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Abstract 
Michelin develops and manufactures tires. To check their tire, different tires tests are used. 

During the testing process of agricultural tires, some endurance tests are performed on a 

circular test track where a convoy, made of a truck pulling two single-axle trailers without 

suspension system, is driven at a constant speed. Depending on the tested tires, it has been 

observed that the convoy may become severely instable. This instability is a large problem 

for the test team since the tires undertake too much overload which makes test results 

unexploitable. This is time consuming and expensive for the company.  

 

The aim of this thesis is two-folded. The first aim is to identify the phenomenon causing the 

instability from experimental data and also the parameters which influence the 

phenomenon. The second aim is to model the phenomenon from technical data in order to 

predict instability behaviors in advance. 

 

Models have been developed and the behavior have been analyzed and compared with 

experiments. The main result of this work is that the instable behavior is due to the 

excitation of natural modes of the convoy by the tires frequencies. Natural modes are 

identified as the natural bouncing mode of the trailers. The bouncing natural mode of a 

trailer depends on tires stiffnesses and the load on the trailer. Tires excitation frequencies 

are related to the test speed, the trailer track width and the rolling circumference of the 

tires. To get a good prediction tires stiffness and tires rolling circumference under operation 

require to be better characterized. 

 

Thanks to this work the test teams have a better understanding of the phenomenon and a 

tool which can be used to give a rough indication about problematic configurations. This tool 

cannot totally predict instable behaviors with the technical data at our disposal since some 

more parameters, which are not quantified for now, might influence the phenomenon. 

Nevertheless, these parameters have been highlighted by this study and if explored by the 

test team, a working predicting tool could be achieved.  
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Nomenclature 

 
Parameters Description Units 

Variation of load per tire N 

Variation of vertical acceleration m s
-2

 

Load per tire kg 

Tire vertical stiffness N m
-1

 

Suspended mass kg 

Damping ratio of the damper N s m
-1

 

Stiffness of the spring N m
-1

 

Pulsation of excitation rad s
-1

 

Natural pulsation of the system rad s
-1

 

Time s 

Constant excitation force N 

Reduced frequency - 

Damping factor - 

Sampling frequency Hz 

Number of points of the FFT - 

Resolution frequency Hz 

Average speed of the convoy m s
-1

 

Constant distance between undulations m 

Rolling circumference of the tire m  

Number of lugs of the tire - 

Track width of convoy element m 

Distance between trailer axle and the tow link m 

Average radius of circular track m 

Frequency excitation from the track Hz 

Frequency excitation from tires Hz 

Frequency excitation from tire lugs Hz 

Linear velocity of the inner wheel m s
-1

 

Linear velocity of the outer wheel m s
-1

 

External force applied on the trailer N 

pitch angle rad 

Gyration radius around Y-axis m 

Trailer inertia around Y-axis kg m
2
 

Gyration radius around X-axis m 

Trailer inertia around X-axis kg m
2
 

 Natural bouncing frequency H 

 Natural pitching frequency Hz 

 Natural rolling frequency Hz 

Vertical displacement of the truck sprung 

mass (front) 

m 

Vertical displacement of the truck sprung 

mass (rear) 

m 

Vertical displacement of the truck unsprung m 
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mass  

Vertical displacement of trailer 1 axle m 

Vertical displacement of trailer 2 axle m 

Distance between truck front axle and truck 

CoG 

m 

Distance between truck CoG and rear truck 

axle 

m 

Truck wheel base m 

Distance between truck rear axle and tow-ball m 

Distance between truck tow-ball and trailer 1 

axle 

m 

Distance between trailer 1 axle and tow ball m 

Distance between trailer 1 tow ball and trailer 

2 axle 

m 

� Total sprung mass of the truck kg 

� Unsprung mass of the truck front axle kg 

 Sprung ot the first trailer kg 

 Sprung mass of the second trailer kg 

 Truck inertia around Y-axis kg m
2
 

��  First trailer inertia around Y-axis kg m
2
 

�� Second trailer inertia around Y-axis kg m
2
 

� Stiffness of the truck front axle suspension N m
-1

 

�� Vertical stiffness of the truck front tire N m
-1

 

�� Vertical stiffness of the truck rear tire N m
-1

 

 Vertical stiffness of the first trailer tire N m
-1

 

 Vertical stiffness of the second trailer tire N m
-1

 

� Damping ratio of the truck front suspension N s m
-1

 

�� Damping ratio of the truck front tire N s m
-1

 

�� Damping ratio of the truck rear tire N s m
-1

 

 Damping ratio of the first trailer tire N s m
-1

 

 Damping ratio of the second trailer tire N s m
-1

 

�	��/� Force applied by the first trailer on the truck N 

 
Force applied by the first trailer on the second 

trailer 
N 

� External excitation on the truck front axle m 

� External excitation on the truck rear axle m 

 External excitation on the first trailer axle m 

 External excitation on the second trailer axle m 

Mass matrix - 

Stiffness matrix - 

Damping Matrix - 

Tire frequency generated by the outer wheel Hz 

 Tire frequency generated by the inner wheel Hz 

 Phasing frequency of the tires Hz 
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 1 Introduction 
The Manufacture Française des Pneumatiques Michelin develops tires for a wide range of 

vehicles. A branch of the company is specialized in the agricultural tires and it follows the 

same product designing process as the rest of the company. Tires are designed and tested 

numerically using FEM analysis. After being manufactured with prototyping process, tires are 

tested in static machines to measure plies resistance and then in field tests to measure tread 

wear. 

 

The field tests of agricultural tires tests are performed in southern Spain in CEMA (Centre 

Essai et Mesure Almeria) because of the nice weather that is present most of the year. The 

weather is important for agricultural tires testing since most of the tests are performed on 

earth tracks. One of the endurance tests of agricultural tires performed in CEMA requires a 

convoy that is driven on a circular track at a constant speed. Depending on the tested tires, it 

has been observed that the convoy may become severely instable. This instability is a large 

problem for the test team in CEMA since the tires undertake too much overload which 

makes test results unexploitable. This is time consuming and expensive for the company. 

 

The aim of this thesis is two-folded. The first aim is to identify the phenomenon causing the 

instability from experimental data and also the parameters which influence the 

phenomenon. The second aim is to model the phenomenon from technical data in order to 

predict instability behaviors in advance. 
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by a constant distance of three meters. Their height should be between five and fifteen 

millimeters. 

 

The convoy is automatically driven in order to save cost since the endurance tests for 

agricultural tires are running for 20 000 to 30 000 kilometers. It makes possible to run tests 

24 hours a day and 7 days a week without the expensive resource of a driver. The convoy 

trajectory is managed thanks to a cable connecting the front part of the truck with the 

center of the track. To avoid any ruts on the track, the length of the cable is changed 

continuously and thereby the trajectory. The speed is set manually by an operator at the 

beginning of the test by setting the diesel injection. During the test, the lap time is measured 

thanks to a photoelectric barrier device and if it is too long or too short, the convoy is 

automatically stopped. 

 

The validity of the test is assessed by an overloading criterion, overload situation occurs 

when the measured load is over a defined threshold. The trailer load is indirectly measured 

via an accelerometer located at the center of the trailer’s axle. The variation of the load per 

tire can be expressed as: 

 

  ( 1 ) 

 

Where the mass  is assumed to be constant and a variation of acceleration  of n % is 

interpreted as a variation of the load per tire  of n %, see equation (1). The variation of 

acceleration  is computed afterward from the signal which is measured with 

accelerometers. The variation of acceleration is obtained by subtracting the mean value of 

the acceleration signal. The test is assumed to be valid if the overload undertaken by the tire 

lasts less than p percent of the lap time. Vertical acceleration of the convoy is continuously 

recorded during the test and once finished, data are automatically analyzed through an excel 

routine that calculates the overload percentage. The result given to the test team is an 

answer like “Valid” or “Not Valid”. 

