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The proposed floating bridge solution at Bjgrnafjorden in connection with the E39 infras-
tructure upgrade is an enabler to realize efficient transportation. This bridge and the ve-
hicles shuttling on it will be exposed to inclement weather conditions. The waves and
wind excite the floating bridge to induce compound motion in addition to the aerody-
namic crosswinds directly interacting with the vehicles. Methods to introduce the com-
plex motion of the floating bridge (multi-post test rig) and aerodynamic crosswinds on a
tractor semi-trailer have been established and presented in this paper. The environment-
vehicle-driver system is enabled through a co-simulation between MATLAB/Simulink (pri-
mary) and Adams (secondary). This complex interplay is studied on the intricate 627-DoF
Adams vehicle model coupled with the Adams driver model. Numerical simulations are
performed for multiple constant vehicle speeds under laden condition on a road with fric-
tion of 0.7 for the 1-year storm weather condition. Vehicle stability and safety assessments
such as lane violation, path following ability, rollover risk, and lateral side slip limit are
evaluated to draw inferences. Subsequently, permissible vehicle speed for a laden tractor
semi-trailer to operate on the floating bridge is suggested. Furthermore, a simpler 9-DoF
tractor semi-trailer vehicle model developed in MATLAB/Simulink combined with the pure
pursuit tracking based driver model is compared with the Adams model under identical
environmental conditions for an unladen case. The simpler vehicle-driver model is vali-
dated against the detailed Adams vehicle-driver model through numerical simulations for
different constant vehicle speeds.
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Fig. 1. Bjernafjorden floating bridge.

1. Introduction

The European route E39 is undergoing an upgrade for a more sustainable commute between northern Denmark and
northern Norway. The Norwegian part of the highway spans 1100 km along the western coast, between the cities of Kris-
tiansand and Trondheim. This comprises of several ferry-crossings and currently takes approximately 21 hours to commute.
The aim of Norwegian Public Roads Administration (NPRA) is to make this route a ferry-free highway, thereby reducing
travel time. This is expected to contribute to the economic development of smaller cities along the Norwegian west coast
[1].

One such ferry-free crossing is at Bjernafjorden, which spans approximately 5 km. The proposed solution for this crossing
is a pontoon floating bridge (Fig. 1) [2,3]. Vehicular traffic along this bridge is subject to gusty winds and wet/icy road
surface during extreme weather, in addition to bridge motion excitations (heave, roll and lateral movements). Determining
safe operating speeds for traffic in such conditions is paramount. A high-sided vehicle such as a tractor semi-trailer has a
large surface area which is susceptible to crosswinds. It is therefore important to study the vehicle dynamics and responses
of such vehicles under adverse environmental conditions [4].

Two vehicle models with 13 DoF [5], (a light truck and a passenger car) travelling on a slender coastal bridge were
evaluated with respect to their ride comfort and driving safety. It was seen that when these vehicles are subjected to both
wind and wave excitation, effect of wave is far less than the effect of wind on the overall ride comfort, roll and side slip
safety. Investigation indicated that the effects of wave on the overall vibration total values, the roll safety criteria and the
sideslip safety criteria are much less than those from the wind. Also, a high-sided vehicle model with 11 DoF travelling
over a slender arch bridge under turbulent wind was investigated for driving safety and ride comfort [6]. It was shown
that bridge vibration, specifically peak acceleration and frequency content is significantly affected by the crosswind while
it also has significant effect on the ride comfort in lateral direction which can lead to overturning accidents. Another study
was made on the safety analysis of a high-sided vehicle model with 19 DoF travelling over a long span cable-stayed bridge
oscillating under sharp edged crosswind [7]. Study shows that these crosswind induced oscillations decreases the accident
vehicle speed if the wind speed goes beyond a critical level.

Numerical simulations as well as driving simulator are utilized to investigate the significance of vertical floating bridge
excitation on ride comfort and road grip of a bus with multiple vehicle longitudinal speeds [8]. The research highlighted
that the weighted vertical accelerations were slightly uncomfortable at 76 km/h speed. The poor road grip was attributed
to higher dynamic load coefficient at higher speeds. Driver-in-loop studies were performed using the passenger car and bus
vehicle models on a driving simulator for low to high intensity weather conditions [8-11]. Overtaking and lane changing
maneuvers were observed to be difficult in high intensity weather when compared to that of a low intensity weather con-
dition. Additionally, the effect of the floating bridge on driving behaviour was investigated. It was concluded that the lane
keeping for the bus was more difficult than that of the passenger car.

Research on a passenger car, intercity bus, and tractor semi-trailer (TS) pertaining to the Bjernafjorden floating bridge
have been carried out in the past [4,9,12]. A relatively simple TS model, with 9 DoF, for investigation of its dynamic be-
haviour on floating bridge was defined in MATLAB/Simulink software [12]. Model incorporates linear spring/damper char-
acteristics of the suspension systems and non-linear brush tyre model. Floating bridge motions and wind excitations were
introduced in the TS model by imported procedure already established in MATLAB software. Unlike the paper [12], current
work aims to developed two novel methods for importing moving ground motions and wind excitations in ADAMS Car
Truck software. More specifically, methods are based on multi-test post rig in ADAMS and on co-simulation of aerodynamic
loads from MATLAB with multibody model. These new ADAMS software tools could certainly broaden existing simulation
possibilities when it comes to investigation of dynamics behaviour of complex vehicle models.

Assessments such as lateral lane deviation, rollover risk and steering effort for the TS were determines across various
test speeds, semi-trailer payload and road surface friction [4]. Results from that unpublished research of current authors
is included in this paper. Additionally, this paper further develops the moving-ground excitation method compared to the
extensive study conducted on the vehicle dynamics behaviour of a detailed TS model in the masters thesis [4].

