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Abstract 
In the truck industry, it is crustal to test components against fatigue to make sure that the trucks stand 

up to the high demands on durability. Today’s testing methods have some disadvantages; it is quite a 

time-consuming process, but more important, similar tested components cannot easily be compared 

due to the load spread the components are subjected to. It is therefore desirable to test the 

components in a standardized way. One way to do this is to use a synthetic signal which is a large 

number of unique truck measurements combined. The synthetic signal only contains information of 

the frame’s vibration and not any components. The purpose of this project was to create a model that 

uses the synthetic signal to describe the motion of components. 

Two approaches were used, the first was to base the model on previous measurements, the second 

one was to base the model on analytical equations. These models were experimentally tested in a 4 

channel shake rig, and a silencer was the component chosen to be tested. For the model based on 

measurements, the load was shown to have a large spread which was hard to control due to the spread 

in the measurements. The second model was easier to control where the damping factor can be chosen 

and varied. A promising model was the analytical model using 10% damping applied to the synthetic 

signal, it covers most measurements without overestimate the load of the component. However, the 

model was only developed for the silencer acceleration in the z-direction, and it is recommended to 

develop it for the x-direction as well. The method used in this project could also be used to develop 

models for other components. 

Sammanfattning: Modell av dynamiskt beteende för rammonterade 

lastbilskomponenter 
Inom lastbilsindustrin är det viktigt att prova komponenter mot utmattning för att säkerställa att 

produkterna håller de höga krav som ställs på tillförlitlighet. Dagens provmetoder har några svagheter, 

dels är det en tidsödande process. En ännu viktigare svaghet är dock att liknande komponenter som 

provats kan inte på ett enkelt sätt jämföras med varandra, eftersom belastningen på en komponent 

kan skilja sig rejält beroende på vilken fordonskonfiguration som väljs att studera. Det är därför 

önskvärt att prova komponenterna på ett standardiserat sätt. Detta kan göras genom att använda den 

syntetiska signalen, som är en kombination av ett antal unika lastbilsmätningar. Men den syntetiska 

signalen innehåller bara information om ramens vibrationer och inte komponenten. Syftet med det 

här projektet är att ta fram en modell som använder den syntetiska signalen för att beskriva en 

komponentens rörelse.  

Två angreppssätt användes, det första var att basera modellen på tidigare mätningar, det andra var att 

basera modellen på analytiska ekvationer. Dessa modeller var experimentellt provade i en skakrigg 

med fyra kanaler, och en ljuddämpare blev det valda testobjektet. Modellen baserad på mätningar 

resulterade i en stor spridning av last, som var svårkontrollerad till följd av spridningen från 

mätningarna. Modellen baserad på de analytiska ekvationerna var däremot lättare att kontrollera där 

dämpningen kunde väljas och varieras. En lovande modell verkar vara att använda modellen med 10% 

dämpning på den syntetiska signalen, den täcker in dem flesta mätningarna utan att överskatta 

komponentbelastningen. Modellen är dock bara utvecklad för komponentens acceleration i z-riktning 

och det är rekommenderat att utveckla en liknande modell för x-riktningen också. Metoden kan även 

användas för andra utveckla modeller för andra komponenter än ljuddämparen.  
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1 Introduction and background 
It is estimated that 90% of all mechanical failures in metals are due to fatigue [1]. Therefore, it is 

essential for Scania to test against fatigue, to ensure that their trucks stand up to the high demands on 

durability. Scania estimates that 10 years of customer usage creates the same fatigue as two years at 

their test track and two months in shake rigs. However, to prepare the shake rigs for testing takes time 

and has its limitations. It is, therefore, desirable to find new improved methods. In this section, the 

background for the problem, the problem formulation and the purpose will be explained. 

1.1 Problem 
Scania has a modular system that makes it possible to create almost infinite unique truck 

configurations. When testing new components against fatigue, they are mounted on a frame and 

practically a complete truck is built around them. This truck is then driven on Scania’s test track while 

measuring the road induced vibrations of the frame and components with sensors on certain positions. 

The measured vibrations are then analyzed and edited so they can be run and replicated in test rigs. 

Multiple components are for roughly two months tested simultaneously against fatigue here because 

fairly large assemblies of the trucks are used. This process is time-consuming; it takes time to order a 

new part and measure before each test before it can be replicated in the test rigs. Also, this method 

results in a large spread of the component load as it is dependent on the current truck’s configuration. 

Thus, the component is not by itself tested against fatigue but the component in the current truck 

configuration. That complicates comparisons between different designs of a certain component, 

because the designs are not tested with the same load as is depends on the different truck 

configurations.  

Therefore, it would be desirable to develop a method that test components in a standardized process 

independently of the truck configuration. One such method has been developed at Scania’s durability 

testing department. A large number of measurement signals from different unique trucks have been 

combined into something called a synthetic signal. This signal describes how an average truck frame 

moves in a few defined positions while driving on the test track. If the frame mounted components 

have sufficiently low weight and the frame is rigid, the shake rigs could be used directly to replicate 

only the synthetic signal. It is because the load would be determined mostly by the components 

eigenfrequency, while the frame is relatively unaffected by the movement of the component. 

However, these two conditions are most often not fulfilled; some components are really heavy, and 

the frame is far from being rigid, considerations must be taken to the dynamics of the system.  

1.2 Purpose  
The goal of this project is to create a dynamic model that can predict the component response to the 

frame vibrations, for heavy chassis components. It should be able to be used together with the 

synthetic signal to predict the movement of a component with certain characteristics. The model has 

to be accurate enough to ensure that rigs run with the synthetic signals and predicted component 

response get comparable component failures to rigs run with a measured signal. Thus, the load 

difference between the model signals and measured signals should be as low as possible.   

1.3 Test track  
Scania’s test track and test track programs are developed to simulate the different costumer’s usage 

that is present around the world. In some countries, the roads are rougher than in others, and some 

costumers drive most of the time on highways while others drive much on forest roads. The test track 

takes consideration to this and makes sure the truck is tested tough enough for the specific user so 

that the truck does not break down or weigh too much.  
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In this project mainly one part of the test track is going to be used in the analysis; it represents a rough 

road and a more demanding market in terms of the vibration spectrum. Each truck drove over the 

obstacle six times each, which enable us to see how each run differ from the others and how reliable 

the measurements are. If there are noticeable differences in the time domain, for example, different 

amplitudes between the runs, there is a problem with the measurement where some parts may be 

broken.      

1.4 Coordinate system 
The coordinate system used throughout this report is the same that is normally used at Scania. The x-

axis has its positive direction backward in the truck, the y-axis has its center between the frames side 

beams with a positive direction right hand from truck driving direction and the z-axis has its center on 

the lower edge of the frames side beams and is defined as positive upwards, see Figure 1. 

 

Figure 1. Coordinate system. 

1.5 Previous measurements 
During recent years at Scania, there have been many experimental measurements on the newly 

developed truck. Many unique truck configurations have been driven on the test track and all the 

measurements are saved in Scania’s archives. The vibration measurements are quite standardized 

regarding the measurement positions, the accelerometers are positioned roughly at the same 

locations on every truck when possible. These positions can be seen in Figure 2 with names and 

directions, name explanation can be found in Table 1. The signal from one accelerometer is called a 

channel. 
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Figure 2. Measurement positions. 

Name Explanation 

ARFVZ Acceleration of frame, front, left in z-direction 

ARFHZ Acceleration of frame, front, right in z-direction 

ARFHY Acceleration of frame, front, right in y-direction 

ARMVZ Acceleration of frame, middle, left in z-direction 

ARMMX Acceleration of frame, middle, middle in x-direction 

ARMHZ Acceleration of frame, middle, right in z-direction 

ARMHY Acceleration of frame, middle, right in y-direction 

ARBVZ Acceleration of frame, rear, left in z-direction 

ARBHZ Acceleration of frame, rear, right in z-direction 

ARBHY Acceleration of frame, rear, right in y-direction 

ALMBZ Acceleration of battery box, rear in z-direction 

ADDBZ Acceleration of silencer, rear in z-direction  

ATTZ Acceleration of air tank in z-direction 
Table 1. Accelerometers mounted on the truck 

1.6 Synthetic signal  
With Scania’s modular system, it is impossible to say that a specific truck’s vibrations are tougher or 

less tough then average. At some locations on the truck, the vibrations can be tougher than average, 

and on other locations, it can be less tough then average, depending on the used configuration. 

Recently though, Scania’s engineers have combined multiple vibration measurements of the frame 

and averaged the signals for each measured location, the report will not describe how the averaging 

was done as it was not part of the project but was already done beforehand. These signals were then 

projected onto 12 specific movements, one channel for each movement as seen in Table 2. These 

channels are what builds up the synthetic signal, it represents and describes the non-existing average 

movement of a truck frame.  
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Channel 
number 

Description 

1 Bounce of frame, front in x-direction 

2 Bounce of frame, front in y-direction 

3 Bounce of frame, front in z-direction 

4 Roll of frame, front in x-direction 

5 Bounce of frame, middle in x-direction 

6 Bounce of frame, middle in y-direction 

7 Bounce of frame, middle in z-direction 

8 Roll of frame, middle in x-direction 

9 Bounce of frame, rear in x-direction 

10 Bounce of frame, rear in y-direction 

11 Bounce of frame, rear in z-direction 

12 Roll of frame, rear in x-direction 
Table 2. Movements of the synthetic signal 

However, the synthetic signal only describes the movement of the frame and not the components. If 

the synthetic signal is run for a truck chassis in the rig, without controlling the motion of the 

component, the load levels of the component acceleration will become too high for heavy 

components. See Figure 3 for an example of this behavior.    

The reason for this error is because the truck chassis in the rig is stripped of most components; its 

dynamical behavior is, therefore, different from that of a complete truck. If the boundary value 

problem would have been the same, but the damping, rigidity of fasteners and mass is different. For 

lighters components, such as an air tank, the weight is too small to influence the dynamics of the truck 

chassis. However, for heavy components, such as a silencer or a battery box, the weight is high enough 

to affect the dynamics, which results in unreasonable load levels. Therefore, a model that controls the 

motion of the heavy components must be used to get reasonable load levels.  

 

Figure 3. Shows the PSD for acceleration of a heavy component, blue shows the PSD for an non-controlled component 
movement and the black shows the PSD for a controlled component movement. 
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1.7 Configurations  
In this report, 12 trucks with different unique configurations were analyzed; they were different 

regarding frame type/thickness, suspension types, battery box, silencers and mountings/attachment 

points of components.  

1.8 Components 
In this report, the silencer and battery box will be analyzed, with a focus on the silencer. Only the 

silencer will be used in the development of the analytical model and used in the test rig.  

1.9 Disposition of the report 
First, a theory part will present all the theory needed to grasp the content of this report. Secondly, 

there is a part that will describe all the methods used. There will be explanations of how the best 

experimental and analytical models were developed, and on which data/experiments they were based 

on as well as descriptions of the validation experiments that were performed. Thirdly the results of the 

methods used will be presented. Finally, the discussion part will analyze the results and give some 

recommendations based on the outcome.  

 

1.10 Limitations 
• Only two components were used in the analysis to find the best experimentally based model 

and in the experimental part, only one component could be chosen due to lack of time.  

• There are no lighter components discussed in this report; only components that weigh over 

100 kg were analyzed and tested. Components that weigh around 10 kg, such as air tanks, 

were not investigated or tested in this project.   

• The synthetic signal will be used and analyzed, but this report will not attempt to make changes 

to the synthetic signal. 
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2 Theory 

2.1 Frequency response function (FRF)  
When studying mechanical systems is often of great interest to determine the output response Y(t) 

obtained by applying an input excitation X(t), this can be done with linear time-invariant system see 

Figure 4 [2]. 

 

Figure 4. Input and output in a linear time invariant system 

The relation between input and output is given by the frequency response function (FRF) 

 
𝐻(𝜔) =

𝑌(𝜔)

𝑋(𝜔)
 

(1) 

 

where 𝑋(𝜔) is the signal input and 𝑌(𝜔) the signal output dependent on the angular velocity. For 

multiple input, multiple output system according to Figure 5, the FRF can be described using 

superposition matrices according to equation 2, where there are n inputs and m outputs [3]. 

