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Abstract. When a vehicle is braking or turning, the longitudinal or lateral tire forces increase
greatly and it is necessary to consider the effects of vertical, longitudinal and lateral tire forces on
vehicle and road dynamics. This work aims to propose a three-directional coupled vehicle-road
system for revealing the properties of three-directional (3D) interaction between vehicle and road.
A 23-DOF full-body heavy vehicle model considering the nonlinearity of suspension damping
and tire stiffness is built, and a double-layer rectangular thin plate on viscoelastic foundation with
four simply supported boundaries is employed to model the road. The equations of motion of
vehicle and road, and the 3D tire forces connecting the vehicle and road are formulated. The
responses of 3D coupled, vertical coupled and uncoupled vehicle-road model are compared in four
maneuver conditions and the effects of parameters on 3D vehicle-road interaction are discussed.
It is found that both the 3D coupled model and the vertical coupled model are good enough to
predict vehicle responses accurately, but the 3D coupled model is the most suitable for calculating
road responses accurately. During the maneuver of sharp steering or emergency braking, or when
a vehicle runs on a road with small surface roughness and big adhesion coefficient, the role of 3D
vehicle-road interaction becomes too important to be neglected.

Keywords: heavy vehicle, road, three-directional coupled, dynamic responses, braking and
turning.

1. Introduction

With the increase in road traffic and vehicle loads, premature damage of the asphalt pavement
on expressways has become more prevalent, which has been greatly reducing the pavement’s
effective lifetime. In China, some road damage occurs within the first 2 or 3 years after the road
use [1]. Road damage is seen to cause an increase in dynamic tire forces, which may worsen
vehicle vibration and reduce the passenger’s ride comfort and safety. Accordingly, the increased
vehicle vibration leads to an increased tire force, which may speed up road damage. Hence, the
vehicle and road together form a coupled system and the dynamics of vehicle and road should be
investigated simultaneously based on a vehicle-road coupled system.

However, vehicle dynamics and road dynamics are two separate subjects at present. In these
two subjects, the vehicle-road interaction is investigated using different models and methods, and
a lot of evaluation index of road damage and design rules of vehicle and road parameters have
been proposed and concluded.

In vehicle dynamics, road surface roughness is generally regarded as excitation to vehicle, and
the dynamic tire loads and the road-friendly characteristics of vehicles are investigated according
to road damage evaluation criterions. The popular vehicle models used for researching
road-friendly characteristics includes a quarter-vehicle model with 2-DOF, a half-vehicle model
with 4- or 5-DOF, a full-vehicle model with many degrees of freedom (DOF) and a Functional
Virtual Prototyping (FVP) model. The dynamic load coefficient (DLC) is one of the most widely
adopted evaluation criterion for dynamic interaction [2, 3]. Cole and Cebon put forward a fourth
power aggregate force to evaluate the road damage induced by tire dynamic forces, which is
another popular criterion for road damage. They investigated the effect of heavy vehicle
parameters on tire pressure and road damage and optimized the suspension [3, 4]. Markow and
Myers investigated the influence of heavy vehicle characteristics on tire forces and pavement
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response. They found that the vehicle configuration and suspension system greatly influences tire
forces and that the tire pressure has little effect on the dynamic load [5, 6]. Sun optimized a 3-DOF
quarter-truck suspension system by minimizing the dynamic pavement load and found that a large
tire pressure and a small suspension damping may increase dynamic tire forces [7]. Lu validated
a FVP full-vehicle model with experimental data of a heavy vehicle and discussed the effects of
vehicle speed, vehicle load and road surface roughness on tire forces and DLC [8]. Chen simulated
the influences of semi-active MSD and PID control on a heavy truck’s road friendliness and ride
comfort through co-simulations with Adams and MATLAB [9]. It should be noted that these
investigations in the field of vehicle dynamics generally assumed that the pavement was rigid and
stationary and did not take into account the effect of pavement vibration on vehicle response.

In road dynamics, vehicles are generally regarded as moving loads acting on the pavement,
and roads are modeled as a beam, a plate, or a multi-layer system on an elastic or viscoelastic
foundation. The road response such as stress, strain and displacements of the pavement and
foundation are studied analytically or numerically. And the road fatigue lifetime is predicted using
different evaluation criterions, including the tensile strain at the bottom of an asphalt surface and
the compressive strain in soil foundation. The Strategic Highway Research Program (SHRP) in
the U.S. performed comprehensive research on road dynamics and road damage potential of
dynamic wheel loads [10-11]. Hardy used the mode-superposition theory and the integral
transform to derive an analytical solution of the displacement of a beam on a viscoelastic
foundation, and validated it by field experiments [12]. Deng investigated the dynamics of a beam
on a Winkler or a Kelvin foundation under moving vehicle loads using an integral transform [13].
Using the mode superposition and the integral transform methods, Kim studied the response of a
plate on a Winkler foundation under moving loads of varying amplitude. He analyzed the
influence of wheel space and driving speed on the plate displacement and stress [14]. Jeongho
modeled the base and subgrade layers as stress-dependent cross-anisotropic materials and assess
the pavement response using finite-element (FE) analysis. He established equations correlating
the critical strains to layer displacements, axle loading, offset distance, and layer moduli in order
to evaluate the accelerated damage potential due to overweight truck loading [15]. Hryniewicz
presented a new analytical solution for the dynamic response of an infinitely long Timoshenko
beam resting on a nonlinear viscoelastic foundation using the wavelet expansion combined with
Adomian’s decomposition [16]. Ding investigated the dynamic response of infinite Timoshenko
beams supported by nonlinear viscoelastic foundations subjected to a moving concentrated force
using the Adomian decomposition and a perturbation method in conjunction with complex Fourier
transformation [17]. Fang studied the dynamic response of a thin-plate resting on a layered
poroelastic half-space under a moving traffic load using Fourier transformation [18]. While the
researches in road dynamics are useful for predicting road stresses and deformations, they only
concentrate on modeling the road, but seldom model the vehicle suspension system. Consequently,
the road dynamics due to vehicle vibration cannot be predicted accurately.