Historically, speed limits on bridges in extreme weather conditions are determined based on intuition and past experi-
ences [13]. Each experience applies to a specific bridge under a specific weather condition. Therefore, a model based assess-
ment would be much more useful in determining speed limits for vehicles. First, this paper aims to establish methods to
introduce floating bridge motion and wind gust excitations for investigating the TS’s lateral dynamic responses using Adams
Car Truck module. Secondly, a simpler TS model previously built in MATLAB/Simulink software is validated. Finally, the goal
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Table 1
Vehicle attributes - Adams TS model.
Sub-system Type
Tractor Rigid body cab, frame and fifth wheel sub-assembly
Steering Re-circulating ball pitman arm steering
Steer axle suspension  Leaf spring suspension with dampers
Tractor axles Solid twin axle suspension with dampers
Semi-trailer Rigid body trailer with 17.1 ton payload
Semi-trailer axles Coil spring suspension with dampers
Tyres PAC2002 Tyre model
Table 2
Axle loading condition - Adams TS model.

Axle Laden [ton] Unladen [ton]

1: Front axle 5.70 5.32

2: First driven axle 7.84 3.88

3: Second driven axle 7.92 3.08

4: First semi-trailer axle 7.45 3.52

5: Second semi-trailer axle  7.40 3.40

) 11.7 .05
10.5

(Lref = LCoG)s (Lref - LCoG)t

Fifth Wheel

— e —

Roll axis

(hCoG - hRRC)sl

17.5

Fig. 2. Vehicle dimensions used in Adams TS model (all dimensions in m).

is to provide insights regarding the safe operating speeds of a TS on a dry/wet road surface (4=0.7), in a 1-year storm
condition.

2. Vehicle model - Adams Car Truck

Multi-body vehicle dynamics models have often been used in numerical simulation when investigating different prob-
lems for vehicle longitudinal, lateral, and vertical dynamics behavior [14,15]. The vehicle model considered for this research
is based on the detailed TS vehicle model from Adams shared_truck database. The model has an overall wheelbase of 17.5 m,
height of 5.7 m and track width of 2.55 m. The tractor unit contains a rigid chassis and a fifth wheel coupling. The tractor
and semi-trailer units are connected through the fifth wheel. The Adams vehicle model has 190 moving parts, 19 sub-
systems and 627 DoF. Details of sub-systems used in the TS model are described in Tab. 1. The loads on each of the 5 axles
(1 steered axle, 2 drive axles on the tractor unit, 2 trailer axles and consisting 18 wheels) are listed in Tab. 2. The mass of the
tractor and the semi-trailer units are 10.8 ton and 8.4 ton, respectively. With a payload of 17.1 ton, the semi-trailer weighs
25.5 ton. The laden and unladen gross vehicle weight is 36.3 ton and 19.2 ton respectively. Significant vehicle dimensions of
the Adams TS model are illustrated in Fig. 2.

3. Driver model
3.1. Pure pursuit method

The pure pursuit method based driver model is applied in this work [16]. This technique defines a measure of error
between the look ahead distance preceding the vehicle and the intended path to determine control law solutions using
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Fig. 3. a) Pure Pursuit Geometry; b) Positions of the characteristic points and angles [16], [9].

geometric relationships. The vehicle motion is assumed to follow ideal-tracking tyres, i.e., zero sideslip independent of forces
[9].

The aim point (Xsp, Y4p) on the desired path and the midpoint of the vehicle’s rear axle (Xz4, Yra) have been determined
(Fig. 3). A look-ahead distance s, is considered from the rear-axle position when computing the location of the aim point
to calculate the angle «:

=0y + =sin! (M) 4y (1)
where v is the yaw angle of the vehicle. The steering angle § is established using the angle « and the location of the aim
point such that

2L 2L
8= ( 51:() = (fm'gx) (2)

where « is the angle between the vehicle’s heading direction and the look-ahead vector; L is the wheelbase of the vehicle; t;,
is the preview time; and vy is the constant vehicle longitudinal speed. The handwheel steering angle (HSA) is consequently
calculated through the steering ratio.

3.2. Machine control - Adams

Machine Control is a vehicle controller that simulates a driver’s control actions [17]. This control action integrates a refer-
ence trajectory planner and a model-predictive controller (MPC), also called as a feed-forward plus feedback controller. Ma-
chine control implements these estimated controls as feed-forward inputs without delay. Feedback controllers (Sgg), which
is the yaw rate controller, continuously correct differences occurring between the behaviour of the simulated vehicle and
the expected behaviour of the idealized models, to alter the control actions in order to minimize this error.

3.2.1. Feed-Forward lateral control

A bicycle model (Fig. 4a) is used for the simulated vehicle through which the lateral control action’s feed-forward com-
ponent (8gf) is calculated. The simplicity of the bicycle model allows the analytical identification of the relationship between
the geometry of the intended path and the required control action (steering angle). Furthermore, the lateral tyre forces from
both wheels on an axle are assumed to act in the same direction, and the left and right steer angles are assumed to be the
same. That is, Ackermann steering geometry is not considered. Consequently, the tyres are lumped together into a single
tyre representation, and the model is commanded by a single steer angle.

3.2.2. Trajectory control - Connecting contour

For the lateral control of the vehicle with a target path, a bicycle model representation of the vehicle (Fig. 4a) is used to
compute the control action that should cause the vehicle to follow the intended path. The simulated vehicle, however, may
not exactly follow the target path because of differences between the simplified model and the simulated vehicle, or external
factors (road roughness and aerodynamic disturbances) and therefore some manual fine tuning of control parameters might
be needed. Therefore, the potential for offset between the instantaneous vehicle location and heading, and the location and
heading of the path must be considered. In considering the location and heading of the path, Machine Control builds a
connecting contour (maroon curve, Fig. 4b) between the current vehicle position (wherever it may be) and some point on
the target path (blue curve, Fig. 4b), along which the vehicle will be steered to later bring it back to the target path, where,

D (Preview distance) = distance ahead from the current vehicle (gyro point) position to the preview point.
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Fig. 4. a) Bicycle Model [17] b) Connecting Contour [17].

Lo (Path distance) = distance from current vehicle (gyro point) position to the nearest point on the path, projected on
the road surface.

L, (Preview-point distance) = distance from preview point to the nearest point on the path, projected on the road
surface.

The function that describes the connecting contour is parameterized such that one end of the connecting contour
matches the position and direction of the vehicle (at the vehicle rear axle) and the other end of the connecting contour
matches the path (at the preview distance, where the contour connects with the target path), as shown in the (Fig. 4b). The
most effective adjustment to the connecting contour is the preview distance, which is typically controlled by changing the
preview time. The connecting contour then becomes the reference trajectory (path) for the lateral control of the vehicle, and
the vehicle is steered by both feed-forward and feedback controllers, such that it should follow this connecting contour. The
connecting contour is updated each time the Machine Control controller is called.