 

If the test is not valid, then it cannot be exploited and the test team has to find another 

arrangement of the convoy to perform the required test and there is no straight forward 

method at the moment. As a consequence, the schedule cannot be followed and test team 

operators have to spend more time on tests which increase the cost for the company. 
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 3 Background 
This chapter is intended to give the reader some background in the related fields to the 

project formulation. A description of agricultural tires and known stability problems when 

agricultural tires are involved is given. 

 3.1 Agricultural tires 

 3.1.1 Radial technology versus Bias technology 

Nowadays, agricultural tires mainly use the radial technology (Figure 3) but in the past bias 

technology (Figure 4) was commonly used for this kind of application. An agricultural radial 

tire (Figure 5) has a structure which is very similar to car radial tire. The major advantage of 

the radial technology is to separate the functions of the sidewall and the functions of the 

tread of the tire. Imagine for example a tire rolling over a bump. This will cause the sidewall 

to deflect. In the case of a bias tire, the sidewall deflection will affect the contact patch, since 

all the functions are coupled. However in the case of a radial tire, the contact patch will be 

slightly affected.  

 
Figure 3 : Radial technology [2] 

 
Figure 4 : Bias technology [2] 
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Figure 5 : Example of agricultural tire [2] 

 3.1.2 Structure of a radial tire 

A common radial car tire is made of six main parts (Figure 6). 

 
Figure 6 : A car radial tire [3] 

Inner liner (1) is a layer of synthetic rubber which is impenetrable to water and air. This 

device allows the tire to be tubeless. The carcass ply (2) is made of thin textile fiber cords 

that connect the top part of the tire with the beads. The beads (3) are aimed to maintain the 

tire to the rim. All braking and tractive torques are transmitted via this part. Sidewalls (4) are 

made of flexible but resistant rubber. It has to be flexible to undertake tire deflections and 

resistant to protect the carcass from external damage, as an example when hitting the curb 

on the sidewalk. The top framework (5) is made of several metallic and synthetic layers that 

support the tread. Cables are crossed all together to create undeformable triangles to avoid 

any circumferential deformation. This part also had to be rigid in the transversal direction to 

transmit lateral forces and flexible in the vertical one to absorb road obstacles. The tread (6) 

is the part in contact with the ground that provides traction and cornering grip. Sculptures 

are designed to evacuate water [3]. 

 3.1.3 Agricultural tire characteristics 

Although the structure is similar as radial car tires, the operating conditions of agricultural 

tires are different from car tires since the load is higher, the speed is reduced and off-road 

driving is the common usage. These differences don’t impact the inner structure but the 

components. The bead is larger and more resistant to allow high torque transmission at high 

load. The sculptures, so called lugs, are designed to provide good grip in off-road conditions. 

Synthetic belts are used instead of metallic ones for process purpose. Lugs are obtained 

from a flat tread band via a molding process which generates a lot of displacement inside the 
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tire structure. Metallic belts would have been too rigid to allow that so synthetic belts which 

are less rigid than metallic ones are used instead. The number of layers is increased to 

provide the required rigidity. Some tire characteristics like the type of lugs or the diameter 

are defined depending on the application. Four agricultural applications are usually 

distinguished: tractors, trailers, combines and sprayers [4]. 

 

Agricultural tires are used for professional applications and as a consequence productivity is 

the key requirement. Productivity gains are achieved by extending product life, increasing 

load capacity, increasing traction ability, saving fuel and reducing soil compaction. A current 

trend in agricultural application is to get bigger and bigger equipment to gain in productivity. 

A correlated problem that appears with higher load is an increase in soil compaction which 

has a negative impact on the harvest since water and air circulation are reduced [5-6]. Soil 

compaction is strongly coupled to soil-tire interface stresses and to the rolling footprint. Two 

ways are used by designers in order to increase the rolling footprint. On the one hand, the 

same load is kept and the inflate pressure is reduced. On the other hand, the load is 

increased while initial pressure is maintained. These two ways both lead to bigger sidewall 

deflections. Sidewall rubber and carcass plies have then to be optimized to undertake these 

larger loads. 

 3.2 Known instability issues 
Only a few number of instability problems coupled to agricultural vehicles have been studied 

and published. The so called “Power Hop” phenomenon has been an important issue for 

many farmers, especially in the southern part of the United States of America, and a long-

time unexplained instability phenomenon. There is only a couple of articles that describe the 

phenomenon and propose some operating criteria [7-8]. 

 

This phenomenon mainly occurs with 4WD and MFWD (mechanical front wheel drive) 

agricultural tractors which pull towed implement from the drawbar on a dry and soft soil. It 

is a self-excited motion that generates a bouncing behavior of the tractor. J.C. Wiley and R. J. 

Turner give a summary of many experiments that have been done through the years in order 

to understand the phenomenon [7]. They identified some key parameters and defined a 

simple criterion to avoid Power Hop involving mass repartition and tires stiffnesses which 

also was verified by measurement. D. J. Dessèvre did a more complete analytical study which 

lead to a “assured stability zone” related to three distinct criteria [8]. The first one is 

identical to the one presented in [7] while the two other ones are complementary to take 

into account more parameters like the drawbar height. The criteria have been verified by a 

dedicated set of measurements. 

 

Despite these articles, the physical understanding of the phenomenon is not fully 

understood and here follows a short explanation given by P.A. Begou (Vehicle expert at 

Manufacture Française des Pneumatiques Michelin). A 4WD unsuspended tractor pulling a 

chisel implement is considered and represented in Figure 7. The chisel implement is isolated 

and external forces acting on it are represented. 
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Figure 7 : Free body diagram of towed chisel implement pulled by a tractor 

In Figure 8, the free body diagram tractor and its external forces are shown. 

 
Figure 8 : Free body diagram of isolated tractor 

All the tractive forces (Xar + Xav) are assumed to be used to pull the implement. The force 

acting on the tractor from the implement generates a torque. The tractor pitches backward 

and some load is transferred from the front axle to the rear axle. Assume that front and rear 

drive shafts and tires have a certain torsional stiffness, and that pitch inertia of a tractor 

coupled to front and rear tire vertical stiffnesses defines a certain pitch mode. With the 

increased tractive force, the load at the front axle will decrease. At some point, the front tire 

will no more be able to stand the level of tractive force: the tire will slip, decreasing the 

torsion of the front tires and shaft, and initiating a forward pitch of the tractor, exciting the 

pitch mode. Two mechanisms will then compete: the front axle will regain traction capacity 

by building up load while the rear axle, which is pulling hard and is under torque will reach 

grip limit and loose traction capacity. Governed by pitch mode frequency and phase lag on 

one hand, opposed fluctuations of tractive force on each axle on the other hand (particularly 

if no center differential), a self-maintained pitch oscillation can occur. Tires on each axle will 

be slipping when unloaded with a quite constant total tractive force: the tractor pitches fore 

and aft without moving forwards. This phenomenon is mainly due to an alternating load 

transfer between the axles of the tractor so the mass distribution and tire stiffness’s are the 

first parameters to be studied since they play a major role in the load transfer. Another 

major parameter is the drawbar height since it will contribute to the amount of the load 

transfer generated when the tractor is accelerating and to the tractive force required to pull 

the equipment. 
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Figure 10 : Frequency ratio depending on different damping ratios [9] 

As shown on Figure 10, when the reduced frequency 
	

 , i.e. the system is excited 

with a pulsation  equal to its natural pulsation , then the response of the system to this 

excitation is very large. In the case of no damping, ξ =0, the response of the system goes to 

infinite which leads to mechanical failure. In the other cases, the higher is the damping 

factor, the lower will the amplitude of the resonance peak be. 

 4.2 Prony Identification Method 
The Prony identification method allows modeling a signal as a sum of damped sinusoidal 

signals [10]. It is mainly aimed to characterized free oscillatory response of mechanical 

system. To use the method in a proper way, the force excitation has to be removed from the 

signal. A Matlab code available in the Michelin Company was used to characterize free 

oscillation response and the full description of the method was available in an internal 

document [10]. 

