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In this paper, the consequences of filled volume on the transient lateral dynamic and stabilities
boundaries displacement of an articulated vehicle carrying liquid is investigated. First, a sixteen-
degrees-of-freedom nonlinear dynamic model of an articulated vehicle is developed. Then, the model
is validated by using TruckSim software. Next, the dynamic interaction of the fluid cargo with the
vehicle, by integrating a quasi-dynamic slosh model with a tractor semitrailer model is investigated. In
this study, the most important dynamic reposes are considered which include yaw rate, roll angle and
lateral acceleration for both the tractor and semitrailer as well as liquid center of mass lateral
movement. Also, to investigate the rollover stability of the vehicle, lateral load transfer ratio is
considered as an important factor. The dynamic system performance for three different filled volumes
is exhibited in j-turn and lane change standard maneuvers. The simulation results revealed that by
increasing the liquid volume the rollover probability rises due to the increase in roll angle and lateral
load transfer, especially in lane change maneuver.
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NOMENCLATURE
CSys) Damping of the tractor’s (semitrailer’s) suspension Lys Distance between the semitrailer axles
Damping of the coupling point between the tractor and the o
C, semitrailer M (ss) Semitrailer total mass(sprung mass)
D Tank diameter Myt Tractor total mass(sprung mass)
heecs) Height of the center of gravity of the tractor’s (semitrailer) sprung R The cross section radius
mass to the roll axis
Frx(ry) The longitudinal (lateral) coupling force R, Wheel radius
h Height of the fifth wheel to the roll axis of the tractor unit T The inout drive toraue
wews)  (semitrailer unit) i P d
Ly Wheel moment of inertia Tywes) Track width of the trailer unit(semitrailer unit)
I Roll moment of inertia of the sprung mass of the tractor unit u Longitudinal velocity of tractor unit(semitrailer
*prps)  (semitrailer unit) ) unit)
Roll-yaw product of inertia of the sprung mass of the tractor unit
Lezprpsy (semitrailer unit) measured about the center of gravity of the sprung v () Lateral velocity of tractor unit(semitrailer unit)
mass
I Yaw moment of the total mass of the tractor unit (semitrailer unit) The height of the liquid mass center in absence of
22 measured about the center of gravity of the total vehicle mass Zo roll angle and lateral acceleration of the semitrailer
KSis) Roll stiffness of the tractor’s (semitrailer’s) suspension Z The vertical position of liquid center of gravity
K RoII_ stl_ffness of the coupling point between the tractor and the r Articulation angle
w semitrailer
L The length of tank w; The rotational velocity of each wheel
L, ]’;)(;isrt]étmce between the tractor’s center of gravity and the coupling Vo Yaw rate of the tractor unit (semitrailer unit)
Lye(Lyd) Distance between the tractor’s center of gravity and the front axle 0,(5) Roll angle of the tractor unit (semitrailer unit)
(the rear axle)
Lys(Lys) Distance between the semitrailer’s center of gravity and the 5 Steer angle

coupling point (the rear axle)
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1. INTRODUCTION

An articulated vehicle carrying liquid includes two
units, tractor and semitrailer liquid container joint by
mechanical coupling. The tractor unit is located in front
of the vehicle and typically involves a diesel motor and
several axles which is steered by the driver. The
semitrailer has wheels merely in rear and is moved by
the tractor unit and is employed for material
transportation. One mechanical systems in which
mutual interaction exists, is articulated vehicle carrying
liquid. Fluid sloshing in the tanker exerts lateral forces
and moments promoting earlier rollover than other types
of wvehicles [1]. Rollover accidents affect strongly
highway safety, especially rollover of heavy-duty
tankers carrying fuels and chemicals, which might result
in explosions and catastrophic chemical spills. This fact
made the study of rollover stability of various vehicles,
especially articulated ones carrying liquid, a major
concern for many vehicle manufacturers, organizations,
and researchers. Strandberg et al. [2] studied the
overturning  risk  of  heavy-duty truck-trailer
combinations both analytically and experimentally.
Popov et al. [3] conducted a study to obtain an optimum
shape of elliptical road containers in terms of
minimizing the overturning moment resulting in a
vehicle rollover. Ranganathan et al. [4] analyzed the
stability of partially-filled tank vehicles through
computer simulations. The equations of motion for
sloshing fluid within an elliptical tank were derived
using Lagrange's equation assuming small amplitudes of
sloshing wave. Kang et al. [5] investigated directional
stability of an articulated vehicle under combined
turning and braking maneuvers, a quasi-dynamic
sloshing model of clean bore tank coupled with the
vehicle dynamics. Roll stability analyses of partially-
filled tank wvehicles have further indicated that
magnitude of lateral liquid sloshing under various
vehicle maneuvers is strongly affected by the tank
geometry, specifically the cross-section [6-9]. Kolaei et
al. [10] and Shu et al. [11] employed the conformal
mapping technique to obtain slosh force and overturning
moment in half-filled elliptical containers equipped with
vertical or horizontal side baffles under a lateral
acceleration excitation. Talebi et al. [12, 13] optimized
the tanker rollover threshold for the articulated vehicle
carrying liquid. Azadi et al. [14] investigated the effect
of tank shape on the lateral dynamic of the vehicle.

