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Abstract 
 

In the need for more efficient and sustainable infrastructures, a promising solution 

could be to incorporate sensors for real-time monitoring. In this sense, the present 

paper focuses on a parametric study into the design of rail pad including piezoelectric 

sensors, to define the optimal conditions for the manufacturing and application of 

these smart elements. Particularly, this research aims to develop rail pads with a 

removable sensor-holder that allows for a versatile track component with capacity to 

be adapted depending on monitoring requirements, while allowing for future repair of 

sensor and/or its replacement to adapt future technologies. With this purpose, a series 

of laboratory tests (traffic load application and simulating train passage tests) were 

carried out to determine the optimal position of the sensor inside the rail pad and the 

impact of using a removable sensor-holder. Also, the optimization of the removable 

sensor-holder was determined, evaluating the thickness of the device, the design 

method and different types of pads for the insert to be employed. Results showed that 

the removable sensor could detect load changes and the train passage load, having the 

advantage of being removed from the pad for data extraction or changing the sensor 

type, as necessary for future studies.  
 

Keywords: railway track, smart rail pads, removable sensors, piezoelectric, 
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1  Introduction 
 

Worldwide, extensive research endeavours have been seeking alternative methods for 

enhancing the efficiency and cost-effectiveness of infrastructure conservation. The 

need for effective maintenance and cost management considering that train traffic is 

hindered as little as possible optimizing the flexibility of conservation involves the 

design of new technologies capable of optimize the railway track maintenance status. 

[1-4]. One of the challenges lies in the need to provide a versatile device with the 

capacity for continuous monitoring while being able to adapt the technologies to 

possible changes in track requirements during monitoring operations [17]. 
 

Among these strategies, one approach to reduce the expenses associated with railway 

track maintenance lies in preventive measures. Innovative solutions have explored 

various methodologies[5-12]. On the other hand, an alternative for gaining advantages 

involves the integration of sensors directly into the railway infrastructure components 

[13-15] leveraging the existing materials as carriers for these sensors. This includes 

concepts such as incorporating sensors into the rail pad, both as an add-on sensing 

device or embedding them inside the rail pad material  [13], [16- 18]. 

 

In this context, the focus of this article is to design a pad with removable sensors so 

that they can be used in the areas of the line to be monitored, using different 

technologies depending on the objectives of the supervision. Therefore, to design the 

pad with a removable sensor, three stages had to be carried out: 1st) defining the 

optimum configuration of the sensor (location inside the pad and how to embed) it); 

2nd and 3rd) design and validation of the removable device. In the first section, after 

the introduction, it specifies the location of the sensor inside the plate based on 

different methods. The second section consisted of assessing the applicability of 

monitoring traffic conditions through laboratory tests under realistic traffic loads and 

track conditions. Subsequently, the third section delves into evaluating the durability 

of the removable sensor when applying the rail pad under repeated loads simulating 

train passing, simulating extreme climate conditions to evaluate their capacity, and 

studying the material stiffness when modifying its mechanical properties. The 

objective is to cultivate an instrument that not only improves design and production 

processes but also contributes to the advancement of real-time load monitoring within 

rail operations. 
 

2  Methodology 

 
The methodology section is structured into three key components: materials, testing 

plan, and methods. 

 

2.1 Materials 
 

To carry out this research, several types of rail pads were manufactured at the 

laboratory, evaluating different ways to insert the removable sensor-holder to define 

the optimal design. In Figure 1 it can be seen an example of the rail pad with and 

without carrying the removable sensor-holder. 
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Figure 1: Rail pad with removable sensor-holder. 

 

For this study, it was employed three types of material, the principal material of the 

study (R-PP/PE Pad) was mainly composed of a low-density polyethylene (LDPE) 

containing other polymers such as polypropylene (PP) obtained from recycling 

geomembranes used for waterproofing applications. As previous studies have shown 

its feasibility for use in pad fabrication [13], [14], this recycled component was 

selected as the main research material. The second and third material in use were a 

Recycled PE Pad and a SBS Pad, both with different chemical characteristics in order 

to be able to compare the sensitivity of the sensor-holder to detect load changes on the 

rail-track varying the stiffness of its composition. 

