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Abstract 

One of the major problem in the development of railway network is track noise. Control of the 

noise pollution is an important environmental concern in urban areas. Rolling noise is one of 

the major sources of noise, and rail dampers as an extra installed-mass on the rail are a common 

method to reduce the rail vibration and consequently rail noise. In most cases, the experimental 

results from field test are used to assess the effect of damper and improve its performance. Since 

the field test is very expensive and time-consuming, in this thesis, a new lab-scaled model is 

proposed for both experiment and modelling to study the sensitivity of damper parameters on 

the rail damping and to improve its performance. The model proposed in this study is validated 

and can be used for rail damper assessment.  

First, modeling and model updating of the damper received from Schrey & Veit company are 

conducted to employ it in the tool proposed here. The comparison of the initial FE model of the 

damper with the experimental modal analysis shows low MAC values and high eigenfrequency 

differences which indicates clearly that the FE model is deficient. Therefore, to improve the 

initial FE model of the damper, three sets of experimental modal analyses are performed as a 

reference for model updating of the damper. In this model improvement, a python script of the 

entire damper model (containing all components; platform, upper layers and bolts) is 

developed, and the radius of the contact areas in the cone pressure area around each bolt 

between the damper layers is then parameterized. The most significant improvement of MAC 

values and eigenfrequencies is obtained for the radius of 17.4 mm. Following finding the best 

radius for the contact area, the final preferred model for damper is employed to evaluate the 

damper’s parameters in order to increase the rail decay rate.  

To assess the sensitivity of the rail decay rate (in the new lab-scaled model) to the different 

damper parameters, a sensitivity study is conducted. The effects of Young’s modulus, rubber 

thickness, damping loss factor, pre-force, and steel thickness are investigated. It is found out 

that the model with the rubber Young’s modulus of 7 MPa, rubber thickness of 10 mm, loss 

factor of 0.45, pre-force (in bolts) of 3000 N, and added steel thickness of 3 mm shows the 

largest decay rate. The Young’s modulus demonstrates the greatest effect, however, the pre-

force shows the minimum effect on rail decay rate. The model is then validated with a six-meter 

rail with 20 dampers (standard method), and at least the two parameters of Young’s modulus 

and the pre-force show the similar effect in comparison with a one-meter rail with two dampers. 

This method provides a tool to assess the rail dampers and improve its performance. 
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Zusammenfassung 

Eines der Hauptprobleme bei der Entwicklung des Eisenbahnnetzes ist der Gleislärm. Die 

Kontrolle der Lärmbelastung ist ein wichtiges Umweltanliegen in städtischen Gebieten. 

Rollgeräusche sind eine der Hauptlärmquellen und Schienendämpfer als zusätzliche Masse auf 

der Schiene sind eine gängige Methode zur Reduzierung der Schienenschwingungen und damit 

des Schienenlärms. In den meisten Fällen werden die experimentellen Ergebnisse aus dem 

Feldversuch verwendet, um die Wirkung des Dämpfers zu beurteilen und seine Leistung zu 

verbessern. Da der Feldversuch sehr teuer und zeitaufwendig ist, wird in dieser Arbeit ein neues 

Modell im Labormaßstab sowohl für Experimente als auch für die Modellierung vorgeschlagen, 

mit dem die Empfindlichkeit der Dämpfungsparameter bezüglich der Schienendämpfung 

untersucht und die Dämpfungsleistung verbessert werden kann. Die in dieser Studie 

vorgeschlagene Methode ist ein validiertes Werkzeug zur Bewertung von Schienendämpfern.  

Zunächst werden eine Modellierung und ein Model Updating des von der Firma Schrey & Veit 

erhaltenen Dämpfers durchgeführt, um ihn in der hier vorgeschlagenen Methode einzusetzen. 

Der Vergleich des ursprünglichen FE-Modells des Dämpfers mit der experimentellen 

Modalanalyse zeigt niedrige MAC-Werte und hohe Eigenfrequenzdifferenzen, was deutlich 

zeigt, dass das FE-Modell unzureichend ist. Deswegen werden drei Versuchsreihen 

experimenteller Modalanalyse als Referenz für das Model Updating des Dämpfers 

durchgeführt, um das anfängliche FE-Modell des Dämpfers zu verbessern. Im Zuge dieser 

Modellverbesserung wird ein Python-Skript des gesamten Dämpfermodells (mit allen 

Komponenten  – Plattform, obere Schichten und Schrauben) entwickelt und der Radius der 

Kontaktflächen im Kegeldruckbereich um jede Schraube herum zwischen den 

Dämpfungsschichten parametrisiert. Die signifikanteste Verbesserung der MAC-Werte und der 

Eigenfrequenzen ergibt sich für den Radius von 17,4 mm. Mit dem optimierten Radius für die 

Kontaktfläche  wird das angepasste Modell für den Dämpfer verwendet, um die Parameter des 

Dämpfers zu bewerten und die Abklingrate der Schiene zu erhöhen.  

Zur Beurteilung, wie empfindlich das neue Modell im Labormaßstab (1 Meter Schiene mit zwei 

Dämpfern) auf verschiedene Modellparameter reagiert, wird eine Sensitivitätsstudie 

durchgeführt, bei der die Auswirkungen von Elastizitätsmodul, Gummidicke, 

Dämpfungsfaktor, Vorspannung und Stahldicke auf die Abklingrate der Schiene untersucht 

werden. Die größte Abklingrate zeigt sich bei einem Modell mit dem Elastizitätsmodul von 

Gummi von 7 MPa, einer Gummidicke von 10 mm, dem Dämpfungsfaktor von 0,45, einer 

Vorspannkraft (in den Schrauben) von 3000 N und einer zusätzlichen Stahldicke von 3 mm. 

Der Elastizitätsmodul zeigt den größten Effekt, die Vorspannung zeigt jedoch den geringsten 

Effekt auf die Abklingrate der Schiene. Das Modell wird dann mit einer 6 Meter langen Schiene 

mit 20 Dämpfern validiert (Standardverfahren), wobei die beiden Parameter Elastizitätsmodul 

und Vorspannung einen ähnlichen Effekt wie bei der Schiene mit 1 Meter Länge und zwei 

Dämpfern zeigen. Diese Methode bietet ein Werkzeug zur Bewertung von Schienendämpfern 

und zur Steigerung ihrer Leistung.
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Chapter 1-Introduction 

1.1 Motivation 

For surface transportation, there are several means of transport. However, among these, rail 

transport is economical and energy-efficient, which reduces the environmental protection 

concerns. Extension of rail networks with high-speed and different trains causes more 

vibrations and subsequently more noise pollution, which is an important environmental concern 

especially in urban areas. The noise is categorized in different groups such as curve-squeal 

noise, bridge noise, aerodynamic noise, low frequency ground vibration noise and railway 

rolling noise. Interestingly, the most contribution is due to the rolling noise [1], which is 

generated by the roughness of the wheel and rail surfaces as a wheel rolls along a rail. Removal 

of this noise using high noise barriers has an excessive cost and can blight the landscape and 

the quality of people’s life. In 1994-1996, three linked projects were defined to control the 
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rolling noise of high-speed trains in France. One of these projects was carried out for the first 

rail damper as a tuned absorber [2] to reduce track noise by increasing the decay rate along the 

rail. This controls the noise at the source focusing on dynamic behavior of the rail. To study, 

improve and proceed the application of rail dampers, it is necessary to carry out the specific 

experimental tests.  

Field test is one of the most important means to find out and assess the real effect of damper 

for noise reduction. However, it is an expensive and time-consuming process. Besides, there 

are limitations on the time and location of field test concerning the reliability and security of 

passing trains. Consequently, it is necessary to improve the noise reduction by optimization and 

improvement of the efficiency of dampers without real track test with minimum repetition. 

Repetition of the field test due to geometrical or other changes in dampers is inconvenient and 

extremely expensive.  

In this thesis, a new lab-scaled model consisting of one meter rail fitted with only two dampers 

is proposed to assess the damper performance. A sensitivity analysis is then conducted to study 

the effects of damper’s parameters on the decay rate of the rail. Since the results of one meter 

rail are validated with the experiment as well as with a standard model, this efficient short-

length rail model can be used as a validated tool for damper design and performance 

improvement. In the simulation, this new validated tool is a time-saving and efficient solution. 

In addition, for the experiment, it is significantly a cost-effective method compared to the 

typical field tests. 

1.2 Literature Review 

This literature review covers the background of the current study in two sections: the first 

section entitled “Track noise and rail dampers” presents the background of track noise 

investigations, noise reduction, rail dampers and improvement of the rail dampers. The second 

section explains the bolted joint modeling and its application in model updating, which is used 

in this thesis for model improvement of the damper. 
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 1.2.1 Track noise and rail dampers 

The reduction of track noise at the source is an interesting issue for investigation in the last 2-

3 decades and it has been improved over these years in analytical studies, simulations and 

experimental tests. The greatest source of rolling noise at high frequencies are wheels and in 

low frequencies sleepers. The studies focused on wheel noise and its reduction have shown the 

important contribution of wheels in the overall noise generated by the railway transport [3]–

[7]. It is also worthwhile to focus on the noise radiated from the track and its component, 

especially rail. Besides, rail is the dominant source of produced noise [1], [2] and different 

studies showed that noise barriers have a lower cost-effectiveness compared with the reduction 

of the noise at the source.  In a project entitled “the Strategies and Tools to Assess and 

Implements noise Reducing measures for Railway Systems (STAIRRS)”, the acoustically 

geographic traffic and a track data were composed from 11000 km of line tracks in seven 

European countries [8] to control the noise as a major economic factor. The results showed that 

the highest cost-effectiveness can be achieved by noise control at the sources.  

There are various solutions to have less rolling noise. In 1980s-1990s, a validated theoretical 

model for rolling noise was developed as a software package entitled “Track Wheel Interaction 

Noise Software (TWINS)” by Thompson [9], [10] (under the direction of the European Rail 

Research Institute (ERRI) expert committee C163) and it was validated by various research 

institutes in cooperation with European railway and rolling stock companies. The reduction of 

track noise by focusing on the rail only can reduce the total noise magnitude from rail and 

wheels. The principle of rail dampers is to absorb the rail vibration and reduce it as much as 

possible. Therefore, in rail damper design, some steel masses and some elastomer layers are 

designed. Use of these rail dampers as an extra mass on the rail is almost a common method. 

The different combination and assembly of steel masses and elastomers can present different 

damping effects on the rail.  

In this thesis, as an example, a rail damper made by Schrey & Veit company is investigated to 

understand the damping mechanism to improve its performance. To study the sensitivity of 

each possible parameter in damper both experimental and modeling approaches have been 

applied. The first challenge was to provide an acceptable and reliable finite element (FE) model 

from the damper to apply parameter studies for each damper parameter. Due to the existence 
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of several steel and rubber layers, the contact and material modeling and its improvement in the 

FE model is a major issue in the first part of this study.  

In 1990s, in the project of noise-optimized wheels and track called “optimized freight wheels 

and track (OFWHAT)” some methods were developed to measure the radiated noise, and  some 

methods were also applied for noise reduction in wheels and tracks [11]–[13]. In 1994-1996, 

three projects were defined and carried out to control the rail rolling noise [14]. These linked 

projects were MONA (Meulage Optimise´ vis a` vis des Nuisances Acoustiques-Grinding 

optimized with respect to acoustic nuisance), RONA (Roues Optimise´ es vis a` vis des 

Nuisances Acoustiques-Wheels optimized with respect to acoustic nuisance) and VONA (Voie 

Optimise´ s vis a` vis des Nuisances Acoustiques-Track optimized with respect to acoustic 

nuisance) focused on rail grinding, wheel noise and track noise, respectively. These projects 

were coordinated by French National Railway Company (SNCF) specifically for high-speed 

trains. The VONA was focused on development and design of low noise track for high-speed 

trains based on TWINS calculations and a more completed track model developed by Gry [15], 

[16]. He improved the Timoshenko beams model for both vertical and lateral rail motion. 

Therefore, the model was developed by applying cross-sectional strains based on the 

description of waves travelling through the rail.  

As investigated in VONA project; rail pads, modified rail section and tuned absorbers (rail 

damper) can improve the noise reduction of the track [2]. The tuned absorbers or rail dampers 

were designed to be added to each side of the rail in each sleeper span. Concerning to the cross-

section of rail, there are two main directions of rail motion, vertical and lateral. This reduction 

by rail dampers was considered particularly on vertical motion of the rail to increase the decay 

rate of the vertical waves along the rail. Thompson et al. [17] developed a tuned absorber to 

reduce track noise in the range of 500-2000 Hz. It was shown that in this range of frequencies, 

the emitted rolling noise from track components have an overall more noise level than the wheel 

components. They found out 6 dB noise reduction by the rail in the field test of the prototype 

dampers. However, this noise reduction is not always the same, and for instance, it can be 

affected by low temperatures and stiffer pads between the rail and sleepers. Maes and Sol [18] 

presented a solution to reduce the noise generated by pinned-pinned frequencies on rail and 

showed a considerable attenuation of these frequencies. These pinned-pinned frequencies 
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match with standing waves in which node positions are located exactly at the sleepers supports. 

For UIC60-rail, two first pinned-pinned frequencies were 950 and 2200 Hz. They applied 

Double Tuned Rail Damper (DTRD) as absorber and mounted them between sleepers. The 

measurements at the track of the French railway company (SNCF) has shown high attenuation 

rate more than 5 dB/m at the pinned–pinned frequencies by attachment of rail dampers.  

Compound track models with absorbers was studied by Wu [19] to find the performance of the 

absorbers for vibration reduction. In this paper, a continuous model of track was combined with 

rail damper to study the vertical vibrational behavior of rail. He investigated the discrete track 

models with both continuous and discrete rail dampers to investigate its effect on vibration 

decay. It is also found that the most effective position of installation of rail damper is in the 

middle of sleeper span, and the usage of large active mass in rail damper causes more vibration 

damping in the rail. A similar study has been conducted by Liu et al. [20]. They developed a 

rail model with rail dampers by applying an infinite Timoshenko beam to represent the rail and 

a damped beam-spring system. They showed a significant increase in the decay rate in the 

frequency range of 600-1100 Hz. Besides, the pinned-pinned resonance of track vibration was 

shown to be suppressed with rail damper. A theoretical model of rail damper was also proposed 

by them, which shows that the application of a simple-mass spring model is enough to represent 

the rail damper rather than advanced beam-spring model [20].  

The rail vibration amplitude will be decayed along the track. This decay is almost exponentially 

with distance along the rail [1]. This decay rate of rail vibration amplitude is usually expressed 

in dB/m. It can be achieved by measuring the transfer frequency response of the rail for a 

number of distances between input force and response location. There are specific methods to 

measure the rate of vibration reduction along the rail, and even a standard is defined as a 

methodology [21], to measure the rail decay rate. The aim of this measurement is to find damper 

effects on the rail vibrations. This measurement is performed on the rail before and after damper 

installation on the rail to find the changes of track decay rate (TDR) and consequently, changes 

of rolling noise.  

Remington [22],[4] introduced an analytical formula to predict wheel/rail rolling noise. The 

development was based on the characteristics of the wheel/rail dynamic system and the 

roughness between rail and wheel as a running surface. This prediction showed a good 
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improvement with noise radiation measurement in urban rail transit systems.  Subsequently, the 

theoretical model for the rolling noise was developed by Thompson  [5], [23]–[27]. To study 

and measure railway noise and to improve the noise reduction, several international and 

European projects have been defined and conducted [28]. SILENT FREIGHT [29], SILENT 

TRACK [30], STAIRRS [31], SILENCE [32] and STARDAMP [33] are some of these projects 

that were conducted for the purpose of railway noise measurements and mitigation through 

experimental and theoretical approaches. One major part of the SILENT TRACK project in 

1999 was a field measurement on a railway fitted with prototype rail dampers. The track decay 

rate was obtained using impact excitation, and rolling noise was recorded while the train was 

passing.  

Thompson et al.  [34] designed and studied a tuned rail damper (damped mass-spring absorber 

system) using some elastomer with high damping loss factor to cover more range of frequencies 

from 500 to 2000 Hz. A field test was performed. Rail noise was reduced about 6 dB after 

damper installation on the rail with soft rail pads. The optimal result was achieved in rail 

temperature of 30°C. The adverse effects of low temperatures can be compensated by changing 

the material specification. These dampers were installed on rail tracks in the Netherlands, 

France, Germany and Sweden.  

Trach decay rate measurement is related to the noise performance of the track and can be used 

as a factor in noise reduction. Jones et al.  [35] showed more details about decay rate 

calculations, test performance and the factors which affect the decay rate. They showed 

different effects of a ballasted track, with mono-block sleeper, a slab track and a ballasted track 

with Bibloc sleepers in measurements of decay rate. The measured decay rate was shown to be 

acceptable to characterize the acoustic performance of a track in both vertical and lateral 

vibration. It was also close to the predicted ones from track model (TWINS model).  

However, it is not always possible to perform a field test and install dampers on the rail (in- 

track installation). Toward et al. [36] proposed freely supported rails for decay rate 

measurements. They performed the test on 32 m test track and on freely 6 m rail (long and short 

rail). In 32 m track, the decay rates were measured by Frequency Respond Functions (FRFs) 

on interval points along the rail. For freely rail test, at low frequency, modal properties of the 

rail, and for high frequency, directly the measured FRFs at the points were used to calculate the 
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decay rate. In this regard, Squicciarini et al. [37] described and evaluated complete test 

procedures  of rail dampers. They performed this experiment on damped free rail (6 meter-part 

of the rail) and added the result to undamped track. The influence of end effect and evanescent 

waves were less than 0.5 dB of the overall predicted noise.  Their results with shorter rail agreed 

quite well with the results of damped track.  

A comprehensive field measurement on track was carried out within the Dutch Innovation 

Program Railway Noise by Haaren and Keulen [38]. They performed the field test on rail tracks 

on the track near Krabbendijke to find the effect of damper installation on noise reduction. Two 

types of dampers were used from Schrey&Veit and Alom and compared with damper from 

Corus. Results showed the maximum noise reduction about 3 dB, however, in all 3 different 

tests, the dependence on rail roughness is almost similar for different types of dampers. 

Asmussen et al. [39] optimized  rail dampers and performed some test within the project 

SILENCE. It was shown that with the direct noise reduction effect of damper, an indirect noise 

reduction can happen by decreasing of the roughness growth rate on the rail.   

1.2.2 Bolted joints modeling and model updating 

There are different types of dampers to assemble on the rail, which can reduce the magnitude 

of vibration, and in most cases, dampers show effective and reasonable results (see also [40], 

[41] and [42]). Assembling and manufacturing processes of dampers are not similar in different 

companies. At the first glance, the simulation of damper looked like simple object, however, 

details were different. The modal properties such as eigenfrequencies and eigenvectors form 

initial simulation were compared with the modal properties identified from experimental test 

of damper in free-free boundary conditions. In tuned-dampers, modeling the assembled rubber 

and steel layers with screws and development of the accurate FE model from a dynamical point 

of view, is not as simple as layer-vulcanized models. Modelling of multiple bolted rubber and 

steel layers needs some considerations to have a reasonable FE model in agreement with the 

test results. Since, it was the first challenge in this work, one section of this research is focused 

on contact modeling and improvement of the FE model with reference to experimental modal 

analysis results of dampers. The very first model had a low agreement with experimental modal 

test. It was improved by application of contact theory for bolted joints and contact modeling. 
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To reach an acceptable and most qualified FE model, Modal Assurance Criterion (MAC) was 

applied to modal results from experiment and FE model. The MAC values can be used to 

indicate the accuracy of dynamic behavior of FE model compared to experimental modal test 

[43].  