The investigation of the effect of filled volume on
lateral dynamic and the most important roll dynamic
responses of an articulated vehicle carrying liquid
during steady state and transient maneuvers is one of the
major contributions of the paper. So, this paper is
organized as follows. At first, a dynamic model of an
articulated vehicle is developed. Then, the dynamic
model is validated by using the TruckSim software

during double lane change maneuver. Next, dynamic
interaction between the liquid and the wvehicle,
employing quasi-dynamic method is investigated. Also,
Lateral load transfer ratio is studied as an important
factor on the rollover stability of the articulated vehicle
carrying liquid. In the fifth section of the study, the
effect of liquid sloshing is examined on the dynamic
responses of the wvehicle in J-turn and lane change
maneuvers. The simulations are carried out for three
different filled volumes (low, medium and high) in
various velocities. At last, the results are provided.

2. DYNAMIC MODELING

The sixteen degrees of freedom model reflecting the
directional characteristics of the articulated vehicle is
used. The articulated vehicle was modeled using two
rigid bodies including the tractor with front steerable
axle supplying by the driver and the semi-trailer with
three axles. The considered degrees of freedom include;
longitudinal and lateral velocity of the tractor, tractor
yaw rate, articulation angle, tractor roll angle, trailer roll
angle and wheels rotational velocity. In this model,
tractor front wheels are considered steerable. As can be
seen from Figure 1, five coordinate systems for the
model are considered. The first three ones are: the
inertial coordinate system x,v,z, fixed to the ground,
the tractor coordinate system x.y.z. fixed to the
tractor’s center of gravity and the third is semitrailer
coordinate system x;y.z, mounted to the semi-trailer
CG. In addition, the coordinate systems, x(y.z;
andx/y{z{, are set at the center of the sprung mass of the
tractor and semitrailer.

The rate of the articulation can be represented by:

r= 1/)5 - z/)t @
The traction and side tire forces can be expressed in
tractor and trailer coordinate systems as follows:

Fy; = Fy cos(8;) — Fg; sin(6;)

Fy; = Fy; sin(8;) + Fg; cos(6y), 2
i=12,..,10

Figure 1. The sixteen degrees-of-freedom model.
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2. 1. Tractor Unit Based on Figure 2, the
effective external forces on system dynamics are
longitudinal and lateral forces which are created at the
contact locations of the tires and road and constrain
forces in fifth wheel. The sum of longitudinal and lateral
forces of the tractor tires is defined as:

Fyet = Fy1 + Fyp + Fyz + Feq + Fys + Fye

®)
Fytt = Fyl + Fyz + Fy3 + Fy4 + Fys + Fy6

Tractor yaw moment is:

Mptz = (FxZ + Fyy + Fyg = Fy1 — Fyz —
Fys)Tyw/2 + (Fys + Fyp)Lse — (Fys + (4)
Fy4)Lrt - (Fys + Fya)(Lrt + Ltt)

Moreover, tractor roll moment is as below:

My, = Mg ghy sin(@,) — KS¢ i — CS;p:+KS,, (5)

((pt - (ps)+CSw(¢t - (ps)

2. 2. Semitrailer Unit The sum of longitudinal
and lateral forces of the semitrailer tires is defined a:

Fyss = Fy7 + Fxg + Fyo + Feo

(6)
Fyss = Fy7 + Fyg + Fyo + Fyq
Semitrailer yaw moment is:
Mpsz=(Fx8+Fx10_Fx7_Fx9)Tws/2_ )

(Fy7 + Fys)(Lrs - Lts) - (Fy9 + Fle)Lrs
And, tractor roll moment is:

M = mgsghs sin(@g) — KSs@s — CSsps—KSw

Dssx . . (8)
(@r — @) —CSy (@r — @)

2. 3. The Articulated Vehicle of Equations of
Motion The governing equations of the
articulated vehicle can be expressed as:

meit, = mve, + mstht(ljtlj)t"'Fxtt + Frx 9)

myU; + mstht¢t:_mtut¢t + Fytt —Fpy (10)

