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Abstract 

As a result of the accelerating demands for faster development within the heavy vehicle 

industry, computer aided simulations have become a more important tool in the 

development process. Simulations can offer faster evaluation of loads acting on the 

vehicle and more cost effective fatigue life predictions than physical testing, since 

physical prototypes are not needed for load measurements or fatigue tests. However, 

accurate fatigue life predictions without physical verification are today a difficult task 

with many uncertainties, yet simulations are still an important part of modern product 

development. 

The objective of this work is to investigate the accuracy of a virtual model of a physical 

truck. The thesis focuses only on load simulation accuracy, leaving the material 

uncertainties aside. The vehicle model is built using Adams/Car with two different 

complexities of the frame model. A part of the work is to investigate how the frame 

model complexity affects the accuracy of the results.  

The virtual truck is simulated in a virtual test rig that excites the model with 

displacement on the wheel hubs to represent the forces induced when the truck is driven 

on the test track. The process to make a drive signal to the test rig is iterative. 

Simulations are also performed with the virtual model equipped with tires and driven on 

a virtual 3D road. 

Model performance is evaluated using TDDI (Time Domain Discrepancy Index) and 

pseudo-damage. TDDI evaluates the results in the time domain and the pseudo-damage 

considers the potential fatigue damage in the time series. A value of the TDDI below 

0.3 and between 0.5 and 2 for the pseudo-damage is found good. The accuracy is 

approximately the same as can be repeated by different test engineers driving the same 

test schedule with the same vehicle. 

When iterating using the cab and the front and rear end of the frame as response 

feedback, the results for the model with the simple frame model show good values of 

TDDI and pseudo damage for the front end of the frame and the cab. Though the axles 

and the mid of the frame show poor results. The rear end of the frame does not reach the 

model performance targets, getting a too low value of the pseudo-damage while the 

TDDI value is good. The vehicle model with the complex frame shows similar results, 

when using the same response feedback, although the frame model is not optimized.  

The full vehicle model driving on 3d-road does not, at present, deliver accurate results. 

However, the relative damping for the beams, representing the leaf springs, has turned 

out to highly affect the results. The leaf spring model thus need to be optimized. The 

complex frame model is not showing results good enough to justify the extra modelling 

time. The accuracy of the full-vehicle model can be considerably improved by 

optimizing the model/-s of the wheel suspension and the complex frame model.  

  



ii 

  



iii 

Preface 

This Master thesis is the final part in the Master of Science education in the mechanical 

engineering program at KTH, Stockholm. The project is performed in cooperation with 

Scania CV AB in Södertälje at RTCC – Dynamics and strength analysis and RTRA – 

Load analysis. Advisors for the project are Anders Ahlström and Niklas Hammarström. 

Examiner is Lars Drugge.  

  



iv 

  



v 

Table of Contents 
1 Introduction .............................................................................................................. 1 

1.1 Background ........................................................................................................ 1 

1.2 Objective ............................................................................................................ 1 

2 Method ...................................................................................................................... 2 

2.1 Physical truck ..................................................................................................... 2 

2.2 Test track measurements .................................................................................... 3 

2.3 Adams/Car ......................................................................................................... 4 

2.4 Models with different complexity ...................................................................... 5 

2.5 Modelling ........................................................................................................... 8 

2.6 Iteration process ............................................................................................... 11 

2.7 Evaluation method ........................................................................................... 13 

3 Results .................................................................................................................... 16 

3.1 Accuracy of the models ................................................................................... 16 

4 Conclusions and suggested future work ................................................................. 29 

5 References .............................................................................................................. 31 

 

 



  



1 

1 Introduction 

1.1 Background  

As a result of the accelerating demands for faster development within the heavy vehicle 

industry, computer aided simulations have become a more important tool in the 

development process. Simulations can offer faster evaluation of loads acting on the 

vehicle and more cost effective fatigue life predictions than physical testing, since 

physical prototypes are not needed for load measurements or fatigue tests. 

However, accuracy of the simulations are the key for reliable results. Material fatigue is 

a highly non-linear phenomenon depending greatly on the stress amplitude at hot-spots 

in the components and the material properties of the examined component. Even in 

controlled production environments both the geometry and material properties vary, 

causing significant scatter in component life. Accurate fatigue life predictions without 

physical verification is therefore today a difficult task with many uncertainties, yet it is 

still an important part of modern product development.  

As mentioned, fatigue life predictions require knowledge of the fatigue strength of the 

component and the load acting on the component. This thesis focuses on the load side of 

the problem, leaving the material properties aside. 

Focus of this thesis is to create a model of a physical test truck, allowing virtual load 

measurements to be performed and compared to measurements in the same spots on the 

physical truck, quantifying the discrepancy between the physical truck and the virtual 

model. 

1.2 Objective 

The aim of the project is to build a virtual model that represents the physical reference-

vehicle. Model evaluation focuses on fatigue load evaluation (amplitude and phase) in 

the time domain. The final long term objective is to make the virtual truck perform as 

the real truck when simulating a drive from the test track. This work is one step in the 

process to reach that objective.  

