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A B S T R A C T  
 

 

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. 

doi: 10.5829/idosi.ije.2015.28.11b.16 

 
 

NOMENCLATURE   

        Damping of the tractor’s (semitrailer’s) suspension      Distance between the semitrailer axles 

     
Damping of the coupling point between the tractor and the 
semitrailer 

        Semitrailer total mass(sprung mass) 

   Tank diameter         Tractor total mass(sprung mass) 

        
Height of the center of gravity of the tractor’s (semitrailer) sprung 

mass to the roll axis 
   The cross section radius 

         The longitudinal (lateral) coupling force      Wheel radius 

         
Height of the fifth wheel to the roll axis of the tractor unit 

(semitrailer unit) 
    The input drive torque 

     Wheel moment of inertia         Track width of the trailer unit(semitrailer unit) 

         
  

Roll moment of inertia of the sprung mass of the tractor unit 

(semitrailer unit) 
       

Longitudinal velocity of tractor unit(semitrailer 

unit) 

         
  

Roll–yaw product of inertia of the sprung mass of the tractor unit 

(semitrailer unit) measured about the center of gravity of the sprung 
mass 

       Lateral velocity of tractor unit(semitrailer unit) 

         
Yaw moment of the total mass of the tractor unit (semitrailer unit) 

measured about the center of gravity of the total vehicle mass 
    

The height of the liquid mass center in absence of 

roll angle and lateral acceleration of the semitrailer 

        Roll stiffness of the tractor’s (semitrailer’s) suspension    The vertical position of liquid center of gravity 

     
Roll stiffness of the coupling point between the tractor and the 

semitrailer 
   Articulation angle 

   The length of tank     The rotational velocity of each wheel 

     
Distance between the tractor’s center of gravity and the coupling 

point 
 ̇      Yaw rate of the tractor unit (semitrailer unit) 

          
Distance between the tractor’s center of gravity and the front axle 

(the rear axle) 
       Roll angle of the tractor unit (semitrailer unit) 

          
Distance between the semitrailer’s center of gravity and the 
coupling point (the rear axle) 

   Steer angle 
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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 vehicles [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 vehicles 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 vehicle, 

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 vehicle 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        fixed to the ground, 

the tractor coordinate system        fixed to the 

tractor’s center of gravity and the third is semitrailer 

coordinate system        mounted to the semi-trailer 

CG. In addition, the coordinate systems,   
   

   
   

and  
   

   
 , are set at the center of the sprung mass of the 

tractor and semitrailer. 

The rate of the articulation can be represented by: 

   ̇   ̇   )1( 

The traction and side tire forces can be expressed in 

tractor and trailer coordinate systems as follows: 

)2( 

                           

                             

            

 

 

 
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: 

(3) 
                              

                              

Tractor yaw moment is: 

(4) 

                          

       ⁄  (       )    (    

   )    (       )           

Moreover, tractor roll moment is as below: 

     
                         ̇      

             ̇   ̇   
(5) 

 

2. 2. Semitrailer Unit          The sum of longitudinal 

and lateral forces of the semitrailer tires is defined a: 

(6) 
                       

                       

Semitrailer yaw moment is: 

)7) 
                           ⁄  

(       )          (        )     

And, tractor roll moment is: 

 

2. 3. The Articulated Vehicle of Equations of 
Motion           The governing equations of the 

articulated vehicle can be expressed as: 

(9)    ̇       ̇         ̇  ̇      
      

(10)     ̇        ̈        ̇   
   

      

(11)     
  
̈       

 ̈      
         

(12)      
 ̈       

 ̈         ̇       
         ̇   

(13) 
   ̇       ̇         ̇ ̇   

   
           

            

)14( 
    ̇        ̈        ̇   

   
           

            

)15)     
  ̈       

 ̈                           

    
  

(16)      
 ̈       

 ̈         ̇       
         ̇   

(17) 

 ̇   ̇         ̇            ̈        

    ̈          ̇          ̇         

    ̇ ̇            ̇ ̇         

(18) 

 ̇      ̈      ̈   ̇         ̇        

    ̈            ̈           ̇        

 ̇             ̇ ̇            ̇ ̇         

 

 

2. 4. Tire dynamics        Here, the Duggof tire model 

is employed for calculation of longitudinal and lateral 

forces [15]. 

(19) 

  
    [      √  

          ]      

 √  
   

    
         

  

     {
               
                        

  

    
         

    
      

    
    

    
      

 

2. 5. Tire slip             In this section, longitudinal slip 

and side slip angle are considered [16-18]. 

 

 

 

 

 
Figure 2. The effective external forces on tractor and 

semitrailer units. 

     
                         ̇       

             ̇   ̇    
(8) 
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2. 5. 1. Longitudinal Slip 

(20)    {
               ⁄                          

                     ⁄                
  

 
2. 5. 2. Tire Side Slip Angle 

      

      (
        

  
 
     

  
 

)  

              (
        

  
 
     

  
 

)  

      

      (
              

  
 
     

   
 

)  
            (

              

  
 
     

  
 

)  

(21)              (
        

  
 
     

   
 

)  

The vehicle parameters are shown in Appendix. 

