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A B S T R A C T

Bus users (drivers and passengers) are exposed to vibrations during a journey. Vibration exposure can cause 
motion sickness, impair ride comfort, and even impact health. Road roughness is the primary source of vehicle 
vibration. Combined with floating bridge motions, wind loads and high vehicle speeds, the negative vibrational 
effects can be intensified. This paper investigates the influence of Bjørnafjorden floating bridge motions and wind 
excitations on bus users’ ride comfort and motion sickness for several weather storm conditions. A 13-degree-of- 
freedom (DOF) intercity bus model with a driver and three passengers was defined for this analysis. The results 
showed that wind excitations and storm conditions severity significantly affect vehicle velocities at which ISO 
2631/1997 ride comfort limits (a little uncomfortable and fairly uncomfortable) are reached. The passenger in the 
middle of the bus feels the most comfortable whereas the passenger in the rear part of the bus the least 
comfortable. The highest value of motion sickness incidence for every user is achieved for the lowest bus speed of 
36 km/h due to the longest time of vibrational exposure. Among users, the driver is the most likely to feel motion 
sickness on a floating bridge due to his suspended seat.

1. Introduction

During a journey, a bus is excited by vibrations from various sources, 
such as road roughness, aerodynamic loads, wheel imbalance, driving 
unit, etc. These could impair bus users’ ride comfort and even their 
health in the case of intensive and repetitive shocks (Bowrey et al., 1996; 
Aslan et al., 2005). Low-frequency vibrations can cause motion sickness, 
especially over long vibrational exposure, particularly bus drivers can 
suffer from musculoskeletal disorders (Alperovitch-Najenson et al., 
2010; Patterson et al., 1986). Negative vibrational effects from pro-
longed exposure can influence bus drivers’ driving ability and lead to 
traffic safety issues.

The primary source of vehicle vibration is road roughness. These can 
be intensified when a vehicle runs across floating bridges. In combina-
tion with high vehicle velocities and high wind speeds, the vibration 
loads on vehicles become important to access comfort and safety. High- 
tech constructions such as subsea road tunnels and floating and sus-
pension bridges are planned on route E39 to overcome massive fjords 

within Norway’s Coastal Highway road project (Vegvesen, 2017). 
Reconstructed ferry-free route E39 will connect the south and north 
parts of Norway country (Fig. 1). The improved route will enable higher 
average vehicle velocities and reduced journey time between Kris-
tiansand and Trondheim (from 21 to 11 h). A floating bridge is planned 
for Bjørnafjorden (Fig. 1a), and a straight concept solution is presented 
in Fig. 1b.

Several studies deal with the vibrational influence on ride comfort of 
bus users on stationary roads (Sekulic et al., 2013, 2016; Blood et al., 
2010). Ride comfort and allowable vibrational exposure time for an 
intercity bus driver and two passengers on an asphalt-concrete road in 
good condition have been investigated in (Sekulic et al., 2013). The bus 
model of 10 DOF was moving along a straight line only at a constant 
speed of 100 km/h. Only vertical vibrations from the bus users’ seats 
were considered in the comfort analysis. It was concluded that vibration 
from the passenger seat in the rear part of the bus influenced the ride 
comfort. A few studies investigate the vibrational influence of environ-
mental excitations on vehicle users when driving across long-span 
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bridges. Driver ride comfort of three vehicle types (heavy truck of 19 
DOF; light truck and light car, both of 11 DOF) on a long-span bridge was 
numerically investigated in (Zhou and Chen, 2016). The ride comfort 
assessment considered the influence of stochastic traffic flow on the 
bridge and wind excitations. Yaw acceleration at the driver seat was not 
considered when assessing comfort by standard ISO 2631/1997. It was 
confirmed that the lateral and roll accelerations were the most influ-
enced by the wind loads. Traffic flow on the bridge only affects the ride 
comfort of light truck drivers. The driver ride comfort of light truck and 
sedan car (both of 13 DOF) on slender coastal bridges under the influ-
ence of the lateral wind and wave excitations was numerically analysed 
in (Zhu et al., 2018). It was revealed that the wave load had insignificant 
effects on ride comfort compared to the wind load for both vehicles. Ride 
comfort for drivers of four types of vehicles (sedan car, minivan, motor 
bus and truck) in stochastic traffic flow on a long-span bridge under 
vortex-induced vibration was investigated in (Zhu et al., 2021). It was 
concluded that bus driver’s ride comfort gets worse with the lower 
quality of road roughness. Bus driver’s comfort is also affected by the 
density of traffic flow and the proportion of heavy vehicles. In-
vestigations of intercity bus users’ ride comfort, especially their motion 
sickness on floating bridges under the influence of wind excitations, are 
missing.

Two methods are employed, either independently or in combination, 
to measure passenger comfort in the means of public transportation. 
First one is objective method based on measuring kinematic values (e.g. 
accelerations), and second one is subjective method for evaluation of 
passenger comfort perception (e.g. using questionnaires). Ride comfort 
zones had been defined for an intercity bus in an objective investigation 
(Sekulic et al., 2016). Simulations confirmed that oscillatory zones with 
different comfort assessments exist in the bus depending on road quality 
and vehicle velocity. A subjective method was employed in (Shen et al., 
2016). The method considered two-day survey of bus passenger 
perception in Harbin during peak and off-peak hours. Ride comfort was 
evaluated by passenger load factor and in-vehicle time. The study results 
shown that as the comfort perception score increases, the in-vehicle time 
and degree of congestion (passenger load factor) increase for both seated 
and standing passengers. On-board comfort level combining subjective 
and objective methods had been defined in (Barabino et al., 2019). This 
methodology determines a comfort domain and accurately identifies the 
areas where passengers experience comfort/discomfort related to bus 
drivers’ driving styles.

The first aim of this paper is to define a mathematical coach model 
appropriate for investigating vibration effects caused by environmental 

excitations (road roughness, bridge motions and wind) on bus users’ 
responses. The second goal is to analyse the influence of wind excita-
tions for 1-year storm condition on the intercity bus driver and pas-
sengers’ ride comfort and motion sickness. The third aim is to 
investigate the influence environmental excitations for different storm 
conditions (i.e. storms of lower and higher intensity than 1-year) on the 
intercity bus users’ ride comfort and motion sickness. The final goal is to 
determine the bus velocity at which ISO 2631/1997 ride comfort and 
motions sickness limits on the floating bridge are reached for every bus 
user. Knowing the comfort limits velocity could help ensure a good 
driver’s working ability and reliable transport along the route. To 
accomplish these aims, a mathematical bus model of 13 DOF is defined. 
The bus model incorporates four point masses representing a driver and 
three passengers seated at different parts of the bus body. Ride comfort 
and motion sickness were assessed using the methodology proposed by 
the international standard ISO 2631/1997 (ISO 2631, 1997). Bus 
modelling and numerical simulations were performed using MAT-
LAB/Simulink software.

2. VEHICLE and driver models

In this section, the mathematical coach model is described by dif-
ferential equations of motion (EOM) applying the method of Newton’s 
second law for translational motions and D’Alembert’s principle for 
angular motions. The driver model is also briefly presented.

2.1. Coach mathematical model definition

A vehicle model defined in this paper is based on the 8 DOF coach 
model previously defined in (Sekulic et al., 2021). The baseline 8 DOF 
bus model was used for the analysis of its dynamic behaviour and safe 
speed determination on the Bjørnafjorden floating bridge under 
different weather conditions (Sekulic et al., 2021, 2023). In-road-plane 
DOFs include bus lateral (y) and yaw motion (ψ) (Fig. 2a), whereas 
out-of-road-plane DOFs include vertical and roll motions of the bus 
sprung mass and unsprung masses (front and rear axle) (z, z1, z2, φs, φx1, 
φx2) (Fig. 2b). For the purpose of ride comfort and motion sickness 
analysis, the baseline model is modified and extended with five 
out-of-road-plane DOFs – pitch motion of the bus body (θs) and vertical 
motions of four bus users (a driver and three passengers (zd, zp1, zp2, zp3), 
Fig. 2b. Notifications are presented in Fig. 2, and Appendix (Tables 3 and 
4) contains their values. Values are taken from the literature (Sekulic 
et al., 2021; Juhlin, 2009; William et al., 2014; Jacobson, 2020). Applied 

Fig. 1. E39 route in Norway a) Bjørnafjorden; b) straight floating bridge (Vegvesen, 2017).
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assumptions when forming a coach model are the same ones as in 
(Sekulic et al., 2021).