3.2.3. Lateral displacement feedback (path distance compensation)

The connecting contour approach does not include any term to correct for steady-state lateral displacement error. This
is preferred in most situations, because the resulting control actions tend to be more realistic and robustly stable. Once
the vehicle is close to the target path, an additional controller acting on the distance Ly (path distance) adjusts the lateral
displacement of the vehicle:

t
S1pc = Kine ‘/0 fipcLo dt (3)

where fipc is a flag indicating whether the lateral displacement controller is activated, that is whether the lateral displace-
ment error Ly is small, and K;pc is the lateral displacement controller’s gain.

3.2.4. Summation of feed-forward and feedback terms
A simple summation of the feed-forward and feedback terms gives the total demand from the lateral controller for steer
angle:

8 = OFr + Sfp + Sipc (4)

where,
drr  : feed-forward component of the steering demand from the bicycle model
orp  : feedback predictive yaw rate controller component of the steering demand
drpc : lateral displacement compensation component of the steering demand

3.3. Driver model comparison

The Pure Pursuit Controller (PPC) [16] and Adams driver model are compared using the detailed Adams vehicle model
with a fully loaded trailer travelling at 36 km/h, on a road with friction w=0.7. The outcome of preliminary simulations for
a Preview Time of 0.4 s were observed to be numerically stable.

Fig. 5 a presents the HSA for the Adams driver model and the PPC. The HSA signals from the PPC are observed to be
volatile compared to the Adams controller, although they appear to oscillate about a similar mean value.

The signal intensities of the HSA produced in the frequency domain are illustrated as Power Spectral Density (PSD) in
Fig. 5b. The first noteworthy observation is the similarity between the PPC and Adams driver model up to the frequency of
0.15 Hz (region highlighted in yellow). The peak magnitude of the signal intensities in this region correspond to the steering
corrections arising due to the crosswind disturbances represented in Fig. 15c.

122



P. Sivaramakrishnan, A.K. Madhava Prakash, D. Sekulic et al. Applied Mathematical Modelling 117 (2023) 118-141

100 v i ‘ . 60
V=36 km/h, LAT=0.4 s —PPC — FFG
80 —ADAMS|| 750! —ADAMS ||
L
— 60 1
3 240
Pusl ©
2 40 =
& i j i 1 ALLLRA TR | ‘ < 30
< 20 [ TR AL (Ot & ﬂ“\\“wm sy
@ 0 %5201
?
-20 1 o 10
(a) (b)
-40 - : 0 . AN I
0 1000 2000 3000 4000 5000 0 0.15 0.50 0.75 1
Bridge distance [m] Frequency [Hz]
Fig. 5. HSA signals a) for laden vehicle b) in frequency domain.
T 1 - T
-0.6 laden, V=36 km/h - _ ElrrPC
= 1] Crosswind || laden, V=36 km/h B ADAMS
=.04 —0.8
2 E
x-02
3 506
S04 ©
5 >
g 02 S04
o S
g 0.4 § o2
2 0.6 |—ADAMS (Tractor CoG) ' - '
——PPC (Tractor CoG) (a) (b)
0.8t I ¢ , 0
0 50 100 150
Time [s] RMS value Max value

Fig. 6. a) Path tracking ability b) Path deviation parameters.

The signal intensities concentrated between 0.15 Hz and 0.50 Hz (region highlighted in red) in Fig. 5b correspond to
the steering corrections consequent to the path-following (Fig. 6a) aspect of the driver model. The magnitude of the signal
intensities vary at these frequencies and this difference is due to the inherent design of the two driver models. While
the HSA calculations in the PPC model relies purely on the geometric relationship, the Adams driver model which is also
based on the similar concept is embedded within a PID controller that accounts for the error feedback. Additionally, the PID
controller compensates for the lateral path offset between the vehicle and the desired path.

The path tracking ability of the driver models are illustrated in Fig. 6a. A small lateral offset between the desired path
on the bridge and the tractor’s center of gravity (CoG) has been observed with the PPC under similar conditions [9], as this
driver model does not account for the effect of crosswind disturbance on the vehicle’s lateral offset while computing the
HSA. In reality, the driver compensates for the lateral offset by steering the vehicle back to the intended path under the
influence of crosswind disturbances acting on the vehicle [9]. Therefore, on removing this lateral offset from the vehicle
path to compare with the path from Adams’ driver model, it is noticed that path tracking ability of both the driver models
are comparable. Furthermore, the path deviation parameters are also observed to be rather close (Fig. 6b).

Acknowledging the differences but owing to the similarities existing between the steering amplitudes centred around
similar frequencies (Fig. 5b), and to the equivalence observed in the path tracking abilities (Fig. 6a and Fig. 6b), the two
driver models are decided to be used interchangeably. The advanced controller Adams driver model will be used in con-
junction with the detailed Adams vehicle model, while the simpler PPC will be used together with the vehicle model im-
plemented in MATLAB/Simulink to investigate and draw comparisons with for different test cases.

4. Definition of the methods

The TS vehicle experiences excitation from bridge motion and wind gusts. This section of the paper describes the meth-
ods established to simultaneously induce bridge motion and wind excitation on the TS model. The data considered for this
research is from a 1-year storm condition simulated on WindSim software. The input disturbance is available in the form
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Table 3

Denavit-Hartenberg’s kinematic parameters.

Link;  Joint angle (6;)  Link offset (d;)  Link length (a;)  Link twist (o)
1 0 a1 0 0
2 0 G2 0 -7/2

of bridge motion displacement and wind velocity, as a function of time and location on the bridge. The data set is chosen
such that the vehicle experiences the highest RMS value of the lateral wind velocity during its journey in the South-North

direction [4,9].

4.1. Method to introduce floating bridge motion excitation

The method to introduce floating bridge motion excitation includes a test-rig modelled as Cartesian manipulator which
has a vertical and horizontal displacement (Fig. 7). Two translation (prismatic) joints are used in order to model the vertical
and horizontal bridge excitation on each vehicle wheel (wheels on either tracks on every axle).