Over the last few decades, some scholars began to research vehicle-road dynamic interaction
simultaneously. They connected vehicle and road model by tire forces and proposed different
vehicle-road coupled models. The responses of vehicle and road are calculated using Finite
Element (FE), Galerin methods, mode superposition, integral transformation and numerical
integral. Using two sets of models to simulate vehicle and road respectively, Markov summarized
that the key factors influencing a stiff pavement were the configuration of the vehicle and axle,
vehicle load, suspension properties, vehicle speed, road roughness and plate bending [19]. Collop
proposed a whole-life pavement-performance model to predict pavement damage due to tire
forces. A 2-DOF vehicle model was used to generate dynamic tire forces and two classes of
pavement were researched [20]. Wu considered the dynamic vehicle-pavement-foundation
interaction effects in the 3D finite-element algorithm. The moving vehicle loads are modeled as
lumped masses each supported by a spring-dashpot suspension system and the effects of a finite
element grid, pavement thickness and foundation stiffness on pavement displacement were
evaluated [21]. Mamlouk pointed out that vehicle-road interaction can be applied to
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weigh-in-motion, pavement design, and vehicle regulation [22]. Considering the dynamic
variation and complex distribution of the tire-pavement contact stress, together with vehicle speed
and viscoelastic material properties, Siddharthan developed a 3D-MOVE procedure using the
Fourier-Transformation method and simulated pavement responses to the moving tire loads [23].
Liu built a 2-DOF vehicle and a plate on a viscoelastic foundation, and derived the analytical
solution of the pavement displacement under moving vehicle loads using an integral transform.
He analyzed the effects of road roughness and foundation modulus on pavement displacement and
strains, and found that a large foundation modulus may lead to a small strain [24]. Giuseppe
studied the response of a beam on a viscoelastic foundation subjected to a single-DOF oscillator.
He converted the coupled-system equations to dimensionless ones and calculated the response by
the methods of mode superposition and numerical integration [25]. Metrikine studied the stability
of a two-mass oscillator that moves along a beam on a viscoelastic half-space. Using the Laplace
and the Fourier integral transforms, he derived expressions for the dynamic stiffness of the beam
at the point of contact with the oscillator and concluded that a proper combination of negative
damping mechanisms may effectively stabilize the system [26]. Shi formulated a three-
dimensional vehicle-pavement coupled model to simulate the pavement dynamic loads induced
by the vehicle-pavement interaction and analyzed the effects of road surface conditions, vehicle
parameters, and driving speed on pavement dynamic loads [27]. Taheri proposed a
mechanistic-empirical pavement damage model to predict changes in 3D road profiles due to
dynamic axle loads [28]. Ding researched a coupled nonlinear vibration of vehicle-pavement
system, which is composed of a Timoshenko beam resting on a six-parameter foundation and a
spring-mass-damper oscillator [29]. In the previous work, the authors put forward a vertical
coupled vehicle-road model and investigated the effects of vehicle-road interaction on vehicle and
road responses [30-32]. However, the present studies on vehicle-road coupled systems only
consider the vertical tire load but usually neglect the impact of lateral and longitudinal tire loads
on vehicle-road interaction.

This work tries to connect the vehicle and road by vertical, lateral and longitudinal tire forces,
and put forward the methodology of three-directional (3D) coupled vehicle-road system modeling
and simulating. Based on a 3D vehicle-road coupled model, the differences of 3D coupled, vertical
coupled and uncoupled model are compared for pavement displacements and vehicle responses.
The effects of vehicle maneuver parameters and road surface properties on 3D vehicle-road
interaction are also analyzed. The proposed 3D-coupled vehicle-road model and the simulation
method are able to research the vehicle-road interaction and will be beneficial to vehicle and road
dynamics study.

2. Modeling the three-directional coupled vehicle-road system

A three-directional (3D) coupled vehicle-road system is proposed in this work as shown in
Fig. 1. A 23-DOF vehicle and a double-layer rectangular thin plate on viscoelastic foundation with
four simply supported boundaries are employed to model vehicle and pavement. The upper layer
of the plate models asphalt topping, the lower layer models base course, and the viscoelastic
foundation stands for subgrade of the road. The material of topping and base course is assumed to
be isotropy and elastic. The vehicle is able to moving on the road in different maneuver conditions,
such as straight-line running at a constant speed, braking and turning. The origin of vehicle
coordinate system (x, y, z) is located in the intersection between the roll axle and the vertical line
passing vehicle center of gravity. 1 is the vehicle’s yaw angle which describe the orientation of
the vehicle. The static ground coordinate system (X, Y, Z) is also shown in Fig. 1, taking the stress
neutral layer of pavement as coordinate axial X, the lateral direction as coordinate axial Y and the
vertical direction as coordinate axial Z.
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Fig. 1. The 3D coupled vehicle-road model
2.1. Equations of motion for the vehicle

A nonlinear full-body model with 23-DOF for a three-axial heavy-duty truck is presented, as
shown in Fig. 2. The vehicle is front wheel steered and rear wheel driven. x, y, ¥ represent the
longitudinal and lateral displacements and the yaw angle of the full vehicle respectively. z., 6.,
b, Zp, 8, ¢ stand for the vertical, pitch and roll displacements of driver cab and vehicle body. z,;,
¢y (i =1,..., 3) denote the vertical and roll displacements of three wheel axles. 8,1, 8,, are the
pitch angles of the left and right balancing pole on rear suspension. M, M;, M, denote the masses
of full vehicle, vehicle body and driver cab respectively. hs, L; are the vertical and longitudinal
distance from the sprung mass center of gravity to the coordinate origin. d;4, d;,, d;3 are the front
and rear wheel track width. dg,, ds,, ds5 are the lateral distance between left and right spring on
front or rear suspension.