Bolted joints have a wide range of application to assemble the components. For instance, in 

aircraft structures to assemble and fix components together bolted joints affect static-dynamic 

behavior of these structures [44], [45]. The effect of bolted joints on contact and the quality of 

modeling can effect on MAC values [46]–[49]. He and Zhu [50] developed new FE models of 

bolted joints in L-shaped beams to capture the stiffness and mass effects of bolted joints on the 

global dynamic response of assembled structures. For bolted joints, they proposed a simple 

model which is easy to embed into the FE model of an assembled structure. Small errors within 

2% for natural frequencies and high values of MAC over 94% between the calculations and 

measurements were observed. Montgomery [51] developed three different types of FE models 

for bolted joints; rigid body element bolt, spider bolt and hybrid bolt. In each simulation, some 

details were ignored, and depending on the amount of information needed to prepare the model, 

intended results were achieved. A double-lap structure was modeled as a solid-bolt-based by 

Oskouei and Keikhosravy [52]. In this paper, crock-shaped pressure distribution in the jointed 

plates and longitudinal compressive stresses around the fastener hole were shown. These 

stresses in firmly clamped joints can reduce the damage of in-plan tensile stresses in particular, 

at the edge of the hole. The distribution of stress around the bolt hole had a frustum shape, 

which is a hollow cone at the outer layers and a hollow cylinder at the middle layers. They 

showed a good agreement for FEM results compared to experimental work performed by 

Chakherlou and et al. [53]. Kim et al. [54] investigated four techniques of bolted joints 

modeling; solid bolt, coupled bolt, spider bolt and no-bolt model. The solid bolt model using 

3D solid elements and surface-to-surface contact elements have the best responses compared 

with the test. However, the coupled bolt and spider bolt modes had more effectiveness of the 

computational time and memory usage.  

In this scope, there are many experimental studies to analysis bolted joints behavior in static 

and dynamic aspects. The ultrasonic technique can quantify the contact pressure distribution 

around the bolt hole. In the zone where the pressure is high, most ultrasound is transmitted, and 



LITERATURE REVIEW                                                                                                                            9 
 

 

the reflected sound signal is weaker than the zone where the contact pressure is low. Therefore, 

the cone pressure or clamped Zone were distinguished [55], [56]. 

As mentioned above, it is shown that the study of decay rate on the rail, before and after dampers 

installations, is related to noise reduction and can be used as a practical factor in reduction of 

track noise. In this thesis, I attempt to use the same fundamentals in a small lab-scaled sample, 

in both modeling and experiment, to study and clarify the damper mechanism and find more 

effective parameters of damper in rail damping. In this case, after the improvement of the FE 

model and comparing with the experimental lab-scaled sample, the sensitivity of each possible 

factor of the damper have been investigated. 

1.3 Layout of thesis 

 In this thesis, numerical and experimental modal analysis are performed for the model 

improvement and sensitivity analysis. Therefore, in chapter 2, a summary of both 

analytical and experimental modal analysis is explained, as well as the methods to 

compare the eigenvalues and eigenfrequencies between the experiment and simulation. 

Furthermore, the classical theory of bolted joints and decay rate of the rail are presented. 

 Chapter 3 focuses on the damper modeling and model improvement of the damper based 

on the experimental modal analysis. Four different tests (three experimental modal 

analysis and one load cycling test using a hydro-pulse system) and the details of 

adjustment are presented. The model updating of damper based on the experiments is 

also explained in details.  

 The updated model of the damper is used in chapter 4 to conduct a sensitivity analysis 

to study the effect of damper’s parameters on the decay rate of the rail. A new lab-scaled 

model in both experimental and modeling is presented to assess the damper performance 

and improvement. The methodology of the test and the extended modeling with 

scripting in python are fully presented. The validation of this new lab-scaled model is 

detailed as well. 

 Chapter 5 covers the conclusion of this thesis and some suggestions for the future works. 



 

 

 

 

 

 

 



 

 

 

 

 

 

Chapter 2-Fundamentals 

2.1 Modal analysis theory  

Modal analysis is a method to extract the modal properties (dynamic behavior), such as 

eigenfrequencies (resonance frequencies), damping and eigenvectors (mode shapes) of a 

structure or system. There are intrinsically resonance frequencies in all physical systems. If the 

frequency of input load is equal to the resonance frequency of the system, critical behavior or 

unexpected damage happens in the structure. The collapse of the Tacoma Narrows Bridge in 

1940 in the USA is an example of these damages. Modal analysis helps to avoid serious 

damages happening to structures. It consists of theoretical and experimental techniques. In 

theoretical modal analysis, partial differential equations including mass, stiffness and damping 

properties of a dynamic system are solved. Natural frequencies and mode shapes will then be 
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extracted. In the experimental modal analysis, frequency response functions (FRFs) are defined 

as a ratio of the Fourier transform of an output response divided by the Fourier transform of an 

input force, which causes the output response. The FRFs are produced by excitation of the 

structure at one point (with the shaker) or multiple points (with the impact hammer) and then 

measurement of the vibration responses at one or more locations. The modal parameters will 

be extracted using curve fitting for FRFs data.  In theoretical modal analysis, the model is 

derived from the description of physical properties of the system, and in experimental modal 

analysis, it is derived from measured FRFs. Some applications of modal analysis are listed as 

follows [57]: 

 Troubleshooting  

 Correlation of finite element model (FEM) and experimental results  

 Structural modification  

 Sensitivity analysis 

 Reduction of mathematical models  

 Forced response prediction  

 Force identification  

 Structural damage detection  

 Active vibration control 

In this chapter, the fundamentals of modal analysis are briefly presented. For more details on 

theory, several  references are suggested: [43], [57]–[60].  

2.1.1 Modal analysis of Single Degree of Freedom (SDOF) systems 

Since multi-degree-of-freedom (MDOF) systems can always be represented as the linear 

superposition of a number of single-degree-of-freedom (SDOF) systems, the properties and 

behavior of SDOF systems hold importance. The basic model of a SDOF system is shown in 

Figure 2.1.  
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Figure 2.1. Single degree of freedom system 

 

SDOF system with a harmonic force of 𝑓(𝑡) = 𝐹𝑒𝑗𝜔𝑡 and the displacement of  𝑥(𝑡) = Xe𝑗𝜔𝑡 

will have the form of the equation 

 (−𝜔2𝑚 + 𝑗𝜔𝑐 + 𝑘)Xe𝑗𝜔𝑡 = 𝐹𝑒𝑗𝜔𝑡 (2.1) 

And the Receptance FRF for viscous damping is given in the form of:  

 𝛼(𝜔) =
1

𝑘 − 𝜔2𝑚 + 𝑗𝜔𝑐
 (2.2) 

 

where 𝛼(𝜔) is the complex function of frequency. 

It is evident that Receptance is defined as a ratio of response (displacement) to excitation (force) 

of the system. However, it is independent of them and it is an intrinsic property of the system.  

The response can also be velocity or acceleration. When the velocity response is applied, the 

FRF is called Mobility and consequently, accelerance is defined as FRF from the acceleration 

response: 

𝑀𝑜𝑏𝑖𝑙𝑙𝑖𝑡𝑦 𝐹𝑅𝐹: 𝑌(𝜔) =
�̇�(𝜔)

𝐹(𝜔)
=

𝑗𝜔

𝑘 − 𝜔2𝑚 + 𝑗𝜔𝑐
 (2.3) 

 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑛𝑐𝑒 𝐹𝑅𝐹: 𝐴(𝜔) =
�̈�(𝜔)

𝐹(𝜔)
=

−𝜔2

𝑘 − 𝜔2𝑚 + 𝑗𝜔𝑐
   (2.4) 
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All Receptance, Mobillity and Accelerance are complex functions of frequency with the 

amplitude of: 

|𝐴(𝜔)| = 𝜔|𝑌(𝜔)| = 𝜔2|𝛼(𝜔)| 

And the phase of: 

𝜃𝐴(𝜔) = 𝜃𝑌(𝜔) +
𝜋

2
= 𝜃𝛼(𝜔) + 𝜋 

2.1.2 Modal analysis of Multi Degree of Freedom (MDOF) systems 

The matrix form of an undamped MDOF system of N degree of freedom is: 

 [𝑀]{�̈� (𝑡)} + [𝐾]{𝑥(𝑡)} = {𝑓(𝑡)} (2.5) 

 

Where [𝑀] is the modal mass matrix, [𝐾] is the stiffness matrix, {𝑓(𝑡)} and {𝑥(𝑡)} are the 

vectors of external force and displacement with a similar order. The solution of equation of 

motion of undamped MDOF systems under an external excitation is introduced as below: 

{𝑋} = ([𝐾] − 𝜔2[𝑀])−1 {𝐹} 

Or 

 {𝑋} = [𝛼(𝜔)] {𝐹} (2.6) 

Where [𝛼(𝜔)] is the receptance FRF matrix of the system. For an undamped MODF system: 

 𝛼𝑗𝑘(𝜔) = ∑
( 𝜓𝑗𝑟 ). ( 𝜓𝑘𝑟 )

𝑚𝑟(𝜔0𝑟

2 − 𝜔2)

𝑁

𝑟=1

            𝑜𝑟     𝛼𝑗𝑘(𝜔) = ∑
𝐴𝑗𝑘𝑟

(𝜔0𝑟

2 − 𝜔2)

𝑁

𝑟=1

  (2.7) 

 

Where 𝐴𝑗𝑘𝑟  is the modal constant, 𝜓 is eigenvector matrix or mode shape of the system and 

𝑚𝑟 is the modal mass. Where the damping is negligible in structures, undamped MDOF system 

is used to describe the dynamic behavior of the system.  
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There are two types of proportional damping (Rayleigh Damping and Structural Damping) 

which are often applied in engineering systems [61].  

In Rayleigh Damping, damping is linearly proportional with the mass and stiffness matrix: 

 [𝐶] = 𝛼[𝑀] + 𝛽[𝑘] (2.8) 

Where 𝛼 and 𝛽 are real positive constant. The damped natural frequency of the 𝑟𝑡ℎ mode is 

estimated by [57]: 

𝜔𝑑𝑟 = 𝜔𝑟√1 − 𝜁𝑟
2 

and the modal damping factors are related to the two Rayleigh damping coefficient by 

𝜁𝑟 =
𝛼

2𝜔𝑟
+

𝛽𝜔𝑟

2
 

The equation of motion of a damped system with the structural damping can be described as: 

 [𝑀]{�̈�} + [𝐾]{𝑥} + 𝑗[𝐻]{𝑥} = {𝑓(𝑡)} (2.9) 

   

Where [𝐻] is the structural damping matrix and 𝑗 is the imaginary unit. If the structural damping 

matrix is proportional to mass and stiffness matrix, it is written as: 

[𝐻] = 𝜇[𝑀] + 𝜈[𝐾] 

Where 𝜇 and 𝜈 are real positive constants. The eigenfrequencies of the system with structural 

damping are given by: 

𝜆𝑟
2 = 𝜔𝑟

2(1 + 𝑗𝜂𝑟) 

Where 

 𝜂𝑟 = 𝜈 +
𝜇

𝜔𝑟
2
 

When 𝜇 is zero or the structural damping is only proportional to the stiffness matrix, 𝜂 is same 

for all modes (𝑟 = 1,2, … , 𝑁). 



16                                                                                                                      CHAPTER 2. FUNDAMENTALS 

 

 
 

2.2 Experimental modal analysis (EMA) 

In the early 1970’s, experimental modal analysis has widely grown up by the advent of the 

digital FFT spectrum analyzer [62]. Experimental modal analysis is the particular type of 

vibration tests, which can estimate the modal properties (eigenfrequencies, damping factors and 

eigenvectors) of the structures or machines. EMA normally consists of three phases: Test 

preparation, Frequency response measurements and Estimation of modal parameters. 

Some important applications of experimental modal analysis are :  

- The confirmation of the validity of a finite element model of the structures, which is 

used widely in this thesis 

- Access critical design information about structural damping or potential in-service 

loads 

- Monitor the operational of the machine to determine the requirement of maintenances  

- Find mass, stiffness and damping modifications that can help to improve the 

performance of the structure  

The modal properties of the structure are estimated from the Frequency Response Functions 

(FRFs) calculated from the experimental vibration data [63], [64] and [65]. The FRFs are 

defined as a ratio between input and output Fourier transforms: 

𝐻(𝜔) =
𝑋(𝜔)

𝐹(𝜔)
 

Where 𝐻(𝜔) is the predicted FRF transfer function matrix, 𝑋(𝜔) is the Fourier spectrum of the 

response and 𝐹(𝜔) is the Fourier spectrum of the excitation force. The FRFs are used as input 

data to interpolate the estimation of the modal parameters of the experimental or FE model [62] 

(see Figure 2.2).  
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Figure 2.2. Sources of modal parameter [66] 

 

If the equation of motion of SDOF system with viscous damping is expressed by 

 𝑚�̈� + 𝑐�̇� + 𝑘𝑢 = 𝑝0𝑒𝑖𝜔𝑡 (2.10) 

then the receptance FRF for the SDOF systems with viscous damping is [67]: 

 𝐻𝑢/𝑝(𝑓) =
1/𝑘

(1 − 𝑟2) + 𝑖(2𝜁𝑟)
 (2.11) 

 

Where 𝑟 = 𝑓/𝑓𝑛 

(in experiment, the forcing frequencies are usually presented as 𝑓(𝐻𝑧) = 𝜔/2𝜋).  

The velocity output per unit force input (the mobility FRF) is given by 

 𝐻𝜐/𝑝(𝑓) = 𝑖𝜔
1/𝑘

(1 − 𝑟2) + 𝑖(2𝜁𝑟)
 (2.12) 

 

and the acceleration output per unit force input is given by 

 𝐻𝑎/𝑝(𝑓) = −𝜔2
1/𝑘

(1 − 𝑟2) + 𝑖(2𝜁𝑟)
 (2.13) 
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In the experimental modal analysis, the helpful way to express the FRFs, is the partial-fraction 

(pole-residue) format. Therefore, the receptance is explained in the pole-residue format 

 𝐻𝑢/𝑝(𝑓) =
𝐴

𝑖𝜔 − 𝜆1
+

𝐴∗

𝑖𝜔 − 𝜆1
∗  (2.14) 

Where 𝐴, 𝐴∗ are the complex-conjugate residues and 𝜆1, 𝜆1
∗  are the corresponding poles 

𝜆1, 𝜆1 
∗ =  −𝜁𝜔𝑛 ∓ 𝑖𝜔𝑛√1 − 𝜁2 = −𝜁𝜔𝑛 ∓ 𝑖𝜔𝑑 

The receptance FRF for the underdamped MDOF system is  

 𝐻𝑖𝑗 = ∑ (
𝐴𝑖𝑗𝑟

𝑖𝜔 − 𝜆𝑟
+

𝐴𝑖𝑗𝑟
∗

𝑖𝜔 − 𝜆𝑟
∗ )

𝑁

𝑟=1
 (2.15) 

Where 𝐴𝑖𝑗𝑟  , 𝐴𝑖𝑗𝑟
∗  are the complex conjugate modal residues and 𝜆𝑟, 𝜆𝑟

∗   are the corresponding 

poles: 

𝜆𝑟, 𝜆𝑟 
∗ =  −𝜁𝑟𝜔𝑟 ∓ 𝑖𝜔𝑟√1 − 𝜁𝑟

2 = −𝜁𝑟𝜔𝑟 ∓ 𝑖𝜔𝑑𝑟 

2.2.1 Experimental hardware 

The performance of a typical modal test, in addition to the test sample and the supporters, needs 

the hardware components such as the source of excitation force input (electrodynamic shaker 

or impact hammer with signal generator and power amplifier), force transducer, output 

transducer (accelerometer or laser vibrometer head scanner) and dynamic analyzer (computer 

with data acquisition hardware, signal analyses software and modal analysis software). 

In the impact hammer test, the FRFs are measured from multiple input while the output is fixed. 

In this kind of test, the elements of a single row of the FRF matrix are considered. A schematic 

of an impact testing is illustrated in Figure 2.3. In this test an impact hammer with the load cell 

attachment (to measure the input force), an accelerometer (to measure the response at the fixed 

point and direction), two or four channels of Fast Fourier Transform (FFT) analyzer (to 

calculate the FRFs) and post-processing modal software (to identify the modal parameters). 
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Figure 2.3. The schematic of an impact test [62] 

The modal test with the impact hammer cannot be used for all structures (e.g. the structures 

with delicate surfaces) and in some cases, its limited frequency range or low energy density 

over a wide spectrum, causes an insufficient impacting force to excite the modes of interest. To 

avoid this problem, it needs to the artificial excitation with one or more shakers attached to the 

structure. Figure 2.4 shows a schematic of a test with a shaker.  

 

Figure 2.4. The schematic of a modal test with shaker [62] 

The shaker is attached with a stinger to the structure to have impact force only along the axis 

of the stinger. For a single axis accelerometer (or laser vibrometer in this thesis) two-channel 

FFT analyzer is used and for 3D measurement four-channel FFT analyzer are required. 

There are different types of broadband excitation signal to perform the measurement with FFT 

analyzer. All types of signals such as Transient, True Random, Pseudo Random, Burst Random, 

Fast Sine Sweep (Chirp) and Burst Chirp have some advantages and disadvantages. Depending 
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on the structure and boundary condition the results of different types of excitation signal can be 

in some frequency ranges different (in an ideal manner, different signals with no leakage should 

have the same results), due to the amount of non-linear behavior of the structure [62]. In the 

comparison of excitation signals, the signal with minimum leakage or without leakage is the 

best excitation signal selection.  

2.3 The comparison of derived modes of experiment and simulation 

To validate and update a numerical model, three steps are required: comparison of the dynamic 

properties between experimental and numerical modes, determination of the differences 

between these two models and changing some parameters in numerical model or in both 

numerical and experimental models to improve the compatibility. Often, the extracted results 

from the experimental test are used as reference to validate the theoretical or simulated models. 

For Modal Correlation Criteria (MCC), the comparison of eigenvectors and the comparison of 

eigenfrequencies are used. 

2.3.1 The comparison of eigenvectors (mode shapes) 

The comparison of mode shapes provides an overall impression of two interested modes from 

test-simulation or simulation-simulation. The simplest way to apply the comparison between 

two mode shapes is a graphical method, which is either the overlaying of the plots of mode 

shapes or the comparison of the animations of the modes. Since, there is so much information  

in this comparison, it is still difficult to interpret the results, and the plots become very confusing 

[43]. Therefore, another possibility is available which is a numerical correlation method that is 

a useful method for all types of comparisons (any pair of estimated mode shape). The modal 

assurance criterion (MAC) is used to evaluate the degree of consistency between two mode 

shapes (modal vector) of experimental and simulation (or simulation-simulation). MAC 

calculation introduced by Allenmang et al. [68] is formulated as equation 2.16:  

 𝑀𝐴𝐶𝑟𝑠 =
|∅𝑒𝑟

𝑇 ∅𝑖𝑠|2

(∅𝑒𝑟
𝑇 ∅𝑒𝑟)(∅𝑖𝑠

𝑇 ∅𝑖𝑠)
 (2.16) 
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Which 𝑀𝐴𝐶𝑟𝑠 is the MAC value between the 𝑟𝑡ℎ and 𝑠𝑡ℎmode shapes (modal vectors), ∅𝑒𝑟 is 

the 𝑟𝑡ℎexperimental eigenmode (obtained from modal test) that has been paired with the  𝑠𝑡ℎ 

identified eigenmode ∅𝑖𝑠 (obtained from simulation) and superscript 𝑇 indicates the conjugate 

transpose. The MAC value is a real-valued scalar. It takes the value between 0 for not consistent 

correspondence and 1 for consistent correspondence. Normally, values larger than 0.9 (90%) 

indicates a strong correlation and smaller values (under 70%) indicate a poor correlation of the 

two mode shapes. If the MAC is zero or near to zero, it shows that the compared two vectors 

are independent or some modal parameters are invalid.  

