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1 Introduction 

The topic of this work is the study of the different fatigue damage appearing in a Combino 

SIEMENS tramway when running under different railway excitations. This is done by the 

study of the cycles counted in the yaw damper forces existing on it by applying the 

Rainflow Cycle Counting load analysis method. 

A study of the dynamic behavior of a vehicle is needed to define its final design. Analyze 

these scenarios in a real prototype of the vehicle always supposes high investment. To 

solve this problem a Mulit-body Simulation Software is always used to simulate and 

analyze several scenarios before create the prototype. The main advantage of the 

creation of this model, beside the reduction of cost, is that it can be used to simulate 

different scenarios and study its behavior under different environments. The creation of 

this model using the Mulit-body Simulation Software and the afterwards study of some 

scenarios is the main goal of this work.  

The work is divided into three big sections beside this Introduction. 

Section 2 introduces some basic theoretical concepts needed to understand better the 

study. A big topic here explained is rail excitations, the reason of them, the way to study 

them, etc. The composition of the tramway under study, Combino SIEMENS, is also 

described here, as well as general tramway concepts. 

One part with a big importance on this work is the load analysis. Several methods to 

analyze loads and obtain the cycles of them are explained and compared between them 

in this section. The main method described and also used afterwards for this study is the 

Rainflow Cycle Counting and the posteriori representation of the Rainflow Matrix. These 

concepts here explained are synthetized to create the Matlab function used in next 

sections to obtain the cycles of the forces/loads affecting in the fatigue damage.  

The extraction of the forces to analyze is done in different simulation scenarios generated 

within a Combino tramway model design in Simpack v.9. The description of the model, a 

brief description of the software used (Simpack v.9 and Matlab) and the simulation 

scenarios under study are all explained in Section 3. 

Once the forces are obtained in Simpack and the Rainflow Matrix related to them 

extracted in Matlab, the analysis of the results can be done.  
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2 Theoretical Foundations 

 Structure/composition of rolling stock 2.1

Wheels, axles and the attachment between them are the most critical parts of the railway 

rolling stock. A minimum fail on their design can cause derailment. The main 

characteristics of them will be following explained.   

2.1.1  Wheel profiles 

Rail wheels consist of four major elements: the flange, the hub, the disc and the tire, as 

shown in Figure 2.1. The main characteristic of a rail wheel is its conical shape, to enable 

track guiding. [1, pp. 46-47]  

 

Figure 2.1: Wheel structure [2] 

2.1.2  Rail profiles 

The main type of rail is the well-known Head-rail. It consists of three parts: head, web and 

foot. Flat bottomed rail is the dominant head-rail profile and it is in worldwide use. 

For tramways, because of the need of a rail laid in the pavement, a Grooved Rail is used. 

It is characterized by having a gap for the flange. Both rail-profiles are shown in Figure 

2.2. [2] 

   

Figure 2.2: Head and grooved rail designs [2] 
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2.1.3  Track Guiding Principles 

The main parts of a propulsion system are a traction motor, a gearbox and two 

wheelsheets. To achieve the need of reducing wheel-rail interaction forces by reducing 

the unsprung mass, the system is getting more complex.  

The main different that can be found on the bogie configuration is regarding the weelset. 

The simplest is the transverse wheelset (Figure 2.3.a), where the wheels are coupled in 

the lateral direction via a fixed axle. More complex design are longitudinal wheelset, 

where the wheels are coupled in the lateral direction (Figure 2.3.b), and independent 

wheels, where there is not coupling between them (Figure 2.3.c). On the longitudinal 

wheelset configuration, the wheels are directly powered by the motor with a gearbox in 

between. Two motors are used, one on each side, powering at the same time the two 

wheels of their side. This space saving arrangement is especially suitable for 100% low-

floor tramways. [3] 

 

Figure 2.3: Transverse wheelset (a), Independent wheels (b) and Longitudinal wheelset (c)  

configurations. D.t. [3] 
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 Railway Vehicles Dynamics  2.2

According to the dynamic properties of the wheel and rail, the roughness on their surface 

induces vertical vibration of the wheel and rail systems because of the interaction at their 

contact area. This vibration is transmitted into the wheel and track structures and 

afterwards, to the main vehicle. Figure 2.4 shows the rolling noise caused by wheel and 

rail vibrations induced at the wheel/rail contact. [4, pp. 6-7] 

For that reason, in the railway system design, the study of the wheel-rail-contact dynamics 

is very important. This is done via wheel-rail contact dynamic models, which allow the 

study of the relation between the vibrations produced in a rail point, and the wheel-profile 

irregularities. [4, pp. 6-7] 

 

Figure 2.4: Rolling noise generation.Mechanism illustration [4, p. 7] 

 

2.2.1  Contact Forces 

The interface between the wheel and the rail is a small horizontal contact surface. 

Because of the small dimension of this area, the contact pressure on it is close to a stress 

concentration. The knowledge of these contact forces is necessary to determine the 

general wheelset equilibrium and its dynamic behavior. In the simplest model, only vertical 

contact forces are considered, but in the practice there are more contact forces taking 

place. This is because, though the roughness is acting in the vertical direction, the 

coupling between wheel and rail is also in lateral and longitudinal directions. When 

entering a curve or running on a track with irregularities (real track), the suspension forces 

create reaction forces at the wheel-rail contact area because of the strong link that these 

suspension elements create between the wheel and the main vehicle. [1, pp. 88-97] [4, p. 

134] [5] 
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It is noteworthy, that on this study, the reference coordinate system is referred to a local 

axis system x´y´z´; where z´ is normal to the contact, y´ is relative to the transverse 

direction and x´ is along the track. According to this contact coordinate system, the 

contact forces are denoted as:  N for normal forces, Fx for longitudinal creep force and Fy 

for lateral creep force. The name of the tangent components (lateral and longitudinal) is 

because of their relation to the relative speed between the two bodies in contact, called 

creepage. Figure 2.5 shows the reference coordinate system (in red), and the contact 

forces associated to it. [1, pp. 87-88] 

 

Figure 2.5: Contact coordinate system (left) and contact forces referred to it (right) [1, p 88] 

 

2.2.2  Wheel-Rail-Contact. 

Nowadays, the Wheel-Rail-Contact dynamic can be modelled by specific based on multi-

body-systems dynamics programs. Those are grounded on the Classic Models, which 

determined these contact parameters in two steps: the vertical contact is analyzed via the 

non-lineal theory of Hertz, while Kalker’s theory is used to idealize the tangential and 

longitudinal problem. Beside the vertical problem, tangential problem is the most important 

to study. [1, pp. 88-97] [4, p. 134] [5] 

The Hertz theory is based on some hypothesis according to the wheel-rail contact: the 

behaviour of the two bodies in contact is elastic; the elliptical shape of the wheel can be 

neglected, that is, that the curvature radius is considered much bigger than the 

dimensions of the elliptic contact area; and the curvatures within the contact area are 

constant. With these hypotheses, the case under study is simplified to an ellipse-flatted 

contact surface, affected by a semi-ellipsoid contact pressure. Under these 

considerations, the Hertz theory obtains the vertical force Fx relating the vertical 

displacement of the wheel with its roughness profile and the vertical displacement of the 
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rail, via a non-lineal elastic spring of constant KH. Figure 2.6 represents the two dynamic 

systems, wheel and rail, connected via a force element, KH. 

.  

Figure 2.6: System characterization for the study of the vertical problem. D.t. [1, p. 88] 

The most common used model for the tangent problem is the theory of Kalker. It 

establishes general expressions to determine these contact forces by introducing variable 

stiffness coefficients depending on the contact area of each case. This approximation 

gives coherent results for cases with a very small wheel creep. [1, pp. 88-97] [4, p. 134] 

[5] 

2.2.3 Theoretical track game 

The so called theoretical track game (σ) is the relation between the distance between rails 

(S) and the distance between wheels (s), see Figure 2.7: 

σ = S – s                 (2.1) 

It represents the game existing between the wheels and the rails. As both distances are 

constant, the game is also a constant, which usually takes the value 10mm for tramways. 

This value will be used in Section 3.4 for the representation of lateral displacement of 

wheels and track. [1, pp.109-110] 

 

Figure 2.7: Representation of the distance between rails (S) and between wheels (s).D.t.[1, p.109]  
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 Rail Excitations 2.3

When a train is running over a track, the real track is not ideal. This real track, with 

random shape compound of a sum of multiple sinus and cosines shapes, affects the 

above-travelling vehicle vibration system as an excitation.  

The riding quality, equally dependent on the track geometry and on the dynamic 

characteristics of the vehicle, is then affected by this behavior. For that reason, these two 

parameters have to be deeply studied. [6] 

The geometry of the track is well-done determined by the spatial position of the running 

rails, described, on its part, with the virtual deviation z and the lateral deviation y from a 

virtual straight. The four parameters (zl(x), yl(x) for the left rail, and zr(x), yr(x), for the right 

rail) specify the position of the rail along the explicit distance x, as shown in Figure 2.8. 

 

Figure 2.8: Rail position coordinates [6] 

The spatial arrangement of the rails is also obtained referred to the track axle. It is defined 

by four parameters: longitudinal height h(x) and directional position u(x) of the track axle, 

plus the gauge s(x) and the transverse position Ψ(x), both running-rail correlated. All are 

together collected as the generic term Track-Position and are usually used in the 

engineering of the rail, see Figure 2.9. With these parameters, the coordinated system of 

the position is defined as: 

 

 

(2.2) 
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Figure 2.9: Track position coordinates [6]

The deviation of the actual position of the track for an allowed position is called Track-

Position-Error, which is the collection of the values up mentioned compared with its 

related nominal value. [6] 

The vehicle responds to an absolute value of the Track-Position (h(x), u(x), s(x) and Ψ(x)). 