A model of a full-vehicle is simulated in a test rig and the discrepancy between the 

virtual model and the physical reference vehicle is evaluated, trying to find weaknesses 

in the model. 

  



2 

2 Method  

The work is performed by making a complete-vehicle virtual model of the test truck 

“Meta”, a typical Scania 4x2 tractor. The physical truck is driven over several well 

defined obstacles on Scanias test track in Södertälje while recording acceleration time 

histories from several sensors mounted on the truck. The measured data are then used as 

“target” when simulating the virtual truck in a 10-poster test rig mounted to the wheel 

hubs. To find a drive signal, a signal that determine how the hydraulic actuators are 

controlled, for the test rig, that excites the model to the same accelerations as when the 

vehicle is running on the test track, an iterative process is used. Two different frame 

models are used in the test rig simulations to investigate the need for frame model 

complexity.  

Finally, the truck is simulated driving on the actual road profile, and the virtual 

simulations are compared to the physical measurements. 

2.1 Physical truck 

The truck modelled in this project is a typical Scania truck. The truck, R420 

LA4x2MNA, Figure 1, is a two axle tractor designed for long haulage applications. It is 

an articulated tractor, which means that the payload is carried in a semi trailer connected 

to a fifth wheel on the truck, the truck itself can therefore not carry any payload without 

the semi trailer. 

 

Figure 1 – The reference vehicle with load frame 

Since the objective of this project is to study and model the truck, and not a semi trailer, 

a load frame, Figure 2, is added to the truck to avoid having to model the trailer. This in 

turn reduces the modelling complexity and uncertainties. The load frame is necessary to 

use since the static weight on especially the rear axle is very low on an unladen tractor, 

the dynamic behaviour of the unladen truck is thus very different from a laden truck. 

The load frame has more simple dynamic characteristics than a semi-trailer, making it 

somewhat “easier” to model.  
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Figure 2 - Illustration of the load frame 

2.1.1 Specifications 
The tractor is a Scania R420 LA4x2MNA. It is equipped with a R Highline cab, and a 

420 hp six cylinder diesel engine. The truck has a 8 mm frame (F800) with an axle 

distance of 3700 mm and carries 350 litres of diesel on the right side and 700 litres on 

the left. The battery box is mounted on the left side. The tires are all of the dimension 

315/80 R22.5. The suspension in the rear is a two air bellow air suspension generation 2 

and the parabolic leaf suspension in the front is of the type 2x32. When performing the 

measurements on the test track the tire pressure was 8 bar in the front tires and 6.5 bar 

in the rear tires.  

2.2 Test track measurements 

The truck is equipped with several different sensors in selected points all over the 

vehicle. These sensors record time histories such as acceleration, force and 

displacement. The truck is then driven over well defined obstacles on the test track in 

several different constant speeds spanning from 10 to 60 km/h. The measurements are 

described in detail in [1]. The time histories received are used as “target” when iterating 

a drive signal for the virtual test rig.  

2.2.1 Test track obstacles 
The measurements are performed when driving over obstacles representing rough roads 

in different speeds. 

Due to time constraints only a selected part of the measurement is chosen as reference 

when simulating in the virtual test rig. This selected part is chosen since it contains 

obstacles that excites the truck with both high- and low-frequencies and therefore 

represents many driving cases and deformations of the vehicle.  

2.2.2 Sensors used 
The sensors used when comparing the physical truck and the model is presented in 

Appendix A. However only 12 of these are used when iterating, these are marked with 

bold. In Figure 3 to Figure 6 some sensor locations are shown. Left and right sensor is 

most often symmetrically mounted around the x-axis. 
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Figure 3 – The sensors mounted on the rear of the cab 

on right hand side. The three sensors measures in X, 

Y and Z direction. AHBH [X,Y,Z] 

 

Figure 4 – The sensors in the picture is mounted on the 

right hand side of the front of the cab and measures in 

X, Y and Z-direction. AHFH [X,Y,Z] 

 

 

Figure 5 – The sensors mounted on the rear right of 

the frame. The two sensors are measuring in Y and Z-

direction. ARBH [Y,Z] 

 

Figure 6 – The sensors mounted on the front of the 

frame, right hand side. The two sensors are measuring 

in Y and Z-direction. ARFH [Y,Z] 

2.3 Adams/Car  

The model is built using Adams/Car (Automated Design and Analysis of Mechanical 

Systems). Adams is a multi-body dynamics simulation software widely used for 

analyses of dynamic systems. The program gives the possibility to get an overall insight 

of the system design performance in an early stage of the product development process 

[2]. 
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2.4 Models with different complexity 

2.4.1 Model with simple frame in 8 channel test rig 
In the first model a frame without any frame-mounted components is used, see Figure 

7. The iterations are performed with focus on the 12 standard sensors described in 

chapter 2.2.2. The main reason to iterate on this model is to study the need for frame 

model complexity. Since frame mounted components can be varied in many ways due 

to customer requests, it is interesting to investigate the accuracy of a simple frame, 

compared to a customer specific frame. If a generic frame model gives acceptable 

accuracy it is possible to significantly shorten modelling time.  

