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Abstract: 
Progressive Increase in urban and rural traffic in the modern world, demands for more efficient 
transportation systems especially in terms of speed, safety and capacity. This as well as the 
improving tendency towards economically feasible transport system, has lead to worldwide 
introduction of new rail-based transportation systems such as urban (LRT, MRT, regional 
metros, commuter lines, tramways, monorails and etc.), intercity passenger and cargo (heavy 
haul, high axle loads, etc.) and newly developed HSL (such as ICE, TGV, IPA, Shinkansen and 
etc.). This development requires innovative solutions in infrastructure especially track 
engineering. In this paper, the applicability of elastic PU materials in railway track structures 
for increasing the track bedding modulus and vibration damping is discussed. Several track 
layout alternative as well as application of different types of PU materials is investigated. The 
key elements in designing the track systems using elastic materials (also called MSS) such as 
dynamic modulus of elasticity, natural frequency, vibration damping and specific dead load is 
discussed. A practical case study in Isfehan railway line is also presented.  
١- Introduction 
In traditional ballasted tracks, elastic requirements of track were usually fulfilled by 
granular ballast layer. Altering the track stiffness was only possible by altering the 
ballast thickness, sleeper spacing and application of different rail profiles. Introducing 
the rigid ballastless track structures (also called slab tracks) necessitated special 
elements for compensation of lost ballast factions in railway track especially reducing 
the track stiffness and increasing the track elasticity.  
Tuning the track elasticity has many advantages; among those the following are 
noticeable: 

• Less intervals for maintenance and introduction of maintenance free tracks; 
• Reduced maintenance costs; 
• Increased comfort & smooth train operation; 
• Reduction of noise and vibration; 
• Improved life cycle costs (LCC) of the track and rolling stock; 
• Reduced structural stress in slab tracks; 
• Reduced rail corrugation; 
• Improved track stability; 
• Increase in available surface for dynamic load distribution, that is widest 

possible distribution of load on the substructure.; 
• Active vibration damping in track structure; 
• Increasing the service life of railway infrastructures, especially when track is 

laid in tunnels;  
• Better track deflection pattern; 
• Lower groundborne vibration; 
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One of the most successful materials for this purpose are Cellular Polyurethane 
Elastomers (CPE). The raw materials of PU elastomers are Polyols and Isocyanate 
which are mainly supplied in liquid form. In order to reach final product, a thin layer 
(about ٦ to ٨ millimeters) of these materials as well as special additives are sprayed on 
a continues casting machine. In this stage an expanding foam forms which after ١٤ days 
the internal chemical reactions terminates and predefined mechanical, chemical and 
microstructure characteristics obtain. In order to reach the final product a cutting, 
punching and slicing stage is necessary.  
Different layouts and applications of these materials are possible. Figure ١ demonstrates 
the possible applications of PU elastomers in a railway track.  
 

Possible Elastomer Bearings in a 
railway Track Structure 

Only Ballasted Tracks Only slab tracks 
Ballasted & Slab Tracks 

Rail 
Pad 

Slab Bearings 
(MSS)  

Ballast Pads Baseplates pad Sleeper pad 

Full surface 
support 

Linear (strip) 
support 

Discrete (point) 
support 

Figure ١: Possible insertion points of PU materials in a railway track structure 
 
Each of the alternatives listed in figure ١ are suitable for particular situations. Mass-
Spring Systems (MSS) for instance, offer the most efficient vibration damping 
properties in track systems while rail and baseplate pads are appropriate for regulating 
the rail deflection pattern in rural railway lines and are not able to filer transmitted 
vibration in certain frequencies.    
The mechanical characteristics of PU elastomers are designed considering two key 
elements: Design Axle load and Speed. In this paper the mechanical characteristics of 
PU elastic layers is presented and their dependency with line axle load and speed is 
discussed. For further demonstration, a developed mass-spring system for Isfehan LRT 
is presented and the influence of elastic layers on the system reactions is investigated.  
 