This value is affected by several factors: Irregularities in the rail slope and in the profile of 

the rail head, rail discontinuities and changes in the elastic characteristics of the rail. The 

sequence of disturbances in dependency of the road is well-known as Disturbance 

Function. [6] 

2.3.1  Spectral Analysis 

A sinusoidal track affects the above-travelling vehicle vibration system as an excitation. 

Driving with a car velocity v under a sinusoidal rail condition of wavelength λ, a frequency 

excitation of period  

T = λ /v                 (2.3) 

appears, where its angular frequency associated is:  

ω = 2π · f = 2π · v/ λ.            (2.4) 

For each parameter of the Track-Position belongs a frequency excitation in correlation 

with its wavelength associated, as shown in Figure 2.10. [6] 

 

Figure 2.10: Rail position coordinates [6] 
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The correlation between the wavelength of the road λ, the velocity v and the frequency 

excitation f is showed in Figure 2.11 in double-logarithm representation. Excitations 

between 0,5 Hz and 20 Hz affect the vehicle comfort, while over 20 Hz can induced noise 

disturbance. [6] 

 

Figure 2.11: Correlation between wave lengths of the road L, velocity v and frequency excitation f, 

in double-logarithm representation [6] 

In the actual Track-Position there is not only one wave length to determine, in fact, there 

are simultaneously numerous wavelengths, existing with different amplitudes. The random 

Track-Position factor h(x) is then considered as the sum of individual harmonic 

unevenness with different wavelength λi and amplitude bi: 

 ( )  ∑       (       )
 
   ,             (2.5) 

where ki is the wavenumber associated to each wavelength:  

ki   2π λi   ω v.               (2.6) 

The wavenumber  

ki = 2π/λi                  (2.7) 

and the angular frequency  

ω = 2πv/λ                       (2.8) 

differ in the car velocity factor v:  

ω = k · v                  (2.9) 
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Figure 2.12: Track Position factor h(x) and the partial-irregularities of different angular wavenumber 

k associated [6] 

Figure 2.12 shows the decomposition of the longitudinal height h(x) in the different 

harmonics hi(x) of different wavenumber that compose it. For an angular wavenumber k 

and a small wavenumber spectrum Δk, belongs a non-constant amplitude bi. This 

amplitude changes along the distance x and depends on the wavenumber spectrum Δk 

size, and must, therefore, be written correctly as bi (x, Δk). [6] 

A descriptive parameter for the changing individual harmonic unevenness hi(x) is its 

variance σ2
h: 

   
  

 

 
 ∑ (    ̅)

  
                (2.10) 

The so-called Power-Unevenness-Density Фhi of the individual harmonic unevenness hi(x) 

and the wavenumber ki is then defined as:  

Фhi = 
   
 

  
, which dimension is [

   

      
].         (2.11) 

The variance σ2
h is equal to the quadratic of the effective value of a specific individual 

harmonic unevenness hi(x)  

   
  (     )

                (2.12) 

when the Track-Position factor h(x) is “accidentally constant” (the function has any 

exceptional individual value and any arbitrary interval of hi(x) owns equal mean values). 

Then, the Power-Unevenness-Density Фhi is written as: 

Фhi = 
(     )

 

  
               (2.13) 
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The effective value beff and the amplitude bi of the harmonic roughness-section hi(x) differ 

in a factor√2. Then: 

        √2               (2.14) 

The application of a Power-Unevenness-Density average Фh on a wavenumber k induces 

Power-Spectral-Density Фh(k). This factor reveals which wavenumber k and which (mean 

square) amplitude b2
eff are existing in a track. It is determined with Track-Position 

measurement signals, recorded with the adequate measurement method, obtaining then 

one graph per each Track-Position factor (h(x), u(x), s(x) and Ψ(x)). [6] 

The Power-Density Ф(k) is taken with accumulative wavenumber k. That means that 

Track-Position-Errors appear with big wavelength and big amplitude, and the inverse, with 

small wavelength and small amplitude. The literature proposes remove Power-Spectral-

Density Фh (k) within a wide distribution range, whose differ over and under the boundary 

of around decimal-power. The distribution range over the boundary is then defined as 

worst rail, on which a vehicle could ever meet. Analogous equivalent, under the boundary, 

the best rail is defined. The average rail position let between both extremes. The Power-

Spectral-Density Фh (k) is a function of the wavenumber well approximated as a cubic 

hyperbola, and then written in the form:  

 [ ]  
 

(      ⌈   ⌉) 
            (2.15) 

With that, the description of so complex fact, as Track-Position with different amplitude 

and wavelength, is reduced of only two coefficients: a and b. The coefficient a is a 

measure of the Tail Position unevenness, while the coefficient b is a measure of the Track 

Position waviness. Big values of b mean a big percentage of shortly waves in spectrum. 

Table 1 contains the determined coefficients for rails, for worst, average and best rail 

position. [6] 
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Table 1: Different values of the rail coefficients to determine the Power-Density-Spectrum Фh(k) 

depending on the type of rail position: worst, average and best [6] 

Track position Worst Average Best 

longitudinal 

height 
h 9.39 ∙ 10

-1 
6.89 ∙ 10

-2
 1.31 ∙ 10

-2
 2.94 ∙ 10

-2
 1.90 ∙ 10

-4
 9.71 ∙ 10

-3
 

directional 

position 
u 2.74 ∙ 10

-1
 3.13 ∙ 10

-2
 1.33 ∙ 10

-2
 2.33 ∙ 10

-2
 6.33 ∙ 10

-4
 1.3 ∙ 10

-2
 

gauge s 1.64 ∙ 10
-1

 5.35 ∙ 10
-2

 4.68 ∙ 10
-2

 7.96 ∙ 10
-2

 1.23 ∙ 10
-2

 1.12 ∙ 10
-1

 

transverse 

position 
Ψ 2.16 ∙ 10

-8
 1.19 ∙ 10

-2
 2.87 ∙ 10

-9
 3.17 ∙ 10

-3
 4.07 ∙ 10

-10
 5.57 ∙ 10

-3
 

 

2.3.2  Spectral Synthesis 

In the Spectral Analysis, Power-Spectral-Density Фh (k) is obtained from Track-Position, 

but Track-Position can also be reproduced from Power-Density-Spectrum Фh (k), as 

shown in Figure 2.13. This transformation is studied in the Spectral Synthesis. [6] 

As said before, the longitudinal height h(x) is considered a synthesis of a lot of different 

harmonics hi(x) of different wavenumber with the amplitude bi and the phase angle εi: 

  ( )  ∑       (       )
 
              (2.16) 

The wavenumber ki belonging to the amplitudes bi are formed according to the Power-

Density-Spectrum Фh (k): 

                               

    √  (  )     √2, with           (   )        (2.17) 

                               (   )   

By the evaluation of the Power-Spectral-Density Фh (k), phase information lost will be 

recovered with the help of uniformly distributed random numbers Ri from 0 to 1. By the 

random numbers 0 ≤ Ri ≤ +1, phase angle 0 ≤ εi ≤ 2π are asigned: εi = 2π Ri  [6]  

Collecting all this information, the Track-Position factor h(x) can be obtaining applying the 

formula below: 

 ( )  ∑      [(   (   )  )  2   ]
 
           (2.18) 

The obtained synthetic Track-Position is not identical to the original Track-Position. Both 

have however the absolute rail feature, what means that all the parameters are, for both 

Track-Position functions, absolutely equals. [6] 
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Figure 2.13: Steps to obtain the Power-Spectral-Density Фh (k) from the Track-Position (Spectral 

Analysis) and reproduction of the Track-Position from the Power-Density-Spectrum Фh (k) (Spectral 

Synthesis) [6] 
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 Tramways composition 2.4

Trams are compact railway vehicle that runs on a track along public urban streets. They 

are designed to negotiate small radius curves and to improve accessibility of passengers. 

Because of that, trams are usually lighter and shorter than conventional trains. To achieve 

the possibility of running under small radius curves, an articulated arrangement is always 

needed. It can be achieved in several ways. There are two main articulated configurations 

(Figure 2.14). In the first case, the two bogies are directly coupled via an articulated bogie 

in between. The construction of this bogie is such that the two wheelsets rotate 

independently when passing a curve. In the second case, the coupling is achieved by a 

shorter bogie section in between the two main cars, mounted over a normal non-

articulated bogie, in such a way that body section and bogie rotate together when passing 

a curve. [1, p. 72] 

 

Figure 2.14: Different articulated tram configurations [1, p. 72] 

The distance between the tram floor and the rail is different depending on the tram. In low-

floor trams, it is about 300-350 mm, while for the high-floor it is usually 560 – 600 mm. 

Regarding this factor, there are two main types of tram: Partially low-floor trams have the 

ratio of low floor at least 50% of the total length of the floor, while Fully low-floor trams 

have low-floor bogies to achieve a whole floor at a height of 300-350 mm above the top of 

the rail. A new configuration is the so called Ultra low-floor tram (ULF), with the smallest 

distance between floor and rail, about 18 cm. [11][12][13] 

2.4.1 Yaw Movement 

The configuration of the wheels attachment can be rigidly attached (wheelset) or with 

independent wheels, see Figure 2.15. In a wheelset configuration the wheels have the 

same angular speed and a constant distance between them. When a wheelset enter in a 

curve, the inner wheel has a smaller curve radio, resulting in a higher velocity of this 

wheel. Since the wheels are joint rigidly by the axle, this different velocity is translate into 
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a different effective wheel radio, Figure 2.16. Because of that, a wheelset performs a 

sinusoidal movement called hunting oscillation. Figure 2.15.a. [1, p. 40-41] 

The origin of this movement is the combination of two facts, the conic wheel shape and 

the creep forces acting between the wheels and the rails when running straight at high 

speeds. These facts turn into a combined action of longitudinal and lateral wheel-rail 

contact forces, that finally results in a coupled lateral and yaw vibration of the bogie.  