 

Figure 5. Multiple input multiple output system 

 
(

𝐻12 ⋯ 𝐻1𝑛

⋮ ⋱ ⋮
𝐻𝑚1 ⋯ 𝐻𝑚𝑛

) (
𝑋1

⋮
𝑋𝑛

) = (
𝑌1

⋮
𝑌𝑚

) 

 

 
(2) 

The FRF can then be described by 
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𝐻(𝜔) =

𝑌(𝜔)

𝑋(𝜔)
. 

(3) 

 

2.2 FRF estimates 
The FRF can be determined when using analytical models, but for random signals in non-linear systems, 

the FRF has to be estimated, two ways to do this is using the H1 and H2 estimators [2]. The H1 assumes 

noise in the output and tends to underestimate the FRF while the H2 estimator assumes noise in the 

output and tends to overestimate the FRF. Generally, H1 estimates anti-resonances better while H2 

estimates resonances better. The H1 estimator is given by 

 
𝐻1(𝑓) =

𝑆𝑦𝑥(𝑓)

𝑆𝑥𝑥(𝑓)
 

(4) 

while the H2 estimator is given by 

 
𝐻2(𝑓) =

𝑆𝑦𝑦(𝑓)

𝑆𝑥𝑦(𝑓)
 

 

(5) 

where 𝑆𝑥𝑥(𝑓) and 𝑆𝑦𝑦(𝑓) are the power spectral density (PSD) of signals x and y, 𝑆𝑦𝑥(𝑓) and 𝑆𝑥𝑦(𝑓) 

are the cross power spectral density (CSD).  

A third estimator is Hv, which assumes noise in both input and output. It is a combination of H1 and H2 

and it can contain varying amount of each FRF according to  

 
𝐻𝑣(𝑎) =

𝐻1 ∙ (100 − 𝑎) + 𝐻2 ∙ 𝑎

100
 

 

(6) 

where a is the amount of H2 in percent in Hv . 

2.3 Coherence function 
For an input X(f) and a output Y(f), the coherence function describes how well signals are coupled, the 

coherence function is given by  

 
𝛾𝑦𝑥

2 (𝑓) =
|𝑆𝑦𝑥(𝑓)|

2

𝑆𝑥𝑥(𝑓) ∙ 𝑆𝑦𝑦(𝑓)
 

 

(7) 

where  

0 ≤ 𝛾𝑦𝑥
2 ≤ 1 

If the system characterized with H(f) is linear and without disturbances the coherence function will be 

one for all frequencies [2]. On the other hand, if the system is non-linear and/or there are disturbances 

the coherence will be less to one, and closer to zero the more non-linear the system is and/or the more 

disturbances there are. The coherence that is calculated between one input and one output is called 

partial coherence while the coherence calculated between multiple input and one output is called the 

multiple coherence which is a measure of the total coherence. The H1 and H2 estimates are also related 

to the coherence function as 

 
𝐻1(𝑓) = 𝐻2(𝑓) ∙ 𝛾2(𝑓) 

 
(8) 

which means that  
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𝐻1 ≤ 𝐻2 

2.4 Convolution integral 
The convolution between two signals is defined by the integral 

 
𝑦(𝑡) = ∫ 𝑥1(𝑡 − 𝜏) ∙ 𝑥2(𝜏)𝑑𝜏

∞

−∞

 

 

(9) 

 

where x1 and x2 is the two signals. The Fourier transform of the convolution integral can then be written 

as 

 𝐹{𝑦(𝑡)} = 𝐹{𝑥1(𝑡)} ∙ 𝐹{𝑥2(𝑡)} 
 

(10) 

 

where F denotes the Fourier transformation [2].  

2.5 Approximation of damping factor 
The resonance frequency appears as peaks in the FRF. For these peaks, the damping ratio can be 

derived using the half-power bandwidth method as 

 
𝜁(𝑓 = 𝑓𝑟𝑒𝑠) =

∆𝐵𝑓

2𝑓𝑟𝑒𝑠
 

 

(11) 

 

where fres is the resonance frequency and ∆𝐵𝑓 is the half-power bandwidth defined as the difference 

between both of the frequencies where the amplitude has decreased with a factor square root of two, 

see Figure 6 [4]. The amplitude at resonance frequency is Ares.  

 

Figure 6. Half-power bandwidth method 
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Another method that can be used is the logarithmic decrement method where the damping ratio can 

be expressed as 

 
𝜁 =

1

√1 + (
2𝜋
𝛿

)
2

 

 

(11) 

 

where δ is the logarithmic decrement defined as  

 
𝛿 =

1

𝑛
ln

𝑥(𝑡)

𝑥(𝑡 + 𝑛𝑇)
 

 

(12) 

 

where the numerator is the amplitude of the first chosen peak and the denominator is the amplitude 

of the last chosen peak that is  n peaks after the first, and T is the period of the waveform, see Figure 

7 [5]. 

 

Figure 7. Logarithmic decrement method 

2.6 1 DOF system 
Many dynamic systems can be described by a 1 degree of freedom (1 DOF) system according to Figure 

8 where k is the spring stiffness, c the viscous damping coefficient and m the component mass, the 

support has the motion x0 [6]. 

 

Figure 8. 1 DOF system 



15 
 

The spring stiffness k can be determined by measure the component mass and its natural frequency fn 

and use equation 13. 

 𝑘 = 𝑚𝜔𝑛
2 

 
(13) 

 

where 𝜔𝑛 is the natural angular frequency calculated based on the natural frequency as 

 𝜔𝑛 = 2𝜋𝑓𝑛 . 
 

(14) 

 

The viscous damping coefficient can be calculated with the measured damping ratio as 

 𝑐 = 2𝑚𝜔𝑛𝜁. 
 

(15) 

 

The 1 DOF system’s FRF can be calculated as  

 
𝐻(𝑖𝜔) =

𝑘 + 𝑖𝜔𝑐 

𝑘 + 𝑖𝜔𝑐 − 𝜔2𝑚
. 

 

(16) 

 

For more information on how to calculate the FRF, see the next section. 

2.7 Mass, spring and damper 2 DOF system 
The system of interest is better described by a 2 degree of freedom (2 DOF) system according to Figure 

9, where k is the spring stiffness and c the viscous damping coefficient. The harmonic excitation is due 

to the movement of the support. 

 

Figure 9. 2 DOF system 

The equations of motion for the 2 DOF system are 

 𝑚1�̈�1 − 𝑐1(�̇�0 − �̇�0) + 𝑐2(�̇�1 − �̇�2) − 𝑘1(𝑥0 − 𝑥1) + 𝑘2(𝑥1 − 𝑥2) = 0 
 

(17) 

 

 𝑚2�̈�2 − 𝑐2(�̇�1 − �̇�2) − 𝑘2(𝑥1 − 𝑥2) = 0 (18) 
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when used with the Laplace transform relations [7] 

 𝐿[𝑥(𝑡)] = �̃�(𝑠) 
 

𝐿[�̇�(𝑡)] = 𝑠 ∙ �̃� − 𝑥(0) 
 
𝐿[�̈�(𝑡)] = 𝑠2 ∙ �̃�(𝑠) − 𝑠 ∙ 𝑥(0) − �̇�(0) 
 

(19) 
 

(20) 
 

(21) 

 

the FRF can be analytically derived to 

 
𝐻(𝑠) =

(𝑐1𝑠 + 𝑘1)(𝑐2𝑠 + 𝑘2)

(𝑚2𝑠2 + 𝑐2𝑠 + 𝑘2)(𝑚1𝑠2 + 𝑐1𝑠 + 𝑘1 + 𝑐2𝑠 + 𝑘2) − (𝑐2𝑠 + 𝑘2)2
 

 

(22) 

with 

𝑠 = 𝑖𝜔 

the FRF can be described in the frequency domain according to 

 
𝐻(𝑖𝜔) =

(𝑐1𝑖𝜔 + 𝑘1)(𝑐2𝑖𝜔 + 𝑘2)

(−𝑚2𝜔2 + 𝑐2𝑖𝜔 + 𝑘2)(−𝑚1𝜔2 + 𝑐1𝑖𝜔 + 𝑘1 + 𝑐2𝑖𝜔 + 𝑘2) − (𝑐2𝑖𝜔 + 𝑘2)2
 

 

(23) 

 

This is a complex function and one way to represent the FRF is to use the amplitude and phase 

according to 

 
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = √𝑅𝑒(𝐻(𝜔))

2
+ 𝐼𝑚(𝐻(𝜔))

2
 

 

𝑃ℎ𝑎𝑠𝑒 = tan−1 (
𝐼𝑚(𝐻(𝜔))

𝑅𝑒(𝐻(𝜔))
) 

(24) 
 

 
(25) 

 

 

The 2DOF system can also be expressed in matrix form as 

 
[
𝑚1 0
0 𝑚2

] [
�̈�1

�̈�2
] + [

𝑐1 + 𝑐2 −𝑐2

−𝑐2 𝑐2
] [

�̇�1

�̇�2
] + [

𝑘1 + 𝑘2 −𝑘2

−𝑘2 𝑘2
] [

𝑥1

𝑥2
] = [

𝑘1𝑥0 + 𝑐�̇�0

0
] 

 

(26) 

and thus 

 𝑴�̈� + 𝑪�̇� + 𝑲𝒙 = 𝑸 
 

(27) 

 

If the damping matrix is linearly related to the mass and stiffness matrix proportional damping can be 

used according to 

 𝑪 = 𝑎𝑴 + 𝑏𝑺 
 

(28) 
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where a and b can be determined by  

 
𝜁𝑖 =

𝑎 + 𝑏𝜔𝑖
2

2𝜔𝑖
 

 

(29) 

[6]. However, the nature of damping in physical systems is hard to determine. Therefore, a simpler and 

more convenient model can be used where the damping ratio for each mode is used to define the 

viscous damping coefficients. By assuming lightly damped systems, 0 ≤ 𝜁𝑖 ≤ 0.2, and dividing 

equation 27 with the mass matrix M it can be written as 

 �̈�𝑁𝑖 + 2𝜁𝑖𝜔𝑛,𝑖�̇�𝑁𝑖 + 𝜔𝑛,𝑖
2 𝑥𝑁𝑖 = 𝑞𝑁𝑖 

 

(30) 

where i=1,2 is the first or second equation of motion and N notes that it has been normalized with 

respect to the mass. Then the viscous damping coefficient can be expressed as 

 𝑐𝑖 = 2𝜁𝑖𝜔𝑛,𝑖𝑚𝑖  

 

(31) 

where mi is the i:th mass, 𝜁𝑖 is derived from the half-power bandwidth method described in section 

(2.5) and the natural angular frequencies for this 2DOF system is given by  

 

𝜔𝑛,𝑖 =
√𝑚1𝑘2 + 𝑚2(𝑘1 + 𝑘2) ± √(𝑚1𝑘2 + 𝑚2(𝑘1 + 𝑘2))

2
− 4𝑚1𝑚2𝑘1𝑘2

2𝑚1𝑚2
 

 

 
(32) 

[8]. 

2.8 Natural frequency and resonance 
Every physical structure has a natural frequency, which is the frequency the structure tends to vibrate 

in when excited by an external force. If the force is dynamic and applied at the structure’s natural 

frequency, it pushes the structure into resonance. At resonance, a small force input creates a large 

displacement output for damping ratios below 50%. This can be seen in the FRF as a peak in the 

amplitude and a 90⁰ negative phase shift. For frequencies under the natural frequency, there is no 

phase shift and for frequencies over the natural frequency there is a 180⁰ phase shift, see Figure 10. 

[9]   

 

Figure 10. Shows that the 90-degree phase coincide with the resonance frequency 
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2.9 TDDI 
The time domain discrepancy index (TDDI) is defined as 

 
𝑇𝐷𝐷𝐼 =

1

𝑞
∑ 𝐺(𝑗)

𝑗

 

 

(33) 

 

where q is the number of compared signals, G(j) is the discrepancy index defined as 

 
𝐺(𝑗) =

∑ (𝑎𝑖,𝑗 − 𝑓𝑖,𝑗)
2

𝑖

∑ (𝑎𝑖,𝑗 − �̅�𝑗)
2

𝑖

 

 

(34) 

 

where a is the experimental signal, f is the simulated signal, j the signal channel index, i the sample 

number and  

 
�̅�𝑗 =

1

𝑁
∑ 𝑎𝑖,𝑗

𝑖

 

 

(35) 

 

[10]. The TDDI is a measure of how well two signals align in the time domain. The denominator is a 

scaling factor in the discrepancy index, which makes it possible to compare two signals with different 

amplitudes.  