 

Identification is aimed to find a model representing the real signal. The signal to be 

characterized is supposed to be made of N sinusoidal signals. In the case of free oscillatory 

response, the problem is not linear. Iterative calculations are then very difficult and time 

consuming if done in one step. The Prony method allows dividing the problem in three steps. 

The first step consists of solving a linear system using a mean square method. The roots of 

the polynomial, from the first linear system, are determined in a second step. The third step 

consists in inverting a Van Der Monde matrix to find a second row of coefficients. Natural 

frequencies of the signal and damping ratio of the signal are determined during the second 

step from the roots of the polynomial. 

 4.3 Fast Fourier Transform 
The Fast Fourier Transform is used to analyze signals in the frequency domain [11]. The 

signal to be analyzed is then decomposed in a sum of sinusoidal signals at every frequency. 

The maximum frequency to be used is half the sampling frequency to avoid any aliasing 

effect (Shannon theorem). The signal is then cut using some window where the default one 

is “Hanning window” which lead to some unwanted effects, see Figure 11. 
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 5 Modeling 
By modelling the phenomenon it might be possible to verify that the instability found in the 

measurements are correlated with the hypotheses. To do so, the convoy is considered as a 

system that becomes unstable due to excitation sources. Models of excitation sources and 

models of the system are presented in this part. 

 5.1 Models of excitation sources 
According to test team statements, the phenomenon seems to be strongly coupled to the 

test speed. Three possible causes of excitation linked to speed were listed and modeled. 

These excitation sources are assumed to be periodic. 

 5.1.1 Excitation from test track 

The excitation from the test track could be due to some undulations that generate impulses 

that excite the convoy, see equation (5). The truck excitation frequency can be expressed by: 

 

 ( 5 ) 

 

Where  is the speed of the convoy and  is the constant distance between undulations. 

 5.1.2 Excitation from tires 

Excitation from tires could be due to geometrical defaults, stiffness non uniformity of the 

tire (equation 6) or the tire lugs (equation 7) as specified in Chapter 5 of [12]. The frequency 

of tire excitation can be expressed as: 

 


 ( 6 ) 

 

Where  is the speed of the convoy and  is the rolling circumference of the tire. 

Furthermore, the frequency of the lug excitation can be expressed as: 

 


 ( 7 ) 

 

Where  is the speed of the convoy,  is the rolling circumference of the tire and N is the 

number of lugs of the tire. 

 5.1.3 Velocity calculation for each wheel 

Since the convoy is driven on a circular track, the left wheel and the right wheel of the same 

axle have different velocities. Considering the same rolling circumference for both wheels, 

the frequencies generated by the tire are different. Inner and outer velocities are calculated 

as follows: 

 

  ( 8 ) 

 

  ( 9 ) 

 

The average speed of the convoy  is considered constant during the test.  is the track 

width of the trailer and  is the nominal radius of the test track. 
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Figure 14 : Illustration of the complete model with two trailers 

Tow links are supposed to be perfect universal joints. After verification on the field, the link 

is made of 3 pivot joints in series where each joint deals with one degree of rotation. From a 

kinematic point of view this modeling can be used but the tow links are not perfect. There 

are some resisting efforts in the links which are not modeled. The rear axle of the truck is 

rigid, so only the damping and the stiffness of the tire has to be taken into account. Trailer 

inertia round y-axis is approximated by  where the mass M is half the mass of the 

trailer and ρ the gyration radius determined from trailer dimension. 

 

Looking at the model, 5 degrees of freedom are required to define it completely: 

 

 ( 13 ) 

 

is the vertical displacement of the truck sprung mass in the front axle plan.  is the 

vertical displacement of the truck sprung mass in the rear axle plan.  is the vertical 

displacement of the unsprung mass of the front axle.  is the vertical displacement of the 

trailer1 sprung mass in axle plan.  is the vertical displacement of the trailer2 sprung mass 

in axle plan. Note that axle is defined as a plane perpendicular to the ground containing the 

contact point between the tire and the track. 

 

From equations of motion, a matrix system is derived (see Appendix B for detailed 

derivation): 

 

 ( 14 ) 

 

[M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix and [F] is the 

output matrix consisting of external excitation terms. External excitation sources could be 

generated by track defaults or tire defaults. 

 

Due to the complexity of the system, eigenvalues and eigenvectors of the dynamic matrix 

are not determined analytically but directly calculated from input values using a Matlab 

routine. Natural frequencies of the system are obtained from eigenvalues which are the 

natural pulsations of the system. Eigenvectors reflect how the system is influenced by the 

natural frequencies.  
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 6 Measurements – Set 1 
Already before the Master thesis work started the test team had performed some test for 

different settings in order to get practical understanding of the phenomenon. These tests 

are here referred to as Set 1. 

 6.1 Layout and methodology  
This first set has been conducted over several months and it mainly consisted of running 

tests in the same condition as for usual agricultural tires endurance tests. However, the test 

speed, the load on each trailer and the number of pulled trailers were modified in order to 

find out working combinations and possibly the cause of the phenomenon. 

 6.1.1 Tested configurations 

Five different set of tires were selected, see Table 1. Dimensions, pressure and normal load 

characteristics were specified for each type of tire. 

 
Table 1 : 1

st
 set of tires 

Configuration Truck rear axle Trailer1 axle Trailer2 axle 

1* Cargoxbib R22.5 Cargoxbib R26.5 Cargoxbib R22.5 

2* Cargoxbib R22.5 Cerexbib R32 Cargoxbib R26.5 

5* Cargoxbib R22.5 Axiobib R30 Cargoxbib R26.5 

6* Cargoxbib R22.5 Spraybib R46 Axiobib R30 

8* Cargoxbib R22.5 Spraybib R46 Cargoxbib R26.5 

 

The tire types included in the five different settings were Cargoxbib, Axiobib, Cargoxbib and 

Spraybib. Cargoxbib are usually used on trailers and they have no lugs. Cerexbib are used on 

combines, Axiobib are used on powerful tractors and Spraybib on sprayers. Cargoxbib tires 

use conventional technology while the three other type of tires use the so called “ultraflex” 

technology which is designed to increase the rolling footprint. 

 

Each set of tires was tested with four distinct configurations to study the influence of mass 

and the impact of the number of trailers, see Table 2. 

 
Table 2 : 1

st
 set of measurement tested configurations 

Sub-

configuration 

Description 

*.1 Trailer 1 and trailer 2 

Normal load on each trailer 

*.2 Trailer 1 and trailer 2 

Increased load on trailer1 

*.3 Trailer 1 only 

Increased load on trailer1 

*.4 Trailer 1 only 

Normal load on trailer1 

 

Each test-condition was tested for 5 different speeds on the circular path; 25 km/h, 26 km/h, 
27 km/h, 28 km/h and 29 km/h. 



 

 

Each test

as

 

w

6.1.2

Measurements 

axle

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

 

 

 

Each test

as

 

w

6.1.2

Measurements 

axle

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

 

 

 

Each test

as 

 

where I stands for the 

6.1.2

Measurements 

axle

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

 

Each test

 :

here I stands for the 

6.1.2

Measurements 

axle

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

 

Each test

: 

here I stands for the 

6.1.2

Measurements 

axles

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

Each test

 

here I stands for the 

6.1.2

Measurements 

s 

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

Each test

 

here I stands for the 

 6.1.2

Measurements 

 and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

Each test

  

here I stands for the 

 
Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

Each test

 

here I stands for the 

 Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

last 250 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

Each test-

 

here I stands for the 

Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

 s 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

-condition is 

 

here I stands for the 

Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

s 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

 

here I stands for the 

Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

s of t

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

here I stands for the 

Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

of t

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

here I stands for the 

Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Figure 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

of t

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

here I stands for the 

Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Figure 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

of the signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

 

here I stands for the 

Measurement

Measurements 

and orientated in the Z

accelerometers 

and the axle of trailer 2

performing normal endurance tests.