 

2. 6. Wheel Dynamics             The following equation 

can be written for traction from Figure 3: 

(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         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 during        . 

 

 

 
Figure 3. Wheel diagram [20]. 

 

 

 

 
Figure 4. Typical 200m double lane change maneuver. 

 

 

 
(a) 

 
(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. 

(23)        (
     

      
)  

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]:
 

(24) 
                  

                

where   is the cross section radius and    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: 

(25) 
       

   

       
            

where    
  and    

  are the moments of inertia for the zero 

free surface gradient state. 

Calculation of liquid center of mass acceleration: 

(26) 

   (  ̇      ̇      ̇ ̇     ̇  ̇     ̇
 
 

   ̈)  ̂  (  ̇      ̇     ̈     ̇
     ̇

 
 

   ̈     ̈)  ̂  (   ̇
     ̇  ̇     ̈) ̂  

 
 
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: 

(27)    ̇       ̇         ̇  ̇      
      

(28)     ̇        ̈        ̇   
   

      

(29)     
  
̈       

 ̈      
         

(30)      
 ̈       

 ̈         ̇       
         ̇   

(31) 
   ̇       ̂       ̇         ̇ ̇   

   
 

                      

(32) 
    ̇        ̈       ̂        ̇   

   
 

                                     

(33) 
(    

    )  ̈       
 ̈             

                  
      ̂        ̂  

(34) 

(     
    )  ̈       

 ̈         ̇       
 

        ̇       ̂       ̂               
    

 

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    

percent filled tank vehicle at velocity of         for a 

    lane change maneuver as shown in Figure 7 (a). 

 

 

 

 
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. 
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5. 1. J-turn Maneuver        In this study, the vehicle at 

        initial velocity on a dry road with     friction 

coefficient moves and steering input is as Figure 8. 

 

 

 
(a) 

 
(b) 

 
(c) 

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. 

 

 

 
Figure 8. Steering angle. 

 

 

 
(a) 

 
(b) 

Figure 9. The yaw rate: (a) tractor unit, (b) semitrailer unit. 

 

 

 
(a) 
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(b) 

Figure 10. The roll angle: (a) tractor unit, (b) semitrailer unit. 

 

 

 
(a) 

 
(b) 

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]: 

(35)     ∑
|         |

         

 
     

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     at the constant speed of 

        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. 

 

 

 
Figure 12. Steering angle. 

 

 

 
(a) 

 
(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 liquid 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 

                                  

                       

                      

            

                       

                     

                 
  

                              
  

                           
  

                             
  

                              



1679                                     H. Bonakdari et al./ IJE TRANSACTIONS B: Applications. Vol. 28, No. 11, (November  2015)  1671-1679 
 

 

                    

                      

          

               

                           

                           

                   

                        

                          

             

                   

             ⁄   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Liquid Sloshing Effect Analysis on Lateral Dynamics of an Articulated Vehicle 

Carrying Liquid for Various Filled Volumes 
 
M. A. Saeedi, R. Kazemi, S. Azadi 

 
Department of Mechanical Engineering, K. N. Toosi University of Technology, Tehran, Iran. 

 

 

P A P E R  I N F O   

 
 

Paper history: 
Received 15 July 2015 
Received in revised form 12 November 2015 
Accepted 19 November 2015 

 
 

Keywords:  
Articulated Vehicle Carrying Liquid 
16 degrees-of-freedom dynamic model 
Lateral Load Transfer 
Rollover Stability 
 
 
 
 
 
 
 
 

هچكيد
 

جايي مرزهاي پايداري خودروي مفصلي حامل سيال بررسي هگذرا و جابدر اين مقاله تاثير حجم پرشدگي، بر ديناميگ 

مدل با  ،شد. سپستدوين شانزده درجه آزادي از خودروي مفصلي با براي اين منظور، ابتدا يك مدل ديناميكي شده است. 

ركيب روش شبه ديناميكي اندركنش ديناميكي بين بار سيال و خودرو با تگذاري گرديد. افزار تراك سيم صحهاستفاده از نرم

كارگيري يك مدل ديناميكي غيرخطي شانزده درجه آزادي خودروي مفصلي ه سازي سيال درون مخزن و ببراي مدل

ي رول، شتاب اي چرخشي، زاويههاي ديناميكي شامل سرعت زاويهترين پاسخاست. در اين بررسي مهمشده بررسي 

بررسي پايداري  به منظور ،جايي مركز جرم سيال در نظر گرفته شدند. سپسهتريلر و جابجانبي واحد كشنده و واحد شبه

. عملكرد سيستم شد واژگوني خودروي مفصلي حامل سيال، نسبت انتقال بار جانبي به عنوان يك عامل مهم بررسي

ه شده است. ديناميكي براي سه حجم پرشدگي مختلف در مانورهاي استاندارد گردش حالت مانا و تعويض خط نشان داد

ي رول و انتقال دليل افزايش زاويهه سازي بر افزايش احتمال وقوع واژگوني با افزايش حجم سيال درون مخزن، بنتايج شبيه

 نمايند.بار جانبي، مخصوصاً در مانور تعويض خط  تاكيد مي
doi:10.5829/idosi.ije.2015.28.11b.16

 

 

 

 

 

 

 


