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Abstract 
In the heavy vehicle transport industry, the fifth wheel coupling system is used as important 

component for connecting the semi-trailer with the tractor. Misfunction, corrosion or fracture 

of the fifth wheel can affect the stability and consequently the safety of the heavy vehicles. 

During operation, the fifth wheel experiences different loading conditions. So, a reliable model 

which represents stresses due to acting forces on the fifth wheel coupling system plays a 

significant role. For this purpose, first, controlled vibration experiments are conducted on a 

JOST’s fifth wheel coupling system and modal parameters of the system is obtained. Moreover, 

a finite element model (FEM) is constructed in ABAQUS software and successfully validated 

by the results of the experimental modal analysis (EMA). Then, the validated FEM is used to 

achieve the stress distribution in the system for accelerating and breaking conditions. Also, it 

is found that stresses in the JOST’s fifth wheel coupling system remain below the mechanical 

strength limit of the material. 
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1. Introduction 

In order to provide a mechanical coupling between a towing tractor unit and a semi-trailer unit, 

the fifth wheel mechanism is employed in design of articulated heavy vehicles [1]. A typical 

fifth wheel is shown in Fig. 1. The stability and safety of articulated vehicles are directly 

dependent on the structural health of the fifth wheel system. Therefore, the stress analysis of 

the fifth wheel represents an active area of research [2, 3]. 

 
Fig. 1. A typical fifth-wheel coupling. 
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Reboh et al. [4] developed a finite element model (FEM) of the fifth wheel system. Based 

on the British Standard BS 7608, they compared the finite element analysis with those given 

in the fatigue S–N curves. They reported that failure due to the fatigue occurs at the welded 

joint. Liu and Sun [5] studied the fatigue performance of the fifth wheels coupling system. 

They detected the saddle body positions that the fatigue damage easily occurs at them. 

The dynamics of the cab and durability of the components can be affected by mounting 

position of the fifth wheel system on a semi-trailer [6]. Wideberg and Dahlberg [7] indicated 

that mounting the fifth wheel on a too far rearward position leads to a negative effect on the 

stability of the tractor-semitrailer. Miralbes et al. [8] simulated the wheels, the fifth wheel, the 

torsion bars and the suspension of the tractor unit by different types of elements. Then the most 

adequate model for the real behavior of the suspension and low computational cost was 

suggested. Nigam [9] developed a fifth-wheel model to inspect its effect on the vehicle 

behavior. During everyday driving, the fifth-wheel coupling experiences different working 

conditions. The number of tests were conducted on the fifth-wheel coupling to capture the 

interactions under different conditions. The results showed that the maximum reduction in 

amplitude of articulation angle can be reached when running a dry contact between the trailer 

and the fifth-wheel. Zhanga et al. [10] performed a scanning electron microscope 

metallographic and fractography evaluation to identify failure cases of the fifth wheel coupling. 

Batista et al. [11] utilized innovative sensors in fifth wheel design to monitor the vehicle 

dynamics for identifying the trailer swing effect. Wen et al. [12] redesigned the structure of the 

90# fifth wheel. In this case the shape of each component has to be optimized for minimum 

weight, without change in the stiffness and strength of the fifth wheel. 

In most cases, in situ stress measurement is difficult or impossible in the early stage of 

practical design [13-15]. Therefore, it is required to validate FEM by using the modal analysis 

techniques. In the last few years, several studies have been made on the experimental modal 

analysis (EMA). The EMA procedure is performed according to both force and response 

measurement data [16, 17]. On the other hand, operational modal analysis (OMA) techniques, 

such as stochastic subspace identification (SSI) and frequency domain decomposition (FDD), 

estimate the modal parameters directly  from signal processing calculations and consider  only 

output dynamic responses [18, 19]. 