Figure 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

 

here I stands for the 

Measurement

Measurements were

and orientated in the Z

accelerometers were

and the axle of trailer 2

performing normal endurance tests.

Figure 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

 

here I stands for the 

Measurement

were

and orientated in the Z

were

and the axle of trailer 2

performing normal endurance tests.

Figure 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

 

here I stands for the 

Measurement

were

and orientated in the Z

were

and the axle of trailer 2

performing normal endurance tests.

Figure 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

here I stands for the 

Measurement

were

and orientated in the Z

were

and the axle of trailer 2

performing normal endurance tests.

Figure 15

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

here I stands for the 

Measurement

were

and orientated in the Z

were

and the axle of trailer 2

performing normal endurance tests.

15 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is 

here I stands for the 

Measurement

were 

and orientated in the Z

were 

and the axle of trailer 2

performing normal endurance tests.

 : Location of 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

condition is now 

 

here I stands for the 

Measurement

 done w

and orientated in the Z

 used and they 

and the axle of trailer 2

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

now 

 

here I stands for the configuration, J for the sub

Measurement 

done w

and orientated in the Z

used and they 

and the axle of trailer 2

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

now 

 

configuration, J for the sub

 equipment

done w

and orientated in the Z

used and they 

and the axle of trailer 2

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

sample rate is set to 20

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

now 

 

configuration, J for the sub

equipment

done w

and orientated in the Z

used and they 

and the axle of trailer 2

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

sample rate is set to 20 Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

now 

configuration, J for the sub

equipment

done w

and orientated in the Z

used and they 

and the axle of trailer 2

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

the signal using high pass 

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

now defined 

configuration, J for the sub

equipment

done w

and orientated in the Z

used and they 

and the axle of trailer 2, 

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

 (0

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

defined 

configuration, J for the sub

equipment

done w

and orientated in the Z

used and they 

 respectively.

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(0

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

defined 

 

configuration, J for the sub

equipment

done w

and orientated in the Z-

used and they 

respectively.

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(0.

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

defined 

 

configuration, J for the sub

equipment

done with one direction accelerometer

-axis to se

used and they 

respectively.

performing normal endurance tests.

: Location of 

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

.25Hz)

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

 

defined 

 

configuration, J for the sub

equipment

ith one direction accelerometer

axis to se

used and they 

respectively.

performing normal endurance tests.

: Location of a

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

25Hz)

he signal are cut 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

 

defined 

 

configuration, J for the sub

equipment

ith one direction accelerometer

axis to se

used and they 

respectively.

performing normal endurance tests.

accelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

25Hz)

he signal are cut to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

defined 

configuration, J for the sub

equipment

ith one direction accelerometer

axis to se

used and they 

respectively.

performing normal endurance tests.

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded agains

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

25Hz)

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

defined 

configuration, J for the sub

equipment

ith one direction accelerometer

axis to se

used and they 

respectively.

performing normal endurance tests.

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Accelerations are recorded against time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

25Hz)

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

defined 

configuration, J for the sub

equipment

ith one direction accelerometer

axis to se

used and they 

respectively.

performing normal endurance tests.

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

25Hz)

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

defined and for the rest of the report the test

configuration, J for the sub

equipment 

ith one direction accelerometer

axis to se

used and they 

respectively.

performing normal endurance tests.

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

25Hz) and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

and for the rest of the report the test

 

configuration, J for the sub

 

ith one direction accelerometer

axis to se

used and they were

respectively.

performing normal endurance tests. 

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

and for the rest of the report the test

 

configuration, J for the sub

 

ith one direction accelerometer

axis to se

were

respectively.

 

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

and for the rest of the report the test

 

configuration, J for the sub

ith one direction accelerometer

axis to sense 

were

respectively.

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to 

and for the rest of the report the test

 

configuration, J for the sub

ith one direction accelerometer

nse 

were

respectively.

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

and Fast Fourier Transform are used to transfer the results to the

and for the rest of the report the test

configuration, J for the sub

ith one direction accelerometer

nse 

were

respectively. 

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration, J for the sub

ith one direction accelerometer

nse 

were 

 This i

ccelerometers on the convoy

Data are recorded during one hour using 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration, J for the sub

ith one direction accelerometer

nse vertical acceleration

 located on the rear truck axle, the axle of trailer 1 

This i

ccelerometers on the convoy

Data are recorded during one hour using DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

Config I.J

configuration, J for the sub

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

This i

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

Config I.J

configuration, J for the sub

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

This i

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

to avoid any interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

16

and for the rest of the report the test

Config I.J

configuration, J for the sub

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

This i

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

16

and for the rest of the report the test

Config I.J

configuration, J for the sub

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

This i

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

16 

and for the rest of the report the test

Config I.J

configuration, J for the sub

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

This is the 

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

 

and for the rest of the report the test

Config I.J

configuration, J for the sub

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

s the 

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

 

and for the rest of the report the test

Config I.J

configuration, J for the sub-

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

s the 

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

and low pass 

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

Config I.J

-configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

s the 

ccelerometers on the convoy

DASYLab

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

 (4 Hz)

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

Config I.J

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

s the 

ccelerometers on the convoy

DASYLab acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

t time and all the three

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(4 Hz)

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

Config I.J-

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

s the 

ccelerometers on the convoy

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

three

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(4 Hz)

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

-vK

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

s the 

ccelerometers on the convoy for set 1

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

three

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(4 Hz)

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

vK

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

s the ordinary

for set 1

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

three

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(4 Hz)

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

vK

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

ordinary

for set 1

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

three

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(4 Hz)

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

vK 

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

ordinary

for set 1

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

three 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

(4 Hz) Cauer f

interference

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

 

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

ordinary

for set 1

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

 signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer f

interference 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

ordinary

for set 1

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer f

 generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

ordinary

for set 1

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer f

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

ith one direction accelerometer

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

ordinary

for set 1 

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer f

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

ith one direction accelerometer 

vertical acceleration

located on the rear truck axle, the axle of trailer 1 

ordinary

 

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer f

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

 situated at the center point

vertical accelerations

located on the rear truck axle, the axle of trailer 1 

ordinary 

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer f

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

s, see 

located on the rear truck axle, the axle of trailer 1 

 set

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer f

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

, see 

located on the rear truck axle, the axle of trailer 1 

set

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

Cauer filter. T

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

, see 

located on the rear truck axle, the axle of trailer 1 

set

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

ilter. T

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

transfer the results to the frequency domain. 

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

, see 

located on the rear truck axle, the axle of trailer 1 

set

acquisition software and accelerometers 

Hz in order to reduce the amount of data

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

ilter. T

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

, see 

located on the rear truck axle, the axle of trailer 1 

set-up of the convoy when 

acquisition software and accelerometers 

Hz in order to reduce the amount of data 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

ilter. T

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

, see Figure 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

 [13]

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

ilter. T

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

Figure 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

[13]

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

ilter. T

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

Figure 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

[13]

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

ilter. The first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

Figure 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

[13]

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

ilter. The first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

and for the rest of the report the test

configuration and K for the test speed.

situated at the center point

Figure 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

[13]. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

and for the rest of the report the tests

configuration and K for the test speed.

situated at the center point

Figure 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

s will be referred to 

configuration and K for the test speed.

situated at the center point

Figure 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

Figure 15

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

15

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

15

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

15. 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

. In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized.

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

signals are synchronized. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

he first 250 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

 s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain. 

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

frequency domain.  

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

 

will be referred to 

configuration and K for the test speed.

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

will be referred to 

configuration and K for the test speed. 

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

will be referred to 

 

situated at the center point

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

will be referred to 

 

situated at the center point 

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

will be referred to 

 of

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

generated at the beginning and at 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

will be referred to 

of

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

at 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 

will be referred to 

of 

In total, three 

located on the rear truck axle, the axle of trailer 1 

up of the convoy when 

acquisition software and accelerometers 

. This sample rate is 

fine regarding the recorded signals since the frequencies to be explored are below 10 Hz. 