The main problem of this movement appears at a speed known as “critical speed”. Below 

this speed, the motion is damped out, but above it, this motion becomes unstable. Under 

unstable conditions, very large amplitudes of vibration take place. These vibrations cause 

flange contact of the wheels on the rails, potentially causing derailment, and big forces on 

the rail, with the risk of induce permanent deformations. [7][8] 

 

Figure 2.15: Difference between rigidly wheelset (a) and independents wheels (b) [30] 

 

Figure 2.16: Effect of conical wheel shape when taking a curve. [34] 
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In a bogie with independent wheels, yaw movement is avoided and therefore, the train 

instability is minimized.  In that case, an external mechanism is required in order to guide 

the wheels and keep the angle between the wheels and the rail at around zero, see Figure 

2.15.b. [7][8] 

2.4.2   Multi-Articulated-Vehicles 

The conflict between the needed of a high length of the railway and the large curvature of 

many railway lines is usually solved by providing multi-articulated configuration (several 

trailer body sections carried by a first motor carbody). Compared to older tramways, the 

permanently attachment between body section and articulation turns into some 

advantages and disadvantages. They are based on less number of body-sections and 

length of them. Usually such wagons behave good while running straight or through a 

well-built translation curve and provide an excellent use of space, because they do not 

require extra space to rotate. This is a big advantage mainly when running through narrow 

track and closed curves. They also use an optimal envelope curve, which causes small 

gap in between railway and platform when stopping in curves. But this configuration also 

turns into higher axle loads and higher costs, due to the fact that each additional carbody 

means money (traction, brake). A general configuration of a Multi-articulared vehicle is 

shown in Figure 2.17. [32, p. 48] [33, p. 320-324] 

The most common problem in the use of multi-articulated vehicles comes when talking 

about the angle described by each body-section. There is a deviation of the angle 

described by each carbody compared to the previous while running through a curve. This 

turns into a big difference when talking about the angle of the last body section compared 

to the motor carbody. This, plus the fact that on multi-articulated vehicles the sinusoidal 

movement well known as hunting oscillation is also transmitted along the length of the 

vehicle, makes very important the study of the lateral movement of the last carbody. This 

movement can be minimized by introducing damping between carbodies. A common 

solution is the introduction of two parallel longitudinal inter-car dampers. [1, p. 11; p. 390] 

[33, p. 320-324] 

 

Figure 2.17: Multi-articulated vehicle configuration. D.t. [34] 
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2.4.3  Yaw Dampers 

As have been mentioned before, there is a critical speed that appears due to kinematic 

oscillation (yaw motion) of a railway vehicle. All vehicles should operate well below their 

critical speed. Therefore, the critical speed is one of the main limiting factors to the 

increase of railway speed, and, therefore, the main goal is to increase this speed. 

The usual way followed to increase the critical speed of railway vehicles is the use of yaw 

dampers. They are placed in two positions: between carbodies and bogies and between 

two cars in articulated vehicles (intercar damper, see Figure 2.18). The goal of the first 

one is to minimize the transmission of the yaw movement between these two structures; 

and their characteristics are chosen to achieve a balance between dynamic stability and 

low wheel–rail forces during curve negotiation. Intercar dampers are placed to minimize 

the transmission of the movement along the length of the vehicle. The vertical position of 

these intercar yaw dampers can be at floor or roof level. Figure 2.19 shows an example of 

railway vehicle with both types of damper. [15, p. 231]  

 

Figure 2.18: Intercar yaw damper placement 

 

Figure 2.19: Example of Intercar and Bogie-Car Yaw Dampers [31] 
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 Composition of the Combino 2.5

The Combino Trams are multi-articulated vehicles that can be found in different 

configurations. The two principal models are three-section and five-section, both with 

100% low-floor tramcars, as shown in Figure 2.20. The configuration under study in this 

work is the second one, and it is in which this section is going to be focused. [28] 

 

 

Figure 2.20: Three-sections and four-section Combino tramways configurations [28] 

On the five-section Combino three bogies are mounted. The one in the middle is a trailer 

bogie (non-motorized bogie), while the two on the sides are motor bogies, both design for 

low-floor tram cars, as shown in Figure 2.21. 

 

Figure 2.21: Two different configurations for Combino bogies, Trailer (left) and Motor (right) [29] 
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The configuration of the bogies (well-done explained in section 2.1.3.) is: independent 

wheels for the trailer bogie; and longitudinal wheelset, with the coupling done by two 

motors, one on each side, and four gearbox coupling, for the motor bogies. One the first 

case, each wheel has an independent angular velocity, while for the motor bogie the two 

wheels of the same side have the same angular velocity.[29] 

Some important parameters of the five-section Combino are shown in  

Table 2. 

 

Table 2: Five-section Combino technical data [28] 

Vehicle Unit 
Five-section, low floor 

articulated COMBIMNO tram 

Track gauge 1435 mm 

Vehicle length 3535 mm 

Vehicle width 2650 mm 

Weight empty 35,3 t 

Max. speed 70 km/h 

Low-floor component 100% 

Floor height 300 mm 
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 Load assumptions 2.6

2.6.1  Theory of signals, loads and fatigue 

If a function represents a physical quantity or variable containing the information about the 

behavior and nature of the phenomenon, it is known as a signal. [21, p. 7] 

The main characteristics of a signal are its amplitude and period. From these two, range, 

mean and frequency are defined, see Figure 2.22. A pair consisting of a minimum and 

maximum defines a cycle, where the range is the most important characteristic for fatigue 

evaluation. Full cycle means that the load goes from a minimum to a maximum and then 

back again to the minimum. It consists of two half-cycles, a term useful in fatigue analysis. 

[22, p. 40] 

 

Figure 2.22: Main values that define a signal [22, p. 40] 

There are two main classifications of signals, continuous time signal and discrete time 

signal, see Figure 2.23. If a signal is defined at all values of t, where t is a continuous 

variable, this is known as a continuous time signal; while the discrete time signals are 

obtained at sampling instants. [21, pp. 7-21] 

A load is a physical quantity that reflects the excitation of a system over the time. The 

most typical loads are forces, torques, stresses, strains, displacements, velocities and 

accelerations. It is usually a measured discrete time signal, where only a certain discrete 

points in time are known, called load history. [22, pp. 33-34] 

The simplest kind of load condition is the constant amplitude load, Figure 2.24.a. Consider 

block loads with same amplitude each block is the next generalization, as shown in Figure 

2.24.b. In reality, the loads that are measured are variable amplitude loads, see Figure 

2.24.c and Figure 2.24.d. [22, pp. 15-17].  
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Figure 2.23: Classification of signals. Continuous (a) and discrete (c) time signals [21, p. 7] 

 

Figure 2.24: Different type of loads. (a) Constant amplitude loading. (b) Block loading. (c) Narrow 

band loading. (d) Broad band loading. [22, p. 15]. 
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“Fatigue is the progressive and localized structural damage that occurs when a material is 

subjected to cyclic loading” [23, pp. 57-58]. When the stresses are not above the elastic 

limit, a given load condition may be repeated even a few hundred times without the 

appearance of structural problems. However, when loadings are repeated thousands or 

millions of times, rupture will occur at a stress much lower than static breaking strength. 

This phenomenon is known as fatigue [24, p. 6] and it is the result of the cumulative 

process consisting of crack nucleation, short crack growth, long crack growth, and final 

fracture of a component. [23, pp. 57-58]  

A fatigue load is generally represented by a cyclical waveform called S-N curve. The 

quantity S usually represents stress, while N represents the number of cycles to failure. 

[25, pp. 4-5].  

The aim of the methods is to understand and describe the load properties that are 

important for fatigue in durability analysis. We distinguish two types of methods: 

Amplitude-based methods or rate independent methods only depend on the sequence of 

the local extreme values in the signal without taking into account the time between 

maximum and minimum peaks. Frequency-based methods or rate-dependent methods 

take into account the “speed” of the signal and are very useful for system load analysis. 

[22, pp. 33-34]. 

The transformation from external load (where the load is applied) to local loads (where 

you are going to analyze) should be also take into account to decide the method to use. 

The further you are analyzing from the original point of loading, the more you have to go 

to frequency analysis [22, p. 23]. The direction of analysis of each method is shown in 

Figure 2.25. 

 

Figure 2.25: Amplitude and Frequency analysis methods. Direction of analysis. 
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2.6.2  Amplitude-based methods 

To know the fatigue life of a structure, first is needed to know the corresponding cycle 

loading absorbed by the structure.  In reality, structures are usually subjected to complex 

loading (non-constant amplitude load), being difficult to determine what constitutes a cycle 

and the corresponding amplitude of that cycle.  

Cycle counting algorithms are used to reduce a complicated variable amplitude loading 

history into a number of discrete simple cycles, which are associated with fatigue damage, 

by pairing the local maxima with the local minima. These algorithms are followed 

explained. [22, p. 17; pp. 33-34] [23, p. 78] 

After apply these methods we obtain a block loading condition. To analyze the number of 

cycles before the fracture of the component, Palmgren-Miner rule is used. This method 

assumes that each cycle with amplitude S uses a fraction 1/N of the total life. [22, p. 16] 

[24, p. 24] 

The process follow to evaluate the fatigue life of a structure is shown in the diagram below 

(Figure 2.26). 

 

Figure 2.26: Amplitude methods. Flow Chart of execution. 