Denavit Hartenberg parameters associated with joint 1 and joint 2 are listed in Table 3.

Each homogeneous transformation is described in the Denavit Hartenberg method as [18]

A = Ryp T4 T - Reg

where,

Ry is the rotational transformation matrix around x-axis.
R; is the rotational transformation matrix around z-axis.

Ty is the translational transformation matrix around x-axis.
T, is the translational transformation matrix around z-axis.
For prismatic joints, the Jacobian matrix and its linear and angular components can be derived as:

J= [}v:|ajv,i =2Zi and =0

where,

Jv is the linear component of the Jacobian matrix for joint 1 or joint 2.
Jw is the angular component of the Jacobian matrix for joint 1 or joint 2.

1 0
b=l 0)=[0 o h=[a a]-
0 0
Velocity components can be expressed as:
a1 1 0
v1=[]y1] = 0 Q] + 0 qZ
42 0 0
1 1 0
vy =[] ... = |[0|¢ + | 0|42
42 0 1
wi=w, =0

1

(5)
(6)
0
0 0 (7)
0 1
1
= 0 (8)
0
1
= 0 9)
42
(10)
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Total kinetic and potential energy of the system, T and V, respectively can be expressed as:
- 1ly2 DTy wTlw) = g g ]lMitm2 0 |1d
T = 2 Zi:] (mlvl Vi +wW; Ilwl) = 2 [fh Q2]|: 0 m, qz (11)
V=(m g+my g -q,+ Constant (12)
where I is a symmetric 3 3 Inertia tensor matrix. The Lagrangian of the multi-body dynamical system is:
N
L=3i,T-V (13)
Adams Solver calculates the motion of the multi-body system using the following form of Euler-Lagrange equation [19]
d (L oL T
a(@)_%+¢q)‘:Q (14)

where Q is the externally applied non-potential forces in the system, ¢>qu represents the constraint forces and A is the
column matrix of Lagrange multipliers.

While the popular 2-post or 4-post suspension analysis test rig is typically used for sub-system tests and dynamics
analyses where the vehicle is not in forward motion (vx = 0), the investigation in this research requires the vehicle to be in
motion (vx > 0) on a road so that aerodynamic loads may be dynamically allowed to interact with the vehicle, thus allowing
us to analyze aspects related to vehicle dynamics.

To achieve this, the relation between the tyre contact patch marker on the vehicle and its corresponding reference marker
on the ground part (road surface) must be modified, enabling the vehicle to transfer forces on to the ground (reaction part).
A macro is enabled in the Adams environment to redefine this relation from the ground reference marker to that on the
tyre pad reference marker on the multi-post test rig. This simply shifts the ground — tyre interaction to ground — multi-post
rig — tyre interface. The compound time-history displacements of the bridge motion can be resolved and thus induced on
the vehicle when it is in forward motion (vyx > 0).

Bridge motion excitation
A detailed dynamic and static structural analyses of the floating bridge finite element model were done using Orcaflex
and Sofistik software respectively [2]. The numerical modelling of the floating bridge on Orcaflex is illustrated in (Fig. 8).
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Finite segment theory is used to describe the structural properties of the line elements used in the bridge model. The
results of this method are similar to those obtained by applying finite element beam theory on slender structures. Geometric
non-linear stiffness of the model is considered for every static position and time increment. A cable element with zero
compression, bending and torsion stiffness is used in modelling the stay-cables and mooring lines. For elements indirectly
constrained to each other, a master-slave connection is applied.

The southernmost abutment is rigidly coupled to the bridge girder. The northernmost abutment of the bridge is con-
strained to allow elongation and rotation about the vertical axis. A fixed joint is considered for rotation, vertical and hori-
zontal translation of the bridge girder at the tower. All elements were defined through a linear material model.

In Orcaflex, a stochastic wave field is computed accounting for the wave spreading spectrum and the defined JONSWAP-
spectrum. The hydrodynamic loads are applied in the instantaneous position of the bridge pontoons by transforming the
wave elevation to loads using the calculated load coefficients in Wamit. The loads on the bridge mooring lines are defined
using Hydrodynamic Morrison equations. WindSim software was used to generate the wind velocity field based on aerody-
namic buffeting theory in time domain. All objects above the water surface are subject to wind loads. However, only static
wind loads are considered for pontoons. Wind analysis was done on WindSim while the response of the marine structures
was analysed on Orcaflex. More information on Orcaflex software is available in [20,21].

The floating bridge motion is simulated for 1 h on Orcaflex software, considering the excitation from wind and waves.
The bridge motion is obtained in terms of heave (z,,), roll (¢,) and lateral (y,,) displacements for the bridge deck center
(Fig. 9).

This complex motion of the bridge is simplified to a combination of lateral and vertical motion along the length of the
bridge. The vertical bridge motion (z;,) and the roll motion (¢, ) of the bridge are combined as vertical excitation for the
left and right wheels for every axle of the vehicle (Eq. 15). Furthermore, the road roughness (&:)(1ISO8608, road class 'A’)
[22] and the elevation profile of the bridge (hy,) are also included in the combined vertical displacement (¢;).

Cti = Zpr + i@y + Gor + hy (i = left, right) (15)

Fig. 10 a illustrates the combined vertical excitation (;;) for the left and right wheels of the steer axle at 36 km/h. The
larger undulation observed in Fig. 10b is as a result of the vertical motion (z,.) of the bridge, while the smaller undulation
is due to the road roughness (). The difference noticed between the two signals is a consequence of the roll motion of
the bridge (¢, ). Furthermore, the PSD of the combined vertical excitation is illustrated in Fig. 10c. It is observed that the
intensity of the signals lie below 0.02 Hz.

The lateral (y,.) and combined vertical bridge displacements ({;;) are induced on the Adams TS model via the multi-
post test rig as described in Section 4.1. The test rig consists of a tyrepad-piston-cylinder system with a translation joint
to allow for the vertical bridge displacements (;;). Two such systems are assembled on a base with a translation joint to
allow for the lateral bridge displacement (yj,) to be induced. This forms a 2-post rig for either wheels of an axle. The base is
constrained to the ground with a fixed joint. The 2-post rigs are assembled at each axle location, thus making it a multi-post
test rig as illustrated in Fig. 11.
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Fig. 11. Adams vehicle model with Multi-post test rig.