The movements of the heavy-duty vehicle are coupled with each other greatly. Egs. (1)-(3)
give the longitudinal, lateral and yaw dynamics of the full vehicle. Egs. (4)-(6) give the vertical,
roll and pitch dynamics of the sprung mass:

M (% — y) + My2,0 + Myhs6 — Myls(h? + 62) = (Fepyy + Fry2)c0s8
3 2

. 1
_(Ftyll + Fty12)51n5 + Z Z thij, ( )

i=2 j=1
M + xp) — Mpzpp — Mbhsgﬁ =2 (Fex11 + Fix12)sind
2
+(Fty11 + Ftylz)COS6 + Z Z Feyijs )
i=2 j=1
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Izlﬁ + leb(pé - (bez + Mblshs)¢ - szls(j} + xl/’ - Zb(p) = 211 [(thll + thlZ)Sin5

l l
+(Fiy11 + Fiy12)cosé] — (lz - ;) ZFtij - (lz + 73) Z Fiys;j
=1 =1

diq . (3)
+ > [(—=Fx11 + Fex12)€088 + (Fyy11 — Fiy12)sind]
3 2
de,
+ > (_Fty21 + Fiy22 — Fryo1 + Fty22) + Z Z Tyij
i=1j=1
Mb(zb —x0 + y<p) - Iwbhs(e2 + (pZ) - Mblsg - (Fcl + Fc2 + Fc3 + Fc4) (4)
+(I;sll + Fgip + Fopq + Fopp + Fs;} + Fs3;) =—-M,g, .
(Mphs™ + Ipx )P — (pxz + Mlzilshs)(lp + 2¢0) _dehs(j} + 1) - Zbéa)
1 2
+(F02 + FC4— - FCI _Fc3)7c+ (Fsll - Fslz)%'i_ (F521 _FSZZ)TS
d53 _ . (5)
+(Fs31 — Fsaz)T = (2p — Zt11 + R11) (Fix118in8 + Fryqc086)
3 2
+(2p = Zt12 + Riz) (Fix125in6 + Fyyy150086) + Z Z Ftyij(zb —Zy; + Rij):
i=2 j=1
(Myh? + [by)é — Myhsls(? + 62) + Myhs (5 — i + 2,60) — Myl(Z, + g — X0 + y)
+Mblz;é + (Fo +F)(la +1s) + (Fez + Fea)(ls — ls) — (Fsq1 + Fs12)ly
+(Fs21 + Faz + Fozq + Fs32)la = (2p — Ze11 + R11) (Fx11€088 — Fiy145in6) (©6)
3 2

+(zp — Zp12 + R12)(th12C055 - Fty1251n5) + Z Z thij(zb —Zy; + Rij)’

i=2 j=1

where 8, T,;; and R;; are the steering angle of front wheel, the tire aligning torque, and the tire

effective radius respectively. F.; (s = 1,..., 4) denotes the suspension forces between driver cab
and vehicle body and can be expressed as:

Fo = Ke (zc COuly— 2y + (0 — B (U + 1) — PP _fc)dC>
+C,q (z‘c =0l —z, +0(ly + 15) — m>,
Fez =Ko (zc Oy — 2y + (0 — B (U + 1) + LY _;""‘)dC>
+C,, (z‘c =0l —z, +0(l, + 1) + m>,
) 7
Fiz = Kg3 (zc +0.lg—zy + (0 —0)(Uy — lg) — @ = ¢ _fC)dC> ”
+C,s (z‘c + 0.l —z, + 0, —lg) — m>,
Fey = Kea (zc Ol — 25+ (0 — B)(ly — L) + L9 _;""‘)dC>
+C4 (z’c + 0.l — 2 +0(ly, — 1g) + m)
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For this heavy-duty vehicle, two hydraulic dampers are fixed on the left and right front
suspension and the tandem balanced suspension doesn’t have any damper. The damper in vehicle
suspension is one of the major factors influencing the vehicle handling and ride comfort and shows
apparent nonlinearity, asymmetry and hysteresis. Many dynamic models for vehicle suspension
damper have been proposed, including the parametric model [33], the equivalent parametric model
[34, 35] and the fitted model [36, 37]. The fitted model is quite suitable to modeling the ascertained
damper and the function of restoring force relate to velocity are fitted by the test data. In this work,
the fitted model is used. The damping force of the damper on front axle can be described by a
nonlinear segmented model:

Fy1sgn(vg), Vg > Viim1s
Fy ={C(1+ Bsgn(va))valval™ Vimz < V4 < Viimy, (3
Fozsgn(vg), Vg < Vlim2,

where vy, C, B and n are the relative velocity of cylinder and plunger, the damping coefficient,
the asymmetry ratio and the exponent respectively. Fy1, Foo, Viim1 and vy, are the damping
force and relative velocity when the damper reaching saturation in tension or compression process.
Eq. (8) is composed of three equations and modeled from the test data [38]. The first and third
equations are dry friction damping models, which define the damping forces when the damper
plunger arrives at the above or below limit position. The second equation describes the hysteresis
viscous damping force when the plunger moves between the two limit positions. Here, C = 30893,
B = 0.56, n=0.16, Fy; = 4119 N, Fy, = 726 N, Vjjp; =0.12 m/s, vj3m, =0.08 m/s. These
parameters are obtained by fitting the measured data of the damper’s dynamic test. The test’s
description and the related results were given by the author’s another work [38].