2.10 RMS 
The root mean square (RMS) for a sampled signal is defined as  

 

𝜎𝑥 = √
1

𝑁
∑ 𝑥𝑛

2

𝑁−1

𝑛=0

 

 

 
(36) 

where N is the number of samples considered and xn the value of the sample points [4]. The RMS 

indicates how rough the road is and is equal to the square root of the area under the curve in the 

frequency-domain [11].  

2.11 Equivalent fatigue load 
An equivalent fatigue load is the amplitude for a sinusoidal signal that yields the same fatigue 

damage as a specific time signal with non-constant amplitudes [12]. It is a single value to compare 

the damage done from vibrations measured.  

2.12 Difference between equivalent fatigue load and TDDI 
Figure 11 shows the difference between the equivalent fatigue load and the TDDI value. In the left part 

of the figure the TDDI is good, the signals align quite good, but the equivalent fatigue load is worse as 

the amplitudes are different. The right part of the figure shows the opposite, a bad TDDI as the signals 

do not align at all and the equivalent fatigue load is good because they have the exact same amplitudes. 
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Figure 11. Shows difference between TDDI and equivalent fatigue damage load. 

2.14 Probability 
The cumulative distribution function is a function used to describe the distribution of random values 

[13]. In this report, the load is assumed to be lognormal distributed. It describes the trucks probability 

of having a loading less or equal to a certain loading. Each measured truck’s acceleration can be 

assigned a probability value as the approximation of the median rank, given by Bernard’s 

approximation as 

 
𝑀𝑅 =

𝑖 − 0.3

𝑛 + 0.4
 

(37) 

 

where i is the rank of the measured truck’s acceleration and n is the number of measured truck 

accelerations [14]. 

The standard deviation is defined as the amount of data that is within 68% of the population for a 

normal distribution [13].  

2.15 Geometric mean 
The geometric mean derives the central tendency of a set of numbers and is defined as 

 𝑋 = √𝑥1 ∙ 𝑥2 ∙ 𝑥3 ∙ … ∙ 𝑥𝑛
𝑛  

 

(38) 

where x1 to xn are the numbers of which the geometric mean is sought. [15] 

2.16 Correlation 
If two signals are plotted together in the time domain, one with the amplitude plotted on the x-axis 

and one with the amplitude in the y-axis. They together form a cross plot and indicates how well two 

signals are correlated. The time signals could be both acceleration and strain. 

If time signals x and y are uncorrelated, the cross plot looks like a circle or a dot, see Figure 12. Here 

the amplitude of one time signal could give both small and large amplitudes of the other time signal. 

On the other hand, if the two time signals are well correlated the cross plot looks like a rotated ellipse 
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or a straight line, see Figure 13. The rotation shows the ratio between the two signals amplitudes while 

the width shows how well the signals correlated. For higher correlated signals the ellipse is narrower, 

as a high amplitude of one time signal results in a high amplitude of the other time signal as well.  The 

correlation can also be negative, the highest value of x gives the lowest value of y, this is most often 

due to the defined directions of the measurement setup, an example can be seen in Figure 14.  

 

 

Figure 12. Bad correlation 

 

Figure 13. Better correlation 
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Figure 14. Negative correlation 
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3 Methods 
The signals were sampled to 204.8 Hz and filtered to 0.2-100Hz. 

3.1 FRF methods 
First, the input and output to use for calculation of the FRF have to be decided, three different methods 

to choose these were developed, see Table 3. 

FRF method Input Output 

Method 1 Closest frame mounted 
accelerometer in z-direction 

(ARMHZ or ARMVZ) 

Component acceleration in z-
direction (ADDBZ or ALMBZ) 

Method 2 Fictive rigid body motion in z-
direction (FictiveADDBZ or 

Fictive ALMBZ) 

Component acceleration in z-
direction (ADDBZ or ALMBZ) 

Method 3 Closest frame mounted 
accelerometer in x-direction 

(ARMMX), closest frame 
mounted accelerometer in y-

direction (ARMHY) and  
fictive rigid body motion in z-

direction (FictiveADDBZ or 
Fictive ALMBZ) 

Component acceleration in z-
direction (ADDBZ or ALMBZ) 

Table 3. FRF methods 

Method 1 was to compute the FRF between the component acceleration in z-direction (ADDBZ or 

ALMBZ) as output and the closest frame mounted accelerometer (ARMHZ or ARMVZ) as input, see 

Figure 15.  

Method 2 was to use the input as a projection of rigid body motion to the component’s acceleration 

in z-direction, called FictiveADDBZ or FictiveALMBZ. These are the movements of the components if 

the whole system would have been rigid. The projected rigid body motion of the component is based 

on the bounce and roll movements that in turn are based on the measured accelerations of the ARMVZ 

and ARMHZ, see Figure 15 and equation 39-42. This fictive rigid body motion should be more similar 

to the movement of the component than the closest frame mounted accelerometer, as it accounts for 

the roll motion of the frame. Thus Method 2 should, in theory, yield better results than Method 1. 
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Figure 15. Shows illustrations of the three methods and an explanation of the cross section  

The projected rigid body movements are calculated as 

 𝐹𝑖𝑐𝑡𝑖𝑣𝑒𝐴𝐷𝐷𝐵𝑍 = 𝑥𝑟𝑜𝑙𝑙 ∙ 𝐿𝐴𝐷𝐷𝐵𝑍 + 𝑧𝑏𝑜𝑢𝑛𝑐𝑒 
 

𝐹𝑖𝑐𝑡𝑖𝑣𝑒𝐴𝐿𝑀𝐵𝑍 = −𝑥𝑟𝑜𝑙𝑙 ∙ 𝐿𝐴𝐿𝑀𝐵𝑍 + 𝑧𝑏𝑜𝑢𝑛𝑐𝑒 
 

(39) 
 

(40) 

where 

  

𝑥𝑟𝑜𝑙𝑙 =
𝐴𝑅𝑀𝐻𝑍 − 𝐴𝑅𝑀𝑉𝑍

2𝑏
 

 

𝑧𝑏𝑜𝑢𝑛𝑐𝑒 =
𝐴𝑅𝑀𝐻𝑍 + 𝐴𝑅𝑀𝑉𝑍

2
 

 

 
(41) 

 
 

(42) 

and b is half the width of the frame, Xroll is the rotational movement around the x-axis of the chassis 

and Zbounce is the bounce movement in the chassis z- direction.   

Method 3 was to use three inputs and one output; one input each for acceleration of the frame in x- 

and y-direction (ARMMX and ARMHY) and projected rigid body motion (FictiveADDBZ or 

FictiveALMBZ), one output of components acceleration in z-direction (ADDBZ or ALMBZ), see Figure 

15. Method 3 have more input than Method 1 and 2, therefore it will have more contributions in the 

coherence function, which should result in a higher multiple coherence. Thus, Method 3 should, in 

theory yield better results than Method 1 and 2.  

3.2 Experimentally based model 
When calculating the FRF according to the methods in section 3.1, inputs and outputs must be chosen 

from experimental data. Calculating the FRF in this way is referred to as the experimentally based 

model. Studies used to find which of the three methods that work best for the experimentally based 

model will be presented in this section.      
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3.2.1 Stability between runs 
For Method 1 and 3 the stability and robustness of the FRF were investigated. The FRF was plotted for 

the different runs over the obstacles to see how the FRF differentiated between the different runs. It 

was hypothesized that the FRF for all runs would be a mean of all the individual runs, but this was not 

the case. At some frequencies, the FRF for all runs was the minimum and far from the mean, see Figure 

16 and Figure 17 where examples of these areas are shown with an arrow. The reason for the higher 

spread of the FRF in these areas is due to the low coherence there, the component response is not 

well coupled which results in a spread. However, the spread generally occurred at frequencies where 

the amplitude of the FRF was lower, it was especially true for the FRF between the FiktiveADDBZ and 

ADDBZ, see Figure 18. The spread was much lower at frequencies with higher amplitudes, which is 

desirable, because it is the part of the FRF that is the most influential on the behavior of the system. 

 

Figure 16. FRF:s between ADDBZ and ARMMX, arrow points on the FRF for all runs where it is the minimum and not the 
mean 

 

Figure 17. FRF:s between ADDBZ and ARMHY, arrow points on the FRF for all runs where it is the minimum and not the mean 
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Figure 18. FRF:s between ADDBZ and FictiveADDBZ, the arrow points to the highest amplitude where the spread is less 

 

3.2.2 Coherence  
The coherence was plotted to see how well the different input signals were coupled as function of 

frequency to the output signal ADDBZ. It was observed that the Fictive component movement had the 

highest coherence, however for frequencies over 16 Hz the coherence was low. The ARMHY had its 

highest coherence at the resonance frequency, other than that it had low coherence. For ARMMX the 

coherence was mainly high for frequencies over 25 Hz. In Figure 19 to Figure 21, the partial coherence 

of these channels are plotted together with the multiple coherence for Method 3.  

 

Figure 19. Partial coherence between ARMMX and ADDBZ is plotted in blue while the multiple coherence is plotted in black  
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Figure 20. Partial coherence between ARMHY and ADDBZ is plotted in blue while the multiple coherence is plotted in black 

 

Figure 21. Partial coherence between FictiveADDBZ and ADDBZ is plotted in blue while the multiple coherence is plotted in 
black 

The coherence function could also give a picture of the dynamics of the truck when it drives over the 

obstacle. By plotting the coherence of the bounce and roll movement it is possible to determine which 

movement is dominant at what frequency. The bounce movement is dominant at the lowest 

frequencies and around 11 Hz, while the roll is dominant at 4-9 Hz and 12-16 Hz, see Figure 22. For 

higher frequencies, the component is instead dominated by some other movement. 
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Figure 22. Partial coherence between roll and ADDBZ (blue) and between bounce and ADDBZ (black) 

3.2.3 Estimated output   
To investigate the FRF:s quality, the convolution between the FRF and the input was calculated. This 

yields a new calculated output called estimated output. The estimated output was then compared to 

the real measured output to see how well they matched in equivalent fatigue load and in TDDI. In this 

way, Methods 2 and 3 were compared as well as the H1, H2 and Hv estimators. Method 1 is not well 

investigated in this report. However, the coherence between the component response and the input 

is a bit lower for the input in Method 1 compared to the input in Method 2, suggesting that Method 1 

is similar but not as good as Method 2, see Figure 23. 

 

Figure 23. Coherence between ADDBZ and the inputs for Method 1 (black) and Method 2 (blue) 
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3.2.4 Selection of FRF estimator 
To decide which FRF estimator to use (H1, H2 or Hv), each estimator was used for both components 

(ADDBZ and ALMBZ) and for the four trucks Sälen, Eagle, Dijon and Helena. This resulted in Table 4 and 

Table 5, where the equivalent fatigue load is given as the estimated output relative to the measured 

output. In these tables, an equivalent fatigue load close to 100% and a TDDI close to 0 is desirable, as 

it indicates a good combination of FRF estimator and FRF method. 

In Table 4, Method 2 is presented with the estimators Hv0% to Hv75% with an increment of 25%; 

Hv100% is not presented as it resulted in unreasonably high values. In Table 5, Method 3 is presented 

with the estimators Hv0% to Hv50% with an increment of 25%; Hv75% and Hv100% is not presented 

as it resulted in unreasonably high values.   