The main cycle counting methods used are: Level-crossing, Peak-valley, Range-mean 

Range-par and Rainflow. The Rainflow counting method is generally accepted as being 

the best cycle counting algorithm. Examples of each method are explained in Annex A. All 

of them are below explained. [22, p. 17] 

For a better understanding of each method, an example of them is explained on each 

case. Figure 2.27shows the load history that is going to be analyze on these examples. 

The data of this load has been taked from [22, p. 36].  
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Figure 2.27: Load History to analyze 

In some cases, only peaks that are above or below a certain load level may be of interest 

for a life prediction. Usually, this reference level is determined by the mean of the 

complete load-time history. In those cases, Level Crossing Cycle Counting methods is 

employed. One count is defined when a portion of the load-time history with a positive 

slope passes above the reference load level or when a portion with a negative slope 

crosses below it. The final cycle is determined by joining all the counts counted, from the 

largest to the smallest. An example of this method is shown in Figure 2.28 [23, pp. 78-79] 

[25, p. 79] 

 

Figure 2.28: Level Crossing Cycle Counting 

Peak-Valley Cycle Counting identifies the maxima and minima in a load-time history, 

where a maxima is the transition point between positive and negative slop, and minima is 

the opposite. Maxima above and minima below a reference load level are counted. As in 

the previous method, the final cycle is determined by joining all the counts counted, from 

the largest to the smallest. An example of this method is shown in Figure 2.29 [22, p. 56] 

[23, pp. 79-80]. 

 

Figure 2.29: Peak-Valley Cycle Counting 
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Markov Counting and Range-Mean Counting, are close related. The first one, pairs 

consecutive locals maxima and minima along a load spectrum, obtaining cycles, while the 

second extract the ranges of these cycles and counts the times each range appears. Each 

range represents one-half cycle. Positive ranges are defined on positively sloped and 

negative ranges on negatively sloped ranges. An example of this method is shown in 

Figure 2.30 [22, pp. 51-54] 

 

Figure 2.30: Markov & Range-Mean Counting 

The only two methods with a direct relation to hysteresis cycles are Rainflow Cycle 

Counting and Range-Pair Cycle Counting. While the first counts the cycles along a load 

history, the second extracts the ranges of these cycles. 

Rainflow Cycle Counting (RFC) is the generally accepted and recommended procedure 

for estimation of fatigue damage of structures submitted to random loading. RFC method 

was first introduced in 1967 to count the cycles or the half cycles of strain-time signals and 

has since then become the most commonly used cycle counting method in engineering. 

The RFC method was designed to catch both slow and rapid variations of the load by 

forming cycles that pairs high maxima with low minima even if they are separated by 

intermediate extremes. [24, pp. 13-14] [25, pp. 80-83] [26, pp. 160-161].  

The original definition of the RFM is the Pagoda Roof Method. On it, with the time axis in 

vertical, the random stress S(t) represents a series of roofs on which water falls. The drop 

will stop either if it meets an opposing peak larger than that of the start or if it meets the 

path traversed by another drop, previously determined. The drop can fall on another roof 

and continue according to previous rules. The same rules are followed to define rainflows 

in valleys. The horizontal length of each rainflow defines a range equivalent to a half-cycle 

of a constant amplitude load. [24, pp. 15-22] 

The RFC method starts from a process of peaks and valleys. Then the time axis is rotated 

so that it points downward. At both peaks and valleys, water sources are considered. 

Water flows downward according to the following rules: 
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1. A rainflow path starting at a peak/valley will continue down the “pagoda roofs”, until it 

encounters a peak/valley that is more positive/negative than the origin. From the Figure 

2.31, the path that starts at A will end at E.  

2. A rainflow path is terminated when it encounters the flow from a previous path, Figure 

2.31, see paths C, I and K. 

3. Peak/Valley-generated half-cycles are defined for the entire record. For each cycle, the 

stress range Si is the vertical excursion of a path. The mean Si is the midpoint. 

4. For a sufficiently long record, each valley-generated half-cycle will match a peak-

generated half-cycle to form a whole cycle. [24, pp. 15-22] 

The example of application of the Pagoda Roof Method is shown in Figure 2.32. 

 

Figure 2.31: RFC method. Rainflow paths [24, p.19] 

 

Figure 2.32: RFC – Pagoda Roof Method 
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The practical definition of the RFC is the 4-Point Algorithm. On it, starting with the first 4 

points of a sequence of discretized points where the minima-maxima filtering has been 

done, cycles are counted following the formula of Figure 2.33. 

If [(min(s1, s4) ≤ min(s2, s3)) && (max(s2, s3) ≤ max(s1 = s4))]  

then the pair (s2, s3) is a cycle. 

Figure 2.33: 4-Point Algorithm [22, p. 43] 

In case the pair is not taken as cycle, the next four min-max are chosen as current points, 

moving one position following the time sequence. In case the pair is taken, it is stored in 

the rainflow matrix RFM, the points are removed from the stack and the four new points 

are initialized, taking again the first four. Then the counting rule is applied again until the 

last point of the time signal is reached. After that we obtain a rainflow matrix (RFM) with 

the cycles counted, and a residual RES with the remaining sequence of points.  

If a local stress history is applied once, some hysteresis cycles will result from that, while 

applying it a second time, some other cycles will be created. The firs hysteresis cycle exist 

only once, while if the signal is applied further, the same cycles as during the second run 

will be created.  That is called first and second round cycles, both stored in the RFM. The 

second round is of high importance and can be obtained by doubling the residual and 

making the 4-point algorithm to it. An example of this method is shown from Figure 2.34 to 

Figure 2.46. [22, p. 43-47] 

 

Figure 2.34: RFC - 4-point Algorithm. 1
st
 iteration:  s1 = 2, s2 = 7, s3 = 4, s4 = 8; RFM = [(7,4)] => 

Pair counted. 

 

Figure 2.35: RFC - 4-point Algorithm. 2
nd

 iteration: s1 = 2, s2 = 8, s3 = 2, s4 = 5; RFM = [(7,4)] => 

Pair not counted. 
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Figure 2.36: RFC - 4-point Algorithm. 3rd iteration: s1 = 8, s2 = 2, s3 = 5, s4 = 4; RFM = [(7,4)] => 

Pair not counted. 

 

Figure 2.37: RFC - 4-point Algorithm. 4
th
 iteration:  s1 = 2, s2 = 5, s3 = 4, s4 = 6; RFM = [(7,4),(5,4)] 

=> Pair counted. 

 

Figure 2.38: RFC - 4-point Algorithm. 5th iteration: s1 = 2, s2 = 8, s3 = 2, s4 = 6; RFM = 

[(7,4),(5,4)] => Pair not counted. 

 

 

Figure 2.39: RFC - 4-point Algorithm. 6
th
 iteration: s1 = 8, s2 = 2, s3 = 6, s4 = 1; RFM = 

[(7,4),(5,4),(2,6)] => Pair counted 

 

Figure 2.40: RFC - 4-point Algorithm. 7
th
 iteration: s1 = 2, s2 = 8, s3 = 1, s4 = 7; RFM = 

[(7,4),(5,4),(2,6)] => Pair not counted. 
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Figure 2.41: RFC - 4-point Algorithm. 8
th
 iteration: s1 = 8, s2 = 1, s3 = 7, s4 = 4; RFM = 

[(7,4),(5,4),(2,6)] => Pair not counted. 

 

Figure 2.42: RFC - 4-point Algorithm. 9
th
 iteration: s1 = 1, s2 = 7, s3 = 4, s4 = 5; RFM = 

[(7,4),(5,4),(2,6)] => Pair not counted. 

 

Figure 2.43: RFC - 4-point Algorithm. 10
th
 iteration: s1 = 7, s2 = 4, s3 = 5, s4 = 2; RFM = 

[(7,4),(5,4),(2,6),(4,5)] => Pair counted. 

 

Figure 2.44: RFC - 4-point Algorithm. 11
th
 iteration: s1 = 2, s2 = 8, s3 = 1, s4 = 7; RFM = 

[(7,4),(5,4),(2,6),(4,5)] => Pair not counted. 
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Figure 2.45: RFC - 4-point Algorithm. 12
th
 iteration: s1 = 8, s2 = 1, s3 = 7, s4 = 2; RFM = 

[(7,4),(5,4),(2,6),(4,5)] => Pair not counted. 

 

Figure 2.46: RFC - 4-point Algorithm. 13
th
 iteration: s1 = 1, s2 = 7, s3 = 2, s4 = 5; RFM = 

[(7,4),(5,4),(2,6),(4,5)] => Pair not counted. 

 

The Range-Pair Cycle Counting extracts the ranges of the cycles along a load history 

counted by RFC with 4-point algorithm. It stores in a vector the number of times each 

range is repeated. It is done following the formula below: 

frp (k) = ∑     (   )                       |   |        (2.19) 

However, it is usually presented in cumulative form, where at level k all cycles with a 

range greater than k are shown. An example of application of this method is shown in 

Figure 2.47. [22, p. 49] 
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Figure 2.47: Range-Pair Cycle Counting 

 

The result of the cycles counted by each method on the example of applicacion is shown 

in Table 3.Table 4 shows the Cycles counted applying each cycle counting method 

grouped by range, while Table 5 shows the same results in cummulative form. 

 

Table 3: Cycles counted applying each Cycle Counting Method 

Cycle Counting Method 

Cycles counted 

Full cycles counted Half cycles counted 

Level Crossing (1,8), (7,2), (7,2), (5,4), (5,4) (6,3), (5,4) 

Peak Valley (1,8), (7,2), (7,2), (5,4), (5,4) (6,3), (2,7), (5,4) 

Rainflow Matrix 4-P.A RFM = [(7,4),(5,4),(2,6),(4,5)]; RES = (2,8,1,7,2,5) 

Range-Pair RFM = [(7,4),(5,4),(2,6),(4,5)]; RES = [(2,5), (7,2), (1,8)] 
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Table 4: Cycles counted applying each cycle counting method grouped by range. 

