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Abstract 

This scientific work is dedicated to the study of the impact of vibrations on the Volvo 

A60 articulated hauler’s hydraulic tank taking fluid-structure interaction into 

account.  

In this work, a theoretical background is presented in order to give the reader a basic 

awareness of the given problem together with a detailed description of the methods 

used during the examination of the above mentioned hydraulic tank. 

To perform an analysis of the finite-element model, ANSYS software was used while 

ANSA and META were used as the pre- and post-processor. Matlab was used in 

order to compare the obtained data.  

As a result of the analysis, this work provides a simplified and yet accurate model 

and a description of some of the minor problems present in the original Volvo CE 

model. In order to solve those issues, solutions are proposed. 

Keywords:  Finite-Element Analysis, Fluid-Structure Interaction, Vibrations, 

Hydraulic Tank, ANSYS, ANSA, META, Matlab, Volvo 
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Notations 

Designation  Name   Unit 

Capital letters 

𝐴  area   [𝑚2] 

𝐶  damping matrix  [
𝑁

𝑚∙𝑠−1 ] 

𝐶𝑐𝑟  critical damping  [
𝑁

𝑚∙𝑠−1 ] 

𝐶𝑓  capacity   [𝑃𝑎3] 

𝐷  duty   [𝑃𝑎3] 

𝐸  Young’s modulus  [𝑃𝑎] 

𝐹  force   [𝑁] 

𝐻  receptance   [𝑚/𝑁] 

𝐼  acoustic fluid boundary matrix [𝑚2] 

𝐾  stiffness matrix  [𝑁/𝑚] 

𝐿  length   [𝑚] 

∆𝐿  change in length  [𝑚] 

𝑀  mass matrix   [𝑘𝑔] 

𝑁  number of degrees of freedom [−] 

{𝑁}  shape function  [−] 

𝑁𝑓  maximum number of occurrence [−] 

𝑃  load   [𝑁] 

𝑃0  magnitude   [𝑁] 

𝑅  electrical resistance  [Ω] 

𝑆  stress tensor   [𝑃𝑎] 

𝑆𝐹   sloshing mass matrix  [𝑘𝑔] 

𝑇𝑛  natural period  [𝑠] 

Small Letters 

𝑎  nodal displacement  [𝑚] 
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𝑐  coefficient of damping  [
𝑁

𝑚∙𝑠−1 ] 

𝑑  damage   [−] 

𝑑𝑡  differential of time  [𝑠] 

𝑑𝜏  differential of time constant [𝑠] 

𝑑𝑢  differential of displacement [𝑚] 

𝑑𝑥  differential of length  [𝑚] 

𝑒  Euler’s number  [−] 

𝑓  function   [−] 

𝑓𝑘  actual normalized discrete frequency [𝑟𝑎𝑑/𝑠𝑎𝑚𝑝𝑙𝑒] 

𝑓𝑠  sampled frequency  [𝐻𝑧] 

𝑔  gravitational force  [𝑚/𝑠2] 

ℎ  height   [𝑚] 

𝑗  imaginary part of a complex number [−] 

𝑘  stiffness   [𝑁/𝑚] 

𝑘𝑓  Wöhler slope   [−] 

𝑚  mass   [𝑘𝑔] 

𝑛  number of samples  [−] 

𝑛𝑓  number of occurrence  [−] 

𝑝  pressure   [𝑃𝑎] 

𝑞  generalized coordinate  [𝑚] 

𝑟  reaction force  [𝑁] 

𝑠  surface   [𝑚2] 

𝑡  time   [𝑠] 

𝑢  displacement   [𝑚] 

𝑥  length / displacement  [𝑚] 

Greek Letters 

Γ  mass participation factor  [𝑘𝑔] 

Γf  fluid domain boundary  [−] 

ΓSL  boundary of the sloshing interface [−] 

𝜖  strain   [−] 

𝜉  relative damping  [−] 
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𝜌  electrical resistivity  [Ω ∙ 𝑚] 

(𝜌)  density   [𝑘𝑔/𝑚3] 

𝜎  normal stress   [𝑃𝑎] 

𝜎𝑀  Von Mises stress  [𝑃𝑎] 

∆𝜎  stress range   [𝑃𝑎] 

𝜏  time constant   [𝑠] 

𝜙  modeshape   [−] 

Ω  driving frequency  [𝑟𝑎𝑑/𝑠] 

𝜔  angular frequency  [𝑟𝑎𝑑/𝑠] 

𝜔𝑑  damped circular natural frequency [𝑟𝑎𝑑/𝑠] 

𝜔𝑛  undamped circular natural frequency [𝑟𝑎𝑑/𝑠] 
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1. Introduction 

Construction machinery has, in the past years, proved to be a significant 

field of industry; this particular sector has experienced long-term growth and 

now represents 5% of the worldwide industry (Afera, 2018). In the year 

2000, the entire global construction equipment market was estimated to be 

worth about 62 billion U.S. dollars. One-third of this market share consisted 

of loaders, off-highway trucks, and tractors. (Statista, 2018) 

Between the years 2000 and 2015, the global construction equipment market 

grew about 277% (Statista, 2018) up to 172 billion U.S. dollars, where the 

segment of loaders, off-highway trucks, and tractors was evaluated at around 

55 billion U.S. dollars, which in this case shows an increase of about 34 

billion U.S. dollars (approximately 261%). 

In the year 2020, the construction equipment market is expected to be worth 

around 225 billion U.S. dollars, which proves the potential for improvement 

of the construction equipment. 

Volvo Construction Equipment AB, a part of the Volvo Group, is one of the 

leading manufacturers in this field. This is especially true for the wheel 

loaders and the articulated haulers which are ranked among the key 

equipment on a construction site. Indeed, Volvo CE owns about 40% 

(Ulvagården & Sandberg, 2017) of the market share of articulated haulers; 

that is 10% more than the direct competitor Caterpillar Inc. (hereinafter 

referred to as CAT). This makes Volvo CE the producer of more than half of 

all the articulated haulers built in the world (Volvo Group, AB, 2018). 

Moreover, the company is still faring well. During 2017, Volvo CE 

experienced stable growth in sales up to 31% (in Q1 30%, Q2 36%, Q3 

34%, and 28% in Q4). In the third quarter, Volvo CE produced its 75,000th 

articulated hauler. 

Remaining one of the biggest companies in this field requires continuous 

improvements of their products, including every part of haulers and loaders, 

from the smallest to the largest ones. Indeed, every element has its 

importance in an effort to obtain desired competitive advantages. 

1.1 Background and Problem Description 

Heavy machines such as loaders, scrapers, articulated haulers, and 

excavators are subjected to extreme working environments including strong 

vibrations and significant stresses and deformations. Those vibrations and 

their effects have thus to be taken into account while dimensioning each 

element of a machine. 
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Designing such a device is, therefore, a precise and systematic task focusing 

on each detail, where every part must be able to withstand given conditions 

independently and concurrently as a feature of the entire structure while 

keeping its cost and durability optimized. This represents the necessity of a 

constant work on improving the product’s efficiency and reliability. 

(Enventure Engineering LLP, 2018). 

Volvo CE has a high diversity of construction equipment machines. 

However, the articulated haulers constitute the main concern of this master 

thesis. More specifically, this study focuses on one specific part of the 

articulated haulers, the hydraulic tank. This tank contains the oil which fills 

the lifting cylinders used to lift the dump body in its discharging position 

(Fig. 1).  

 

Fig. 1 – The hydraulic tank (Goetz, 2018). 

The size of the tank, located in the middle of the articulated hauler (see Fig. 

1), is about 1x1x0.5 meters and is composed of two main compartments 

which act like reservoirs filled to 80% by oil. The fluid in the first chamber 

is used by the lifting cylinders to elevate the dump body in which the rocks, 

soil and other loaded materials are kept, and the oil in the second and 

smaller one is used by the steering system. 

The tank is subjected to strong vibrations coming from the movement of the 

articulated hauler and some other secondary parameters, e.g. the vibrations 

of the engine, the shocks, etc. Those are the fundamental causes when it 

comes to the stresses and strains operating on an elastic body (Xushe, 2012). 

The vibrations induce motion in the fluid, which impacts the sides of the 

reservoir causing strains and thereby stresses. In effect, vibrations can cause 

Dump body 

Cylinders 

Hydraulic tank 
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a fatigue phenomenon in the material, which can lead to failure of the 

component. (Naser & Toledano, 2011). 

It is therefore important to have an accurate model of this tank to simulate 

those deformations and see the response of the system to determine how to 

improve it. 

Volvo CE has already performed studies on this subject and they came up 

with a detailed model of the tank used mainly for the evaluation of welding. 

However, it has not been verified yet by measurements and therefore the 

model has not been validated. Besides, to analyse such a detailed finite 

element model takes up to fifteen hours as the used mesh is very fine and a 

lot of structural details are taken into account. Therefore, each modification 

takes more than one day to be verified. 

1.2 Aim and Purpose 

The aim of this study is to come up with a simplified (in terms of the mesh 

size) and yet accurate Finite-Element (FE) model of the tank while tanking 

the fluid-structure interaction, the vibrations and the interaction between the 

different parts of the hauler into account. This model should take less time to 

be compiled while giving approximately the same results as the detailed one. 

Thereafter, it has to be compared with data from measurements to be 

validated. 

The main purpose of this thesis is to create a valid model representing the 

real behaviour of the Volvo CE articulated hauler’s hydraulic tank while 

shortening its computation time as much as possible. This model can be used 

later for the development of a new version of the hydraulic tank. 

1.3 Hypothesis 

The hypothesis can be divided into 2 parts:  

• By changing the mesh of certain parts of the structure, the model can 

be simplified and yet achieve similar accuracy as the detailed one 

provided by Volvo CE.  

• The model provided by Volvo CE and the physical model used for 

the measurements will need slight modifications in order to have the 

same behaviour. 
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1.4 Limitation 

The main limitations of this thesis concern the measurements which have 

been performed early in the thesis work due to a limited access to the shaker 

table simulating the vibrations. Consequently, the sensors were placed based 

on visual observations of the tank model in ANSYS without any deep 

investigation taking precise numbers into account. An example is described 

in Fig. 2, where the red dots represent the sensors, while the lines represent 

their directions. 

  

Fig. 2 – Location of the sensors (Goetz, 2018).  

Moreover, given the fact that the shaker table is situated in Eskilstuna and it 

is often occupied, the measurements could not be repeated.  

Another type of limitation is a strict security policy affecting the 

accessibility of the data and the model itself and the need of performing all 

the heavy computations on the Volvo Group servers located in Gothenburg 

and connected to Volvo’s facilities, meaning that all the work had to be done 

at Volvo CE in Braås. 

1.5 Assumption 

The unloading case when the oil is pumped out from the hydraulic tank to 

the lifting system can be neglected as the main vibrations appear when the 

vehicle moves.  

The materials have an elastic behaviour and are only subjected to linear 

deformations. 
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1.6 Reliability, Validity and Objectivity 

The reliability describes the quality of the tests or measurements. They have 

to be performed in a repeatable and trustworthy way (Trochim, 2006). The 

validity means that the measurements or tests lead to the intended result and 

thus the measurement of the right variable; it defines the credibility of the 

research (Wren, 2005).   

The reliability of the model is ensured by the software itself, as it will 

always return the same results for given parameters. Concerning the 

measurements, the working environment provided by Volvo CE e.g. the 

exact material and experience of the person in charge of the test will ensure 

good reliability. 

The validity of the simplified model is insured by the comparison with the 

detailed one, and the validity of the measurements is ensured by Volvo and 

their experience in this field. In case of the thesis, the interest of Volvo is to 

have an applicable result, hence the objectivity of the thesis has the highest 

priority.  

To guarantee the scientific objectivity, some characteristics must be met 

(Reiss & Sprenger, 2017); it is necessary to point out that methodology and 

results were not influenced by personal interests or perspective but they 

were based only on theory and data obtained from analysis and 

measurements. 
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2.  Literature Review 

In order to obtain a better background knowledge for this thesis, scientific 

studies together with specialised literature are presented. 

2.1 Vibrations 

The main part of this thesis deals with the vibrations and their influence on 

the hydraulic tank of the A60H articulated hauler. 

2.1.1 General Description and Reduction of the Vibrations 

The doctoral thesis conducted at Luleå University of Technology by Peter 

Jönsson deals with the problem of examining different methods in order to 

reduce the effects of the whole-body vibrations (Jönsson, 2005). Although 

this doctoral thesis is heading more towards how the vibrations affect 

people, it is possible to use a similar methodology and apply it to structural 

parts of vehicles. This thesis came to a conclusion which describes the 

importance of the field measurements together with the computer modelling 

(FEM) and the simulations. As such, it is possible to use the given 

methodology to simulate and analyse this problem to reduce the negative 

effects of the whole-body vibrations (Jönsson, 2005). 

A more general description of the reduction of mechanical vibrations can be 

found in (Chudý, 2012). The problem of vibrations in general is presented as 

a theory of the vibro-acoustic and basic variables in case of the mechanical 

oscillation and acoustics. The other parts are dedicated to a description of 

different types of vibrations and vibration propagation in solids. In the main 

part of the thesis, multiple methods of reducing the mechanical vibrations 

are being studied where the theme itself is divided into two main parts. In 

the first part, the thesis describes different types of materials reducing 

vibrations, wherein the second part the structural modifications are 

introduced. 

2.1.2 Structural Vibrations  

The application note made by the LDS company (LDS-Dactron, 2003), 

although not a scientific paper, represents a good outline for the structural 

vibrations in general. In this particular application note, basics of the 

structural vibrations are presented, and terms such as “free”, “forced”, and 

“sinusoidal” vibrations together with “random” vibrations, described more 

in detail in the sub-chapter below, are introduced. 

Moreover, the application note introduces a “time” and “frequency” analysis 

with a description of “time domain” and “Fourier transformation”. Those are 
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concepts used in this thesis while observing the influence of vibrations on 

the tank during the real measurements and, furthermore, tools used for a 

final comparison. 