Data analysis is done using a Matlab routine that extracts the data from DASYLab file, filters 

s and the 

at 

the end of the test. Then offset of the signal is calculated as the median of the uncut data 



17 

 

 6.2 Results and analysis – Set 1 
This first set of measurement had been analyzed by the test team and some working 

combinations (mass and speed) were figured out. Test team results are presented in this 

part and acceleration data from this plan are analyzed during this work. 

 6.2.1 Practical working combinations  

The results presented in Figure 16 were obtained by the test team with the tools (Matlab 

and excel routine) commonly used to assess the validity of agricultural tires endurance tests. 

 

 Sub-conf 1 Sub-conf 2 Sub-conf 3 Sub-conf 4 
25 26 27 28 29 25 26 27 28 29 25 26 27 28 29 25 26 27 28 29 

Conf 1  ok ok ok ok ok ok ok ok ok  ok    ok ok ok ok ok 

Conf 2    ok ok    ok ok ok ok ok ok  ok ok ok ok ok 

Conf 5    ok ok    ok  ok    ok ok ok ok ok ok 

Conf 6 ok ok ok ok ok ok ok ok ok     ok ok     ok 

Conf 8   ok ok    ok   Not tested 
Figure 16 : Working conditions results obtained by the test team 

The dark cells represent test conditions where the test is not valid meaning that overloading 

criterion was reached while the light cells represent conditions where the test is valid. No 

details were given concerning the element of the convoy that was reaching the overloading 

criterion. 

 

For the same configuration, overload criterion is or is not reached depending of the speed. 

As a consequence, speed can be considered as a key parameter. Comparing results for sub-

configuration 1 and sub-configuration 2, it appears that changing the mass of trailer 1 

doesn’t influence dramatically the validity of the test. However, when comparing the results 

for sub-configuration 3 and sub-configuration 4, the validity is deeply modified depending on 

the mass applied on trailer 1. It can be concluded that the speed influences the stability 

behavior of the convoy whatever the configuration, while changing the mass of trailer 1 has 

a strong impact when only one trailer is pulled. To get a better understanding, acceleration 

data from Set 1 are analyzed. 

 6.2.2 Acceleration data analysis 

A lot of measurements have been done during the first set and it has been chosen to use a 

reduce amount of data in order to give the reader a fast understanding of the phenomenon. 

In addition, it has been noted that the last trailer (trailer 2) is much more likely to be 

concerned by the unstable behavior, while trailer 1 and the rear truck axle usually remain 

stable (in case of two trailers). As a consequence most of the plots presented deal with 

acceleration data from the last trailer of the convoy.  

 

Time domain analysis 

In this part, acceleration data from two cases are presented and compared. The two cases 

present the same convoy configuration (config 2.1) and only the test speed differs, 26 km/h 

and 29 km/h respectively. One case is invalid whereas the second one is valid according to 

the overloading criterion, see Table 3. The recorded acceleration for an invalid test is shown 

in Figure 17. The recorded acceleration for a test which is assumed to be valid is presented in 

Figure 18. 
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Figure 17 : Variation of acceleration vs time for invalid test (config 2.1-v26) 

 
Figure 18 : Variation of acceleration vs time for valid test (config 2.1-v29) 

Table 3 : Test validity for the two cases presented 

 Config 2.1-v26 Config 2.1-v29 

Overloading situations 40 % of lap time 1,3 % of lap time 

Test Validity Not valid Valid 

 

When the test is valid, see Figure 18, the highest amplitudes of the recorded signal are due 

to undulations on the track (yellow part on Figure 2). After the section with undulations, the 

convoy is driven on a flat surface, and then there is no more excitation from the test track 

and the amplitude of the signal is decreased until the convoy goes back to the section with 

undulations. The shape of the signal (Figure 18) is what is expected to test properly the tires.  

When the test is invalid, see Figure 17, the profile of the recorded signal is very different. 

First, the variation of acceleration is much higher and secondly when the convoy is driven on 

the section without undulations, the amplitude of the signal is not dramatically decreased.  
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From these results, it is concluded that the speed is strongly coupled to instable behavior 

causing the test to not be valid. Since the variation of acceleration between the valid and the 

invalid test is large, the excitation of a natural mode is assumed and a frequency analysis is 

realized. 

 

Frequency domain analysis 

The two cases are analyzed in the frequency domain using Fast Fourier Transform (FFT). FFT 

analysis for invalid test can be observed in Figure 19 and FFT analysis for valid test is shown 

in Figure 20. 

 

 
Figure 19 : FFT analysis of acceleration signal for invalid test (config 2.1-v26) 

 
Figure 20 : FFT analysis of acceleration signal for valid test (config 2.1-v29) 

The maximum amplitude of the invalid test is ten times higher than the maximum amplitude 

of the valid test as is seen in Figure 19 and Figure 20. However, frequencies of maximum 

amplitude peaks are similar for both cases, see Table 4. In addition, these frequencies are 

close to the theoretical value of the natural bouncing frequency of the trailer, see equation 

(10). 
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Table 4 :  Comparison between observed and theoretical bouncing frequency of the second trailer  

(config 2.1-v26 and config 2.1-v29) 

 Config 2.1-v26 Config 2.1-v29 

Maximum amplitude peaks [Hz] 1.697 1.711 

Theoretical bouncing frequency [Hz] 1.675  

Difference compared to theory [%]  1.3 2.1 

 

It appears that observed frequencies are higher than the theoretical natural bouncing 

frequency of the considered trailer. The other natural frequencies calculated with the simple 

model or with the complex model are lower than the natural bouncing frequency calculated 

with the simple model. As a consequence, the bouncing mode derived by the simple model 

is considered to be the mode most likely to be excited.  

 

An interesting phenomenon can be observed when FFT analyses of the same configuration 

but with different test speeds are compared. Thus, two frequency peaks (Figure 21) are 

always present on FFT analyses and the higher the speed, the higher are their frequencies. 

 

 
Figure 21 : Focus on the two frequency peaks (config 2.1-v29) 

At this stage of the work, the two frequency peaks are supposed to be according to the tires 

frequency, from outer and inner wheel respectively. Nevertheless, the theoretical 

calculation from equation (6) doesn’t match with observed peaks. The speed of the convoy 

which is set manually by an operator within a margin of +/- 1 km/h could be an explanation. 

Another matter concerning these two frequency peaks is that the relative difference is not 

constant depending on the test and depending on the trailers. Theoretical values of rolling 

circumferences and track width measurements of convoy’s elements are therefore 

questioned. 

 

However, it appears that when one of the two frequency peaks is close to the supposed 

natural mode, then the response of the system is very important, see Figure 22. When the 

two peaks are away from the mode, the response of the system is dramatically decreased, 

see Figure 23. 
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Figure 22 : Frequency peaks close to natural mode (config 2.1-v26) 

 
Figure 23 : Frequency peaks away from the mode (config 2.1-v29) 

The two peaks seem to be the excitation source. When they are close to the frequency of 

the bouncing mode, instable behavior occurs and the test becomes invalid. 

 6.3 Conclusions 
Most of the invalid tests of Set 1 can be explained by the proximity of the frequency peaks to 

what is identified as a normal mode. Nevertheless, the configuration 6.1 and 6.2 don’t 

present severe case of instability as it is expected by the theory. 