٢- Mechanical Characteristics of PU Elastomers   
١-٢- General Features 
Mechanical characteristics of PU elastomers are prescribed considering three main 
system specifications: (١) static load limit (corresponding to ٧٪ thickness deflection) 
which considers the dead load of the track structure, (٢) operating load range 
(corresponding to ١٢٪ thickness deflection) which is directly related to train axle load 
and (٣)load peaks (corresponding to ٨٠٪ thickness deflection) which considers the 
exceptional impact loads and dynamic effects of rolling stock passing speed. Static load 
range of mixed cellular Polyurethane elastomers varies between ٠٫٠٠٥٠ to ٠٫٨٠ 
N/mm٢ which corresponds to axle loads from less than ٨ to more than ٢٥ tones 
depending on the track system and geometrical features of the applied bearings [١].  
In this regard, PU elastomers are usually categorized to ٩ groups considering the 
specific static load limit. Table ١ lists ٩ categories of PU elastomers as well as 
important mechanical features.  
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In proportion to axle load increase in railway lines, denser PU elastomers are needed. 
Since the mechanical characteristics of PU materials are controlled by internal 
microscopic structure (plastic matrix), increase in density can be concluded from 
increase in tensile stress at  break by increasing in maximum static load. The main 
advantage of these materials is their capacity to revive from extreme loading conditions. 
In this regard, as can be seen from table ١ “load peak” column, these PU elastomers are 
able to withstand exceptional loading conditions up to ١٠ times higher than their 
recommended values.  
 
Table ١: Different categories of PU elastomers with corresponding mechanical features 

Group 
# 

Commercial 
Symbol 

Maximum 
Static 
Load 

(N/mm٢) 

Recommended 
Operation 

Load 
(N/mm٢) 

Load 
Peak 

(N/mm٢) 

Tensil 
Stress at 
Braek 

(N/mm٢) 

Elongation 
at Break 

(%) 

Coefficient of 
Friction 

(Steel/Concrete) 

Static* 
Elasticity 
Modulus 
(N/mm٢) 

 

Dynamic* 
Elasticity 
Modulus 
(N/mm٢) 

 
١ W ٠٫١٥ ٠٫١ ٠٫٥/٠٫٧ ٣٠٠ ٠٫٢ ٠٫٣ ٠٫٠٠٧٥ ٠٫٠٠٥٠ 
٢ G ٠٫١٨ ٠٫٠٨ ٠٫٥/٠٫٧ ٣٠٠ ٠٫٤ ٠٫٥ ٠٫٠١٥ ٠٫٠١٠ 
٣ O ٠٫٢٩ ٠٫١٣ ٠٫٥/٠٫٧ ٣٠٠ ٠٫٤٥ ٠٫٧٥ ٠٫٠٢٥ ٠٫٠١٦ 
٤ R ٠٫٤١ ٠٫٢ ٠٫٥/٠٫٧ ٣٠٠ ٠٫٥ ١٫٠ ٠٫٠٣٥ ٠٫٠٢٥ 
٥ L ٠٫٨٨ ٠٫٥٢ ٠٫٥/٠٫٧ ٣٠٠ ٠٫٧٥ ٢٫٠ ٠٫٠٨ ٠٫٠٥ 
٦ M ١٫٣٤ ٠٫٧٩ ٠٫٥/٠٫٧ ٣٠٠ ١٫٠ ٣٫٠ ٠٫١٥ ٠٫١٠ 
٧ P ٢٫٨٣ ١٫٦٢ ٠٫٥/٠٫٧ ٣٠٠ ١٫٥ ٤٫٠ ٠٫٣٠ ٠٫٢٠ 
٨ V ٥٫٣ ٣ ٠٫٥/٠٫٧ ٣٠٠ ٢٫٥ ٥٫٠ ٠٫٦ ٠٫٤ 
٩ T ١٠٫٨ ٦٫٨ ٠٫٥/٠٫٧ ٣٠٠ ٣٫٥ ٦٫٠ ١٫٢ ٠٫٨ 

*: The results are valid for strip supports with ٢٥ mm PU layers. Dynamic test is implemented with static loading at ١٠ Hz. 
  