The application note also provides information about different types of 

vibration measurements and introduces general theoretical and practical 

information about the vibration sensors or different excitation methods and 

analytic equipment.  

2.1.3 Random Vibrations 

Özgür Bayrakdar carried out a master thesis research about random 

vibrations at İzmir Institute of Technology. In his thesis (Bayrakdar, 2010), 

a brief description of how random vibrations affecting a road vehicle on four 

different car models is made using natural frequencies and introducing the 

response of the system to those vibrations. Harmonic and random base 

excitations are presented.  

Moreover, a useful theoretical background is described in the first part of the 

thesis, including a general description of the equation of motion for each 

model. Within the results, graphs representing response function are 

introduced and further discussed.  

2.2 Welding and Fatigue  

Most of the parts of the Volvo A60H articulated hauler’s hydraulic tank are 

connected by welding. It affects the structure in many ways, and one of the 

most important things to know is its relation to fatigue.  

However, due to the fact that welds were already examined using the 

detailed model and, in the case of this thesis, the research was focused on 

examining the behaviour of other parts of the hydraulic tank, the welds can 

be modelled using a more coarse mesh. 

2.2.1 Welding 

In order to avoid the failure of a structure due to those vibrations, especially 

at the locations of the welds, it is mandatory to take fatigue, amount of 

material, and the procedures used into account. Numerous studies have taken 

place in the past. Notably, the study of (Åstrand, 2016), which deals with the 

optimization of the welds, definition of their quality, and the possibility of 

improvement when considering the price of such a procedure. The relation 

of fatigue to the welding is analysed as well.  



  

8 

T. Burnotte & M. T. Janoušek 

2.2.2 Fatigue 

Fatigue is possible to be represented by four stages wherein the first one, it 

is possible to observe an original appearance of a crack near a highly 

stressed point (Åstrand, 2016). In the second step, the crack grows in the 

area which is subjected to the shear stress. In the third stage, long crack 

growth takes place. In the final stage, material failure occurs.  

In conclusion, the solution described by the following steps is presented, 

mentioning mainly the necessity of developing a new welding procedure and 

welding design in order to save material and time together with the 

improvement of the stiffness of the whole structure. This has to be taken into 

consideration in the case of design improvement and simplification of the 

hydraulic tank. 

Except for the welding processes and optimisation, it is also necessary to 

mention some of the prediction methods used in the analysis of fatigue. The 

dissertation thesis (Martinsson, 2005) deals with the problem of the 

influence of welding quality on the fatigue strength, it comes up with new 

procedures of how to extract data from the finite element analysis of 

structures loaded by complex fatigue. As a result, the benefits of usage of 

the Linear-Elastic-Fracture-Mechanics life prediction method in order to 

examine effects of fatigue on the welded structures are presented. 

2.3 Finite-Element Method 

During the process of designing the articulated hauler’s hydraulic tank, a 

finite-element method (FEM) is used. 

There are many books about the finite element method which help to obtain 

a good background knowledge of the given problem. In this case, the Finite 

Element Method in Engineering written by Singiresu S. Rao is used.  

In the book (Rao, 2011), Rao goes through the introduction of the method 

where the basic concept, altogether with a historical background, are 

described. On pages 40 and 41, Rao introduces software solutions for 

computation of the FEM such as ANSYS. The possibility of using Matlab is 

also mentioned.  

In the second part, Rao focuses on the basic procedure of the finite-element 

method and introduces basic element shapes and discretization process. In 

the third part, the application to solid mechanics problems is described. 

Within the next two chapters, applications to heat transfer problems and 

fluid mechanics problems are mentioned.  

In order to obtain a better knowledge about the software solution ABAQUS, 

Matlab and ANSYS, the seventh part can be used, while in case of this 
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particular thesis, since the analysis is not performed using ABAQUS, the 

most important chapters are 22 and 23 dealing with the other two programs 

mentioned above.  

2.4 Fluid-Structure Interaction 

Interaction of the fluid with the structure is a deep and complex problem. In 

case of this research, the interaction is happening between the walls of the 

hydraulic tank and two different fluids placed inside.  

For a better idea of what is happening inside of the tank, the book Modelling 

of Mechanical Systems: Fluid Structure Interaction is used. The book (Axisa 

& Antunes, 2006) introduces the fluid-structure coupling while describing 

the essential equation used for understanding of the fluid-structure 

interaction (FSI) behaviour. One of the chapters is also dedicated to the 

surface waves affecting the structure including sloshing.  



  

10 

T. Burnotte & M. T. Janoušek 

3.  Theory 

In this chapter, general principles are presented together with a description 

of the theory of vibrations, structural dynamics, analysis, and modelling. 

Moreover, a basic background of the software used in the thesis and some of 

the basic software functions are presented in order to be discussed further in 

the methodology chapter. 

3.1 General Principles 

In this section, the theory about stresses, strains, fatigue, and welds, as well 

as their impact on each other, is introduced. 

3.1.1 Stresses and Strains 

Stress 𝜎 is defined as the ratio between a force 𝐹 and an area 𝐴 (Lai, Rubin, 

& Krempl, 1999): 

𝜎 =
𝐹

𝐴
  (1) 

The one-dimensional elastic strain is represented by equation (2), where 𝜖 is 

the strain of the material, 𝐿 its length and ∆𝐿 the variation of its length. 

𝜖 =
∆𝐿

𝐿
=

𝑑𝑢

𝑑𝑥
  (2) 

The materials have an elastic behaviour until a certain stress limit; when the 

stress is higher than this limit, the material starts to deform permanently. 

The behaviour of the material in the elastic state is given by Hooke’s law 

(3), which introduces Young’s modulus 𝐸. In the case of steel, its value is 

210.000 𝑀𝑃𝑎 (Ashby, 2005). 

𝜎 = 𝐸 ∙ 𝜖  (3) 

This relation can be generalized in more than one direction. Then, 𝐸 would 

be replaced by a constitutive matrix 𝐷, which would have the size 6x6. If 

the material is isotropic (the same properties in all directions) this matrix 

depends on 𝐸 and the Poisson’s ratio while, in case of an orthotropic 

material (the properties depends on the directions), more parameters must be 

taken into consideration. 
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In the case of this thesis, the stress tensor 𝑆 is defined as (4): 

𝑆 = [

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

]  (4) 

This matrix gives all the information about the stresses in a point within the 

material. 

The strain is defined as a matrix: 

[𝜀] = [

𝜀𝑥𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧

𝜀𝑦𝑥 𝜀𝑦𝑦 𝜀𝑦𝑧

𝜀𝑧𝑥 𝜀𝑧𝑦 𝜀𝑧𝑧

]  (5) 

The Von Mises stress 𝜎𝑀 is a criterion used to characterize a material and 

determine when it is going to yield. Its value is given by (Roylance, 2001):  

𝜎𝑀 = √
1

2
∙ [(𝜎𝑥 − 𝜎𝑦)

2
+ (𝜎𝑦 − 𝜎𝑧)

2
+ (𝜎𝑧 − 𝜎𝑥)2 + 6(𝜎𝑥𝑦

2 + 𝜎𝑦𝑧
2 + 𝜎𝑥𝑧

2 )] 

     (6) 

3.1.2 Fatigue 

Fatigue occurs when a material is submitted to a time varying load, although 

the stresses are lower than the maximum stress the material can withstand 

(Schijve, 2009). This phenomenon can be divided into two different phases: 

First, the crack initiation period, where some micro-cracks start to appear 

and grow in the material at a small scale, which cannot be seen by the 

human eye. The micro-cracks emerge early in the cycle of life of a material, 

almost as soon as it is subjected to vibrations. 

The crack initiation period is followed by the crack growth period, where the 

cracks which appeared during the first period grow on a bigger scale until 

reaching the complete failure of the material. 

The fatigue depends on two main factors which are the stress range ∆𝜎 =
 𝜎𝑚𝑎𝑥 – 𝜎𝑚𝑖𝑛, represented in Fig. 3 and the number of cycles 𝑁 (or time in 

the same figure). If one of those two factors increases, the material will 

reach failure earlier (COMSOL, Inc., 2018). 
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Fig. 3 – A harmonic stress variation. 

Despite the relation between the fatigue, the stress range and the number of 

cycles, the fatigue life of a material remains highly complicated to determine 

as other factors like the shape of the material or its strength have impacts on 

the result (Castillo & Fernandes-Cantelo, 2009). Therefore, statistical 

models, such as the S-N curve (see Fig 4.a), which relates the stress and the 

number of cycles, are important to estimate how to avoid the failure of a 

material. The slope of the curve 𝑘𝑓 exists for each material and is used to 

find the maximum number of cycles which can be performed for a certain 

stress range for a given material. In this thesis, 𝑘𝑓 = 3. 

 

Fig. 4.a – The S-N curves. 
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Fig 4.b shows a signal occurring 𝑛 times with a constant stress range ∆𝜎; the 

structure can withstand 𝑁𝑓 times this ∆𝜎. Three main variables describing a 

structure are introduced: the damage, the capacity and the duty. 

The capacity 𝐶𝑓 of this structure is the curve represented in Fig 4.a; its 

behaviour in response to the signal is given by equation (8). The duty 𝐷 is 

described by equation (11) and the damage 𝑑 caused to the structure is 

defined by equation 7 (Andersson, 2018). 

𝑑 =
𝑛𝑓

𝑁𝑓
≤ 1  (7) 

𝐶𝑓 = 𝑁𝑓 ∙ 𝜎𝑘𝑓  (8) 

Therefore, 

𝑁𝑓 =
𝐶𝑓

𝜎
𝑘𝑓

  (9) 

By injecting equation (9) into (7): 

𝑑 =
𝑛𝑓

𝑁𝑓
=

𝐷

𝐶𝑓
≤ 1  (10) 

Where 𝐷 in equation (10) represents the duty and is possible to express in 

form of equation (11) as follows:  

𝐷 = 𝑛𝑓 ∙ 𝜎𝑘𝑓  (11) 

From these three parameters, the life of the structure can be estimated as 

shown in the following equation: 

𝐿𝑖𝑓𝑒 =
𝐶𝑓

𝐷
  (12) 

 

 

Fig. 4.b – The S-N curves – Application 1. 
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Fig 4.c represents the same principle taking a complex signal into account. 

In this case, 𝑖 different stress ranges are considered for 𝑖 different numbers 

of cycles. 

The duty 𝐷 is given by equation (13), while the damage 𝑑 is described by 

equation (14). 

𝐷 = ∑ 𝑛𝑓𝑖
∙ 𝜎𝑖

𝑘𝑓
𝑖   (13) 

𝑑 = ∑
𝑛𝑓𝑖

𝑁𝑓𝑖

=
∑ 𝑛𝑓𝑖

∙𝜎𝑖
𝑘𝑓

𝑖

𝐶𝑓
=

𝐷

𝐶𝑓
𝑖  (14) 

 

Fig. 4.c – The S-N curves – Application 2. 

3.1.3 Welding 

One of the fundamental ways of joining two parts is welding, which can be 

described as a process of linking two or more components by a permanent 

connection (Åstrand, 2016). 

In an assembling process the welds, and especially fillet welds joining two 

elements as represented in Fig. 5, are often the main cause of failure. This is 

due to the fact that they are exposed to high stresses and fatigue and have a 

lower level of resistance in comparison to the whole structure, thus specific 

S-N curves also exist for a given type of weld (Socie, 2014). 



  

15 

T. Burnotte & M. T. Janoušek 

 

Fig. 5 – The fillet weld (Wikimedia Foundation, Inc., 2013). 

Therefore, according to the Volvo standard, different classes of welding 

exist, from VS to VE, VD, VC and finally VB (Volvo Group, AB, 2016). 

The class VS is the less resistant but also the least expensive one, while the 

VB is more resistant and hence more expensive. The classes of welding 

must be chosen as a function of the stresses, to withstand them and keep it 

cost optimized. 

3.2 Vibrations 

The vibrations are the main causes of stresses in the hydraulic tank. In the 

case of the construction equipment, two main types of vibrations can be 

distinguished (Meirovitch, 2001). 

3.2.1 Types of Vibrations 

The first type concerns the functions said to be deterministic, meaning that 

their values are known as a function of time, and can be determined for a 

future time. This includes the harmonic, periodic and non-periodic 

excitations, which can be described as follows: 

• Harmonic vibration (Fig. 6, graph A): periodic excitation, which has 

the shape of a trigonometrical function such as cosine or sine. 

• Periodic excitation (Fig. 6, graph B): this kind of excitation describes 

a motion which is repeated in time with the same magnitude after a 

constant interval of time (Engineers Edge, LLC, 2018). 

• Transient excitations or non-periodic excitations (Fig. 6, graph C): 

temporary vibrations coming from a shock or an impact. This kind of 

vibration is very common on construction equipment (Ledezma, 

2018). 

The second type is the non-deterministic excitations, for which the value 

cannot be estimated as a function of time. Their magnitude varies depending 



  

16 

T. Burnotte & M. T. Janoušek 

on many different variables which are not predictable. Therefore, those 

vibrations are named random vibrations (Fig. 6, graph D) (Meirovitch, 

2001). 

 

 
Fig. 6 – Four different cases of vibrations. 

3.2.2 Time and Frequency Domains 

Almost all periodic signals can be divided into a sum of sinusoidal waves, 

where each of them is defined by its frequency, magnitude and phase. A 

signal can be analysed by two different approaches, one related to the time 

domain and the other to the frequency domain. It is also possible to 

transform e.g. a vibration signal in the time domain to the frequency domain 

using mathematical operators (Reeves, 2000) as shown by equation (15). 

The opposite is also possible (from frequency to time domain). 

𝑢(𝜔) = ∫ 𝑢(𝑡) ∙ 𝑒−𝑗𝜔∙𝑡𝑑𝑡
∞

−∞
 (15) 

The time domain is a representation of the signal by its magnitude in 

function of the time while the frequency domain is given by the magnitude 

in function of the frequency; Fig. 7 illustrates the relation between the two 

domains. A sinusoid of amplitude two and frequency 0.5 𝐻𝑧 is represented 

on Graph A in the time domain and on Graph B in the frequency domain.  
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Fig. 7 – Signal in the time (Graph A) and frequency (Graph B) domains. 

