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A NEW APPROACH TO CRASH MODELLING OF ARTICULATED 
LORRIES 

The paper presents a plane model of articulated vehicles worked out for the 
analysis of their dynamics. The dAlambert principle was used for derivation of motion 
equations for this system. The forces and moments acting on wheels were formulated 
on the basis of the Dugoff-Uffelmann tyre model. The system consists of any number 
of vehicles connected by kinematic pair of the 5th class (non friction joint of 
pivot-bush type) and the fifth wheel (with dry fricton). Since crash calculations 
usually take into account the impulse of crash force only, and since it is not appropriate 
for articulated vehicles, a new approach to crash calculation is presented in this paper. 
The authors propose to calculate the force in crash point both as a function of the 
relative velocity of vehicles and the stiffness of their bodies. Simulation results of 
articulated lorry crashes and the attempt to verify the performed simulation are 
presented in the article. 

1. Physical model of a vehicle 

In this paper the following ideas of creating physical model of articulated 
ehicle were proposed [1], [3], [5]: 
• the considered system may consist of any number of vehicles joined by the 

5th class kinematic pair (non friction joint of pivot-bush type) and the fifth 
wheel (with dry friction [4]), 

• the model of each vehicle consists of the car body and any number of 
vehicle wheels [2]. 
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2. Mathematical model of a system 
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• vehicle gravity force, 
• the force of aerodynamic drag, 
• braking and driving torques acting on the wheels. 

The elements of the model that constitute the considered vehicle unit are 
as follows: 
• a vehicle with designated mass and mass moment of inertia to axis 

perpendicular to the motion plane, 
• a rotary kinematic ideal pair joining two vehicles, 
• wheel transfer forces and moments appearing in tire-road contact point, 
• the fifth wheel this element transfers the loading force between the 

vehicles. Any spring elements located around the axis of rotation pair 
constitute this element. The loading forces generate the dry friction forces 
that act in the plane of the fifth wheel (Figure 2). 

Friction forces 
Direction of rotation 
of the vehicle "i" 

Fig. 2. The fifth wheel - the joint of a "i" vehicle and "i + l" vehicle 

In the model that is considered, friction can take two forms: kinetic and 
static that may cause the appearance of alternate phases- "stick together" and 
relative motion of the joined vehicle. 

The forces occurring in joint pairs are calculated in each step of 
integration not only during the drive but also during the crashes. The step of 
integration during the crashes is significantly diminish. 

3. Model verification 

In order to verify the correctness of simplifications assumed in the model, 
two kinds of verification were carried out. The calculation results were 
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Fig. 4. Yaw velocity of a tractor 
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Fig. 5. Yaw velocity of a semitrailer 

Second verification refers to articulated vehicle made of a truck 
joined with a trailer. Road measurements were carried out for the truck 
ST AR 944 with the trailer Sanok D-50. The velocity of the truck 
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Fig. 7. Yaw velocity of a lorry 
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Fig. 8. Yaw velocity of a trailer 

In Figures 7 and 8, thin lines represent the results of road measurements, 
grey lines calculation results of complex model [9], and thick lines are 
calculation results of the model presented here. 
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where: 
-) 

S k - force impulse of compression phase, 
t0 - time of the beginning of a crash (beginning of the compression phase), 
t, - time of the end of the compression phase, 
-) 

F (t) - momentary impact force. 
t, -) f -) Sr= F (t) dt, (2) 
t, 

where: 
-) 

Sr - force impulse of restitution phase, 
tr - time of the end of crash ( the end of restitution phase). 

-) -) 

The total force impulse is equal to the sum of S k and Sr 

-) -) -) 

S = S k +Sr· (3) 

Fig. 9. Crash area 
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If we take into consideration the mean value of impact force in 
compression and restitution phases, we can express the restitution coefficient 
as: 

(6) 

where: 
Fkmid - mean value of impact force in compression phase, 
F0111;d - mean value of impact force in restitution phase, 
t0 - time of restitution phase, 
t k - time of compression phase. 
For uniformly variable motion: 

(7) 

where: 
s, - length of deformation. 
s, is the mean value of deformation depth measured from the vehicle contour 
to the centre of gravity of deformation area. 

When such an assumption is accepted, the run of impact force in 
restitution phase can be express as: 

( 
1 [ s (t)]) F(t) = Fm l - k2 l - ----;; . (8) 

Fm - maximum value of impact force, 
sk - length of deformation at the end of compression phase. 

On the basis of vehicle motion equations and crash equations, a computer 
program was worked out. In this program two methods of crash modelling 
were implemented, the first for the vehicles crash, the second for a vehicle 
crash into an obstacle. 

The way of determining the direction of the momentary impact force and 
the point of its fixing are the main differences in the applied methods. 