e 4
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My,
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Fig. 2. The full-body heavy vehicle model with 23-DOF
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Using model Eq. (8) to calculate the damping force, the front suspension forces are expressed
by:

(¢ — pu1)d
Fo11 = Ks1q (Zb — (0 =0y — zyy + —2u1 1)+ Fa11,
)
(¢ — pu1)d
Fs12 = K12 (Zb = (0 =00y — zy1 — —Zul 2 + Fg12,

where Fj,1, Fg1, are the left and right damping force of front suspension. The relative velocities
of left and right damper are obtained by vy, = (2, — 0l — Zy; + (@ — @y1)ds1/2) and
Vaz = (Zp = Oly — Zys — (@ — Pur)dsa/2).

In order to represent the frictional property of leaf spring, the damping forces of tandem
balanced suspension are modeled linearly. The suspension forces between middle or rear axle and
vehicle body are expressed by:

Fsz21 = Ksz (Zb + (8 =00l — % —Zy + ((p—(/;ﬂ)
Fs22 = K22 (Zb + (0 -0, - GPTZIZ’ = Zypy — w>
+Cs2z (Zb + 61, — % —Zyy — w> ’
10
Fs31 = Kg3q (zb +(0— 0L, + 6’11)2113 . ((p—(gﬂ) (10)
+Coan <z‘b + 00, + 9”;13 P %)
Fs32 = K32 (Zb + (0 -6, + 9p2213 = Zy3 — Mﬂ)
+Css2 <z'b + 61, +%_ s _%>

Eq. (11) gives the pitch motions of the balancing poles:
.. l3
Lyip; + (Fs3i — Fszi)i =0. (1

Here, the subscript i = 1, 2 stands for the left and right balancing pole of rear suspension.
The vertical, roll and pitch motions of the cab are formulated by:

MCZC+(FC1+FC2 +FC3+FC4) = _Mbg’

. d
lexe + (Fea + Fos = Foo = Fs) - = 0, (12)
Icyéc — (Fe1 + Fea)ls + (Fez + Fea)ls = 0.

The vertical and roll motions of three axles and the wheel rotating rates are given by:
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MyiZy; — Fsin — Fsip = Fizin + Frzio — My 9,

. dy; dy; (13)
Iuiq)ui + (Fsiz - Fsil) % = (thil - thi2)7l + (Ftyil + Ftin)R;

Lijwij = Tsij — Tpij — Rij - Frxij (14)

where, Ty;j and Ty;; (i = 1,..., 3, j = 1, 2) are the driving torque and braking torque of six wheels.
The subscript i stands for the front, middle or rear axle, and j stands for the left or right wheel.

2.2. The three-directional tire forces
The square nonlinear tire model [39] is used to calculate the vertical tire forces:

ow(Xi, V) . _
SR Uy poi; = Zeis

Figij = KeijW(Xgijs Yeij) + Zoij — Zeij) + Cuij ( T

+eKeij(W(Xeijs Yeij) + Zoij — Zeij)?

(15)

where Ky;; and Cy;; are the linear tire vertical stiffness and damping coefficient respectively. € is
the square nonlinear stiffness coefficient. z;;; are the vertical tire displacements, which can be
gained from the axle vertical and roll displacements:

d; dg;
Ztin = Zuyi + P %, Ztip = Zui — Pui % (16)

Zy;;j are the road surface roughness and w(Xy;;, Y;;;) is the pavement displacement of the point
under a wheel. The pavement displacements equations will be derived in Section 2.3 and given by
Eq. (29). The positions of vehicle mass center X and Y in the ground coordinate system are
decided by vehicle velocities and yaw angle:

. ) 17)
Y = Visiny + 1, cosip.

{X = Vycosyp — V,siny,
Then, the positions of wheels mass center Xy;; and Y;;; in the ground coordinate system can be
calculated by:

dy
Xij = X + Licosy + (—1)/ isim,l),
e (18)
Yij =Y + Licosyp + (—1)j§sim/),

where, L; (i = 1,..., 3) are the longitudinal distances of three axles. L; = Iy, L, =1, — l3/2,
Ly=1,+13/2.

The tire-road contact characteristic is one of the key issues to affect the vehicle dynamics and
pavement dynamics. Many mathematical models of tire envelopment were proposed to model
vertical tire force and tire-road contact characteristic during the past decades [40, 41]. These tire
models can be divided into the point-contact model and the area-contact model.

The point-contact model can estimate vertical tire force with enough accuracy for long
wavelength and small amplitude road surface irregularities and has been used widely [42, 43]. On
large obstacles the point-contact model typically over predicts tire response, because it follows
the contour of the road for rapid changes in elevation when a real tire would lose contact. The
area-contact model offers a distinct improvement over the point contact model for discrete surface
irregularities or short wavelength surface irregularities, but it uses too much computation time for
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practical application in responses calculations and also requires mechanical tire properties that are
very specific to a given tire. For the asphalt concrete pavement in this work, it is assumed that
there are no sharp discontinuities such as joints or potholes. To obtain trade-off between accuracy
and efficiency requirements, the simple point-contact model is used here, as expressed by Eq. (15).

When the wheel jumps away the road surface, the vertical tire force obtained by Eq. (15) will
become negative, while the tire force will become zero for the real tire. In order reflect the tire
jump correctly, the vertical tire force is set to zero once the value obtained by Eq. (15) being
negative.