Fig. 8 shows the same principle but for an entire signal, which is represented 

in the time domain on the left, divided into a sum of sinusoids, and then 

represented in the frequency domain on the right. 

In the case of this thesis, a Discrete Fourier Transform (DFT) is used. The 

DFT uses a finite number of samples (finite duration signal) and analyses it 

as a sum; while the analytical Fourier transformation (FT) takes an infinite 

time-duration signal and does the integral of it as presented in equation (16) 

(Handley, 2018). 

FT: 

  𝑋(𝑓) = ∫ 𝑥(𝑡) ∙ 𝑒−2𝜋𝑗𝑓𝑡 ∙ 𝑑𝑡
∞

−∞
 (16) 
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The DFT is then a discrete variation of the Fourier Transform. The Fast 

Fourier Transform (FFT) is an efficient algorithm used for calculation of this 

DFT more quickly than the traditional method (see equation 17). This 

method is used to convert a sequence of 𝑁 complex numbers 𝑥0, 𝑥1, …, 𝑥𝑖 

into another sequence of 𝑁 complex numbers as given by the following 

equation:  

DFT: 

  𝑋(𝑘) = ∑ 𝑥(𝑛) ∙ 𝑒−𝑗2𝜋
𝑘𝑛

𝑁𝑁−1
𝑛=0  (17) 

In this case, 𝑘 represents the normalized discrete frequency of a value 𝑘 =
{0, 1, … , 𝑁 − 1}. The actual frequency at the normalized discrete frequency 

𝑘 is given by 𝑓𝑘 =
𝑘∙𝑓𝑠

𝑁
 ; where 𝑓𝑠 is the sampled frequency. Therefore, 𝑋(𝑘) 

is the frequency content at the 𝑘𝑡ℎ frequency (Håkansson, 2016). 

Furthermore, 𝑥(𝑛) represents the time signal at the time 𝑛 ∙ ∆𝑡 where ∆𝑡 is 

the time step (time interval between two samples); it contains the amplitude 

and a phase information for each frequency 𝑓𝑘. The unit 𝑗 is the imaginary 

part and 𝑁 is the number of samples per period (Smith, 2007). 

Some of the signals are easier to be described by one or another approach. 

Hence, in the signal processing, it is common to see both of the mentioned 

methods although the frequency domain approach gives more information 

about the signal in most of the cases as illustrated in Fig. 8, where peaks are 

noticeable in the frequency domain approach. (Reeves, 2000).  

 

Fig. 8 – Complex signal represented in the time and frequency domains 

(Wikimedia Foundation, Inc., 2017). 
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3.2.3 Analysis of a Signal 

The analysis of a signal can be done either in the time domain or in the 

frequency domain. Those two domains are introduced further in the 

following section. 

Time Domain 

The convolution integral is a method used to compare two signals and give a 

resultant function representing the amount of overlap of those functions. A 

simple example is the comparison of two similar square functions as 

represented in Fig. 9. Those two functions move in opposing directions 

(represented by the orange arrows) and the obtained function represents the 

total area of their overlap  𝑦(𝑡) at each time (Schuler, 2011). 

This example, represented in Fig. 9, can be described by following equation 

where ℎ and 𝑥 are the random functions with respect to time:  

𝑦(𝑡) = ℎ(𝑡) ∗ 𝑥(𝑡)  (18) 

The maximum of the function y(t) means that the two squares are in the 

same location, while the zero means that they do not touch each other yet. 

Fig. 9 – Convolution integral example. 

In the case of structural dynamics, the functions to be compared are the unit 

response function ℎ and the load 𝑃, divided into many intervals. The integral 

providing the displacement 𝑢(𝑡) is given by equation (19).  

𝑢(𝑡) = ∫ 𝑃(𝜏) ∙ ℎ(𝑡 − 𝜏) ∙ 𝑑𝜏
𝑡

0
 (19) 
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Frequency Domain 

The PSD analysis stands for the Power-Spectral-Density analysis. As such, 

PSD analysis is known as a type of the frequency domain analysis used to 

show strengths of the variations of a variable as a function of frequency 

(Cygnus Research Institution, 2018). The PSD represented by a graph (e.g. 

see Fig. 10) shows a relation between the measured value (e.g. strain or 

stress) and the frequencies. 

 

Fig. 10 – A Power-Spectral Density curve. 

 

The PSD curves are obtained by dividing the time signal into buffers (Nd), 

then the squared Fast-Fourier Transform (FFT) of each segment is computed 

and the average of the FFT is taken. In other words, the units of a PSD curve 

are the unit (e.g. strain or acceleration) squared divided by the frequency. 

The PSD response is given by the product of the frequency response 

function (receptance) and the load (output=H*input). In a graph as shown in 

Fig. 10, it is possible to see high peaks which represent an increase of strains 

at the given frequency. Those points can either represent a natural frequency 

of the system or an interference caused by a variation of the load. To 

distinguish which peak is due to the loads or natural frequencies, white noise 

can be applied to realise the PSD analysis.  

White noise is a signal composed of all frequencies of the same intensity. Its 

name comes from the term “white light” which stands for the composition of 

all frequencies as well (Castro, 2013). In theory, the signal is flat while in 

reality it is almost impossible to achieve such a flat signal due to the non-

infinite range of frequencies.  

The main advantage of the white noise is the fact that the obtained signal 

would be flat and it provides a flat load for the tests. Therefore, it would 

allow a PSD response curve to be drawn with no perturbation due to the 

load; this would ease the process of determination of the natural frequencies. 
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3.2.4 Tools 

Hereafter, specific tools used to measure and simulate vibrations on a 

structure such as the shaker table, accelerometers, and strain gauges are 

presented.  

Shaker Table MTS 323 

In case of simulations of the real-world vibrations in the automotive, 

aerospace or civil engineering industry, the Multi-Axial Simulation Table 

(MAST) systems are being used.  

MAST systems are money-wise solutions which make it possible to perform 

multiple laboratory simulations with lower costs and less time than if the 

same tests were performed within the real-world environment. (MTS 

Systems Corporation, 2018) 

A shaker table is a device used to simulate vibrations on a structure to test it. 

The table MTS323 is composed of a test rig linked to six independent 

actuators, three are placed vertically and three are placed horizontally. 

Together they provide the shaker table with six degrees of freedom, the 𝑥, 𝑦 

and 𝑧 direction and the rotations around those axes as represented in Fig. 11 

(MTS Systems Corporation, 2017). 

 

Fig. 11 – Multi-Axial Simulation Table. 

Using those six degrees of freedom, the shaker can simulate random 

vibrations, sine sweeps, white noise or any kind of vibration signals on the 

structure using a computer controller sending some voltage to each actuator 

to generate the motion that is desired (LDS-Dactron, 2003). 

Accelerometers 

An accelerometer is a device which uses the inertial force of a body 

subjected to any type of motion to measure its acceleration (AZoSensors, 

2014). It can be utilized to measure an acceleration in one or more 

directions. 
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The principle of the accelerometer can be summarized in one mass and one 

spring as represented in Fig. 12 (Ferrero, 2018) by considering the two 

following equations: 

𝐹 = 𝑚 ∙ �̈�  (20)

  

𝐹𝑠 = 𝑘 ∙ 𝑢  (21) 

Equation (20) represents Newton’s law relating the acceleration, mass, and 

force of any bodies, and equation (21) represents the force 𝐹𝑆 provided by a 

spring subjected to a displacement 𝑢. 

By joining those two equations (20, 21) together, the equation of the 

acceleration can be found:  

𝐹 = −𝐹𝑠 = −𝑘 ∙ 𝑢 = 𝑚 ∙ �̈� (22)  

�̈� = − 
𝑘∙𝑢

𝑚
  (23) 

 

Fig. 12 – Principle of accelerometers. 

Strain Gauges 

Strain gauges are used to measure the strain of a material under stresses. The 

principle is based on the resistance of the material to an electric current 

which can change due to the deformation of this material (Doebelin, 1990). 

The formula for the electrical resistance 𝑅 of a material is given by equation 

(24). 

R = 𝜌 ∙
𝑙

𝐴
  (24) 

Where 𝜌 is the electrical resistivity of the material, 𝑙 is its length and 𝐴 is its 

cross-sectional area. Many factors influence the resistance of a material 

while it is subjected to a deformation (e.g. area or length). However, all of 

them can be evaluated and the only variable remaining is the strain of the 

material, which can therefore be calculated. 
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3.3 Theory of Structural Dynamics 

In order to understand the behaviour of a complex dynamic system 

interacting with a fluid, the theory of structural dynamics is introduced. This 

is done from its basic shape in the form of single degrees of freedom to a 

complex one described by multiple degrees of freedom taking fluid 

interaction into account. 

3.3.1 Single-Degree-of-Freedom System 

Single-Degree-of-Freedom (SDOF) system is the term used to describe the 

simplest possible vibration system consisting of a single mass connected to a 

spring potentially including a damper (see Fig.13) (Craig & Kurdila, 2006).  

𝑚ü + 𝑐�̇� + 𝑘𝑢 = 𝑃(𝑡)  (25) 

The equation for an SDOF system is given by equation (25), where 𝑢(𝑡) is 

the displacement, 𝑚 is the mass, 𝑐 is the damping coefficient, 𝑘 is the 

stiffness and 𝑃(𝑡) is a load. 

 

Fig. 13 – SDOF system.  

This system is characterized by a couple of parameters given by equations 

(26) to (30): 

𝜔𝑛 = √(
𝑘

𝑚
)  (26) 

𝑇𝑛 =
2𝜋

𝜔𝑛
   (27) 

 𝐶𝑐𝑟 = 2 ∙ 𝑚 ∙ 𝜔𝑛  (28) 

𝜉 =
𝑐

𝐶𝑐𝑟
   (29) 

𝜔𝑑 = 𝜔𝑛 ∙ √1 − 𝜉²  (30) 
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There, 𝑇𝑛 is the natural period of the system, 𝜔𝑛 is its undamped circular 

natural frequency and 𝜔𝑑 is the circular damped frequency.  𝐶𝑐𝑟 is the 

critical damping and 𝜉 is the relative damping.  

The displacement of such a system in free vibration (no load) is given by 

equation (31): 

𝑢(𝑡) = 𝑒−𝜉𝜔𝑛𝑡 (𝑢0 ∙ cos(𝜔𝑑 ∙ 𝑡) +
�̇�0+𝜉∙𝜔𝑛∙𝑢0

𝜔𝑑
∙ sin(𝜔𝑑 ∙ 𝑡))

     

     (31) 

In case of a harmonic load 𝑃(𝑡) defined by a magnitude 𝑃0 and a driving 

frequency 𝛺  e.g. 𝑃(𝑡) = 𝑃0 ∙ cos (𝛺 ∙ 𝑡), the system can be subjected to 

resonance, which occurs when the driving frequency approaches the natural 

frequency 𝜔𝑛. This phenomenon is characterized by a bigger response of the 

system, which could lead to important deformations, especially if the 

damping is low. 

This response of the system 𝐻 (receptance) defines the relation between the 

displacement and the load amplitudes of a system according to equation 

(32), where 𝑃𝑥 is the output or the displacement of the system and 𝑃𝑧 is the 

input or the excitation of the system (Sek, 2016). Its formula is given by 

equation (33). 

𝑃𝑥 = 𝐻 ∙ 𝑃𝑧  (32) 

𝐻(𝛺) =
1

𝐾−𝑀∙𝛺2+𝑗∙ 𝛺∙𝐶
  (33) 

Therefore, the frequency response function 𝐻 has a peak when the ratio 𝑟 of 

the driving frequency to the natural frequency approaches one as shown in 

Fig. 14 (Craig & Kurdila, 2006). The value of the peak decreases when the 

damping coefficient increases. 

 

Fig.14 – A frequency response function for a damped system.  



  

25 

T. Burnotte & M. T. Janoušek 

3.3.2 Multiple-Degree-of-Freedom System 

For a Multiple-Degree-of-Freedom (MDOF) system, a more complex 

structure which cannot be described by one variable is taken into account 

(Craig & Kurdila, 2006). Therefore, this system must be described by a 

matrix equation (34), where mass (𝑀), damping (𝐶), and stiffness (𝐾) are 

the matrices representing the system, and 𝑢 is a vector representing the 

different displacements, independent from each other (the degrees of 

freedom), describing the system. 

𝑀ü + 𝐶�̇� + 𝐾𝑢 = 𝑃(𝑡)  (34) 

The size of the matrices 𝑀, 𝐶, and 𝐾 is 𝑁𝑥𝑁 where 𝑁 is the number of 

degrees of freedom and 𝑢 and 𝑃(𝑡) have a dimension of 𝑁𝑥1. The system is 

composed of 𝑁 coupled equation.  

Solving a large MDOF system requires a large amount of computation time, 

therefore, the method of superposition is typically used. The aim of the 

method for an NDOF system is to use a coordinate system where the 

matrices (in this case called modal matrices) are diagonal. It finally results in 

a system of 𝑁 uncoupled equations, or, in other words, 𝑁 equations which 

do not depend on each other anymore.  

In a certain way a transformation of the NDOF system in 𝑁 systems of one 

degree of freedom is performed, thereafter, those equations can be solved as 

SDOF systems. Moreover, only the low-frequency SDOF systems have a 

real impact on the system. In conclusion, this method can be used to reduce 

several degrees of freedom in a couple of SDOF equations. 

The steps of the method are:  

• The eigenvalue problem is given by equation (35). The first step is to 

solve equation (36) to find the natural frequencies 𝜔𝑖. The number of 

frequencies found corresponds to the number of degrees of freedom. 