The Coordinate Modal Assurance Criterion (COMAC) is the extension of the MAC in two 

steps; first step, constructing the set of mode pairs to be correlated, second step, calculation of 

the correlation value for each coordinate over all correlated mode pairs [69]. Indeed, COMAC 

is applied to determine which DOF in the pair of modal vectors causes negatively in a low MAC 

values. If the 𝑀 pairs of modal vectors are already matched, the coordinate modal assurance 

criterion for the 𝑘𝑡ℎ DOF is described by: 

 𝐶𝑂𝑀𝐴𝐶𝑘 =
∑  |∅𝑟,𝑘𝜓𝑟,𝑘|

2𝑀
𝑟=1

∑ (∅𝑟,𝑘∅𝑟,𝑘
∗ )(𝜓𝑟,𝑘𝜓𝑟,𝑘

∗ )𝑀
𝑟=1

 (2.17) 

   

Here, 𝜙𝑟,𝑘 and 𝜓𝑟,𝑘 are the 𝑘𝑡ℎ entries of the 𝑟𝑡ℎ already matched modal vectors, and this 

equation calculates the COMAC value at each DOF when 𝑀 modal vector pairs have been 

matched.  

2.3.2 The comparison of eigenfrequencies 

In both experimental and analytical modal analysis, certain number of eigenfrequencies are 

extracted. The eigenfrequencies obtained from experimental modal analysis, are used as 

reference to monitor the accuracy of eigenfrequencies of analytical modal analysis. 
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If the 𝑖𝑡ℎ eigenfrequency from experimental and the 𝑗𝑡ℎ eigenfrequency from simulation 

correspond to a similar mode of system, the relative error (𝐸𝑟) is normally applied to quantify 

the pair of frequency (see equation 2.18). 

 𝐸𝑟 =
|𝐸𝑋𝑃(𝜔𝑖) − 𝐹𝐸𝑀(𝜔𝑗)|

𝐸𝑋𝑃(𝜔𝑖)
 (2.18) 

   

Where 𝐸𝑋𝑃(𝜔𝑖) is the 𝑖𝑡ℎ eigenfrequency of experimental and 𝐹𝐸𝑀(𝜔𝑗) is the 𝑗𝑡ℎ 

eigenfrequency of FE model, which are corresponded to the same mode shape. To compare the 

measured vs. calculated eigenfrequencies, the obtained relative error for each pair of frequency 

can be sorted in a table. However, the graphical comparison can be performed to evaluate the 

frequency pair. After determination of frequency pair, the measured vs. calculated 

eigenfrequencies can be plotted and the degree of consistency between the two sets of results 

is observed. If the two set of results match well, the points obtained from the frequency pairs 

lie on the line with the slope of 1 or close to this line.  

2.4 Decay rate and its application in rails 

By measurement of the decay rate, the amount of damping in a system can be determined. 

Larger decay rate indicates higher damping ratio in structures. A simple model of the decay rate 

can be defined for a free vibration, which is expressed by : 

 𝑥 = 𝑋𝑒−𝜁𝜔𝑛𝑡  𝑠𝑖𝑛(√1 − 𝜁2 𝜔𝑛𝑡 + ∅) (2.19) 

 

The decay rate is introduced as a logarithmic decrement which is defined as the natural 

logarithm of the ratio of any two successive amplitudes [70]: 

𝛿 = 𝑙𝑛
𝑥1

𝑥2
 

By substituting the damped period the above equation becomes: 

 𝛿 =
2𝜋𝜁

√1 − 𝜁2
 (2.20) 
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And for small damping factor, the approximate equation is: 

𝛿 ≅ 2𝜋𝜁 

The track decay rate of vibration amplitude along the rail is strongly linked to the noise 

generation of the rail [35], which is used as a criterion for track noise measurement. The decay 

rate of vibration along the rail has been used by researchers as a measurable parameter to test 

and improve the prediction models. Furthermore, for the frequencies above 400 Hz, rail as one 

of the track components, has in many cases the most contribution to noise generation. The 

amplitude of FRF at the point with distance of x is named as 𝐴(𝑥). The radiated power by rail 

is proportional to the FRF at the excitation of the wheel-rail contact. It is integrated along the 

length of the rail, multiplied by the vibration velocity (it is assumed that the velocity with the 

amplitude 𝐴(𝑥), in correspondence with the vertical and lateral bending waves are included in 

the simple track [35]) at the wheel-rail contact (∫ |𝐴(𝑥)|2∞

0
 𝑑𝑥). If the vertical and lateral waves 

in the rail decrease as a function of distance along the rail, the amplitude of FRF is going to be 

as follow: 

𝐴(𝑥) ≈ 𝐴(0)𝑒−𝛽𝑥 

Where 𝛽 is the constant decay of the response amplitude of 𝐴.  

It is  then defined as function of the vertical and lateral waves: 

 

∫ |𝐴(𝑥)|2
∞

0

 𝑑𝑥 =  |𝐴(𝑥 = 0)|2 ∫ 𝑒−2𝛽𝑥
∞

0

 𝑑𝑥 = |𝐴(𝑥 = 0)|2 (
1

2𝛽
) 

 

To simplify, rail response is expressed as the superposition of the vertical bending wave and 

the lateral ones. 

∫  
|𝐴(𝑥)|2

 |𝐴(𝑥 = 0)|2
𝑑𝑥 

∞

0

=  
1

2𝛽
  ≈  ∑

|𝐴(𝑥𝑛)|2

 |𝐴(𝑥0)|2
 

𝑛𝑚𝑎𝑥

𝑛=0

∆𝑥𝑛 

Here, 𝑥𝑛 is the set of points in which the response is sampled. 𝑛𝑚𝑎𝑥 is related to the point at 

distance 𝑥𝑚𝑎𝑥 (maximum measuring distance). ∆𝑥𝑛 is the interval distance between the points 

located at the half-distance between the measuring positions on either side of the excitation 

points. 
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Constant 𝛽 can be shown as a Decay Rate (DR) in dB/m : 

𝐷𝑅 = 20 log10(𝑒𝛽) = 8.686 𝛽 

So, the decay rate can be formulated as: 

 
𝐷𝑅 ≈

4.343

∑
|𝐴(𝑥𝑛)|2

 |𝐴(𝑥0)|2 
𝑛𝑚𝑎𝑥
𝑛=0 ∆𝑥𝑛

 
(2.21) 

The sound power for a single wave of vertical or lateral motion of the rail can be written as 

𝑊𝑤𝑎𝑣𝑒 =  �̃�  ∫ |𝜐𝑤𝑎𝑣𝑒(𝑧)|2 𝑑𝑧
∞

−∞

 

Where 𝜐𝑤𝑎𝑣𝑒 is the amplitude of the velocity field of the rail section with the assumption of 

vertical or lateral motion and �̃� is the sound power per unit length radiated from vertical or 

lateral unit velocity motion. As 𝜐𝑤𝑎𝑣𝑒 is variation of the lateral or vertical bending wave motion, 

and they are assumed to decay exponentially with distance 𝑧 from the excitation point: 

|𝜐𝑤𝑎𝑣𝑒(𝑧)| = 𝜐𝑤𝑎𝑣𝑒(0)𝑒−𝛽𝑤𝑎𝑣𝑒|𝑧| 

Where 𝛽𝑤𝑎𝑣𝑒 the decay constant of that wave. Then, the sound power from the vertical or lateral 

waves in the rail can be estimated as 

𝑊𝑤𝑎𝑣𝑒 =  �̃�  ∫ 𝜐𝑤𝑎𝑣𝑒
2(0)𝑒−𝛽𝑤𝑎𝑣𝑒|𝑧| 𝑑𝑧

∞

−∞

 

= 2�̃�𝜐𝑤𝑎𝑣𝑒
2(0) ∫ 𝑒−𝛽𝑤𝑎𝑣𝑒|𝑧| 𝑑𝑧

∞

0

 

 = 2�̃�𝜐𝑤𝑎𝑣𝑒
2(0)

1

2𝛽𝑤𝑎𝑣𝑒
 (2.22) 

As it is mentioned, 𝛽𝑤𝑎𝑣𝑒 is related to the decay rate. 

2.5 Bolted joint stiffness and pressure-cone area 

In the classical bolted joint theory, the equivalent stiffness of the assembled members is 

calculated in the clamped zone. The distribution of stress shows a cone area around the bolt 
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hole [71], [72]. Therefore, in this thesis, this area is used as the main parameter in the parametric 

study to improve the FE model of the damper. To find the pressure distribution in bolted joints 

at the member interface, Ito [55] has carried out some experiments by ultrasonic techniques and 

suggested to use the pressure-cone method to calculate the individual stiffness of members.  

 

Figure 2.5. A frustum of a hollow cone [73]. The general cone geometry using a half-apex angle 

A simpler approach is to use a fixed cone angle 𝛼 (see Figure 2.5) [73]. The area of the element 

of the cone is: 

𝐴 = 𝜋(𝑥 𝑡𝑎𝑛𝛼 +
𝐷 + 𝑑

2
)(𝑥 𝑡𝑎𝑛𝛼 +

𝐷 − 𝑑

2
) 

The contraction of this element (𝛿) with the thickness 𝑑𝑥 under the compressive force 𝑃 is 

expressed by  

𝑑𝛿 =
𝑃 𝑑𝑥

𝐸𝐴
 

Substituting area 𝐴 in the above equation and integration gives the total contraction: 

𝛿 =
𝑃

𝜋𝐸𝑑 𝑡𝑎𝑛𝛼
𝑙𝑛

(2𝑡 𝑡𝑎𝑛𝛼 + 𝐷 − 𝑑)(𝐷 + 𝑑)

(2𝑡 𝑡𝑎𝑛𝛼 + 𝐷 + 𝑑)(𝐷 − 𝑑)
 

And the stiffness of this frustum is expressed by 

𝑘 =
𝑃

𝛿
=

𝜋𝐸𝑑 𝑡𝑎𝑛𝛼

𝑙𝑛
(2𝑡 𝑡𝑎𝑛𝛼 + 𝐷 − 𝑑)(𝐷 + 𝑑)
(2𝑡 𝑡𝑎𝑛𝛼 + 𝐷 + 𝑑)(𝐷 − 𝑑)
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If the bolted members have the same 𝑌𝑜𝑢𝑛𝑔`𝑠 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝐸, the total member thickness (the 

grip length) of 𝑙 = 2𝑡 and 𝑑𝑤 as the diameter of the washer face, the individual stiffness of the 

members (𝑘𝑚) is as follow: 

 

 
𝑘𝑚 =

𝜋𝐸𝑑 𝑡𝑎𝑛𝛼

2𝑙𝑛
(𝑙 𝑡𝑎𝑛𝛼 + 𝑑𝑤 − 𝑑)(𝑑𝑤 + 𝑑)
(𝑙 𝑡𝑎𝑛𝛼 + 𝑑𝑤 + 𝑑)(𝑑𝑤 − 𝑑)

 
(2.23) 

 



 

 

 

 

 

 

Chapter 3-Improvement of the FE model of the damper 

3.1 Introduction  

In this chapter, modeling and experimental modal analysis of the rail damper is presented. The 

numerical model is improved and updated based on the experimental modal analysis as a 

reference. At the first glance, the numerical simulation of the damper seemed easy to model. 

However, comparison between the numerical results obtained by means of the initial FE model 

and the experimental results showed clearly that the FE model was deficient. To improve the 

FE model of the damper, different aspects in the FE model were studied and finally, parametric 

studies of the contact areas in cone pressure area around each bolt was conducted to find the 

most preferred model of damper.



28                                               CHAPTER 3. IMPROVEMENT OF THE FE MODEL OF THE DAMPER 
 

 
 

3.2 Methods 

3.2.1 The rail damper sample 

The rail damper used in this project as a test sample is a tuned rail damper made by Schrey & 

Veit company. As illustrated in Figure 3.1, the damper consists of a platform and 8 additional 

layers – 4 steel layers and 4 rubber layers interconnected by four bolts and four nuts. The bolted 

joints not only make the production process and assembly easier, but also they provide the 

possibility of changing the geometry (particularly in the upper layers), material or pre-force 

(bolt force) between the layers.   

 

Figure 3.1. Rail damper components 

Rail dampers are used to decrease vibration and therewith the rail noise. These dampers are 

installed directly on the both sides of the rail and between the sleepers for maximum absorption 

of the rail vibration (see Figure 3.2). They are attached to the rail with spring clamps, due to 

the simplicity of installation, removal and effective attachment.  
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Figure 3.2. Installed tuned rail damper on track with spring clamps [74] 

3.2.2 The initial FE modelling of the damper 

To study damper effects on rail vibration and improve the damper efficiency, acquisition of an 

accurate and validated FE model is highly important. As mentioned before, there are four rubber 

and four steel layers. These eight interconnected layers with four bolts and nuts were modeled 

as upper layers in the damper model. The platform is made of rubber and steel, which are 

vulcanized. Three element types were used in the damper FE model: solid linear, solid quadratic 

and beam elements for steel layer, rubber layers and screws, respectively. Commercially 

available FE software package Abaqus version 6-12, and python scripts were employed to 

develop this FE model to compute the damper’s eigenfrequencies and eigenvectors.  

The linear hexahedron element C3D8R with 8 nodes was used to discretize the steel layers, 

while the quadratic hybrid hexahedron element C3D20H with 20 nodes and with hybrid 

formulation was used in the rubber layers. The linear beam element B31 was employed to 

model the bolts. As shown in Figure 3.3, these bolts were modeled as beam element and 

connected to the upper steel layer and platform by link constraint, which model the fastening 

conditions of damper sample.
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Figure 3.3. Bolts modeling as a beam element and the conections to the damper components (View cut) 

 

Figure 3.4. FE Model of rail damper with components including platform, upper layers (steel layers, rubber layers) and 

screws 

Since the rubber material is characterized by incompressible elastic behavior, the element based 

on the hybrid formulation was used for these layers. Based upon a convergence analysis, the 

final mesh used in the modeling was obtained as depicted in Figure 3.4. 

Free-free boundary conditions were applied, and the modal parameters were extracted from 

Abaqus via Lanczos algorithm. The model was validated with a set of experiments carried out 

for this project and the model was accordingly updated. The final improved FE model will be 

then used to understand the damper mechanism and important damper factors in rail damping 

(for instance, the reduction of rail vibration).    
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The mechanical properties of the damper’s components are summarized in Table 3.1. The 

rubber layers were natural rubber and the Poisson’ ratio was defined almost 0.5 to present the 

elastomer behavior.  

Table 3.1. Mechanical properties of steel and rubber layers in damper 

  Notation Value 
S

te
el

 L
ay

er
s Young’s Modulus [MPa] 𝐸 210 × 103 

Density [t/mm3] 𝜌 7.8 ×  10−9   

Poisson’ Ratio 𝜈 0.3 

R
u

b
b

er
 

L
ay

er
s 

Young’s Modulus [MPa] 𝐸 4.5 

Density [t/mm3] 𝜌 1.2 ×  10−9   

Poisson’ Ratio 𝜈 0.48 

 

A critical aspect of the assembled structure is the pre-stress caused by the bolt preload. Since 

the pre-stress affects the structural stiffness and, therewith, the eigenvectors and 

eigenfrequencies. The simulation was performed in two steps: First, a geometrically nonlinear 

static general step with a loading corresponding to the bolt preload (tightening torque) in 

Abaqus was defined (see Figure 3.5). Upon this step, Abaqus saves the previous configuration 

together with the induced stress state (pre-stress), and this configuration is then used as the 

initial configuration of the second step (modal analysis with ‘free-free’ boundary conditions).   

 

Figure 3.5. Static general step with the loading that corresponds to the bolt preload 

In the initially prepared FE model, the platform and all the layers were all tied together over the 

entire surface of contact 
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3.2.2.1 Improvement of the FE model of the damper 

Mesh density, element type, material properties, and contact between the damper layers were 

modified in order to improve the FE model. Apart from the contact, none of these parameters 

resulted in the FE model improvement. 

The initial FE model using full tied contact showed that the model is stiffer than the real 

structure in the experiment, which suggested that the FE model with the assumption of full tied 

contact is not plausible.  

Since the modal analysis as a linear analysis does not allow the direct implementation of contact 

in the model, the interaction between the layers connected by bolts is to be modeled in a 

plausible manner. To do so, parametric study of the FE model was then performed. To perform 

a parametric study in Abaqus, there are two possibilities: the first method is to  prepare an input-

file from the model and use of python scripts to automatically generate the new input-file based 

on parameters. In this method, as there is no graphical user interface, the computation is faster. 

The input-file is an element-based model, and it is possible to change the geometrical 

parameters. The second method is to prepare a complete python script from the whole model. 

Therefore, it would be possible to change any variable, including the geometry of the model. 

In this project, the second approach was adopted; the damper model with all components were 

scripted in python allowing changes in geometry such as interactions or constraints which are 

indirectly related to geometry in the model. 

The classical bolted joint theory determines the equivalent stiffness of assembled members, 

which are subjected to an external tensile loading. The equivalent stiffness is derived from the 

stiffness of members in the clamped zone [73]. The distribution of stress around the bolt hole 

shows a frustum like shape with hollow cones in the outer layers and hollow cylinder shape in 

the middle layers (cone area) [52].  

 As the damper consists of 8 layers added to the platform with 4 bolts, there are 32 circular 

surfaces  around each screw hole where the radius was defined as a variable (see Figure 3.6). 

The radius of the cone area was parameterized to find out the model with a radius value which 

shows more consistency with test results (higher MAC values near unity and smaller frequency 
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errors). For each new value of the radius, Abaqus solved the respective script, and the modal 

parameters were then extracted from the results (Output Data Base file) using another python 

script. 

 

Figure 3.6. The radius of the surfaces in the cylindrical area around each bolt which is defined as parameter 

3.2.3 Experimental set-ups 

3.2.3.1 Rail and damper under 2-million load cycles  

A pre-test was first designed and performed in order to assess the importance of friction 

between the layers of the damper. Sliding friction would absorb the kinetic energy and this 

energy converted into thermal energy. This test helped to find the existence of friction in the 

rail damper. The upper steel and rubber layers are assembled with 4 bolts. Each bolt is tightened 

with tightening torque of 20 Nm. Prior to conduct of the main experiment, the layers of the 

damper were disassembled as shown in Figure 3.7 to define certain areas of the rubber layers 

(some in the vicinity of the bolts, and some away from the bolts). The quality of the surface 

was assessed using a microscope. 
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Figure 3.7. Disassembled damper to check the friction between the layers 

The damper was then reassembled and clamped on a one-meter rail in the laboratory. The rail 

equipped with the damper was exposed to 2 million load cycles using a hydro-pulse system as 

shown in Figure 3.8. Three different areas were selected to monitor the surface quality: between 

screw holes, near the screw hole and near the edge. The same defined areas of the rubber layer 

surfaces were checked upon the experiment. A rather similar surface quality was observed after 

the test, and no scratches were noticed in any direction on the rubber surfaces (see Figure 3.9) 

leading to the conclusion that it was acceptable to neglect the friction between the layers in the 

model. 