In an earlier work the simple frame model was optimized with respect to damping [3] 

giving the optimal damping to be 16%. This can appear as a high value for the relative 

damping but the modal description of the frame makes the physical connection to the 

real damping absent [3]. The model is only driven using 8 hydraulic actuators in the test 

rig. Meaning it is not excited longitudinally on the front wheel hubs. 

 

Figure 7 - The simple frame-model No frame mounted components are mounted to the frame. 
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Figure 8 – Model of the truck with the simple frame model mounted in the test rig. 

2.4.2 Model with complex frame in 10 channel test rig 
In the second model a frame with frame-mounted components is used, illustrated in 

Figure 9. This model is made for this work and has not been evaluated alone. Therefore 

the same relative damping is used as for the optimized simple frame, 16%. This is most 

likely a too high value since the complex frame have frame mounted components that 

by its presence increases the damping. 

 

Figure 9 - The complex frame-model.  
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Figure 10 – Model of the truck with the complex frame model mounted in the test rig. 

2.4.3 Model with complex frame driving on 3D-road 
In the model running on a 3D-road the same complex frame-model is used but the test 

rig is removed and replaced with wheels. The model is then driven over a 3D-road in 

Adams. The 3D road is made out of laser measurements of the test track and is therefore 

comparative with the measurements made on the truck when this was driving over the 

same obstacles. The tire model used is Ftire (Flexible Ring Tire Model). Ftire is a non-

linear tire model for handling characteristics and comfort simulations and is widely used 

since it is said to offer good dynamic response for all driving scenarios with a frequency 

range up to 200 Hz [4]. When simulating the complete-vehicle model on a 3d-road a 

relative damping of the frame of 5% is used.  

 

Figure 11 - The truck-model with the complex frame and wheels, driving on a 3D-road 
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2.5 Modelling 

The vehicle model is built using Adams/Car. The frame, load frame and front axle are 

modelled as flexible bodies. Both the frame and the load frame are meshed in 

HyperMesh. The software‟s used for creating flexible bodies to Adams are Abaqus and 

RADIOSS. All parts except from the load frame and the frame with all components 

mounted to it were already built and ready to use in Adams. However, these parts are 

modified to represent the parts mounted on the physical truck. 

2.5.1 Load frame 
There were no available drawings of the load frame mounted to the truck. To develop an 

accurate geometry model, the mounted load frame was measured using a tape measure. 

All measures, and a sketch was given to a design engineer, who made a CAD-model of 

the load frame. The CAD-geometry is used when creating an FE mesh of the load 

frame. The frame structure is modelled using shell-elements while the weights are 

modelled using solid elements. The properties of the materials are set and the density of 

the weights calculated out of the known information of their weight and the volumes 

given from HyperMesh. The flexible body representing the load frame is illustrated in 

Figure 12. The attachment between the frame and the load frame is modelled using 

bushings since the connection is not entirely stiff. With bushings it is possible to modify 

the stiffness and damping of these to model the attachment to act as similar to the 

physical connection as possible. The template is made to a sub system and imported in 

to the assembly. The damping of the load frame is set to the same value as the damping 

of the frame. 

 

Figure 12 - Load frame 

2.5.2 Markers and requests 
On the physical test vehicle a number of sensors are mounted to gather data. To be able 

to compare these data, it is of interest to obtain the same information from the same 

positions on the model as on the reference vehicle. Therefore markers are built to define 

the positions of interest in the model. Markers are used since these are connected to a 

specific point on the model, if it is a flexible body the marker is set in a flexible body 
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node. The marker follows the position or node it is attached to and can therefore give 

information of its location in the chosen coordinate system at all times. When the 

marker is built a request is modelled upon this. It is the request that calculates the 

desired quantity. This is the exact same procedure as when a sensor is mounted to the 

physical reference vehicle. First a block is mounted on the vehicle. This has flat surfaces 

for the sensors to be mounted. Each sensor measures the acceleration in one direction. 

In Figure 13 a block mounted on the rear of the cab with three sensors is shown. The 

arrow shows in which direction the sensor on the left side is measuring (negative y-

direction).  

 

Figure 13 - Block with three mounted sensors measuring the acceleration in one direction each. 

The markers are built using sensor locations from [5]. The coordinates given in the 

report are given in local sub-system coordinates, according to Scania standards. There 

are different local coordinate systems for the frame, cab and axles. To make the markers 

in the model the coordinates given in [5] had to be converted to the global coordinate 

system according to the Scania standard [6]. This is made for the frame- and the cab- 

coordinates. How these conversions are made is seen in equation (1) and (2). The 

coordinates for all evaluated markers are seen in Appendix A.  

             

                
            

                
   (1) 

               

                   
              

                   
  (2) 

All values are given in millimeters. 

For the axles, coordinates are given in a coordinate system centred on a theoretical line 

between the wheel centres on the left and right side. 