Fig. 3 shows the positions of the bus users’ seats considered in the 
analysis. To determine seat positions, the intercity bus Volvo 9700 is 
used. Driver’s and passenger1’s seats are located in the bus front over-
hang, passenger2’s seat is located in the middle part of the bus and 
passenger3’s seat is located in the bus rear overhang. Longitudinal and 
lateral distances of the bus users’ seats (s1-8) with respect to bus CoG are 
denoted in Fig. 3. Basic bus geometric parameters (wheelbase, front and 
rear overhang) are also marked in Fig. 3.

2.1.1. EOMs for in-road-plane DOFs
EOMs for in-road-plane DOFs are the same form as in (Sekulic et al., 

2021) and described by Eqs. (1) and (2)

m
(
v̇y + vxωz

)
= Fyfl cos δ+ Fyfr cos δ+ Fyrl + Fyrr + Fywind,v (1) 

Jzω̇z =
(
Fyfl − Fyfr

)
sin δbf +

(
Fyfl + Fyfr

)
cos δlf −

(
Fyrl + Fyrr

)
lr + Mwind yaw,v

(2) 

where Fyfl, Fyfr are lateral tyre forces for the front left/right wheel 
(Fig. 2a); Fyrl, Fyrr are lateral tyre forces for the rear left/right wheel 
(Fig. 2a); Fywind,v and Mwind yaw,v are lateral component of the wind force 
and wind yawing moment (Fig. 2a), respectively. Lateral tyre forces are 
described by the brush tyre model given by Eq. (25) in (Sekulic et al., 
2022).

2.1.2. EOMs for out-of-road-plane DOFs
Fig. 4 shows a free-body diagram (FBD) of a bus user’s body lumped 

with the seat with active and fictive forces acting on it. The weight of the 
human body and a seat is not considered an active force since the 

coordinate system for the vertical motion of each point mass is placed in 
its static position.

The magnitudes of the seat forces for driver, passenger1, passenger2 
and passenger3 are given by Eqs. (3)–(6)

Fd = kd(zd − zI)+ cd

(

żd − żI

)

= kd(zd − z+ θss2 − φss1)

+ cd

(

żd − ż+ θ̇ss2 − φ̇ss1

)

(3) 

Fp1 = kp1
(
zp1 − zJ

)
+ cp1

(

żp1 − żJ

)

= kp1
(
zp1 − z+ θss4 +φss3

)

+ cp1

(

żp1 − ż+ θ̇ss4 + φ̇ss3

)

(4) 

Fig. 2. Bus model a) in-road-plane DOFs; b) out-of-road-plane DOFs.

Fig. 3. Intercity bus Volvo 9700 with bus users’ seats.

Fig. 4. FBD of bus users’ bodies with their seats.
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Fp2 = kp2
(
zp2 − zK

)
+ cp2

(

żp2 − żK

)

= kp2
(
zp2 − z − θss6 +φss5

)

+ cp2

(

żp2 − ż − θ̇ss6 + φ̇ss5

)

(5) 

Fp3 = kp3
(
zp3 − zL

)
+ cp3

(

żp3 − żL

)

= kp3
(
zp3 − z − θss8 − φss7

)

+ cp3

(

żp3 − ż − θ̇ss8 − φ̇ss7

)

(6) 

Differential EOMs for vertical direction for driver, passenger1, pas-
senger2 and passenger3 are given by Eqs. (7)–(14)

mdz̈d = − Fd (7) 

mdz̈d = − cdżd − kdzd + cdż + kdz + cds1φ̇s + kds1φs − cds2θ̇s − kds2θs (8) 

mp1z̈p1 = − Fp1 (9) 

mp1z̈p1 = − cp1 żp1 − kp1zp1 + cp1ż + kp1z − cp1s3φ̇s − kp1s3φs − cp1s4θ̇s

− kp1s4θs

(10) 

mp2z̈p2 = − Fp2 (11) 

mp2z̈p2 = − cp2 żp2 − kp2zp2 + cp2ż + kp2z − cp2s5φ̇s − kp2s5φs + cp2s6θ̇s

+ kp2s6θs

(12) 

mp3z̈p3 = − Fp3 (13) 

mp3z̈p3 = − cp3 żp3 − kp3zp3 + cp3ż + kp3z + cp3s7φ̇s + kp3s7φs + cp3s8θ̇s

+ kp3s8θs

(14) 

Fig. 5 presents FBDs of the coach sprung mass and front/rear axle 
with active and fictive forces acting on them. The weights of the bus 
body and axles are not considered active forces as the coordinate sys-
tems for the vertical motions are placed in their static positions.

Magnitudes of forces from the bus suspension system on the front 
left/right side and rear left/right side are presented by Eqs.(15)–(18)

Fsfl = ksfl(zB − zBʹ)+ cdfl

(

żB − żBʹ

)

= ksfl
(
z − θslf + eu1φs − z1 − eu1φ1

)

+ cdfl

(

ż − θ̇slf + eu1φ̇s − ż1 − eu1φ̇1

)

(15) 

Fsfr = ksfr(zA − zAʹ)+ cdfr

(

żA − żAʹ

)

= ksfr
(
z − θslf − eu1φs − z1 + eu1φ1

)

+ cdfr

(

ż − θ̇slf − eu1φ̇s − ż1 + eu1φ̇1

)

(16) 

Fsrl = ksrl(zF − zFʹ)+ cdrl

(

żE − żEʹ

)

= ksrl(z+ θslr + eu2φs − z2 − eu2φ2)

+ cdrl

(

ż+ θ̇slr + eu2φ̇s − ż2 − eu2φ̇2

)

(17) 

Fsrr = ksrr(zE − zEʹ)+ cdrr

(

żE − żEʹ

)

= ksrr(z+ θslr − eu2φs − z2 + eu2φ2)

+ cdrr

(

ż+ θ̇slr − eu2φ̇s − ż2 + eu2φ̇2

)

(18) 

The bus body vertical motion is described by Eqs.(19) and (20)

msz̈= Fd + Fp1 + Fp2 + Fp3 − Fsfl − Fsfr − Fsrl − Fsrr + Fzwind,v (19) 

msz̈= −
(

cdfeq + cdreq + cd + cp1 + cp2 + cp3

)
ż −
(

ksfeq + ksreq + kd + kp1

+ kp2 + kp3

)
z −
(
cds1 − cp1s3 − cp2s5 + cp3s7

)
φ̇s

−
(
kds1 − kp1s3 − kp2s5 + kp3s7

)
φs +

(
cds2 + cp1s4 − cp2s6

− cp3s8 +2lf cdfeq − 2lrcdreq

)
θ̇s +

(
kds2 + kp1s4 − kp2s6 + kp3s8

+2lf ksfeq − 2lrksreq

)
θs + cdżd + kdzd + cp1 żp1 + kp1zp1 + cp2 żp2

+ kp2zp2 + cp3 żp3 + kp3zp3 + cdfeq ż1 + ksfeq z1 + cdreq ż2 + ksreq z2

+ Fzwind,v

(20) 

The bus front axle motion in the vertical direction is given by Eqs. 
(21) and (22)

Fig. 5. FBDs of bus a) sprung mas; b) unsprung masses.
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mu1z̈1 = Fsfl + Fsfr − Ftfl,dyn − Ftfr,dyn (21) 

mu1z̈1 = − 2cdflż1 − 2
(
ksfl + ktfl

)
z1 +2cdflż+ 2ksflz − 2cdfllf θ̇s

− 2ksfllf θs + ktfrζtfr + ktflζtfl
(22) 

where Ftfl, dyn and Ftfr, dyn are dynamic front tyre forces given by Eqs.(10) 
and (11) in (Sekulic et al., 2021).