 

Method 2 Hv0% Hv25% Hv50% Hv75% 

Sälen ADDBZ:     
Equivalent fatigue load 80,9 86,3 95,5 123,6 

TDDI 0,259 0,266 0,324 0,82 

Sälen ALMBZ:     
Equivalent fatigue load 74,4 85,1 102,6 141,7 

TDDI 0,387 0,401 0,493 1,015 

Eagle ADDBZ:     
Equivalent fatigue load 60,6 74,2 94,5 130,5 

TDDI 0,554 0,58 0,723 1,284 

Eagle ALMBZ:     
Equivalent fatigue load 67 77,4 97,7 143,9 

TDDI 0,353 0,368 0,46 0,881 

Dijon ADDBZ:     
Equivalent fatigue load 61,8 74,2 95,3 141,7 

TDDI 0,515 0,537 0,692 1,585 

Dijon ALMBZ:     
Equivalent fatigue load 70,5 80,8 94,7 116 

TDDI 0,393 0,406 0,471 0,687 

Helena ADDBZ:     
Equivalent fatigue load 86,2 89,9 97 114,1 

TDDI 0,202 0,21 0,267 0,542 

Helena ALMBZ:     
Equivalent fatigue load 73,8 82,4 96,4 131,3 

TDDI 0,368 0,383 0,479 1,198 

Mean of ADDBZ:     
Equivalent fatigue load 72,375 81,15 95,575 127,475 

TDDI 0,3825 0,39825 0,5015 1,05775 

Mean of ALMBZ:     
Equivalent fatigue load 71,425 81,425 96,56647 133,225 

TDDI 0,37525 0,3895 0,47575 0,94525 

 

Table 4. Method 2 with different FRF estimators used on the four trucks  
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Method 3 H1  Hv 25 % Hv 50% 

Sälen ADDBZ:    
Equivalent fatigue load 89,7 91,5 97,2 

TDDI 0,154 0,168 0,209 

Sälen ALMBZ:    
Equivalent fatigue load 82,6 86,2 97 

TDDI 0,222 0,23 0,283 

Eagle ADDBZ:    
Equivalent fatigue load 79,9 84,5 92,4 

TDDI 0,24 0,259 0,314 

Eagle ALMBZ:    
Equivalent fatigue load 84,3 84,6 90,5 

TDDI 0,157 0,169 0,214 

Dijon ADDBZ:    
Equivalent fatigue load 74,5 81,2 96,5 

TDDI 0,294 0,318 0,42 

Dijon ALMBZ:    
Equivalent fatigue load 89,3 88,4 90 

TDDI 0,123 0,132 0,165 

Helena ADDBZ:    
Equivalent fatigue load 86,2 87,4 92,9 

TDDI 0,192 0,208 0,262 

Helena ALMBZ:    
Equivalent fatigue load 81,8 87 100 

TDDI 0,228 0,259 0,355 

Mean of ADDBZ:    
Equivalent fatigue load 82,575 86,15 94,75 

TDDI 0,22 0,23825 0,30125 

Mean of ALMBZ:    
Equivalent fatigue load 84,5 86,55 94,375 

TDDI 0,1825 0,1975 0,25425 

 

Table 5. Method 3 with different FRF estimators used on the four trucks 

It can be noticed that Hv for 50% yielded the best relative equivalent fatigue load values, but H1 yielded 

lower TDDI. For this project, it was decided that equivalent fatigue load is more important than TDDI 

as long as the PSD looks right and have the peaks at the correct frequency. This decision was based on 

the assumption that the load analysis is one-dimensional, but also the fact that applying the FRF:s on 

the synthetic signal would result in much higher TDDI values anyway, then the equivalent fatigue load 

would be more relevant as it gives the more correct loading. 

Also, Hv 50% is a mean of H1 and H2, and when the coherence was lower the H1 and H2 estimates can 

spread a lot, see Figure 24 and Figure 25. In these areas, it should be much safer to use the mean value 

that does not go to any extreme values as H1 and H2. Therefore, the Hv 50% was chosen for the rest 

of the work.  
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Figure 24. FRF between ADDBZ and FictiveADDBZ with H1 (black), Hv 50% (blue), H2 (black)  

 

Figure 25. Coherence between ADDBZ and FictiveADDBZ 

 

3.2.5 Synthetic signal 
It was desirable to investigate the synthetic signal characteristics, before applying it on an FRF and 

calculating a standardized output. One question was if the input signal characteristics in the time-
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domain or the frequency-domain were most important; for example, if it has wrong characteristics in 

the frequency-domain and the right characteristics in the time-domain, does it still work? Studies to 

investigate these questions where therefore performed.  

Randomized input signals  

First, 10 random time history signals were generated, all with the same PSD as the measured input, 

see Figure 26. The random signals were generated with the “Gaussian Random” algorithm with the 

periodic mode of 5 averages per channel in RPC Pro. 

 

Figure 26. PSD of measured input and 10 random generated time histories, which are almost the same 

These random signals were then used as input in the convolution with the FRF to calculate another 

estimated output, called random estimated input. This random estimated output was then compared 

to the estimated output that was calculated based on the measured input. The random estimated 

output had all almost the same PSD as the estimated output PSD, see Figure 27. This was also 

confirmed by the RMS ratios that were almost 1, see Table 6, where the RMS ratio is the RMS of the 

random estimated output divided by the RMS of the estimated output.  
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Figure 27. PSD of the estimated output and the 10 estimated outputs based on random inputs 

 

Random signal RMS ratio 

Nr1 1.01 

Nr2 1.00 

Nr3 1.01 

Nr4 1.00 

Nr5 1.01 

Nr6 1.01 

Nr7 1.01 

Nr8 1.01 

Nr9 1.00 

Nr10 1.00 
 

Table 6. RMS ratio of the estimated output and the 10 estimated outputs based on random inputs  

 

However, when looking at the equivalent fatigue load of the 10 random estimated outputs, they had 

generally only 85% of the damage compared to the estimated output based on the measured signal, 

see Table 7.  
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Equivalent 
fatigue load ratio: Sälen ADDBZ Sälen ALMBZ Eagle ADDBZ 

Nr1 86% 86% 83% 

Nr2 86% 85% 83% 

Nr3 86% 86% 82% 

Nr4 87% 87% 83% 

Nr5 86% 87% 83% 

Nr6 86% 86% 83% 

Nr7 86% 87% 83% 

Nr8 87% 88% 83% 

Nr9 87% 86% 84% 

Nr10 85% 86% 82% 
 

Table 7. Equivalent fatigue load ratio of the estimated output and the 10 random estimated outputs 

This must be due to the difference of characteristics between the measured and the random signals, 

due to the similarities in the frequency domain. When comparing the randomized and the measured 

input, the measured input was found to have a higher crest factor, see Figure 28 and Figure 29 (note 

that the scales are the same in both figures). The crest factor is the peak value divided by the RMS. 

 

Figure 28. Measured input time signal 

 

Figure 29. Randomized input time signal 
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From this study, the characteristics in the time domain of the input signal seem to be more important 

than the characteristics in the frequency domain.    

Sälen’s FRF vs input on different measurements  

To further investigate the question of whether the signals characteristics in the time domain or the 

frequency domain was more important when calculating the output response, one specific truck was 

chosen; Sälen. The FRF from this truck was used to calculate the estimated output with the input 

signals from three other trucks; Eagle, Dijon and Helena. This estimated output was compared to 

Sälens measured output, see Table 8.  

  

Input 
FRF from 

Equivalent 
fatigue 
load ratio 

RMS 
ratio 

Eagle 
FictiveADDBZ 

Sälen 
ADDBZ 77% 75% 

Eagle 
FictiveALMBZ 

Sälen 
ADDBZ 109% 106% 

Dijon 
FictiveADDBZ 

Sälen 
ADDBZ 74% 75% 

Dijon 
FictiveALMBZ 

Sälen 
ADDBZ 115% 104% 

Helena 
FictiveADDBZ 

Sälen 
ADDBZ 97% 93% 

Helena 
FictiveALMBZ 

Sälen 
ADDBZ 80% 75% 

Mean error  16% 15% 
 

Table 8. Estimated outputs compared to Sälen's measured output 

 

Also, the input from Sälen was used with the FRF of the trucks Eagle, Dijon and Helena to calculate an 

estimated output. This output was also compared to Sälen’s measured output, see Table 9.  

 

Input FRF from 

Equivalent 
fatigue 
load ratio 

RMS 
ratio 

Sälen 
FictiveADDBZ Eagle ADDBZ 68% 67% 
Sälen 
FictiveALMBZ Eagle ALMBZ 100% 92% 
Sälen 
FictiveADDBZ Dijon ADDBZ 88% 87% 
Sälen 
FictiveALMBZ Dijon ALMBZ 131% 121% 
Sälen 
FictiveADDBZ 

Helena 
ADDBZ 109% 108% 

Sälen 
FictiveALMBZ 

Helena 
ALMBZ 117% 94% 

Mean error  15% 14% 
 

Table 9. Estimated outputs compared to Sälen's measured output 
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The result of this study shows that the RMS ratio of the estimated output and the measured output 

correlates quite well with the equivalent fatigue load ratio, as long as the time history characteristics 

of the input signals are similar, see Table 8 and Table 9. Contrary to the “Random input signal” study, 

it seems like the input signal’s characteristics in the frequency domain are more important than in 

the time domain. 

Difference between two last studies, input PSD vs time history, and how it correlates to the synthetic 

signal  

The “Random input signal” and “Sälen’s FRF vs input on different measurements ” studies show that 

the input’s characteristics both in the time and frequency domain are important. The randomized 

signals had the correct characteristics in the frequency domain, while the test track inputs had the 

correct characteristics in the time domain with the number of peaks it should have. However, it was 

shown that one of them was not enough; the characteristics need to be correct in both the frequency 

domain and in the time domain. 

The synthetic signal seems to have the right characteristics in the time domain, it should have the 

correct amount of peaks as it is built on measurements from the test track, see Figure 30. But, it has 

the wrong characteristics in the frequency domain, its input PSD misses the peaks and instead smooths 

out the PSD, see Figure 31. This is probably due to it missing something called in this report as 

“contamination effects” which will be discussed in the next section. 

 

Figure 30. Time signal of synthetic signal’s FictiveADDBZ 

 

Figure 31. PSD of FictiveADDBZ for synthetic signal (blue) and measured signal (black) 
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3.3 Contamination effects 
When the frame starts to vibrate, it induces vibrations into the attached components. If the 

component’s mass is small enough, its vibrations will be mostly determined by its eigenfrequency and 

will not affect the frame. This is not the same for heavier components such as a silencer, battery box 

or fuel tank. These components are so heavy that their vibrations will affect the frame’s vibration, and 

thus affecting other nearby components as well as the heavy component itself. This is what is called as 

“contamination effects” in this report and is demonstrated in Figure 32.  

 

Figure 32. PSD of frame (blue) is contaminated from the components in resonance and will results in contamination effects 
in the PSD of the component  

On Scania’s test track complete trucks are driven fully assembled. This means that the vibrations of the 

truck will have these contamination effects, which results in contamination effects in the experimental 

FRF. However, for the synthetic signal, the contamination effects are eliminated as the signal is 

averaged. The extra peaks and valleys from the contamination effect appear at different frequencies 

in the PSD due to the different truck configurations, with averaging these extra peaks and valleys are 

smoothened out. The synthetic signal must be combined with an FRF to be able to calculate 

standardized component signals. However, combining the contamination-free input from the synthetic 

signal with the contaminated FRF from measurements can be a bit problematic as it induces an extra 

error. 

To avoid this error, an approach was developed, which is described below. Note that this approach is 

based on experience using the rigs but does not have a theoretical background justifying it. 

Calculate the RMS for the measured truck input and the RMS for the synthetic signal input, then 

calculate the ratio between them as 

 
𝑅𝑀𝑆𝑟𝑎𝑡𝑖𝑜 =

𝑅𝑀𝑆𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑡𝑟𝑢𝑐𝑘 𝑖𝑛𝑝𝑢𝑡

𝑅𝑀𝑆𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑐 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑝𝑢𝑡
 

 

(43) 
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Then take this ratio and multiply it with the synthetic signal input to calculate an RMS compensated 

input as 

 𝑆𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑐 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑝𝑢𝑡(𝑅𝑀𝑆 𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑) = 𝑅𝑀𝑆𝑟𝑎𝑡𝑖𝑜 ∙ 𝑆𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑐 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 
 

(44) 

where the synthetic signal input (RMS compensated) has the same RMS value as the measured truck 

input. Then, derive the non-contaminated measured truck input both the synthetic signal input (RMS 

compensated) and the measured truck input are plotted together. The peaks of the measured truck 

input that are above the synthetic signal input (RMS compensated) are assumed to be contamination 

effects and are therefore removed according to the schematic Figure 33. Notice here that the input 

removal is quite rough regarding the amplitudes it takes off, it is basically just a straight line. The inputs 

for this study are the three inputs given by Method 3, this gives a 3x3 matrix as input. 