  ٢-٢- Load-Deflection Curve 
Load-deflection curves of PU elastomers are nonlinear. The thickness of the underlying 
PU elastic layer (which varies between ١٢٫٥ to ٥٠ mm) as well as type of the bearing 
(full surface, linear and discrete supports) influence the response of these elastic layer 
under loading conditions. Load deflection curves of PU elastomers are shown in figure 
(٢) for three commonly used support types. Support type is shown by shape according 
to Eq.[٢] ١. 

):;:;:(
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thicknesstwidthwlengthl
wlt
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FactorShape

+
=

=

 Eq.١ 

   The shape factor has a influence on the deflection curve (figure ٢) and modulus of 
elasticity (figure ٣) [٣]. 
The modulus of elasticity of PU elastomers depends on the specific static loading the 
loading frequency. Sample elastic modulus curves for M-type elastomer are shown in 
figure ٣. Typically the static modulus of elastomers is measured between ٠٫١٢ and 
٠٫٠٢ N/mm٢ specific loads and dynamic modulus is measured at a frequency of ٢٠ Hz 
and amplitude of ±٠٫١٠ mm and static preload of ٠٫٠٢ N/mm٢. The calculated values 
using this method are called static and dynamic stiffness, respectively. The variation of 
modulus of elasticity with loading amplitude and loading frequency is shown in figure ٣ 
[٣].   
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(a) Sample Load-Deflection curve for 
M-type PU full surface bearing (q=٦) 

(b) Sample Load-Deflection curve for 
M-type PU linear bearing (q=٣) 

(c) Sample Load-Deflection curve for 
M-type PU discrete bearing (q=١٫٥) 

Figure (٢): Load-Deflection curves for sample M-type PU elastomer 
 

 
(a) Sample modulus of elasticity  
curve for M-type PU full surface 

bearing (q=٦) 

(b) Sample modulus of elasticity  
curve for M-type PU linear bearing 

(q=٣) 

(c) Sample modulus of elasticity  
curve for M-type PU discrete bearing 

(q=١٫٥) 
Figure (٣): Modulus of elasticity curves for sample M-type PU elastomers 

 
It should be noted that increasing in specific static load has a decreasing effect on the 
modulus of elasticity for the same loading frequency until a certain limit (stiffening 
limit). Beyond this limit the elastic modulus of PU elastomers significantly increases as 
specific load increase. Also the loading frequency has a stiffening effect and lowers 
deflection under a specified load.  
 
٣- Case study: Isfehan LRT line 
١-٣- Introduction  
In this section a practical application of full surface PU elastomers in Isfehan LRT 
superstructure is discussed. The first construction phase of Isfehan LRT starts from 
Pasdaran terminal station to Imam Hossein depot and comprises ١٠٫٥ kilometers of 
double track cut& cover tunnels and ٢ kilometers of two individual single track deep 
(TBM) tunnels. Due to the vibration sensitivity of the residential and ancient areas 
adjacent to the track, a Mass-Spring-System (MSS) using full surface Polyurethane 
elastomers is devised for this LRT line. The cross section of TBM and Cut&Cover 
tunnels as well as the developed track structure is depicted in figure [٤] ٤.   
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(a) Deep (TBM) tunnel 

 
(b) Cut and Cover tunnel 

 
(c) track cross section 

Figure ٤: Cross section of track structure and tunnels in Isfehan LRT line 
 
Other technical specifications of the devised track structure are listed in table ٢. 
 

Table ٢: Technical specifications of Isfehan LRT track structure [٤] 
Item Specification 

Track structure type Full surface MSS, embedded sleepers, slab track  
Rail S٤٩ 

Sleeper Double block with lattice connections 
Fastening system Standard Vossloh W١٤ type 

Underlying PU elastic layer ٢٥ mm Polyurethane (٢٫٦ m wide) 
Side PU elastic layer ١٢ mm Polyurethane (٠٫٤ cm high) 

Slab thickness ٤٠ cm. in straight section and less than ٤٥ cm in canted 
curves  

 
٢-٣- Track response 
Track response is divided to two main categories: functional (elastic) response and 
vibration damping characteristics of the track. Application of PU elastomers in track 
superstructure can provide a compromise between both responses. This means that the 
applied elastic layer provides acceptable passive vibration damping for the track and in 
the same time maintains the elasticity of track within the acceptable range.  
Functional and vibration damping criteria are as follows.  
 