2.5.3 Weights 
To get the mass of the physical cab, this was weighed. It was done by loosening the 

attachments to the frame and lifting the cab in an overhead crane with a scale as seen in 

Figure 14 to Figure 17. 
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Figure 14 - Illustration of how the cab was elevated 

 

Figure 15 – Illustrating the front attachment 

disassembled 

 

 

Figure 16 - Illustration of the rear attachment 

disassembled 

 

Figure 17 - The scale (1294 kg) 

In the existing model of the cab the weight and moment of inertia was too low to match 

the cab of the reference vehicle. The weight is increased from 1075 kg in the original 

virtual model to 1356 kg including the mass of the cab, 1294 kg, and the driver that is 

estimated to 80 kg.   
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Since the mass has a linear relation to the moment of inertia according to 

      
     .     (3) 

The moment of inertia is increased according to 

                    
    

    
    (4) 

With the increase of cab weight the preload on the cab suspension is changed as well. 

This is calculated according to  

                 
           

       
    (5) 

               
           

 
    (6) 

Where  

     is the mass of the cab [kg] 

g is the gravitation constant, 9.81 [m/s
2
] 

0.57 is the share of load on the front attachment 

0.43 is the share of load on the rear attachment 

2 is since the load in the front respective the rear attachment is separated to two springs 

The weight of the hubs are changed to include the brake-parts namely; disc, caliper, 

chamber and lining. When the wheels are mounted, and the truck is driving on a virtual 

road, this might give an effect since the moment of inertia is affected, but as long as the 

hubs do not rotate, which they do not in the test rig, this should not affect the result. 

The estimated weight on all the components is described in detail in Appendix B. 

Characteristics of the dampers are changed to represent the dampers mounted on the 

reference vehicle. The information of the damper characteristics is found in drawings 

and can be seen in Appendix C. 

2.6 Iteration process 

To find a drive signal that well represents the forces induced on the test track an 

iterative process is used. First, a random noise is used as drive signal on the test rig 

actuators while recording the responses in the sensors on the truck model. The (known) 

random noise and the sensor responses can then be used to calculate a transfer function 

(TF), see Figure 18. If the system can be entirely linearized, the function holds 

information about how the different drive channels affect the response. Since the system 

is not linear the transfer function is not a true representation of the model. Therefore the 

iterative procedure is needed to update the transfer function repeatedly until a 

satisfactory drive signal is found.  
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Figure 18 – The process to receive the transfer function 

The signals given from the measurement at the test track is fed in to the program and a 

drive signal is calculated out of the desired response (DES) and the inversed transfer 

function (TF
-1

). The model is excited with the drive signal (DRV) and a response is 

received. The error (ERR) between the response using the calculated drive file is 

calculated by using the received and the desired response. From the error and the 

transfer function a signal is calculated that is added to the former drive signal and the 

model is excited with the updated drive signal, see Figure 19. This iteration process 

continues until a drive signal that excites the model as desired, when the error does not 

decrease between the iterations, is found.  

 

Figure 19 - The iteration process 

In the iteration process it is possible to set the gain of the sensors differently. This 

makes it possible to concentrate on getting a part of the model to perform well by 

increasing the gain of those sensors. Or completely turn sensors off and only study their 

performance while concentrating on getting other parts of the vehicle to perform well. 

To get a good result when iterating it can be an act of balance to get all the sensors to 

perform acceptable since some sensors needs a higher gain to reduce the error while 

other need to be gained lower and even increase the error to allow the other sensors to 

make progress. 
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2.7 Evaluation method 

To evaluate the accuracy of the model, two different measures are used, TDDI (Time 

Domain Discrepancy Index) and pseudo-damage. TDDI describe the time domain phase 

accuracy and the pseudo-damage describes the fatigue damage potential of the signal. 

Both the TDDI and the pseudo-damage are important since they separately cannot give 

an adequate measure of model performance. 

In Figure 20 the TDDI value is satisfactory but the pseudo-damage is too low to be 

found acceptable and in Figure 21 the TDDI is found unsatisfactory, but the pseudo-

damage indicate good model performance. The latter means the response does not 

correspond in phase but the amplitudes of the two compared signals are in the same 

order of magnitude. These two figures show how a good value of one of the parameters 

alone is not enough, both measures must indicate good model performance. Both 

figures are from simulations performed in this work.  

 

Figure 20 - Good TDDI (0.19), bad pseudo-damage 

(0.31). Black curve is the time history from the 

measurement and blue is from the simulation 

 

Figure 21 – Very bad TDDI (4.23), good pseudo-damage 

(1.02) Black curve is the time history from the 

measurement and blue is from the simulation 

Having a good (low) TDDI and a similar fatigue damage potential between the physical 

and virtual model indicates that the loads acting on the structure are equally harmful, 

and are similar in phase. This is important since the stress amplitude at some (not 

known) location of the truck often depends on several input loads, which makes both 

the amplitude and phase accuracy important. 

The frequency spectrums for the sensors are also analysed. The frequency spectrums 

gives a good indication of where in the frequency domain the model fails in accuracy. 

2.7.1 TDDI, Time Domain Discrepancy Index 
TDDI is an index that describes how well the experimental signal, „a‟ align in 

comparison with the simulated signal, „f‟ in the time domain [7]. 
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The discrepancy index, G(j), is calculated 

     
            

 
 

            
 

 

    (7) 

    
 

 
           (8) 

j – signal channel index 

i – sample number 

N – length of samples 

     
 

 
          (9) 

q – number of compared signal channels 

If the value of TDDI is equal to zero the two signals are identical. Two 180-degree out-

of-phase sine signals give TDDI value two. The TDDI-value only gives an indication of 

how well the signals align in time.  