 

The static and dynamic stiffness values of the three types of material used in this paper 

were as follow: the SBS Pad showed the higher values in the static stiffness, being 

376 KN/mm and 455 KN/mm the dynamic stiffness. In the case of the Recycled PE 

Pad the values were 367 and 296 KN/mm and for the R-PP/PE Pad the values were 

176 and 540 KN/mm.  

 

As showed by prior studies [13], [14], the piezoelectric sensor has demonstrated its 

significant potential for detecting changes in strain and stresses of the rail pads they 

are embedded in. Also, ensuring a low-cost and easy to implement type of material. 

This sensor consisted of a 35 mm diameter metallic base and a 24 mm of the quartz 

sheet. Their thickness of 0.35 mm makes them appropriate to be embedded in the rail 

pads having a low impact in their shape. To measure the electrical changes due to 

variations in infrastructure/traffic characteristics, they were connected to a data logger 

with the capacity to directly measure the voltage generated by the piezoelectrics. 

 

2.2 Testing plan 

 
The testing plan was divided into three main stages: (i) Design of the pad to include 

sensors, aiming to define key parameters like optimal position of the sensor into the 

pad and procedure of embedding; (ii) Design of the removable sensor, defining 

geometric parameters of the removable sensor for optimization and (iii) validation of 

the mechanical behaviour and durability of the smart rail pad. 
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Table 1 displays the study steps of each stage as well as the variable assessed, and the 

tests carried out. For the first stage, the study focused on (a) the influence of the 

horizontal position of the sensor over the pad surface, and (b) influence of the 

incorporation of the sensor. Secondly, it was studied (c) the influence of the sensor 

thickness, and (d) the influence of the material stiffness. Thirdly, it was studied the 

(e) prove and validation of the smart pad by assessing the mechanical characteristics 

of the pad when including the sensor; its durability under fatigue tests and climate 

actions; and its functionality through full-scale tests simulating the passage of train 

wheels over the system. 
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Prove and validation of 

smart pad 

Mechanical characterisation Static and dynamic stiffness 

Durability 

Resistance to water, 

thermic and freezing and 

thawing 

Fatigue test under repeated 

inclined loads 

Functionality Simulation of train passage 

Table 1: Testing plan 

 

2.3 Testing plan 
 

Firstly, in other to define the position of the sensor inside the rail pad area, two 

possible horizontal position were studied: (a) centre, tested in previous studies [13], 

[14], being used as a reference in this article; and (b) at the end of the pad under the 

rail pad area (this was selected because previous studies [21] have seen that this area 

of the pad is the least damaged during fatigue processes, while greater lateral 

movements of the pad could be expected, and therefore, increasing the sensitivity). 

 

Secondly, to provide versatility and capacity it was studied the possibility to remove 

the sensor from its position without the need of lifting the track. This could allow for 

repairing the sensor without need for replacing the whole pad or using different 

technologies and type of sensors depending on the objectives of the supervision, 

which would provide a versatile system with the capacity to adapt to the maintenance 
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requirements of each moment. The removable device was studied in three 

configurations, the “Full-contact sensor” (when the removable device is in direct 

contact with the pad), the “less-contact sensor” (leaving a 2 mm space between the 

sensor-holder and the pad hole) and to compare these results it was employed the 

reference pad with the embedding sensor. 

 

For the design of the removable sensor, there were two different sensor characteristics 

studied: a) the influence of the sensor thickness and b) the influence of the material 

stiffness. The first variable consisted of analysing three distinct thickness of the 

device: a) a slim 6 mm sensor, establishing an area in which the pad thickness is 

reduced, potentially leading to more fragile; b) the conventional 8 mm sensor 

(matching the rail pad thickness); and c) a robust 10 mm sensor, provoking the sensor 

to be the first part in contact with the load applied. Additionally, to study this variable 

there were used two types of materials to cover the removable sensor-holder, a 

medium stiffness material and a soft silicone. Finally, to study the second variable, 

three removable sensor-holders were made of R-PP/PE, Recycled PE and SBS 

material to compare the sensitivity in load detecting when evaluating them in the R-

PP/PE (study main material Pad). 