The bus rear axle motion in the vertical direction is given by Eqs.(23) 
and (24)

mu2z̈2 = Fsrl + Fsrr − Ftrl,dyn − Ftrr,dyn (23) 

mu2z̈2 = − 2cdrlż2 − 2(ksrl + ktrl)z2 +2cdrlż+ 2ksrlz − 2cdrllrθ̇s

− 2ksrllrθs + ktrrζtrr + ktrlζtrl
(24) 

where Ftrl, dyn and Ftrr, dyn are dynamic rear tyre forces given by Eqs.(14) 
and (15) in (Sekulic et al., 2021).

The pitch motion of the bus sprung mass, according to Fig. 5a, is 
shown by Eqs.(25) and (26)

Jsyθ̈s = − Fds2 − Fp1s4 +
(
Fsfl + Fsfr

)
lf − (Fsrl + Fsrr)lr

+ Fp2s6+Fp3s8 + Mwind pitch,v (25) 

Jsyθ̈s = −
(

s2
2cd + s2

4cp1+s2
6cp2+s2

8cp3 +2cdfrl2f +2cdrrl2r
)

θ̇s

−
(

s2
2kd + s2

4kp1+s2
6kp2+s2

8kp3 +2ksfrl2f +2ksrrl2r
)

θs

− s2cdżd − s2kdzd − s4cp1żp1 − s4kp1zp1 + s6cp2żp2 + s6kp2zp2

+ s8 cp3żp3 + s8 kp3zp3 +
(
s2cd + s4cp1 − s6cp2 − s8cp3 +2lf cdfr

− 2lrcdrr
)
ż+
(
s2kd + s4kp1 − s6kp2 − s8kp3 +2lf ksfr − 2lrksrr

)
z

+
(
s1s2cd − s3s4cp1 + s5s6cp2 − s7s8cp3

)
φ̇s +

(
s1s2kd − s3s4kp1

+ s5s6kp2 − s7s8kp3
)
φs − 2lf cdfrż1 − 2lf ksfrz1 +2lrcdrrż2

+ 2lrksrrz2+Mwind pitch,v

(26) 

Fig. 6 presents FBDs of the coach sprung and unsprung masses with 
active forces, active moments and fictive moment acting on them. These 
are used for the definition of EOMs for roll motions of the bus body, as 
well as the front and rear axles.

Roll equilibrium for the coach sprung mass is given by Eqs.(27) and 
(28)

Jsxω̇s =
(
msg − Fz wind,v

)
Δhsmφs +msayΔhsm +

(
Fsfr − Fsfl

)
eu1

+(Fsrr − Fsrl)eu2 −
(
Marb,fa +Marb,ra

)
− Fp1s3 − Fp2s5

+ Fp3s7 + Fds1 + Mwindroll ,v

(27) 

Jsxω̇s =
(
msg − Fz wind,v

)
Δhsmφs +msayΔhsm −

(
s2
1cd + s2

3cp1 + s2
5cp2 + s2

7cp3

+2cdfreu1 +2cdrreu2

)
φ̇s −

(
s2
1kd + s2

3kp1 + s2
5kp2 + s2

7kp3

+2ksfreu1 +2ksrreu2 +Karbf +Karbr

)
φs +

(
s1s2cd − s3s4cp1

+ s5s6cp2 − s7s8cp3
)
θ̇s +

(
s1s2kd − s3s4kp1 + s5s6kp2

− s7s8kp3
)
θs −

(
s1cd − s3cp1 − s5cp2 + s7cp3

)
ż −
(
s1kd − s3kp1

− s5kp2 + s7kp3
)
z+ 2cdfre2

u1φ̇1 +
(

2ksfre2
u1 +Karbf

)
φ1

+2cdrre2
u2φ̇2 +

(
2ksrre2

u2 +Karbr

)
φ2 + s1cdżd + s1kdzd

− s3cp1 żp1 − s3kp1zp1 − s5cp2żp2 − s5kp2zp2 + s7cp3 żp3

+ s7kp3zp3 + Mwindroll ,v

(28) 

Roll equilibrium for the front/rear axle takes the same final forms as 
in (Sekulic et al., 2021), and is given by Eq. (29) and Eq. (30). 

Jux1ω̇1 =Kφf (φs − φ1)+Cφf (ωs − ω1)+
(
Fyfl + Fyfr

)
cos δhRCfa

+
(
z1 − φ1bf − ζtfr

)
ktfrbf −

(
z1 +φ1bf − ζtfl

)
ktflbf

+ Karbf (φs − φ1)

(29) 

Jux2ω̇2 =Kφr(φs − φ2)+Cφr(ωs − ω2)+
(
Fyrl + Fyrr

)
hRCra

+(z2 − φ2br − ζtrr)ktrrbr − (z2 +φ2br − ζtrl)ktrlbr + Karbr (φs − φ2)

(30) 

where Kφf, Kφr, are roll stiffness for the bus front and rear axles; Cφf, Cφr 
are roll damping for the bus front and rear axles; Karbf, Karbr are anti-roll 
bar stiffness for the bus front and rear axles (Table 3). Roll stiffness and 
roll damping are given by Eqs.(31) and (32)

Kφf =
1
2
ksfl(2eu1)

2
; Kφr =

1
2
ksfr(2eu2)

2 (31) 

Cφf =
1
2
csfl(2eu1)

2
; Cφr =

1
2
csfr(2eu2)

2 (32) 

2.2. Calculation of the lateral accelerations acting on bus users’ bodies

Fig. 7a shows the bus sprung mass with positions of three receiving 
points (floor, seat surface, and backrest, see Fig. 15) for the driver and 
passengers. Lateral accelerations acting on the driver and passenger1 
from their seats due to bus body roll motion are calculated by Eqs.(33) 
and (34) based on Fig. 7b. 

Fig. 6. FBDs of the bus a) sprung mass; b) unsprung mass for definition of roll dynamics.
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Fig. 7. Bus users’ receiving points a) position; b) lateral velocity at the users’ seats.

Fig. 8. Flowchart for bus users’ ride comfort and motion sickness analysis.
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v̇y,ds =
(
v̇y +Δhsmω̇s

)
− ddsω̇s ⋅ cos α= v̇y

−

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
Δhsm + hd,s

)2
+ s2

1

√

⋅ cos α − Δhsm

)

ω̇s (33) 

v̇y,p1s =
(
v̇y +Δhsmω̇s

)
− dp1sω̇s ⋅ cos β= v̇y

−

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
Δhsm + hp1,s

)2
+ s2

3

√

⋅ cos β − Δhsm

)

ω̇s (34) 

where hd,f, hd,s and hd,b are heights of the driver receiving points (floor, 
seat and backrest) with respect to bus CoG (Table 3); hp1,f, hp1,s and hp1,b 
are heights of the passenger1 receiving points (floor, seat and backrest) 
with respect to bus CoG (Table 3).

Similarly, lateral accelerations acting on passenger2 and passenger3 
from their seats due to bus body roll motion are given by Eqs.(35) and 
(36)

v̇y,p2s = v̇y −

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
Δhsm + hp2,s

)2
+ s2

5

√

⋅ cos β − Δhsm

)

ω̇s (35) 

v̇y,p3s = v̇y −

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
Δhsm + hp3,s

)2
+ s2

7

√

⋅ cos γ − Δhsm

)

ω̇s (36) 

where hp2,f, hp2,s and hp2,b are heights of the passenger2 receiving points 
(floor, seat and backrest) with respect to bus CoG (Table 3); hp3,f, hp3,s 
and hp3,b are heights of the passenger3 receiving points (floor, seat and 
backrest) with respect to bus CoG (Table 3).

When considering bus yaw motion (Figs. 2a and 3), total lateral ac-
celerations at bus users’ seats are given by Eqs.(37)-(40)

v̇y,driver seat = v̇y,ds +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

s2
1 + s2

2

√

⋅ω̇z (37) 

v̇y,passenger1 seat = v̇y,p1s +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

s2
3 + s2

4

√

⋅ω̇z (38) 

v̇y,passenger2 seat = v̇y,p2s −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

s2
5 + s2

6

√

⋅ω̇z (39) 

v̇y,passenger3 seat = v̇y,p3s −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

s2
7 + s2

8

√

⋅ω̇z (40) 

Lateral accelerations from the bus floor acting on the users’ feet and 
backrest acting on the users’ back are calculated in a similar way as 
explained above based on Fig. 7.