Lzt = Lez) @¢ = Mp,, + FpyLer (11)

Lo, $t — Ixzptlﬁt +mghVy = My, — meheuapy (12)

msuszmsvslj)s + msshs(pslj)s +Fo o — Frx cos(l") + (13)
Frysin(l)

MgVs + MgshgPs=—mguUsths + Flos t Frx sin(I") + (19)
Fpycos(I)

Izzslﬁs - Ixzps(xbs = (fosm(r) + nyCOS(r))LWS + (15)

Mpsz

Ixxps¢s - Ixzpslp.s + msshsv.s = Mpssx - msshsuslj)s (16)

Uy — ugcos(I') + v sin(I") + Lfslﬁs sin(I") +
hys®s sin(I") = —1u I sin(I') — I'vg cos(I') — a7
LgsI'ps cos(IM) — hy,sI' s cos(I')

U — Lwt}pt + hee@pe — s sin(l") — vs cos(I') —
Lesips cos(I') — hys@s sin(I") = ugl cos(I') — (18)
Fvgsin(I") —Lgs s sin(l) — hysI g sin(l)

2. 4. Tire dynamics Here, the Duggof tire model
is employed for calculation of longitudinal and lateral
forces [15].

qui[l—srui SZ+tan? (ai)} (1-57)

A=
ZJC[ZS[Z+C§tan2(ai)
(Aa(-2) ifa<1
f = {1 ifA>1 (19)

Cq tan(a;)
Fs ="/
GiSi.

F . =
t = 1,

f

2. 5. Tire slip In this section, longitudinal slip
and side slip angle are considered [16-18].

L I 1 I F /\Sis
Fig ta 74 Fry
S0 . F52
Ff,,_.l Y >,

"]
Ft 1

Figure 2. The effective external forces on tractor and
semitrailer units.
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2. 5. 1. Longitudinal Slip

1= { (Vg cos(a) —u;)/u;, (u; = Vgzcos(a)) 20)
' (Vg cos(a) — u;)/Vg cos(a),, (Vg cos(a) > u;)

2.5. 2. Tire Side Slip Angle

Vt+LftTt) A3(4) =
_1[ ve-meL

— tan~1 (2l

et

Vt—Tt(Lrt"'Ltt)) @7(8) =

— —1 [ vs=Ts(Lrs—Lts)
tan <7u — Tws
S(+)'S 2

@g(10) = —tan™?! (%) (21)

ayz) = 6 — tan‘1<

~ Tw
Ue)Tt

56y = —tan™! (

— Tw
UenTe

Us+)s ™,

The vehicle parameters are shown in Appendix.

2. 6. Wheel Dynamics The following equation
can be written for traction from Figure 3:

de) = _RWFXi + Ti (22)

3. DYNAMICS VALIDATION

In order to validate the dynamic model, TruckSim
software is used [19]. So, the developed model
parameters are considered the same as the ones
implemented in TruckSim modeled vehicle. The
simulation results of double lane change maneuver are
shown in Figures 4 and 5. In this analysis, the vehicle
with initial velocity of 70 Km/h on a dry road with
road friction coefficient of 0.7 and the above steering
input is considered. As can be seen from Figure 5, the
yaw rate, articulation angle and trajectory curves of the
articulated vehicle matches acceptably with the one
carried out TruckSim test. Moreover, although the roll
angle curve shows appropriate coincidence with the
TruckSim model results, some deviations between these
two are observed duringt =5 — 7 s.

vehicle motion
—

heel rotation

Fi

Figure 3. Wheel diagram [20].

Steering Angle of Front Wheels

Deltaf|deg|
=
L

Figure 4. Typical 200m double lane change maneuver.

Articulation Angle

— Developed Model
— = - TruckSim

gamaldeg|
5 b N & N & &

Time[sec]

@)

Tractor Yaw Rate

Developed Model
- =~ TruckSim

Z o
T
10|
0 z 4 Time[sec] © 8 10
Semitrailer Yaw Rate
-1 = \/
To 2 6 8 10

Time|[sec]
(b)
Figure 5. Model validation: (a) Articulation angle response,
(b) tractor and semitrailer yaw rates, (c) tractor and semitrailer
roll angles, (d) the vehicle trajectory.
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4. ARTICULATED VEHICLE CARRYING LIQUID
MODELING

In this study, in order to model the liquid in the tank and
to study the effect of liquid load transfer on lateral
dynamics of the vehicle, the quasi-dynamic method is
used. In the model, the liquid due to roll angle and
lateral acceleration of semitrailer moves and the liquid
free surface movement leads to change of the liquid
center of mass location and its moment of inertia. Also,
considering roll angle and lateral acceleration of
semitrailer, calculating pressure gradient and assuming
invisid flow, the liquid free surface gradient is
determined.

tan(@) = (L) (23)

1+a;ps

As shown in Figure 6, for a tank of circular cross
section, the vertical and lateral position of fluid center
of gravity is calculated as below [21]:

Z =R - (R —Z,) cos(®)

(24)
Y = (R —Z,) sin(@)

where R is the cross section radius and Z, the height of
the fluid mass center in absence of roll angle and lateral
acceleration of the semitrailer.