 Results 

Method Range 1 2 3 4 5 6 7 

Level Crossing Cycle Counting 

Cycles 

counted 

2,5 0 0,5 0 2 0 1 

Peak-Valley Cycle Counting 2,5 0 0,5 0 2,5 0 1 

Range-Mean Counting 1 0,5 2,5 0,5 1 1 0 

RFC – Pagoda Roof Method 1,5 0,5 1,5 0,5 0,5 1 0,5 

RFC – 4-point Algorithm => Range-Pair Cycle Counting 2 0 2 1 1 0 1 

 

Table 5: Cumulative cycles counted applying each cycle counting method grouped by range. 

 Results 

Method Range 0 1 2 3 4 5 6 7 

Level Crossing Cycle Counting 

Cycles 

counted 

6 3,5 3,5 3 3 1 1 0 

Peak-Valley Cycle Counting 6,5 4 4 3,5 3,5 1 1 0 

Range-Mean Counting 6,5 5,5 5 2,5 2 1 0 0 

RFC – Pagoda Roof Method 6 4,5 4 2,5 2 1,5 0,5 0 

RFC – 4-point Algorithm => Range-Pair Cycle Counting 7 5 5 3 2 1 1 0 

 

All the methods can be easily compared using Table 6. The main different in between 

methods is if they are related or not to the hysteresis cycles. In case they are, these 

results are a good approximation for durability evaluation. The two main methods to 

extract the cycles are RFC (hysteresis related) and Markov Counting (Not hysteresis 

related). From the result of those two, Range-Pair and Range-Mean are apply 

respectively. Level Crossing and Peak-Valley can be also hysteresis cycles related if the 

extraction of the information is done from the cycles counted using RFC. The relation 

between all the methods is shown in Figure 2.48. 
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Table 6: Comparison of different cycle counting methods. 

NAME METHOD  OUTPUT APPLICATION 

HYSTERESIS 

CYCLES 

RELATION 

Rainflow 

Cycle 

Counting 

Counts rainflow cycles 

using a specific algorithm. 

The 4-point algorithm is 

the most recommended. 

Hysteresis 

cycles in the 

load 

Durability 

evaluation 
Yes 

Markov 

Counting 

Counts cycles by pairing 

consecutive local maxima 

and minima. 

(For narrow bands similar 

results than using RFC). 

Cycles in the 

load.  

The most 

straightforward 

method for 

counting cycles. 

No 

Range-pair 

Counting 

Extracts the cycle ranges 

of the RFC. 

Rainflow 

amplitudes 

distribution. 

Used together for 

comparison of 

signals (they have 

complementary 

load information) 

Yes 

Range-

Mean 

Counting 

Extracts the cycle ranges 

of the Markov C. 

Cycles 

amplitude 

distribution 

No 

Level 

Crossing 

Counting 

Counts the number of 

times the load crosses a 

certain load level. 

Mean values 

cycles 

distribution 

- 

Peak-

Valley 

Cycle 

Counting 

Identifies the maxima and 

minima in a load. 

(transition points between 

positive- negative slop) 

Max/min 

above/below a 

reference load 

level. 

- 

 

 

Figure 2.48: Relation between different counting methods [22, p. 72] 
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2.6.3  Frequency-based methods 

As was briefly explained before in Section 2.6.1, frequency analysis has to be done when 

the analysis takes place far from the original point of loading; while amplitude domain is 

most important at local stress and strain level. On this study of the Combino, it is assumed 

that the distance between where the load takes place and where the durability study is 

needed is negligible. For that reason frequency-based methods are not going to be deeply 

explained.   

When non-local quantities are processed, all the properties of the loads which have an 

influence on the local stress have to be take into account. If this is the case, to the 

amplitude domain of the outer loads, which still having a big importance, we have to add 

the importance of the frequency behavior or spectral properties. [22, p. 23; p. 72] 

A Power Spectral Density (PSD) function is the most common way of representing the 

loadings or responses in the frequency domain. PSD represents the energy of the time 

signal at different frequencies. Direct methods achieve prediction of fatigue damage from 

an output PSD of stress response. These techniques are divided in two categories, those 

that estimate fatigue life directly and those that compute range mean histograms as an 

intermediate stage. [23, p. 369-371] [27, p. 1-4] 

Generally, stress data is reported in time domain, but sometimes, this is not the case, and 

the load history is plotted in the frequency domain. An example of both kind of 

representations is shown in Figure 2.49. Depending of the kind of analysis needed, this 

can be an inconvenient. Following, it is described how to go from time domain 

representation to frequency domain and vice versa.  [23, p. 369-371] [27, p. 1-4] 

When we are in front of a PSD representation, and an amplitude analysis is needed, a 

characteristic time history has to be regenerate from it, to proceed afterwards with one of 

the amplitude-based methods describe above. To do that, a series of computational 

algorithms based on Fourier analysis techniques has been developed. The transformation 

between time domain and frequency domain is obtain using the Fast Fourier Transform 

(FFT), while the Inverse Fourier Transform (IFT) can be used to transform the frequency-

based signal to the time-based loading. When starting with a PSD this method is not exact 

because the PSD does not contain any of the original phase information. For certain time 

histories, however, we are able to make assumptions about the original phase content 

and therefore regenerate a statistically equivalent time history.  To regenerate a time 

signal from a PSD we therefore assume that the original process was stationary, 

Gaussian and random. Then, random phase angles can be generated and added to the 
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amplitude data given in the PSD. At this point we use the Inverse Fourier Transformation 

to determine a statistically equivalent time history. [23, p. 369-371] [27, p. 1-4]  

 

Figure 2.49: Time and Frequency domain signals [23, p. 379] 

2.6.4  Rainflow Matrix 

In section 2.6.2 is explained how to obtained the cycles of a load history and to store them 

in a matrix. From this point, a better representation of this information is useful for future 

analysis. This matrix is well known as Rainflow Matrix (RFM). A deeper explanation of this 

matrix is needed to understand its functionality and utility. 

Once the cycles are counted using one of the methods explained below, the first 

representation of the RFM is done. First, the signal is discretized to 32 levels, equally 

spaced and then the cycles counted are classified into the rainflow 32 by 32 matrix. The 

axis of the matrix can be either the indices of the matrix or the physical values, this more 

useful for future interpretation. The shading of each cell corresponds to the count itself, 

which is the number of cycles that meet these values. The cycles counted are originally in 

from-to form, referring to the point from where each cycle starts and the point to where 

ends, see Figure 2.50.a From this basic representation, the max-min representation is 

obtained taking into account the similarity between those cycles starting in a maximum or 

in a minimum, but with the same range and mean. For example, two cycles (70,30) and 

(30,70) in a from-to representation, are count as two cycles of (70,30) in a max-min 

representation.  Figure 2.50.b shows the max-min RFM. On the same way, the range-

mean RFM (see Figure 2.50.c) is obtained by calculating the range and mean of each 

cycle from their maximum and minimum. Range-mean RFM is commonly used for fatigue 

applications. [22, p. 44-49] 
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A useful number to compare between different RFM is by their damage. The damage of a 

load is the well-known pseudo damage number: 

  ∑   
 

               (2.20) 

This number is obtained independent of the material model. The parameter Si is the 

amplitude of each cycle counted, while the parameter β is the damage exponent, which 

reflects the type of component to be analyzed, having β=3 for welded components or 

crack growth, β=5 for typical automotive components with rough surface and β=7 for 

components with smooth surfaces. For this study, β=5 is going to be used. 

 

Figure 2.50: Different representation of the RFM. (a1) From-to RFM, (b1) Max-min RFM, (c1) 

Range-mean RFM [22, p. 49-50] 
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3 Simulation 

 SIMPACK 3.1

3.1.1  Functionality 

SIMPACK is a general Multi-Body Simulation Software used to model the dynamic 

behavior of interconnected rigid or flexible bodies that are subjected to translational and 

rotational displacements. While single bodies or parts of a mechanical system are studied 

in detail with finite element methods, the behavior of the whole Multi-Body system is 

studied with Multi-Body System Methods. 

It enables engineers to generate and solve virtual 3D models in order to predict and 

visualize motion, coupling forces and stresses. The main advantage of this software is 

that it is adapted to full transient non-linear analyses, even within the acoustic range, 

being particularly outstanding in transient high frequency analysis. 

SIMPACK is particularly well suited for analyzing the dynamics of complex systems. [20] 

3.1.2  Modelling Elements 

 Globals: Time, Gravity, Search Path. 

 Solver Settings: contains all settings for all SIMPACK solvers. Each model should 

contain at least one Solver Settings element, otherwise the solvers will use their 

internal default settings, which are unfavorable for most models. 

 SubVars (Substitution Variable) are used for the parameterization of data. Instead of 

assigning the data explicitly a SubVar is assigned. 

 The Reference System provides the basic coordinate frames for the model. The best-

known is the general inertial system, Isys, which is stationary. 

 A Body contains mass and inertia information and is kinematically connected to other 

bodies by means of Joints.  

 Markers are used as connection points on bodies, as well as Reference Systems. Their 

position and orientation is defined relative to a Reference Marker that can be either the 

Body Reference Frame (default) or any other Marker on the Body. 

Marker 78 – Rail Wheel Profile Reference provides the reference systems for the rail 

and wheel profiles. It detects automatically whether it belongs to the rail or the wheel 

and which rail or wheel profile reference Marker is associated. 