 

Figure 3.8. Two-million applied load cycles using a hydro-pulse system 
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Figure 3.9. Microscope monitoring of the rubber layer for surface quality (spot 1 is located near the screw hole in the rubber 

layer, spot 2 is located in the middle of the rubber layers between two screw holes, spot 3 is located on the edge of the rubber 

layer). The first row is the monitored spots before the hydro-pulse test and the second row is the monitored spots after the 

hydro-pulse test 

3.2.3.2 Experimental modal analysis of the damper 

To verify the FE model of the damper and improve the initial FE model, 3 sets of experimental 

modal analysis were performed using Polytec Scanning Vibrometer 400 (PSV400), see Figure 

3.10.  

 

Figure 3.10. Polytec Scanning Vibrometer 400 [75] 
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The measurement instruments were consisted of a laser head of PSV400, Polytec controller 

OFV-5000 with junction box, shaker LDS V 406, power amplifier LDS PA 100, force 

transducer Dytran 1051V3 with the sensitivity of 81.32N/V and a modal stinger. The 

application of SLDV has advantages compared to traditional surface mounted acceleration, 

such as the high precision definition of the measurement points [76], [77], [66].  

There are some aspects which must be observed in conducting experimental modal test. The 

force transducer from the top side was mounted directly to the damper. As the force transducers 

are directional sensors, the top and bottom sides are very important during the installation [78]. 

To avoid poor frequency response measurement, the shaker head has to be always connect to 

the sample with a stinger. The main properties of the stinger are to be rigid in axial direction 

and flexible in the lateral direction [78]. The detailed description of the connection between 

shaker, stinger and force transducer is depicted in Figure 3.11. 

PSV400 laser head scanning measured the velocities of each point. The measured data were 

transferred to a computer using controllers with the velocity decoder through a junction box. 

The PSV software performed data acquisition and evaluated the measured data such as 

eigenvectors. The sets of obtained FRF were saved as a universal file to import in a specially 

designed software (Vibrolaser version VL.Win 3.2.56) for modal analysis. With this software, 

post-processing steps were applied. Curve-fitting was also performed to extract the modal 

parameters. In curve-fitting process, the eigenfrequencies and damping ratio can be estimated.  

 

Figure 3.11. Exploded view of shaker (Modal Exciter), two-part chuck, collet, stinger and force transducer [78] 

The schematic modal test set-up for the damper is shown in Figure 3.12. The main test was 

performed on the complete damper (platform+upper layers, see Figure 3.4) to extract the modal 
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properties of damper in free-free boundary condition. Additional experimental modal analysis 

was performed once for the platform only and once only for the upper layers. These tests were 

conducted to find out the reason for poor results in the first comparison of the experiment and 

the initial FE model.  

 

Figure 3.12.  Experimental equipment and schematic set-up for the rail damper modal analysis 

Moreover, to have a correct and accurate correlation between the FE model and the test, the 

same global coordinate system is required to define. To compare the mode shapes in the model 

and experiments, the same points from the test and the FE model must be found in the same 

coordinate system. Finding the same coordinates of points in the test from the FE model is more 

accurate. Therefore, in more cases, the coordinate of the measured points from the FE model 

were saved as a text format and imported to the PSV software. The coordinates of these points 

were then defined for the laser scanner head to read the velocity of these points on the damper.  
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The first experimental modal analysis was carried out on the damper only. High-quality reflex 

stickers are attached to damper surfaces to facilitate the measurement.  As shown in Figure 

3.13, four red nodes were selected to determine the 3D coordinate system from the FE model 

on the experimental model. After set-up the 3D coordinate system, the selected nodes from the 

FE model for measurement (Figure 3.14) were imported into PSV400 software to set-up the 

accurate coordinate of each measured node.  

 

Figure 3.13. Selected nodes in the FE model to define the 3D coordinate system in the test 

 

 

Figure 3.14. The measured points in the FE model of damper (same on the test sample)  

 In this experimental modal analysis, damper was suspended with two strong but light ropes to 

simulate the boundary conditions almost as ‘free-free’, Figure 3.15 . A single-point excitation 

is then applied, which is provided by a shaker acting on the point located at the back (right 

corner) of the damper. 
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(a) Side-view 

 

(b) front- view 

 

(c) back- view 

Figure 3.15.  Experimental set-up, (a)side-view connection force transmitter to damper (b) rail damper in free-free 

condition, front-view and shaker position, (c) back-view and laser position 

To better understand why the initial FE model did not match with the experiments, the 

experimental modal analysis was performed on damper platform only without the upper layers. 

The aim of this additional test was to separate the influence of rubber layers and bolted joints 

from each other. As previously said, the damper platform consists of a rubber layer bonded to 

the metal part. If the material nonlinearities intrinsic for rubber layer are the reason for 

disagreement between the FE model and the test, the separate investigation of platform response 

will reveal this.  

The test setup for the platform was similar to the first modal test. The boundary condition was 

also free-free (see Figure 3.16).  

 

Figure 3.16.  Modal test, only platform of damper 
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To set the global coordinate system from the FE model in the experiment, the same method was 

applied as shown in Figure 3.17 and Figure 3.18. The measured points in the FE model were 

imported into PSV400 software and used for the laser scanner head to read and record the 

response. 

 

Figure 3.17. Selected nodes in the FE model to define the 3D coordinate system in the test 

 

Figure 3.18. The measured points in the FE model of platform (same on the test sample) 

Another additional test was performed to experimentally study the effect of bolt force. In this 

test, the upper layers of damper, which are bolted together, were tested without platform, as 

illustrated in Figure 3.19. To change the pre-load for this test, the torque was changed in the 

range of 5-30 Nm by the step of 5 Nm.  A complete modal test was performed for each new 

torque. The sample is suspended using two elastic and narrow strings. As it is shown in Figure 
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3.19 (b), one point excitation with shaker was applied. This test was repeated three times for 

two, three and four steel layers. In all cases, between each pair of steel layers, there is a rubber 

layer too. 

 

(a) 

 

(b) 

Figure 3.19. Modal test, only upper layers of damper: (a) the front view and (b) the back view and laser head scanner 

position 

3.3 Results and discussion  

The discrepancies between the measured and calculated eigenfrequencies and MAC values are 

observed as a criterion of comparison. For each case, the MAC values of correlated mode 

shapes and corresponding eigenfrequency errors were compared. 
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3.3.1 Results of the initial FE model of the damper 

The first experimental modal analysis carried out on damper was a single input-multi output 

(SIMO) test. The FRFs in the frequency span of 100-3200Hz obtained from SLV 400, were 

exported as a universal file format (*.UFF) and imported in the Vibrolaser modal software. In 

this software, curve-fitting was performed for the set of FRF to extract the modal parameters. 

The identified peaks and the damping values for each mode were directly obtained from the 

measured FRFs. The measured eigenfrequencies and damping values are observed in Table 3.2. 

These eigenfrequencies and eigenvectors were used as reference data in FE model 

improvement. 

Table 3.2. Experimental modes. Frequency span 100-3200 Hz 

Mode  

number 

Nature  

of Modes 

Eigenfrequency 

(Hz) 

Damping 

(𝜁) 

(%) 

1 1st bending 583.3 2.820 

2 2nd bending 865.7 2.818 

3 1st torsion 1164.6 4.300 

4 3rd bending 1618.3 3.800 

5 4rd bending 2111.2 0.900 

6 5rd bending 2409.8 2.607 

7 2nd torsion 2742.8 0.901 

 

MAC analysis was employed to evaluate the degree of consistency between two eigenvectors. 

The MAC calculation in this thesis was written as a MATLAB script. Eigenvectors of the 

experiment and the FE model were imported in MALAB and MAC matrixes were created. To 

obtain the eigenvectors values from FEM results (ODB file), an extra python script was applied 

to extract these values and create text format (*.mev) as import file in MATLAB. 

In Table 3.3, the modal properties of the initial FE model, relative errors for eigenfrequencies 

and MAC values are compared with the modal properties of the experiment. The MAC analysis 

showed low values and was, therewith, inconclusive regarding the correlation of modes. The 

relative errors for eigenfrequencies range from 8 to 16 percent. The MAC values range from 46 
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to 90 percent. It was shown that only the first, third and fifth bending modes have the MAC 

values over 70 percent and with high percent of relative error for eigenfrequencies. The MAC 

values suggested that the initial FE model of the damper did not produce the real modal 

properties of the experimental model.  The material nonlinearities of rubber layers and the effect 

of bolt force in contact modeling can be two main reasons of these discrepancies. 

Table 3.3. Validation of initial FE model  

Mode  

number 

Nature  

of Modes 

Eigenfrequency 

EXP. (Hz) 

Eigenfrequency 

FEM (Hz) 

Relative Error 

(%) 

MAC  

(%) 

1 1st bending 583.3 506.3 13.2 89.2 

2 2nd bending 865.7 788.8 8.88 65.6 

3 1st torsion 1164.6 1377.7 -18.3 59.3 

4 3rd bending 1618.3 1817.5 -12.31 90.1 

5 4th bending 2111.2 2288.8 -8.41 46.3 

6 5th bending 2409.8 2805 -16.4 77.1 

7 2nd torsion 2742.8 3280.4 -19.6 67.3 

3.3.2 Results of the platform only 

In order to identify the previous problem with the developed FE model, the same exact analysis 

was repeated, whereby only the damper platform (without the upper layers and the bolted joints) 

was investigated. The analytical and experimental modal properties are reported in Table 3.4, 

Figure 3.20 and Figure 3.21. Table 3.4 demonstrates that the frequency correlation is really 

good with the maximum error of 2.4 %. 

Figure 3.20 shows the comparison of frequencies between the FE model and the experiment. 

Moreover, Table 3.4 shows that MAC values are high (above 90%). A plot of MAC matrix is 

presented in Figure 3.21 that illustrates the high MAC values for well-paired modes of 

analytical and experimental mode shapes. There is a high correlation in both the mode shapes 

(MAC values) and the determined frequencies. These results clearly show a very good 

correlation, which implies that the FE model of the damper platform alone is a good numerical 

representative of this part of the whole structure. Therefore, the material nonlinearities of rubber 

cannot be a cause for the disagreement between the test and the FE model.  
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Table 3.4. Eigenfrequencies of experimental test _ Damper Platform and its FE model 

Experiment 

mode Nr. 

FEM 

mode Nr. 

Experimental  

eigenfrequency (Hz) 

FEM   

eigenfrequency (Hz) 

Frequency 

Error (%) 

MAC   

(%) 

1 1 550.4 536.89 2.4 99.59 

2 2 912.2 915.72 0.3 98.91 

3 4 1594.1 1556.6 2.3 99.29 

4 5 2166.2 2187.6 0.9 94 

5 6 2306.6 2255.9 2.1 97.39 

6 7 2558.3 2546.3 0.4 90.85 

 

 

Figure 3.20. Platform only: frequency-comparison for correlated mode shapes 

 

Figure 3.21. Platform only: MAC results 
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3.3.3 The results of the upper-layers test (without platform) 

In each test performed on the upper-layers only, the bolt-force is tuned with the torque meter 

for 6 cycles in the range of 5-30 Nm and the results are shown in Figure 3.22 (a, b, c).  

 

(a)  

 

(b) 

 

(c) 

Figure 3.22. (a) two steel layers, (b) three steel layers and (c) four steel layers 
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There were 4 main mode shapes (N1-N4). In all cases increasing the bolt force as a pre-load 

caused the minor increase in the eigenfrequency for each mode shape. Because after each 

increase, the bolted layers and accordingly eigenfrequency become harder (although in small 

amount). However, in all tests, pre-load increase had a very minor effect on MAC improvement. 

3.3.4 The results of the parametric study of the contact area 

In the damper modeling where the upper layers are tied together over the whole surface (even 

with the bolted-joint effect), the MAC values for the correlated mode shapes were not close to 

unity, and the related error of eigenfrequencies was almost high. Therefore, the contact areas 

between the upper layers in the cone pressure areas around each bolt were parameterized in 

order to improve the model of the damper. This area of each upper layer surface is a circle 

around each bolt (see Figure 3.4 and Figure 3.6). The effect of changing the radius of these 

areas was investigated on damper such as MAC results and eigenfrequencies errors. The radius 

of contact in cone pressure area was changed from 7 mm to maximum 27 mm with the step of 

0.1 mm. To extract the eigenfrequencies and eigenvectors from Abaqus created ODB file, extra 

python script has been written to arrange eigenvectors as a text file (*.mev format). For each 

new radius, the extracted eigenvectors were used to calculate the MAC values with the 

experimental result as the reference. Afterwards, for correlated mode shapes, the relative error 

for respective eigenfrequencies were calculated.  

The maximum radius of 27 mm was selected because the radius over 27 mm resulted in very 

low MAC values and high relative errors of eigenfrequencies.  

The developed python script has been repeating the procedure of modal analysis in Abaqus and 

subsequent MAC analysis exactly 200 times (with the range of radius between 7 mm and 27 

mm, step size 0.1 mm). It would take prohibitively large space to report all the obtained results 

here, so the results are given here for each millimeter of the considered radius values selected 

so as to roughly represent the development of the results for the whole range.   

The correlation of eigenfrequencies and mode shapes after FE model improvement are shown 

in Table 3.5 to Table 3.8. The identified eigenfrequencies from the test and FE model are listed 

in Tables 3. 5 (a), 3. 6 (a), 3. 7 (a) and 3. 8 (a). For each generated FE model based on the new 
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radius of contact area in cone pressure area, the relative error of eigenfrequencies was calculated 

and listed. Tables 3. 5 (b), 3. 6 (b), 3. 7 (b) and 3. 8 (b) also indicate the MAC values for each 

mode shape and show the consistency between test and FE model. 

Table 3.5. Modal parameter of damper, FE models R7-R11: (a) Experimental and numerical eigenfrequencies for different 

radii in the tied zone, and (b) MAC values  
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R 7 

(mm) 

R 7 

(mm) 

R 8 

(mm) 

R 8 

(mm) 

R 9 

(mm) 

R 9 

(mm) 

R 10 

(mm) 

R 10 

(mm) 

R 11 

(mm) 

R 11 

(mm) 

1 1st bending  583.3 494.6 15.21 492.3 15.6 485.9 16.7 511.4 12.33 528.9 9.33 

2 2nd bending  865.7 663.4 23.37 704.6 18.61 759.2 12.3 723.7 16.4 789.8 8.77 

3 1st torsion 1165 1127.1 3.22 1119.1 3.91 1098.7 5.66 1135 2.54 1147.1 1.5 

4 3rd bending  1618 1289.8 20.3 1372.2 15.21 1532 5.33 1505.2 6.99 1462.8 9.61 

5 4th bending  2111 2045.8 3.1 2043.6 3.2 2056.3 2.6 2076.4 1.65 2085.4 1.22 

6 5th bending 2410 2132.7 11.5 2115.8 12.2 2172 9.87 2207.4 8.4 2257.3 6.33 

7 2nd torsion 2743 3138.6 -14.4 3163 -15.3 3158.1 -15.1 3181.6 -16 3134.2 -14.3 
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    R 7  (mm) R 8 (mm) R 9 (mm) R 10 (mm) R 11 (mm) 

1 1st bending  90.2 89.5 88.5 85.3 91.1 

2 2nd bending  85.3 80.6 88.9 88.9 87.6 

3 1st torsion 80.9 78.5 89.1 79.2 80.3 

4 3rd bending  92.1 93 91.3 88.3 88 

5 4th bending  76.2 77.6 75.5 65.8 69.1 

6 5th bending  80.6 85.1 78.9 85.3 78.6 

7 2nd torsion 79.8 78 83.2 86.6 87.1 
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Table 3.6. Modal parameter of damper, FE models R12-R16: (a) Experimental and numerical eigenfrequencies for different 

radii in the tied zone, and (b) MAC values 
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R 12 

(mm) 

R 12 

(mm) 

R 13 

(mm) 

R 13 

(mm) 

R 14 

(mm) 

R 14 

(mm) 

R 15 

(mm) 

R 15 

(mm) 

R 16 

(mm) 

R 16 

(mm) 

1 1st bending  583.3 527 9.66 552.8 5.23 562.2 3.61 564.5 3.22 565.9 2.98 

2 2nd bending  865.7 911.8 -5.33 919.5 -6.22 828 4.36 851.6 1.63 849.5 1.87 

3 1st torsion 1165 1137.5 2.33 1145.4 1.65 1147.1 1.5 1150.3 1.23 1150.4 1.22 

4 3rd bending  1618 1487.1 8.11 1507 6.88 1494.5 7.65 1515.5 6.35 1523.1 5.88 

5 4th bending  2111 2090.3 0.99 2097.7 0.64 2066.4 2.12 2093.3 0.85 2093.5 0.84 

6 5th bending  2410 2217.3 7.99 2198.5 8.77 2277.3 5.5 2337.7 2.99 2315.6 3.91 

7 2nd torsion 2743 3177 -15.8 2948.5 -7.5 2997.3 -9.28 2958.4 -7.86 2971.3 -8.33 
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    R 12 (mm) R 13 (mm) R 14 (mm) R 15 (mm) R 16 (mm) 

1 1st bending  88.3 92 90.3 94.1 95.7 

2 2nd bending  85.9 75.6 88.5 91.4 92 

3 1st torsion 79.9 77.8 85.2 84.3 86.3 

4 3rd bending  87.2 91.2 91.3 93.7 93 

5 4th bending  65.9 70.2 78.3 77 74.6 

6 5th bending  80.1 79.8 88.9 87 90.1 

7 2nd torsion 85.3 79.8 78 88.2 89.1 
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Table 3.7. Modal parameter of damper, FE models R17-R21: (a) Experimental and numerical eigenfrequencies for different 

radii in the tied zone, and (b) MAC values 
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R 19 

(mm) 

R 19 

(mm) 

R 20 

(mm) 

R 20 

(mm) 

R 21 

(mm) 

R 21 

(mm) 

1 1st bending  583.3 566.3 2.91 566.5 2.88 565.2 3.1 560.7 3.88 559.3 4.11 

2 2nd bending  865.7 857.6 0.93 852.3 1.55 874.3 -0.99 878.7 -1.5 882.2 -1.91 

3 1st torsion 1165 1148.9 1.35 1142.5 1.9 1137.8 2.3 1208.9 -3.8 1209.4 -3.85 

4 3rd bending  1618 1545.5 4.5 1547.1 4.4 1524.4 5.8 1526.9 5.65 1707.3 -5.5 

5 4th bending  2111 2099.8 0.54 2099.6 0.55 2088 1.1 2069.4 1.98 2066.9 2.1 

6 5th bending  2410 2364 1.9 2359 2.11 2361.4 2.01 2332.4 3.21 2495.6 -3.56 

7 2nd torsion 2743 2916.7 -6.34 2922.5 -6.55 2986.1 -8.87 2977.3 -8.55 3013.5 -9.87 
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    R 17 (mm) R 18 (mm) R 19 (mm) R 20 (mm) R 21 (mm) 

1 1st bending  98.3 98 98.2 96.5 91.2 

2 2nd bending  92.7 91.2 92.1 90.1 87.4 

3 1st torsion 88.5 84 85.3 81 87.5 

4 3rd bending  96 95.1 88.2 89 84.1 

5 4th bending  89.9 90 81.1 78.9 73.2 

6 5th bending  92.4 92 88.7 85.2 86.2 

7 2nd torsion 89.8 81 79.2 80.1 75.4 
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Table 3.8. Modal parameter of damper, FE models R22-R26: (a) Experimental and numerical eigenfrequencies for different 

radii in the tied zone, and (b) MAC values 
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R 22 

(mm) 

R 22 

(mm) 

R 23 

(mm) 

R 23 

(mm) 

R 24 

(mm) 

R 24 

(mm) 

R 25 

(mm) 

R 25 

(mm) 

R 26 

(mm) 

R 26 

(mm) 

1 1st bending  583.3 543.2 6.88 545.2 6.54 531.3 8.91 511.6 12.3 472.6 18.97 

2 2nd bending  865.7 885.9 -2.33 905.3 -4.57 909.9 -5.11 938.8 -8.44 937.8 -8.33 

3 1st torsion 1165 1207.2 -3.66 1221.5 -4.89 1256.4 -7.88 1259 -8.11 1308.2 -12.3 

4 3rd bending  1618 1715.2 -5.99 1718.8 -6.21 1778.2 -9.88 1476.4 8.77 1765.6 -9.1 

5 4th bending  2111 2050.4 2.88 2036.5 3.54 1987.3 5.87 1979.9 6.22 1967.6 6.8 

6 5th bending  2410 2498 -3.66 2518.2 -4.5 2524.7 -4.77 2100.4 12.84 2779.2 -15.3 

7 2nd torsion 2743 3020.1 -10.1 3153.7 -15 3105.4 -13.2 3239.2 -18.1 3354.2 -22.3 
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    R 22 (mm) R 23 (mm) R 24 (mm) R 25 (mm) R 26 (mm) 

1 1st bending  88.7 85.8 73.8 74 71.3 

2 2nd bending  89.1 86.3 88.6 81.3 78.8 

3 1st torsion 86.9 86 82.1 68.2 65 

4 3rd bending  85.2 82.6 78.3 75.5 70.2 

5 4th bending  74.1 69.2 70.4 63.1 58.8 

6 5th bending  82.1 78.4 79 73.1 74 

7 2nd torsion 70.7 72.5 68.1 58.1 57.4 
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The correlation of eigenfrequencies and mode shapes is also plotted in Figure 3.23 to Figure 

3.26. For each mode shape, five improved MAC values of the FE model are presented. In Figure 

3.23 (a) and Figure 3.23 (b), there is no considerable improvement of the MAC values by 

increasing the radius of contact area in the range of R7-R11 mm and the relative error of the 

eigenfrequency is relatively high for all modes. However, in Figure 3.24 (a) and Figure 3.24 

(b) in the range of R12-R16, the increase of radius causes significant improvement of MAC 

values in most modes and compared to the range of R7-R11 mm, the relative errors of 

eigenfrequency have more decrease, in particular in modes 1-5.   