A value of the TDDI below 0.3 classifies the differences as scatter and is about the same 

accuracy as can be repeated on the same physical truck driven by different test 

engineers with the same test schedule [7]. 

2.7.2 Pseudo-damage 
Since fatigue is a highly non-linear phenomenon depending greatly on the load 

amplitude (not described well by TDDI) it is important to take into account and 

examine how well the potential fatigue damage is represented in the simulation. This is 

done by evaluating the pseudo-damage. 

To describe the pseudo-damage it is important to understand the Wöhler curve. Figure 

22 show a Wöhler diagram describing the magnitude of a cyclic load against the number 

of cycles to failure for some component.  

 

Figure 22 - Wöhler curve, shows the number of cycles to failure on the x-axis and the magnitude of a cyclic force 

[kN] on the y-axis. 
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A part of the Wöhler curve (between 10
3
 and 10

6
 cycles), see Figure 22, can be 

described with Basquin´s law, making the load-life relation linear in a loglog-diagram.  

               (10) 

N(s) is the number of cycles to failure with the amplitude s 

s is the load cycle amplitude 

β and C is constants 

Transcription and logarithmation gives 

   
   

    
         

   

    
                    (11) 

Transcription to standard form gives the Wöhler curve 

     
 

 
       

 

 
      (12) 

For steel material the Wöhler curve is usually linear in the area 10
3
 to 10

6
 load cycles to 

failure, the slope of the line is   
  . When testing vehicle components the value of β is 

most often between 3 and 8. In this work  =6 has been used for all signals. 

The pseudo damage is calculated according to  

   
  

  
                                

 
   (13) 

d is the accumulated pseudo-damage  

   is the number of cycles with load cycle amplitude i in the examined signal 

   is the amount of cycles with an amplitude i that the component can be exposed to 

before a fracture occur (according to the Wöhler curve) 

For deeper insight of the calculations, a more extensive explanation is given in [8]. 

To compare the simulated results with the measurements, the quotient between the 

pseudo-damage of the simulated response and the measurements is calculated. This 

gives a value that represents how well the amplitudes of the measurements align. A 

value between 0.5 and 2 is found as well consistent. This corresponds to a load scatter 

of approximately 5-10%, which is approximately the scatter shown between different 

test drivers driving the same test schedule [9]. 
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3 Results 

3.1 Accuracy of the models 

The TDDI and pseudo-damage for the model of the truck mounted in the test rig is 

presented in Figure 23 and Figure 24. The model with the simple frame is represented 

in blue and the model with the more complex frame is represented in orange. When 

driving on 3D-road with the complex frame only the pseudo-damage is calculated, 

evaluating TDDI is meaningless since time lag occurs between the measurements and 

simulations. This is due to unequal cruise controls being used in the physical vehicle 

and the virtual model, making the two vehicles drive over the obstacles in slightly 

different speeds. The results of the pseudo-damage for the model driving on the 3d-road 

is presented in turquoise for the frame with the relative damping on 5%. The relative 

damping, when driving on 3D-road, of 5% is since this was a necessary change to 

increase the accuracy of the results. The complex frame model with a relative damping 

of 5% simulated in the test rig is not performed due to lack of time. Explanations of 

where the sensors are mounted and what the abbreviations mean are read in Appendix 

A. 

 

Figure 23 - TDDI for the simple frame and the complex frame. All results below 0.3 is seen as good. 
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Figure 24 - Pseudo-damage for the simple frame and the complex frame. All results between 0.5 and 2 is seen as 

well performing. 

In Figure 23 and Figure 24 it is seen that both models are behaving well when considering 

TDDI but only fair when looking at the pseudo-damage. The model with the complex 

frame is performing worse than the model with the simple frame. To be able to decide in 

which frequency area the model with the complex frame differs from measurements, the 

response- and the measured-signals are band- pass filtered. This is done for all frequencies 

between 0 and 50 Hz with an interval of 10 Hz. The results are shown in Figure 25 and 

Figure 26. The band- pass filtered results for the model with the simple frame is seen in 

Figure 27 and Figure 28. 
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Figure 25 - TDDI for the complex frame in different frequency interval. The results that reaches values greater 

than 1 is seen as very bad performing. Values below 0.3 are desirable. 

 

Figure 26 - Pseudo-damage for the complex frame in different frequency interval. The results that exceeds 4 is 

seen as very bad performing. Values between 0.5 and 2 are desirable. 
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Figure 27 - TDDI for the simple frame in different frequency interval. The results that reaches values greater than 

1 is seen as very bad performing.  Values below 0.3 are desirable. 

 

Figure 28 - Pseudo-damage for the simple frame in different frequency interval. The results that exceeds 4 is seen 

as very bad performing. Values between 0.5 and 2 are desirable. 