 Primitives provide the 3D graphical representation, for Bodies and also Reference 

Systems. There are various different types of Primitive, ranging from simple cuboids to 
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highly detailed and application specific types. Primitive 21 – Wheel Rail Cab (see 

Figure 3.1.a), Primitive 22 –  Wheel Rail Bogie (See Figure 3.2), Primitive 78 – RWC 

Wheel (see Figure 3.1.b), Primitive 79 – RWC Rail (see Figure 3.1.c) are some 

examples of the Primitives most frequently used in railway modeling. 

 

Figure 3.1: Primitives 21 (a), 78 (b) and 79 (c) [20] 

 

Figure 3.2: Primitive 22 [20] 

 Joints define the relative motion between a Body and either the Global Reference 

System (Isys) or another Body. The type of Joint defines the degrees of freedom (DOF) 

that the Body has (0 to 6 DOF). The definition of the Joint serves to entirely describe 

the motion that the body may perform. Joints 7 and 9, the so-called Track Joints, are 

used for wheelsets, bogie/truck frames and carbodies, their degrees of freedom are 

related to the Track. 

Joint 7 describes the movement of the main components of a rail vehicle in space. It is 

typically used for the carbody, the bogie frames and the wheelsets.  

Joint 9 prescribes the movement of a rail vehicle component along a Track in space, 

prescribing a constant speed or a speed profile to a carbody of a rail vehicle or to a 

’traction Body’ for pushing or pulling a rail vehicle. 

 Constraints are used for firmly joining Markers together. They are additional boundary 

conditions in the kinematics of the model. 
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 Force Elements are the standard choice for applying forces and torques of any kind to 

the model. Force Element 78 – Rail Wheel Interface provides the contact calculation 

between rail and wheel. It is not intended to be edited by the user; all parameters of the 

rail-wheel contact are controlled by the Rail-Wheel Pair. 

 Rail-Wheel Pairs contain all information related to the rail-to-wheel contact and its 

geometry, see Figure 3.3 There must be one Rail-Wheel Pair for each wheel of a 

vehicle. Each Rail-Wheel Pair brings its own rail with it being possible that wheels run 

on totally different rail profiles. 

 

Figure 3.3: Geometrical wheelset definitions [20] 

 Rail-Wheel Contacts define how the tangential forces and the tangential torque for the 

rail-wheel contact patches are calculated. There is a library of various tangential forces 

methods for engineering and scientific purposes.  

 Track Pairs are passive Modeling Elements that provide a logical connection between 

a left-hand and a right-hand Rail-Wheel Pair, for example the two wheels of a wheelset. 

The use of Track Pairs is optional. 

 Tracks define the layout and the irregularities of the track in the three-dimensional 

space. [20] 
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 MATLAB 3.2

3.2.1  Functionality 

MATLAB (MAtrix LABoratory) is a multi-paradigm numerical computing environment and 

fourth-generation programming language. It allows matrix manipulations, plotting of 

functions and data, implementation of algorithms, creation of user interfaces, and 

interfacing with programs written in other languages, including C, C++, Java, and Fortran. 

The MATLAB application is built around the MATLAB language. The general way to use it 

is typing MATLAB code into the Command Window (as an interactive mathematical shell), 

or executing text files containing MATLAB code, including scripts and/or functions. 

3.2.2  Application to this work 

Using MATLAB data files generated by SIMPACK (with the extension .m), the data are 

processed and new more useful graphs are generated.  

The function generated in MATLAB (see ANNEX B for more details) has as input a load 

history data file previously generated by SIMPACK Post. These data are processed and 

transformed, applying the 4-Point Rainflow Algorithm, to obtain a final representation of 

the well-known Rainflow Matrix. This Rainflow Matrix obtained, shown in Figure is a form-

to matrix, with the physical values as axis of the matrix. The pseudo damage number is 

shown in the title of the matrix, to make easier the comparison between matrixes.  

3.2.3 Verification of the function 

To justify the use of the function generated in Matlab along this work, the results obtained 

on it has to be proved by using a practical example. The example that is going to be used 

has been extracted from [22, pp. 44-45] and is also explained in Appendix B as example 

for the 4-point algorithm. 

From an original load history, the cycles counted and the residual are extracted by 

applying the 4-point algorithm (see Figure 2.33). The explanation of the steps follow to 

obtain this information is described in Appendix B. Applying this algorithm to the load 

history in Figure 3.4, the result is the following: 

RFM = [(7,4),(5,4),(2,6),(4,5)]; Residual: RES = (2,8,1,7,2,5)    (3.1) 

From the cycles counted, a basic first representation of the rainflow matrix is done, as 

shown in Figure 3.5.a. 

http://en.wikipedia.org/wiki/Multi-paradigm_programming_language
http://en.wikipedia.org/wiki/Numerical_analysis
http://en.wikipedia.org/wiki/Fourth-generation_programming_language
http://en.wikipedia.org/wiki/Matrix_(mathematics)
http://en.wikipedia.org/wiki/Function_(mathematics)
http://en.wikipedia.org/wiki/Algorithm
http://en.wikipedia.org/wiki/User_interface
http://en.wikipedia.org/wiki/C_(programming_language)
http://en.wikipedia.org/wiki/C%2B%2B
http://en.wikipedia.org/wiki/Java_(programming_language)
http://en.wikipedia.org/wiki/Fortran
http://en.wikipedia.org/wiki/Command_line_interface
http://en.wikipedia.org/wiki/Functional_programming
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The pseudo damage number of the load under study can be obtained by applying the 

formula that defines this number: 

  ∑   
 

                 (3.2) 

As explained in Section 2.6.4, the parameter Si is the amplitude of each cycle counted, 

while the parameter β is the damage exponent, 5 for this study. Applying this formula to 

this example is obtained: 

d = 35 + 15 + 45
 + 15 = 243 + 1 + 1024 + 1 = 1,269 · 103 kN5.     (3.3) 

Figure 3.5.b. shows the result obtained using the Matlab function to the load under study. 

As can be see, the pseudo damage number obtained is the same as the one obtained 

bellow applying the formula. The matrix has a different representation of the one obtained 

before, but with same final results. 

 

Figure 3.4: Load history under study 

 

Figure 3.5: RFM obtained (a) by hand, (b) by the Matlab function 
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 Modeling of Combino 3.3

As has been mentioned before, actual calculation of dynamic forces is extremely complex. 

In complex dynamic systems such as railway system, in order to understand its response 

to dynamic vehicle loading, two subsystems are first created: vehicle subsystem model 

and track subsystem model, between which there is a physical wheel/rail contact. Later 

on, a combination of these subsystems results in the entire system. [9, pp. 39-40; p. 47]  

A model has to have sufficiently small simulation errors and, at the same time, be as 

simple as possible, to maximize computational efficiency. To minimize these errors, 

models are validated against real experimental data and, for that reason; the model has to 

be chosen according to each specific case. [10, p. 74]  

Vehicle submodels may be represented either by Rigid or Elastic Multibody Models, 

depending on the frequency range. Rigid Multibody Models are appropriated in low 

frequency range while Elastic Multibody Models are useful to solve acoustic problems 

related to wheel resonance at high frequencies. [9, p. 47-49]  

In this work, a Rigid Multibody Model of the Siemens tramway Combino has been 

developed using the software SIMPACK v.9. In the following sections, the configuration of 

the model is explained and illustrated. The joints, forces elements and couplings used 

within the model are represented in schematic diagrams. The joints are there represented 

in circles with the DOF referenced to the coordinate system shows in Figure 3.6, where x 

is the direction of movement of the tramway. On them, beside the type of joint, the 

displacement (x, y, z) and angular displacements (α, β, γ) that this joint allows and 

constrains are represented in green and red respectively, as shown in Figure 3.7. On the 

force elements representation, the number referring to the type of force element used is 

shown. 

 

Figure 3.6:Coordinate System of the Model. 
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Figure 3.7: Joint schematic diagram example 

3.3.1  Bogie Substructure 

The Bogie Substructure has been modelled in a substructure compound, in turn, of three 

substructures: the Frame and two Axles. The main characteristics of the bogie are the 

primary and secondary suspensions. Primary suspension connects each Axle 

Substructure with the frame, while secondary suspension connects the Frame with the 

Dummy (both bodies of the Frame Substructure). All these components are shown in 

Figure 3.8. 

Joints and Force Elements between bodies and Substructures within the Bogie 

Substructure and the Reference System are schematically represented in Figure 3.9. On it 

the primary suspension (between axle and frame) and secondary suspension (between 

frame and dummy) are shown. Axle and Frame are both connected to Isys with a Joint 7 

allowing them the movement along the track. The wheels are attached to the axle with a 

Joint 2, which allow them only the rotational movement along y direction.   

 

Figure 3.8: Frame and Axle Substructures within the Bogie Substructure 
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Figure 3.9: Bogie Substructure schematic diagram representation. 

3.3.2  Articulations Substructures 

There are two kinds of articulation substructures, one only regarding the z-direction and 

one regarding yz-directions. This is because of the specific need of z and y attachment 

between cars: z-direction is needed in each specific attachment and y direction is only 

needed once in the whole length of the vehicle. In our specific case, the YZ Articulation 

Substructure has been coupled in second position, in between the second and the third 

card. For more details see Section 3.3.3. 

The Z Articulation Substructure is divided in two parts: A and B, with a joint of 0 dof and 

the application of several force elements in between. This division is well-shown in Figure 

3.10. 

The Intercar Yaw Dampers are modelled in these substructures. This modelling is done by 

dividing the dampers in two parts. Each part is connected to one part of the Articulation 

Substructure, A and B, via a Joint that allows only the rotational movement in z direction 

(gamma γ), and are connected between them via a Force Element. These Joint and Force 

Element are shown in Figure 3.11. 