 

Figure 33. Schematic figure that shows how to remove the contamination in the input signal 

The non-contaminated measured truck input is then used to calculate the FRF according to the 

equation for the Hv 50% estimator, this new FRF is the non-contaminated FRF. The non-contaminated 

FRF can then be used to calculate the output with the convolution of the synthetic signal input(RMS 

compensated).  

This approach was only tested theoretically and was not validated in the rig due to limited time. The 

result of the contamination study is shown in Section (4.1). 

3.4 Method 2 and 3 on synthetic signal 
Experimental FRF:s based on Method 2 and 3 were applied to the RMS compensated synthetic signal, 

the result of the relative load can be seen in Table 10. Method 2 performed better than Method 3 

when applied to the synthetic signal, the loading when using Method 3 was extremely low, while 

Method 2 resulted in a reasonable load.  
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Equivalent 
fatigue load 

ratio Method 2 Method 3 

Sälen 93,2 67,8 

Eagle 95,1 78,8 

Dijon 113,9 103,9 

Helena 108,4 77,8 
Table 10. Relative equivalent fatigue load values for method 2 and 3 based FRF:s applied to the synthetic signal(RMS 

compensated) 

The plots in Figure 34 and Figure 35 shows examples of the PSD for the measured ADDBZ and Method 

2 respective 3 applied to the RMS compensated synthetic signal. These plots show that Method 2 

capture the resonance frequency better. Method 3 has no real peak; it is smeared out and the loading 

is extremely low. Method 2 on the other hand, has a peak with the correct amplitude, although it is 

not perfect as it occurs at a different frequency. 

From this study, it was shown that Method 3 works very badly with the synthetic signal and Method 2 

works a bit better. The results may improve and become very different if the contamination free 

approach is used.  

  

Figure 34. PSD of Sälen’s ADDBZ for measured (black), Method 2 (blue) and Method 3 (green) based FRF:s applied on 
synthetic signal(RMS compensated) 
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Figure 35. PSD of Helena’s ADDBZ for measured (black), Method 2 (blue) and Method 3 (green) based FRF:s applied on 
synthetic signal(RMS compensated) 

3.5 Analytical model   
Another method to avoid the contamination effects in the FRF is to develop a purely analytical model. 

An analytical model also has the strength that it is possible to know exactly why the model behaves as 

it does, and it is also easy to control the behavior by changing parameters. 

The analytical model is chosen to be a 2DOF system as shown in section (2.7). The idea was to let one 

part represent the frame connection and the other the component. The parameters k1 and c1 represent 

the stiffness and damping of the frame connection while the parameters m2, k2 and c2 represent the 

mass, stiffness and viscous damping of the component. The rigid support represents the frame. 

 

Figure 36. Analytical model 
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Notice that the mass m1 from the 2 DOF system is removed, this is because the frame connection is 

massless. The FRF according to equation 23 can be then be rewritten to  

𝐻(𝑖𝜔) =
(𝑐1𝑖𝜔 + 𝑘1)(𝑐2𝑖𝜔 + 𝑘2)

(𝑐2𝑖𝜔 + 𝑘2)(𝑐1𝑖𝜔 + 𝑘1 + 𝑐2𝑖𝜔 + 𝑘2) − (𝑐2𝑖𝜔 + 𝑘2)2
 . 

This comes with one problem, with the mass m1 at zero both of the systems natural frequencies 

become infinite according to equation 32, this is due to the modes depend on both masses. When the 

mass m1 is removed, its modes can no longer be considered as the modes of a 2 DOF system. The 

viscous damping coefficients can no longer be calculated with equation 31.  

To find reasonable parameters for the analytical model two approaches where used; the spring 

stiffness parameters were calculated with eigenfrequencies from an FE-model while the viscous 

damping parameters investigated with experimental methods and parameter studies. 

The component that was chosen for the analytical model is the silencer, as it was the component tested 

in the rig.    

3.5.1 FE-model  
With help from the strength simulation department NXDS at Scania, an FE-analysis was performed on 

the silencer and frame. To calculate the eigenfrequency of the silencer is was clamped at the red dots 

shown in Figure 37.   

 

Figure 37. FE-model of silencer, it is clamped to the red dots 

To calculate the eigenfrequency of the frame connection the silencer was modeled as rigid with the 

frame fixed according to the boundary conditions of the test rig (the test rig used for the 

experimental verification, see section (3.6)), see Figure 38.  
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Figure 38. FE-model of the frame connection, the frame is clamped in the red areas  

The results from this analysis can be seen in Table 11, the eigenfrequency was performed to find the 

eigenfrequencies in the z-direction. 

Modeled part Eigenfrequency [Hz] 

Silencer 39.54 

Frame connection 17.44 
Table 11. Results from the eigenfrequency analysis 

The two FE-models are equivalent to the two 1 DOF systems shown in Figure 39. Both 1 DOF systems 

are equivalent to the analytical model with the stiffness of the silencer respective the stiffness of frame 

connection set to infinite.  

 

Figure 39. 1 DOF systems equivalent to the FE-models 

With the use of the eigenfrequencies from the FE-model, the stiffnesses can be calculated with 

equation 13 as 

𝑘1 = 𝑚𝜔𝑛,𝑓𝑟𝑎𝑚𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛
2  

and  

𝑘2 = 𝑚𝜔𝑛,𝑠𝑖𝑙𝑒𝑛𝑐𝑒𝑟
2  . 
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The results from this study can be seen in Table 12, notice that the stiffness in the silencer is quite 

much higher than the stiffness of the frame connection. 

Spring stiffness parameter Stiffness [MN/m] 

k1 1.6811 

k2 8.6409 
Table 12. Stiffness parameters for the analytical model 

3.5.2 Damping based on experimental data 
To estimate the viscous damping coefficients three methods were tried, here will a short description 

of the methods be explained, and the results will be given.   

3.5.2.1 Impact hammer 

With help from the strength testing department NMBT modal testing with an impact hammer was 

performed. To first measure the damping ratio of the silencer it was mounted on a small frame part 

tightly clamped on the floor as seen in Figure 40, it was the closest fixture to a fixed mounting possible 

that could be achieved with the available equipment.  

 

Figure 40. Setup for measuring the damping ratio of the silencer  

To measure the damping ratio for the frame connection, the silencer was instead mounted on the 

frame, see Figure 41. 
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Figure 41. Setup for measuring the damping ratio for the frame connection 

The measurements were performed by hitting the silencer with the hammer along the red lines in 

Figure 42. The acceleration was measured in x-, y- and z-direction with an accelerometer, as shown in 

Figure 43 and Figure 44. The same measurement setup was used for both measurements.  

 

Figure 42. The hammer impacted the silencer along the red lines  
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Figure 43. Location of the accelerometer 

 

 

Figure 44. Accelerometer 

With the force from the impact hammer as input and acceleration as output, an FRF was derived. By 

using the half-power bandwidth method, the damping was calculated. The resulting FRF:s can be seen 

in Figure 45 and Figure 46 and the damping can be seen in Table 13. 

 

Figure 45. FRF silencer mounted on frame 
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Figure 46. FRF silencer mounted on floor 

Measured part Damping factor [%] 

Damping ratio of silencer 1.31 

Damping ratio of frame connection 3.27 
 

Table 13. Damping ratios derived 

When applying these damping ratios on the analytical model, the FRF got very high amplitude values 

compared to the experimentally based FRF:s, there are two reasonable explanations for this. First, the 

damping measurement for the frame connection may be too low because the frame was mounted in 

the rig and missing components that will increase the damping factor. Also, the impact hammer was 

quite small. Maybe it was too small to excite the structure in the correct mode. 

3.5.2.2 Excitation on test tack 

Because of the probably underestimated damping factor in the previous study, measurements from 

the test track on the complete truck Rekna was used.  

On Scania’s test track, there is a sharp obstacle that gives a transient impact. By analyzing 

measurements done at Rekna’s silencer, as Rekna going over the obstacle, it is possible to use the 

logarithm decrement method to determine the damping factor for the whole system. The 

measurements are very noisy and to combat this problem, various filters were used to make it possible 

to find the resonance. However, it is unclear which filter to use, many variants worked to get proper 

logarithmic decrement plots but they gave different damping ratios, see Figure 47. The truck did 6 runs 

over the sharp obstacle and the result also depended on these individual runs, see Figure 48. The 

different filters and runs induced a significant spread of the damping factor, as can be seen in Table 

14.  
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Figure 47. Shows from left to right three time history plots for run 6, at filters 10-20 Hz, 10-15 Hz and 11-14 Hz 

 

Figure 48. Shows from left to right the time histories for run 4 and run 6 with a filter 11-14 Hz 

 

Run Filter [Hz] Damping ratio [%] 

1 5-20 6.64 

4 11-14 2.84 

5 10-20 8.88 

5 10-15 9.34 

6 10-20 4.15 

6 10-15 9.37 

6 11-14 7.33 
Table 14. Damping ratios using the logarithmic decrement method on different runs with different filters 

3.5.2.3 Half-power bandwidth method on experimentally based FRF:s  

Another used method to estimate the damping ratio was to use the half-power bandwidth method on 

the experimentally based FRF between the FictiveADDBZ and ADDBZ. This method was used on Sälen, 

Eagle, Dijon, Helena and Rekna trucks. One problem was to find the resonance frequency; the peaks 

in the amplitude plots did not coincide with the negative 90⁰ phase shifts in the phase plots. Some 

FRF:s even had multiple peaks and the signals are quite noisy and the system is not a perfect 1 DOF 

system but a very complex system, see Figure 49 for an example. The Sälen truck even had a positive 

phase shift instead of a negative, but the cause was not further studied in this work. The truck Rekna 

had a very interesting FRF; it had almost no peaks making the damping factor difficult to estimate.  

The half-power bandwidth method is also sensitive to noise; to avoid this problem a least-square fit 

was used for the amplitude. For Sälen and Helena, it was possible to fit a 1 DOF system’s FRF. However, 

for the other FRF:s it was not possible to fit the 1 DOF FRF; the damping was overestimated because 

the experimental FRF had smaller half-power bandwidth than the 1 DOF FRF for the same amplitude, 

for an example see Figure 50 where this method is used on Eagle’s FRF. Therefore, a 2nd polynomial 

least square fit was instead performed on the other FRF:s. Table 15 shows that the spread of the 
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damping factor was also here very great. The frequency column in Table 15 marks for which frequency 

the least-square fit was used, so that only the peaks were fitted to the function.  

 

Figure 49. Rekna’s FRF, the peak amplitude does not coincide with the 90 degree phase shift 

 

 

Figure 50. Least-square fit of Eagle’s FRF (blue) with a 1 DOF system (red) 

Truck Function fitted Frequency [Hz] Damping ratio [%] 

Sälen 1 DOF FRF 0.6-40 8.44 

Helena 1 DOF FRF 0.6-40 7.10 

Eagle 1 DOF FRF 13.8-18.6 18.47 

Eagle 2nd degree polynomial 13.8-18.6 10.05 

Dijon 2nd degree polynomial 12-15 11.10 

Dijon 2nd degree polynomial 15.2-16 2.92 

Dijon 2nd degree polynomial 19-20 2.47 

Rekna 2nd degree polynomial 15-20 10.90 
Table 15. Shows the damping factor for the FRF:s 

3.5.3 Parameter studies 
From the three previous studies, it can be seen that the spread of the damping is very great, thus it 

proves to be extremely difficult to derive the proper damping factor from experimental 

measurements. Therefore, two parameter studies were performed. 
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3.5.3.1 Parameter study 1 

In the first parameter study, the FRF was calculated for some damping factors to see how they affect 

the FRF. The viscous damping factors were calculated with equation 45 and 46 

 𝑐1 = 2𝑚2𝜔𝑛,𝑓𝑟𝑎𝑚𝑒 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝜁1 

 
𝑐2 = 2𝑚2𝜔𝑛,𝑠𝑖𝑙𝑒𝑛𝑐𝑒𝑟𝜁2 

 

(45) 
 

(46) 

 

where ζ1 and ζ2 is the damping factor for the frame connection respective the silencer. It was shown 

that the damping in the silencer was of less importance compared to the damping in the frame 

connection. With the damping ratio in the silencer set to a constant value of 10% and varying the 

damping ratio in the frame connection with 1, 10 and 20% has a great impact on the FRF, see Figure 

51. On the other hand, keeping the damping ratio of the frame connection at 10% while varying the 

damping ratio in the silencer with 1, 10 and 20%  does not yield a dramatic difference, the see Figure 

52. This is because the silencer is approximately 5 times stiffer than the frame connection, thus most 

of the movement is in the frame connection. Increased or decreased damping in the silencer will 

therefore not affect the result very much because the movement there is so small compared to the 

movement in the damper. Also, the silencer has much higher eigenfrequency and is, therefore, moving 

more like a rigid body. This is another reason why the damping in the silencer will not affect the FRF 

very much. 