2.3. Brief description of the bus driver model

A pure pursuit driver model was presented in (Sekulic et al., 2021). 
This driver model works together with a coach model when running 
across the floating bridge. Experimental studies were carried out on the 
CASTER driving simulator to adjust the driver model’s parameters (e.g. 
look-ahead time). A thorough description of the driver model can be 

found in (Sekulic et al., 2021).

2.4. Overall simulation process in ride comfort and motion sickness 
analysis

Flowchart of the overall simulation process is presented in Fig. 8. 
Solver ode 4 (4th order Runge-Kutta method), with fixed-size time step 
of Δt = 0.001 s, is used when solving non-linear vehicle dynamics 
equations. Simulation time (tsim) in our investigation is equal to the 
vehicle traveling time over the floating bridge. For example, simulation 
time for the vehicle speed at 36 km/h is 524 s.

3. Vehicle model excitations

The floating bridge will be located on Bjørnafjorden, connecting 
areas around Bergen and Stavanger (Fig. 1a). It is an open area to the 
North Sea, therefore it is exposed to strong winds and waves during 
harsh weather conditions. These perturbances will cause bridge deck 
displacements with vertical (zbr), lateral (ybr) and roll (φbr) motions as 
dominant ones (Fig. 9a). Floating bridge motions and wind loads on a 
coach will influence vehicle and driver behaviour when running across 
the bridge (Sekulic et al., 2021). Bridge motion intensities depend on 
wind and wave intensities, i.e. storm conditions severity (Sekulic et al., 
2023).

3.1. Definition of storm conditions

The definitions of the storm conditions (W1-W10) are given in 
Table 1. Each storm condition is described by waves, swells and wind 
characteristics (Table 1). Waves are generated locally at the site of the 
floating bridge by the wind (i.e. from the friction of the sea surface and 
the wind) and are short periodic waves. Swells are waves that have 
travelled over the ocean and reach Bjørnafjorden from the North Sea. 
These waves are long periodic waves generated from storms far from the 
floating bridge location. The overall wave conditions (both wind- 
generated and swells) at the surface elevation of the bridge are simu-
lated by superimposing waves generated from two Jonswap spectra 
(Vegvesen, 2017). A Kaimal wind spectrum was used to create a wind 
field (Branlard, 2010) with mean wind speed ws (Table 1) and the tur-
bulence characteristic Iu, as shown in Eq. (41). 

Iu =
1

ln
(

z
0.01

) (41) 

where z is the height [m].
For 1-year storm condition 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 

Fig. 9. Excitations a) floating bridge deck motions; b) components of the wind velocity.
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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).

3.2. Floating bridge excitations

Bjørnafjorden floating bridge is part of the coastal highway route E39 
Norway’s road project, and currently it is in its design phase. Bridge 
deck motions were simulated in Orcaflex software. Simulation of bridge 
motions under the influence of environmental loads (wind and waves) 
was performed for 1 h (3600 s) of simulation time. Bridge deck motions 
(point C, Fig. 10) depend on two values - vehicle position on the deck 
and on time. Consequently, vehicle excitations will not be the same for 
different vehicle speed. Detailed working procedure on data for 
obtaining vehicle inputs for numerical simulations could be found in 

(Sekulic et al., 2021).
Fig. 11 shows vertical bridge deck motion for three different storm 

conditions (W5, W6 and W7). Vertical bridge deck motion includes 
roughness of A/B road class modelled by standard ISO 8608 (Sekulic 
et al., 2021; Rana and Asaduzzaman, 2021). It could be noticed that the 
intensity of the bridge motion increases with the severity of the storm. 
These vertical bridge deck motions were used to define the left and right 
vehicle track excitations (Sekulic et al., 2021).

Fig. 12 shows lateral bridge deck motions for three storm conditions. 
It could be noticed that lateral bridge motion increases with storm 
severity. These motions are used to define the path the vehicle needs to 
follow and for the driver model inputs (Sekulic et al., 2021). Fig. 13
shows lateral bridge velocities for three different storms. It could be seen 
that lateral velocities increase with the storm intensity. These excita-
tions are used for bus lateral tyre forces calculation (Sekulic et al., 2021).

Fig. 14 shows the bridge deck’s roll motions for three storm condi-
tions. Roll motion angles increase with storm severity. For example, for 
W5, roll angle values are in the range of ±0.2◦, whereas for W7, they are 
in the range of ±0.4◦. These values, together with the bridge deck’s 
vertical motions, are used to define the left and right excitation inputs 
for the bus model (Sekulic et al., 2021).

3.3. Wind excitations on vehicle model

Wind velocity data are simulated in WindSim software (Vegvesen, 
2017; Sekulic et al., 2021). 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 

Table 1 
Ten storm conditions (W1-W10).

Storm condition Waves Swell Wind - [1hr - 10m]

Dir [◦] Hs [m] Tp [s] Dir [◦] Hs [m] Tp [s] Dir [◦] ws [m/s]

W1 (< 1-year storm) 315.00 0.20 2.07 300.00 0.04 17.00 315.00 6.13
W2 (< 1-year storm) 315.00 0.40 2.73 300.00 0.07 17.00 315.00 9.84
W3 (< 1-year storm) 315.00 0.60 3.22 300.00 0.11 17.00 315.00 13.08
W4 (< 1-year storm) 315.00 0.80 3.61 300.00 0.15 17.00 315.00 15.99
W5 (< 1-year storm) 315.00 1.00 3.96 300.00 0.18 17.00 315.00 18.73
W6 (1-year storm) 315.00 1.20 4.26 300.00 0.22 17.00 315.00 21.40
W7 (2-year storm) 315.00 1.40 4.53 300.00 0.25 17.00 315.00 23.60
W8 (10-year storm) 315.00 1.60 4.78 300.00 0.28 17.00 315.00 25.80
W9 (50-year storm) 315.00 1.80 5.02 300.00 0.33 17.00 315.00 28.50
W10 (100-year storm) 315.00 2.00 5.24 300.00 0.34 17.00 315.00 29.60

Fig. 10. Floating bridge cross-section with characteristic points and domi-
nant motions.

Fig. 11. Bridge vertical motion for storm a) W5; b) W6; c) W7 as a function of vehicle velocity.
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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. 
(42). 

U(z)=U10⋅
( z

10

)α
(42) 

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 
(Vegvesen, 2017)). The fluctuating wind spectrum is defined according 
to Eurocode NS-EN 1991-1-4:2005/NS 3491–4:2002 and N400 
(Vegvesen, 2017).

The turbulence spectrum as function of frequency n and integral 
length scale Li is defined by Eq. (43) (according to N400 (Vegvesen and 
N400 Bruprosjektering, 2015) for wind components i = u,v,w, (u - lon-
gitudinal; v - transversal; w - vertical)): 

nSi

σ2
i
=

Ai n̂i

(1 + 1.5Ai n̂ii)
5/3 (43) 

where Ai is integral length scale factors (Au = 6.48; Av = Aw = 9.4); n̂i – 
is frequency given by Eq. (44). 

n̂i =
nLi(z)
U(z)

(44) 

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

The coherence function is an exponential decay function defined by 
Eq. (45)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
coh(nΔS)

√
= exp

(

− Ci
nΔS
U(z)

)

(45) 

Fig. 12. Bridge lateral motion for storm a) W5. b) W6; c) W7 as a function of vehicle velocity.

Fig. 13. Bridge lateral velocity for storm a) W5; b) W6; c) W7 as a function of vehicle speed.
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where Ci is the decay factor for each wind component (Cu = 10; Cv = Cw 
= 6.5).

The simulated wind signal was quite stochastic in nature, covering 
both changing directions and magnitudes of the instantaneous wind 
velocities. This signal was later used to generate aerodynamic forces that 
ended up having a similar stochastic behaviour. This is not an ideal 
representation of the stormy wind conditions, but any other approaches 
were considered to be significantly more computationally expensive.