Based on Gim tire model [44, 45], the lateral and longitudinal tire forces are described by:

Foo= {Kxijssijlrzlij + i jFrrij (1= 3L + 205),  Ssij < Sseijy (19)
U et Feaigo Ssij = Sscijs
o= {Kaijsaijlfuj + UyijFrpij(1— 302, + Zlfuj): Saij < Secijy 20)
i =
M wyijFezig Saij = Sacij
where:
6 = Ve — wijRy;
B
X
g |tanai | |, brake,
(1 - |Sqi])|tanay;|, driving,

are the longitudinal and lateral wheel slip ratio. Here, @;; are the slip angles of wheels, which is
expressed by:

v+ 1,
5—17§f,i=L
a;; = . .
’ (A P
.x-. ) )

and ¢ is the turning angle of the front wheel. In addition:

V KsijSsi)? + (KaijSaij)?

Ssaij = [Sa; +S%ip iy =1=Snijy Snij =

’

sij aij’
3uijFizij
Kyii [Sscii® = Ssii”
_ 3#iszij _ xij scij Sij
Sscij - K... ’ Sacij - K... )
xij atj

are tire parameters related to slip ratios. u;; = pto(1 — (1 — 1 /U0o)Ssaij/S1)s Bxij = MijSsij/Ssaij
and y;; = U;jSqij/Ssaij are road adhesion coefficients. V,, K,;; and Kg;; are the vehicle running
speed, and the tire longitudinal and lateral stiffness respectively.

2.3. Equations of motion for the road
The road pavement height, elastic modulus, shear modulus, Poisson ratio and density are

symbolized by hy, h,, E;, E,, Gy, G,, 14, Uy, p1 and p,. The double-layer thin plate’s stresses for
the linear elastic material are:
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(. _ E(Z) 02w 0w
|0X_ =2 |axz T gz
B E(Z) 02w 22w
| =~ o 15 =
0*w
Ty = ~26(DZ 3=,

where E(Z), G(Z), u(Z) are vertical-varied function of elastic modulus, shear modulus and
Poisson ratio.
One may obtain the stresses of the double-layer plate satisfying the following functions:

Z Z
o1x = E1—, o = E3—, (22)
p p

where p is curvature radius of stress neutral layer.
Since stress of neutral layer is zero, it can be gained:

fO'ldil + J- szdAz =0. (23)

A A
Substituting Eq. (22) into Eq. (23), one gets:

E1 ho EZ ho—hq
bZdZ + -2 bZdZ = 0, (24)
P Jho-n, P Jho—hi-h,

where, hy is the distance between stress neutral layer and the upper surface of the double-layer
plate.
The position of stress neutral layer can be obtained from Eq. (24):

E h? 4+ E;(2hy + hy)h,

(25)
2E,h, + 2E,h,

h0=

Partial differential equation of the double-layer thin plate on viscoelastic foundation subjected
by moving vehicle loads can be derived by elastic dynamics theory:

3
o*w  9*w o*w *w ow :
D\axe t oy )+ 20xr ¥ 2D Gy ¥ Phg KW+ O = ZZ Fespiy - (26)
i=1 j=
where:
ho E, ho—hy E,
D= f L7247 + f 2724z,
ho-hy 1 — M1 ho-ha—h, 1= 13

ho E ho—hy E
Dyy _f 1 zzdz+f =22 p247,
ho—hy 1 — I ho—hi—hy 1 — 13

ho hg—hq
Dy = f G,Z%dZ + f G,Z%dZ,
h

o—h1 ho—hi—h;

ho ho —hy
ph = f p1dZ +J- p2dZ = p1hy + pyhy,
ho—hq ho—hi—h;
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a 0*w 0*w a 0*w 0*w
Q":_a_x DaX2+(ny+2Dk) vzl Qy = — D6Y2+(DXY+2Dk) axz|

and Fi3p;; (i = 1,...,3, j =1, 2) is the three-directional tire forces acting on road pavement, which
may be expressed by:

O, 5(X ~ Xu)SW ~ V) DR, S(X = Xu)S(Y = Yuy)
Fispij = X ho — FT% ho
AMR 85X = Xu))5(Y — Vi)
+FR S = Xy )B(Y = Yyy)) + —2L a;] “’ @7)
a(MtyU5(X Xeij)6(Y —Yyj))
X ’
R R

where, X;;; and Yy;; are longitudinal and lateral positions of tire respectively. FX iy Fevip Fezijo

M I;xu M ’fYU are tire forces of six wheels, which may be expressed in road coordinate system by:

R — _F ..
{FL'ZL] - Ftll}’

R _ .
Flyij = —FexijCOSBeij + Fryijsinfyj,
R — .
Fyi; = —FexijSinBeij — FryijCOSByij, (28)

R .
My = FexijRsinByij + Fezyj (dyij + Ypij)cosPe,
ka] = —FijRcoSByij — FizijdyijcOSPyij,

where, R is the tire effective radius. f;; are the orientation angles of wheels, which may be given
by:

Yv+4, i=1,
pai={y " 1273 (29)

and d,;;, dy;;, Yp;j are pneumatic trail, lateral offset and lateral deformation of tires, which need
to be calculated in real time by:

a;(1- ) 4a;; Fiyij
dyij = e 3 Sni dyi; = —311 “Saijy Ybij = T Ll (30)
byij
here, Cp,;; is the tire lateral stiffness and a;; is the tire footprint length.
Displacement of double-layer thin plate with four simply supported boundaries can be
expressed as:

NM NN

w(X,Y) = Z Z Umn(t)sm sm Y (31)

m=1n=

where, L and B are the pavement’s length and width.
Substituting Eq. (31) into Eq. (26) leads to residual value R:

4

*tw 9w 9*w o*w AN
R=D + + 2(Dxy + 2Dy) +ph—3 +KW+C— ZZ tapij (32)
i=1 j=1

ox*  ov+ 0X?%0Y? Jat
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By limiting residual value R the following equation can be get by Galerkin’s method:

J j Rsm (] : )dXdY - 0. (33)

By simplifying the above equation, Eq. (26) can be discretized as a set of ordinary differential
equations:

wherei =1,..., NM,j =1,..., NN and:

[ (( )+2(DXY+2Dk)< ) (ZT) +K]%,

M;; Ph, Cij = TC,
53 2 .
inX\ . /jm
= f J- Z Ftsuusm( )Sln( )dXdy
o Jo B
i=1 j=1
3
Xy JYeij jm nXy; JrYeij
Z { Fixij ho " cos < ) sin ( ) + Feyijho = sin (—) cos (—)
i=1 L L B B L B
inX, Y, i X ——
(0 ), 2 (1) e

inX, iTTY
My COS( Lm)sm (] Bm)}'

2.4. Three-dimensional interaction between the vehicle and road

MN

-
1l
_

According to Eq. (15), the vertical contact forces between tires and pavement are related not
only to tires vertical motion and road surface roughness, but also to road vibrations at the contact
points between tires and pavement. It is also noticed from Eqgs. (16), (17) that the lateral and
longitudinal tire forces are coupled with the vertical tire forces and vehicle responses. In addition,
Egs. (31) and (34) show that the pavement displacements are coupled with the three-dimensional
tire forces and wheel positions. Consequently, the vehicle system equations Egs. (1)-(6) and
Egs. (11)-(14) are coupled with the road system equations Eq. (34) through three-directional tire
forces. Thus, these equations compose the first-order and second-order ordinary differential
equations of the 3D-coupled vehicle-road system.

Some scholars think that the tire deformation is much bigger than the road vibration and it’s
not need to research the vehicle-road interaction. However, the static deformation of the tire is
caused by static tire loads and the dynamic deformation is caused by the road surface roughness
and road vibration. Once the simulation begins, the static and dynamic deformation occur, the tire
vibrates attenuately and arrives to the static balance position quickly. Then the tire will vibrate
around the balance position. Thus vehicle-road interaction depends on the relation of road surface
roughness and road vibration, and should not be neglected when the vehicle running on the smooth
road. It’s also necessary to research the influence of 3D vehicle-road interaction on vehicle and
road dynamics when the vehicle turning or braking.

Due to the time variability, nonlinearity and high-dimensional property of this system, the
closed-loop system equations are solved numerically by the quick integration method [46, 47] and
the Runge-Kutta method of order four. The simulation process of this 3D vehicle-road system is
shown in Fig. 3.
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Fig. 3. The simulation process of the 3D-coupled vehicle-road system

As a comparison, the vertical coupled and uncoupled vehicle-road model are also built. For
the vertical coupled model, only the vertical tire forces act on the road and the right hand of
Eq. (34) is expressed by:

i=1 j=1 (35)

For the uncoupled model, the vertical tire force doesn’t consider the effect of road vibration
and is given by:

Fizij = Keij(Zoij = Ztij) + Ceij(Zoij — Zeij) + €Keij(Zoij — Zeij)*. (36)

3. Comparison of responses of 3D coupled, vertical coupled and uncoupled vehicle-road
models

In order to analyze the vehicle-road interaction using this proposed 3D coupled vehicle-road
model, the computation method and the vehicle-pavement coupled model should be verified.
However, it is very difficult to measure the vehicle and road dynamic responses simultaneously
when a vehicle running on a road, especially when the vehicle turning, making a lane-change or
braking. Due to lack of the test data of vehicle-road dynamics on every driving situation same to
the simulation, only some simulation results were validated by experiments. Limited by the
technical and economic conditions, we only obtained the test data of vehicle responses when the
vehicle running at a constant speed along a straight line. By comparing with this test data, the
validation of the 3D-coupled vehicle model has been given in the author’s another work [48]. In
order to add confidence to the validity the road model, the road responses simulated by the
vehicle-pavement coupled model was compared with the simulation results of Wu [21], using the
same parameters and boundaries conditions to Wu’s model. The comparison results were given in
the author’s previous work [30].

As many scholars think, simulation is also a useful and economic method to research vehicle
and road dynamics when the driving situations are difficult or dangerous to achieve. Compared
with the analytical method, the simulation method is also convenient and flexible to discuss the
engineering problem modeled by high-dimensional equations. As follows, the property of 3D
vehicle-road interaction will be simulated in different driving situations.

Parameters for the heavy vehicle system are chosen according to a heavy truck with full load
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which was used in the field test [48]:

M, =1115kg, My, = 15797 kg, M = 20440 kg, I, = 136x10°kgm?, |; =520m, [, = 1.15m,
l3=13m,l, =483m,ls=12m,lg =1.0m, Ly =0.778 m, H; = 0.52 m, K;; = 997.5 kN/m,
Csij = 4000 N-s/m, K;;; = 2200 kN/m, Cy;; = 6300 N-s/m, K,;; = 373.8 kKN/m, K,;; = 454.6 kN/m
(i=2,3,j=1,2),e=0.1,d;; =d;, =19 m, R =042 m, o = 0.01, 4y = 0.9, S; =0.15,
K. =K. = 749 KN/m, K3 = K., = 44.6 kN/m, C.y = C,, = 1985 N-s/m, C.3 = C., = 1185
N-s/m, Kg14 = Ksq5 = 251.38 kN/m, Csqq = Cgq5 = 40 kN-s/m, K;q; = K¢y = 1100 kN/m,
Ct11 = Ct13 = 3500 N-s/m, K11 = Kyq5 = 186.9 kKN/m, K1, = K415 = 227.3 kKN/m.