4.2. Method to introduce wind excitation

The aerodynamic force and moment coefficients for the TS were determined for a wind yaw angle sweep of 0° to 90°
through numerical CFD simulation on STAR CCM+. The effects of articulation between the tractor and semi-trailer units on
the aerodynamic coefficients were not considered. The coefficients for the tractor unit were explicitly computed about the
axle 1 midpoint projected on the ground and similarly about the axle 4 midpoint projected on the ground for the semi-
trailer unit (denoted by yellow stars in Fig. 2). These points are henceforth referred asaerodynamic reference points. The
aerodynamic force and moment coefficients are depicted in Fig. 12.

The wind excitation is introduced to each of the tractor and semi-trailer units in the Adams Car Truck as single point
forces (GFORCE). The point of application is the CoG of individual vehicle units. The aerodynamic moment coefficients com-
puted about the aerodynamic reference points are transformed to the CoG points through the set of Eq. 16 and Eq. 17 for
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Fig. 12. Aerodynamic force and moment coefficients of the TS model.

the tractor and semi-trailer units respectively.

C;(o”’t(ﬁw,t) = Crolt,t (Bw.t) + Cs.¢ * (M)

L
CZirch,r(ﬂWI) = Cpitch.t (Bwi) + Cre * (M) —Ca* (LCZG") (16)
C;aw,t (,Bw,t) = Cyaw,t(,Bw.t) — Cst * (M)

Crott.s (Bw.s) = Croit.s (Bw.s) + Css % (M)

C;ifch,s(ﬂwvs) = Cpitch,s(,BW,S) —Cs* L(M) —Cas * (%) (17)

C;qw,s (,Bw,s) = Cyaw,s (,Bw,s) + Css % (W%LCOGS)
where B, is the wind yaw angle, hcy; is the height of CoG from the ground, hggc is the vertical distance between the CoG
projected on the roll axis and the ground, and L is the vehicle wheelbase (17.5 m). The difference (hcog — hgre) is the vertical
distance between the CoG and roll axis of the respective tractor and semi-trailer units. The difference of L,y and L¢o is the
longitudinal distances between the aerodynamic reference points and CoG respective vehicle units (Fig. 2). The subscripts t

and s denote tractor and semi-trailer units respectively.
The aerodynamic forces and moments are represented by the equations,

Ee wind = %IOAVri[Cd (ﬂw) Mx.wind = %,OALVrzeleO” (ﬂW)
Fii,wind = %pAVrzele(ﬂw) My,wincl = %pALVr%[C;,'tch (,BW) (18)
Fz.wmd = ijVrzelcl (IBW) Mz.wind = ijLVrilc;aw (ﬂW)

The relative wind velocity is calculated using the transformation matrix,

| cos(yy)  sin(y) | | 1 ¥
Toehicte.i = [_ sin(y;) cos(w,-)} - [—w,- 1 } (19)

Vi wi Vi
|:Vx,w%nd:| = lyehicle,i * |:_Vx,wzlnd:| (20)
y,wind 1cs.i y.wind ECS.i

|:in| — |:Vx,wind:| _ |:Vx] (21)
W rel,i Vywind Ics.i W vehicle,i

where T,epice is the coordinate transformation matrix, LCS and ECS are local and earth coordinate systems respectively, and
i denotes the tractor or semi-trailer unit.
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Fig. 13. Relative velocity and wind yaw angle.
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The magnitude of relative velocity (Ve ying) for individual vehicle units is thereby determined as illustrated in Fig. 13
using Eq. 22,

+ Vy rel,i

Vrel,wind,i = VX rel i (22)

The wind yaw angle (Bw) on each vehicle unit is dynamically calculated by,

Bw.i = arctan ( Y”ﬁ’) (23)

el.i

An overview of the co-simulation to determine aerodynamic force and moment in MATLAB/Simulink and use it as
GFORCE in Adams TS model is illustrated in Fig. 14.

Wind excitation

The wind data set considered is from the 1-year storm condition simulated on the WindSim software. The data obtained
is wind velocity along the principal axes. The wind velocity in vertical direction is observed to be of small magnitude and is
therefore neglected in this research. The longitudinal and lateral component of wind velocities that the TS (vehicle velocity
of 36 km/h and 90 km/h) would experience during the South-North journey on the bridge is illustrated in the Fig. 15a and
Fig. 15b. The power spectral density (PSD) of wind velocity is presented in Fig. 15¢ and Fig. 15d. It can be observed that the
wind excitation is of frequencies less than 0.05 Hz.

5. Simulation results and discussion

This section presents the outcomes of the simulations for the laden TS that has been integrated with the newly developed
multi-post test rig to incorporate the compound bridge motion to interact with the vehicle. The Adams machine control is
used together with the detailed vehicle model that is subjected to the 1-year storm weather condition for four different
constant vehicle speeds.

5.1. Path tracking and lateral lane deviation

The path tracking ability of the laden vehicle model at 36 km/h and 90 km/h speeds, along the bridge is presented in
Fig. 16. The reference point considered in the driver model is the mid-point of the first drive axle in the tractor unit. It
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Fig. 16. Path tracking ability of a laden TS a) 36 km/h b) 90 km/h.

is observed that the tractor unit closely follows the intended course on the bridge at 36 km/h, while it follows the path
reasonably well at 90 km/h. The lateral offset from the semi-trailer’s CoG is a consequence of the effect of crosswind on the
second unit and is noticed to be greater at 90 km/h than 36 km/h.

As a consequence of the articulation existing between the tractor unit and the semi-trailer unit, the rear corner points
on the semi-trailer are examined to investigate traffic lane violation. Considering a road lane width of 3.6 m, the trace of
semi-trailer’s rear corner points are depicted in Fig. 17 for a laden case at different vehicle speeds.

The semi-trailer’s rear corner points do not violate the lane throughout the course of the bridge at 36 km/h (Fig. 17a),
whereas it is observed to violate the lane on multiple occasions at other vehicle speeds. In particular, traffic lane violation
for vehicle speeds 54 km/h and 72 km/h is predominantly detected in the first section of the bridge (until around 2000 m),
and is not noticed in the remaining section of the bridge (Fig. 17b and Fig. 17c). At 90 km/h however, the semi-trailer’s right
rear corner is observed to violate the traffic lane on multiple occasions throughout the course of the bridge Fig. 17d).