It can be noted from the literatures that there is no published research considering structural 

and mechanical aspects of the fifth wheel coupling system with application of experimental 

modal analysis. Accordingly, in the present study, the FEM of a fifth wheel system is created 

in ABAQUS software and experimental modal analysis of the system is performed. The 

experimental modal test results are then employed for the validation of the constructed FEM. 

Finally, the stress distribution in the fifth wheel coupling system is estimated in using validated 

FEM. 

 

2. Modal parameter extraction 

The possibility of obtaining a modal model of the fifth wheel system will be briefly described 

in the following sections. 

 
2.1. Theoretical aspects 

For an undamped multi-degree of freedom system, with N degrees of freedom, the motion 

equations are typically expressed in the following condensed matrix notation: 

       ( ) ( ) ( )M x t K x t f t+ =  (1) 
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where [K] is N×N stiffness matrix, [M] represents N×N mass matrix, and {f(t)} and {x(t)} 

denote N×1 vectors of time-varying forces and displacements, respectively. Turning now to a 

response analysis, we suppose that the harmonic vector force {f(t)} has a set of forcing functions 

with a common excitation frequency ω and individual magnitudes {F}. Then 

   ( ) i tf t F e =  (2) 

So, the steady-state solution of Eq. (1) is given by 

   ( ) i tx t X e =  (3) 

where {F} and {X} are N×1 vectors of time-independent complex amplitudes. The equation 

of motion then becomes 

   ( )   2 i t i tK M X e F e − =  (4) 

or rearranging to solve for the unknown responses, 

     ( )  
1

2X K M F
−

= −  (5) 

which may be written 

    ( )X F =  (6) 

where [α(ω)] is the N×N frequency response function (FRF) matrix for the system. The 

general component in the FRF or receptance matrix, αjk(ω), is given as follows: 

( ) ;    0;    1, ;
j

jk m

k

X
F m N k

F
 

 
= = =  
 

 
(7) 

By considering Eq. (5), component values of the receptance matrix [α(ω)] can be 

determined at different excitation frequencies. However, for this purpose, system matrix should 

be inverted at each frequency. Some disadvantages are linked to this mathematical operation, 

namely: 

• The matrix inversion process at each frequency is costly for large-order systems (large 

N). 

• This leads to extra operation, when only some of the individual FRF components are 

needed. 

So, another form of the FRF is required which makes use of the modal properties (mode 

shapes and natural frequencies) for the system instead of the spatial properties (stiffness and 

mass matrices). Returning to Eq. (5) we can write 

   ( )  
12 ( )K M  
−

− =  (8) 

Premultiply both sides by [Φ]T and postmultiply both sides by [Φ] to obtain to obtain 

     ( )       
12 ( )

T T
K M  

−
 −  =    (9) 

where [Φ] is the N×N mass-normalized mode shape matrix. So, the orthogonality 

properties of the mode shapes lead to 

     
12 2 ( )

T

r   
−

 − =     (10) 

or 

     
1

2 2( )
T

r   
−

 =  −    (11) 

where ωr is the rth natural frequency, and [𝜔𝑟
2 − 𝜔2] is a diagonal matrix. From Eq. (11), 

it has been argued that the receptance matrix [α(ω)] is symmetric and this is recognized as the 

principle of reciprocity in structural engineering. The implication of this principle in the EMA 

leads to 

j k
jk kj

k j

X X

F F
 

  
= = =     
   

 

(12) 
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Eq. (11) makes it possible to calculate any individual FRF expression, αjk(ω), using the 

following formula (noting that the resulting equation is obtained by multiplying the jth row of 

[Φ] by the diagonal frequency matrix by the kth column of [Φ]T): 

( )( )
2 2

1

( )
N

jr kr

jk

r r

 
 

 =

=
−

  
(13) 

This is a fundamental expression in the EMA [16]. According to Eq. (13), Bode plot of 

FRF has peaks corresponding to natural frequencies of the test object.  