 

From this first set of measurements, the hypothesis which is drawn is that the bouncing 

natural mode of the trailer is excited by an external source. This external source is supposed 

to be tires frequency but calculations don’t fit properly with observation. In addition, some 

differences between the observed natural mode and calculation do exist. As a consequence, 

further investigations are launched to confirm these hypotheses and to verify the models. 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Frequency [Hz]

|Y
(f

)|

Config 2.1-v26

 

 

Acc. of trailer 2

Natural Mode

Tires frequencies

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Frequency [Hz]

|Y
(f

)|

Config 2.1-v29

 

 

Acc. of trailer 2

Natural Mode

Tires frequencies



22 

 

 7 Measurements – Set 2 
Set 1 has been analyzed and more information about the system is required to confirm the 

hypothesis of natural mode excitation by tires frequencies. The focus during Set 2 is also on 

the experimental determination of the natural frequencies and the excitation by the tires in 

order to verify the model. 

 7.1 Layout and Methodology – Set 2 
The design of this experiment has been part of the work but the instrumentation of the 

convoy and its realization has been done by the test team. The layout of Set 2 is similar Set 1 

except that the convoy is more instrumented to get more detailed data. 

 7.1.1 Tested configurations 

Two tested configuration have been selected, see Table 5. It is known that instability 

behavior occur when using configuration 2.1 and instability behavior does not occur when 

using configuration 6.1 as expected from theory. 

 
Table 5 : Configurations of Set 2 

Configuration Truck rear axle Trailer1 axle Trailer2 axle 

2.1 Cargoxbib 560/60 R22,5 Cerexbib 800/70 R32 IF Cargoxbib 600/55 R26,5 

9.1 Cargoxbib 560/60 R22,5 Megaxbib 1050/50 R32 Axiobib 650/75 R30 IF 

 

Note that Spraybib tires used in configuration 6.1 for the first set of measurement was not 

available anymore for Set 2. Instead of Spraybib tires, Megaxbib tires are used and the 

configuration is renamed config 9.1. Operating conditions defined for each kind of tire are 

presented in Table 6. 

 
Table 6 : Agricultural tires operating conditions for Set 2 

 Load /tire 

[kg] 

Static vertical 

stiffness [N/m] 

Pressure 

[bar] 

Cerexbib 800/70 R32 IF 11 400 900 000 2.4 

Cargoxbib 600/55 R26,5 8 125 910 000 3.3 

Megaxbib 1050/50 R32 12 400 1 080 000 2.4 

Axiobib 650/75 R30 IF 6160 520 000 1.6 

 

 7.1.2 Performed tests 

Three different tests have been designed to reach three distinct objectives. The first test is 

aimed to confirm that instable behavior can occur outside the circular track. The convoy with 
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 7.2 Results and analysis – Set 2 
Data from this second set of measurements are presented and analyzed test by test to 

answer the specific questions related to each test. In the conventional arrangement of the 

convoy, i.e. two trailers pulled by the truck, it appears that the last trailer is much more 

sensible to instability behaviors and most likely to cause the test to be invalid. Therefore the 

focus is on the second trailer since it is the most sensitive element of the convoy regarding 

instability behaviors. 

 7.2.1 Straight line driving test 

Three repetitions on a straight flat road have been done with the configuration 2.1 at a 

speed of 26 km/h. It appears that this test was not repeatable at all, see Table 7. 

 
Table 7 : Overloading situation, straight line driving config 2.1-v26 

 Overloading situation Validity 

Repetition 1 10.8% of the test time Not valid 

Repetition 2 3.2% of the test time Not Valid 

Repetition 3 1.6% of the test time Valid 

 

The lack of repeatability could be explained by the short duration of each test (less than 20 s 

at the required speed) and a bad speed management which was done by the driver itself 

without a precise tachometer. Frequency and time domain analyses are very different 

depending on the test. It is not possible to give serious conclusions about this test. Another 

way or a better methodology should be used to better understand this case. 

 7.2.2 Free oscillation test 

Five repetitions of this test have been done for each configuration. The data from trailers 

accelerometers are analyzed using Prony identification (described in chapter 4.2) to get the 

natural frequency and the damping ratio of the convoy’s elements. It has to be noted that 

when the convoy is pulling two trailers, the free oscillation response to be observed is the 

response of the second trailer. The free oscillation response of the first trailer cannot be 

observed because the first trailer response is troubled by the second trailer oscillations. The 

response of the first trailer cannot be considered anymore as free oscillation response. Data 

related to the first trailer are obtained from the tests where only one trailer was pulled. Data 

for the second trailer are obtained when two trailers were pulled. 

Natural frequency 

In this part three results of natural frequencies will be presented and compared. First, the 

“identified frequency” which is an average of five natural frequencies obtained from the free 

oscillation test. Secondly, the “calculated frequency I” which is the bouncing frequency that 

is obtained from the single axle trailer (described in chapter 5.2.1) with technical data as 

inputs. The “calculated frequency II” which is the natural frequency calculated with the 

complete model (described in5.2.2) with technical data as input. Finally, the “observed 

frequency” which is an average of six supposed modes obtained when analyzing the results 

from circular driving test (average of six test speeds). All the relative differences presented 

below are calculated with the “identified frequency” as reference. 
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Table 8 : Natural frequencies comparison for trailer 1 

 Config 2.1 - Cerexbib Config 9.1 - Megaxbib 

Identified Frequency [Hz] 1.564 1.585 

Calculated frequency I [Hz] 1.414 1.485 

Relative difference [%] -9.6 -6.3 

Calculated frequency II [Hz] 1.38 1.47 

Relative difference [%] -11.7 -7.3 

Observed frequency [Hz] 1.563 1.598 

Relative difference [%] 0 +0.8 

 
Table 9 : Natural frequencies comparison for trailer 2 

 Config 2.1 – Cargoxbib Config 9.1 – Axiobib 

Identified Frequency [Hz] 1.704 1.507 

Calculated frequency I [Hz] 1.689 1.461 

Relative difference [%] -0.9 -3.1 

Calculated frequency II [Hz] 1.67 1.44 

Relative difference [%] -2.0 -4.4 

Observed frequency [Hz] 1.711 1.548 

Relative difference [%] +0.4 +2.7 

 

It appears that the correlation between “Observed frequency” and “Identified frequency” is 

pretty good, except for the second trailer in the configuration 9.1, see Table 8 and Table 9. 

For all cases, the “Identified frequency” is higher than the “Calculated frequency I and II”. 

The relative difference between “Identified frequency” and “Calculated frequency II” is 

always higher than the relative difference between “Identified frequency” and “Calculated 

frequency I”. The simple model seems to be more accurate regarding the observation and 

the identification. The complete model takes into account the trailers inertia (  

but it was not possible to measure them, so the inertia that are used as inputs are 

approximated from trailers dimensions and trailer mass measurements. The lack of accuracy 

could be explained by this parameter which is influencing the results. The simple model is 

easier to tune and since it is closer to observation, then it is used later in the work to model 

the elements of the convoy.  

 

Observations made after the first plan are now confirmed. The real natural mode is higher 

than the bouncing natural mode calculated with the simple model. However, no obvious 

correlation between the “calculated frequency” and the “identified frequency” has been 

found. An empirical factor to increase the tire stiffness or to reduce the sprung mass cannot 

be used. A pressure and temperature effect might need to be considered. 
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Damping ratio 

The damping ratio obtained from Prony identification, see  

 

Table 10, is assumed to be the vertical apparent tire damping ratio since the trailers don’t 

have any suspension system. The damping ratio of agricultural tires is not measured in the 

standard testing process and there is no existing model to approximate it. 
 

Table 10 : Damping ratio and data about the tire air volume 

Tire 
Trailer 

Number 
Damping ratio 

Pressure 

(bars) 

75 % inner 

air volume 

(liters) 

cerexbib 800/70 R32 IF 1 0.227 2.4 966 

cargoxbib 600/55 R26.5 2 0.203 3.3 375 

megaxbib 1050/50 R32 1 0.215 2.4 1250 

axiobib 650/75 R30 IF 2 0.319 1.6 637 

 

Note that the damping ratios presented are an average of the five repetitions of free 

oscillation test. Depending on the tires, the data are obtained in the one trailer configuration 

or the two trailer configuration. 