The maximum lane deviation across vehicle speeds has been summarized in Fig. 18a. The vehicle stays within the lane
at 36 km/h, while the rear right corner of the semi-trailer violates the lane for all other vehicle speeds. Lane deviation is
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directly proportional to the vehicle speed, with a maximum deviation of 0.6m at 90 km/h. Furthermore, the lane deviations
are substantial at the beginning of the bridge (Fig. 17d).

The cumulative lane violation distance against the length of the bridge for each speed has been illustrated in Fig. 18b.
It is observed that the cumulative distance of lane violation is larger with higher vehicle speeds. The vehicle cumulatively
violates the lane for a significant distance (21%) at 90 km/h.

5.2. Roll-over risk
Losing contact between one side of the vehicle’s wheels on an axle and the bridge deck under the influence of crosswind
are particularly susceptible to a roll-over incident of the vehicle. Fig. 19 through Fig. 21 illustrate the vertical tyre forces for

each wheel of the leading axles of the tractor semi-trailer at 36 km/h and 90 km/h. The vertical tyre forces of the trailing
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Fig. 20. Vertical tyre forces on axle 2 for a) 36 km/h b) 90 km/h.

axle in both the drive axle group and the semi-trailer axle group are similar to their respective leading axle. The vertical tyre
forces on the windward side are noticed to record lower values than the leeward side, signifying a load transfer between
the windward wheels and the leeward wheels on an axle. Furthermore, the variation of vertical tyre forces are more volatile
and the load transfer is observed to be greater in every axle at a vehicle speed of 90 km/h compared to 36 km/h. As soon
as the vehicle enters the bridge at 90 km/h, the vertical tyre force of the windward wheel in axle 4 (Fig. 21b) is observed
to be zero, losing contact with the bridge deck and indicating a potential roll-over risk.

High values of the crosswind component (Fig. 15b) in combination with the vehicle longitudinal speed generate wind
rolling moments of high magnitude (Fig. 23). A high wind rolling moment in addition to the difference in road roughness
between the left and right tracks of the vehicle causes considerable load transfer from windward (left side) to the leeward
(right side) wheels. This results in the vertical tyre force values close to zero (Fig. 22).

The Load Transfer Ratio (LTR) indicator is often used to predict potential roll-over occurrences [23]. There are different
approaches when it comes to the interpretation of LTR values. The first approach considers the absolute LTR value equal
to 1 for one axle or for the whole vehicle as criteria for vehicle rollover. The second approach is stricter and considers the
absolute LTR value greater than 0.9 for one axle or for the whole vehicle as the criteria for vehicle rollover. This paper
considers the second approach with the absolute value of LTR for one axle greater than 0.9 as the criterion for vehicle
overturning according to [24]. It is defined for each axle as

(B — Eri)

ITR;, = 2L 202 24
" (Epi+Eri) (24)

where,
E, : vertical tyre forces on the left track of the axle
E; : vertical tyre forces on the right track of the axle
i :axle number (1, ..., 5)
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Fig. 22. Vertical tyre forces a) axle 4 at vehicle speed of 90 km/h (Fig. 21b) b) magnified view.

The maximum absolute value of LTR presented in Fig. 24a shows higher values for the case at 90 km/h over 36 km/h on
all the axles. Furthermore, the highest LTR value appearing on axle 4 suggests that the roll-over event of the vehicle could
begin with wheel lift-off from the semi-trailer axle group. The RMS value of LTR (Fig. 24b) also shows higher values for the
case of 90 km/h compared to 36 km/h on every axle. Higher RMS values of LTR on axle 2 and axle 3 implies that the load
transfer occurs more often on the tractor’s drive axle group compared to other axles.

The relation of the LTR indicator to vehicle speeds across all the axles is summarized in Fig. 25. The maximum absolute
LTR values (Fig. 25a) and the RMS values (Fig. 25b) are observed to increase with increase in vehicle speed. This implies

greater load transfer and higher likelihood of wheel-off with potential roll-over risk for vehicle speeds at 90 km/h and
beyond.

5.3. Risk of losing lateral grip

The Lateral Side-slip Limit (LSL) is based on the criterion that the minimum value of the difference between the maxi-

mum allowable friction forces of all wheels and the actual tyre forces should be equal to or greater than zero [25]. The LSL
is defined for the every axle in the Eq. 25 [26]:

ISLoyes, = min<\/(ay)2—((Fx>2+(Fy>2)) - min(\/(M-Fz)z—((Fx)z+(Fy)2)) (25)

where Fy is the maximum available friction forces on the respective axle; F is the actual vertical force on the respective
axle of the vehicle; F is the actual longitudinal tyre force on the respective axle; F, is the actual lateral tyre force on the
respective axle; u is the road friction coefficient; and k is the axle number from 1 to 5. If the minimum LSL value is under
zero for a given axle, that particular axle starts to sideslip and lose lateral grip.
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Fig. 26 shows the minimum value LSL for every axle, and it is observed to be greater than zero for both the cases,
implying that the LSL is not reached. The minimum value of LSL is noted to be lower in every axle for the test case at
90 km/h compared to that at 36 km/h, signifying that the vehicle has lower grip at 90 km/h. The LSL values for the other
two vehicle speeds logically lie between 36 km/h and 90 km/h. Furthermore, the trailer-axle group indicates lower minimum
LSL values among all double-wheeled axles.

Thus, it follows that greater the vehicle speed, greater is the interaction of aerodynamic loads with the vehicle coupled
with the bridge motion. The outcome from all the measures are logical with the performance and integration of the newly
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developed multi-post test rig and the resolved application of aerodynamic loads on both the vehicle units. The newly estab-
lished multi-post test rig can be tailored to any road vehicle and this methodology is particularly useful to analyze vehicle
dynamics on a moving-ground.