Besides that, there are two more Force Element acting in the Z Articulation Substructure, 

and three more in the YZ Articulation Substructure. The corresponding to top and bottom, 
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shown in Figure 3.12, are common for both substructures, while the corresponding to the 

before explained y-direction damping attachment, shown in Figure 3.13, is exclusive for 

the YZ Articulation Substructure. 

The Joints and Force Elements between Bodies within the Z and YZ Articulation 

Substructures and Isys, are schematically represented in Figure 3.15 and Figure 3.15. 

 

Figure 3.10: Parts A and B of the Z Articulation Substructure 

 

Figure 3.11: Intercar Yaw Damper configuration. 
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Figure 3.12: Top and bottom Force Elements. Z attachment. 

 

Figure 3.13: Top Force Element. Y attachment. 

 

 

Figure 3.14: Z Articulation Substructure schematic diagram representation. 
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Figure 3.15: YZ Articulation Substructure schematic diagram representation. 
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3.3.3  Main model 

 

Figure 3.16: Perspective view of the Main model 

The Main model (Figure 3.16) is compound by twelve substructures, shown in Figure 

3.17: five Car Substructures (formed by a simple cuboid body, with all its parameters 

related to its length, which changes from one car to the other.), three Z Articulation 

Substructures, one YZ Articulation Substructure and three Bogie Substructures.  

Although at first sight the model looks geometrically symmetric in the z-y plane, there are 

two important differences:  

- All the Car Substructures have Joint 7 (General Rail Track Joint) to Isys, with the 

exception of the first car, which has Joint 9 (Rheonomic Rail Track Joint). This is to 

achieve a constant velocity during the rolling of the vehicle. 

- As mentioned before, the second articulation is a YZ Articulation Substructure. 

The Joints and Force Elements between the twelve structures and the Reference System 

(Isys) are schematically represented in Figure 3.18. 

 

Figure 3.17: Substructures that composed the Main model 
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Figure 3.18: Main model schematic diagram representation. 
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 Simulation scenarios 3.4

Several scenarios (see Table 7) and results obtained from these scenarios (see Table 8) 

have been simulated and extracted from the model previously described using SIMPACK 

v.9. Following, each result will be explained supported by some example graphs of it. The 

excitations applied to the model are those defined by Frederich. In Figure 3.19 can be 

appreciated the increase of severity of the excitations from good to bad. 

Table 7: Scenarios simulated 

Scenario Velocity Track Excitation Time Comments 

0 70 km/h Straight FRED_bad 30 s Without yaw damping 

1 35 km/h Straight FRED_bad 30 s - 

2 70 km/h Straight FRED_bad 30 s - 

3 35 km/h Straight FRED_MiddleBad 30 s - 

4 70 km/h Straight FRED_MiddleBad 30 s - 

5 35 km/h Straight FRED_Good 30 s - 

6 70 km/h Straight FRED_Good 30 s - 

 

Table 8: Results obtained 

Results Description Scenarios to 

apply 

Total number 

of graphs 

A Angular displacement of left and right yaw 

dampers related to the center of the articulation. 

2 

(Last car) 

1 

B Comparison of angular position (gamma) 

between two consecutive cars for second and last 

articulation. 

0, 2 

(1
st
 and 2

nd
 cars) 

2 

C Lateral displacement of each axle related to the 

lateral excitation. 

1-6 36 

D Yaw damper forces in x direction (2
nd

 and last 

articulations) 

1-6 

 

12 

E Reaction forces (Fx and Fy) in the last carbody. 1-6 6 
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Figure 3.19: Excitations applied to the model. 

The first study (A of Table 8) has been achieved to prove the parallelism of both yaw 

dampers of the same articulation along the movement of the vehicle. As shown in Figure 

3.20 the angular displacement of each damper compared to the center of the articulation 

is approximately equal, for that reason, in next studies of yaw dampers it is only needed to 

check the result in one side, either left or right. It is needed to mentioned, that this 

approximation is only valid for yaw damper studies (D and E of Table 8). 

To prove the Multi-body articulated vehicles behavior mentioned in Section 2.4, a 

comparison of the first and last carbodies has been done in B. The comparison is done via 

the angular displacement of the second and last car related to the previous car (first and 

forth). 

This behavior is easily noticed when there is not yaw damping acting on the vehicle. In 

Figure 3.21 it can be appreciated that the angular position gamma is higher for the last 

than for the second carbody. These results represent the increase of the yaw movement 

oscillation along the length of the vehicle. The graphs for the same scenario with yaw 

damping (see Figure 3.22) have been also extracted, but this behavior is hard to prove for 

this case. 
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Figure 3.20:Angular displacement (alpha, beta and gamma) of left and right dampers compared to 

the center of the articulation 

 

Figure 3.21: Comparison of angular position (gamma) between two consecutive cars for second 

and last articulation in scenario 0. 
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Figure 3.22: Comparison of angular position (gamma) between two consecutive cars for second 

and last articulation in scenario 2. 

Once these facts have been checked and proved, the main study of the scenarios 1-6 can 

be done. These results are C, D and E of Table 8. 

In C, one graph is extracted per axle and scenario; with six axles per scenario and six 

scenarios, 36 graphs are obtained in total. These graphs represent the lateral 

displacement of each side of the axle (lateral displacement of left and right wheel) related 

to the lateral excitation of the track. Their show the possible risk of derailment; when the 

lateral displacement of the wheel is close to the lateral displacement of the track (lateral 

excitation), the risk of derailment is bigger. Derailment will occur when the curve for the 

excitation surpass one of the curves for lateral wheel displacement. Some examples of 

these graphs are shown in Figure 3.23 and Figure 3.24. 
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Figure 3.23: Lateral displacement of the right (red line) and left (green line) wheels with respect to 

the lateral excitation (black line) for first and second axle (first bogie) in Scenario 1. 
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Figure 3.24: Lateral displacement of the right (red line) and left (green line) wheels with respect to 

the lateral excitation (black line) for first and second axle (first bogie) in Scenario 2. 
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In D, graphs of the yaw damper forces are obtained. Two factors are taken into account to 

decide which graphs are more important to analyze. The second articulation, as explained 

in Section 3.3.2, is the only one that damps the force in y and z directions and, as 

explained before, the most critical yaw movement takes place in the last car. For that 

reason, graphs of the second and last yaw dampers are extracted.  

Graphs in E are extracted by multiplying the graphs in D (yaw damper forces in x 

direction) by the sine and cosine of the angular displacement in z direction (gamma) in 

between the coordinate system of the yaw damper and the coordinate system of the 

carbody along the movement of the vehicle. In Figure 3.25 both coordinate system and 

the angular displacement in between them are shown; the coordinate system of the 

carbody is represented in red, while the corresponded to the yaw dampers is represented 

in blue. The transformation of coordinate system is also represented in Figure 3.25 , the 

Yaw Damper force (in blue in the left draw) is reflected in a reaction force in the carbody 

(in red in the right draw) that it is, on its way, reflected in two forces in the carbody 

coordinate system, one in x direction Fx and another in y direction Fy (in brown in the right 

draw). Fx is obtained by multiplying the original force by the sine of the angle gamma, 

while Fy is obtained multiplying it by the cosine of the angle gamma.  

  

Figure 3.25: Representation of the angular displacement (gamma) between yaw damper (blue) and 

carbody (red) coordinate systems, the yaw damper force (blue), the reaction force associated (red) 

and the reaction force components Fx and Fy (brown) 

 

In that way, as shown in Figure 3.26, two graphs of the reaction in the carbody are 

obtained per graph of yaw damper force, one in x and another in y directions of the 

carbody coordinate system. As the angle gamma is very low (in the order of 10-3 rad), the 

graph obtained for the sine of it is approximately the angle itself, and the cosine of it is 

around 1.  
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Figure 3.26: Example of obtaining graphs for E in Scenario 2. 

(a) Original Yaw damper force, (b) Sine and cosine of the angle gamma. (c)Two reaction forces Fx 

and Fy result of the yaw damper force. 
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To understand better the fatigue damaged of the forces, the Rainflow Matrixes of some 

graphs (1-6 D and 1-6E) are obtained and analyzed. The obtaining of the RFM is done by 

using the Matlab function explained in Section 3.1.2 and Appendix B. 

Figure 3.27 shows some examples of the RFM of yaw damper forces of the last 

articulation in some of the scenarios under study. The diagonal virtual line crossing from 

the left-bottom point to the right-upper point on the graph is followed in all the cases. This 

line represents the cycles with a from-point similar to the to-point, which means that the 

amplitude of the cycle is small. The deviation from the center of the graph is due to an 

offset of this cycle with respect to zero. The pseudo damage number obtained in all the 

cases is compared in Table 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27: RFM obtained for the yaw damper forces in the last articulation for different scenarios: 

(a)1D, (b) 2D, (c) 3D, (d) 4D, (e) 5D, (f) 6D 
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Table 9: Pseudo damage number obtained for different results and scenarios. 