In addition, the liquid moment of inertia is calculated as
below:

Iy = IJ?I
Iy = I7(cos())?

where 12, and I3, are the moments of inertia for the zero
free surface gradient state.
Calculation of liquid center of mass acceleration:

(25

a = (us = Vsths — hsGsths — Zgshs — Xips —

. N . . . . . 2
Yl»bs) i+ (Us + usws + hs(ps - Y(psz - Ylps + (26)
2 + X)) + (297 + Xsahs + Y i)k

4. 1. Combined Vehicle and Liquid Dynamic
Equations Now, employing the equations of the
articulated vehicle and regarding the liquid center of
mass acceleration, dynamic equations of motion are
evaluated as follows:

mei, = meva, + mstht(ljﬂjjt*Fxtt + Fpx 27
MUy + MgpheGp=—mugt; + Fytt - Fpy (28)
Lsghe = Ly e = M, + FryLot (29)
Ixxpt(pt - Ixzpﬁﬁt + mgch vy = Mpm - msthtutd}t (30)

msus + mlali = msvsl[)S + msshs(p.s“j)s + FxSS B (31)
Fyy cos(I') + Fpysin(I')

MsVs + Msshs@s +maf = _msuslj)s + Fyss + (32)
Fpy sin(I") + Fgy, cos(I') + (mg + my) gsin(gs)

(Izzs + Izl)lﬁs - Ixzp5¢s = (fo Sin(r) +

. . (33)
Fpy cos(I)Lys + My, + majX — ma,iy

(Ixxps + le) @s — Ixzpslﬁs + mgshgvs = Mpssx -
Mmgshsughs + myafZ + mya kY 4+ myg(Zsin(es) + (34)
Y)

4. 2. Dynamic Model Validation  The analytical
model presented in this study is validated using the
actual test data given in [4]. Therefore, the dynamic
model specifications are considered similar to that of the
cited reference. This process is carried out for a 70
percent filled tank vehicle at velocity of 45 km/h for a
15m lane change maneuver as shown in Figure 7 (a).

W, -
Figure 6. Roll plane liquid model of a partially filled circular
cross section.[21]

The simulation results are compared to those
established from the field tests. As can be seen from
Figure 7(b), the semitrailer yaw angle is in an
appropriate agreement with the mentioned reference
results. Figure 7(c) shows the lateral acceleration of the
semitrailer. As can be seen, the simulation results
correlate very well with the field test responses.

5.SIMULATION RESULTS
In this section, the effect of filled volume on lateral

dynamic of the articulated vehicle carrying liquid is
evaluated for various speeds.



M. A. Saeedi et al. / IJE TRANSACTIONS B: Applications, Vol. 28, No. 11, (November 2015) 1671-1679 1676

5. 1. J-turn Maneuver In this study, the vehicle at
60 km/h initial velocity on a dry road with 0.7 friction
coefficient moves and steering input is as Figure 8.

Steering Angle of Front Wheels

) T T T
.”'—'\
4 I
/ \
f \
il ] ]
Ed \
3 A
0 A
3 \
; \ N
1 \\ / -
v
4 v/
4
. L L . L L
60 1 2 3 4 5 6 7
Time[sec]
@)
Semitrailer
16[|— Developed Model
““““ Test Data
141
121
¥
= 101
2
3
< 8f
£
= 6
4|
2
0y 1T 2 3 4 5 6 7

Time[sec]

(b)

Semitrailer

6
— Developed Model
S Test Data

Lateral Accclcration[m/sz]

0 1 2 3 4 5 s 7
Time[sec]
_ e
Figure 7. Model validation: (a) steering angle, (b) the yaw
angle, (c) the lateral acceleration.