 

The damping ratios are close to each other except for Axiobib tire which is 40 % higher than 

Cerexbib damping ratio and 60 % higher than Cargoxbib damping ratio. It has been shown by 

Lines and Murphy [14] that the tire pressure, the tire age (in years) and the rolling surface 

influence a lot the apparent vertical damping ratio. The rolling speed also influences the 

apparent damping ratio. The rolling surface and the rolling speed are the same in our case. 

Pressures are different but there is no straight forward correlation. The inner air volume is 

compressible and it could play a role in the damping ratio of the tire but from tire air volume 

data, no simple correlations have been found. Tires designer have been contacted to get 

some information about the components like rubber mixture and plies. It appears that the 

construction of the Cerexbib tire and Axiobib tire are quite similar whereas the relative 

difference between their damping ratios is 40 %. It could be thought that despite the five 

repetitions, the Axiobib damping ratios are an absurd value. However test 3 results tend to 

confirm that the system is highly damped in configuration 6.1. Indeed, the excitation is very 

close to the natural mode but overloading situations are not as high as usual. The higher 

damping ratio is then supposed to damp efficiently the response of the system. 
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 7.2.3 Circular driving test 

In this part, tests realized on the circular track are analyzed in two parts. On the one hand 

the focus is on excitation sources; on the other hand the focus is on the system response. It 

appears that data recorder on left and right accelerometers are very similar. It has been 

decided, arbitrarily, to present acceleration data recorded on the left side of the trailers. 

Excitation sources 

Two frequency peaks changing with speed can be observed for all the experiments, just like 

in Set 1. They are now identified as tires signature and they can be observed in Figure 25 . 

The focus is on trailer 2 since it is most likely to be instable. 

 

 
Figure 25 : Natural mode and tires signatures (config 2.1-v20) 

The relative difference between the highest and the lowest frequency peak (See Tables 11 

and 12)  is almost constant whatever the speed is. These two peaks are the signatures of the 

tire frequencies, respectively inner and outer wheels. The difference can be expressed as the 

difference between the outer tire frequency and the inner tire frequency, see   equation (15) 

and thus it confirms that there is an excitation by the tires. 

 

 ( 15 ) 

 

Where  is the test average speed calculated from GPS data,  is the track width measured 

for each element of the convoy with tires mounted and  is the mean radius of the circular 

track. According to equation (16), the space between the two peaks increases with the 

speed. To be able to compare data from several tests where speed was different, the 

relative difference is calculated and presented in Tables 11 and 12. 

 
���� �		�

�		�
 ( 16 ) 

 

The relative difference is presented in percent; the track width  has been measured for 

each element of the convoy and  is the mean radius of the circular path. 
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Table 11 : Observed couple of frequency peaks of trailer 2 (config 2.1) 

Speed 15 20 25 26 27 30 

Lower peak [Hz] 1.062 1.318 1.642 1.715 1.788 1.971 

Higher peak [Hz] 1.111 1.379 1.715 1.794 1.868 2.063 

Relative difference [%] 4.6 4.6 4.5 4.6 4.5 4.7 
 

Table 12 : Observed couple of frequency peaks of trailer 2 (config 9.1) 

Speed 15 20 25 26 27 30 

Lower peak [Hz] 0.854 1.047 1.318 1.373 1.426 1.608 

Higher peak [Hz] 0.891 1.093 1.373 1.434 1.492 1.685 

Relative difference [%] 4.3 4.4 4.2 4.4 4.6 4.8 

 

Tires signatures shown in Figure 25 are the first harmonics of the tires excitation but the 

second and the third harmonics can also be observed as presented in Figure 26. Harmonics 

are due to FFT analysis that decomposes the native signal as a sum of harmonics. It can 

therefore be concluded that the tire excitation is due to a geometrical fault that is 

periodically repeated. 

 

 
Figure 26 : Outer tire harmonics (config 2.1-v20) 

Time domain signals (Figure 27) present some amplitude variations which are due to a 

periodical phasing of the inner and outer tire frequencies. 
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Figure 27 : Amplitude variation of time domain signal, trailer 2 (config 2.1-v25) 

This phenomenon is due to the speed difference between the inner and outer wheels since 

the convoy is driven on a circular track. The phasing frequency can be calculated as follow: 

 

 ( 17 ) 

 

Where  is the test average speed calculated from GPS data,  is the rolling circumference 

calculated from technical data,  is the track width measured for each element of the 

convoy with tires mounted and  is the mean radius of the circular track. The phasing 

phenomenon has an influence on overloading situations. Considering the convoy in the same 

conditions, the higher is the phasing frequency, the bigger will the number of overloading 

situations. Nevertheless, it seems that phasing phenomenon doesn’t play a key role in 

instability behaviors of the convoy. 

 

There is still a difference between observed tire frequencies and calculated frequencies 

using equation (6). Results are presented in Table 13 and obtained from the circular driving 

test analysis. 

 
Table 13 : Comparison between observed tires frequencies and calculated frequencies 

Tires Relative difference (calculation as 

reference) 

cargoxbib 560/60 R22,5 -2.4 % 

cerexbib 800/70 R32 IF -1.3 % 

cargoxbib 600/55 R26,5 -3.6 % 

megaxbib 1050/50 R32 -2.7 % 

axiobib 650/75 R30 IF -1.5 % 

 

It appears that observed frequencies are always lower than calculated ones. The speed is 

considered as correct and these differences are probably related to rolling circumferences of 

tested tires. The rolling circumference value used in calculation comes from technical data 

and running-in effect, pressure and temperature effect could explain this difference. The 
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objective of this test was also to determine the rolling circumference of tires under 

operating conditions. Incremental coders data and velocity data from GPS should have 

allowed the rolling circumference calculation. But due to acquisition problem with the GPS, 

the calculation made from these measurements led to absurd values. 

Convoy response 

Accelerometers recorded vertical accelerations of the convoy’s elements. The time domain 

data allows the overloading criterion to be calculated but to understand the phenomenon, 

the FFT analysis is the most suitable tool. Several cases have been identified from test 3 

analysis. 

 

A case of severe instability has been identified with configuration 2.1 when tires signature 

are superposed to natural mode signature, see Figure 28 : Tires and natural mode signatures 

are superposed causing severe instability (config 2.1-v25). 

 

 
Figure 28 : Tires and natural mode signatures are superposed causing severe instability (config 2.1-v25) 

The natural mode of the trailer is excited and the response of the system is really important 

causing the test to be invalid (overloading situations occur during 29 % of the test time for 

trailer 2). The other elements of the convoy are troubled by the trailer 2 but overloading 

situations occur during less than 4 % of the test time. 

 

Tires signatures are dependent on the speed while the natural modes of the convoy are 

invariant. The natural mode signature can be observed for all tests despite the mode is not 

excited by the tires. Indeed, when the trailer goes through the undulations section, it is 

excited just like when it goes over an obstacle. Just like for the free oscillation test, the free 

oscillatory response of the system is recorded and the FFT analysis of the signal shows its 

natural mode. Configuration 2.1 is now considered and the test speed is increased, so tires 

signatures are moved away from the natural mode signature, see Figure 29. 
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Figure 29 : Tires and natural mode signatures are not superposed (config 2.1-v30) 

In most cases of Set 1, the frequency gap between the tires and the natural mode signatures 

due to higher test speed was enough to get the test valid. In the case of configuration 2.1 at 

the speed of 30 km/h (Figure 29), the response is clearly decreased compared to 

configuration 2.1 at a speed of 25 km/h but the test remains not valid. The percentage of 

overloading situations is still too high and there is no straight forward explanation. It seems 

that the free oscillatory response of the trailer identified and tires excitation are sufficient to 

generate too many overloading situations regarding the overloading criterion. 

 

Configuration 9.1 at a speed of 27 km/h is considered. Tires signatures and natural mode 

signature are very close to each other, see Figure 30. Despite the superposition, the 

response of the system is not as important as expected. The trailer 2 whose acceleration 

data are presented is equipped with Axiobib tires. The damping ratio of these tires, 

identified after free oscillation test analysis, is quite high which could explain this 

phenomenon. A high damping ratio might damp the system enough to avoid a severe 

instability. 