 
2.2. Vibration test 

The test was conducted on a JOST’s fifth wheel coupling system as shown in Fig. 2. The fifth 

wheel coupling system was vertically hung to simulate completely free boundary conditions. 

The fifth wheel coupling system was excited by an impact hammer with a force transducer 

(Global Test AU02). The dynamic responses were measured by four accelerometers (Global 

Test AP 2037-100) fixed at the corner of the test structure. An analyzer (SIRIUS) was utilized 

to record the force/acceleration signals and compute the frequency response functions (FRFs) 

between the measured accelerations and impact force. DewesoftX, a software for general 

purpose of data acquisition, was used to extract natural frequencies from the FRFs. 

 
Fig. 2. Experimental setup of the fifth wheel coupling system: (1) JOST’s fifth 

wheel coupling system (2) accelerometers (3) hammer with force transducer (4) 

analyzer (5) laptop computer with DewesoftX software. 

Fig. 3 shows the some of the frequency response functions of the fifth wheel coupling 

system.  
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Fig. 3. Some of FRFs measured on the JOST’s fifth wheel coupling system by 

experimental modal analysis. 

 

3. Finite element model construction 

Three-dimensional FEM of the JOST’s fifth wheel coupling system has been constructed in the 

ABAQUS environment. The main plate, wearing ring, locking jaw, locking bar, king pin and 

bolts are modeled (Fig. 4). Then, these parts are assembled by employing the geometrical 

constraints, such as the face to face and coaxial constraints. After this, the properties of ductile 

iron (Young’s modulus=170 GPa, mass density=7100 kg/m3 and Poisson’s ratio=0.28) are 

defined for the model. All parts are made from ductile iron according to the specifications 

presented in EN-GJS-400-18-LT. Free boundary conditions are considered for the frequency 

analysis. Fixed boundary conditions (at surfaces that contact with the base) are assigned to the 

model for the stress analysis. The tetrahedron elements is utilized to automatically mesh the 

model of the JOST’s fifth wheel coupling system. The tie-surface constraint is also applied for 

the interactions of surfaces with various meshing. 

  
Fig. 4. Assembly model of the JOST’s fifth wheel coupling system: (1) main plate (2) locking bar 

(3) locking jaw (4) wearing ring (5) bolts. 
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3.1. Frequency analysis 

Selecting the geometrical and material properties which are required as the input values for the 

FEM simulation, may be rather questionable unless a validation procedure is used. So, a 

frequency analysis is carried out to calculate the natural frequencies and flexible mode shapes 

of the JOST’s fifth wheel system. Then, the FEM is validated by comparing the simulated 

natural frequencies with those measured from the EMA. The simulation results obtained from 

the validated FEM can precisely descript mechanical behavior of the structure [20]. From Table 

1, it can be observed that the simulation results (numerical natural frequencies) described the 

experimental results (measured natural frequencies) reasonably well and the maximum error 

on natural frequencies is about 1.2%. It should be mentioned that, because of the free boundary 

conditions, the first six modes of the structure are typically “rigid body” modes. In the 

simulation, these six modes all occur at zero frequency. Up to six rigid body modes, flexible 

mode shapes can be found. 

Table 1 Numerical and measured natural frequencies. 

Flexible mode Frequency [Hz] Error [%] 

FEM EMA 

1 204.6 202.0 1.2 

2 283.9 280.8 1.0 

3 380.3 377.6 0.7 

4 454.6 452.0 0.6 

Fig. 5 exhibits the first four flexible mode shapes of the JOST’s fifth wheel coupling 

system for the natural frequencies calculated by using finite element model. 
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Fig. 5. The first four flexible mode shapes of the JOST’s fifth wheel coupling system calculated by 

finite element model. 