Scenario Velocity Excitation Pseudo damage number 

1D 35 km/h FRED_bad 

D 1,693∙1021 kN5  

E, Fx 1,693∙1021 kN5 

E, Fy 1,366∙104 kN5 

2D 70 km/h FRED_bad 

D 3,834∙1023 kN5 

E, Fx 3,834∙1023 kN5 

E, Fy 4,737∙106 kN5 

3D 35 km/h FRED_MiddleBad 

D 8,944∙1019 kN5 

E, Fx 8,944∙1019 kN5 

E, Fy 1,953∙101 kN5 

4D 70 km/h FRED_MiddleBad 

D 1,192∙1022 kN5 

E, Fx 1,192∙1022 kN5 

E, Fy 2,396∙104 kN5 

5D 35 km/h FRED_Good 

D 5,832∙1016 kN5 

E, Fx 5,832∙1016 kN5 

E, Fy 7,748∙10-6 kN5 

6D 70 km/h FRED_Good 

D 9,57∙1016 kN5 

E, Fx 9,57∙1016 kN5 

E, Fy 9,110∙10-5 kN5 
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The results obtained in all the cases are compared in logarithm scale in Figure 3.28. 

There we can see how this damage is increasing when the rail excitation is getting worst 

and also when the speed of the vehicle is increasing. For the pseudo damage number 

obtained for results E, it can be mentioned that, as the angular displacement gamma is 

always very small, the reaction forces in x direction are approximately the same as the 

forces in the yaw dampers and, for the same reason, the pseudo damage associated to 

both are also the same. This fact is also the reason why the reaction forces in y and the 

pseudo damage number associated to them is very small. But this does not mean that it 

should not be taken into account. Though this number is not associated with the material 

properties, the fatigue damage is. The material properties are, in general much better in 

the x direction (direction of application of the loads) than in y direction and, therefore, the 

fatigue strength is also smaller in y than in y direction. 

 

Figure 3.28: Comparison of the pseudo damage numbers obtained 
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4 Analysis 

Several results have been obtained along the scenarios simulated within this work. Before 

start analyzing these results, it has to be mentioned that both Simpack model and Matlab 

function used along this work have been verified with examples before the study was 

started. The first instance of proving the Simpack Model was comparing the yaw damper 

forces obtaining on it with the approximate values, which were previously known. Later on, 

its functionality is also proved within the proper results obtained. On its own, the Matlab 

function has been proved by analyzing a practical example explained by JOHANNESSON 

P. and SPECKERT M. [21]. 

As mentioned before, the results of the post-simulation analysis of Simpack are first 

obtained to prove the theoretically known behavior for multi-articulated tramways. First of 

all, it has been verified, that each yaw damper (right and left) within the same articulation 

have an equal angular displacement with respect to the middle point of the articulation. 

With this it is proved that the different elongation of the dampers, affecting directly on the 

forces generated on them, is only a result of the angular displacement between the two 

wagons. The second result obtained for this goal is the lateral displacement of the last 

wagon in comparison to the first one. This result shows that this displacement is higher for 

the last wagon than for the first one, a well-known behavior of all the multi-articulated 

vehicles. 

From that point, new results have been extracted from the model. The goal is to know the 

reaction better when running under different rail excitations and vehicle velocity scenarios, 

and the consequences of these reactions. The main results studied are the yaw damper 

forces and the consequent reaction forces generated on the wagon. In order to compare 

these results easily, the pseudo damage number has been used. This number has been 

obtained for all the cases within the Matlab function. This has been done taking in 

consideration the Hysteresis cycles of the load and, for that reason, with a direct relation 

with the fatigue damage evaluation. It has been seen that the rail excitation, affecting the 

vehicle as environment, has a direct impact in the fatigue life of it. The fatigue damage is 

increasing when increasing the velocity of the vehicle and also when running under worst 

excitation of the rail. The pseudo damage number obtained when running “slow” under 

“good” rail excitations is 6,5 million times the one obtained when these conditions are 

“fast” and “bad” excitation of the rail. But, how much is this number affected of the vehicle 

velocity? For same velocity, comparing “bad” and “good” rail excitations, the difference is  

4 million times when running “fast” and 0,02 million times when running “slow”. While 

comparing “slow” and “fast” the difference is 200 times when running under “bad” rail 
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excitations and of 1,6 times when running under “good” rail excitations. The conclusion 

under these results is that the impact that the rail excitations got on the fatigue life has 

more weight than the impact that the velocity got on it. For that reason, the environment 

under which the vehicle is running has to be deeply analyzed to do a fatigue damage 

study of the vehicle. 
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5 Outlook 

The tramway COMBINO of Siemens with five sections configured to run in Amsterdam 

has been developed for this work. On it, some studies have been done mainly focused on 

the yaw dampers and the last wagon behavior, confirming the behavior of the whole 

model. For that reason, in future studies, the same model could be used for different 

studies of the dynamic properties of the tramway, as could be its behavior when running 

through curves, slopes, steep curves, etc. 

Along the work, a Matlab function has been verified and used. On this function, a Rainflow 

Cycle Counting is applied to an entered load history. The outputs of the function are the 

Rainflow Matrix and the pseudo damage number associated to the cycles extracted on it. 

For future load analysis to study the fatigue damage and durability of vehicles, the results 

obtained from this function would be of high importance. The reason of it is that the cycles 

extracted from the algorithm are those that are hysteresis cycles related.    

As was explained in the analysis, the severity of the excitations of the rail has a big impact 

on the fatigue life of the vehicle. For that reason, in future studies of the fatigue damage, 

the characteristics of these excitations have to be deeply analyzed before start the fatigue 

damage analysis. 
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A Appendix 

Matlab function 

A function has been created to obtain the so called Rainflow Matrix representation. The 

steps follow on the code to achieve this are shown in  Figure B.1. First, the local maxima 

and minima of the load history are obtained. After that, the 4-point Algorithm is applied to 

these data, obtaining the closed cycles and the residual, recorded both in two different 

matrixes. The Rainflow Matrix is usually represented in a 30x30 format, therefore, the 

closed cycles data are then transformed to achieve this representation. 

function totmaxmin(y)  
%Initialization of variables 
    n=length (y); 
    i=1; 
    j=2; 
    maxmin(1)=y(1);  
%Loop to save all the local maxima and minima of the load history. 
    while i<(n-1)     
        if (y(i+1)>y(i))&&(i<n) 
            while y(i+1)>y(i) && i<(n-1) 
                i=i+1; 
            end 
            if i==(n-1) 
                maxmin(j)=y(i); 
                maxmin(j+1)=y(i+1);                 
            else 
                maxmin(j)=y(i); 
                j=j+1; 
            end 
        elseif (y(i+1)<=y(i))&&(i<n) 
           while y(i+1)<=y(i) && i<(n-1) 
                i=i+1; 
           end 
           if i==(n-1) 
                maxmin(j)=y(i); 
                maxmin(j+1)=y(i+1); 
           else 
                maxmin(j)=y(i); 
                j=j+1; 
           end 
        end 
    end 
%Loop to apply the Rainflow 4-Point Algorithm obtaining two matrixes: 

the closed cycles and the residual. 
    i=1; 
    j=1; 
    m=length(maxmin); 
    while j<m-3        
        s1=maxmin(j);    
        s2=maxmin(j+1); 
        s3=maxmin(j+2); 
        s4=maxmin(j+3); 
        if (min(s1,s4)<=min(s2,s3)) && (max(s2,s3)<=max(s1,s4)) 
            closed_cycles(i,1)=s2; 
            closed_cycles(i,2)=s3; 
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            i=i+1; 
            for k=0:(m-j-3) 
                maxmin(j+1+k)=maxmin(j+3+k); 
                k=k+1; 
            end 
            maxmin(m-1)=[]; 
            maxmin(m-1)=[]; 
            m=length(maxmin); 
            j=0; 
        end 
        j=j+1; 
    end 
%Calculation of the Pseudo Damage Number       
    d=0; 
    for m=1:length(closed_cycles) 
        d=d+(abs(closed_cycles(m,1)-closed_cycles(m,2)))^5; 
    end 
%Creation of the final Rainflow Matrix 
%Rainflow Matrix Initialization  
    for i=1:33                    
          for j=1:33   
            matrix(i,j)=0; 
           end 
    end 
%Tranformation of the closed cycles recorded to save them into a 1x30 

matrix and graphical representation of it. 
    maxim=max(max(closed_cycles)); 
    minim=min(min(closed_cycles)); 
    c=(maxim-minim)/31; 
      for i=1:length(closed_cycles) 
        k=1; 
        m=1; 
        while closed_cycles(i,1)>(minim+(k-1)*c) 
            k=k+1; 
        end 
        while closed_cycles(i,2)>(minim+(m-1)*c) 
            m=m+1; 
        end 
            matrix(k,m)=matrix(k,m)+1; 
      end 
%Representation of the Rainflo Matrix created     
contourf(matrix) 
%Change in the format of the grpah created. Legend, Title, Axis and Axis 

Legend 
colorbar 
format short e  
title(['Rainflow Matrix | d = ',sprintf('%0.3e',d),' kN^5 ']) 
set(gca,'XtickLabels',[minim+4*c, minim+9*c, minim+14*c, minim+19*c, 

minim+24*c, minim+29*c]); 
set(gca,'YtickLabels',[minim+4*c, minim+9*c, minim+14*c, minim+19*c, 

minim+24*c, minim+29*c]); 
xlabel('To') 
ylabel('From') 

  
 end 

 
Figure B.1: MATLAB Function code 
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Example of Application 

Taking a data example obtained from SIMPACK, its graphical representation in MATLAB 

(see Figure B.3) is done by the command shown in Figure B.2. To obtain the Rainflow 

Matrix of the load history under study, the command show in Figure B.4 should be written. 

Then, the Rainflow Matrix is obtained, see Figure B.5.   

 

plot (SPCK_Result.Crv.x,SPCK_Result.Crv.y) 

Figure B.2: command for the graphical representation of the data. 

 

Figure B.3: graphical representation of the data. 

totmaxmin(SPCK_Result.Crv.y) 

Figure B.4: command to obtain the RFM of the load history obtained in SIMPACK. 

 

Figure B.5: RFM obtained of the load history under study. 