Parameters for the pavement and foundation are chosen as follows [30, 31]:

hy = 0.1 m, y; = 0.25, E; = 1600 MPa, p; = 2.5x10° kg/m®, h, = 0.2 m, E, = 700 MPa,
Uy, =0.25, p, =2.2x103 kg/m3, K = 48x10% N/m?, € = 0.3x10° N-s/m?, V, = 15 m/s, L = 95 m,
B = 15 m. The random road roughness is B-class according to GB/T 7031-2005/ISO 8608:1995
[49] and is generated using the method of Liu [50].

Four driving maneuvers are simulated, including straight-line driving at a constant speed,
straight-line braking, and curve driving at a constant speed and combined steering and braking.
By comparing the responses of the road and vehicle obtained by 3D coupled, vertical coupled and
uncoupled models, the effects of coupling action on responses are analyzed.
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s s AR
SN
-0.126 SR
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Fig. 4. Pavement displacements when straight-line driving at V,, = 15 m/s
x 10"
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Fig. 5. Vehicle responses when straight-line driving at I, = 15 m/s
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3.1. Straight-line driving at a constant speed

Letting the heavy vehicle runs along a straight-line at a constant speed of 15 m/s, the pavement
displacements and vehicle responses induced by tire forces can be obtained from three models,
3D coupled, vertical coupled (Z coupled) and uncoupled vehicle-road models, as shown in Fig. 4
and Fig. 5. It may be noticed from Fig. 4 that the difference between 3D coupled model and Z
coupled model is slight and the pavement displacement decreases 0.2 % after considering the
vehicle-road coupling action. In these three models, the 3D coupled model leads to the smallest
pavement displacement. Fig.5 shows that the effects of vehicle-road coupling on vehicle
responses are great, but the difference between 3D coupled model and Z coupled model is still
slight. After considering the vehicle-road coupling action, the peak value of longitudinal
acceleration of vehicle body, vertical accelerations of vehicle body and cab increases 275 %,
204 % and 145 % respectively. Both 3D and vertical vehicle-road coupling also lead to obvious
increase of vehicle lateral acceleration and yaw rate. However, in the case of straight-line driving,
the lateral acceleration and yaw rate of the vehicle are too small to be considered.
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Fig. 6. Pavement displacements when straight-line braking with M, = -56500 N-m
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Fig. 7. Vehicle responses when straight-line braking with M, =-56500 N-m

3.2. Straight-line braking

The vehicle moves along a straight-line at an initial speed of 15 m/s and is braked with a
braking torque M, = 56500 N'm at the time of t = 4 s. The road and vehicle responses are

3901
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calculated from three models, as shown in Fig. 6 and Fig. 7. It can be obtained from these two
figures that the 3D and vertical coupling action leads to 2.1 % and 0.8 % decrease of the pavement
displacement respectively. Hence, when the vehicle is braking, the influence of 3D vehicle-road
coupling action on pavement displacement is enlarged. In addition, the vehicle response difference
between 3D coupled model and Z coupled model is also very little. Compared with the uncoupled
model, the two coupled vehicle-road models result in the peak value of longitudinal acceleration
of vehicle body, and vertical accelerations of vehicle body and cab decreases 0.2 %, 5.0 % and
7.2 % respectively. It should be noted that the vehicle-road coupling causes a contrary impact on
longitudinal vertical vehicle responses when vehicle is braking. However, the effects of
vehicle-road coupling on the lateral acceleration and yaw rate are similar so long as the vehicle
runs along a straight-line.
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42444648 5 5254
t/s

Fig. 9. Vehicle responses when curve driving with § = 0.15

3.3. Curve driving at a constant speed

When the vehicle is running along a straight-line at a constant speed of 15 m/s, a front wheel
steering angle of 0.15 rad is input at ¢ =4 s, and then the curve driving begins. The pavement
displacements and vehicle responses are calculated using 3D coupled, vertical coupled and
uncoupled vehicle-road models respectively, as shown in Fig. 8 and Fig. 9. It can be seen from
Fig. 8 that the 3D and vertical coupling action result in 1.2 % and —0.7 % variation of the pavement
displacement. It is interesting that the effect of vertical vehicle-road coupling action on pavement
displacement is the same as the case of straight-line driving, but the effect of 3D vehicle-road
coupling action is contrary. It may be implied that the influence of lateral tire forces on pavement
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displacement is contrary to that of vertical and longitudinal tire forces. Fig. 9 shows that the
vehicle response difference between 3D coupled model and Z coupled model is also tiny. With
the coupling action considered, the peak value of longitudinal and vertical accelerations of vehicle
body, the vertical accelerations, the lateral acceleration and yaw rate of cab changes —3.8 %,
+31.2 %, +15.1 %, —0.9 %, +0.03 % respectively. Compared with the condition of straight-line
driving at a constant speed, it is found that curve driving will enhance the influence of vehicle-road
coupling on lateral vehicle responses.
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Fig. 10. Pavement displacements when combined steering and braking with § = 0.15, M, =-56500 N'-m
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Fig. 11. Vehicle responses when combined steering and braking with § = 0.15, M, =-56500 N'm

