φ̇1 Roll-angle motion/rate for the tractor sprung mass [rad; rad/s] 
ζtfr, ζtfl Vertical excitations of the front right/left wheel 
ζtrr, ζtrl Vertical excitations of the rear right/left wheel 
ζfa, ζra Road roughness below the tractor front/rear axle CoGs 
ζsa Road roughness below the semitrailer axle CoG 
ζ1, ζ2 Road roughness below the rotational centre of the tractor/semitrailer sprung mass (RCt, RCs) 
μ Road friction coefficient (dry/wet asphalt) 0.7 [-] 
g Gravitational acceleration 9.81 [m/s2] 
vy br,fa, vy br,ra Lateral velocity of the bridge deck at the tire contact point for the SUV front/rear wheels [m/s] 
Ccy Cornering stiffness coefficient (for the TS tire 7; for the SUV tire 12.5) [(N/rad)/N] 
ls3 Distance between the semitrailer first and second axle (Figs. 13), 1.3 [m] 
Δhsm Vertical distance from the SUV CoG to the vehicle roll-axis (point RC) 
Δhsf, Δhsr Vertical distance from the SUV CoG of the sprung mass to the front/rear roll-centres 
A Tractor frontal area 10 [m2] 
ASUV SUV frontal area 2.46 [m2] 
ρ Air density 1.29 [kg/m3]  
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