• Static stiffness of track:  
3/0030.0 mmNC ≥
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• Dynamic stiffness of track:  
2/42.0' mmNC ≤

• Vibration damping: HzrangefrequencyfordBdBtrack 3020 >∆+≥∆  
• System natural frequency (without train): Hzf trainwithoutnatural 17)( ≤  

• System natural frequency (with train): Hzf trainwithnatural 12)( ≤  
These parameters are based on light-weight MSS system [٥]. 
 
٢-٣- - Functional Responses ١
Table ٣ and ٤ show the main functional responses of the track for deep and Cut&Cover 
tunnels respectively. As it is evidently obvious from the tables, the dynamic deflection 
of the track is restricted to ٤ mm to avoid high bending stresses in S٤٩ rails and 
concrete slab cracking. 
 

Table ٣: Track main functional responses in single track deep TBM tunnels 

Specified static 
pressure (P) 

(N/mm²) 

Rail deflection 
(mm) 

w 

Specific bending 
length  
(mm) 

L 

Axle 
load 

(tones) 
Track 
only 

Operation 
load Static Dynamic Static Dynamic 

Static 
spring 
rate 

(kN/mm) 
kd

Static 
bedding 
modulus 
(N/mm³) 

Cstat

Shear 
modulus of 
side mats 
(kN/mm) 

kside

Slab 
thickness 

(cm) 

٣,٦٥ ٢,٨٥ ٣٤٧٦ ٣٦٣٩ ٢,٩٤ ٣,٣٩ ٠,٠٢٤٣ ٠,٠١٢ ١٢,٥E‐٤٠ ١,٤٣٣ ٣ 

٣,٧٩ ٢,٩٦ ٣٧٦٢ ٣٩٣٧ ٢,٦٥ ٣,٠٨ ٠,٠٢٣٧ ٠,٠١٢ ١٢,٥E‐٤٥ ١,٤٣٣ ٣ 

٣,٥ ٢,٧٣ ٣٥١٥ ٣٦٧٩ ٣,٤١ ٣,٩٣ ٠,٠٢٥٧ ٠,٠١٢ ١٤E‐٤٠ ١,٤٣٣ ٣ 

٣,٥٥ ٢,٧٧ ٣٨٢٤ ٤٠٠٢ ٣,١٣ ٣,٦٥ ٠,٠٢٥ ٠,٠١٢ ١٤E‐٤٥ ١,٤٣٣ ٣ 

 
 

Table ٤: Track main functional responses in double track Cut&Cover tunnels 

Specified static 
pressure (P) 

(N/mm²) 

Rail tion deflec
(mm) 

w 

Specific bending 
length  
(mm) 

L 

Axle 
load 

(tones) 
Track 
only 

Operation 
load Static Dynamic Static Dynamic 

Static 
spring 
rate 

(kN/mm) 
kd

Static 
bedding 
modulus 
(N/mm³) 

Cstat

Shear 
modulus of 
side mats 
(kN/mm) 

kside

Slab 
thickness 

(cm) 