 
3.2. Stress analysis 

After the verification process, the static analysis is executed to obtain the stress distribution of 

the fifth wheel coupling under external load. The fifth wheel coupling system is subjected to a 

variety of loading, because the heavy vehicles operate in different working conditions. The 

international standard ISO 8716 suggests the following load case for this type of connection: 

1 2

1 2 3

0.6
h

m m
F g

m m m
=

+ −
 

(14) 

where Fh is the horizontal force applied to the kingpin, g is acceleration of gravity, m1 is 

permissible total mass of the tractor unit, m2 is permissible mass of the complete vehicle train 

which is pulled by the kingpin and m3 is vertical mass exerted at the kingpin. The numerical 

values of these parameters are provided in Table 2. So, in ABAQUS software, the load equal 

to Fh=0.0836 meganewton is applied to the kingpin. Fig. 6 shows the fixed boundary conditions 

and the exerted force directions when the system is in accelerating and breaking conditions. 

Table 2 Values of the loads applied to the fifth wheel coupling system. 

Parameter Value [ton] 

m1 17 

m2 33 

m3 10.5 
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(a) 

 
(b) 

 
(c) 

Fig. 6. Schematic of (a) fixed boundary conditions (b) force direction for accelerating conditions (c) 

force direction for breaking conditions. 



 

9 
 

When the articulated heavy vehicle is in acceleration condition, the maximum stress of 

77.46 MPa is observed. By considering the breaking conditions, the maximum stress of 79.98 

MPa occurs at the system (Fig. 7). The stress evaluation of the JOST’s fifth wheel system 

reveals that the maximum stress does not exceed the mechanical strength limit of the material 

(σy=350 MPa). Moreover, it can be concluded that the maximum Mises stress in the fifth wheel 

coupling under accelerating conditions is lower than the maximum Mises stress under breaking 

conditions. 

 
(a) 

 
(b) 

Fig. 7. Stress distribution of the JOST’s fifth wheel coupling system: (a) accelerating conditions (b) 

breaking conditions. 

4. Conclusions 

This research represents the identification process of the vibration characteristics (natural 

frequencies) of the JOST’s fifth wheel coupling system, on the basis of the experimental modal 

analysis (EMA). The results of EMA are used as a validation tool for the constructed finite 

element model (FEM). Then, the validated FEM is utilized for investigating the stress 

distribution and recognizing the high stress zones on this important structure. The stress 

evaluation of the JOST’s fifth wheel system shows that, when the system is subjected to typical 
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loading cases (accelerating and breaking conditions), the maximum stress remain below the 

mechanical strength limit of the material. Also, it is concluded that the maximum Mises stress 

in the fifth wheel coupling under accelerating conditions is lower than the maximum Mises 

stress under breaking conditions. At the end, the methodology presented in this paper can be 

generalized for further stress analysis in other machineries and structures. 
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Figure Captions: 

Fig. 1. A typical fifth-wheel coupling. 

Fig. 2. Experimental setup of the fifth wheel coupling system: (1) JOST’s fifth wheel coupling 

system (2) accelerometers (3) hammer with force transducer (4) analyzer (5) laptop computer 

with DewesoftX software. 

Fig. 3. Some of FRFs measured on the JOST’s fifth wheel coupling system by experimental 

modal analysis. 

Fig. 4. Assembly model of the JOST’s fifth wheel coupling system: (1) main plate (2) locking 

bar (3) locking jaw (4) wearing ring (5) bolts. 

Fig. 5. The first four flexible mode shapes of the JOST’s fifth wheel coupling system calculated 

by finite element model. 

Fig. 6. Schematic of (a) fixed boundary conditions (b) force direction for accelerating 
conditions (c) force direction for breaking conditions. 

Fig. 7. Stress distribution of the JOST’s fifth wheel coupling system: (a) accelerating conditions 

(b) breaking conditions. 
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Table Caption: 

Table 1 Numerical and measured natural frequencies. 

Table 2 Values of the loads applied to the fifth wheel coupling system. 

 



   [   𝜔  r 2 −   𝜔 2 ]