-> 
It was accepted that F (t), the vector of the momentary impact force is 

fixed to the center of gravity of the volume of the parts of vehicles overlapping 
each other. This point is denoted as C in Figure 11. In the local movable 
coordinate system, the position of point "C' is determined by r1c vector for 
"1" vehicle. 
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~; - the velocity of ''i''-vehicle, 
_, 
If/i - yaw velocity of ''i''-vehicle, 
C r ; - vector designating C point position m local coordinate system for 

"i"-vehicle. 

The unit vector determining the direction of the momentary impact force 
of the vehicle number 2 can be obtained from the following equation: 

_, 
e2=---- 

1~f - ~il 
(11) 

That is why the vector of the momentary impact force of the vehicle number 
2 is expressed as: 

_, _, 
F2(t) = F(t)ez. (12) 

The force acting on vehicle number one 1s the same but sense of 
a force vector is opposite 

_, _, 
FI (t) = - F 2 (t). (13) 

The momentary impact force is calculated using the above method in 
compression phase only, and if the value of difference of vehicles velocities is 
greater then the assumed value: 

1
---,c !C1 
V I - V 2 > Vmin . (14) 

This condition prevents the rapid changes of force direction at the end of 
compression phase when the relative velocity is small. 

The force direction during the crash changes in each step of integration, 
till relative velocity is smaller than the assumed limit, then the force direction 
of the crash is "stopped" (to avoid the indeterminancy close to the zero 
velocity). 



34 !"#$%& '()*'$+*,- ."$#( /!"&*(- 01&()*2 .$%034,2

5678 9:8 #;< =>=<?@ABC 6=DAE@ F>BE< F>B @;< F6BG@ =<@;>H

#;< G<E>?H =<@;>H >F EBAG;<G EAIEJIA@6>?8

"@ 6G AGGJ=<H @;A@ >?< >F @;< <I<=<?@G 6? E>?@AE@ 6G J?H<F>B=AKI<-
=AL6?7 6@ D>GG6KI< @> G6=JIA@< E>II6G6>? K<@M<<? A N<;6EI< A?H A? >KG@AEI<
GJE; AG A D>I< >B A MAII8

#;< N<E@>B >F =>=<?@ABC F>BE< 6G F6O<H @> @;< D>6?@ I>EA@<H >? @;<
<H7< >F @;< J?H<F>B=AKI< >KG@AEI<8 #;< D>6?@ H<?>@<H AG P 6G DIAE<H
;AIFQMAC >F @;< I<?7@; FB>= @;< <H7< >F @;< G@A@6>?ABC >KG@AEI< G6@JA@<H
6? @;< EBAG; AB<A R5678 9ST8

"? @;< I>EAI =>NAKI< E>>BH6?A@< GCG@<=- @;< D>G6@6>? >F D>6?@ "C' 6G

H<@<B=6?<H KC 1 ~ N<E@>B F>B UIU N<;6EI<8



A NEW APPROACH TO CRASH MODELLING OF ARTICULATED LORRIES 35 

j(t) 

Fig. 13. The diagram of the second method for calculation vehicles crash 

The momentary impact force is represented by two components: normal and 
tangent to the surface of undeformable area. 
The action direction of the momentary force is designated as perpendicular to 
the surface of undeformable area at its connecting points. 
The unit vector determining the direction of normal momentary impact force 
of the vehicle number 1 is marked as z, in Figure 14. 
The vector of normal momentary impact force of the vehicle number 1 is 
expressed as 

(15) 

where F; (t) - value of normal component of momentary impact force 
according to Eq. (5). 

Apart from the normal component of momentary impact force, the tangent ~ 
component F T(t), which can be treated as the friction force appearing 
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assuming that the change of momentary impact force is a linear function of 
time and depends lineary on the coefficient of restitution). 

5. The exemplary simulated crash of articulated lorries 

Figure 15 presents the course of simulation of a real crash of a bus and 
a tractor with semi-trailer. The crash was very well documented [8]. The 
traces on the road made it possible to determine the place of collision while 
tachographs plates presented in detail the velocity of the vehicles. Grey colour 
was used for real situation, black for the simulation results. 

Grass verge 

Result of a 

: ; 
..... 
W. \\! "'\ 

Real position7·_J 

Road 

Fig. 15. Simulation of a real crash 

The points of the damage may be used for reconstructing the position of 
a vehicle at the earliest moment of the crash. 

6. Conclusions 

The mathematical model of a vehicle that was worked out allows us 
simulate the motion of a conventional vehicle as well as articulated lorries. 
The presented method of calculating momentary impact force makes it 
possible to perform the simulation of crashes of articulated lorries. The 
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