(𝐾 − 𝜔𝑖
2 ∙ 𝑀) ∙ 𝜙 = 0 (35) 

𝑑𝑒𝑡|𝐾 − 𝜔𝑖
2 ∙ 𝑀| = 0 (36) 

• From those frequencies, find the modeshape 𝜙 with equation (35), by 

injecting the value of 𝜔𝑖. Those modeshapes represent a ratio 

between the displacements independent of the load. 
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• Derive the equation of the modal matrices (represented by index 𝑚) 

for the stiffness, mass and damping using those modeshapes. The 

equations are given below: 

𝑚𝑚 = 𝜙𝑇𝑀𝜙  (37) 

𝑐𝑚 = 𝜙𝑇𝐶𝜙  (38) 

𝑘𝑚 = 𝜙𝑇𝐾𝜙  (39) 

• Obtain SDOF systems, only the first ones have to be taken into 

consideration. Each system has its own natural frequency. 

𝑚𝑚 ∙ �̈�(𝑡) + 𝑐𝑚 ∙ �̇�(𝑡) + 𝑘𝑚 ∙ 𝑞(𝑡) = 𝜙𝑇 ∙ 𝑃(𝑡)
    (40) 

• Solve those SDOF systems and sum them to find the total 

deformation of the system. 

𝑢(𝑡) = ∑ 𝜙𝑖 ∙ 𝑞𝑖
𝑁𝑚
𝑖=1  (41) 

This method is the foundation in order to be able to solve the MDOF 

systems (Craig & Kurdila, 2006). 

3.3.3 Fluid-Structure-Interaction 

When a system is composed of a fluid interacting with a structure, the 

equation of the MDOF system is consequently affected. Thus, all the natural 

frequencies and response functions of the system depend on the 

phenomenon called fluid-structure interaction (FSI) (COMSOL, Inc., 2018). 

Indeed, when a fluid is in motion e.g. due to vibrations, it acquires a certain 

velocity and pressure. Therefore, when it encounters a hurdle, energy is 

exchanged between this fluid and the structure, and the impact produces 

stresses and strains in the solid element (Davidsson, 2004). 

The equation of the MDOF system considering the FSI becomes (ANSYS 

Inc., 2016): 

    [
[𝑀𝑠] 0

𝜌0̅̅ ̅[𝑅]𝑇 [𝑀𝐹] + [𝑆𝐹]
] {

�̈�𝑒

�̈�𝑒
} + [

[𝐶𝑆] 0

0 [𝐶𝐹]
] {

�̇�𝑒

�̇�𝑒
} + [

[𝐾𝑆] −[𝑅]

0 [𝐾𝐹]
] {

𝑢𝑒

𝑝𝑒
} = {

𝐹𝑠

𝐹𝑝
} 

     (42) 

Where 𝑀𝑠, 𝐶𝑆, and 𝐾𝑆 are the parameters of the structure, whereas 𝑀𝐹, 𝐶𝐹, 

and 𝐾𝐹 are related to the fluid. Here, 𝑢𝑒 is the displacement linked to the 

structural domain and 𝑝𝑒 is the pressure in relation to the fluid domain. 

Thereafter, 𝐹𝑠 and 𝐹𝑝 are the forces related to, respectively, the structural and 

fluid domain.  
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The fluid is compressible; therefore, its density 𝜌𝐹  can change; 𝜌0̅̅ ̅ is then 

defined as a constant acoustic fluid mass density, which is used for the 

computations. 

The matrix [𝑅] represents the interaction between the fluid domain and the 

structural domain; it is named the acoustic fluid boundary matrix. The 

definition of this matrix is given by equation (43), where {𝑁} is the element 

shape function related to the pressure (fluid domain) and {𝑁′} represents the 

element shape function in relation to the displacements (structural domain). 
{𝑛} is the outward normal vector at the fluid domain boundary 𝛤𝑓, which has 

a surface differential 𝑑𝑠. 

[𝑅]𝑇 = ∯ {𝑁}
𝛤𝑓

{𝑛}𝑇{𝑁′}𝑇 ∙ 𝑑𝑠 (43) 

The matrix [𝑆𝐹] is the acoustic sloshing mass matrix. It describes the effect 

of the sloshing of the fluid on the structure. Its definition is given by 

equation (44), where 𝛤𝑆𝐿 represents the boundary of the sloshing interface of 

surface 𝑠. 

[𝑆𝐹] =
𝜌0̅̅̅̅

𝑔
∙ ∬

1

𝜌𝐹𝛤𝑆𝐿
{𝑁} ∙ {𝑁}𝑇 ∙ 𝑑𝑠 (44) 

3.4 Structural Analysis and Modelling 

This section describes the theoretical base used by computational tools 

which are described further in the Computer-Aided-Engineering chapter. 

3.4.1 Finite-Element-Method 

A great number of problems can be described using Partial-Differential-

Equations (PDE). However, solving such equations with an analytical 

method is an extensive problem. Hence, a numerical method using 

approximations known as the Finite-Element-Method (FEM) is utilized. 

The principle of this method can thus be divided into several steps (Sun, 

1999): 

• Discretization of the whole structure into small elements connected 

to each other by nodes; a mesh of the structure is obtained. 

• Assume known shape functions {𝑁} describing the deformations of 

those elements to find their parameters. Those shape functions have 

the value “1” on the considered node 𝑖, and “0” on the other nodes 𝑗. 

{𝑁} = {
 1 𝑖𝑓 𝑖 = 𝑗
0 𝑖𝑓 𝑖 ≠ 𝑗

 (45) 
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• Thereafter, an element-wise approximation of the displacement in 

each element is computed using the principle shown in equation (46). 

𝑢 = {𝑁} ∙ 𝑎  (46) 

Where 𝑢 is a vector representing the equation of the motion within 

the element and 𝑎 is a vector of displacement on each node. 

• All those elements considering the loads and their impact on each 

other are assembled and the final results are computed, usually, by a 

specialised software. The equations to use are complex and not the 

main concern of this thesis. For more information, see the book 

(Ottosen & Petersson, 1992) where they are detailed. 

In the end, the results for the entire system are approximations of its real 

behaviour, for which the precision depends on different factors (Ottosen & 

Petersson, 1992). The accuracy of the model obtained using a Finite-

Element (FE) software such as ANSYS increases with the decrease of the 

size of the element, the number of nodes per element (or the order of the 

element), and the type of the element e.g. triangular, square, tetrahedra, etc. 

3.4.2 Computational-Fluid-Dynamics 

The Computational-Fluid-Dynamics, commonly known as the CFD, is a tool 

used for numerical simulations of fluids. The CFD is related to the FE-

Analysis, although it is generally more complex, since the CFD models are 

difficult to solve due to a finer mesh and more complex computations 

(Ferziger & Perić, 2002).  

If the CFD method was used for computation together with the FEA, it 

would result in a very time-consuming task due to the coupling of those two 

methods. This must be taken into account during the decision making of 

what type of analysis shall be applied. 

Moreover, it is possible and convenient to use the FEM only due to two 

factors. The first one is the fact the CFD does not have to be taken into 

account since its impact would be marginal for a given situation affecting 

the tank. The second factor is the sloshing and it is neglected. 

3.5 Computer-Aided-Engineering Software 

The Computer-Aided-Engineering (CAE) is the process of solving extensive 

engineering problems using a graphical software (Technopedia Inc., 2018) 

in order to improve the particular design of a given model (Siemens Product 

Lifecycle Management Software Inc., 2018) or just to obtain data and 

analyse them with lower costs. 
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The CAE Software usually consists of three parts: the pre-processor, the 

solver, and the post-processor. The procedure itself is composed of the CAD 

(Computer-Aided-Design) modelled part exported to the pre-processor 

where the geometry clear up is performed together with meshing and setting 

of the material and physical properties. The constraints and loads are applied 

using the pre-processor and afterwards the model is solved by the CAE 

solver.  

To see the results, the post-processing software is used while the physical 

behaviours of the modelled part can be observed, such as stresses and strains 

and all the measured data (in this thesis, the PSD). 

3.5.1 ANSA (Pre-Processor) 

ANSA is a CAE pre-processing tool made by BETA CAE Systems which 

offers a customizable (BETA CAE Systems, 2018) graphic user interface. 

The general layout of the software is described in Fig. 15.  

 

Fig. 15 – ANSA working environment. 

Data Input 

Typically, the CAD model serves as an input file. ANSA is able to use 

models modelled by a CAD software such as CATIA. Moreover, ANSA is 

able to handle CAD geometry presented in neutral formats such as IGES, 

STEP, or VDA-FS (BETA CAE Systems, 2018) which are used to translate 

data between different CAD systems. 

ANSA also allows the “reparation” of some parts of the geometry to obtain a 

correctly generated mesh. For this purpose, an extensive range of geometry 

healing functions is included (BETA CAE Systems, 2018). 
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Meshing 

Multiple different mesh element shapes are used across the industry (see Fig. 

16). In the case of  ANSA, 2D and 3D mesh is used. The 2D mesh is divided 

into quad-mesh and tri-mesh while the 3D mesh is divided into tetra-, 

wedge-, hexa-mesh, and penta-mesh. Some special types of mesh also exist, 

however it must be taken into account that with a more complex mesh, 

computation time will increase. 

 

Fig. 16 – Example of different types of mesh. 

In Fig. 17, difference between the 1st and 2nd element order is shown. Each 

of the orange circles stands for a single node while the black triangle 

indicates the triangular shape of the element. As seen in Fig. 17, 2nd element 

order includes nodes between the edges of the element shape. 

 

Fig. 17 – Difference between 1st and 2nd Element Order. 



  

31 

T. Burnotte & M. T. Janoušek 

In the case of the volume mesh, the growth rate can be set on a scale from 

one to three. For ANSA, the growth rate 1.2 is pre-defined. In Fig. 18 

growth rate two is present with no value limitation which leads to an infinite 

magnification of the elements. 

 

Fig. 18 – A growth rate of the volume mesh. 

The type of mesh is decided according to use. The choice of the element 

shape depends on the geometry (Altair University, 2018), type of analysis, 

and time. As mentioned above, time plays an important role since a complex 

or more sophisticated type of meshing element increase computation time, 

hence the most suitable type of mesh for each particular solution must be 

found in order to keep costs low. 

3.5.2 ANSYS (Solver) 

ANSYS is a multifunctional software simulating a real-world environment. 

The software includes solutions in a broad spectrum of disciplines (FIGES 

A.S., 2018) such as physics, structural and mechanical engineering, fluid 

dynamics, and electronics. ANSYS can interact with multiple different Pre-

Solver solutions such as, in this case, ANSA. 

ANSA Pre-Processing Deck 

In case of ANSA, ANSYS deck (see Fig. 19) is included in the module on 

the right side of the workspace. It includes Module Buttons for defining 

nodes, the coordinate system, elements, constraints, loads, and auxiliaries.  
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Fig. 19 – ANSA v18.1 Pre-Processing Deck for ANSYS. 

Constraints and Loads 

Constraints are relating various DOF to each other (Imaoca, 2002) and in the 

case of ANSYS it is possible to define them by five different types (CERIG, 

RBE3, CE/CP, D, DJ). In this case, CERIG was used. CERIG stands for the 

Constraint-Equation-RIGid-region and is defined by selecting multiple 

numbers of nodes (called “slave nodes”) and bounded to one “master point” 

which controls the behaviour of the rigid region (Imaoca, 2002). 

3.5.3 META (Post-Processor) 

META is a CAE post-processing tool made by BETA CAE Systems. As in 

the case of ANSA, META offers a fully customizable graphic user interface 

(BETA CAE Systems USA, Inc., 2018).  

Working Environment 

The general layout (see Fig. 20) consists of the working interface with 

“Snapshot function” and “Render Mode”. Next, a working list is situated 

which contains the same tools like in case of ANSA. The view commands 

are next to the features mentioned above.  
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Modes are located in the lower part of the workspace. They offer individual 

views on each mode at a given frequency. Next, to the mode bar are drawing 

styles used to display different drawing styles of the particular model.   

 

Fig. 20 – META working environment. 

Data Input 

The geometry of the model is loaded to META as a .cdb file format exported 

from ANSA. To see the results, a results file in an .rst format must be 

loaded. The results file is provided by ANSYS solver and is created by 

applying loads on the particular nodes (in case of this thesis “A03” and 

“A04”). 

Results 

After loading the results using the .rst file, META displays each mode and 

their frequencies. Afterwards, results are read using a reading function and 

displayed in the “Modes module section” in the lower menu of META. It is 

possible to display each mode and play its animation to see specific strains 

and stresses for each mode. Using the user toolbar menu, it is also possible 

to display the PSD response in a graph format for each node of the model. 

3.5.4 MATLAB 

Matlab is a numerical computation system made by MathWorks, Inc. which 

can serve as a CAE solver in order to obtain some of the results faster than 

using a complex tool such as ANSYS. The program allows the user to carry 

out matrix manipulations and solve complex functions and algorithms. 
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Matlab also includes a plot function used to display the results of the given 

computation in the form of a graph. 

Working Environment 

In Fig. 21, the general layout is presented. This Matlab code was used for 

computation of the strain gauges in the case of the simplified model. 

 

Fig. 21 – Matlab R2018a working environment. 

Data input 

Matlab offers a widespread number of different input sources (MathWorks, 

Inc., 2018); while the most popular are text files and spreadsheets, it is also 

possible to use other scientific data formats, including XML documents, 

images, sound, etc. 

For the computation of the strain gauges and measurements, a text file 

including data from the measurement and data obtained from ANSYS solver 

together with an .xlsx file format are used. 

Results 

The results are shown in form of Matlab figures which can be later exported 

into e.g. “.PNG” format. The main file with the code has suffix “.m”. 
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4. Methods and Implementation 

In order to obtain relevant results, a comparative method is used. Three 

types of data are collected where the first one is obtained by measurements 

conducted using the shaker table in Volvo CE’s R&D department in 

Eskilstuna using strain gauges. The two others are performed by using the 

FEM and PSD analysis on the simplified and detailed model of the 

articulated hauler’s hydraulic tank.  