3.4. Combined steering and braking

During the combined steering and braking driving maneuver, the heavy vehicle is input a front
wheel steering angle § = 0.15 and a braking torque M, = —56500 N'm simultaneously when
t =4 s. The road roughness is B-class and the initial vehicle speed is 15 m/s. Fig. 10 and Fig. 11
show the road and vehicle responses obtained by the three vehicle-road models. It can be found
from Fig. 10 that the 3D and vertical coupling action cause 1.1 % and —0.9 % change of the
pavement displacement, and the pavement displacement obtained by 3D coupled model is the
greatest. It should be noted again that the braking causes the decrease of the variation ratio. In
addition, the vehicle response difference between 3D coupled model and Z coupled model is also
tiny. With the coupling action considered, the peak value of longitudinal acceleration, vertical
accelerations of vehicle body and cab, lateral acceleration and yaw rate increases 0.2 %, —20.6 %,
—24.3 %, —0.6 %, —0.3 % respectively. Therefore, in the combined steering and braking driving
maneuver, the effect of vehicle-road coupling arrives at obvious impacts on three-directional
vehicle responses and can’t be neglected.
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By comparing the results of above four driving conditions, it may be summarized that:

1) In different driving conditions, the vehicle response difference between 3D coupled model
and Z coupled model is always tiny, but the difference between coupled and uncoupled model is
too big to be neglected. Therefore, both 3D coupled model and vertical coupled model are good
enough to predict vehicle responses accurately.

2) In straight-line driving condition, the pavement displacement obtained from 3D coupled
model is smaller than that from vertical coupled and uncoupled model. But in curve driving
condition, the pavement displacement predicted by 3D coupled model is bigger than those by the
other two models. Whether in straight-line or curve driving condition, the vertical coupled model
always obtains a smaller pavement displacement than the uncoupled model. Hence, the 3D
coupled model is the most suitable for calculating road responses accurately.

4. Effects of system parameters on 3D vehicle-road interaction

When a vehicle runs on a road, it may meet a lot of vehicle driving conditions and road type.
Thus it is necessary to research the effects of road and vehicle parameters on vehicle-road
interaction. Since the effects of vehicle and road parameters on vertical vehicle-road interaction
have been given in detail by the authors’ previous works [30-32], this work only puts emphasis
on the effects of parameters on 3D vehicle-road interaction. During simulation, six parameters are
selected, including the front wheel steering angle, the braking torque, the nonlinear coefficient of
vertical tire stiffness, the vehicle running speed, the road surface roughness and the road type. The
pavement displacement peak value and the difference between the results of 3D coupled model
and vertical coupled model are calculated with different values of parameters, as shown in
Figs. 12-15.

Fig. 12 shows that the rise of steering angle will increase amplitude of the pavement
displacement, but a big braking torque will reduce the amplitude of pavement displacement. With
the increase of front wheel steering angle or braking torque, the result difference between 3D
coupled model and vertical coupled model also increases. Thus, during the maneuver of sharp
steering or emergency braking, the role of 3D vehicle-road interaction is enhanced.
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Fig. 12. Effects of front tire turning angle and braking torque

From Fig. 13, it can be seen that a high vehicle speed increases the amplitude of pavement
displacement. At the vehicle speeds higher than 60 km/h, the effect of the nonlinear tire coefficient
increases substantially. In addition, with the increase of the vehicle speed or the nonlinear tire
coefficient, the difference between 3D coupled model and vertical coupled model increases but is
accompanied by occasional fluctuation. At the vehicle speeds higher than 60 km/h, the effect of
the nonlinear tire coefficient increases substantially. Thus the nonlinear tire stiffness should not
be neglected at higher vehicle speeds.

In Fig. 14, the road roughness goes up from A to D class [39], and road type 1 to 4 stand for
dry asphalt road, wet asphalt road, snow surface road and ice surface road respectively. The
surface adhesion coefficients of these four road types are 0.95, 0.5, 0.15 and 0.07. From Fig. 14,
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it can be seen that a rough road will lead to a bigger pavement displacement, and the pavement
displacement is the biggest on rough ice surface road. However, on smooth dry asphalt road the
difference between the results of 3D coupled model and vertical coupled model is the biggest. The
reason might be that a big road surface adhesion coefficient leads to the large longitudinal and
lateral tire forces, which will reinforce the effect of 3D vehicle-road coupling. Moreover, in the
smooth road with small surface roughness, the ratio of pavement vibration to road excitation is
bigger than that in rough road and thus the effect of vertical vehicle-road coupling is enhanced.
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Fig. 13. Effects of square nonlinear coefficient of tire stiffness and vehicle running speed
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5. Conclusions

An innovative three-directional coupled vehicle-road model is built for studying the properties
of three-directional (3D) interaction between vehicle and road. It has been found that:

1) Both the 3D coupled model and the vertical coupled model are good enough to predict
vehicle responses accurately, but the 3D coupled model is the most suitable for calculating road
responses accurately.

2) During the maneuver of sharp steering or emergency braking, the road response difference
between 3D coupled model and Z coupled model is enhanced and the 3D vehicle-road interaction
should be considered.

3) When a vehicle runs on a road with small surface roughness and big adhesion coefficient,
the difference between results of 3D coupled model and vertical coupled model is obvious and the
3D vehicle-road interaction should be considered.

4) With the increase of the vehicle speed or the nonlinear tire coefficient, the difference
between 3D coupled model and vertical coupled model increases but is accompanied by
occasional fluctuation. The nonlinear tire stiffness should not be neglected at higher vehicle speeds.

In this work, the value of tire stiffness is selected as to the normal air pressure in the tire and
the square nonlinear tire model is applied. In fact, a finite element tire model can consider the
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effect of air pressure in the tire and the tire structure better. However, how to connect a finite
element tire model with a vehicle model and a road model is still a challenging problem, which is
also our future research direction. In addition, the vehicle-road tests on complicated driving
situations including lane change, turning and braking need to be fulfilled so as to validate the
simulation results.
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