 

Figure 51. FRF with damping factor set at 10% for the silencer and varying the damping in the frame connection has great 
impact on the FRF 
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Figure 52. FRF with damping factor set at 10% for the frame connection and varying the damping in the silencer has less 
impact on the FRF 

3.5.3.2 Parameter study 2 

By plotting the analytical FRF with varying damping of 5, 10 and 20%, and compare them to the 

experimentally based FRF, it is possible to see what damping is reasonable. The damping in the silencer 

is set to equal to the damping in the frame connection, as the damping in the silencer was shown to 

be less important in the previous study. In Figure 53 it is shown that the 5-20% damping range covers 

most of the experimental FRF:s. The experimentally based FRF plotted here are based on the test track 

measurements for Sälen, Eagle, Dijon, Helena and Rekna. 

 

Figure 53. Analytical based FRF with different damping ratios compared with the experimentally based FRF which is based 
on test track measurements.  
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3.5.4 Final damping ratios 
The damping ratios chosen for the analytical model are given in Table 16.  

Damping ratio number Damping ratio [%] 

1 5 

2 10 

3 20 
 

Table 16. Final damping ratios 

These damping ratios were chosen partly because a good measure of the damping was not found and 

partly because we wanted to examine how the damping ratio affects the results in the experimental 

part. Also, it seems from parameter study 2 that the actual damping ratio seems to be in the interval 

of 5-20 percent. 

3.6 Measurements in test rig 
Up to this point, all the investigations have built on the measured accelerations in different locations 

on the trucks. The reason for using accelerations is that they can tell a lot about a structure’s behavior. 

However, the accelerations are bad at telling something about the fatigue damage they create.  

To investigate this damage and the best model, an experimental study was conducted with a shake 

test. Chosen signals were reproduced in the rig with the accelerometers were placed on the specimen, 

the measured channels during the test can be seen in Table 17. The types of accelerometers and strain 

gauges can be found in appendix B. 

Mounted 
accelerometers 

Measured 
channels 

Expression 

ARMVZ ARMVZ [1] 

ARMMX ARMMX [2] 

ARMHZ ARMHZ [3] 

ARMHY ARMHY [4] 

ADDBZ ADDBZ [5] 

ADDBY ADDBY [6] 

ADDBX ADDBX [7] 

 LD Rel Z [5]-[3] 

 LD Rel X [7]-[2] 

 Frame roll ([3]-[1])/0.86 

 Bounce ([1]+[3])/2 
Table 17. Accelerometers mounted and channels measured during the test 

The component that was chosen to be tested in the rig was a silencer, it was mounted in the truck 

frame that was mounted in the rig according to the schematic Figure 54. The shake rig is a 4-channel 

rig and thus has 4 hydraulic actuators that can displace the truck chassis. The rig has one hydraulic 

actuator in the x-direction, y-direction and has 2 hydraulic actuators in the z-direction. It can, 

therefore, bounce the truck chassis in x-,y- and z-direction and roll it around the x-axis. 
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Figure 54. Schematic figure of the shake rig 

The strain gauges are positioned on both sides on both silencer attachments according to Figure 55 

and their name explanation can be found in Table 18. 

 

Figure 55. Schematic figure of the mounted strain gauges on the silencer attachment 

Name Description 

TFOU Strain Front Over Out 

TFOI Strain Front Over In 

TFNU Strain Front Down Out 

TFNI Strain Front Down In 

TBOI Strain Back Over In 

TBOU Strain Back Over Out 

TROIV Strain Rosette In Left 

TROIC Strain Rosette In Center  

TROIH Strain Rosette In Right 
Table 18. Name explanation of the strain gauges 

In Figure 56 to Figure 59 some pictures of the rig is shown. 
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Figure 56. Silencer in rig 

 

Figure 57. Hydraulic actuators for displacement in z-direction in rig 

 

Figure 58. Hydraulic actuator for displacement in x-direction in rig  
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Figure 59. Hydraulic actuator for displacement in y-direction in rig 

3.7 Iteration 
In Figure 60 below, the iteration scheme is shown. 

 

Figure 60. Iteration scheme 

To iterate the rig, first the hydraulic actuators are run with a random white noise signal in x, y and z-

direction, this yields a response on the accelerometers on the truck and the component. With the input 

X(t) as the hydraulic actuators displacement in millimeters and the output Y(t) as the acceleration of 

the frame in meter per square second, it is possible to derive the H1 FRF for the rig according to 

equation 4. Using the desired signal as output Y(t) and multiplying it with the inverse of the FRF derives 

a first guess of the input hydraulic actuators displacement needed for the desired signal. The desired 

signal is the accelerations of the frame and component, it will be more discussed in section (3.9). By 

running the rig on the first guess of the input, new accelerations of the frame and component will be 

measured, this is the new output. If the system had been perfectly linear, this new output would have 

been exactly the same as the desired signal. However, the tested system contains some non-linearities 

so the new output differs from the desired output, although the new input is a good first guess.  
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To find a better input, first, the response error needs to be calculated, this is the difference between 

the desired signal and the new output. If the whole response error is used during the correction the 

iteration converges fast, but the response can become unstable which will result in a divergence of the 

iterations. Therefore, a value called gain is chosen as less than one. The gain is multiplied with the 

response error, this product is then multiplied with the inverse of the inverted FRF which gives the 

correction. The new input is the addition of the input from last iterations and the correction. The 

iteration is complete when the response error converges to a small value.  

In an iteration, some channels can be prioritized to get their output response closer to the desired 

signal, but this will result in other channels get a larger iteration error. For the iterations explained in 

section (3.9) the channel for ADDBZ will be prioritized, and the same priorities will be used for all 

iterations. 

An iteration never becomes perfect and there will always be an iteration error between the desired 

signal and the iterated signal. 

3.9 Iterations plan  
For the shake test, 8 desired signals were chosen, in this section they will all be presented, and it will 

be explained why they were chosen. Method 3 will not be used in these iterations because of its 

complexity and its inability to work with the synthetic signal, therefore Method 2 will be used instead. 

In all iterations the silencer response in the y-direction, ADDBY, is uncontrolled due to lack of 

measurements in that direction. Each iteration was run six times because the rig has some scatter 

between the runs. In Table 19 all iterations are summarized, here MTT stands for measurements on 

truck from test track. 

Channel Name Iteration 
1,1 

Iteration 
1,2 

Iteration 2 Iteration 3 Iteration 
4 

Iteration 
5 

[1] ARMVZ MTT, Rekna MTT, Sälen MTT, Rekna MTT, Rekna Synthetic 
signal, RMS 
compensated 
to Rekna 

Synthetic 
signal 
multiplied 
with 1.3 

[2] ARMMX MTT, Rekna MTT, Sälen MTT, Rekna MTT, Rekna Synthetic 
signal, RMS 
compensated 
to Rekna 

Synthetic 
signal 
multiplied 
with 1.3 

[3] ARMHZ MTT, Rekna MTT, Sälen MTT, Rekna MTT, Rekna Synthetic 
signal, RMS 
compensated 
to Rekna 

Synthetic 
signal 
multiplied 
with 1.3 

[4] ARMHY MTT, Rekna MTT, Sälen MTT, Rekna MTT, Rekna Synthetic 
signal, RMS 
compensated 
to Rekna 

Synthetic 
signal 
multiplied 
with 1.3 

[5] ADDBZ Measurements 
on truck from 
test track, 
Rekna 

Measurements 
on truck from 
test track, Sälen 

Convolution of 
Sälen’s FRF 
(between 
FictiveADDBZ 
and ADDBZ) 
and Rekna’s 
FictiveADDBZ  

Convolution of 
analytical FRF 
(10% damping 
factor) and 
Rekna’s Fictive 
ADDBZ 

Convolution 
of Rekna’s FRF 
(between 
FictiveADDBZ 
and ADDBZ) 
and synthetic 
signal’s 
FictiveADDBZ 
RMS 
compensated 
to Rekna 

Convolution 
of analytical 
FRF (5, 10 
and 20% 
damping) 
and 
synthetic 
signal’s 
FictiveADDBZ 
multiplied 
with 1.3 

[6] ADDBY Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled 

[7] ADDBX MTT, Rekna MTT, Sälen Convolution of 
Sälen’s FRF 
(between 
ARMMX and 
ADDBX) and 

Same as 
iteration 2  

Convolution 
of Rekna’s FRF 
(between 
ARMMX and 
ADDBX) and 

Convolution 
of Rekna’s 
FRF 
(between 
ARMMX and 
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Rekna’s 
ARMMX 

synthetic 
signal’s 
ARMMX RMS 
compensated 
to Rekna 

ADDBX) and 
synthetic 
signal’s 
ARMMX 
multiplied 
with 1.3 

[21] LD Rel Z [5]-[3] [5]-[3] [5]-[3] [5]-[3] [5]-[3] [5]-[3] 

[23] LD Rel X [7]-[2] [7]-[2] [7]-[2] [7]-[2] [7]-[2] [7]-[2] 

[24] Frame 
roll 

([3]-[1])/0.86 ([3]-[1])/0.86 ([3]-[1])/0.86 ([3]-[1])/0.86 ([3]-[1])/0.86 ([3]-[1])/0.86 

[25] Bounce ([1]+[3])/2 ([1]+[3])/2 ([1]+[3])/2 ([1]+[3])/2 ([1]+[3])/2 ([1]+[3])/2 

Table 19. Description of all iterations, MTT stands for measurements on truck from test track 

3.9.1 Iteration 1,1  
The iteration signal 1,1 uses the acceleration measurements performed on truck Rekna, this iteration 

will serve as a reference for the other iterations as it is this way Scania today performs durability 

testing.  

3.9.2 Iteration 1,2 
Iteration 1,2 is similar to iteration 1 but instead uses the acceleration measurements performed on 

Sälen. Both iteration 1,1 and 1,2 serve as references to how the accelerations on the different locations 

affect the strain gauges.  

3.9.3 Iteration 2 
Iteration 2 signal uses the frame acceleration measurements performed on truck Rekna. From these, 

the FiktiveADDBZ is calculated for Rekna, and then the convolution of Sälen’s FRF (between Sälen’s 

FiktiveADDBZ and ADDBZ) and Rekna’s FictiveADDBZ is calculated, this is the desired signal for ADDBZ. 

The desired signal is in a similar way calculated for ADDBX, it is the convolution of Sälen’s FRF (between 

ARMMX and ADDBX) and Rekna’s ARMMX. This iteration was performed to see what happens to the 

strain levels when an FRF from another measurement is used to calculate the desired signal (which 

could be used when there is lack of measurements).  

3.9.4 Iteration 3 
Iteration 3 is similar to iteration 2. The only difference here is that for the desired signal of ADDBZ, the 

convolution uses the analytical FRF with a damping ratio of 10 percent instead of Sälen’s FRF. The 

channel ADDBX is unchanged from iteration 2 because no analytical model for the x-direction was 

developed in this project. The purpose of this iteration is to see the difference between the analytical 

FRF and an experimentally derived FRF.. 