 

Therefore, to analyse these characteristics of the sensor the “Dynamic loading 

simulating different traffic conditions” test was carried out, this test was adapted from 

the dynamic stiffness of rail pads test according to EN 13146-9. [19] This test included 

5 dynamic load steps consisting of applying 1,000 cycles at 5Hz, with stresses of 200, 

400, 800, 1600 and 2400 kPa, which were chosen because they represent the range of 

loads expected for this material during its application on tracks. For the type of 

material test, it was included 10 dynamic load steps consisting of applying 1,000 

cycles at 5 Hz, with stresses of 150, 300, 470, 630, 800, 950, 1200, 1600, 2000 and 

2400 kPa, to test the sensitivity of the removable sensor in different materials. 

 

Finally, to validate our findings, it was conducted a three-stage assessment for the 

most appropriate designs and procedures of including the sensor, according to the 

previous results. It was carried out the following evaluations: (1) a Mechanical 

Validation that aimed to examine the potential influence of the sensor design on the 

alteration of the pad thickness and mechanical characteristics. (2) a Durability Testing 

focused on assessing the long-term viability and durability of the proposed solution, 

referring to climate and fatigue resistance. And (3) a Functionality Assessment 

involving evaluating the solution capacity to measure rail-track interactions when 

simulating the passage of trains with different level of load per axle. 

 

The stiffness test, carried out for the evaluation of the impact of the sensor on the 

mechanical performance of the pad, were developed in consonance to the European 

standard 13146-9 [19]. The climate resistance tests were carried out according to E.T. 

03.360.574.2 of ADIF [22] (Railway Infrastructure Manager – Administración de 

infraestructura ferroviaria de España). After analysing the results of the test, it was 

expected to compare the device signal before and after executing the study. 
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The fatigue test carried out when assessing the durability of the smart pad, consisted 

of simulating repeated loads reproducing the stress transmitted by trains curved 

sections (considered the most unfavourable testing condition). The test was adapted 

from Standard EN 13146-4 [23] to focus on determining the durability of the sensor.  

 

3  Results 

 
The results section analyses the influence of key designing factors for the rail pad 

including the sensor-holder device, while also validating the mechanical and 

functional properties of this smart pad. 
 

3.1 Study of the influence of the position of the sensor 

 
Figure 2 displays the signal measured by the sensor in different horizontal positions 

embedded inside the pad when it was subjected to various stress levels. The results 

confirm that there is a linear response of the signal emitted by the sensor to the gradual 

variation of the load, which is in line with previous studies [13], [14]. This response 

holded for the different positions of the sensor and the most noticeable signal was 

found in the sensor placed at the end of the pad under the rail. 

 

Therefore, it can be said, that under load application the pad tends to expand from the 

centre to the end and that was the reason that the sensor registers the greatest strain 

and stresses of the pad. The position of the sensor at the end of the pad under the rail 

could result in a more durable system, as previous articles [10] have shown that it is 

one of the least damaged areas of the rail pad during their service life.  

 

 

 
Figure 2: Results of the influence of the horizontal position on the pad by applying a 

force on the rail 
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3.2 Study of the design of the procedure for sensor incorporation 

 
Figure 3 displays the evolution of the sensor signal when: 1) the sensor was designed 

as removable with similar size as the cavity created in the pad; 2) the removable sensor 

device had a smaller size, leaving 2 mm between sensor edges and pad opening/cavity; 

3) sensor embedded on the pad, used as a reference. Despite, the embedded sensor 

signal being superior to such measured for the removable sensors, the Full-size 

removable sensor also presented enough sensitivity to detect the variations in the 

conditions of loading, which indicates the viability of using this design for the 

monitoring of the interaction train-track. 

 

Nonetheless, its important to conserve the contact between the sensing device and the 

pad to avoid the loss of sensitivity. The less-contact removable sensor also recorded 

the changes in loading conditions but reducing the level of signal, also implicating a 

reduction on its reliability. Also, the Full-contact removable sensor solution could be 

removed from its operating position to both replace the sensor when required or 

adapting the technology or type of sensor according to future requirements of the 

railroad monitoring. 