In Figure 25 and Figure 26 the front end of the complex frame is behaving well in the 

frequency area between 10 to 30 Hz. The cab is performing well in the area 0 to 10 Hz 

but very poorly at higher frequencies. These results can also be seen in Figure 29 to 

Figure 40 where frequency spectrums are shown in diagrams spanning from 0 to 50 Hz 

for the model with the complex frame.  
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Figure 29 – Spectrum comparison ARFHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 30 - Spectrum comparison ARFVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 31 - Spectrum comparison AHBHX. Black 

curve is the time history from the measurement and 

blue is from the simulation Showing amplitude (mm/s2) 

on the y-axis and frequency (Hz) on the x-axis. 

 

Figure 32 - Spectrum comparison AHBHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 33 - Spectrum comparison AHBHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 34 - Spectrum comparison AHFHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 35 - Spectrum comparison AHFHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 36 - Spectrum comparison AHFVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 37 - Spectrum comparison ARBHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 38 - Spectrum comparison ARBHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 39 - Spectrum comparison ARBVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 40 - Spectrum comparison ARFHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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The curves for the cab, illustrated in Figure 31 to Figure 36, have a tendency to separate 

after 10 Hz and for the frame the curves do not divide until it reaches frequencies above 

30 Hz. The rear of the frame does not correspond in the lower frequencies. 

The rest of the model (frame mid and axles) performs poorly when the cab and frame is 

performing satisfactory, which is shown in Figure 41. 

 

Figure 41 - Pseudo-damage for the middle of the frame and the axles when iterating using cab and front and rear 

of the frame 

None of the sensors shown in Figure 41 reach the limits set as acceptable. Figure 42 to 

Figure 56 illustrates how the sensors frequency spectrums match. 
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Figure 42 – Spectrum comparison ARMHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 43 – Spectrum comparison ARMHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 44 – Spectrum comparison ARVMX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 45 – Spectrum comparison AB1HX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 46 – Spectrum comparison AB1HY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 47 – Spectrum comparison AB1HZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 48 – Spectrum comparison AB1VX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 49 – Spectrum comparison AB1VY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 50 – Spectrum comparison AB1VZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 51 – Spectrum comparison AF1HX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 52 – Spectrum comparison AF1HY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 53 – Spectrum comparison AF1HZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 



25 

 

Figure 54 – Spectrum comparison AF1VX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 55 – Spectrum comparison AF1VY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 56 – Spectrum comparison AF1VZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

When the cab and frame performs well the axles are performing poorly. Therefore the 

virtual test rig is iterated using the sensors on the axles to make the axles perform well 

and study how the cab and frame then are performing. The TDDI and pseudo-damage 

from this simulation is seen in Figure 57 and Figure 58.  
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Figure 57 - TDDI for the model with the complex frame when iterating with focus on the axles 

 

Figure 58 - Pseudo-damage for the model with the complex frame when iterating with focus on the axles 

Since the cab and frame has obvious difficulties performing well in cooperation with the 

axles also the frequency spectrum comparison is of interest to study to see in which 

frequency interval the model fails to perform. These are seen in Appendix D. 

The pseudo-damage for the complete-vehicle model driving on a virtual 3d-road is 

presented in Figure 59. Because of the time lag there is no meaning in calculating the 

TDDI for the model driving on the 3D-road. Though it is of interest to see how some of 

the sensors are performing. The sensors mounted on the right hand side of the front and 

rear axle measuring in z-direction and on the front of the frame measuring in y-direction 

is presented in Figure 60 to Figure 62. Corresponding frequency spectra is presented in 

Appendix E. 
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Figure 59 - Pseudo-damage for the complete-vehicle model with the complex frame driving on virtual 3d-road 

 

Figure 60 – Acceleration (mm/s2), when driving on 3D-road, in the front axle, right hand side measuring in z-

direction. Black curve is measured on the physical truck and the blue on the virtual model. 
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Figure 61 – Acceleration (mm/s2), when driving on 3D-road, in the rear axle, right hand side measuring in z-

direction. Black curve is measured on the physical truck and the blue on the virtual model. 

 

Figure 62 – Acceleration (mm/s2), when driving on 3D-road, in the front of the frame, right hand side measuring 

in y-direction. Black curve is measured on the physical truck and the blue on the virtual model. 
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4 Conclusions and suggested future work 

The cab is performing very well at frequencies between 0 and 10 Hz but give too low 

amplitudes at higher frequencies. This may be a result of too much damping in the high 

frequency area. Optimization of the damping in the frame model may give better results. 

The sensors measuring the acceleration in x-direction on the front axles are performing 

poorly in all cases. Even when iterating using only the front axle sensors. This depends 

on the sensors being mounted differently on the physical truck than on the virtual 

model. In the physical truck the sensors are mounted on the inside of the wheel hubs. In 

the virtual model the sensors are mounted to the axle. When the wheels turn or the 

suspension is compressed or extended the wheel hubs turn resulting in x- and y-

direction changes in comparison to the axle. Therefore the sensors on the physical truck, 

in x- and y-direction, are not fully comparable with the sensors on the virtual model.  