3.9.5 Iteration 4 
Iteration 4 uses the synthetic signal with an experimentally based FRF. Every frame channel is RMS 

compensated with respect to Rekna and thus, every frame channel in iteration 1,1 and 4 have the same 

RMS value. The silencer signals ADDBZ and ADDBX are not RMS compensated, but the input 

FictiveADDBZ and ARMMX are RMS compensated before the convolution is calculated between the 

input and Rekna’s FRF:s. The purpose of this iteration is to investigate how well the synthetic signal 

works with the experimentally based FRF.  

3.9.6 Iteration 5  
Iteration 5 uses the synthetic signal with the analytical FRF. For the frame acceleration signals the 

synthetic signals are used and multiplied with 1.3, this is a value that is recommended to use for the 

synthetic signal [16]. To calculate the silencer response in the x-direction the convolution of Rekna’s 

FRF (between ARMMX and ADDBX) and the synthetic signal’s ARMMX is calculated. There are three 

variants of iteration signal 5, with three different damping ratios 5, 10 and 20% in the analytical FRF. 

The silencer response in the z-direction is calculated with the analytical FRF and the synthetic signal’s 
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FictiveADDBZ multiplied with the factor 1.3. The purpose of iteration 5 is to investigate how well it 

works to use the synthetic signal together with the analytical FRF, both of which are independent of 

the test track. The three different values of damping are used to investigate which damping to use with 

this kind of iteration and to see how they affect the loading. 
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4 Results and discussion 
In this part, the results from the contamination study and the shake test will be shown, analyzed and 

discussed. Also, some error sources will be mentioned. 

4.1 Contamination study 
By following the contamination free approach the estimated output divided by the measured output 

can be seen in Table 20. The ratios are based on the equivalent fatigue load and RMS values and are 

calculated as the estimated output divided by the measured output. 

Ratio Sälen Eagle Helena Rekna 

Equivalent 
fatigue load ratio 

[%] 

93.2 94 96.9 114.2 

RMS ratio [%] 100.9 113.1 114.8 144.8 
Table 20. Ratios between the estimated outputs using the contamination study and the measured outputs 

In Figure 61 the measured output is plotted in the frequency domain together with the estimated 

output with the contamination free approach and the regular estimated output, the frequency span 

of the plots is 5-25 Hz and does, therefore, contain the resonance frequency. The estimated output for 

the contamination free approach is closer to the measured output for all cases except for truck Rekna, 

where the regular gives a closer estimate. With the regular approach on truck Rekna, the estimate had 

the correct resonance frequency behavior, using the contamination free approach just gave it another 

peak resulting in a higher equivalent fatigue load and TDDI. 

This indicates that it may be possible to remove the contaminations of the FRF, which may help it when 

combining it with the synthetic signal. However, as it did not work very well with truck Rekna, which 

might be because the low FRF of Rekna, it is important to investigate why that is before using this 

approach.  

   

Figure 61. PSD for measured output (black), estimated output with contamination free approach (green) and the regular 
estimated output (blue), trucks from left to right and from up to down: Sälen, Eagle, Helena, Rekna 
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There might also be more ways to remove the contaminations in the input. The method used in this 

report was very rough, as Figure 33 shows. One other way would be to develop a script that combines 

the signals where the signal with the lowest amplitude is kept for each frequency, see Figure 62. This 

might be a more beneficial method, but it might also instead underestimate the contamination free 

input, which would result in an overestimated contamination free FRF. 

 

Figure 62. Shows schematic how the contamination alternatively might be removed. 

However, it is important to remember that the contamination free approach relies on actual 

measurements, which is a big disadvantage. Spending more time researching it might therefore not 

give the results wanted. 

4.2 Shake test 

4.2.1 Iteration vs desired signal 
Figure and Figure 64 shows a few examples of the amplitude for iteration 1,1 compared to the desired 

signal. As can be seen, the iterations are never perfect and, on some channels, compromises had to be 

made. In Table 21, the iterations equivalent fatigue load values relative to the desired signal values are 

given, and in Table 23, the TDDI between the iterations and the desired signals is given. In Table 22 

and Table 24, the equivalent fatigue load and TDDI from a perfect to an unsatisfactory iteration are 

given. 

Some of the iterations were closer to the desired signals, such as iteration 5 with 20% damping, while 

others were a bit more of such as iteration 3. However, the prioritized channel ADDBZ was in the 

“perfect simulation” range most times and in the range “good simulation” two times. With experience 

from the Scania engineers, the iterations were considered good enough. 
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Figure 63. Desired signal (black) and iteration (blue) for ARMVZ (left figure) and ARMMX (right figure) 

 

Figure 64. Desired signal (black) and iteration (blue) for ARMHY (left figure) and ADDBZ (right figure) 

Channel Name It 1,1 It 1,2 It 2 It 3 It 4 It 5, 5% It 5, 10% It 5, 20% 

[1] ARVVZ 110% 114% 113% 140% 120% 100% 102% 101% 

[2] ARVMX 108% 97% 107% 111% 111% 106% 108% 102% 

[3] ARVHZ 94% 97% 102% 90% 92% 110% 106% 97% 

[4] ARVHY 84% 83% 80% 85% 83% 84% 85% 78% 

[5] ADDBZ 97% 95% 93% 92% 98% 96% 102% 103% 

[7] ADDBX 92% 98% 98% 103% 100% 94% 96% 97% 

[21] LD Rel Z 105% 109% 115% 112% 104% 106% 110% 113% 

[23] LD Rel X 96% 109% 110% 116% 97% 91% 93% 97% 

[24] Ram roll 92% 116% 120% 123% 112% 120% 110% 103% 

[25] Ram bounce 102% 104% 104% 115% 103% 102% 102% 98% 

Table 21. Relative equivalent fatigue load values for all iterations 
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Table 22. Equivalent fatigue load from an perfect iteration to an unsatisfactory iteration 

Channel Name It 1,1 It 1,2 It 2 It 3 It 4 It 5, 5% It 5, 10% It 5, 20% 

[1] ARVVZ 0,052 0,1669 0,1271 0,7095 0,4359 0,1381 0,1288 0,0939 

[2] ARVMX 0,6465 0,2607 0,3896 0,3712 0,4676 0,4024 0,425 0,2827 

[3] ARVHZ 0,3286 0,342 0,8523 0,3299 0,1581 0,4977 0,29 0,275 

[4] ARVHY 0,1821 0,1191 0,1434 0,1466 0,1559 0,249 0,1702 0,242 

[5] ADDBZ 0,2704 0,066 0,0457 0,0392 0,1547 0,0201 0,042 0,0603 

[7] ADDBX 0,1786 0,1697 0,2056 0,2744 0,1037 0,1129 0,08 0,0712 

[21] LD Rel Z 0,168 0,072 0,0608 1,9053 0,1098 0,0164 0,03 0,048 

[23] LD Rel X 0,3618 0,5665 0,592 0,7313 0,2426 0,2242 0,1819 0,1413 

[24] Ram roll 0,6043 1,506 1,9089 2,6013 1,3126 1,2879 0,9015 0,8003 

[25] Ram bounce 0,1377 0,0399 0,2909 0,102 0,0583 0,1214 0,0687 0,0595 

Table 23. TDDI for all iterations 

 

 

Table 24. TDDI from a perfect iteration to an unsatisfactory iteration 

4.2.2 Scatter in truck measurements 
By plotting the lognormal distribution function and the actual load measurements of the trucks with 

Bernard’s approximation, Figure 65 is derived. In the x-axis the equivalent fatigue load is given in 

percent as relative to the geometric mean, where 100% is the geometric mean of the equivalent 

fatigue loads of all 12 truck measurements. The y-axis is the cumulative probability, which is the 

probability of having a relative load less or equal to a certain relative load. The exact values of the 

trucks can be seen in Table 25. 

The standard deviation for the lognormal distribution is 16%, thus 68% of the population is within the 

interval of 100% +-16% relative load. 

Equivalent fatigue load  

100%± 5% Perfect simulation 100%± 10% Good simulation

100%± 15% Acceptable simulation <100%± 15% Unsatisfactorily simulation

TDDI  

<0,1 Perfect simulation 0,1-0,2 Good simulation

0,2-0,4 Acceptable simulation 0,4-1,0 Unsatisfactorily simulation

>1,0 Bad simulation
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Figure 65. CDF for the lognormal distribution assumption (blue line) and the actual load measurements (orange trianges) 

Axis Rekna Nevada Dijon Eagle Idre Oruro Dijon 2 Egil Mulán Sälen Sierra Helena 
Relative 
load 78% 87% 87% 88% 92% 97% 104% 108% 108% 113% 119% 134% 
Cumulative 
probability 6% 14% 22% 30% 38% 46% 54% 62% 70% 78% 86% 94% 

 

Table 25. Values of the relative load and the cumulative probability 

4.2.3 Scatter in rig measurements  
The scatter of the six runs of the iterations 1,1 and 1,2 was investigated and was found to be less than 

2 %, in appendix C the full tables of the spread can be found. 

4.2.4 Iterations 
In Figure 66 the same information is given as in Figure 65 but the iterations load are also plotted as 

green dots on the x-axis. In Table 26 the exact values of the load can be seen.  

  

Figure 66. Relative load of iterations are here shown in green dots 
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Axis It 1,1 It 1,2 It 2 It 3 It 4 It 5, 5% It 5, 10% It 5, 20% 
Relative 
load 77% 108% 144% 164% 66% 166% 128% 97% 

Table 26. Relative load for the iterations 

Iteration 1,1 and 1,2 

The CDF is plotted with iteration 1,1 and 1,2 against the actual measurements of trucks Rekna and 

Sälen in Figure 67. Remember that these two iterations are based on the methods used today. As can 

be seen, the loading of these iterations corresponds quite well to the measured trucks that are 

targeted. These two iterations became quite successful as the load in the iterations correspond quite 

well with the measured trucks. 

 

Figure 67. CDF of iteration 1,1 and 1,2 

Experimentally based FRF:s 

In Figure 68, the iterations using experimentally based FRF:s are shown. The relative load becomes 

either very great or very low, so by using the experimental FRF on inputs, the load can get very wrong. 

This is an approach that seems very sensitive to the measurements used, and it can, therefore, be a 

bit risky to use. Also, this approach is dependent on actual measurements, which is a weakness of it.   
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Figure 68. Iterations with experimentally based FRF used on measured signal (iteration 2) and on synthetic signal(iteration 4) 

Iteration 2 and 3 

In Figure 69, the CDF with iteration 2 and 3 is plotted. Both iterations have the same input, the 

acceleration of frame of Rekna, but they have different FRF, the experimentally based from Sälen and 

the analytical with 10% damping. Iteration 3 has higher loading than iteration 2, and the loading of 

iteration 3 is really high. This might be since the analytical FRF used in iteration 3 is free from 

contamination effects. Applying it to a contaminated input might result in a higher loading, as the 

contamination effects often result in peaks in the inputs PSD. Anyway, applying the analytical FRF with 

10% damping also seems a bit risky due to the high loadings. To use the analytical FRF on a measured 

output, higher damping is probably required. 

 

Figure 69. Iteration 2 and 3 

Iteration 5 

In Figure 70 and Table 27, iteration 5 is shown, the only difference between these runs are the applied 

damping. The load depends very much on the damping applied, from 97% relative load with 20% 
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damping to 166% relative load with 5% damping. With the damping set at 10%, the relative load is 

128%, this seems promising as it covers around 95% of the population for the lognormal assumption. 

The load does not either over test the structure as it is not too much above the average load.  

 

Figure 70. Iteration 5 with 5, 10 and 20% damping 

 

Iteration It 5, 5% It 5, 10% It 5, 20% 

Relative load 166% 128% 97% 
Table 27. Relative load of iteration 5 with 5, 10 and 20% damping 

 

Iterations with same input  

Iteration 1,1, 2 and 3 uses all the same input, which is the input from Rekna, but they use different 

FRF:s to calculate the component response. In Table 28 and Figure 71 the relative load of these 

iterations can be seen. By varying the FRF the load can vary from 77% to 164%, this is a factor two in 

load difference. In other words, it is very important to use the correct FRF while calculating the load 

component acceleration. 