In this section, the most significant roll dynamic
responses of the vehicle including yaw rate, roll angle,
liquid center of mass lateral movement and lateral load
transfer ratio are compared for diverse conditions. As
can be seen from Figure 9, as the filled volume grows,
the yaw rate increases. The amount of this increase is
considerable at the third second for the semitrailer unit.
According to Figure 10, as the height of the liquid rises,
the roll angle for both units ascends considerably. The
quantity of the increase is high at the first peak while
this parameter converges to constant values for each of
the volumes. Figure 11(a) demonstrates the amount of
liquid mass center lateral displacement for the three

filled volumes. It can be seen, an increase in the filled
volume leads to a decrease in the lateral displacement.
In this case, the amount of the displacement for the 30
percent filled volume is more than that for the two other
conditions.

Steering Angles of Front Wheels

Deliaf|deg]
o "
- o w in

=
n

2 4 6 8 10
Time[sec]

Figure 8. Steering angle.
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Figure 9. The yaw rate: (a) tractor unit, (b) semitrailer unit.
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Semitrailer

— %30 filled volume
0 -=-9%50 filled volume
N =980 filled volume

o

Roll Angle[deg]
A b

Time[sec]

(b)

Figure 10. The roll angle: (a) tractor unit, (b) semitrailer unit.
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Figure 11. (a) Liquid lateral displacement, (b) lateral load
transfer ratio.

Lateral dynamic behavior of an articulated vehicle is
investigated using lateral load transfer ratio (LTR). The
LTR is defined as [21]:

LTR =y, [eri=leul (35)

J=1 Fup4Fyy
The LTR starts from zero and becomes unity when there
is no contact between the wheels and the road. Figure
11(b) also demonstrates that at the first peak a
considerable increase is observed for 80 percent filled
volume which is due to the dynamic interaction between
the vehicle and the liquid cargo.

5. 2. Lane Change Maneuver In this
maneuver, the vehicles run on a level icy road with a
friction coefficient of 0.4 at the constant speed of
90 km/h and the steering angle input shown in Figure

12. According to Figure 13, the roll angle increases for
both units when the volume goes up. The amount of this
increase for the second part of the maneuver is more in
comparison with roll angle in first peak.

Steering Angle of Front Wheels

Deltaf [deg]
<

0 2 4 [3 8 10
Time[sec]

Figure 12. Steering angle.
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—%30 filled volume
===%50 filled volume
—=-%80 filled volume

Roll Angle[deg]
o

Time[sec]

@)

Semitrailer

—%30 filled volume
===%350 filled volume
—=%80 filled volume

Roll Angle[deg]

Time[sec]

(b)
Figure 13. The roll angle: (a) tractor unit, (b) semitrailer unit.

Moreover, For the 30 and 50 percent filled volumes,
the roll angle reaches zero after 7 seconds while this
portion is 11 seconds for the 80 percent filled case.

7. CONCLUSION

In this paper, the effect of liquid sloshing is investigated
on the lateral dynamic of an articulated vehicle carrying
liquid in transient and steady state maneuvers. At first, a
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thorough nonlinear model for the articulated vehicle is
developed. Then using quasi-dynamic method for the

carried

liqguid modeling, the dynamic interactions

between the vehicle and the liquid is studied.

Then, the dynamic system performance is compared

in J-turn and transient maneuvers for 3 liquid volumes
for which the following conclusions are derived.

The vehicle roll dynamic responses are intensely
subjected to the liquid sloshing.

As the liquid level ascends, the roll angle increases.

For the least filled volume, the liquid center of mass
movement boosts.

The filled volume increment leads to minor effects
on the yaw rate and lateral acceleration of the tractor
unit.

The rollover stability is greatly affected by the filled
volume. Increasing the liquid volume, increases the
lateral load transfer ratio. This increase is much
more recognizable for the second peak which is due
to the interaction between the liquid and the vehicle.
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APPENDIX

TABLE 1. Vehicle parameters

Parameter

Value Unit

KStf(tr)

CSt f(tr)
cs, 23.9
Cy 700

hct(s)
hwews)
Ly 11.63
Ixxpt(pS)

XZpt(ps)

2216s) 20679(238898)

4.05(6.88) KN.m.s/rad
KN.m.s/rad
KN.m.s/rad
D 2.03

0.438(1.8)

0.63(1) m

Kg. m?
3335(120024) Kg. m?

602(5756) 2

Kg.m
Kg. m?

380(684) KN.m/rad
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KS 800 KN.m/rad Myss) 6525(4819) Kg
K, 30000 KN.m/rad Moty 33221(30821) Kg
10 m R 0.4 m
Let 1.959 m Wis) 2.04(2) m
Lys(Lys) 5.653(2.047) m o 1000 Kg/m?
Lye(Lye) 1.115(2.583)
Lee(Lys) 1.31

Liquid Sloshing Effect Analysis on Lateral Dynamics of an Articulated Vehicle
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