6. MATLAB/Simulink TS model validation

Simulation results from the detailed Adams model will be used in this section to validate the simpler 9 DoF TS model
defined in MATLAB/Simulink software and presented in detail in [12]. The DoF in the ground plane are the longitudinal,
lateral and yaw motion of the tractor along with the articulation angle (Xi, Y1, ¥ and 6) (Fig. 27). The DoF out-of-ground-
plane are the roll motions of the unsprung mass of the tractor and the semi-trailer, the front and rear axle of the tractor,
and the semi-trailer's axle (@1, @2, Pq, Gra, and @sq) (Fig. 28). On account of the very long wavelengths of the vertical
displacements of the bridge, the pitch motion of the tractor and the semi-trailer have been discounted. Furthermore, owing
to the low vertical excitation frequencies of the bridge deck, the vertical motion of the tractor and the semi-trailer have
been disregarded [12]. The bridge deck’s lateral velocities (V,;, in Fig. 28) at the tyre contact points of the front, rear and
semi-trailer axles have been used to calculate the lateral tyre forces.
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Fig. 28. Vehicle parameters and out-of-ground-plane motion.

A TS model consisting of three rigid axles and 9 DoF was defined by Lagrangian method. The method is notably advan-
tageous when modelling vehicles involving multiple units. Contrary to Newtons technique, a Lagrangian formulation does
not include reaction forces at the fifth wheel, thus resulting in fewer equation terms to handle. Lagrangian formulation was
applied (Eq. 26) when formulating non-linear differential equations of motions.

%(%)—%+%+%:@ (=1,2,....n) (26)

where T, V, D, g;, g;, Q; and n are the kinetic, potential, dissipative energy of the system, generalized coordinates, generalized
velocities, generalized forces and total number of generalized coordinates, respectively.
The generalized coordinates of the system are

q= [Xl,ylaw1197¢1s¢2a¢fav¢ras¢sa]7- (27)

The kinetic energy of the rigid bodies from the in-ground-plane and out-of-ground-plane motion constitute the kinetic
energy of the system. The spring deformation (tyres, and air springs in the suspension system), variations in the CoG height
of sprung mass caused by roll motion and deformation of the anti-roll bar together account for the potential energy of the
system. Dampers in the suspension system represent the dissipative energy of the system. The detailed derivation of the
equations for the kinetic energy, the potential energy and the dissipative energy can be found in [12].

Generalized forces are given by

Q=G0 F (=12, 4= [u,v.91.6. 61 62 bra bro ba] (28)

where Q;, 7; and F; are generalized forces, velocity vectors of the points where external forces act (Fig. 27), and external
tyre and wind forces (Fig. 27), respectively. Lagrangian equations were derived using MATLAB code written by the authors
where Simulink blocks for every generalized coordinate serves as the output. These blocks are then used for the TS model
definition.
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Table 4

Geometric parameters of the tractor/semitrailer unit.
Parameter Notation ~ Value
Wheelbase of tractor L 595 m
Distance between the tractor’s CoG and its front axle lg 3.00 m
Distance between the tractor’s CoG and its rear axle Lt 295 m
Height of the tractor’s CoG from the ground heoc.t 1.16 m
Wheelbase of semi-trailer Ls 11.6m
Distance between the fifth wheel and the semi-trailer’s CoG Is1 9.18 m
Distance between the semi-trailer’s CoG to the semi-trailer axle Iy 1.19m
Height of the semi-trailer’s CoG from the ground heog.s 1.724 m
Wheelbase of the tractor semi-trailer combination Lrs 20.51 m

Table 5
Mass parameters of the tractor/semitrailer unit.

Parameter Notation  Value

Sprung mass of tractor Mem.¢ 8739 kg

Mass of tractor’s front axle Mg, 746 kg

Mass of tractor’s rear axle Myq 1355 kg

Moment of inertia of tractor’s sprung mass about its x-axis Jex 15,000 kgm?

Moment of inertia of tractor about its z-axis Jez 21,500 kgm?

Unladen semi-trailer’s sprung mass Msm.s 8100 kg

Mass of equivalent axle of semi-trailer Msq 1800 kg

Moment of inertia of semi-trailer’s sprung mass about its x-axis  Jx 85,500 kgm?

Moment of inertia of semi-trailer about its z-axis Js.z 151,000 kgm?

Table 6

Oscillatory parameters of the tractor/semitrailer unit.
Parameter Notation  Value
Spring stiffness of single air spring on the tractor’s front axle ks, ksgr 175,000 N/m
Damping coefficient of single shock-absorber on the tractor’s front axle Cd fa 20,000 Ns/m
Damping coefficient of equivalent shock-absorber on the tractor’s front axle  cqp, Capr 40,000 Ns/m
Spring stiffness of single air spring on the tractor’s rear axle Ks.ra 200,000 N/m
Spring stiffness of equivalent air spring on the tractor’s rear axle Koty Ksrr 400,000 N/m
Damping coefficient of single shock-absorber on the tractor’s rear axle Cd.ra 22,500 Ns/m
Damping coefficient of equivalent shock-absorber on the tractor’s rear axle Carl» Carr 45,000 Ns/m
Radial tyre stiffness of single tyre on the tractor’s front axle Kesi. Kesr 1,000,000 N/m
Radial tyre stiffness of equivalent tyre on the tractor’s rear axle Kers Kerr 4,000,000 N/m
Air spring stiffness of single spring on the semi-trailer axle Ks.sa 200,000 N/m
Air spring stiffness of equivalent spring on the semi-trailer axle ks, ke 400,000 N/m
Damping coefficient of single shock-absorber on the semi-trailer axle Cisa 22,500 Ns/m
Damping coefficient of equivalent shock-absorber on the semi-trailer axle Cal» Car 45,000 Ns/m
Radial tyre stiffness of single tyre on the semi-trailer axle kesi. Kegr 1,000,000 N/m
Radial tyre stiffness of equivalent tyre on the semi-trailer axle Kest Kesr 6,000,000 N/m
Torsional stiffness of anti-roll bar on tractor’s front axle Karb, fa 120,000 Nm/rad
Torsional stiffness of anti-roll bar on tractor’s rear axle Karb.ra 120,000 Nm/rad
Torsional stiffness of anti-roll bar on semi-trailer axle Karb.sa 120,000 Nm/rad

Vehicle parameters (e.g. mass, moment of inertia, spring and damper characteristics, etc.) of the MATLAB/Simulink TS
model has been adjusted to match the parameters of the Adams TS model. One equivalent axle was considered instead
of dual-wheeled tandem drive axles for the tractor unit. Similarly, one equivalent axle in place of two dual-wheeled axles
was considered for the semi-trailer axle. Brush tyre model has been used in MATLAB/Simulink TS model as compared to
the PAC2002 tyre model in Adams TS model. In the validation process, signals from different measures (tyre vertical forces,
vehicle path deviation and HSA) for three different vehicle speeds (36 km/h, 54 km/h and 72 km/h) have been considered.
The case of an unloaded vehicle and a road friction of 0.7 is studied for the validation process. Tables 4, 5 and 6 enumerate
the vehicle parameters mentioned in Fig. 28.