In the first phase, the detailed FE model was provided by Volvo CE with an 

extensive computational time. As mentioned before, one of the tasks of this 

research is to simplify the model, while the data obtained from the 

simplified model still corresponds to the values obtained using a detailed 

model based on the original production drawings. The simplification should 

result in a corresponding model which can be recalculated in a fraction of 

the time in comparison with the detailed model. 

In the end, a comparison of the three sets of data is done in order to validate 

the simplified model. 

The method can thus be summarized into four main steps:  

• Determine the high-stress spots of the tank using the detailed model 

in order to find the correct location for the sensors to be able to carry 

out the measurements.  

• Simplify the FE model of the hydraulic tank as much as possible to 

reduce the simulation time while keeping an accurate model, giving 

the same results as the detailed one. 

• Compute the relevant natural frequencies of the system, its modal 

values and participation factors using ANSYS. Compute the power-

spectral density curves (PSD) and the duty curves using Matlab. 

• Compare obtained results of the measurements with the new model 

to improve it and at the end, validate it. 

4.1 Description of the tank 

In order to properly describe the method of data acquisition used, the 

position and detailed information of the examined hydraulic tank are 

introduced.  



  

36 

T. Burnotte & M. T. Janoušek 

4.1.1 The position of the Hydraulic Tank 

The hydraulic tank is placed behind the cabin (see Fig. 1) on the front frame 

of the articulated hauler. The tank is not connected directly to the dump 

body but placed on the bows which are connected to the chassis (see Fig. 22) 

by a hinge equipped with a rubber protector absorbing some of those 

vibrations. 

 

Fig. 22 – The hydraulic tank and its position. 

4.1.2 Dimensions and the Tank Description 

The tank itself (see Fig. 23) is in a shape of a frustum of dimensions of 

1200 𝑚𝑚 on the long base, 1100 𝑚𝑚 on the short base, 350 𝑚𝑚 in width 

and 700 𝑚𝑚 in height. A fully filled hydraulic tank together with all the 

accessories but the frame weighs about 511 𝑘𝑔. 
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Fig. 23 – FE model of the hydraulic tank. 

The tank content consists of two different hydraulic fluids. The first one is 

used by the braking system of the articulated hauler, and the other is used by 

the dump body lifting system. This oil has a density of 870 𝑘𝑔/𝑚3 with a 

sonic speed of 1490 𝑚/𝑠. Those parameters are relatively close to the 

parameters of water. Therefore, the oil can be replaced by water during the 

analysis of the model and during the measurements. 

4.2 Detailed Finite-Element Model 

As a first step, an analysis of the detailed FE model has to be done in order 

to find high stresses in the tank structure. It could be, thereafter, used for 

placement of the strain gauges on the real hydraulic tank measured during 

the measurement on the MAST in Volvo CE R&D department in Eskilstuna. 

Another reason to have results from the detailed model is to compare them 

with the simplified one and, later-on, to validate them. 

4.2.1 Model Description 

The detailed FE model of the hydraulic tank together with the part of the 

frame (see Fig. 24), which is saved in the .ansa file format of a size of 

1.4 𝐺𝐵 serves as an input. As seen in Fig. 24, the detailed model consists of 

more than 6 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 “tetra” volume mesh elements. This model shall be 

simplified.  
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Fig. 24 – Detailed FE Model of the hydraulic tank displayed in ANSA. 

A solid structural mesh has been used as a mesh type while triangular 

element type was chosen within the 2nd Element Order. The element length 

varied from 0.1 mm to 30 mm. In case of the volume mesh, tetra rapid type 

of mesh has been used with a growth rate of the elements set on “1.2” (on a 

scale from “1” to “3”) in the case of solids and “3” in the case of fluids. 

All of those parameters mentioned above were set according to the required 

accuracy of the model.  

4.2.2 Analysis of the detailed model 

An analysis of the detailed model must be carried out in order to determine 

the location of the high stress points and the natural frequencies of the 

model. 

To perform this analysis, META post-processor is used and the results of the 

model given by a .cdb and an .rst file are required. The .cdb file corresponds 

to the geometry of the model, and is obtained by ANSYS and exported by 

ANSA. The .rst file includes results obtained from the analysis performed by 

ANSYS and is used to see results together with all the modes. After the file 

is loaded, in a “States” section (see Fig. 25), all the modes with each “Load 

step” on a given frequency are displayed.  



  

39 

T. Burnotte & M. T. Janoušek 

 

Fig. 25 – Results section of META Post-Processor displaying modes and 

their frequency. 

To see modes in the “Mode section” in the lower menu of the program, 

results (.rst) have to be read. Afterwards, each mode, in this case all of the 

32 modes, describes the behaviour of a model of the hydraulic tank for the 

given frequencies.  

Above mentioned modes can be observed and the position of the area where 

the stresses and strains are clearly accumulated can be defined. Those 

localized points are, therefore, used for placement of the sensors on a 

physical tank and used within the simulation of the real-world environment 

during the measurement in Eskilstuna on the shaker table (MAST MTS323). 

The location of those points is described in Fig. 26 to 29, where T and B 

stands for strain gauges where T in 𝑥, 𝑦 and 𝑧 direction were placed on the 

tank and B on the bows.  
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Fig. 26 – Location of the strain gauges B1 and B2 on the detailed model of 

the filled hydraulic tank. 

 

Fig. 27 – Location of the strain gauges T1 and B3 on the detailed model of 

the filled hydraulic tank. 
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Fig. 28 – Location of the strain gauges T2 and T3 on the detailed model of 

the filled hydraulic tank. 

 

 

Fig. 29 – Location of the strain gauge T4 on the detailed model of the filled 

hydraulic tank. 
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4.3 Field Measurement 

The measurements were performed on the hydraulic tank using a shaker 

table MATS MTS 323. The tank was rigidly mounted on the test rig by its 

fixture using screws, which permits it to be subjected to the same vibrations 

as the rig. 

The purpose of the measurements is to apply accelerations to the tank using 

a shaker table and to determine the strain response of its high stressed spots 

subjected to these loads. Fig. 30 shows the tank mounted on the test rig. 

 
Fig. 30 – The hydraulic tank mounted on the test rig of the shaker table. 

Those accelerations are given by different kinds of load signals. The first 

one is the white noise, which is used to determine the natural frequencies of 

the system. The other signals represent the hauler in its working 

environment; they simulate the vibrations acting on the laden and un-laden 

vehicle while driving where laden stand for loaded articulated hauler’s dump 

body and un-laden for the unloaded case. 

The data were collected using accelerometers on the fixture and strain 

gauges on the high-stress points. 

The location of the strain gauges was introduced in the section above and the 

accelerometers were placed on the fixture according to Fig. 31, where A 

stands for an “accelerometer”. 

 

Fixture 

Test Rig 
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Fig. 31 – Location of the tri-axial accelerometers A1 to A4 on the rigid body 

of the detailed model of the hydraulic tank. 

4.4 Analysis of the Simplified Finite Element Model 

The main purpose of this thesis is to analyse strains in the hydraulic tank. 

Therefore, it is not necessary to have fine meshes on the welds. Furthermore, 

some other parts which will not affect the results, e.g. oil pipes, can be 

neglected in order to get a less detailed model of the tank to save 

computation time. 

4.4.1 Mesh Simplification 

In case of the mesh simplification, different methods can be used. While 

using a CAE software, the mathematical process of reducing the number of 

degrees-of-freedom is not visible. Hence, the mathematical explanation is 

hereafter presented together with the simplification process in the CAE 

software.  

Model Simplification Methods 

To reduce or simplify the model, several simplification techniques can be 

used. The most common one is the Guyan reduction (a.k.a. Guyan 

condensation or static reduction) described in subchapter below. Other 
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methods are, for example, dynamic condensation, hybrid reduction, 

Improved-Reduced-System (IRS) or System-Equivalent-Reduction-

Expansion-Process (SEREP) (Avitabile, 2018). 

Guyan Reduction 

Guyan reduction is a common technique of simplification of the degrees-of-

freedom in structural dynamics. The main principle is to divide DOFs into 

the slave and master DOFs while ignoring the inertia force of the slave 

nodes and relate them to the master nodes, therefore assuming that the slave 

nodes are moving within the same direction as the master nodes.  

The static equilibrium (47) can be written as follows:  

𝐾 ∙ 𝑢 = 𝐹  (47) 

Where 𝐾 is the stiffness matrix, 𝑢 is the displacement vector and 𝐹 is a 

force. By partitioning of the given system, equation (48) may be expressed 

as: 

[
𝐾𝑎𝑎 𝐾𝑎𝑑

𝐾𝑑𝑎 𝐾𝑑𝑑
] {

𝑢𝑎

𝑢𝑑
} = {

𝐹𝑎

0
}  (48) 

Where 𝑎 stands for “active” node and 𝑑 for “deleted” or “deactivated” node. 

The “0” force stands for a zero vector which is based on the fact that deleted 

DOFs have zero force. The second equation (48) can be rewritten as follows:  

[𝐾𝑑𝑎]{𝑢𝑎} + [𝐾𝑑𝑑]{𝑢𝑑} = {0} (49) 

And by solving the equation in terms of the master node, following equation 

(50) is obtained: 

{𝑢𝑑} = −[𝐾𝑑𝑑]−1[𝐾𝑑𝑎]{𝑢𝑎} (50) 

Using the given formula (50) and substituting it into the first part of the 

static equilibrium (48), the upper part can be written as: 

([𝐾𝑎𝑎] − [𝐾𝑎𝑑][𝐾𝑑𝑑]−1[𝐾𝑑𝑎]){𝑢𝑎} = {𝐹𝑎} (51) 

Hence, the displacement 𝑢𝑑 in equation (51) representing the slave DOFs is 

replaced. 

Simplification Process in ANSA 

In the first step, a volume mesh of the hydraulic tank including all the fluids 

is erased while the rest of the model is “frozen” in its current state using the 

“Freeze” function.  
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Subsequently, when the volume mesh is erased, it is possible to change the 

2D mesh of the model using a “Batch Mesh Manager”. All properties with a 

changed mesh must be re-run by function “Run” in order to re-mesh given 

parts of the model. Given properties of re-meshed parts are displayed in   

Fig. 32. 

 

Fig. 32 – Simplified properties (highlighted by blue colour in the Properties 

Module) of the hydraulic tank including fluids. 

4.4.2 Volume Mesh Simplification 

Afterwards, when the 2D-Mesh is set, the “Volume Mesh” has to be re-

meshed from the “List” menu (see Fig. 33) while using parameters set in the 

volume mesh definition. While the “Tetra” type of the mesh element is 

chosen, a maximum growth rate in case of fluids is set to three out of three 

while in the case of solids the maximum growth rate is set to 1.2. 
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Fig. 33 – List including all the volume properties and sub-menu used for re-

meshing of given parts of the model. 

4.4.3 Mesh Improvements 

When the model is re-meshed, it is frequently necessary to fix some of the 

issues on the model. By setting the mesh quality criteria to high values, the 

mesh may not fulfil those; that is often the result of deformations and 

collisions with the other meshed parts. To solve aforesaid problems, ANSA 

offers several fixing tools. 

Mesh Perimeters 

Using “perimeters”, it is possible to set the nodal number on the perimeter 

segment and, therefore, divide the given segment which results in a finer 

mesh. There is also a possibility to change a length or spacing. 

Grid Points 

Another option of how to improve mesh is to use “Grids”. It may happen 

that during the meshing procedure some of the grid points are moved into 

the wrong location and, afterwards, the element does not mesh properly. In 

those cases, the “Origin” function can be used as a correction to relocate a 

grid point to its original position. 
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Topology Optimization 

“Topology” is taking care of the connectivity of faces. If an incorrect 

connection is to be found, the problem might be solved by performing a 

topology from the “Topo” menu. 

Fixing Quality 

Before exporting the file in order to perform ANSYS analysis and post-

processing, it is necessary to check the quality of the volume mesh and 

possibly fix some problematic elements.  

That is done by activating the “Hidden” drawing style where colours 

elements are not fulfilling the quality criteria. Those criteria can be set in the 

right menu of the above-mentioned drawing style. “Jacobian”, “Stretch”, 

“Collapse”, “Negative Volume” and “Incomplete Mesh” (see Fig. 34) are 

displayed while “Jacobian” is set to 0.7 for both, shells and solids. 

To define quality criteria, “Batch Mesh Manager” is used by choosing 

quality criteria and copying them to the “Global Settings”. 

Using the fixing tool, multiple elements can be corrected while some of 

them are unchanged. To fix those, the previously mentioned tools shall be 

used. 

 

Fig. 34 – Fixing quality of the volume mesh. 
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4.4.4 Mesh Comparison 

Fig. 35 and 36 show a comparison of a fine and coarse meshed model. 

While the fine model has about 6 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 “tetra” volume mesh elements, 

the coarse one has only about 2.2 𝑚𝑖𝑙𝑙𝑖𝑜𝑛. 

Fig. 35 shows a comparison of the welding where, for the fine model, 

element length of welding was set to about 1 𝑚𝑚 and for coarse model 

5 𝑚𝑚 has been used.  

In Fig. 36 a comparison of part of the examined hydraulic tank can be seen. 

A change of the element mesh is noticeable mainly on the lower bottom part 

and in the central parts of the hydraulic tank itself.  

 

Fig. 35 – Comparison of a fine mesh (left) and a coarse mesh (right) on a 

weld. 

 

Fig. 36 – Comparison of a fine mesh (left) and a coarse mesh (right) on the 

tank. 
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4.4.5 Strain Gauges 

The strain gauges were placed on the simplified finite-element model 

according to their real position during the measurement in Eskilstuna.  

The aim was to place the sensors by creating a triangular mesh of 

dimensions 7 𝑥 4 𝑚𝑚 with four main nodal points (located as shown in 

orange circles in Fig. 37). In order to do so, by creating a new plane in the 

“Topology menu”, curves representing the rectangle of dimensions 

7 𝑥 4 𝑚𝑚 have to be drawn. Afterwards, the mesh is generated by setting 

the perimeters and the number of nodes. Therefore, each boundary curve is 

divided by the given number of nodes. The mesh is generated by a mapping 

function. 