 
Figure 3: Results of the influence in the pad when removing the sensor for different 

load applications 

3.3 Study of the influence of the sensor thickness 

 
As can be observed in Figure 4, the sensor demonstrated to have a sensitivity to load 

changes when it was in contact with the rail first than the pad (10 mm thickness). And, 

as the results show, the soft silicone sensor presented more correlation with the forces 

applied, capturing the reason for the study, as it was a more flexible material it could 

be adapted easier to the forces than a more rigid material. 
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Figure 4: Results of the influence of the thickness of the sensor when applying 

different loads 

 

3.4 Study of the type of material 

 
Firstly, for the highest loads, the R-PP/PE Removable sensor-holder was found to 

show a noticeable increase on the signal recorded by the sensor, as it can be seen in 

Figure 5. This could be due to that the SBS and the Recycled PE removable sensor-

holders were the ones with the highest static stiffness values (as indicated in materials 

section), so the stresses applied on the pad could not be transmitted to the removable 

device according to the different properties of the material behaviour when applying 

a load. 

 

 

 
Figure 5: Results of the application of three different Removable sensor-holder 

materials in the R-PP/PE Pad 
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3.5 Mechanical and Functional Validation 

 
In order to validate the mechanical and functional characteristics of the smart pad, this 

section analyses the results of the mechanical laboratory tests. 
 

3.5.1 Static and dynamic stiffness 

 
Figure 6 displays the static and dynamic stiffness of two different type of pads; the 

reference pad (unmodified shape and without including sensor used as a reference 

guide); and the pad with a removable sensor.  As it can be seen, the inclusion of the 

sensor produces an increase of a 20% of the stiffness of the pad. On the contrary, the 

lateral embedded sensor decrease when evaluating the stiffness. These values are 

mostly associated to the type of material used for manufacturing the study pads, so 

they will depend on these parameters. Also, in this study, a recycled polymer was used 

as an example, but the solution could apply to any type of pad. 

 
Figure 6: Static and Dynamic stiffness of the reference pad and pad with lateral 

sensor 

3.5.2 Resistance to water, thermic and freezing and thawing. 

 
Figure 7 displays three different tests to analyse the removable sensor performance in 

case of extreme climate changes. The stages studied were a) BF&TR and AF&TR, 

meaning “Before and After of Freezing and Thawing Resistance Test”; b) BWR and 

AWR, meaning “Before and After Water Resistance” and c) BTR and ATR, meaning 

“Before and After Thermic Resistance”.  
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As it can be observed, the sensor signal decreases after the Freezing and Thawing and 

Water resistance tests. This could mean that the sensor could be damaged when water 

enters through the material pores and reaches the centre of the device where the sensor 

is located.  By contrast, in the Thermic Resistance test, the sensor signal presents an 

increase after the test. Further studies would be necessary to find a solution for the 

sensor resistance to water. 

 

 

 

 

 

 

 

 
Figure 7: Recorded signal evolution of the sensor when applied water, thermic and 

freezing and thawing resistance 

 

 

 

 

 

 

3.5.3 Fatigue resistance 

 

Figure 8 provides a visual representation of the correlation between the sensor signal 

and the applied load simulating train passage, after the fatigue process. Consequently, 

it could be asserted that the sensor demonstrated commendable durability by 

maintaining its capacity to detect load changes and delivering consistent performance 

after the fatigue test. 
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Figure 8: Sensor signal recorded after fatigue test vs Load applied during fatigue test 

4  Conclusions and Contributions 
 

The present paper focused on studying the viability of a removable sensor to be 

included into rail pads, allowing for a versatile system to be adapted depending on 

monitoring requirements. The paper studies the position where the sensor could be 

more efficient and effective, both without disrupting the rail pad configuration system, 

assessing different types of manufacturing material, and finally, proving the device 

durability under extreme function conditions. From this study, the following 

conclusions can be drawn: 

- Results denoted that the inclusion of the sensor into an extreme of the rail pad 

(at the edge of the contact rail-sleeper) allowed for a system with capacity to 

detect changes in traffic-track interaction while providing the ability of 

designing a removable sensor to be included or extracted from the rail pad. 

- To obtain accurate signals from the sensor, it is essential to ensure that the 

holder device is in full-contact with the rail pad where it is included.  

- The stiffness of the rail pad including the removable sensor slightly increases 

in comparison with other smart pad designs.  

- The removable sensor showed an ability to resist diverse thermic conditions, 

presenting more variation of the signal to cold weather conditions and water 

degradation. Then, further designs must be carried out to reduce such 

susceptibility. 

- Nonetheless, the smart pad showed resistance to fatigue tests, demonstrating 

to be capable of conserve the capacity to measure and monitor the interaction 

between vehicle and track.  
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