Even if the sensors on the front axle are not fully comparable it can be seen that the 

axles are performing poorly in cooperation with the cab and frame. Figure 41 illustrates 

that none of the sensors on the axles reaches the correct order of amplitude when 

iterating using the sensors on the cab and the front and rear of the frame. This is a result 

of a poorly modelled wheel suspension. The relative damping that has been used for the 

beams, representing the leaf springs, has turned out to highly affect the results and 

needs to be optimized.  

Reviewing the spectrum comparisons of the frame shows that the rear end of the frame 

is performing poorly in the low frequency area between 0 and 10 Hz. This indicates that 

the damping for the frame is too high for these frequencies to get an accurate result. The 

front end of the frame shows the opposite results. It performs well in the low frequency 

area but when reaching frequencies above 30 Hz it attains higher amplitudes than the 

physical truck does. This indicates too low damping of the high frequencies.  

The middle of the frame is generally performing disappointingly. This is a problem 

arising also in physical test rigs. One reason might be that the entire drive line is not 

modelled and therefore the middle of the frame has a different stiffness in the virtual 

model than in the physical truck. Also the absence of simulated torque in the drive line 

can cause difficulties getting the model to perform well. 

When iterating on the axles, the front of the frame is performing well in the entire 

frequency spectra for the two sensors measuring in z-direction. Though, the sensor 

measuring in y-direction is a bit too high in the area between 30 and 50 Hz. This is the 

same tendency as shown when iterating on the sensors on the cab and frame. For the 

rear of the frame it is the opposite. When iterating on the axles the rear end of the frame 

performs well for the lower frequencies and starts showing too low amplitudes at 

frequencies above 20 Hz. The weak performance in the rear of the frame indicates that 

the rear suspension with the air bellows is more complex to model and needs to be 

reviewed. 

When studying the TDDI values the model with simple frame tend to show better model 

performance than the model with the complex frame. Though, the complex model is 

better when analyzing the pseudo-damage. At this point of the process the model with 

the complex frame do not produce results with an accuracy that is as much better, than 
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the model with the simple frame, that it is worth the extra modelling time the complex 

frame demands. If the complex frame model is optimized it most certainly will present 

better results than the simple frame model.  

The results from the simulation, when driving on 3D-road, shows that the model is not 

meeting the requirements for acceptable results with respect to fatigue evaluation. 

However, when analysing the pseudo-damage the model driving on the 3D-road is 

performing better than the model iterated using the sensors on the axles. In these two 

compared cases the relative damping is unequal. However the results show that a lower 

relative damping together with an optimized wheel suspension model is needed for the 

complex frame to reach the desired level of fatigue damage.  

To reach the long term objective of a full-vehicle model that performs as the physical 

truck does on the test track, more work has to be done. The complex frame has much 

potential if optimized. It is in this step of the process not fair to exclude the complex 

frame. The model delivered almost as good results as the simple frame model without 

being optimized, with respect to damping.  

Another improvement of the full-vehicle model would be to make a deeper study of the 

wheel suspension and optimize it with respect to damping. This is at present a big 

weakness of the model and could improve the accuracy considerably.  

With an optimized damping of the cab suspension this could return responses with even 

better compliance also at higher frequencies. 
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Appendix A 

Explanation of the sensor names and coordinates 

 

  

Sensors

x y z x y z

AHBHX Acceleration cab rear right x 2765 931 3090 3525 931 2385

AHBHY Acceleration cab rear right y

AHBHZ Acceleration cab rear right z

AHFHY Acceleration cab front right y -1253 780 1815 1507 780 1110

AHFHZ Acceleration cab front right z

AHFVZ Acceleration cab front left z -1253 -780 1815 1507 -780 1110

ARBHY Acceleration frame rear right y 3700 361 135 5700 361 1135

ARBHZ Acceleration frame rear right z

ARBVZ Acceleration frame rear left z 3700 -361 135 5700 -361 1135

ARFHY Acceleration frame front right y -1373 579 172 627 579 1171

ARFHZ Acceleration frame front right z

ARFVZ Acceleration frame front left z -1373 -579 172 627 -579 1171

ARVMX Acceleration frame gearbox beam centre x 1299 0 255 3299 0 1255

AB1HX Acceleration rearaxle right x -33 645 201

AB1HY Acceleration rearaxle right y

AB1HZ Acceleration rearaxle right z

AB1VX Acceleration rearaxle left x -33 -645 201

AB1VY Acceleration rearaxle left y

AB1VZ Acceleration rearaxle left z

AF1HX Acceleration frontaxle right x 3 797 93

AF1HY Acceleration frontaxle right y

AF1HZ Acceleration frontaxle right z

AF1VX Acceleration frontaxle left x 3 -797 93

AF1VY Acceleration frontaxle left y

AF1VZ Acceleration frontaxle left z

ARMHY Acceleration frame centre right y 1170 393 105 3170 393 1105

ARMHZ Acceleration frame centre right z

ARMVZ Acceleration frame centre left z 1170 -393 105 3170 -393 1105

DB1VZ Distance rear left upper 5720 -410 1195

lower 5700 -415 103

DB1HZ Distance rear right upper 5720 425 1195

lower 5700 415 103

DF1VZ Distance front left upper 1930 -640 1350

lower -70 -522 -90

DF1HZ Distance front right upper 1930 635 1350

lower -60 523 -95

Position in global coordinates Position in local coordinates
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Appendix B 

Weights of components  

Scania internal documentation. 
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Appendix C 

Damper characteristics 

 

 

  

Dampers

Front art.nr:1867874 (see draw ing 1369018) Right 85 mm

Left 78 mm

Rear art.nr: 1397523 (see draw ing 1380423-1) Right 99 mm

Left 100 mm

Bumpstop clearance
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Appendix D 

Frequency spectrums for the model with the complex frame in the test rig 
iterating using the sensors on the axle. 