 

Fig. 37 – Mesh representing the strain gauges. 

The last step is to create three “Link” elements by using ANSYS toolbar in 

ANSA. The sequential definition of elements is chosen and for given 

properties, the area is defined as 1 𝑚𝑚2. LINK181 is used as type of the 

“Link”, 

4.4.6 Constraints 

Constraints are created by CERIGs. They represent an infinitely stiff 

connection amid selected nodes. It can simulate, for example, bolts.  

In this model, CERIG is used on the fixture and represents a connection 

between the fixture and the area of the shaker. In reality, bolts were used to 

connect the above-mentioned parts together.  

CERIGs are also used for connection of eyes with the brackets where it 

represents the joint connecting those. A rubber part is simulated by a system 

of springs. Bolts which were not possible to be created using “Connection 

manager” were also simulated by CERIGs. 
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4.5 Pooling of the Data 

To obtain comparable results, it is necessary to use data collected during the 

measurement and from the solver and compute them within the same format. 

The output should be a comparable PSD curve. 

4.5.1 Validation of the Simplified Model 

The simplified model is compared to the detailed one by comparing their 

natural frequencies and their behaviour for each mode using META. If those 

data match, it means that the simplified model can be used for the following 

steps. 

4.5.2 Application of the Load on the Simplified Model 

In order to compare the data of the measurements and the data from the 

model, the same loads are to be applied to both of them. 

To aim at finding the response of the model subjected to these loads, Matlab 

is used and the following information are provided: 

From the model: 

• The results of the modal strain in the strain gauges. Those results are 

collected from the model in the form of an .asc file. This file is then 

imported to MS Excel in order to collect the strain on the nodes of 

interest. 

• The participation factor for each node is given by pf.txt (defined in 

the following explanations).  

• The frequency response function file (frf.txt) provides the natural 

frequencies. 

From the measurements, different signals are applied to the structure and the 

accelerations on the fixture are collected using the accelerometers A1 → A4. 

Those signals are: 

• The white noise signal, used to find the natural frequencies of the 

system. 

• The laden vehicle signal and non-laden vehicle signal, which 

represent the vibrations acting on the articulated hauler respectively 

when its dump body is full of soil and then empty. 



  

51 

T. Burnotte & M. T. Janoušek 

Using those parameters, Matlab can compute the deformation on each of the 

strain gauges by using the method described in the following: 

Let’s assume [𝑥(𝑡)] = [
𝑥1(𝑡)
𝑥2(𝑡)

], where 𝑥1(𝑡) is the displacement of the free 

nodes and 𝑥2(𝑡) represents the nodes with constraints (where vibrations are 

applied). 

The equation for such a system is given by: 

    [
𝑀11 𝑀12

𝑀21 𝑀22
] {

�̈�1(𝑡)
�̈�2(𝑡)

} + [
𝐶11 𝐶12

𝐶21 𝐶22
] {

�̇�1(𝑡)
�̇�2(𝑡)

} + [
𝐾11 𝐾12

𝐾21 𝐾22
] {

𝑥1(𝑡)
𝑥2(𝑡)

} = {
0

𝑟2(𝑡)
} 

     (52) 

Where 𝑟2(𝑡) is a reaction force. 

We are interested in the first equation (first row), which can be written: 

M11∙ẍ1(t)+C11∙ẋ1(t)+K11∙x1(t)=-M12∙ẍ2(t)-C12∙ẋ2(t)-K12∙x2(t) 

(53) 

By defining: 

𝐴 = −𝐾11
−1𝐾12  (54) 

𝑋 = (𝐴 + 𝑀11
−1𝑀12)  (55) 

It is known that the solution of this system is the sum of the static solution 

𝑥1(𝑡)𝑠 and dynamic solution 𝑦1(𝑡): 

𝑥1(𝑡) = 𝑦1(𝑡) + 𝑥1(𝑡)𝑠  (56) 

As 𝑥1(𝑡)𝑠 is the static solution, it is the solution when �̇�1(𝑡) and �̈�1(𝑡) = 0 

as well as for  �̈�2(𝑡) and �̇�2(𝑡) (derivation of constant). 

Therefore,  

𝑥1(𝑡)𝑠 = −𝐾11
−1𝐾12 ∙ 𝑥2(𝑡) = 𝐴 ∙ 𝑥2(𝑡) (57) 

 and from that the total solution is found: 

𝑀11�̈�1(𝑡) + 𝐶11�̇�1(𝑡) + 𝐾11𝑦1(𝑡) = −𝑀12�̈�2(𝑡) − 𝐶12�̇�2(𝑡) − 𝐾12𝑥2(𝑡) −
𝑀11𝐴�̈�2(𝑡) − 𝐶11𝐴�̇�2(𝑡) − 𝐾11𝐴𝑥2(𝑡) = −𝑀11 ∙ 𝑋 ∙ �̈�2(𝑡) 

     (58)
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Now, the principle of superposition as described before results in the 𝑁𝑚 

SDOF system described as follows for the first equation: 

ϕTM11ϕ∙q̈(t)+ϕTC11ϕ∙q̇(t)+ϕTK11ϕ∙q(t)=-ϕTM11X∙ẍ2(t)=Γẍ2(t) 

     (59) 

Where 𝛤 is defined as the mass participation factor 𝛤 = −𝜙𝑇𝑀11𝑋 and q(t) 

is a generalized coordinate. 

This formula is generalized as following by normalizing the mass 

(dimension 𝑁𝑚 ∗ 𝑁𝐿): 

[

…
q̈i(t)

…
] +[Cn] [

…
q̇i(t)

…
] + [

… 0 0
0 ωi

2 0
0 0 …

] [

…
qi(t)

…
] = [

Γ11 … ΓNmNL

… Γij …

ΓNm1 … ΓNmNL

] [

…
ẍ2(t)

…
]

     (59) 

Where 𝐶𝑛 represents a chosen mass normalized damping matrix of 

dimensions 3x3. Furthermore, the aim is, now, to find generalized 

displacement 𝑞(𝑡).  

Matlab uses the convolution integral for the computation of each generalized 

displacement 𝑞𝑖(𝑡) through a code provided by the company. 

𝑞𝑖(𝑡) =
1

𝜔𝑑𝑖

∫ 𝑒−𝜉𝑖𝜔𝑖(𝑡−𝜏)sin (𝜔𝑑𝑖
(𝑡 − 𝜏))

𝑡

𝜏=0

∙ ∑ 𝛤𝑖𝐿 ∙ �̈�2𝐿(𝜏)𝑑𝜏

𝑁𝐿

𝐿=1

 

     (60) 

Then, in order to find the solution of the system, they are summed for each 

mode: 

 

𝑦1(𝑡) = ∑ 𝜙𝑖 ∙ 𝑞𝑖
𝑁𝑚
𝑖=1   (61) 

This solution is found in the function of time.  
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4.5.3 PSD for Both Models 

Using a Fourier Transformation; the data as a function of time are 

transformed into data as a function of frequency, then: 

𝑌1(𝜔) = 𝜙 ∙ 𝐻(𝜔) ∙ 𝛤 ∙ �̈�2(𝜔) (62) 

The PSD for both the measurements and the model are computed using a 

function in Matlab existing for this purpose named Cross-Power-Spectral-

Density (CPSD) (MathWorks, 2018). 

4.5.4 Comparison 

The 1st step of the comparison is to validate the simplified model by 

comparing its behaviour and natural frequencies with the detailed one. 

The 2nd step is to compare the PSD from the measurements with the PSD 

from the model, both coming from Matlab. The parameters of the PSD have 

to be compared (Root-Mean Square value, the location of the peaks, etc). 

The duty curves must also be drawn using a given Matlab function and 

compared. 

4.6 Summary 

At the beginning, the field signals representing the accelerations operating 

on the tank were provided by Volvo CE together with a detailed model. The 

signals were later-on uploaded to the shaker table and applied on the real 

hydraulic tank.  

To find the best placement of the sensors used during the measurements, the 

detailed model was used. By observing the behaviour of the hydraulic tank 

in META, the highest stress-points were selected and the sensors were 

placed according to them. 

In another step, the validation model was created consisting of only about 

one third of elements while reducing the computation time from about 15 

hours to only two and a half hours. This model was compared with the 

detailed model in META and proved to be valid.  

However, since the results of the comparison with the measurements were 

unsatisfying, a new model was made in order to improve the original model 

itself. The new model, called the “Simplified model”, was based on minor 

adjustments such as alteration of the stiffness between selected modes or 

changing the parameters of the rubber bushing from the one provided by 

drawings to the real values found by analysis of the given part. 



  

54 

T. Burnotte & M. T. Janoušek 

The simplified model was afterwards validated with the detailed model in 

META and compared with the measurements. The results proved that the 

analysis and the measurements are matching considerably. 

 

Fig. 38 – A graphic description of the method. 
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5. Results 

In this section, the results obtained by the measurements and the analysis 

performed on the detailed, validation and simplified model are presented 

together with their comparison. 

5.1 Comparison of the Detailed and the Validation Model 

The detailed model was provided at the beginning by Volvo CE and the 

validation model has been used to validate the simplifications of the mesh 

done on the detailed model. In order to do that, the models were compared 

using two criteria: their natural frequencies and their behaviour on Meta. 

5.1.1 The Detailed Model  

In this subchapter, all the results obtained by the analysis of the detailed 

model provided by Volvo CE in Braås are presented. 

Table 1 includes the natural frequencies of the 25 first modes of the detailed 

model. Fig. 39, 41 and 43 in the comparison subchapter below show the 

behaviour of the first three modes given by META (modal values). The 

behaviour of all the modes including the other twenty-two modes is listed in 

the appendix.  

The elapsed time for the solving of the given model was 53747 seconds, 

therefore 14 hours 55 minutes 47 seconds on 8 cores. 
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Table 1 – Table of the natural frequencies of the detailed model. 

Mode Number 
Natural Frequency 

[𝐻𝑧] 

1 16.2 

2 27.1 

3 29.8 

4 35.9 

5 37.4 

6 43.3 

7 48.5 

8 51.3 

9 57.5 

10 61.6 

11 62.1 

12 65.0 

13 69.8 

14 73.8 

15 77.2 

16 80.9 

17 83.0 

18 87.2 

19 89.5 

20 92.8 

21 94.4 

22 95.8 

23 100.2 

24 102.5 

25 103.8 

5.1.2 The Validation Model  

In this subchapter, all the results obtained by the analysis of the validation 

model are presented. 

The validation model has been created by simplifying the mesh of the 

detailed model. By this simplification, it was possible to reduce the 

computation time by about twelve hours. During this simplification process, 

most of the CERIGs providing an infinitive stiffness between connected 

parts were preserved. 

Table 2 includes the natural frequencies of the 25 first modes of the 

validation model. Fig. 40, 42, and 44 in the comparison subchapter below 

show the behaviour of the first three modes given by META (modal values).  

The behaviour of all the modes including the other twenty-two modes is 

listed in the appendix I.  
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The elapsed time for the solving of the given model was 9795 seconds, 

which is 2 hours 43 minutes 15 seconds. 

Table 2 – Table of the natural frequencies of the validation model. 

Mode Number 
Natural Frequency 

[𝐻𝑧] 

1 14.6 

2 24.1 

3 26.9 

4 32.1 

5 35.7 

6 40.3 

7 46.7 

8 49.3 

9 55.9 

10 57.0 

11 59.7 

12 65.2 

13 66.9 

14 71.0 

15 74.4 

16 78.0 

17 79.9 

18 86.5 

19 87.5 

20 90.0 

21 92.7 

22 94.3 

23 99.0 

24 101.9 

25 103.1 

 

5.1.3 Comparison and Validation  

Due to the small differences between the natural frequencies and the 

response of the two models, the simplified one is assumed as validated. The 

differences are going to be explained in the sixth chapter. 

In Table 3, it is possible to observe the differences between the detailed and 

the validation model. In Fig. 39 to 44, a comparison of each mode of the 

detailed and validation model can be seen. 
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Table 3 – Comparison between the natural frequencies of the detailed and 

the validation model. 

Mode 

Number 

Natural Frequency 

[𝐻𝑧] 

Detailed model Validation model 

Difference between 

the Validation and 

the Detailed model 

1 16.2 14.6 -1.6 

2 27.1 24.1 -3 

3 29.8 26.9 -2.9 

4 35.9 32.1 -3.8 

5 37.4 35.7 -1.7 

6 43.3 40.3 -3 

7 48.5 46.7 -1.8 

8 51.3 49.3 -2 

9 57.5 55.9 -1.6 

10 61.6 57.0 -4.6 

11 62.1 59.7 -2.4 

12 65.0 65.2 0.2 

13 69.8 66.9 -2.9 

14 73.8 71.0 -2.8 

15 77.2 74.4 -2.8 

16 80.9 78.0 -2.9 

17 83.0 79.9 -3.1 

18 87.2 86.5 -0.7 

19 89.5 87.5 -2 

20 92.8 90.0 -2.8 

21 94.4 92.7 -1.7 

22 95.8 94.3 -1.5 

23 100.2 99.0 -1.2 

24 102.5 101.9 -0.6 

25 103.8 103.1 -0.7 
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Fig. 39 – The 1st mode of the detailed model with a frequency of 16.2 𝐻𝑧. 

 

Fig. 40 – The 1st mode of the validation model with a frequency of 14.6 𝐻𝑧. 
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Fig. 41 – The 2nd mode of the detailed model with a frequency of 27.1 𝐻𝑧. 

 

Fig. 42 – The 2nd mode of the validation model with a frequency of 24.1 𝐻𝑧. 
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Fig. 43 – The 3rd mode of the detailed model with a frequency of 29.8 𝐻𝑧. 