Figure 3.25 (a) shows that the radius of 17mm (R17) resulted in the best MAC values near to 

unity and the least relative error of eigenfrequency (see Figure 3.25 (b)), almost in all modes. 

In modes of two, three, five and six, the relative error is under two percent. Although, after the 

radii of 17 mm, the MAC values are also higher than the range of the smaller radii, however, 

the MAC values are decreased by increase the radius, particularly, after the radius of R22 mm 

(see Figure 3.26 (a)). Above the radius of R22 mm, the relative errors get significantly higher 

as well (see Figure 3.26 (b)).  

Overall, the inspection of the MAC values and relative error of eigenfrequency reveals that the 

FE models with the small radius (see Figure 3.23 (a)) and the models with large radius (Figure 

3.26 (a)) have the worst MAC values and higher relative error of eigenfrequency.  
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(a) 

 

(b) 

Figure 3.23. MAC  values and relative errors of five improved FE models R7-R11: (a) MAC values, and (b) Relative errors 

of Eigenfrequencies 
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(a) 

 

(b) 

Figure 3.24. MAC  values and relative errors of five improved FE models R12-R16: (a) MAC values, and (b) Relative errors 

of Eigenfrequencies 
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(a) 

 

(b) 

Figure 3.25. MAC  values and relative errors of five improved FE models R17-R21: (a) MAC values, and (b) Relative errors 

of Eigenfrequencies 
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(a) 

 

(b) 

Figure 3.26. MAC  values and relative errors of five improved FE models R22-R26: (a) MAC values, and (b) Relative errors 

of Eigenfrequencies 
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3.4.5 The comparison of the preferred model with the initial model 

Figure 3.27 shows the comparison of the MAC values and the relative error of the 

eigenfrequencies of the preferred FE model (R17.4mm) with those of the initial FE model. The 

improved model shows the best MAC values and small relative errors. MAC values 

dramatically increased for all modes and it is mostly close to unity in particular in modes three 

and five, the MAC value increased from 59.3 and 46.3 percent to 88.5 and 89.9 percent 

respectively (Figure 3.27 (a)). The relative error in all modes also significantly decreased up to 

less than 6.34 percent (see Figure 3.27 (b)).  

 

(a) 

 

(b) 

Figure 3.27. MAC  values and relative errors of the most preferred and the initial FE model : (a) MAC values, and (b) 
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The relative error is less than two percent in modes two, three, five and six, and the best relative 

error was found in modes four and seven; 4.5 and 6.34 percent respectively. 

3.4 Chapter summary 

In this chapter, the FE model of damper was updated and the best configuration for damper was 

proposed. Three experimental modal analysis on three different samples (damper, the platform 

of damper and the upper layers of damper) were performed to improve the FE model.   

The comparison between the initial FE model of the damper and the experimental results has 

shown low values in MAC and high relative errors in eigenfrequencies. However, the model of 

the platform without the upper layers and the bolted connections compared with the experiment 

of the same sample has shown very good consistency with the maximum relative error of 

frequencies only up to 2.4 % and high MAC values above 90%.  

The good results of the platform only has demonstrated that the model improvement of the 

damper should emphasize on the kind of contact modelling between the layers of damper.  

Due to the stiff behaviour of the damper with the tie modelling of contact between the layers 

(the platform and all the layers are tied together over the whole surface for each pair of parts in 

contact) and very high inconsistency between the model and the experiment, it was suggested 

to model the contact around each screw in cone pressure areas.  

For this purpose, the model of the damper is scripted completely in python to investigate a 

parametric study of the contact area between the damper layers (considering the radius of the 

cone pressure area). After this parametric study, optimum model has been selected (the FE 

model with the radius of 17.4 mm of the cylindrical area around each screw) and the results 

have been improved accordingly. The MAC values were improved in almost all paired modes 

and the maximum relative error of frequency is 6.34 percent. 

In summary, due to the linearity of modal analysis and impossibility of implementation of the 

general contact modelling in modal analysis, the proposed model updating here has been 
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considered the effect of contact modelling in modal analysis and improved the results 

significantly. 

 



 

 

 

 

 

 

Chapter 4-Parametric study of the damper to evaluate its 

effects on decay rate 

4.1 introduction 

In this chapter, the different parameters of the damper such as rubber Young’s modulus, rubber 

thickness, damping loss factor, pre-force and steel thickness are studied to assess their effects 

on rail damping because as previously mentioned, the increase of decay rate indicates a  

decrease of noise. In this chapter, a lab-scaled model was used both in the experiment and 

simulation, to improve the efficiency of the damper. The reason to perform lab-scaled test is to 

avoid higher cost and time-consuming track tests. In general, there are two main regular 

procedures: the design of damper and the assessment of the function of damper. 
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The standard procedure for the assessment of dampers, requesting from authorities, and 

performing experiments on the real tracks are time-consuming and expensive. Those tests also 

require a high number of dampers along with installation and security issues, which make the 

individual damper’s improvement more difficult to assess. First, a one-meter rail fitted with 

two dampers were prepared to perform the experimental modal analysis and determine the 

decay rate. The technique of the FE modeling of the rail with the two dampers will be  explained 

in the following. The model was further validated with experiments. Consequently, the 

validated FE model of the damper was used for the parametric study of the effect of damper 

parameters on the decay rate of the rail. 

4.2 Methods 

4.2.1 Lab-scaled sample 

One meter of UIC60 rail has been selected for analytical modeling and experimental tests, 

which is easy to handle. Two tuned rail dampers made by Schrey & Veit company were 

installed on both sides of the rail with four spring clamps in the middle of the rail (see Figure 

4.1). In the fitted tracks, the similar method is used for the installation of the dampers. Each 

pair of dampers on real tracks are installed symmetrically on both sides of the rail exactly in 

the middle of each pair of sleepers, in which the dampers show the maximum effect on the 

reduction of rail vibration amplitude [18]. These four clamps used in this experiment are also 

employed in the real track installation (see Figure 4.2).   

 

Figure 4.1. The one meter UIC60 rail fitted with two dampers in the middle 
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Figure 4.2. Spring clamps used for assembly of the dampers  

4.2.2 FE modeling of the rail fitted with two dampers 

The FE model consisted of two main sub-models. The first sub-model was the improved model 

of the damper from Chapter 3. The second sub-model was the FE model of the one meter rail 

with the rail profile UIC60 as shown in Figure 4.3.  

 

Figure 4.3. The profile of UIC60 rail (mm) 

Geometrical and material properties of the rail are listed in Table 4.1. The most convenient 

elements for rail modeling are beam elements, however, fitting two dampers on  beam elements 

is not useful for this parametric study. Due to the fact that in this study the dampers are required 

to be fitted on the rail, the rail was modeled with 3D solid elements.
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Table 4.1. The geometrical and material properties of the rail 

Parameter Notation Value/Info 

Young’s Modulus [MPa] 𝐸 210 × 103 

Density [t/mm3] 𝜌 7.8 ×  10−9   

Poisson’ Ratio 𝜈 0.28 

Length (m) 𝐿 1 

Mass (kg/m) 𝑀 60.34 

 

In order to have better regular meshes and to avoid tetrahedron mesh, the cross-section of rail 

was manually partitioned as shown in Figure 4.4 (a). A mesh with 3D solid elements of  type 

C3D10 (linear hexahedron) was then mainly applied. However, due to the geometrical 

limitations on the edges, some triangular elements were used. (see in Figure 4.4 (b)). 

  

(a) (b) 

Figure 4.4. Meshed FE model of one-meter rail: (a) the cross-section of the rail, (b) The entire rail with regular mesh 

4.2.2.1 Parametric Finite Element Model 

The most effective parameters of damper such as Young’s modulus, rubber thickness, damping 

loss factor, pre-force, and steel thickness were investigated in a parametric model. A python 

script for the entire model of rail fitted with two dampers with the possibility of changing the 

variables was then prepared, which highly saved the computational cost because in this case, 

there is no GUI and the python script is run in Abaqus command window. In general, for 
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parametric study and the generation of new models, the python script (without GUI) highly 

saves the time and produces only an ODB file for the result. The python script, depending on 

the number of variables and the number of repetitions, was generated automatically for each 

new variable. Abaqus 6.12 solved each new generated python script without GUI and saved the 

Output Data Base files (ODB). To extract the eigenfrequencies and eigenvectors from ODB 

files, other python and Matlab scripts were generated. The developed FE model for the 

parametric study of the effect of rail damper parameter changes on decay rate is plotted in 

Figure 4.5.  

 

Figure 4.5. The FE model of one meter rail fitted with two improved damper  

4.2.3 Experimental set-ups 

Several modal tests were carried out to validate the FE model prior to use of the FE model for 

parametric study of damper parameters on the rail damping. The modal test of fitted rail with 

two dampers was almost similar to the modal test of damper only, however, there were some 

differences in the test sample preparation and adjusting. The boundary conditions for modal 

test were free-free, and to apply them, the rail was suspended with two thin and strong cords. 

Since the piece of rail is heavy, a strong shaker with strong stinger were used to produce 

sufficient single point excitations (see in igure 4. 6 (a)). The stinger was connected sufficiently 

tight to have a good excitation transfer. 
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Note that the series of the points in experiment, which need to be measured were transferred 

from the FE model in the same coordinate system. Two sets of points were used; the first set to 

apply the 3D coordinate system exactly similar to the FE model coordinate system, and the 

second set of points were the series of points for measurement. The transverse velocity of each 

point was measured with the Vibrometer PSV-400 (see igure 4. 6 (b)). For each point, the 

measurement was performed ten times, and the average was calculated. The overview of 

measurement details is tabulated in Table 4.2.  

Table 4.2. Modal test 

Parameter Value/Info 

Vibrometer Polytec PSV-400 

Frequency resolution 1Hz 

Frequency range  100-3200 Hz 

Measured parameter  Transverse Velocity 

Total measured points 128 

 

 

(a) 

 

(b) 

igure 4. 6. Modal test of one meter equipped rail: (a) the position of shaker, (b) the position and adjustment of vibrometer 
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4.2.4 Validation of the FE Model 

The calculated modal properties from the experiment were used to verify the FE model. The 

experimental eigenfrequencies and eigenvectors were employed to calculate the 

eigenfrequency difference (frequency relative error) and mode shapes discrepancy (MAC 

values) to compare with the FE model results.  

4.3 Results and discussion     

In this section, the results of the validated model are presented first. The effect of the influential 

damper parameters obtained from the parametric study is then discussed. Finally, these results 

from the one meter rail are compared with the results of six-meter rail model fitted with twenty 

dampers.  

4.3.1 The results of the validated FE model 

The values of eigenfrequencies, damping ratios for four bending modes and one torsion mode 

from the experimental investigation are tabulated in Table 4.3. 

Table 4.3. Eperimental modes 

Mode  

number 

Nature  

of Modes 

Eigenfrequency 

(Hz) 

Damping 

(𝜁) 

(%) 

1 1st bending 899.1 5.464 

2 2nd bending 1853.4 2.783 

3 3rd bending 2483.8 2.000 

4 1st torsion 2946.3 2.400 

5 4rd bending 3956.8 1.267 

 

As shown in Table 4.4, the first bending mode holds the highest MAC value of 99.12% with 

satisfactorily low relative error. In all mode shapes, the MAC values are over 90 percent, except 

for the third mode shape, which is 82.51% and the fifth mode shape, which is 89.51 % (almost 

90 percent). 
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The frequency relative errors are in the range of 0.4 (for forth bending) to 3.4 (for third 

bending). The correlation of eigenfrequencies and mode shapes, for the FE model validation 

has shown a good agreement between experiment and modeling.  

Table 4.4. The comparison of modal properties to validate the FE model 

Mode  

number 

Nature  

of Modes 

Eigenfrequency 

EXP. (Hz) 

Eigenfrequency 

FEM (Hz) 

Relative Error 

(%) 

MAC  

(%) 

1 1st bending 899.1 891.0 0.9 99.12 

2 2nd bending 1853.4 1821.9 1.7 97.24 

3 3rd bending 2483.8 2568.2 -3.4 82.51 

4 1st torsion 2946.3 2863.8 2.8 93.07 

5 4th bending 3956.8 3972.6 -0.4 89.51 

 

Figure 4.7 presents a plot of MAC matrix for all combinations of mode shapes of both the test 

and the analysis. It clearly shows that for the well-paired mode shapes, the MAC values are 

near unity and the off-diagonal values are close to zero. Figure 4.8 shows the paired 

eigenfrequencies, and the small differences between the paired eigenfrequencies indicate a 

good agreement.  

 

Figure 4.7. Comparison results between the experiment and the FE model: MAC values 



THE RESULTS OF THE VALIDATED FE MODEL                                                                              67 

 

 

Figure 4.8. Comparison results between the experiment and the FE model: eigenfrequencies 

This validated FE model indicating a good correlation with the experiment was further used as 

a base model to perform the parametric study. 

4.3.2 Parametric study 

The main criterion to perform the parametric study is to calculate the rail decay rate first 

proposed by Thompson et al. [79], [9], [80]. The results are calculated in one-third octave 

frequency band to perform an easier comparison. The decay rate in one-third octave frequency 

band can be estimated as the slop of the graph of band-averaged response in dB versus the 

distance along the rail [79]. The decay rate is calculated based on a direct estimate of the 

summed responses expressed by the following equation: 

 
𝐷𝑅 ≈

4.343

∑
|𝐴(𝑥𝑛)|2

 |𝐴(𝑥0)|2 
𝑛𝑚𝑎𝑥
𝑛=0 ∆𝑥𝑛

 
(4.1) 

Where A represents either the transfer mobility or the transfer accelerance and ∆𝑥𝑛 is the 

interval distance between the points located at the half-distance between the measuring 

positions on either side of the excitation points. 
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The measured points for decay rate are initially selected on rail in close spacing to have a 

reliable measurement, and for lower rates, the more distant points are selected. The decay rate 

is calculated for each one-third octave frequency by means of a linear interpolation. 

In this work, for each central one-third octave frequency band up to 3200Hz, the mobility decay 

rates in vertical direction of the rail (see Figure 4.4 (a)) were calculated and the effect of each 

parameter was investigated. The effect of Young’s Modulus of rubber materials, the thickness 

of rubber layers, damping loss factor of rubber materials, pre-force in bolt components, and the 

thickness of the steel layers were evaluated in the parametric study. 

4.3.2.1 The effect of the rubber Young’s Modulus variation on decay rate 

Two types of material were used to produce the damper: steel and rubber. Since four rubber 

layers were assembled in the upper layers and one was vulcanized on the platform, therewith, 

the effect of changing the material property of rubber was considered.  

As performed in Chapter 3, the material nonlinearities of the rubber layers were investigated as 

possible reasons for the discrepancies between the test and simulation. An additional test was 

performed on the platform of the damper without upper layers, which showed that the material 

nonlinearities of the rubber layers are not the reason for these discrepancies. Therefore, in this 

step, Young’s modulus of the rubber was selected as a factor of damper for the parametric 

study, and has been changed within the range of 4-26 MPa. In the frequency range of 100-3200 

Hz, Figure 4.9 shows the change of Young’s Modulus from 4 up to 10 MPa with the step size 

of 1 (MPa), and Figure 4.10 indicates the results for the range of 12-26 MPa with the step size 

of 2 (MPa).  

As shown in Figure 4.9, in the range of up to 7 MPa, the decay rate in most one-third octave 

frequencies is almost increased. The model with 6 MPa shows the best decay rate since in most 

frequencies with the highest value of decay rate. 

As shown in Figure 4.10 in the range of 12-26 MPa, the changes of decay rate by changing the 

Young’s Modulus increase at some points and decreased at the other points. Prior to the 

frequency of 800 Hz, the changes are nearly high for each one-third octave band while after 

this frequency the changes are slightly increased or decreased.  
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Figure 4.9. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different models 

with differenet Young’s modulus, 4-10 MPa 

 

Figure 4.10. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different models 

with differenet Young’s modulus, 12-26 MPa 

Figure 4.11 shows the decay rate versus Young’s Modulus changing from 4 to 26 MPa for each 

one-third octave frequency band. In this figure, the vertical axis shows the change of the decay 
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rate and the horizontal axis shows the change of the Young’s Modulus. From the frequency of 

400 Hz, the model with the Young’s modulus of 6 MPa shows the maximum decay rate. In the 

frequencies of 1000, 1250, 2000 and 3150 Hz, the decay rate up to the modulus of 6 MPa shows 

an ascending pattern, and it is then slightly decreased. In the frequencies of 400, 500, 630 and 

800 Hz, above the Young's modulus of 6 MPa the decay rate is declined considerably.  

In the initial damper model, the usual rubber Young's Modulus 4.5 MPa was used. Since the 

stiffer rubbers have no positive effect on the increase of decay rate, and less stiff rubber is not 

either suitable for assembly (because very soft rubber layers between the steel layers will be 

pressed and deformed after the application of load), the range of 6-7 MPa seems more effective 

for rubber material properties.   