6.1. Path tracking

Fig. 29 comparatively shows path tracking for the both vehicle models at 36 km/h. It can be seen that the position of
the tractor and semi-trailer CoGs with respect to the path are quite similar for both vehicle models.

Fig. 30 comparatively shows the RMS and absolute value of maximal lateral deviation of the vehicle’s path against the
three vehicle speeds. It can be pointed out that the values are almost identical for the tractor at 54 km/h, while at 36 km/h
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Fig. 31. HSA signals in a) time domain; b) frequency domain.

and 72 km/h the differences are minor. For the semi-trailer, marginally higher values are noticed for the Adams vehicle
model.
6.2. Hand wheel steering angle

Fig. 31 comparatively presents HSA signals for both vehicle models for speed of 54 km/h. The magnitudes of both HSA
signal are similar (Fig. 31a). Intensities of the both signals are concentrated around two frequency ranges; one below 0.05 Hz

and the other, around 0.25 Hz (Fig. 31b). HSA from MATLAB/Simulink vehicle model has slightly higher intensities in com-
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Fig. 33. Vertical tyre forces for semi-trailer axle in a) time domain; b) frequency domain.

parison with the Adams model. Similar conclusions have been confirmed with the signals for the speed of 36 km/h and
72 km/h.

Fig. 32 compares the RMS and the mean value of HSA from both the vehicle models. The mean value for both signals are
quite similar, whereas the RMS value slightly differs at 36 km/h.

6.3. Roll-over risk

Fig. 33 comparatively illustrates the normal tyre forces of the semi-trailer axle for both vehicle models at 72 km/h. The
magnitudes of tyre forces from the MATLAB/Simulink TS model are higher than those from Adams model (Fig. 33a). Never-
theless, values of the windward tyres forces are fairly similar for the first 50 seconds of simulation time which is important
when it comes to vehicle’s roll-over risk assessment. Higher intensities of the vertical tyre forces for MATLAB/Simulink TS
model can be also seen in the frequency domain (Fig. 33b). These findings could be attributed to modelling differences per-
taining to tyre model, single-wheeled single axle (versus dual-wheeled tandem axle in the Adams model), and fewer DoF,
among others.

7. Conclusion

In this research, methods to incorporate the bridge motion and to introduce wind excitation on the built-in TS model in
Adams Car Truck software were developed. The methods enabled investigation of lateral dynamics for a laden TS exposed

139



P. Sivaramakrishnan, A.K. Madhava Prakash, D. Sekulic et al. Applied Mathematical Modelling 117 (2023) 118-141

to floating bridge and wind excitation for a 1-year storm condition. Based on the simulation results from Adams software,
simpler TS model built in MATLAB/Simulink software had been validated. The main conclusions from this research are as
follows:

1. The method to introduce floating bridge motion excitation includes a multi-post test-rig modelled as a Cartesian manip-
ulator which has a vertical and horizontal displacement. Two translation (prismatic) joints are used in order to model
the vertical, horizontal, and roll excitation of the bridge on each vehicle wheel. The method to introduce wind excitation
is based on co-simulation to determine aerodynamic forces and moments in MATLAB/Simulink and use it as GFORCE in
Adams TS model. Simulation results showed the effectiveness of the developed methods.

2. The lateral lane deviation of the vehicle is influenced by vehicle speed, aerodynamic load, and bridge motion excitation.
The lane deviation magnitude follows a positive correlation with vehicle speed. As soon as the vehicle accesses the
bridge, the high-intensity crosswind component interacts with the vehicle resulting in a significant lane deviation. The
maximum lane deviation is around 0.6 m at 90 km/h. The percentage of lane violation occurring along the length of the
bridge is also higher at higher vehicle speeds.

3. Vertical tyre forces of the windward wheels have lower values than those of the leeward wheels as a consequence of
lateral load transfer due to crosswinds interacting with the vehicle. Within the first few seconds of the simulation, the
windward outer wheel of the leading semi-trailer axle ceases contact with the road surface of the bridge deck, indicating
potential risk of vehicle roll-over at 90 km/h.

4, Lane violation and roll-over risk are significantly high when the vehicle enters the bridge through to the descending
section. Therefore, it is suggested that the bridge entry speed be limited to 36 km/h until the vehicle reaches the lower
section of the bridge (around 2 km) before proceeding to maintain a maximum vehicle speed of 72 km/h.

5. The methods can be customized to suit investigation of vehicle dynamics for road vehicles (eg. buses, passenger cars,
etc.) on diverse bridges such as suspension bridges or floating bridges.

6. The path tracking ability and path deviation of the MATLAB/Simulink TS model are comparable to the Adams TS model
for an unladen case at 36 km/h. At 54 km/h, the HSA signals are similar between the models in both time and frequency
domains.

7. The vertical tyre force values from the MATLAB/Simulink model are observed to follow the trend of the values obtained
in the Adams model at 72 km/h. The windward vertical tyre force values are fairly similar for the first 50 seconds of
simulation time which is important when it comes to vehicle’s roll-over risk assessment.

8. Although some of the results from the MATLAB/Simulink model moderately differ from that of the Adams model, they
agree rather well for the most part. This outcome is a consequence of the modelling approximations in the MAT-
LAB/Simulink model compared to that of the detailed Adams model. The reduction in model-fidelity allows for a trade-
off between the accuracy of the results and simulation time (30 to 70 times faster). This provides flexibility to use the
models based on the application needs depending on the scope of investigation.

The Bjernafjorden floating bridge is part of the coastal highway route E39 Norway’s road project, and is currently in
its design phase. Therefore, experimental investigation of the vehicle’s behaviour and verification of the validity of vehicle
models on the Bjarnafjorden 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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