 
Figure 30 : Tires and natural mode signatures are superposed but there is no severe instability (config 9.1-v27) 
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 7.3 Conclusions 
From the straight driving test, it cannot be proved that instable behavior could occur outside 

the circular track and that the circular track itself is not the cause of instable behaviors. 

Nevertheless, circular driving test analysis shows that the tires are definitely a source of 

excitation. In addition, it has been shown that severe instability behavior occurs when tires 

and natural mode signature of trailer 2 are superposed. Excitation of natural modes of the 

convoy has been confirmed with the comparison between free oscillation test measurement 

and circular driving test results. The major cause of overloading situations is then identified 

as an excitation of a natural mode of the convoy by tire frequencies. 

 

Tire frequencies have been identified as the repetition of a geometrical fault which is quite 

common for agricultural tires. The geometrical fault causing the so called tire frequency is 

measured as the maximum distance from the average radius of the tire mounted on the rim. 

An auxiliary study realized by the test team shows that the bigger geometrical fault, the 

more likely it is that overloading situations occur. The geometrical fault has not been 

measured for tested combinations of rim and tire used for the free oscillation test. A high 

geometrical fault could have explained some unexpected overloading situations when tires 

and natural mode signatures are not superposed. 

Calculation of natural mode and tires frequencies from technical data don’t fit precisely with 

the observation. Temperature effect, pressure effect and running-in effect are likely to 

influence both tire stiffness and the rolling circumference. These effects were not available 

or measured during Set 2. 
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 8 Overall conclusions 
 

The phenomenon causing severe instability behavior is identified as the excitation of natural 

modes of the convoy by the tire frequencies. The element of the convoy to be most likely 

instable is the last trailer due to its position. This is the main element to take into account to 

get rid-off the instability phenomenon. The natural mode depends on the tire stiffness and 

the load on the trailer. Tires excitation frequencies are related to the test speed, the trailer 

track width and the rolling circumference of the tires. The phenomenon can be represented 

graphically as shown in Figure 31. 

 
Figure 31 : Graphical representation of the major phenomenon causing instability of the convoy 

Each color corresponds to a trailer (red is trailer 1 and green is trailer 2). Horizontal lines 

represent natural mode frequencies of the system which are independent of the test speed. 

Slanting lines represent tires excitation frequencies which are dependent on the speed. 

Slanting lines are represented by pair of parallel lines to depict the contribution of inner and 

outer wheels. Instability phenomenon is likely to occur when one of the slanting lines is 

crossing one of the horizontal lines. It has to be noted that severe instabilities occur when 

tires frequencies of the second trailer are very close to the natural mode of the second 

trailer. 

 

A prediction of the phenomenon calculated from technical data has been shown to not be 

accurate enough and no empirical factor or formulas have been found to correct the 

technical data. To get a good prediction, tires need to be characterized individually before 

endurance test due to production dispersions and external parameters like temperature, 

tread wear and running-in effect that affect tires characteristics. Some coefficient might be 

found out for each kind of tires from a wide set of measurements that would allow statistic 

calculation.  

 

Nevertheless, a rough prediction can be made from technical data that allows the test team 

to change radically one of the test parameters, like the test speed, in order to create a 
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frequency gap between tires and natural modes signatures. In addition, if instability 

phenomenon is very likely to happen for a trailer configuration, this specific trailer should be 

put as the first trailer in a two trailer convoy arrangement.  

 

The geometrical fault and the tire damping ratio are very likely to have an influence on the 

phenomenon. They have to be quantified and be taken into account in the prediction tool. 

 

As a conclusion, the aim of this work was to identify what were the main causes of the 

phenomenon and it has been done. The second aim of this work was to develop a predicting 

tool using technical data as input. Unfortunately, the technical data at our disposal were not 

sufficient to get a good prediction since some more parameters, which are not quantified for 

now, might influence the phenomenon.  The test team has now a better understanding of 

the phenomenon and it has some hints to be explored in order to develop a more reliable 

predicting tool.  
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Appendices 

Appendix A: Single axle trailer modeling 
This appendix deals with the basic modeling of a single axle trailer. Illustrations of the model 

and detailed calculation are presented in this part. 

 

(Z-X) plane modeling 

The trailer has a single axle and no suspension system. The trailer is considered symmetrical 

and the tires are assumed to be equivalent to parallel springs and it is modeled as a point 

mass supported by a spring (see Figure 31) in the (Z-X) plane. 

 
Figure 32 : Single trailer modeling in Z-X plane 

Assumptions: 

Half the total mass of the trailer is considered in the point mass M. The tire is represented as 

a spring with stiffness k, without mass and without any damping. The beam of length L in 

between the point mass and the tow-link is supposed to have neglictible mass. It is assumed 

that the point mass is perfectly equilibrated on top of the single axle. As a consequence, the 

external force acting on the trailer is equal to zero. 

 

Equations of motion: 

 ( 18 ) 

 ( 19 ) 

 

The vertical motion of the point mass is linked to the rotation around the tow-link through 

the relation  (small angle hypothesis has been made).  

 

As explained previously in the assumptions paragraph, external force acting on the trailer at 

the tow-link is assumed to be zero,  . The trailer pitching inertia is 

expressed as a function of the mass  where the pitching gyration radius ρ is 

approximated from geometrical dimension of the trailer. Then the following equations are 

derived: 
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Natural undamped frequencies: 

From equation (29), the rolling natural frequency is determined: 

�����	� �	∙	�²

��


  ( 30 ) 

The vertical static stiffness  is given for specific load and pressure working condition. The 

mass  is the load supported by one tire. The variable is the roll gyration radius and it is 

used to express the trailer inertia around x-axis as a function of half the mass  (trailer 

inertia ). The track width  is the distance between the left wheel pan and the 

right wheel pan. 

Appendix B: Complete model with two trailers 
This appendix deals with the most complex model that has been developed to model the 

convoy with all its elements and the angular relations between them. Illustrations of the 

model and detailed calculation are presented in this part. 

 
Figure 34 : Illustration of the complete model with 2 trailers 

By using Newton’s Second Law the equations of motion for the system can be derived: 
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The vertical displacement of the truck sprung mass  is expressed according to the truck 

front axle and the truck rear axle displacements, and  respectively. Note that the truck 

wheebase . 
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The truck pitch angle relations are expressed according to according to the truck front axle 

and the truck rear axle displacements, and  respectively. 
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Angular relations between the elements of the convoy  are represented as follow, see Figure 

35. 

 
Figure 35 : Geometrical relation between elements of the convoy 

 is the first trailer pitch angle and is defined depending on ,  and  using the small 

angles hypothesis: 
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 is the second trailer pitch angle and is defined depending on , ,  and  using 

the small angles hypothesis: 

 

 

 

 

with !" 
  and 
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 ( 41 ) 

 

From equation (41), the following coefficients are defined: 

 

 ;  ;  ;  . 

 

From equation (37), and the force applied on the second trailer by the first trailer is 

expressed:  

 

 

 

 expression from equation (41) is inserted: 
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From equation (35),  the force applied on the first trailer by the truck is expressed as: 

 

 

 

 expression from equation (42) is inserted: 
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The expressions of � , ,  and  are inserted in the equations of motion system 

and the matrix system is derived from: 
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Where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix and [F] is 

the output matrix consisting of external excitation related terms. External excitation sources 

could be generated by the track faults or the tires faults. 

 

 + 

 

 + 

 

 

 

= 

��	 ��

� �� � ��

�� ��

�� ��

�� ��

�

�

�

�

��

��

��

��

    (44) 

Where the mass matrix coefficients are defined from: 
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Eigenvalues and eigenvectors of the system are then determined to get the natural modes of 

the complete system.  