 

Figure 4.11. The comparison of decay rate versus Young’s modulus for each one-third octave frequency 
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4.3.2.2 The effect of the rubber layer thickness variation on decay rate 

There are four rubber layers with 2 mm thickness between steel layers of damper (upper layers). 

Since the damper model is complex with eight different layers assembled on the platform, 

changing the thickness of middle layers as the geometrical factor requires a specific script. In 

the python script of the entire model of the damper, the thickness of the rubber layers can be 

changed automatically as a parameter in the range of interest.  

 

(a) 

 

(b) 

Figure 4.12. Parameter study of rubber thickness of the upper layers of the 

damper: (a) initial model, (b) the new model with the changed thickness for 

all rubber layers 

As depicted in Figure 4.12, the thickness of the four rubber layers of the damper were 

considered similar, and  it changed automatically from 1 up to 20 mm with the step size of 0.5. 
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Since the main goal of this part of the study is to observe the influence of the rubber thickness 

on rail decay rate, the optimization on the thickness of single layer was not considered, instead 

the thickness of all rubber layers changed simultaneously with the same amount (the concept 

of selecting one thickness for all rubber layers is also employed in manufacturing production). 

For each new thickness, a new model was generated by python script, and then solved. The 

obtained FRFs were imported into a Matlab script to calculate the decay rate.  

By increasing the thickness form 1 to 11 mm (Figure 4.13), the decay rate is increased 

approximately linearly. The model with the thickness of 11 mm shows the greatest decay rate 

in most one-third octave frequency band. Furthermore, the change of decay rate in most 

frequencies is almost similar. However, in low frequencies, the increase of decay rate does not 

show a regular pattern.   

In the range of 12-20 mm (see Figure 4.14), the variation of decay rate is not considerable and 

the increase of rubber thickness has a small effect on decay rate. Specially, in higher frequencies 

in one-third octave band, the changes of rubber thickness have also a low effect on decay rate.  

 

Figure 4.13. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different rubber 

thickness, 1-11 mm with step size of 1 
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Figure 4.14. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different rubber 

thickness, 12-20 mm with step size of 1 

In Figure 4.15, the variations of the decay rate versus the thickness are shown for each one-

third octave frequency separately. As shown in this picture, in the range of low frequencies up 

to 500 Hz, there are small changes in decay rate. Above the frequency of 500 Hz, in more 

frequencies, there is a slight increase in the decay rate up to the model with the thickness of 11 

mm continuously, and after the thickness of 11 mm the decay rate changes are zero or very 

small. In frequencies of 800 and 1600 Hz, the increase of decay rate is more significant, while 

the maximum decay rate belongs to the model with the thickness of 11 mm. Although the 

increase of thickness of rubber up to 11 mm shows a significant increase in decay rate, the 

choice of the thickness requires consideration because the increase of the thickness occurs in 

the lateral sides of the rail, and we need to ensure there is no interference with the track 

maintenance operations.  

1.E-01

1.E+00

1.E+01

1.E+02

0 500 1000 1500 2000 2500 3000

D
e
c
a
y
 r

a
te

 (
d
B

/m
)

Frequency (Hz)

12mm 13mm 14mm 15mm 16mm 17mm 18mm 19mm 20mm

https://dictionary.abadis.ir/entofa/c/continuously/


74                                                                            CHAPTER 4. PARAMETRIC STUDY OF THE DAMPER 

 

 
 

 

Figure 4.15. The comparison of decay rate versus rubber thickness for each one-third octave frequency 

4.3.2.3 The effect of the damping loss factor variation on decay rate  

Similar to Young’s modulus and thickness, the damping loss factor is studied in this section to 

observe its changing effects on the decay rate of the rail. With this parametric study, the 

specification for the rubber layers in terms of the damping loss factor can be investigated. Loss 

factor is defined as an input value in the material definition section for the rubber, which 

changed (in the python scripts) in the range of 0.1-1.3 with the step size of 0.05. In Figure 4.16 

the amplitude of changes is smaller in lower frequencies (one-third octave frequencies) 

compared to the higher frequencies (the effect of changing damping loss factor of the rubber 

layers on the decay rate is not large). However, as shown in Figure 4.17 in some frequencies 

such as 630, 800, 1000 and 1600 Hz, the increase of damping loss factor up to 0.45 causes the 

increase of decay rate. After the damping loss factor of 0.45, the increase in this factor has 

almost no effect on the decay rate. The damping loss factor of 0.4-0.45 can be suggested to the 

suppliers to develop the most suitable rubbers in the damper. 
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Figure 4.16. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different model 

with different damping loss factor, 0.1-1.3 

 

Figure 4.17. The comparison of decay rate versus damping loss factor for each one-third octave frequency
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4.3.2.4 The effect of the pre-force variation in the bolts on decay rate 

Bolted connections of this kind of tuned damper are inexpensive and easy to assemble the upper 

layers on the platform. Since there is the possibility of tuning the pre-force in the pretension of 

the bolts. In this section, pre-forces of 0 - 9000 N with a step size of 500 in the four bolts were 

studied as an adjustable parameter to observe the changes in the decay rate. The pre-force in all 

bolts were assumed to be similarly changed.  

The result of this parametric study is plotted in Figure 4.18 up to the pre-load of 3000 N and in 

Figure 4.19 for the pre-load of 3000 up to 9000 N. Although there is no regular pattern in the 

decay rate due to the change of pre-force, an improvement of the decay rate by changing the 

pre-force up to 3000 N was observed. As shown in Figure 4.18 , the model with the pre-force 

of 3000 N presented the most improved decay rate in most frequencies. Figure 4.19 shows more 

irregularity and almost no improvement of decay rate after the pre-force of 3000 N.  

As investigated in chapter 3, the main reason of inconsistency between the computational model 

of the damper and the experiment was the effect of pre-force (in bolts) on the contact modeling. 

This non-linearity has affected the changing of decay rate, and there is no regular improvement 

or even regular changes. In practice, for the pre-force of more than 5000 N, the rubber layers 

of damper sample were pressed and had large deformation after assembly. Due to the soft 

behavior of rubber layers and large deformation after applying large pre-force (more than 5000 

N), the damper become stiffer (as shown in section 3.3.3 with experiments). Furthermore, after 

the pre-force of 3000 N, there is no improvement of the rail decay rate. Therefore, the preferred 

pre-force for this damper was selected to be 3000 N. 

 

 



PARAMETRIC STUDY -THE PRE-FORCE                                                                                          77 

 

 

Figure 4.18. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different model 

with different pre-force (bolt force), 0-3000 N 

 

 

Figure 4.19. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different model 

with different pre-force (bolt force), 3500-9000 N 
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As illustrated in Figure 4.20, in the low frequency range of one-third octave frequency band up 

to 630 Hz, there was no significant improvement of the decay rate. After the frequency of 630 

Hz, in most frequencies (630, 800, 1600 and 2500 Hz), the improvement of decay rate was 

observed by increase of pre-force up to 3000 N. After the pre-force of 3000 N, the decay rate 

decreased. In other higher frequencies (1000, 1250, 2000, and 3150), after the pre-force of 3000 

N, the decay rate is almost constant. Therefore, the pre-force of 3000 N is suggested as the most 

improved decay rate in most frequencies in one-third octave frequency band.  

 

Figure 4.20. The comparison of decay rate versus pre-force for each one-third octave frequency 

4.3.2.5 The effect of the thickness variation of steel layer on decay rate  

As shown in Figure 4.5, there are four steel layers that are assembled as the upper layers on the 

platform. This parametric study investigates the effect of the thickness of steel layers of the 

damper on decay rate. The thickness of the first two bottom steel layers was changed from 1 up 

to 9 mm with the step size of 1. In fact, changing of the thickness of all steel layers was an 

option, however, the selection of two bottom layers was the best possibility of assembly, 

therefore the effect of changing the steel layer thickness can be assessed using only two bottom 
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steel layers. For each step, similar to the parametric study performed for the rubber layers, the 

thickness of steel layers were changed (see Figure 4.21)  in the python script and solved by 

Abaqus 6.12. As shown in Figure 4.22, there is a regular increase in decay rate in most higher 

frequencies, in particular, after the frequency of 500 Hz. 

 

(a) 

 

(b) 

Figure 4.21. Parameter study of steel thickness of upper layers of damper: (a) initial model, (b) the 

new model with new thickness for first two steel layers 
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Figure 4.22. The calculated decay rate in the range of 100-3200 Hz (one-third octave frequency band) for different thickness 

(added thickness) of the steel layers , 1- 9 mm 

As illustrated in Figure 4.23, in lower frequencies up to 500 Hz, the changes of the decay rate 

is almost constant. After this frequency, there is a significant increase in the decay rate in the 

frequencies of 630, 800, 1600 and 2500 Hz and a slight increase of decay rate for the 

frequencies of 1000, 1250, 2000 and 3150 Hz . Overall, the decay rate is improved as the steel 

layers’ thickness is increased. However, the practical limit of the steel thickness in damper (in 

the lateral sides of the rail) needs to be considered. 
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Figure 4.23.  The comparison of decay rate versus steel thickness for each one-third octave frequency 

4.3.3 Comparison of the preferred damper parameters obtained from the parametric 

study 

In these parametric studies, the effect of five different damper parameters on the decay rate was 

investigated. For each parameter, a reasonable range of changes was suggested. Now in one-

third octave frequency band, five models were developed to be compared with the initial model. 

These five new FE models were generated where in each of them, one of the preferred 

parameters has been selected, i.e. in the first model the most preferred Young’s modulus has 

been used whereas the other parameters were kept as the initial values and so forth.  

Figure 4.24 shows the sensitivity of decay rate (as a relative increase in percent) to each 

parameter (Young’ modulus, rubber thickness, damping loss factor, pre-force in bolts and steel 

thickness) in the frequency range of 100-3200 Hz. It is clear that the considerable increase in 

the parameters mostly happens after the frequency of 630 Hz, which improved the decay rate 

for all preferred damper parameters. 
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In the lower frequencies, the increase of the parameter in most cases is not significant. The 

frequency range of 630-2000 Hz observed in improvement of the rail decay rate has almost 

related to the interested frequency range of the rail acoustics. 

 

Figure 4.24. The relative increase of decay rate of one-meter rail for each parameter of the damper compared to the initial 

model in one-third octave frequency band 

Table 4.5 summarizes the values of the relative increase for all studied damper parameters. In 

some cases, up to the frequency of 630 Hz, there is a decrease of the decay rate (negative values) 

while, after this frequency, almost most cases have shown considerable improvement and 

higher values of the relative increase. 
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Table 4.5. The values of the relative increase of the decay rate for one-meter rail  

 Relative increase % 

One-third octave 

frequency band 

Young’s 

Modulus 

Rubber 

thickness 
Loss factor Pre-force 

Steel 

thickness 

100 12.80 17.80 -1.10 -12.53 -1.58 

125 11.65 22.50 -2.90 -12.87 -0.55 

160 9.57 2.02 0.38 -12.21 3.45 

200 4.06 11.85 2.34 0.57 2.21 

250 1.59 6.80 -5.71 -3.83 -2.52 

315 2.71 6.20 -9.29 2.24 8.62 

400 9.37 23.48 3.10 -0.06 1.88 

500 3.54 17.80 -5.24 -3.49 4.02 

630 35.20 38.40 36.99 31.49 19.85 

800 7.35 31.50 15.95 13.47 14.90 

1000 5.77 15.09 19.50 7.28 12.50 

1250 5.79 20.10 22.85 2.30 6.80 

1600 33.20 44.30 21.66 31.42 35.80 

2000 12.29 15.34 8.85 5.17 5.50 

2500 17.84 14.00 4.91 16.41 25.20 

3150 4.60 18.99 2.29 7.34 3.02 

 

Since the improvement was mostly observed in higher frequencies, Figure 4.25 specifically 

shows the relative increase of all preferred parameters for each frequency (630-3150 Hz). In 

the frequencies of 630 and 1600 Hz, a considerable increase for all preferred parameters was 

observed. The highest relative increase belongs to the model with the preferred rubber 

thickness. The increase of rubber thickness improves the decay rate in all frequencies except 

the frequencies of 1000 and 1250 Hz. The effect of pre-force shows the lowest relative increase 

of the decay rate in most frequencies except for the frequency of 2500 Hz. Nevertheless, at the 

frequency of 2500 Hz, the pre-force does not have the highest effect.  
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Figure 4.25. The comparison of the relative increase of the decay rate of five studied damper parameters in each higher 

frequency (630, 800, 1000, 1250, 1600, 2000, 2500 and 3150 Hz), one-meter rail 

Although the increase of the steel layer thickness showed to have an  improvement in the decay 

rate, Figure 4.25 illustrates the significant effect in the model improvement only for the 

frequency of 1600 Hz. 

The model with the preferred damping loss factor of rubber layers showed more improvement 

of the relative increase in the frequencies of 630, 800, 1000 and 1250 Hz compared to the model 

with the preferred Young’s modulus. However, after the frequency of 1250 Hz, the model with 

the preferred Young’s modulus caused higher relative increase of decay rate compared to the 

model with the preferred damping loss factor. 

Furthermore, a FE model of one-meter rail fitted with two dampers using all preferred 

parameters of damper was created. From this investigation, the preferred parameters (shown in 

Table 4.6) would be suggested as the best combination for the damper configuration.  

Table 4.6. The suggested parameters in the best damper configuration 

Parameter Value/Info 

Rubber/Young’s Modulus [MPa] 7 

Rubber thickness [mm] 10 

Loss factor/Rubber 0.45 

Pre-force (N) 3000 

Added Steel thickness (mm) 3 
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Figure 4.26 compares the decay rate of the initial model and the model with all preferred 

parameters. As shown in this figure, in the range of the lower frequencies up to 500 Hz, there 

is no significant increase of the decay rate (even in some cases a decrease was observed), 

however, after this frequency, the decay rate is risen (also shown in Figure 4.27).  

Figure 4.27 shows that the highest values of the relative increase happens in the frequencies of 

1600 Hz and 630 Hz, respectively. There is also a good improvement for the frequencies of 800 

and 2500 Hz. These improvements are important for the purpose of the acoustic range of the 

damper.  

 

Figure 4.26. Decay rate for the initial model and the final model made with all five preferred parameters of damper, one-

meter rail 

 

Figure 4.27. The relative increase of the decay rate between initial model and the final model made with all five preferred 

parameters of damper, one-meter rail

1.E-01

1.E+00

1.E+01

1.E+02

0 500 1000 1500 2000 2500 3000

D
e
c
a
y
 r

a
te

 (
d
B

/m
)

Frequency (Hz)

Initial model Model with all preferred parameters

-20

0

20

40

60

80

100

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150

R
el

at
iv

e 
in

cr
ea

se
 (

%
)

Ferquency (Hz)



86                                                                            CHAPTER 4. PARAMETRIC STUDY OF THE DAMPER 

 

 
 

4.3.4 The comparison of the one-meter rail with the six-meter standard rail 

In this section, the decay rate was calculated for a six-meter UIC60 rail (in free-free boundary 

conditions) fitted with twenty dampers to compare the effect of the damper parameters with the 

one-meter rail fitted with two dampers. 

Six-meter rail method (laboratory method) is usually used to assess and estimate the 

performance of rail dampers [81], [82]. In this method, 20 dampers are attached center-to-center 

spacing representative of the intended track installation (see Figure 4.28). The rail should be 

located on the soft pads at either end. Transfer FRF will be measured and used to calculate the 

decay rate of the rail based on the method which is described in EN15461:2008 [37], [21]. 

 

Figure 4.28. The schematic of damper installation over the six-meter rail with the space of 0.6 m [82] 

To generate the FE model, the dampers were assembled on both sides of the rail at 0.6 m interval 

distances. The decay rate of the equipped rail with dampers in free-free boundary conditions  is 

calculated from the FRFs obtained at the interval points on the rail [21].  

To compare the decay rate of one-meter rail with the six-meter rail, similar damper model and 

similar method of “Steady-state dynamics direct” were applied in the model of six-meter rail. 

In this FE model, twenty dampers are attached symmetrically over the whole length of the rail 

(see Figure 4.29).  
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Figure 4.29. FE model of six-meter rail equipped with twenty dampers 

The first model of the six-meter fitted rail was created with the initial model of damper. The 

decay rate of six-meter fitted rail for the one-third octave frequency band in the range of 100-

3200 Hz, is plotted in Figure 4.30. 

 

Figure 4.30. Decay rate of six-meter rail equipped with twenty dampers 

To be able to compare the results of one-meter rail with the six-meter model, five extra models 

of the six-meter fitted rail were developed with the preferred parameters of damper obtained 
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six-meter fitted rail (with initial dampers’ parameters) and the model of six-meter rail (equipped 

with the five preferred dampers’ parameters) in one-third octave frequency band. Each 

preferred model presents one model using the preferred damper parameters such as Young’s 

modulus, rubber thickness, damping loss factor, pre-force and steel thickness. The growth of 

the relative increase began from the frequency of 500 Hz for most parameters and then the 

considerable increases were observed in the higher frequencies.  

 

Figure 4.31. Relative increase of decay rate of six-meter rail for each parameter of damper compare to the initial model in 

one-third octave frequency band 

The details of the relative increase for each damper parameter in each one-third frequency in 

the model of six-meter rail are tabulated in Table 4.7. Up to the frequency 500 Hz, there is no 

considerable increase and for some parameters (specially for damping loss factor, pre-force and 

steel thickness) there are negative values. After this frequency there is no negative effect and 

the values of the relative increase get significantly higher.    
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Table 4.7. The values of the relative increase, six-meter rail 

 Relative increase % 

One-third octave 

frequency band 

Young’s 

Modulus 

Rubber 

thickness 
Loss factor Pre-force 

Steel 

thickness 

100 5.80 25.40 -3.10 2.40 -4.50 

125 11.20 14.40 1.10 -3.00 -1.90 

160 4.10 6.00 -1.80 1.70 5.60 

200 7.80 2.50 4.10 1.20 -0.40 

250 -1.60 4.40 -9.30 -1.00 -2.20 

315 5.10 4.60 -6.70 3.60 1.20 

400 12.80 17.20 6.30 -1.20 6.70 

500 20.70 19.70 14.80 3.80 15.50 

630 33.30 48.50 31.50 34.90 36.90 

800 38.50 58.50 34.60 33.20 36.60 

1000 14.00 19.40 15.90 8.30 15.20 

1250 23.70 16.70 25.50 8.90 11.20 

1600 17.90 32.00 25.50 8.80 35.00 

2000 10.70 26.00 6.90 16.60 11.40 

2500 16.30 19.40 15.60 14.30 18.30 

3150 11.60 13.30 10.50 9.10 10.30 

 

In Figure 4.32, the relative increases are compared for each last 8 one-third octave frequencies 

(high frequencies). Except for the frequency of 1250 Hz, the model with the preferred rubber 

thickness has the highest value of relative increase in all frequencies. Furthermore, the model 

with the preferred pre-force has the lowest value of relative increase in all frequencies with 

except for the frequency of 2000 Hz. Steel thickness showed a higher effect in the frequencies 

of 630, 1600 and 2500 Hz than Young’s modulus, damping loss factor, and pre-force. Young’s 

modulus indicated the higher value of relative increase than damping loss factor in the 

frequencies of 630, 800, 2000, 2500 and 3150 Hz, while the effect of damping loss factor on 

the relative increase is more than the effect of Young’s modulus in the frequencies of 1000, 

1250 and 1600 Hz. 
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Figure 4.32. The comparison of relative increase of the decay rate of five studied damper parameters in each higher 

frequency (630, 800, 1000, 1250, 1600, 2000, 2500 and 3150 Hz), six-meter rail 

Similar to the one-meter rail model, a model of six-meter rail with the all preferred parameters 

of damper (listed in Table 4.6) is created to compare the combination of the best damper 

configuration with the initial model of six-meter rail. As shown in Figure 4.33 and Figure 4.34, 

there is more increase in the decay rate in most frequencies compared to the one meter rail and 

in the frequency of 1600 Hz, decay rate has the most increase. 