A detailed data preparation procedure for coach wind load inputs is 
explained in (Sekulic et al., 2021). As an example, Fig. 15 shows wind 
velocity components for three storm conditions for vehicle velocity of 
72 km/h, which is defined in the ECS (Fig. 9b). It could be noticed that 
the magnitudes of the along-wind and cross-wind components increase 
with the severity of the storm. Horizontal wind components were 
transformed from ECS to VCS and used for relative wind velocity cal-
culations (Fig. 9b). Relative wind velocities served for calculations of 
aerodynamic forces/moments acting on the bus (Sekulic et al., 2021). 
The vertical wind component values are small (in the range ±3 m/s, 

Fig. 15) and considered minor compared to horizontal components. 
Hence, vertical wind components were not taken in aerodynamic load 
calculations (Sekulic et al., 2021).

4. Method for ride comfort and motion sickness assessment - ISO 
2631/1997

Standard ISO 2631/1997 proposes a method for analysing vibra-
tional influence on a human body with respect to motion sickness, 
comfort, perception, and health (ISO 2631, 1997). The method considers 
different body positions (standing, seated, and recumbent) and different 
receiving points (e.g. feet, seat surface, back, etc.).

Fig. 16 shows a bus user in a seated position and appropriate 
receiving points with their axles. Bus driver and passengers are exposed 
to translational and angular vibration acting on their feet from the bus 
floor, on their buttocks from their seats and on their backs from their 
seat backrests. The comfort analysis does not consider vibration acting 
on a driver’s hand from the bus steering wheel.

Fig. 14. Bridge roll motion for storm a) W5; b) W6; c) W7 as a function of vehicle speed.

Fig. 15. Components of the wind velocity for a) W5; b) W6; c) W7 weather condition and for the vehicle velocity of 72 km/h.
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4.1. Ride comfort

ISO 2631 suggests total Root-Mean-Square (RMS) value and criteria 
for ride comfort assessment in means of public transport for ride comfort 
assessment (ISO 2631, 1997). In this work, the total RMS value is 
calculated considering translational and rotational vibration from three 
receiving points (marked with red lines in Fig. 16). The total RMS value 
is calculated by Eq. (46)

RMStot =

((

kz,floor⋅z̈w,RMS floor

)2

+

(

ky,floor⋅ÿw,RMS floor

)2 

+

(

kz,seat⋅z̈w,RMS seat

)2

+

(

ky,seat⋅ÿw,RMS seat

)2

+

(

kroll,seat⋅φ̈w,RMS seat

)2

+

(

kpitch,seat⋅θ̈w,RMS seat

)2

+

(

kyaw,seat⋅ψ̈w,RMS seat

)2

+

(

kz,seat− back⋅z̈w,RMS seat− back

)2

+

(

ky,seat− back⋅ÿw,RMS seat− back

)2)1
2

(46) 

where kz,floor, ky,floor, kz,seat, ky,seat, kroll, seat, kpitch, seat, kyaw, seat, kz,seat-back, 
ky,seat-back are multiplying factors whose values depend on receiving 
points and axles (Table 5); z̈w,RMS_floor, ÿw,RMS_floor, z̈w,RMS_seat, ÿw,RMS_seat, 
φ̈w,RMS_seat, θ̈w,RMS_seat, Ψ̈w,RMS_seat, z̈w,RMS_seat-back, ÿw,RMS_seat-back are RMS 
values of frequency weighted accelerations for considered receiving 
points and their axles.

For instance, the RMS value of frequency-weighted acceleration from 
a user’s seat is given by Eq. (47)

z̈w,RMS seat =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
T

∫ T

0

(

z̈w,seat(t)
)2

dt

√

(47) 

where z̈w(t) is frequency-weighted vertical acceleration. Fig. 17 shows 
three frequency-weighting curves used for acceleration filtering (Wk - for 
acceleration along the z-axis at seat and feet, and the y-axis at feet; Wd - 
for acceleration along the y-axis at seat and seat-back and along the z- 
axis at seat-back; We - for rotational (roll, pitch, yaw) acceleration at 
seat).

As an example, Fig. 18a shows raw and weighted vertical accelera-
tions at the driver’s seat in the time domain for coach velocity of 72 km/ 
h. It could be noticed that the weighted acceleration is of lower values 
than the raw acceleration (Fig. 18c). Fig. 18b shows raw and weighted 
vertical accelerations in the frequency domain. Acceleration intensity 
below 0.5 Hz is not considered in the evaluation of driving comfort, 
according to (ISO 2631, 1997).

Table 2 presents the criteria for ride comfort assessment in public 
transport (ISO 2631, 1997).

4.2. Motion sickness

ISO 2631 suggests motion sickness dose value (MSDVz) for motion 
sickness assessment. Higher MSDVz values correspond to a greater 
incidence of motion sickness (ISO 2631, 1997). MSDVz considers vi-
bration at the seat in the vertical direction only and is given by Eq. (48)

MSDVz =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∫ T

0

(

z̈w,seat(t)
)2

dt

√

(48) 

where z̈w,seat is the frequency-weighted acceleration in the vertical di-
rection from users’ seats; T is the vibration time of the exposure. The 
frequency-weighting curve (Wf) used for vertical acceleration filtering is 
presented in Fig. 17.

As an example, Fig. 19a shows raw and weighted vertical accelera-
tions at the driver’s seat in the time domain for bus speed of 36 km/h. 
Fig. 19b shows raw and weighted vertical accelerations in the frequency 
domain. Acceleration intensity in the frequency range of 0.1–0.5 Hz is 
only considered in the evaluation of motion sickness, according to (ISO 
2631, 1997).

Fig. 16. Bus user body in a seated position and receiving points with 
their axles.

Fig. 17. Frequency-weighting curves for ride comfort and motion sick-
ness assessment.

Table 2 
Ride comfort ISO 2631/1997 criteria.

Vibration intensity [m/s2] Comfort assessment

<0.315 comfortable
0.315–0.63 a little uncomfortable
0.5–1.0 fairly uncomfortable
0.8–1.6 uncomfortable
1.25–2.5 very uncomfortable
>2.0 extremely uncomfortable
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Fig. 18. Raw and weighted vertical acceleration at driver seat surface a) in the time domain; b) in the frequency domain; c) magnified view, for a vehicle velocity of 
72 km/h.

Fig. 19. Raw and frequency weighted vertical acceleration at driver seat surface a) in the time domain; b) in the frequency domain; c) magnified view, for a vehicle 
velocity of 36 km/h.

Fig. 20. Vertical acceleration at a) driver seat; b) passenger1 seat; c) passenger2 seat; d) passenger3 seat, as a function of time and vehicle velocity.
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5. Simulation results and discussion

This section presents simulation results of characteristic values for 1- 
year storm conditions, focusing on two cases. The first case considers 
bridge motions and wind excitations acting on the coach, whereas the 
second only considers bridge motions. Also, ride comfort and motion 
sickness have been analysed as a function of storm intensities and 
vehicle velocity.

5.1. Ride comfort analysis

Fig. 20 shows vertical accelerations acting on bus users from their 
seats as a function of bus velocity for the first case. It could be noticed 
that acceleration intensity increases with vehicle velocity for every bus 
user. Passenger2 is exposed to the lowest vertical acceleration values, 
whereas passenger3 is exposed to the highest values. For instance, ac-
celeration values acting on passenger2 are in the range of ±1 m/s2 

(Fig. 20a), whereas for passenger3 in the range of ±3 m/s2 (Fig. 20d), 
for the vehicle velocity of 108 km/h. Despite the driver’s suspended seat, 
the higher vertical acceleration values acting on the driver compared to 

Fig. 21. PSDs of vertical accelerations for a) driver seat; b) passenger1 seat; c) passenger2 seat; d) passenger3 seat, as a function of vehicle velocity.

Fig. 22. RMS values of vertical accelerations at bus users’ seats with and 
without wind excitations on the vehicle as a function of vehicle velocity.