٣,٦٥ ٢,٨٥ ٣٤٧٦ ٣٦٣٩ ٢,٩٤ ٣,٣٩ ٠,٠٢٤٣  ٠,٠١٢ ١٢,٥E‐٤٠ ٢,٠٠٦ ٣ 

٣,٦ ٢,٩١ ٣٧٤٢ ٣٩٩٥ ٢,٥٥ ٣,١٣ ٠,٠٢٥ ٠,٠١٥ ١٢,٥E‐٤٥ ٢,٠٠٦ ٣ 

٣,٥ ٢,٧٣ ٣٥١٥ ٣٦٧٩ ٣,٤١ ٣,٩٣ ٠,٠٢٥٧ ٠,٠١٢ ١٤E‐٤٠ ٢,٠٠٦ ٣ 

٣,٥٥ ٢,٧٧ ٣٨٢٤ ٤٠٠٢ ٣,١٣ ٣,٦٥ ٠,٠٢٥ ٠,٠١٢ ١٤E‐٤٥ ٢,٠٠٦ ٣ 

 
١-٢-٣- Vibration Responses 
Table ٥ shows a summary of vibration damping characteristics of the track as well as 
first natural frequencies.  
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Table ٥: Vibration damping and first natural frequency of the track system  
Rail Deflection 

(mm) 
Track system natural 
frequency (Hz) 

Vibration 
damping 

Axle load  
(tones)  

Static Dynamic Static 
train 

Moving train dBv

Remarks 

٣٥٠ ٢٠,٢ - ١٧,٧ ٢٠,٨ ٢,٦٥ ٣,٠٨ mm side profile 
١٢,٥ 

٢٥٠ ٢٠,٦ - ١٧,٢ ٢٠,٤ ٢,٦٥ ٣,٠٨ mm side profile 

٣٥٠ ٢٠,٠ - ١٧,٩ ٢٠,٨ ٣,١٣ ٣,٦٥ mm side profile 
١٤,٠ 

٢٥٠ ٢٠,٢ - ١٧,٦ ٢٠,٤ ٣,١٣ ٣,٦٥ mm side profile 

 
Table ٦ shows sample system passive vibration damping for single track deep tunnels.  

Table ٥: Sample system vibration damping characteristics for deep tunnels 
Axle load: ١٤٫٠  tones 

System natural frequency  Frequency  K(dB) IL(%) 

Track only Track with 
train ١٠٣- ٦٫٢ ١٢٫٥ 

٣٠٦- ١٢٫٢ ١٦ 
١٣٠- ٧٫٢ ٢٠ 
١١ ١٫٠- ٢٥ 
٥٦ ٧٫١- ٣١٫٥ 
٧٦ ١٢٫٣- ٤٠ 
٨٥ ١٦٫٦- ٥٠ 
٩١ ٢٠٫٧- ٦٣ 
٩٤ ٢٠٫٦- ٨٠ 
٩٦ ٢٨٫١- ١٠٠ 
٩٧ ٣١٫٤- ١٢٥ 
٩٩ ٤٠٫٨- ٢٥٠ 
٧٤ ١١٫٧- ٤٠ 
٨٤ ١٦٫١- ٥٠ 
٩٠ ٢٠٫٢- ٦٣ 
٩٤ ٢٤٫١- ٨٠ 
٩٦ ٢٧٫٧- ١٠٠ 
٩٧ ٣١٫٠- ١٢٥ 

١٧٫٦ ٢٠٫٤ 

٩٩ ٤٠٫٥- ٢٥٠ 

 

 
٥- Conclusion and Recommendations  
In this paper the requirements of ballastless track structures’ elasticity and vibration 
damping are presented. Different positions for elastic pad insertion are discussed and 
Full Surface MSS systems are investigated as the most efficient system for vibration 
damping in urban areas. Cellular Polyurethane Elastomers are suitable materials for this 
purpose and have been used in a wide range of railway applications across the world. In 
this paper the criteria and track analysis results for a special case (Isfehan LRT line) is 
presented and the efficiency and applicability of full surface MSS with PU materials is 
shown. Reducing the track natural frequency to less than ١٨ Hz and limiting the track 
dynamic deflection to a safe margin are the most important track response criteria that 
are successfully met in the Full Surface MSS system devised for Isfehan LRT line.     
 
It should be noted that the necessity for improving the productivity, availability, 
efficiency and maintenance effort of track structure in modern railway systems, requires 
new innovative track systems and materials. In this regard Mass-Spring systems using 
PU elastomers are definitely a proven and feasible solution. 
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