 

Figure 4.33. Decay rate for the initial model and the final model made with all five preferred parameters of damper, six-

meter rail 
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Figure 4.34. Relative increase of the decay rate between the initial model and the final model made with all five preferred 

parameters of damper, six-meter rail 

To more accurately compare, Figure 4.35 presents a comparable view of the relative increase 

of damper parameters between one-meter and six-meter rail (for each parameter). For the better 

comparison, the results of the six-meter rail are plotted as white bars behind the colored bars of 

the one-meter rail. In this figure, the parameter with the maximum effect and the parameter 

with the minimum effect for both samples are obviously shown.  The difference of magnitudes 

for some parameters in some frequencies is almost remained (e.g. the comparison of damping 

loss factor, pre-force and steel thickness in the frequency of 800 Hz). 

 

Figure 4.35. The comparison of relative increase of the decay rate of five studied damper parameters in each higher 

frequency (630, 800, 1000, 1250, 1600, 2000, 2500 and 3150 Hz), one-meter rail (colored) with six-meter rail (white) 
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In the frequency range 630-3150 Hz, due to the highest and lowest values of relative increase 

belongs to the rubber thickness and pre-force respectively, shows a good agreement between 

the model of one-meter rail equipped with two dampers and the model of six-meter rail 

equipped with twenty dampers.  

4.4 Chapter summary  

In this chapter, to introduce a simpler and more efficient method for design and assessment of 

damper’s performance,  a FE model of a new lab-scaled model was proposed and accordingly 

validated. To find out the best configuration for damper design, a parametric study was 

conducted. The model of one-meter rail with two dampers was validated with experimental 

modal analysis and the results have shown a good agreement between the FE model and the 

test. In continue, this validated model is used for parametric study considering five important 

parameters of damper (Young’s modulus, rubber thickness, damping loss factor, pre-force, and 

steel thickness).  

It was shown that the increase of rubber thickness has the most effect on the decay rate of the 

rail while, the changes of pre-force have the lowest effect on the decay rate. A new model with 

taking into account of all preferred parameters was generated and compared with the initial 

model. The results showed a considerable improvement of the decay rate in most frequencies. 

In frequencies of 630 Hz and 1600 Hz the most relative increase of decay rate was observed.  

To validate the results of the preferred parameters of damper with one-meter model with two 

dampers, the same procedure was applied on the model of six-meter rail with twenty dampers 

(as a standard model). The results have shown that at least in a number of parameters, there are 

similar effect on the decay rate of the six-meter rail model. In general, the proposed model of 

one-meter rail with two dampers can be a faster and more convenient method to study and 

improve the damper’s performance. 



 

 

 

 

 

 

Chapter 5-Conclusion and Outlook 

5.1 Conclusion 
Rail vibration reduction is one the main solutions to reduce the rolling noise. Installation of rail 

dampers as absorbers on the rail has become the most common means in the last two decades 

to reduce the track noise. Commonly, to assess the function of dampers and improve their 

performance, field tests are conducted. These experiments include the measurement of the noise 

emission from the track or the measurement of the decay rate of the rail. Both measurements 

are very expensive and time-consuming procedures. Since, redesign and optimization of 

dampers using the field test are inconvenient or very difficult to carry out, in this thesis a new 

lab-scaled model consisting of one meter rail with two dampers (for both experiment and 

modeling) is proposed. 
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First, simulation and model updating of the damper only was presented. The damper made by 

Schrey & Veit company is a composite model consist of eight bolted steel and rubber layers. 

Multiple layers with bolted joints can cause weak result in the FE model compared to 

experiment. However, in this part of the study, parameterization of the clamped area around the 

screws opened possibilities for a significant improvement of the FE result. A pre-test performed 

to assess the importance of friction between the layers have shown that friction can be 

neglected. Three experimental modal analysis performed on the damper, the platform only and 

the upper layers of damper were used as a reference in the model updating to find the best 

configuration for damper components in the modeling. The comparison between the initial 

prepared FE model and the experimental results showed clearly that the FE model was deficient. 

It is investigated that the assumption of the upper layers of damper (four steel layers and four 

rubber layers) tied over the entire surface together is not reasonable. On the other hand, direct 

implementation of bolt’s effect and contact modeling in the modal analysis as a linear type of 

analysis in not feasible. Therefore, the parametric study is focused on the effect of bolted joints 

and cone pressure area around each bolt. In the developed FE model, the radius of the effective 

area of bolted connections (in cone pressure area) was found to be 17.4 mm, which showed the 

best agreement with the experimental results. Both the MAC values (improved in almost all 

paired modes) and the eigenfrequencies (maximum relative error of frequency is 6.34 percent) 

improved significantly. 

In the next part of the thesis, a new validated tool for the rail damper assessment was proposed 

to overcome the problems of real track tests which are difficult and inconvenient for redesign 

and improvement of dampers. Therefore, a new lab-scaled sample consisting of one-meter rail 

with two dampers were prepared, and the experimental modal analysis was performed. The 

comparison between the FE model and the experimental modal analysis showed a good 

agreement for both MAC values and frequencies. This validated model was then used as a basis 

in the sensitivity study of the damper’s parameters. Five damper’s parameter such as Young’s 

modulus, rubber thickness, damping loss factor, pre-force, and steel thickness were selected to 

study the effects of each parameter on the rail decay rate. It was shown that the increase of 

rubber thickness has the maximum effect on the rail decay rate while, the changes of pre-force 

have the minimum effect on the decay rate (above the frequency of 630 Hz). It was shown that 

the best combination of the damper’s parameters includes the rubber Young’ modulus of 7 
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MPa, rubber thickness of 10 mm, loss factor of 0.45, pre-force of 3000 N, and added steel 

thickness of 3 mm. The comparison between this final generated model and initial model shows 

high improvement of the decay rate (more than 70% of the relative increase of the decay rate) 

in frequencies of 630 and 1600 Hz and acceptable improvement (more than 30% of the relative 

increase of the decay rate) in frequencies of 800 and 2500 Hz. The preferred parameters of 

damper in the one-meter rail model was then validated with a standard model of six-meter rail 

fitted with twenty dampers. Two models of the six-meter rail were generated: with the initial 

model of dampers and with the preferred model of dampers. The results of the preferred six-

meter model were improved significantly compared to the initial six-meter model in all 

frequencies above 500 Hz. Furthermore, the comparison between the effect of preferred 

parameters on one-meter model and six-meter model in a number of parameters indicated 

similar results. Young’s modulus and pre-force showed a similar effect. There is also 

improvement in the other compared parameters in both models as well.  

In summary, concerning the difficulties of the assessment, design and improvement of the 

performance of damper in the common methods, this one-meter rail with two dampers was 

proposed for the first time as a new tool with a greatly simpler model. This model, at least in 

some parameters showed the similar results in comparison with the common models, and could 

be considerably helpful and more efficient in the design improvement of the damper or in 

optimization process.  

5.2 Outlook 

With respect to the promising results obtained from the new lab-scaled model presented in this 

thesis to assess and improve the function of  the dampers, the following aspects are suggested 

for further study: 

 Dampers without bolted joints, which are easier for simulations can be modelled and 

validated by the test with the new lab-scalded model. The comparison with the damper 

model with bolted joints (the sample in this thesis) is interesting.  

 In this thesis, modeling, model updating and sensitivity analysis of most important 

damper’s parameters were conducted. However, optimization processes to find the 

exact combinations of the studied parameters is required as an important further work.
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 Previous experimental results, showed that the attachment mechanism of the dampers 

on the rail can improve the decay rate. Therefore, modeling and optimizing of the 

clamping or attachment of the damper can be performed to study its effect on the decay 

rate.  

  Since the changes of temperature can affect the rubber stiffness, temperature analysis 

is proposed as an extra work in this area. 
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Function of MAC calculation (Matlab): 

function [MSCC] = mac(V1,V2) 

% to compute the MAC(Modal Assurance Criterion) 

 c1 = size(V1,2); 

 c2 = size(V2,2);  

% 

MSCC = zeros(c1,c2); 

for i=1:c1 

    V1_i = V1(:,i); 

    for j=1:c2 

        V2_j = V2(:,j); 

        %  

        TMP1 = (abs(V1_i'*V2_j))^2; 

        % 

        TMP2 = (V1_i'* V1_i)*(V2_j'*V2_j); 

        % 

        MSCC(i,j) = TMP1/TMP2; 

    end 

        

end 
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Function of decay rate calculation (Matlab): 

 

load('FRFs.mat'); 

 

DR_1 = zeros(16,20); %allocation of memory 

  

for k=1:1:20; 

    frq=FRFs{1,1}(:,1); 

    FRF=FRFs{k,1}(:,2:29); 

     %one third octave band frequencies: 

 

    frq_Octave = [ 100 125 160, 200 250 315, 400 500 630, 800 1000 1250, 

...  

        1600 2000 2500, 3150];  

  

    for j=1:1:28; 

     FRF_Octave(:,j)=interp1(frq,abs(FRF(:,j)),frq_Octave,'spline'); 

    End 

    % x: internal distances (m): 

 

    x=[0.0023 0.0046  0.0046 0.0046 0.0046 0.0046 0.0046 0.0046 0.0046 

0.0046... 

         0.0069 0.0092 0.0092 0.01385 0.0185 0.0185 0.0185 0.02775 0.037... 

        0.0555 0.074 0.074 0.0925 0.111 0.111 0.111 0.111 0.111]'; 

     % DR(Decay Rate)calculation (Standard: DIN EN 15461): 

 

    for i =1:28 

        DR_1(:,k) = DR_1(:,k) + 

x(i)*FRF_Octave(:,i).^2./FRF_Octave(:,1).^2; 

    end 

            

end 

  

    DR = 4.343./DR_1; 
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Function of lab-scaled model (python script): 

The python function of the lab-scaled model of one-meter rail fitted with two dampers performs 

the parametric investigation of damper parameters (in this function the thickness of rubber 

layers), without GUI in Abaqus and saves the results as an ODB file and regenerate the script 

for each new parameter: 

 
def myfunction(INPUT_PARAMETERS,JOBNAME='__'): 
## INPUT_PARAMETERS will define the thickness of rubber layers 
 
 from part import * 
 from material import * 
 from section import * 
 from assembly import * 
 from step import * 
 from interaction import * 
 from load import * 
 from mesh import * 
 from optimization import * 
 from job import * 
 from sketch import * 
 from visualization import * 
 from connectorBehavior import * 
  
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/RailOnly_With_Grid_Seed.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].PartFromGeometryFile(combine=False, dimensionality= 
  THREE_D, geometryFile=mdb.acis, name='RailOnly', type=DEFORMABLE_BODY) 
 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Platform+thinRubber.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].PartFromGeometryFile(combine=False, dimensionality= 
  THREE_D, geometryFile=mdb.acis, name='Platform+thinRubber', type= 
  DEFORMABLE_BODY) 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_RubberPlate_NO1.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_RubberPlate_NO1') 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_RubberPlate_NO2.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_RubberPlate_NO2') 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_RubberPlate_NO3.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_RubberPlate_NO3') 
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 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_RubberPlate_NO4.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_RubberPlate_NO4') 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_SteelPlate_NO1.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_SteelPlate_NO1') 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_SteelPlate_NO2.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_SteelPlate_NO2') 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_SteelPlate_NO3.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_SteelPlate_NO3') 
 mdb.openAcis( 
  'C:/ABAQUS-RESULTS/Sketch_SteelPlate_NO4.sat' 
  , scaleFromFile=OFF) 
 mdb.models['Model-1'].ConstrainedSketchFromGeometryFile(geometryFile=mdb.acis,  
  name='Sketch_SteelPlate_NO4') 
 
 ### define bottom up mesh on rail 
 mdb.models['Model-1'].parts['RailOnly'].setMeshControls(regions= 
  mdb.models['Model-1'].parts['RailOnly'].cells.getSequenceFromMask(('[#1 ]',  
  ), ), technique=BOTTOM_UP) 
 mdb.models['Model-1'].parts['RailOnly'].setElementType(elemTypes=(ElemType( 
  elemCode=C3D8R, elemLibrary=STANDARD, secondOrderAccuracy=OFF,  
  kinematicSplit=AVERAGE_STRAIN, hourglassControl=DEFAULT,  
  distortionControl=DEFAULT), ElemType(elemCode=C3D6, elemLibrary=STANDARD),  
  ElemType(elemCode=C3D4, elemLibrary=STANDARD)), regions=( 
  mdb.models['Model-1'].parts['RailOnly'].cells.getSequenceFromMask(('[#1 ]',  
  ), ), )) 
 mdb.meshEditOptions.setValues(enableUndo=True, maxUndoCacheElements=0.5) 
 mdb.models['Model-1'].parts['RailOnly'].generateBottomUpSweptMesh(cell= 
  mdb.models['Model-1'].parts['RailOnly'].cells[0], geometryConnectingSides= 
  Region( 
  faces=mdb.models['Model-1'].parts['RailOnly'].faces.getSequenceFromMask( 
  mask=('[#0:5 #40000 ]', ), )), geometrySourceSide=Region( 
  faces=mdb.models['Model-1'].parts['RailOnly'].faces.getSequenceFromMask( 
  mask=('[#0 #e0000000 #ffffffff #83ffffff #ffc00000 #fff ]', ), ))) 
 
 ### create steel and rubber plates by sketches 
 mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 
 mdb.models['Model-1'].sketches['__profile__'].sketchOptions.setValues( 
  gridOrigin=(0.0, 0.0)) 
 mdb.models['Model-1'].sketches['__profile__'].retrieveSketch(sketch= 
  mdb.models['Model-1'].sketches['Sketch_SteelPlate_NO4']) 
 mdb.models['Model-1'].Part(dimensionality=THREE_D, name='SteelPlate', type= 
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  DEFORMABLE_BODY) 
 mdb.models['Model-1'].parts['SteelPlate'].BaseSolidExtrude(depth=15.0, sketch= 
  mdb.models['Model-1'].sketches['__profile__']) 
 mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 
 mdb.models['Model-1'].sketches['__profile__'].sketchOptions.setValues( 
  gridOrigin=(0.0, 0.0)) 
 mdb.models['Model-1'].sketches['__profile__'].retrieveSketch(sketch= 
  mdb.models['Model-1'].sketches['Sketch_RubberPlate_NO4']) 
 mdb.models['Model-1'].Part(dimensionality=THREE_D, name='RubberPlate', type= 
  DEFORMABLE_BODY) 
 mdb.models['Model-1'].parts['RubberPlate'].BaseSolidExtrude(depth=INPUT_PARAMETERS, sketch= 
  mdb.models['Model-1'].sketches['__profile__']) 
 
 ### define mesh type and mesh Platform 
 mdb.models['Model-1'].parts['Platform+thinRubber'].setElementType(elemTypes=( 
  ElemType(elemCode=C3D20H, elemLibrary=STANDARD), ElemType(elemCode=C3D15,  
  elemLibrary=STANDARD), ElemType(elemCode=C3D10, elemLibrary=STANDARD)),  
  regions=( 
  mdb.models['Model-1'].parts['Platform+thinRubber'].cells.getSequenceFromMask( 
  ('[#2424c343 #cc02e132 #81990932 #f00cc891 #8c8 ]', ), ), )) 
 mdb.models['Model-1'].parts['Platform+thinRubber'].setElementType(elemTypes=( 
  ElemType(elemCode=C3D8R, elemLibrary=STANDARD, secondOrderAccuracy=OFF,  
  kinematicSplit=AVERAGE_STRAIN, hourglassControl=DEFAULT,  
  distortionControl=DEFAULT), ElemType(elemCode=C3D6, elemLibrary=STANDARD),  
  ElemType(elemCode=C3D4, elemLibrary=STANDARD)), regions=( 
  mdb.models['Model-1'].parts['Platform+thinRubber'].cells.getSequenceFromMask( 
  ('[#dbdb3cbc #33fd1ecd #7e66f6cd #ff3376e #737 ]', ), ), )) 
 mdb.models['Model-1'].parts['Platform+thinRubber'].generateMesh() 
 
 ### define mesh type for Rubber plate  
 mdb.models['Model-1'].parts['RubberPlate'].setElementType(elemTypes=(ElemType( 
  elemCode=C3D20H, elemLibrary=STANDARD), ElemType(elemCode=C3D15,  
  elemLibrary=STANDARD), ElemType(elemCode=C3D10, elemLibrary=STANDARD)),  
  regions=( 
  mdb.models['Model-1'].parts['RubberPlate'].cells.getSequenceFromMask(( 
  '[#3ffffff ]', ), ), ))  
 
 ### define Materials  
 mdb.models['Model-1'].Material(name='Material-1-Steel-NoDamping') 
 mdb.models['Model-1'].materials['Material-1-Steel-NoDamping'].Density(table=(( 
  7.8e-09, ), )) 
 mdb.models['Model-1'].materials['Material-1-Steel-NoDamping'].Elastic(table=(( 
  210000.0, 0.3), )) 
 mdb.models['Model-1'].Material(name='Material-2-Rubber-NoDamping') 
 mdb.models['Model-1'].materials['Material-2-Rubber-NoDamping'].Density(table=(( 
  1.2e-09, ), )) 
 mdb.models['Model-1'].materials['Material-2-Rubber-NoDamping'].Elastic(table=(( 
  7.0, 0.46), )) 
 mdb.models['Model-1'].Material(name='Material-3-Steel-WithDamping') 
 mdb.models['Model-1'].materials['Material-3-Steel-WithDamping'].Density(table=( 
  (7.8e-09, ), )) 
 mdb.models['Model-1'].materials['Material-3-Steel-WithDamping'].Elastic(table=( 
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  (210000.0, 0.3), )) 
 mdb.models['Model-1'].materials['Material-3-Steel-WithDamping'].Damping( 
  structural=0.05) 
 mdb.models['Model-1'].Material(name='Material-4-Rubber-WithDamping') 
 mdb.models['Model-1'].materials['Material-4-Rubber-WithDamping'].Density(table= 
  ((1.2e-09, ), )) 
 mdb.models['Model-1'].materials['Material-4-Rubber-WithDamping'].Elastic(table= 
  ((7.0, 0.46), )) 
 mdb.models['Model-1'].materials['Material-4-Rubber-WithDamping'].Damping( 
  structural=0.05) 
 
 ### define material section 
 mdb.models['Model-1'].HomogeneousSolidSection(material= 
  'Material-1-Steel-NoDamping', name='Section-1-Steel', thickness=None) 
 mdb.models['Model-1'].HomogeneousSolidSection(material= 
  'Material-2-Rubber-NoDamping', name='Section-2-Rubber', thickness=None) 
 