Fig. 23. Lateral accelerations for a) receiving points at driver position; b) at bus users’ seats; c) at bus users’ seats as a function of frequency.
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the passenger2 (Fig. 20c) are due to the bus body pitch motion. The 
effect of the driver’s seat in vibration attenuation is noticeable when 
comparing vertical accelerations acting on the driver and the passen-
ger1. Acceleration values acting on the driver are in the range of ±1.5 
m/s2 (Fig. 20a), whereas for passenger1 they are in the range of ±2 m/s2 

(Fig. 20b), for the vehicle velocity of 108 km/h.
Fig. 21 shows PSDs of bus users’ seat vertical acceleration as a 

function of bus velocity. Acceleration intensity for passengers is 
concentrated in the frequency range of 0 Hz–4 Hz, whereas for the 
driver, it is concentrated in the lower frequency range of 0 Hz–3 Hz due 
to his suspended seat. This is important to notice since the human body 
is the most sensitive to vertical vibration in a frequency range of 4 Hz–8 
Hz (ISO 2631, 1985).

Fig. 22 shows RMS values of the vertical acceleration of the bus 
users’ seats for both cases. The wind excitations have an insignificant 
influence on acceleration intensity.

Fig. 23a shows lateral accelerations at the driver position for 
different receiving points for the 90 km/h vehicle velocity. It could be 
seen that backrest acceleration has slightly higher values compared to 

accelerations from the seat and floor. Fig. 23b presents lateral acceler-
ation from the seat surface for bus users as a function of time. Passenger3 
is exposed to the highest values of lateral accelerations. Fig. 23c shows 
lateral acceleration for bus users in a frequency domain. Acceleration 
intensities are concentrated in the frequency range 0.2 Hz–0.4 Hz. Peak 
values at 0.3 Hz correspond to a handwheel steering angle peak fre-
quency at the vehicle velocity of 90 km/h (Sekulic et al., 2021).

Fig. 24 presents RMS values of the weighted accelerations for the 
case of bridge and wind excitations acting on the vehicle when running 
over the Bjørnafjorden floating bridge. Fig. 24a presents RMS values of 
the weighted accelerations at the driver’s seat. Vertical and lateral ac-
celerations are dominant and apparently influence ride comfort the 
most. RMS values of roll, pitch and roll accelerations are small (below 
0.05 m/s2). RMS values of the vertical and lateral accelerations are 
similar up to 72 km/h of vehicle velocity (Fig. 24a). RMS values of 
lateral acceleration are higher than of vertical for the vehicle velocity 
higher than 72 km/h.

Fig. 24b shows RMS values of the weighted vertical and lateral ac-
celerations for every bus user. RMS values of the vertical acceleration for 

Fig. 24. RMS values a) of the weighted accelerations at the driver’s seat; b) of the weighted vertical and lateral accelerations at bus users’ seats; c) of total weighted 
accelerations for bus users, for the case of bridge and wind excitation.

Fig. 25. RMS values a) of the weighted accelerations at the driver’s seat; b) of the weighted vertical and lateral accelerations at bus users’ seats; c) of total weighted 
accelerations for bus users, for the case of bridge excitation only.
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the passenger3 are the highest. Passenger3 feels a little uncomfortable 
under vertical vibration at the bus velocity of 95 km/h. RMS values of 
the lateral acceleration for the passenger3 increase with the bus velocity. 
Passenger3 feels a little uncomfortable under lateral vibration at the bus 
velocity of 105 km/h. It could be seen that passenger1 feels a little un-
comfortable under vertical vibration at the bus velocity of 100 km/h. 
RMS values of the lateral acceleration for passenger1 increase with the 
bus velocity, however, they are below the limit of 0.315 m/s2.

Total RMS values for bus users are presented in Fig. 24c. At the bus 
velocity of 42 km/h passenger3 gets a little uncomfortable, whereas at a 

velocity of 97 km/h gets fairly uncomfortable. Passenger1 has slightly 
better ride comfort in comparison to passenger3. At the bus velocity of 
54 km/h passenger2 feels a little uncomfortable, and at 103 km/h feels 
fairly uncomfortable. At the bus velocity of 72 km/h passenger2 gets a 
little uncomfortable. Passenger2 has the best ride comfort. At the bus 
velocity of 95 km/h passenger2 gets a little uncomfortable.

Fig. 25 presents RMS values of the weighted accelerations for the 
case of floating bridge excitations only acting on the bus when running 
over it. RMS values of the weighted vertical acceleration for the driver 
are the same as for the first case (Fig. 25a). RMS values of the weighted 
lateral acceleration are considerably lower when compared with the 
case of the wind excitations acting on the bus (Fig. 25a). RMS values of 
the weighted roll and pitch accelerations are insignificant, whereas the 
RMS value of the pitch acceleration is the same as for the first case 
(Fig. 25a).

RMS values of weighted lateral accelerations are slightly higher for 
passenger3, and these values are considerably lower than the 0.315 m/s2 

comfort limit (Fig. 25b). Total RMS values for bus users are presented in 
Fig. 25c. At the bus velocity of 48 km/h, 83 km/h and 106 km/h pas-
senger3, passenger1 and the driver feel a little uncomfortable, respec-
tively. Passenger2 feels comfortable for every bus speed (Fig. 25c).

Fig. 27 presents ride comfort level for different positions of the 
passenger2’s seat in the bus middle part (Fig. 26). Longitudinal and 
lateral distances of the passenger2’s seat (s6, s5) with respect to the bus 
CoG are denoted in Fig. 27, and the values are given in Table 3.

Fig. 27 presents total RMS values as a function of passenger2’s seat 
position for the case of the bridge and wind excitations (Fig. 27a) and for 
the case of the bridge excitation only (Fig. 27b). At the bus velocity of 95 

Fig. 26. Different positions of the passenger2’s seat in the bus middle part.

Fig. 27. Total RMS value for different positions of the passenger2’s seat in the bus middle part for the case of the a) bridge and wind excitations; b) bridge exci-
tation only.

Fig. 28. Total RMS values for the bus users for three storm conditions (W5, W6, 
W7) as a function of bus velocity.
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km/h, 83 km/h and 75 km/h passenger2 (position 1), passenger2 (po-
sition 3) and passenger2 (position 2) feels a little uncomfortable, 
respectively (Fig. 27a). For the case of the bridge excitation only, 

passenger2 at position 2 (Fig. 26) feels a little uncomfortable at the bus 
speed of 100 km/h (Fig. 27b).

Fig. 28 shows the total RMS values of the weighted acceleration for 
three storm conditions (W5, W6, W7) and every bus user. It can be 
observed that the bus speed at which the limits of comfort are reached 
decreases with the intensity of the storm. For example, passenger3 feels 
fairly uncomfortable at bus velocities of 102 km/h, 97 km/h and 84 km/h 
for storms W5, W6 and W7, respectively. Driver feels a little uncomfort-
able at bus velocities of 77 km/h, 72 km/h and 63 km/h for storms W5, 
W6 and W7, respectively. Total RMS values for storm W7 are not shown 
in Fig. 28 since the bus is not stable at the velocity of 108 km/h (Sekulic 
et al., 2023).

Fig. 29 shows total RMS values for bus users as a function of storm 
intensity and coach velocity. Results are not presented for storms more 
intensive than W8 since the bus was not stable for these conditions 
(Sekulic et al., 2023). For velocities higher than 54 km/h for W8 and 
velocity of 108 km/h for W7 bus was also not stable (Sekulic et al., 
2023). Passenger2 has the best ride comfort and feels a little uncom-
fortable only for W6 at the bus velocity of 108 km/h (Fig. 29c). Pas-
senger3 has the highest total RMS value (Fig. 29d). Passenger3 feels 
fairly uncomfortable for W4 - W6 at a bus speed of 108 km/h (Fig. 29d).

Fig. 29. Total RMS value for a) driver; b) passenger1; c) passenger2; d) passenger3 as a function of storm condition and bus velocity.

Fig. 30. PSDs of the frequency weighted vertical acceleration by Wf curve for 
bus users at vehicle velocity of 36 km/h.

Fig. 31. MSDVz for bus users a) for both cases; b) for three different storm conditions (W5, W6, W7).
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5.2. Motion sickness analysis

Fig. 30 shows frequency-weighted vertical accelerations by filter Wf 
(Fig. 17) for bus users’ seats at the vehicle velocity of 36 km/h. Accel-
eration intensities are found in the frequency range 0.1 Hz–0.4 Hz. The 
acceleration peak at around 0.2 Hz corresponds to the peak of vertical 
bridge motion due to wave excitation (Sekulic et al., 2023). It could be 
noticed that acceleration intensities are the highest for the bus driver, 
and the lowest for passenger2.

