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Resumen

Resumen

Las necesidades del transporte, tanto de personas como de mercancias, asi como la
competencia existente entre modos de transporte ha provocado, para poder satisfacer las
necesidades del posible consumidor, un importante incremento en las velocidades de
circulacion de los trenes y de su capacidad de carga de mercancias. En los uUltimos afios, la
movilidad ha experimentado un crecimiento exponencial y con ello, la sobre-explotaciéon de las
infraestructuras sobre las que circulan los vehiculos, requiriendo mayores inversiones en

conservacién para asi poder asegurar su funcionalidad y seguridad.

En este marco, actualmente existe la necesidad y tendencia hacia el desarrollo de
materiales y tecnologias que permitan mejorar la operatividad y eficiencia del ferrocarril a través
de la optimizaciéon de los tiempos, recursos y costes derivados de las actividades de
mantenimiento (cada vez mas altos debido a la sobre explotacion de las infraestructuras). Por
esta razon, el mantenimiento predictivo es una herramienta con una demanda creciente debido
al gran potencial que presenta, permitiendo transformar las actividades de mantenimiento
correctivo (generalmente mas costosas) en mantenimiento preventivo (el cual es posible realizar

en las horas valle de uso de la infraestructura).

El reto actual se centra en predecir estos fallos para establecer estrategias de
mantenimiento preventivo. Para ello, es necesario el desarrollo de elementos que permitan
llevar a cabo una monitorizacién continua de la via a través de la implementacién de elementos
inteligentes que permitan transformar las actuaciones correctivas en predictivas, logrando asi
posicionar al sector del ferrocarril entre los principales modos de transporte, todo ello, sin
olvidar la importancia de apostar por un desarrollo sostenible a través de la reduccién en el
consumo de materias primas y la apuesta por la reutilizacion y reciclaje de materiales. Es por
ello, que la presente tesis tiene como objetivo principal el desarrollo de elementos elasticos
sostenibles mediante el uso de materiales reciclados e inteligentes a través de la inclusién de

sensores.

Para la consecucion de estos objetivos se han llevado a cabo una serie de etapas de
trabajo que comprenden (i) el desarrollo y caracterizacién de materiales poliméricos reciclados
para ser empleados en la fabricacion de placas de asiento sostenibles, (ii) el disefio de placas de
asiento con diferentes materiales reciclados y geometrias con el fin de obtener una amplia gama
de soluciones elasticas sostenibles con distintas propiedades que puedan dar respuesta a las
necesidades de la via, (iii) la seleccion y calibracion de los sensores mds adecuados para su uso

en las placas de asiento inteligentes y funcionales, (iv) el disefio placas de asiento sostenibles e
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inteligentes mediante la inclusién de sensores que permitan la monitorizacién de laviay (v) la
prueba y validacién de la funcionalidad de los elementos eldsticos sostenibles e inteligentes a

través de ensayos a escala real.
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Capitulo 2: Estado del Arte

1. Introduccion

En los ultimos anos, la movilidad de personas y mercancias ha experimentado un
crecimiento exponencial y con ello, la utilizacion de la infraestructura, aumentando el nimero
de trenes que circulan por las vias [1]. Este hecho, junto con el aumento de las exigencias de
calidad y seguridad del transporte viene requiriendo mayores inversiones en conservacion y
mantenimiento de las infraestructuras para asi poder asegurar su funcionalidad y seguridad. En
este contexto, el ferrocarril presenta algunas ventajas frente a los otros modos de transporte
como pueden ser la reduccién de las emisiones de CO; alrededor del 30% frente a otros modos
como el coche o el avidn, el empleo de una menor cantidad de energia por pasajero-km que el
autobus, el coche o el avién (llevando 3 veces mas de pasajeros con la misma cantidad de
energia), una ocupacién del espacio tres veces menor que las autovias o la reduccion de los

costes externos asociados a factores como pueden ser los accidentes o el cambio climatico [2].