 ### assign material section 
 mdb.models['Model-1'].parts['RailOnly'].Set(cells= 
  mdb.models['Model-1'].parts['RailOnly'].cells.getSequenceFromMask(('[#1 ]',  
  ), ), name='Set-8') 
 mdb.models['Model-1'].parts['RailOnly'].SectionAssignment(offset=0.0,  
  offsetField='', offsetType=MIDDLE_SURFACE, region= 
  mdb.models['Model-1'].parts['RailOnly'].sets['Set-8'], sectionName= 
  'Section-1-Steel', thicknessAssignment=FROM_SECTION) 
 mdb.models['Model-1'].parts['Platform+thinRubber'].Set(cells= 
  mdb.models['Model-1'].parts['Platform+thinRubber'].cells.getSequenceFromMask( 
  ('[#dbdb3cbc #33fd1ecd #7e66f6cd #ff3376e #737 ]', ), ), name='Set-5') 
 mdb.models['Model-1'].parts['Platform+thinRubber'].SectionAssignment(offset=0.0 
  , offsetField='', offsetType=MIDDLE_SURFACE, region= 
  mdb.models['Model-1'].parts['Platform+thinRubber'].sets['Set-5'],  
  sectionName='Section-1-Steel', thicknessAssignment=FROM_SECTION) 
 mdb.models['Model-1'].parts['Platform+thinRubber'].Set(cells= 
  mdb.models['Model-1'].parts['Platform+thinRubber'].cells.getSequenceFromMask( 
  ('[#2424c343 #cc02e132 #81990932 #f00cc891 #8c8 ]', ), ), name='Set-6') 
 mdb.models['Model-1'].parts['Platform+thinRubber'].SectionAssignment(offset=0.0 
  , offsetField='', offsetType=MIDDLE_SURFACE, region= 
  mdb.models['Model-1'].parts['Platform+thinRubber'].sets['Set-6'],  
  sectionName='Section-2-Rubber', thicknessAssignment=FROM_SECTION) 
 mdb.models['Model-1'].parts['RubberPlate'].Set(cells= 
  mdb.models['Model-1'].parts['RubberPlate'].cells.getSequenceFromMask(( 
  '[#3ffffff ]', ), ), name='Set-3') 
 mdb.models['Model-1'].parts['RubberPlate'].SectionAssignment(offset=0.0,  
  offsetField='', offsetType=MIDDLE_SURFACE, region= 
  mdb.models['Model-1'].parts['RubberPlate'].sets['Set-3'], sectionName= 
  'Section-2-Rubber', thicknessAssignment=FROM_SECTION) 
 mdb.models['Model-1'].parts['SteelPlate'].Set(cells= 
  mdb.models['Model-1'].parts['SteelPlate'].cells.getSequenceFromMask(( 
  '[#3ffffff ]', ), ), name='Set-3') 
 mdb.models['Model-1'].parts['SteelPlate'].SectionAssignment(offset=0.0,  
  offsetField='', offsetType=MIDDLE_SURFACE, region= 
  mdb.models['Model-1'].parts['SteelPlate'].sets['Set-3'], sectionName= 
  'Section-1-Steel', thicknessAssignment=FROM_SECTION) 
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 ### define Screw as beam  part: 
 mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 
 mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=( 
  44.0, 0.0)) 
 mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 
  addUndoState=False, entity= 
  mdb.models['Model-1'].sketches['__profile__'].geometry[2]) 
 mdb.models['Model-1'].Part(dimensionality=THREE_D, name='Screw_Beam', type= 
  DEFORMABLE_BODY) 
 mdb.models['Model-1'].parts['Screw_Beam'].BaseWire(sketch= 
  mdb.models['Model-1'].sketches['__profile__']) 
 mdb.models['Model-1'].CircularProfile(name='Profile-Beam-CircularR4', r=4.0) 
 mdb.models['Model-1'].BeamSection(consistentMassMatrix=False, integration= 
  DURING_ANALYSIS, material='Material-1-Steel-NoDamping', name= 
  'Section-3-Beam-Screw', poissonRatio=0.3, profile='Profile-Beam-CircularR4' 
  , temperatureVar=LINEAR) 
 mdb.models['Model-1'].parts['Screw_Beam'].Set(edges= 
  mdb.models['Model-1'].parts['Screw_Beam'].edges.getSequenceFromMask(( 
  '[#1 ]', ), ), name='Set-1') 
 mdb.models['Model-1'].parts['Screw_Beam'].SectionAssignment(offset=0.0,  
  offsetField='', offsetType=MIDDLE_SURFACE, region= 
  mdb.models['Model-1'].parts['Screw_Beam'].sets['Set-1'], sectionName= 
  'Section-3-Beam-Screw', thicknessAssignment=FROM_SECTION) 
 mdb.models['Model-1'].parts['Screw_Beam'].Set(edges= 
  mdb.models['Model-1'].parts['Screw_Beam'].edges.getSequenceFromMask(( 
  '[#1 ]', ), ), name='Set-2') 
 mdb.models['Model-1'].parts['Screw_Beam'].assignBeamSectionOrientation(method= 
  N1_COSINES, n1=(0.0, 0.0, -1.0), region= 
  mdb.models['Model-1'].parts['Screw_Beam'].sets['Set-2']) 
 
 ### define beam mesh on Screw: 
 mdb.models['Model-1'].parts['Screw_Beam'].seedPart(deviationFactor=0.1,  
  minSizeFactor=0.1, size=4.0) 
 mdb.models['Model-1'].parts['Screw_Beam'].setElementType(elemTypes=(ElemType( 
  elemCode=B31, elemLibrary=STANDARD), ), regions=( 
  mdb.models['Model-1'].parts['Screw_Beam'].edges.getSequenceFromMask(( 
  '[#3 ]', ), ), )) 
 mdb.models['Model-1'].parts['Screw_Beam'].generateMesh() 
 
 ### import RailOnly in Assembly : 
 mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN) 
 mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='RailOnly-1',  
  part=mdb.models['Model-1'].parts['RailOnly']) 
 mdb.models['Model-1'].rootAssembly.translate(instanceList=('RailOnly-1', ),  
  vector=(-0.675498, 0.0, 0.0)) 
 
 ### import Platform in Assembly : 
 mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name= 
  'Platform+thinRubber-1', part= 
  mdb.models['Model-1'].parts['Platform+thinRubber']) 
 mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-1'].translate( 
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  vector=(107.231278876158, 0.0, 0.0)) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[404],  
  flip=OFF, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-1'].edges[309]) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[401],  
  flip=OFF, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-1'].edges[553]) 
 mdb.models['Model-1'].rootAssembly.translate(instanceList=( 
  'Platform+thinRubber-1', ), vector=(-95.146663, 113.10051, 321.0)) 
 mdb.models['Model-1'].Tie(adjust=ON, master= 
  mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-1'].sets['Noset1'] 
  , name='Tie-Constraint-1', positionToleranceMethod=COMPUTED, slave= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].sets['Nodeset2'] 
  , thickness=ON, tieRotations=ON) 
 
 ### import RubberPlate-1 in Assembly : 
 mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='RubberPlate-1',  
  part=mdb.models['Model-1'].parts['RubberPlate']) 
 mdb.models['Model-1'].rootAssembly.instances['RubberPlate-1'].translate(vector= 
  (285.756952176235, 0.0, 0.0)) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[404],  
  flip=OFF, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-1'].edges[56]) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[402],  
  flip=ON, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-1'].edges[48]) 
 mdb.models['Model-1'].rootAssembly.FaceToFace(clearance=0.0, fixedPlane= 
  mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-1'].faces[314] 
  , flip=ON, movablePlane= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-1'].faces[90]) 
 mdb.models['Model-1'].rootAssembly.Surface(name='m_Surf-1', side1Faces= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-
1'].faces.getSequenceFromMask( 
  ('[#11444000 #4851489 #14040a02 #8202808 #40 ]', ), )) 
 mdb.models['Model-1'].rootAssembly.Surface(name='s_Surf-1', side1Faces= 
  mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-
1'].faces.getSequenceFromMask( 
  ('[#10000000 #4 #100800 #0:2 #1000:2 #800 #1000',  
  ' #4004000 #0 #2000000 #80 #80000000 #8000 #200000', ' #0:3 #1 ]'), )) 
 mdb.models['Model-1'].Tie(adjust=ON, master= 
  mdb.models['Model-1'].rootAssembly.surfaces['m_Surf-1'], name= 
  'Tie-Constraint-2', positionToleranceMethod=COMPUTED, slave= 
  mdb.models['Model-1'].rootAssembly.surfaces['s_Surf-1'], thickness=ON,  
  tieRotations=ON) 
 mdb.models['Model-1'].rootAssembly.translate(instanceList=('RubberPlate-1', ),  
  vector=(-3.194735, 73.171472, 663.5)) 
 
 ### import SteelPlate-1 in Assembly : 
 mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='SteelPlate-1',  
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  part=mdb.models['Model-1'].parts['SteelPlate']) 
 mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].translate(vector=( 
  294.001848986875, 0.0, 0.0)) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[404],  
  flip=OFF, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].edges[156]) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[402],  
  flip=ON, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].edges[155]) 
 mdb.models['Model-1'].rootAssembly.FaceToFace(clearance=0.0, fixedPlane= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-1'].faces[102],  
  flip=ON, movablePlane= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].faces[99]) 
 mdb.models['Model-1'].rootAssembly.Surface(name='m_Surf-3', side1Faces= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].faces.getSequenceFromMask( 
  ('[#4848060 #48 #80881022 #80 #40 ]', ), )) 
 mdb.models['Model-1'].rootAssembly.Surface(name='s_Surf-3', side1Faces= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-
1'].faces.getSequenceFromMask( 
  ('[#8a230000 #2060a222 #80a04050 #2410140 #20 ]', ), )) 
 mdb.models['Model-1'].Tie(adjust=ON, master= 
  mdb.models['Model-1'].rootAssembly.surfaces['m_Surf-3'], name= 
  'Tie-Constraint-3', positionToleranceMethod=COMPUTED, slave= 
  mdb.models['Model-1'].rootAssembly.surfaces['s_Surf-3'], thickness=ON,  
  tieRotations=ON) 
 mdb.models['Model-1'].rootAssembly.translate(instanceList=('SteelPlate-1', ),  
  vector=(-3.210423, 73.530767, 668.5)) 
 
 ### import RubberPlate-2 in Assembly : 
 mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='RubberPlate-2',  
  part=mdb.models['Model-1'].parts['RubberPlate']) 
 mdb.models['Model-1'].rootAssembly.instances['RubberPlate-2'].translate(vector= 
  (294.001848986875, 0.0, 0.0)) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[404],  
  flip=OFF, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-2'].edges[226]) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[403],  
  flip=ON, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-2'].edges[224]) 
 mdb.models['Model-1'].rootAssembly.FaceToFace(clearance=0.0, fixedPlane= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].faces[121],  
  flip=ON, movablePlane= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-2'].faces[28]) 
 mdb.models['Model-1'].rootAssembly.Surface(name='m_Surf-5', side1Faces= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-
2'].faces.getSequenceFromMask( 
  ('[#11444000 #4851489 #14040a02 #8202808 #40 ]', ), )) 
 mdb.models['Model-1'].rootAssembly.Surface(name='s_Surf-5', side1Faces= 
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  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].faces.getSequenceFromMask( 
  ('[#21021108 #c2200021 #60c40 #1fe00000 #20 ]', ), )) 
 mdb.models['Model-1'].Tie(adjust=ON, master= 
  mdb.models['Model-1'].rootAssembly.surfaces['m_Surf-5'], name= 
  'Tie-Constraint-4', positionToleranceMethod=COMPUTED, slave= 
  mdb.models['Model-1'].rootAssembly.surfaces['s_Surf-5'], thickness=ON,  
  tieRotations=ON) 
 mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-1'].vertices[111],  
  movablePoint= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-2'].vertices[111]) 
 
 ### import SteelPlate-2 in Assembly :  
 mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='SteelPlate-2',  
  part=mdb.models['Model-1'].parts['SteelPlate']) 
 mdb.models['Model-1'].rootAssembly.instances['SteelPlate-2'].translate(vector=( 
  294.001848986875, 0.0, 0.0)) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[404],  
  flip=OFF, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-2'].edges[221]) 
 mdb.models['Model-1'].rootAssembly.ParallelEdge(fixedAxis= 
  mdb.models['Model-1'].rootAssembly.instances['RailOnly-1'].edges[403],  
  flip=ON, movableAxis= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-2'].edges[222]) 
 mdb.models['Model-1'].rootAssembly.Surface(name='m_Surf-7', side1Faces= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-
2'].faces.getSequenceFromMask( 
  ('[#8a230000 #2060a222 #80a04050 #2410140 #20 ]', ), )) 
 mdb.models['Model-1'].rootAssembly.Surface(name='s_Surf-7', side1Faces= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-2'].faces.getSequenceFromMask( 
  ('[#4848060 #48 #80881022 #80 #40 ]', ), )) 
 mdb.models['Model-1'].Tie(adjust=ON, master= 
  mdb.models['Model-1'].rootAssembly.surfaces['m_Surf-7'], name= 
  'Tie-Constraint-5', positionToleranceMethod=COMPUTED, slave= 
  mdb.models['Model-1'].rootAssembly.surfaces['s_Surf-7'], thickness=ON,  
  tieRotations=ON) 
 mdb.models['Model-1'].rootAssembly.FaceToFace(clearance=0.0, fixedPlane= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-2'].faces[25],  
  flip=ON, movablePlane= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-2'].faces[99]) 
 mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint= 
  mdb.models['Model-1'].rootAssembly.instances['RubberPlate-2'].vertices[107] 
  , movablePoint= 
  mdb.models['Model-1'].rootAssembly.instances['SteelPlate-2'].datums[19]) 
 mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='RailOnly-1',  
  part=mdb.models['Model-1'].parts['RailOnly']) 
 mdb.models['Model-1'].rootAssembly.translate(instanceList=('RailOnly-1', ),  
  vector=(-0.675498, 0.0, 0.0)) 
 
 ### define Step-1-GeneralStatic : 
 mdb.models['Model-1'].StaticStep(name='Step-1-GeneralStatic', previous= 
  'Initial') 
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 ### define bolt-load or preforce on screws: 
 mdb.models['Model-1'].rootAssembly.Surface(end2Edges= 
  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
4'].edges.getSequenceFromMask( 
  ('[#1 ]', ), ), name='Surf-18') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-1',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-18']) 
 mdb.models['Model-1'].rootAssembly.Surface(end2Edges= 
  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
3'].edges.getSequenceFromMask( 
  ('[#1 ]', ), ), name='Surf-19') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-2',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-19']) 
 mdb.models['Model-1'].rootAssembly.Surface(end2Edges= 
  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
2'].edges.getSequenceFromMask( 
  ('[#1 ]', ), ), name='Surf-20') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-3',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-20']) 
 mdb.models['Model-1'].rootAssembly.Surface(end2Edges= 
  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
1'].edges.getSequenceFromMask( 
  ('[#1 ]', ), ), name='Surf-21') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-4',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-21']) 
 mdb.models['Model-1'].rootAssembly.Surface(end1Edges= 
  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
8'].edges.getSequenceFromMask( 
  ('[#2 ]', ), ), name='Surf-22') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-5',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-22']) 
 mdb.models['Model-1'].rootAssembly.Surface(end1Edges= 
  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
7'].edges.getSequenceFromMask( 
  ('[#2 ]', ), ), name='Surf-23') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-6',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-23']) 
 mdb.models['Model-1'].rootAssembly.Surface(end1Edges= 
  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
6'].edges.getSequenceFromMask( 
  ('[#2 ]', ), ), name='Surf-24') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-7',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-24']) 
 mdb.models['Model-1'].rootAssembly.Surface(end1Edges= 



APPENDIX                                                                                                                                           117 

 

  mdb.models['Model-1'].rootAssembly.instances['Screw_Beam-
5'].edges.getSequenceFromMask( 
  ('[#2 ]', ), ), name='Surf-25') 
 mdb.models['Model-1'].BoltLoad(boltMethod=APPLY_FORCE, createStepName= 
  'Step-1-GeneralStatic', magnitude=2000.0, name='BoltLoad-PreForce-Load-8',  
  region=mdb.models['Model-1'].rootAssembly.surfaces['Surf-25']) 
 
 ### define BC on Dampers to calculate preForces, only in step-1 
 mdb.models['Model-1'].rootAssembly.Set(name='Set-35', vertices= 
  mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-
1'].vertices.getSequenceFromMask( 
  mask=('[#0:5 #20000 #2004 #20 ]', ), )+\ 
  mdb.models['Model-1'].rootAssembly.instances['Platform+thinRubber-
2'].vertices.getSequenceFromMask( 
  mask=('[#0:5 #20000 #2004 #20 ]', ), )) 
 mdb.models['Model-1'].EncastreBC(createStepName='Step-1-GeneralStatic',  
  localCsys=None, name='BC-1_OnDampers_CaculatePreForces', region= 
  mdb.models['Model-1'].rootAssembly.sets['Set-35']) 
 
 ### define Step-2 Steady-state Dynamics, direct: 
 mdb.models['Model-1'].SteadyStateDirectStep(frequencyRange=((100.0, 3200.0, 99,  
  1.0), ), name='Step-2_FRF_Direct', previous='Step-1-GeneralStatic') 
 
 ### define FRF_Force_Input  
 mdb.models['Model-1'].ConcentratedForce(cf2=(1+1j), createStepName= 
  'Step-2_FRF_Direct', distributionType=UNIFORM, field='', localCsys=None,  
  name='FRF_Force_Input_Load-9', region= 
  mdb.models['Model-1'].rootAssembly.sets['NodeSet_FRF_Force_Input']) 
 
 ### Deactivate BC onDamper in step-2 or step Direct (for FRF): 
 mdb.models['Model-1'].boundaryConditions['BC-1_OnDampers_CaculatePreForces'].deactivate( 
  'Step-2_FRF_Direct') 
 
 ### make change element type in Steel only in damper to Quadratic and make on the Nlgeom : 
 mdb.models['Model-1'].parts['Platform+thinRubber'].setElementType(elemTypes=( 
  ElemType(elemCode=C3D20R, elemLibrary=STANDARD), ElemType(elemCode=C3D15,  
  elemLibrary=STANDARD), ElemType(elemCode=C3D10, elemLibrary=STANDARD)),  
  regions=( 
  mdb.models['Model-1'].parts['Platform+thinRubber'].cells.getSequenceFromMask( 
  ('[#dbdb3cbc #33fd1ecd #7e66f6cd #ff3376e #737 ]', ), ), )) 
 mdb.models['Model-1'].parts['SteelPlate'].setElementType(elemTypes=(ElemType( 
  elemCode=C3D20R, elemLibrary=STANDARD), ElemType(elemCode=C3D15,  
  elemLibrary=STANDARD), ElemType(elemCode=C3D10, elemLibrary=STANDARD)),  
  regions=( 
  mdb.models['Model-1'].parts['SteelPlate'].cells.getSequenceFromMask(( 
  '[#3ffffff ]', ), ), )) 
 mdb.models['Model-1'].rootAssembly.regenerate() 
 mdb.models['Model-1'].steps['Step-1-GeneralStatic'].setValues(nlgeom=ON) 
 
 mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF,  
  explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF,  
  memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF,  
  multiprocessingMode=DEFAULT, name=JOBNAME, nodalOutputPrecision=SINGLE,  
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  numCpus=4, numDomains=4, numGPUs=0, queue=None, scratch='', type=ANALYSIS,  
  userSubroutine='', waitHours=0, waitMinutes=0) 
 #################################################################### 
 mdb.jobs[JOBNAME].submit(consistencyChecking=OFF) 
 mdb.jobs[JOBNAME].waitForCompletion() 
 #################################################################### 
THICKNESS = range (1,21,1) 
jobn = range(len(THICKNESS)) 
for i,Ri in zip(jobn, THICKNESS): 
 JOBNAME = 'JOB_Nlgeom_ON_PreF2000N_' + str(i) 
 myfunction(Ri,JOBNAME)  
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