Fig. 31a shows MSDVz calculated for bus users for both cases as a 
function of vehicle velocity. Wind load has an insignificant influence on 
MSDVz. MSDVz decreases with vehicle velocity up to 72 km/h. The 
highest value of MSDVz for every user is achieved for the lowest bus 
speed of 36 km/h due to the longest time of vibrational exposure. 
Among bus users, the driver is the most likely to feel motion sickness on 
a floating bridge due to his suspended seat. Fig. 31b presents MSDVz for 

bus users for three storm conditions (W5, W6 and W7). MSDVz increases 
with storm intensity with similar characteristic changes as a function of 
vehicle velocity.

Fig. 32 shows MSDVz for bus users as a function of storm conditions 
and vehicle velocity. For every bus user, a greater incidence of motion 
sickness happens in lower vehicle velocity and stronger storms. For 
example, for vehicle speed of 36 km/h and storm W8, MSDVz is over 50 
m/s1.5 for bus driver (Fig. 32a). Passenger2 is less likely to feel motion 
sickness (Fig. 32c).

6. BUS model Validation

Validation of the bus mathematical model has been done by 
comparing two signals (bus lateral acceleration and bus roll angle) from 
driving simulator tests and numerical simulations for W6 (1-year storm 
condition). The Hexatech 1CTR driver-in-the-loop motion platform 

Fig. 32. MSDVz for a) driver; b) passenger1; c) passenger2; d) passenger3, as a function of storm condition and bus velocity.

Fig. 33. Bus lateral acceleration signals as a function of a) frequency; b) distance for vehicle speed of 70 km/h (driver 1); c) distance for vehicle speed of 90 km/h 
(driver 2).
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simulator (CASTER) has been previously used for the investigation of 
vehicles (passenger car/bus) tracking ability and driver behaviour on 
Bjørnafjorden floating bridges (Bhat et al., 2020).

Fig. 33 comparatively shows bus lateral accelerations from driving 
simulator tests (two drivers) and from numerical simulations for two 
vehicle speeds of 70 km/h (driver 1) and 90 km/h (driver 2). The 
magnitudes of signals are similar (Fig. 33(b and c)). In the frequency 
domain, signal intensities for driver 1 and driver 2 are concentrated at 
approximately 0.25 Hz whereas for the bus model around 0.3 Hz 
(Fig. 33a). However, frequency ranges of lateral accelerations from 
driving simulator tests and numerical simulations are fairly matched 
(Fig. 33a).

Fig. 34 comparatively shows bus roll angle responses from driving 
simulator tests (two drivers) and from numerical simulations for two 
vehicle speeds of 70 km/h (driver 1) and 90 km/h (driver 2). The 
magnitudes from driving tests are lower compared to numerical simu-
lations (Fig. 34(b and c)), but with similar trend. Values of the bus roll 
angle decrease with distance for both driving tests and simulations due 
to the higher values of cross wind component on the first 1000 m of 
travelled distance (Fig. 15b). Signal intensities are concentrated at low 
frequency range (below 0.05 Hz, Fig. 34a) which correspond to the 
cross-wind component frequency range (Sekulic et al., 2021, 2022).

7. Conclusion

This work investigated the vibrational influence of Bjørnafjorden 
floating bridge motions and wind excitations on bus users’ ride comfort 
and motion sickness. Two cases were considered for 1-year storm con-
dition – the first case with the wind loads affecting the bus, and the 
second case with no wind loads affecting the bus. Furthermore, storm 
conditions of higher and lower intensity than 1-year storm were 
considered in the analysis.

From this paper, the main conclusions are as follows. 

• Vertical vibration intensity increases with vehicle velocity for every 
bus user. The passenger at the bus’s rear overhang is exposed to the 
highest vertical accelerations, and the passenger in the bus’s middle 
part is exposed to the lowest.

• Wind excitations insignificantly influence vertical and pitch vibra-
tion from bus users’ seats. Wind excitations considerably influence 
lateral, yaw and roll accelerations acting on bus users’ bodies.

• For the first case, RMS values of the vertical and lateral weighted 
accelerations for the driver seat are similar up to 72 km/h of vehicle 
velocity. For the bus velocity higher than 72 km/h, RMS values of 
lateral acceleration are dominant.

• For the second case, the RMS values of the vertical weighted accel-
erations are considerably higher than the lateral accelerations for the 
driver seat.

• For both cases, for passengers seating on the seats at the front and the 
rear bus overhang, a comfort limit of 0.315 m/s2 (a little uncomfort-
able) could be reached by only vertical vibration from their seats at a 
velocity of 100 km/h (for the front seat) and 95 km/h (for the rear 
seat).

• For the first case, a comfort limit of 0.315 m/s2 is reached for the 
driver, for the passenger at the front, for the passenger at the middle 
and for the passenger at the rear part of the bus at velocity of 72 km/ 
h, 54 km/h, 95 km/h and 42 km/h, respectively. A comfort limit of 
0.5 m/s2 (fairly uncomfortable) is reached for the passenger at the 
front and for the passenger at the rear of the bus at a velocity of 103 
km/h and 97 km/h, respectively.

• For the second case, a comfort limit of 0.315 m/s2 is reached for the 
driver, the passenger at the front and the passenger at the rear at bus 
velocities of 106 km/h, 83 km/h and 48 km/h, respectively. A pas-
senger in the middle part feels comfortable regardless of the 
considered bus’s velocity.

• The bus velocity at which the limits of comfort are reached decreases 
with the intensity of the storm. For example, passenger3 feels fairly 
uncomfortable at the bus velocities of 102 km/h, 97 km/h and 84 km/ 
h for storms W5, W6 and W7, respectively.

• Among bus users, passenger2 has the best ride comfort, and pas-
senger3 has the highest total RMS value and apparently the worst 
ride comfort. Vehicle velocities at which ride comfort limit of 0.315 
m/s2 (a little uncomfortable) is reached decrease with increasing 
distance from the passenger2’s seat to the bus CoG.

• Wind load on a bus has an insignificant influence on MSDVz. The 
highest value of MSDVz for every user is achieved for the lowest bus 
speed of 36 km/h due to the longest time of vibrational exposure.

• Among bus users, the driver is the most likely to feel motion sickness 
on the floating bridge. Unlike ride comfort, the driver’s suspended 
seat negatively influences his motion sickness.

One of the potential solutions for vibration mitigation could be to 
propose new values of oscillatory parameters for passenger seats that do 

Fig. 34. Bus roll angle as a function of a) frequency; b) distance for vehicle speed of 70 km/h (driver 1); c) distance for vehicle speed of 90 km/h (driver 2).
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not provide a satisfactory level of oscillatory comfort (e.g. passenger1, 
passenger3).

The Bjørnafjorden floating bridge is part of the coastal highway route 
E39 Norway’s road project and is currently in its design phase. There-
fore, experimental investigation of the vehicle’s behaviour and verifi-
cation of the validity of vehicle models on the Bjørnafjorden floating 
bridge are planned for future work. In addition, measurement of floating 
bridge motion and crosswind speed along the length of the bridge are 
planned as future work.
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Appendix 