Iteration It 1,1 It 2 It 3 

Input Rekna Rekna Rekna 

FRF Rekna Sälen Analytic, 10% 
damping 

Relative load 77% 144% 164% 
Table 28. Iterations with same input but different FRF:s 
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Figure 71. Iterations with same input but different FRF:s 

4.2.5 Correlation between strain and acceleration 
It was shown from cross plots that the strain in the rear silencer attachment was well correlated to the 

acceleration of the silencer in z-direction ADDBZ. This could be seen in all iterations, Figure 72 shows 

two examples. However, the strains in the front silencer attachment did not have such strong 

correlation as the rear, but for some iterations they had small correlations with the ARMHY, Figure 73 

shows this. There was no correlation at all between the strain in front attachment and the acceleration 

of the silencer in z-direction ADDBZ as shown in Figure 74. 

 

 

Figure 72. Cross plots between strain in rear silencer attachment (y-axis) and ADDBZ (x-axis), strong correlation 
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Figure 73. Cross plots between strain in front silencer attachment (y-axis) and ARMHY (x-axis), some correlation 

 

Figure 74. Cross plots between strain in front silencer attachment (y-axis) and ADDBZ (x-axis), weak correlation 

In Figure  and Figure , load of accelerations and strains are plotted. The load is relative to the geometric 

mean of all channels, and it is calculated for each channel so that the relative load of all channels can 

be compared to each other. The plots are used to see how the accelerations spread compared to the 

strains.  

From Figure ,  it can be seen that the strains in the rear have roughly the same relative loading as the 

acceleration ADDBZ, for example, iteration 1,1 the relative load is around 70% for both. On the other 

hand, the strains in the front have a whole other relative loading than ADDBZ, for example, iteration 

1,1 have 70% relative load for ADDBZ but the front strain is around 110%. This indicates that only the 

strains in the rear are linked to ADDBZ, as the acceleration ADDBZ increase, the strains in the rear 

increase to the same relative load. This does not apply to the strains in the front, an increase in 

acceleration ADDBZ does not increase the strain; it depends on some other accelerations.  

In Figure , it can be seen that the strains in the front have a loading more similar to the acceleration 

ARMHY. But the front strains are quite sprawling and sometimes the loading is a bit off from the 

ARMHY. Also, the iteration lines are crossing each other multiple times indicating a very complex 

behavior where the strain is not solely dependent on the acceleration ARMHY. Remember that section 

(4.2.5) showed that the only correlation found for the front strains was with ARMHY, but that the 
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correlation was not very strong. This matches with Figure , and it is hard to say exactly what causes the 

strains in the front silencer attachment. 

 

Figure 75. Relative load of acceleration ADDBZ and strains where 100% load is the geometric mean of all iterations 

 

Figure 76. Relative load of acceleration ARMHY and strains where 100% load is the geometric mean of all iterations 

4.2.6 Component movement 
By filtering to 10-20 Hz and plotting the strains, see Figure  and Figure , it is possible to find the 

component’s movement by analyzing when the strains are positive and negative. This could give useful 

information and may shed some light on the correlation between acceleration and strain. 

The upper and lower front silencer attachment strain is in phase with negative amplitudes, indicating 

a bending and tensile straining of the silencer with a forth and down/back and up movement, see 

Figure .   



68 
 

The rear silencer attachment strain is slightly out of phase with the strain in the front attachment, 

indicating that the movement is not as suggested as in Figure . The component’s movement seems to 

be too complex to determine with the strain gauges used. 

 

Figure 77. Strain of front upper gauges (black and blue) and front lower gauges (green and purple) 

 

Figure 78. Strains of front upper gauges (black and blue) and rear upper gauges (green and purple) 
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Figure 79. Movement indicated by the strain in front silencer attachment 

4.3 Error sources 
In the project, some error sources have been present: In this section; there will be a short discussion 

of how they may have affected the result: 

• A fatigue test was never run to verify the models, only load measurements. However, the 

correct fatigue mode should be obtained if the right dynamics are recreated, and the load 

levels are reasonable. 

• The iteration error does introduce a small amount of uncertainty and can never be 100% for 

all channels. The priorities between the channels were the same for all iterations, and an equal 

amount of work was used for all iterations, to minimize the engineer’s impact on the rig 

response. 

• The correct load level is unknown, and the purpose of the project was to find a method to test 

the component, without a measured signal, reasonably tough. What the load level should be 

could be further discussed.  

• The method seems to work well with a silencer; however, it is unknown if it works equally good 

for other components.  
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5 Conclusions 
The conclusions drawn from this project are: 

• The strains in front attachment are not well correlated to the component movement in z-

direction, it does seem to have a weak correlation with ARMHY but probably also depend on 

other unknown factors. These unknown factors may be vibrations not studied, such as the 

vibrations in the front or back of the truck. 

• The strains in rear attachment are well correlated with the ADDBZ. That means if the correct 

load of ADDBZ is achieved then the right strain loads will be achieved in the rear silencer 

attachment. 

• The movement of the silencer is hard to determine by using the data from the strain gauges. 

• The use of experimental FRF:s seems unpromising, the spread in load is very high and it is very 

sensitive to the used measurements. Also, the FRF depends on actual measurements, which is 

another weakness of the method. 

• Analytical FRF with measured input also seems unpromising, is resulted in extremely high 

loading. Also, the input also dependent on actual measurements.   

• Analytical FRF with 10% damping used on the synthetic signal multiplied with a factor 1.3 

seems more like a promising model for the silencer. It covers most truck measurements 

without over testing the component. Also, the damping can easily be controlled to adjust the 

load of the component.  

5.1 Future research 
Here some suggestions on future studies will be given: 

• Continue to investigate methods to remove the contamination effect in the FRF. However, 
keep in mind that this method may not give the desired results as it relies on actual 
measurements.  

• Develop an analytical model for the silencer in the x-direction and investigate what damping 
to use, to take the next step towards completely standardized testing methods. 

• Develop analytical models for other heavy components such as battery box and fuel tanks and 
investigate what damping to choose for those components. 

• Perform a vibration fatigue test, with the signal derived from applying the analytical FRF with 
10% damping on the synthetic signal (iteration 5), to see how the outcome compares to the 
currently used method. 
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Appendix A: PSD  
The Power Spectral Density (PSD) is given by  

𝑆𝑥𝑥(𝑓) = ∫ 𝑅𝑥𝑥(𝜏) ∙ 𝑒−2𝑖𝜋𝑓𝜏

∞

−∞

𝑑𝜏 

while the Cross Power Spectral Density is given by 

𝑆𝑦𝑥(𝑓) = ∫ 𝑅𝑦𝑥(𝜏) ∙ 𝑒−2𝑖𝜋𝑓𝜏𝑑𝜏

∞

−∞

 

where Rxx and Ryx is the auto- correlation and cross-correlation. The PSD describes the distribution of 

signal power as function of frequency while the Cross Power Spectral Density describes where two 

signals have something in common, it is a complex function so it also contains information about the 

phase. The auto-correlation for a signal is given by 

𝑅𝑥𝑥(𝜏) = lim
𝑇→∞

1

𝑇
∫ 𝑥(𝑡)𝑥(𝑡 + 𝜏)𝑑𝑡

𝑇
2

−
𝑇
2

 

and the cross-correlation function between two signals is given by 

𝑅𝑦𝑥(𝜏) = lim
𝑇→∞

1

𝑇
∫ 𝑥(𝑡)𝑦(𝑡 + 𝜏)𝑑𝑡

𝑇
2

−
𝑇
2

 

where x and y are the signals and 𝜏 is a time delay. The auto-correlation describes how similar a signal 

is to a time delayed copy of itself, while the cross-correlation function describes the similarity of two 

signals as function of the time delay between them. 
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Appendix B: Equipment 

Impact testing 
Impact hammer: Brüel & Kjær 8202 

Accelerometer: Brüel & Kjær 4520 

Accelerometers 
The accelerometers used on the truck in the shake rig is Endevco model 7290A  

Strain gauges 
The strain gauges used on the silencer attachment is: 

• Single in front: EA-06-250BF-350 with gauge factor 2.110 

• Single in back: EA-06-250BF-350 with gauge factor 2.155 

• Rosette in back: CEA-06-062UR-350 with gauge factor 2.08 
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Appendix C: Rig runs 
All iterations were run six times, to control that the spread between the runs was not to large the load 

values for iteration 1,1 and 1,2 relative to the desired signals was calculated, see Table 29 and Table 

30.  

Channel Name Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

[1] ARVVZ 100% 100% 101% 100% 100% 100% 

[2] ARVMX 100% 100% 100% 100% 100% 100% 

[3] ARVHZ 99% 99% 100% 100% 100% 100% 

[4] ARVHY 99% 99% 100% 100% 100% 100% 

[5] ADDBZ 100% 100% 100% 100% 100% 99% 

[6] ADDBY 100% 100% 100% 100% 100% 100% 

[7] ADDBX 99% 99% 100% 101% 100% 101% 

[8] TFOU 98% 99% 100% 101% 101% 100% 

[9] TFOI 99% 99% 100% 100% 101% 100% 

[10] TFNU 98% 99% 100% 101% 101% 100% 

[11] TFNI 98% 99% 100% 100% 101% 100% 

[12] TBOI 100% 100% 100% 100% 100% 100% 

[13] TBOU 100% 100% 100% 100% 100% 100% 

[14] TROIV 100% 100% 100% 100% 100% 100% 

[15] TROIC 100% 100% 100% 100% 100% 100% 

[16] TROIH 101% 100% 100% 100% 100% 100% 

[17] Ch 1 Longitudinal 
Lvdt 

100% 100% 100% 100% 100% 100% 

[18] Ch 2 Lateral Lvdt 100% 100% 100% 100% 100% 100% 

[19] Ch 3 Vert right Lvdt 100% 100% 100% 100% 100% 100% 

[20] Ch 4 Vert left Lvdt 100% 100% 100% 100% 100% 100% 

[21] LD Z rel ram Z 100% 99% 100% 100% 99% 100% 

[22] LD Y rel ram Y 100% 99% 100% 101% 99% 100% 

[23] LD X rel ram X 99% 100% 100% 100% 101% 102% 

[24] Ram roll 99% 99% 100% 101% 100% 100% 

[25] Ram bounce 100% 100% 100% 101% 100% 100% 
Table 29. Load values of iteration 1,1 compared to desired signal 
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Channel Name Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 

[1] ARVVZ 100% 100% 100% 100% 100% 100% 

[2] ARVMX 99% 100% 100% 100% 100% 100% 

[3] ARVHZ 100% 100% 100% 100% 100% 101% 

[4] ARVHY 100% 100% 100% 101% 100% 101% 

[5] ADDBZ 100% 100% 100% 100% 100% 100% 

[6] ADDBY 100% 100% 100% 100% 100% 100% 

[7] ADDBX 100% 100% 100% 101% 100% 100% 

[8] TFOU 100% 100% 100% 100% 100% 100% 

[9] TFOI 100% 100% 100% 100% 100% 100% 

[10] TFNU 100% 100% 100% 101% 100% 100% 

[11] TFNI 100% 100% 100% 101% 100% 100% 

[12] TBOI 100% 100% 100% 100% 100% 100% 

[13] TBOU 100% 100% 100% 100% 100% 100% 

[14] TROIV 100% 100% 100% 100% 100% 100% 

[15] TROIC 99% 100% 100% 100% 100% 100% 

[16] TROIH 100% 100% 100% 100% 100% 100% 

[17] Ch 1 Longitudinal 
Lvdt 

100% 100% 100% 100% 100% 100% 

[18] Ch 2 Lateral Lvdt 100% 100% 100% 100% 100% 100% 

[19] Ch 3 Vert right Lvdt 100% 100% 100% 100% 100% 100% 

[20] Ch 4 Vert left Lvdt 100% 100% 100% 100% 100% 100% 

[21] LD Z rel ram Z 99% 100% 100% 100% 100% 100% 

[22] LD Y rel ram Y 100% 100% 100% 100% 100% 100% 

[23] LD X rel ram X 100% 100% 100% 101% 100% 100% 

[24] Ram roll 100% 100% 100% 100% 100% 100% 

[25] Ram bounce 100% 100% 100% 100% 100% 101% 
Table 30. Load values of iteration 1,2 compared to desired signal 
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