 

Figure 63 - Spectrum comparison ARFHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 64 - Spectrum comparison ARFHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 65 - Spectrum comparison ARFVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 66 - Spectrum comparison ARMHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 67 - Spectrum comparison ARMHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 68 - Spectrum comparison ARMVZ. Black curve is 

the time history from the measurement and blue is from 

the simulation. Showing amplitude (mm/s2) on the y-axis 

and frequency (Hz) on the x-axis. 

 

Figure 69 - Spectrum comparison ARVMX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 70 - Spectrum comparison AB1HX. Black curve is 

the time history from the measurement and blue is from 

the simulation. Showing amplitude (mm/s2) on the y-axis 

and frequency (Hz) on the x-axis. 

 

Figure 71 - Spectrum comparison AB1HY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 72 - Spectrum comparison AB1HZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 73 - Spectrum comparison AB1VX. Black curve 

is the time history from the measurement and blue is 

from the simulation. Showing amplitude (mm/s2) on 

the y-axis and frequency (Hz) on the x-axis. 

 

Figure 74 - Spectrum comparison AB1VY. Black curve 

is the time history from the measurement and blue is 

from the simulation. Showing amplitude (mm/s2) on 

the y-axis and frequency (Hz) on the x-axis. 

 

Figure 75 - Spectrum comparison AB1VZ. Black curve 

is the time history from the measurement and blue is 

from the simulation. Showing amplitude (mm/s2) on 

the y-axis and frequency (Hz) on the x-axis. 

 

Figure 76 - Spectrum comparison AF1HX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 77 - Spectrum comparison AF1HY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 78 - Spectrum comparison AF1HZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 



38 

 

Figure 79 - Spectrum comparison AF1VX. Black curve 

is the time history from the measurement and blue is 

from the simulation. Showing amplitude (mm/s2) on 

the y-axis and frequency (Hz) on the x-axis. 

 

Figure 80 - Spectrum comparison AF1VY. Black curve 

is the time history from the measurement and blue is 

from the simulation. Showing amplitude (mm/s2) on 

the y-axis and frequency (Hz) on the x-axis. 

 

Figure 81 - Spectrum comparison AF1VZ. Black curve 

is the time history from the measurement and blue is 

from the simulation. Showing amplitude (mm/s2) on 

the y-axis and frequency (Hz) on the x-axis. 

 

Figure 82 - Spectrum comparison AHBHX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 83 - Spectrum comparison AHBHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 84 - Spectrum comparison AHBHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 85 - Spectrum comparison AHFHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 86 - Spectrum comparison AHFHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 87 - Spectrum comparison AHFVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 88 - Spectrum comparison ARBHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 89 - Spectrum comparison ARBHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 90 - Spectrum comparison ARBVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Appendix E 

Frequency spectrum for the model with complex frame driving on 3D-road. 

 

Figure 91- Spectrum comparison ARFHZ. Black curve 

is the time history from the measurement and blue is 

from the simulation. Showing amplitude (mm/s2) on 

the y-axis and frequency (Hz) on the x-axis. 

 

Figure 92 - Spectrum comparison ARFHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 93 - Spectrum comparison ARFVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 94 - Spectrum comparison ARMHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 95 - Spectrum comparison ARMHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 96 - Spectrum comparison ARMVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 97 - Spectrum comparison ARVMX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 98 - Spectrum comparison AB1HX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 99 - Spectrum comparison AB1HY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 100 - Spectrum comparison AB1HZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 101 - Spectrum comparison AB1VX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 102 - Spectrum comparison AB1VY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 103 - Spectrum comparison AB1VZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 104 - Spectrum comparison AF1HX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 105 - Spectrum comparison AF1HY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 106 - Spectrum comparison AF1HZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 107 - Spectrum comparison AF1VX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 108 - Spectrum comparison AF1VY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 109 - Spectrum comparison AF1VZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 110 - Spectrum comparison AHBHX. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 111 - Spectrum comparison AHBHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 112 - Spectrum comparison AHBHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 
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Figure 113 - Spectrum comparison AHFHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 114 - Spectrum comparison AHFHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 115 - Spectrum comparison AHFVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 116 - Spectrum comparison ARBHY. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 117 - Spectrum comparison ARBHZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 

 

Figure 118 - Spectrum comparison ARBVZ. Black 

curve is the time history from the measurement and 

blue is from the simulation. Showing amplitude 

(mm/s2) on the y-axis and frequency (Hz) on the x-

axis. 



45 

 