 

Fig. 44 – The 3rd mode of the validation model with a frequency of 26.9 𝐻𝑧. 
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5.2 Comparison of the Measurements and the Validation Model 

The validation model obtained by the simplification of the detailed one was 

compared with the measurements made on the shaker table at Volvo CE in 

Eskilstuna. This was done in order to verify if the model represents the 

physical tank or not. 

5.2.1 Data Measurements 

This section introduces the data obtained by the measurements in Eskilstuna. 

Analysis of the Sensor’s Location 

In order to obtain comparable data, the real hydraulic tank was placed on the 

test rig. The strain gauges were placed as mentioned in the methods section 

with a certain margin of error, while the position of the accelerometers was 

changed considerably.  

During the first half of the measurement, while using the laden1 and empty1 

signals, the accelerometers were placed next to the bow. In the second half, 

while using the laden2 and empty2 signals, the location of the 

accelerometers was changed and they were placed next to the fixture towers 

instead. The third accelerometer was placed close to the edge of the test rig 

as seen in Fig. 45 and 46. 

This change has been done in order to see if the results would differ. As a 

result, it is possible to say that the changes had an influence on the structure 

but the obtained results were not better with one of the two configurations 

(sensors placed near the bow or near the fixture tower). Therefore, it has 

been decided to continue only with the laden1 and empty1 signals. This will 

be explained later in the thesis and from now, laden and empty is referred as 

laden1 and empty1. However, the location of the sensors appeared to be non-

optimal as, due to their location, some motion of rotation of the shaker table 

was not taken into account.  
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Fig. 45 – Position of the accelerometers during the 1st half of the 

measurement. 

 

Fig. 46 – Position of the accelerometers during the 1st half of the 

measurement. 
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Signals 

Two types of signal in the time domain have been obtained from the 

measurements. The first one, which is the accelerations on the sensors, is 

given by Fig. 47 and 48; those figures represent respectively the signal when 

the hauler is laden and un-laden (empty). To be more visual, they are put in 

the frequency domain. 

 

Fig. 47 – Accelerations - Laden signal 

 

Fig. 48 – Accelerations - Un-laden signal 
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The second type of signal obtained concerns the strain measured by the 

strain gauges. Fig. 49 and 50 represent those signals. 

 

Fig. 49 – Strains - Laden signal 

 

Fig. 50 – Strains - Un-laden signal 

5.2.2 Data simplified model 

The signals of the accelerations given before must be applied to the model to 

provide the results of the strain in the strain gauges. This step is done in 

Matlab by using data from ANSYS. The results are given in the next section 

while comparing the data. 
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5.2.3 Comparison and Analysis 

In Fig. 51 and 52, graphs comparing the measurements with the validation 

model in two different strain gauges for the laden signal are presented. The 

value below the title hereafter represents the ratio between the RMS value of 

the two curves in percentage. 

Theoretically, the curves should match as much as possible, however, due to 

the incorrect parameters and high stiffness provided by CERIGs, the model 

proved to be misleading. Hence, the modifications described in the separate 

chapter below were done in order to obtain more suitable data and to ensure 

the validity of the model.  

The graphs in Fig. 51 and 52 show a lag between the first peaks of the 

measurements and the first peaks of the model; therefore, to obtain better 

results, the model should have lower first natural frequencies. This is 

discussed in the sixth chapter and for the following, it is assumed that the 

modifications try to reach a lower first natural frequency. 

 

Fig. 51 – Comparison of the measurement with the data obtained from the 

validation model in case of the strain gauge B2 using a laden signal. 
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Fig. 52 – Comparison of the measurement with the data obtained from the 

validation model in case of the strain gauge B3 using a laden signal. 

5.3 Modifications 

Modifications of the validation model proved to be necessary in order to 

achieve a comparable and correct model. Therefore, the modifications of the 

validation model are presented while the final model is referred to as 

“simplified”. 

5.3.1 Modification of CERIGs 

In order to achieve a less stiff connection between the different parts of the 

model, some of CERIGs, originally used on the detailed model, have been 

redone.  

As seen in Fig. 53, all of CERIGs related to the bow were modified. This 

was a result of an observation of the behaviour of the model in META where 

it was clearly seen that those CERIGs have the main impact on the 

behaviour of the tank. By providing more realistic stiffness to the model, the 

natural frequencies dropped by about 2 𝐻𝑧. 
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Fig. 53 – Comparison of CERIGs on the detailed (left) and the simplified 

(right) model. 

5.3.2 Modification of the Rubber Bushing Parameters 

In another step, the rubber bushing used on the connection of the bows with 

the frame was examined and proved to have incorrect parameters. By 

simulating of this part by Volvo CE, the correct parameters as described in 

Table 4 were obtained and used within the simplified model, where 𝑥, 𝑦 and 

𝑧 are respectively representing the initial stiffness in the 𝑥, 𝑦 and 𝑧 direction. 

As a result, the natural frequencies dropped significantly while the natural 

frequency of the first went from 16.2 𝐻𝑧 in the case of the detailed model to  

13.5 𝐻𝑧 in the case of the simplified one.  

Table 4 – Modification of the rubber’s stiffness 

Axis 

 

Original values from drawing 

[𝑁/𝑚𝑚2] 

Simulated values 

[𝑁/𝑚𝑚2] 

Left Rubber 

Bushing 

Right Rubber 

Bushing 

Left Rubber 

Bushing 

Right Rubber 

Bushing 

𝑥 100% ∙ 𝑥 100% ∙ 𝑥 80% ∙ 𝑥 80% ∙ 𝑥 

𝑦 100% ∙ 𝑦 100% ∙ 𝑦 23% ∙ 𝑦 23% ∙ 𝑦 

𝑧 100% ∙ 𝑧 100% ∙ 𝑧 80% ∙ 𝑧 80% ∙ 𝑧 
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5.3.3 Comparison of the Mass 

Unfortunately, the comparison of the real mass of the structure and its mass 

in the model has not been done, since the structure has not been weighed. 

5.4 Comparison of the Detailed and the Simplified Model with the 

Measurement 

The following tables and graphs represent the comparison with the right 

CERIGs and stiffness for rubber. The modifications have been applied in 

order to decrease the first natural frequencies as shown in Table 5. 

It is noticeable that the graphs correspond better to each other at the 

beginning and the first peaks match perfectly for most of the sensors (as 

shown in Fig. 54 to 57 and in Chapter II of the appendix).  

Tables 6 and 7 include all the 𝑅𝑎𝑡𝑖𝑜s, given by the ratio between the 

calculation with the model and the measurements of the RMS value of the 

PSD and duty curves; and this, for the laden1, empty1, laden2, and empty2 

signals.  

The only way to find a damping matrix is to estimate it using the graphs. 

The estimation of this matrix is given by Table 8. The choice of those values 

has been done to make the magnitude of the peaks of the PSD curves 

correspond as well as possible. 
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Table 5 – Table comparing the natural frequencies of all the models and 

their differences. 

Mode 

Number 

Natural Frequency 

[𝐻𝑧] 

Detailed 

model 

Validation 

model 

Simplified 

model 

Difference 

between the 

Validation and 

the Detailed 

model 

Difference 

between the 

Simplified and 

the Detailed 

model 

1 16.2 14.6 13.5 -1.6 -2.7 

2 27.1 24.1 22.8 -3 -4.3 

3 29.8 26.9 25.8 -2.9 -4 

4 35.9 32.1 30.7 -3.8 -5.2 

5 37.4 35.7 35.6 -1.7 -1.8 

6 43.3 40.3 39.3 -3 -4 

7 48.5 46.7 46.7 -1.8 -1.8 

8 51.3 49.3 49.1 -2 -2.2 

9 57.5 55.9 53.7 -1.6 -3.8 

10 61.6 57.0 56.0 -4.6 -5.6 

11 62.1 59.7 59.4 -2.4 -2.7 

12 65.0 65.2 64.9 0.2 -0.1 

13 69.8 66.9 66.8 -2.9 -3 

14 73.8 71.0 70.9 -2.8 -2.9 

15 77.2 74.4 74.4 -2.8 -2.8 

16 80.9 78.0 78.0 -2.9 -2.9 

17 83.0 79.9 79.9 -3.1 -3.1 

18 87.2 86.5 86.5 -0.7 -0.7 

19 89.5 87.5 87.4 -2 -2.1 

20 92.8 90.0 90.0 -2.8 -2.8 

21 94.4 92.7 92.6 -1.7 -1.8 

22 95.8 94.3 93.7 -1.5 -2.1 

23 100.2 99.0 98.4 -1.2 -1.8 

24 102.5 101.9 101.8 -0.6 -0.7 

25 103.8 103.1 103.0 -0.7 -0.8 
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Fig. 54 – Comparison of the measurement with the data obtained from the 

simplified model in the case of the strain gauge B2 using a laden signal in 

the case of PSD. 

 

Fig. 55 – Comparison of the measurement with the data obtained from the 

simplified model in the case of the strain gauge B2 using a laden signal in 

the case of duty. 
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Fig. 56 – Comparison of the measurement with the data obtained from the 

simplified model in the case of the strain gauge B3 using a laden signal in 

the case of PSD. 

 

Fig. 57 – Comparison of the measurement with the data obtained from the 

simplified model in the case of the strain gauge B3 using a laden signal in 

the case of duty. 
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Table 6 – Table comparing the ratio of the RMS values of the PSD and the 

duty curves for the “laden1” and “empty1” signals. 

𝑅𝑎𝑡𝑖𝑜 =  𝑐𝑎𝑙𝑐/𝑚𝑒𝑎𝑠 

Strain 

gauge 

Laden1 Empty1 

PSD Duty PSD Duty 

T1_x 1.09 1.33 1.27 1.08 

T1_z 0.91 1.18 1.16 0.92 

T2 0.86 0.85 0.97 0.90 

T3 0.85 0.90 1.05 0.90 

T4 0.64 0.54 0.50 0.64 

B1 1.25 1.42 1.37 1.25 

B2 0.92 0.91 0.90 0.95 

B3 0.98 0.98 0.90 0.97 

 

Table 7 – Table comparing the ratio of the RMS values of the PSD and the 

duty curves for the “laden2” and “empty2” signals. 

 

𝑅𝑎𝑡𝑖𝑜 =  𝑐𝑎𝑙𝑐/𝑚𝑒𝑎𝑠 

Strain 

gauge 

Laden2 Empty2 

PSD Duty PSD Duty 

T1_x 1.68 1.20 1.60 1.21 

T1_z 1.48 1.00 1.46 1.03 

T2 0.92 0.90 1.04 0.95 

T3 0.92 0.87 1.05 0.93 

T4 0.65 0.67 0.61 0.69 

B1 1.28 1.20 1.15 1.18 

B2 0.81 0.91 0.72 0.88 

B3 1.17 1.04 1.03 1.07 

 

 

Table 8 – The damping matrix’s values. 

1st and 2nd mode 4% 

Modes 3 to 10 6% 

Mode 11 2% 

Modes 10 to 25 8% 
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6. Discussion 

This chapter proposes an interpretation of the results presented in the 

previous chapter and explains the choices made more in detail. 

6.1 Comparison of the Detailed and the Validation Model 

The validation model has been verified despite the differences in 

frequencies. Those differences can be explained by the replacement of the 

frame by the fixture, which decreases the stiffness of the model. Some 

CERIGs have also been replaced in order to represent the structure in a more 

realistic way. Moreover, the behaviour of the structure remains the same for 

all the modes which were proved by performing an analysis in META. 

Furthermore, during the examination of the model, it proved to have too 

much stiffness which resulted in a high value of the natural frequencies; 

therefore, a decrease of natural frequencies was favourable for the following 

steps. 

One of the main tasks of the thesis was to simplify the model in order to 

achieve higher repeatability of operations and modifications performed on 

the model within a reasonable time. By simplifying the mesh of the detailed 

model, the computation time was significantly reduced by up to twelve 

hours. Hence, the main task was fulfilled above expectations. 

6.2 Comparison of the Measurements and the Validation Model 

The first step of this thesis was supposed to be the comparison between the 

measurements and the model while applying the white noise signal. By 

using this methodology, the model and the measurements could have been 

compared more efficiently.  

Ideally, the comparison would have been done by examining the location of 

the peaks within the PSD curve, while an estimation of the damping matrix 

could have been determined by examining the amplitude of each peak and 

acquiring the correct damping value to equalize them. 

However, the measurements did not provide a flat signal as shown in Fig. 

58. Therefore, they could not be utilized as expected and the comparison of 

the natural frequencies between the model and the measurements, as well as 

the determination of the damping matrix, could not be performed. 
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Fig. 58 – The “anoise” signal representing the white noise. 

The comparison between the model and the measurements was thus carried 

out by using only the laden and empty signal, which are the two most 

important for Volvo CE as they represent the real vibrations acting on the 

tank while driving. 

During this analysis, it has been noticed that not all of the sensors used 

provided good results. Therefore, an analysis of the magnitude of their 

deformation has been performed in order to determine what strain gauges 

were submitted to the biggest strains. Indeed, the error in those 

measurements is relatively lower if the strains approach higher values. 

This analysis mentioned above is described in Fig. 59. The strain gauges B2 

and B3 were subjected to the highest strain. The following steps of 

comparison are then done using those two sensors. 

 

Fig. 59 – Analysis of the strain gauges for the laden signal used during the 

measurements of the hydraulic tank. 
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The most important part of this comparison concerns the first frequencies 

(mainly until 20 to 30 𝐻𝑧) since they have the biggest impact on the 

structure according to the theory of structural dynamics and to Volvo CE.  

The comparison between the measurements and the validation model does 

not offer representative results for the first frequencies, even though the 

model and the measurements clearly show a mutual behaviour. By analysing 

the graph (Fig. 51 and 52), it is noticeable that the first natural frequencies of 

the model are too high.  

This is caused by too much stiffness of the model; therefore, some 

modifications presented in the results chapter have been performed on the 

model while mainly targeting CERIGs, the stiffness of the rubber bushing, 

and the 50 𝐻𝑧 peak caused by the electrical current as shown in Fig. 49. 