Table 3 
Coach parameters

Geometric parameters of the bus
Wheelbase L [m] 8.375
Front overhang foh [m] 2.619
Rear overhang roh [m] 2.806
Distance from the front axle to the centre of gravity (CoG) of an empty bus lf [m] 4.4103
Distance from the rear axle to the centre of gravity (CoG) of empty bus lr [m] 3.9647
Distance from the front right/left wheel to the front axle CoG bf [m] 1.00
Distance from the rear right/left wheel to the rear axle CoG br [m] 1.00
Distance from the CoG of the whole vehicle to the ground hCoG, stat. [m] 1.1725
Height of the front axle roll-centre hRCfa, stat. [m] 0.508
Height of the rear axle roll-centre hRCra, stat. [m] 0.508
Distance from the CoG to the roll-centre for the front axle hRCfa, stat. [m] 0.6645
Distance from the CoG to the roll-centre for the rear axle hRCra, stat. [m] 0.6645
Distance from suspension elements on the front axle to the front axle CoG eu1 [m] 0.70
Distance from suspension elements on the rear axle to the rear axle CoG eu2 [m] 0.80
Position of the bus users’ receiving points
Distance from the driver seat to the vehicle x-axis s1 [m] 0.65
Distance from the driver seat to the vehicle y-axis s2 [m] 5.9103
Distance from passenger1 seat to the vehicle x-axis s3 [m] 0.80
Distance from passenger1 seat to the vehicle y-axis s4 [m] 5.2103
Distance from passenger2 (position 1) seat to the vehicle x-axis s5 [m] 0.80
Distance from passenger2 (position 1) seat to the vehicle y-axis s6 [m] 0.50
Distance from passenger2 (position 2) seat to the vehicle x-axis s5 [m] 0.50
Distance from passenger2 (position 2) seat to the vehicle y-axis s6 [m] 3.80
Distance from passenger2 (position 3) seat to the vehicle x-axis s5 [m] 0.80
Distance from passenger2 (position 3) seat to the vehicle y-axis s6 [m] 2.28
Distance from passenger3 seat to the vehicle x-axis s7 [m] 0.40
Distance from passenger3 seat to the vehicle y-axis s8 [m] 5.4647
Vertical distance between floor at driver position and CoG hd,f [m] 0.10
Vertical distance between seat at driver position and CoG hd,s [m] 0.50
Vertical distance between backrest at driver position and CoG hd,b [m] 0.80
Vertical distance between floor at passenger1/2/3 position and CoG hp1/2/3,f [m] 0.30
Vertical distance between seat at passenger1/2/3 position and CoG hp1/2/3,s [m] 0.70
Vertical distance between backrest at passenger1/2/3 position and CoG hp1/2/3,b [m] 1.00
Mass parameters of the bus
Driver and seat - mass md [kg] 100
Passenger1 and seat - mass mp1 [kg] 90
Passenger2 and seat - mass mp2 [kg] 90
Passenger3 and seat - mass mp3 [kg] 90
Sprung mass of the empty bus ms [kg] 16099
Front axle - mass mu1 [kg] 746
Rear axle - mass mu2 [kg] 1355
Empty bus - mass m [kg] 18200

(continued on next page)
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Table 3 (continued )

Sprung mass - moment of inertia about its x-axis Jsx [kgm2] 33400
Sprung mass - moment of inertia about its y-axis Jsy [kgm2] 150000
Bus - moment of inertia about z-axis Jz [kgm2] 290000
Front axle - moment of inertia relative to the x1-axis Jux1 [kgm2] 315
Rear axle - moment of inertia relative to the x2-axis Jux2 [kgm2] 657
Oscillatory parameters of the bus
Spring stiffness of the driver seat suspension system kd [N/m] 7500
Shock-absorber damping of the driver seat suspension system cd [Ns/m] 750
Stiffness of the passenger1, passenger2 and passenger3 seats kp1, kp2, kp3 [N/m] 40000
Damping of the passenger1, passenger2 and passenger3 seats cp1, cp2, cp3 [Ns/m] 220
Stiffness for one air spring on the front axle ksf [N/m] 175000
Stiffness for all air springs on the front axle ksfeq [N/m] 350000
Damping for one shock-absorber on the front axle cdf [Ns/m] 20000
Damping for all shock-absorbers on the left side of the front axle cdfl [Ns/m] 40000
Damping for all shock-absorbers on the right side of the front axle cdfr [Ns/m] 40000
Damping for all shock-absorbers on the front axle cdfeq [Ns/m] 80000
Stiffness for one air spring on the rear axle ksr [N/m] 200000
Stiffness for all air springs on the left side of the rear axle ksrl [N/m] 400000
Stiffness for all air springs on the right side of the rear axle ksrr [N/m] 400000
Stiffness for all air springs on the rear axle ksreq [N/m] 800000
Damping for one shock-absorber on the rear axle cdr [Ns/m] 22500
Damping for all shock-absorbers on the left side of the rear axle cdrl [Ns/m] 45000
Damping for one shock-absorber on the right side of the rear axle cdrr [Ns/m] 45000
Damping for all shock-absorbers on the rear axle cdreq [Ns/m] 90000
Radial stiffness for one tyre on the left/right side of the front axle ktfl/ktfr [N/m] 1000000
Radial stiffness for all tyres on the front axle ktfeq [N/m] 2000000
Radial stiffness for one tyre on the left/right side of rear axle ktrl/ktrr [N/m] 2000000
Radial stiffness for all tyres on the rear axle ktreq [N/m] 4000000
Torsional stiffness for anti-roll bar on front axle Karbf [Nm/rad] 120000
Torsional stiffness for anti-roll bar on rear axle Karbr [Nm/rad] 120000
Front axle - roll-stiffness Kφf [Nm/rad] 171500
Front axle - roll-damping Cφf [Nms/rad] 39200
Rear axle - roll-stiffness Kφr [Nm/rad] 512000
Rear axle - roll-damping Cφr [Nms/rad] 57600

Table 4 
Other notations

O1xyz Vehicle coordinate system

Δ Steering angle for front vehicle left/right wheel [rad]
φs, φ1, φ2 Roll-angle motion for the vehicle body, front axle, and rear axle [rad]
ωs, ω1, ω2 Roll-angle rate for the vehicle body, front axle, and rear axle [rad/s]
ω̇s, ω̇1, ω̇2 Roll-angle acceleration for the vehicle body, front axle, and rear axle [rad/s2]
θs, θ̇s, θ̈s Pitch-angle motion rate and acceleration for the vehicle body [rad], [rad/s], [rad/s2]
z, ż, z̈ Vertical motion/velocity/acceleration of the vehicle body [m; m/s; m/s2]
z1, ż1, z̈1 Vertical motion/velocity/acceleration of the coach front axle [m; m/s; m/s2]
z2, ż2, z̈2 Vertical motion/velocity/acceleration of the coach rear axle [m; m/s; m/s2]
zd, żd, z̈d Vertical motion/velocity/acceleration of the coach diver [m; m/s; m/s2]
zp1, żp1, z̈p1 Vertical motion/velocity/acceleration of the passenger1 [m; m/s; m/s2]
zp2, żp2, z̈p2 Vertical motion/velocity/acceleration of the passenger2 [m; m/s; m/s2]
zp3, żp3, z̈p3 Vertical motion/velocity/acceleration of the passenger3 [m; m/s; m/s2]
v̇y Lateral acceleration of the coach CoG in vehicle fixed coordinate system [m/s2]
ay Total lateral acceleration of the coach CoG in vehicle fixed coordinate system [m/s2]
vx, vy Longitudinal/lateral velocity of the coach CoG in vehicle fixed coordinate system [m/s]
Ψ , ωz, ω̇z Vehicle yaw motion/rate/acceleration [rad; rad/s; rad/s2]
ζtfr, ζtfl Vertical excitations on the front right/left wheel
ζtrr, ζtrl Vertical excitations on the rear right/left wheel
ζfa, ζra Road roughness below front/rear axle CoGs
ζ1 Road roughness below the rotational centre of sprung mass (RC)
vy br,fa, vy br,ra Lateral velocity of the bridge deck at the tyre contact point for the front/rear coach axle [m/s]
Δhsm Vertical distance from CoG to vehicle roll-axis (point RC) [m]

Table 5 
Multiplying factors for RMS values of frequency- 
weighted accelerations (ISO 2631/1997)

Multiplying factors

Floor – vertical kz,floor [-] 0.40
Floor – lateral ky,floor [-] 0.25
Seat – vertical kz,seat [-] 1.00

(continued on next page)
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Table 5 (continued )

Multiplying factors 

Seat – lateral ky,seat [-] 1.00
Seat – roll kroll, seat [m/rad] 0.63
Seat – pitch kpitch, seat [m/rad] 0.40
Seat – yaw kyaw, seat [m/rad] 0.20
Backrest – vertical kz,seat-back [-] 0.40
Backrest – lateral ky,seat-back [-] 0.50

Data availability

Data will be made available on request.
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