6.3 Comparison of the Simplified Model with the Measurement 

The simplified model is the final model which comes as a result of the 

simplifying process of the detailed model. The simplified model, in contrast 

with the validation model, represents the behaviour of the real hydraulic tank 

more accurately. 

All the modifications have been applied and, for most of the strain gauges, 

the first frequencies correspond to the values obtained by the measurements 

and from the model as shown in Chapter III of the appendix. All the sensors, 

except T4 (due to the problems with its placement), provide a great match 

between the model and the measurements at least until 20 or 30 𝐻𝑧.  

Moreover, the analysis of the results of the ratio in the case of the RMS 

value and the duty confirm the fact that the model is validated. As presented 

in Tables 6 and 7, the ratios are approaching 1 for the two signals. 

Therefore, the main task of this thesis – creating a simplified model 

representing the behaviour of the real hydraulic tank – was fulfilled. 

However, the curves still do not perfectly match after 20 or 30 𝐻𝑧, even in 

the case of the sensors B2 and B3. This could be due to multiple reasons 

such as: 

• The positions of the strain gauges on the tank for the measurements 

and on the model are not accurate; it has been based only on the 

information given by Fig. 25 to 28. 

• The data from the measurements should not be acquired after passing 

50 𝐻𝑧. That is due to the design of the shaker table, therefore the 

measurements after 50 𝐻𝑧 are most probably not accurate. 
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• The rotation motions have been lost during the measurements due to 

the lack of accelerometers. 

• Some CERIGs might provide too much-localized stiffness to the 

structure. 

• The damping cannot be estimated. 

• The location of the point of application of the load was 

approximated. 

• The material properties (density, stiffness, etc.) used by the materials 

have not been checked. Notably, because the structure has not been 

weighed. 

• The stiffness given to the fixture is very high, almost infinite, which 

might not be the case in reality. 

• Some parts of the structure may have a nonlinear behaviour. 

 

 

 



  

78 

T. Burnotte & M. T. Janoušek 

7. Conclusion 

This thesis may be divided into four main parts where in the first part, the main 

task was to find the high-stress spots, which were thereafter used for the 

placement of the sensors measuring strains and stresses, and perform the 

measurement. This task was fulfilled by a positioning of the strain gauges 

according to the stress and strain representation provided by the analysis of the 

detailed model in META and, later, by performing the measurement on the real 

hydraulic tank with sensors placed according to the model mentioned above. 

 

The next task was to simplify the detailed model by simplifying its mesh while 

still obtaining approximately corresponding results. This task has been 

successfully done using ANSA and, later-on, verified by META after performing 

an analysis by ANSYS. By the simplification of the detailed model, the 

validation model, with corresponding natural frequencies, was obtained while 

reducing the computation time from almost 15 hours to only about 2 hours and 

43 minutes. The main advantage of this time reduction is the ability to perform 

modifications on the model and run an analysis using ANSYS while obtaining 

the results within a reasonable time.  

 

The third part of the thesis concerned further modifications of the validation 

model as it proved to not correspond with the rig test setup. This correlation 

between the real behaviour of the hydraulic tank and the model was done by 

comparing the PSD and duty curves of the validation model with the 

measurements performed at Volvo’s laboratory in Eskilstuna. This comparison 

was done using the results from ANSYS (in the case of the validation model and 

later-on simplified model), results from the measurements, and their comparison 

using Matlab.  

 

Given the fact that the first results were not conclusive, further modifications of 

the model had to be done. Those were done mainly by changing the local 

stiffness using CERIGS, changing the parameters of the rubber bushing which 

proved to be incorrect at the beginning, and by changing the damping for 

separate modes. The new model was called “simplified model” and is considered 

as the final result of the simplification of the detailed model provided by Volvo 

at the beginning of this master thesis. 

 

The final results obtained from the simplified model correspond approximately 

to the measurement data and, therefore, the simplified model was validated by 

them. The results showed that some of the minor changes should be done on the 

detailed model in order to obtain data corresponding more with the real 

behaviour of the hydraulic tank. The results confirm the hypothesis. 

 

In order to improve this thesis, it would be advantageous to do the measurements 

at the end of the research, when we would already have a good idea of how the 

model is made, what the errors could be, etc. Therefore, the changes proposed in 

discussion could be applied.  
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I. Comparison of the Models for Each Mode  

 
Fig. I.1a – The 1st mode of the detailed model with a frequency of 16.1916 𝐻𝑧. 

 
Fig. I.1b – The 1st mode of the validation model with a frequency of 14.6400 𝐻𝑧. 

 
Fig. I.1c – The 1st mode of the simplified model with a frequency of 13.4885 𝐻𝑧. 
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Fig. I.2a – The 2nd mode of the detailed model with a frequency of 27.1425 𝐻𝑧. 

 
Fig. I.2b – The 2nd mode of the validation model with a frequency of 24.1416 𝐻𝑧. 

 
Fig. I.2c – The 2nd mode of the simplified model with a frequency of 22.8277 𝐻𝑧. 
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Fig. I.3a – The 3rd mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 29.8299 𝐻𝑧. 

 
Fig. I.3b – The 3rd mode of the validation model with a frequency of 26.8516 𝐻𝑧. 

 
Fig. I.3c – The 3rd mode of the simplified model with a frequency of 25.8466 𝐻𝑧. 
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Fig. I.4a – The 4th mode of the detailed model with a frequency of 35.8955 𝐻𝑧. 

 
Fig. I.4b – The 4th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 32.0664 𝐻𝑧. 

 
Fig. I.4c – The 4th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 30.6719 𝐻𝑧. 



  

VIII 

T. Burnotte & M. T. Janoušek 

 
Fig. I.5a – The 5th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 37.3580 𝐻𝑧. 

 
Fig. I.5b – The 5th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 35.7221 𝐻𝑧. 

 
Fig. I.5c – The 5th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 35.6400 𝐻𝑧. 
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Fig. I.5d – The 5th mode of the detailed model (back view) with a frequency 37.3580 𝐻𝑧 

 
Fig. I.5e – The 5th mode of the validation model (back view) with a 

frequency 35.7221 𝐻𝑧. 

 
Fig. I.5f – The 5th mode of the simplified model (back view) with a frequency 35.6400 𝐻𝑧. 
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Fig. I.6a – The 6th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 43.2948 𝐻𝑧. 

 
Fig. I.6b – The 6th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 40.3479 𝐻𝑧. 

 
Fig. I.6c – The 6th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 39.2580 𝐻𝑧. 
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Fig. I.7a – The 7th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 48.4650 𝐻𝑧. 

 
Fig. I.7b – The 7th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 46.7068 𝐻𝑧. 

 
Fig. I.7c – The 7th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 46.6961 𝐻𝑧. 
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Fig. I.8a – The 8th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 51.3339 𝐻𝑧. 

 
Fig. I.8b – The 8th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 49.2551 𝐻𝑧. 

 
Fig. I.8c – The 8th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 49.1344 𝐻𝑧. 
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Fig. I.9a – The 9th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 57.4608 𝐻𝑧. 

 
Fig. I.9b – The 9th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 55.8881 𝐻𝑧. 

 
Fig. I.9c – The 9th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 53.7240 𝐻𝑧. 
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Fig. I.10a – The 10th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 61.6102 𝐻𝑧. 

 
Fig. I.10b – The 10th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 57.0187 𝐻𝑧. 

 
Fig. I.10c – The 10th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 55.9903 𝐻𝑧. 
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Fig. I.11a – The 11th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 62.1011 𝐻𝑧. 

 
Fig. I.11b – The 11th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 59.7225 𝐻𝑧. 

 
Fig. I.11c – The 11th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 59.3759 𝐻𝑧. 
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Fig. I.12a – The 12th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 64.9837 𝐻𝑧. 

 
Fig. I.12b – The 12th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 65.2185 𝐻𝑧. 

 
Fig. I.12c – The 12th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 64.8685 𝐻𝑧. 
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Fig. I.13a – The 13th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 69.7568 𝐻𝑧. 

 
Fig. I.13b – The 13th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 66.9188 𝐻𝑧. 

 
Fig. I.13c – The 13th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 66.7507 𝐻𝑧. 
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Fig. I.14a – The 14th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 73.8313 𝐻𝑧. 

 
Fig. I.14b – The 14th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 70.9625 𝐻𝑧. 

 
Fig. I.14c – The 14th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 70.9026 𝐻𝑧. 
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Fig. I.15a – The 15th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 77.1721 𝐻𝑧. 

 
Fig. I.15b – The 15th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 74.4081 𝐻𝑧. 

 
Fig. I.15c – The 15th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 74.3691 𝐻𝑧. 
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Fig. I.16a – The 16th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 80.8620 𝐻𝑧. 

 
Fig. I.16b – The 16th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 77.9802 𝐻𝑧. 

 
Fig. I.16c – The 16th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 77.9749 𝐻𝑧. 
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Fig. I.17a – The 17th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 82.9589 𝐻𝑧. 

 
Fig. I.17b – The 17th mode of the validation model with a frequency of  79.9459 𝐻𝑧. 

 
Fig. I.17c – The 17th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 79.9064 𝐻𝑧. 
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Fig. I.18a – The 18th mode of the detailed model with a frequency 87.1847 𝐻𝑧. 

 
Fig. I.18b – The 18th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 86.5466 𝐻𝑧. 

 
Fig. I.18c – The 18th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 86.4518 𝐻𝑧. 
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Fig. I.19a – The 19th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 89.4867 𝐻𝑧. 

 
Fig. I.19b – The 19th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 87.5484 𝐻𝑧. 

 
Fig. I.19c – The 19th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 87.3740 𝐻𝑧. 
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Fig. I.20a – The 20th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 92.8119 𝐻𝑧. 

 
Fig. I.20b – The 20th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 90.0200 𝐻𝑧. 

 
Fig. I.20c – The 20th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 89.9666 𝐻𝑧. 
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Fig. I.21a – The 21st mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 94.3535 𝐻𝑧. 

 
Fig. I.21b – The 21st mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 92.7278 𝐻𝑧. 

 
Fig. I.21c – The 21st mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 92.5975 𝐻𝑧. 
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Fig. I.22a – The 22nd mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 95.8249 𝐻𝑧. 

 
Fig. I.22b – The 22nd mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 94.2807 𝐻𝑧. 

 
Fig. I.22c – The 22nd mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 93.6919 𝐻𝑧. 
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Fig. I.23a – The 23rd mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 100.2129 𝐻𝑧. 

 
Fig. I.23b – The 23rd mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 98.9625 𝐻𝑧. 

 
Fig. I.23c – The 23rd mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 98.4296 𝐻𝑧. 
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Fig. I.24a – The 24th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 102.5225 𝐻𝑧. 

 
Fig. I.24b – The 24th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 101.8880 𝐻𝑧. 

 
Fig. I.24c – The 24th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 101.7548 𝐻𝑧. 
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Fig. I.25a – The 25th mode of the detailed 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 103.7644 𝐻𝑧. 

 
Fig. I.25b – The 25th mode of the validation 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 103.0839 𝐻𝑧. 

 
Fig. I.25c – The 25th mode of the simplified 𝑚𝑜𝑑𝑒𝑙 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 103.0259 𝐻𝑧. 
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II. Comparison of PSD and Duty for Given Strain Gauges in case of the 

Measurements and the Simplified model for “laden” signal. 

 
Fig. II.1a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_x for the laden signal in case of the PSD. 

 

 
Fig. II.1b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_x for the laden signal in case of the duty. 
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Fig. II.2a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_z for the laden signal in case of the PSD. 

 

 
Fig. II.2b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_z for the laden signal in case of the duty. 
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Fig. II.3a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T2 for the laden signal in case of the PSD. 

 

 
Fig. II.3b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T2 for the laden signal in case of the duty. 
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Fig. II.4a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T3 for the laden signal in case of the PSD. 

 

 
Fig. II.4b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T3 for the laden signal in case of the duty. 
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Fig. II.5a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T4 for the laden signal in case of the PSD. 

 

 
Fig. II.5b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T4 for the laden signal in case of the duty. 
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Fig. II.6a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B1 for the laden signal in case of the PSD. 

 

 
Fig. II.6b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B1 for the laden signal in case of the duty. 
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Fig. II.7a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B2 for the laden signal in case of the PSD. 

 

 
Fig. II.7b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B2 for the laden signal in case of the duty. 
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Fig. II.8a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B3 for the laden signal in case of the PSD. 

 

 
Fig. II.8b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B3 for the laden signal in case of the duty. 
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III. Comparison of PSD and Duty for Given Strain Gauges in case of the 

Measurements and the Simplified model for “empty” signal. 

 
Fig. III.1a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_x for the empty signal in case of the PSD. 

 

 
Fig. III.1b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_x for the empty signal in case of the duty. 
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Fig. III.2a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_z for the empty signal in case of the PSD. 

 

 
Fig. III.2b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T1_z for the empty signal in case of the duty. 
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Fig. III.3a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T2 for the empty signal in case of the PSD. 

 

 
Fig. III.3b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T2 for the empty signal in case of the duty. 
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Fig. III.4a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T3 for the empty signal in case of the PSD. 

 

 
Fig. III.4b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T3 for the empty signal in case of the duty. 
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Fig. III.5a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T4 for the empty signal in case of the PSD. 

 

 
Fig. III.5b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge T4 for the empty signal in case of the duty. 
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Fig. III.6a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B1 for the empty signal in case of the PSD. 

 

 
Fig. III.6b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B1 for the empty signal in case of the duty. 
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Fig. III.7a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B2 for the empty signal in case of the PSD. 

 

 
Fig. III.7b – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B2 for the empty signal in case of the duty. 
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Fig. III.8a – Comparison of the measurement with the data obtained from the simplified 

model in case of the strain gauge B3 for the empty signal in case of the PSD. 

 

 
Fig. III.8b – Comparison of the measurement with the data obtained from the simplified 

in case of the strain gauge B3 for the empty signal in case of the duty.
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