Sin embargo, con el objetivo de continuar con el posicionamiento del ferrocarril como
medio de transporte de referencia, es necesario seguir desarrollando un sistema moderno,
inteligente y medioambientalmente sostenible que permita garantizar un buen uso de los
recursos disponibles. En este contexto, con el fin de asegurar una buena operatividad del
sistema, existe la necesidad de transformar el modelo de mantenimiento correctivo, en el cual
una vez aparece una deficiencia en el sistema, ésta se corrige, hacia un modelo predictivo, el

cual permite disminuir considerablemente los impactos sociales y econdmicos [3] [4].

En este marco, actualmente existe la necesidad y tendencia hacia el desarrollo de
materiales y tecnologias que permitan mejorar la operatividad y eficiencia del ferrocarril a través
de la optimizacién de los tiempos, recursos y costes derivados de las actividades de
conservacién. Por esta razon, el mantenimiento predictivo es una herramienta con una
demanda creciente debido al gran potencial que presenta, permitiendo transformar las
actividades correctivas (generalmente mas costosas) en preventivas (las cuales son posible

realizarlas en las horas valle de uso de la infraestructura) [5].

El avance de las nuevas tecnologias y el desarrollo de nuevos sensores ha permitido
mejorar la capacidad en el conocimiento del estado de la via, permitiendo una mejor
programacion de las actividades de conservaciéon de la via y dando respuesta asi a las
necesidades de mantenimiento. El circuito inventado por William Robinson en 1872 pudo ser
considerado como el primer sistema de vigilancia y control de la via con el fin de prevenir

accidentes [6]. Desde entonces, numerosas téchicas de seguimiento y variedad de sensores han
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sido desarrollados para ser aplicados tanto en elementos méviles como en secciones de via, con
el fin de controlar el trafico y las condiciones de la infraestructura ferroviaria. Para ello, se han
empleado multitud de sensores tales como acelerémetros, galgas extensiométricas, correlacidon
digital de imdagenes, gedfonos, sensores magnéticos y deflectémetros entre otros [7]. Sin
embargo, muchos de estos sensores convencionales no son practicos para la monitorizacion de
la via a largo plazo, debido a que presentan una configuracién compleja, falta de precisién en
las medidas en situaciones adversas, posibilidad de deterioro y/o robo debido a su uso externo
en la via, y un precio elevado, entre otros inconvenientes. De este modo, en los ultimos afos se
estd apostando por el uso de sensores embebidos en componentes de la via que permitan
mitigar parte de estos inconvenientes, aunque actualmente sigue siendo una técnica en vias de

desarrollo.

Por otro lado, para dar respuesta al incremento de las cargas al cual estan sometidas las
vias de ferrocarril, es fundamental la inclusion de materiales elasticos, tales como placas de
asiento, que permitan amortiguar las cargas y adaptar la rigidez de la via a la tipologia de tréfico
a la cual va estar sometida. Una rigidez de la via alta podria incrementar las cargas dinamicas y
la presion sobre la subestructura, mientras que una rigidez baja, produciria dafios en las vias del
ferrocarril, al no ser capaz de amortiguar los impactos producidos por los trenes durante su
circulacion. Es por ello, que, durante los ultimos afios, se estén desarrollando diferentes
soluciones con el fin de optimizar la rigidez de la via para conseguir un sistema que combine
estabilidad y capacidad de amortiguamiento de cargas [8] [9] [10] [11]. Ademas, con el fin de
dotar de cardacter sostenible a este componente, habitualmente fabricado a partir de polimeros
derivados del petrdleo, surge la oportunidad de emplear materiales reciclados en su produccion,
lo que permitiria reducir los impactos econémicos y ambientales asociados a estos componentes

de via.

Asi, dentro de estas soluciones, cobra especial relevancia la posibilidad de integrar
ambas lineas de investigacién en un sélo elemento funcional. Por un lado, el desarrollo de
elementos eldsticos sostenibles a partir de materiales reciclados que permitan optimizar el
comportamiento y durabilidad de la via desde el punto de vista de la sostenibilidad, y, por otro
lado, la inclusién de sensores para la monitorizacidn de la via. Asi, esta Tesis Doctoral se centra
en el estudio y desarrollo de elementos eldsticos sostenibles que incluyan sensores para la
monitorizaciéon de via, desde un punto de vista funcional, eficiente y respetuoso con el

medioambiente.
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2. Estado del Arte

En este apartado se recoge un resumen y conclusiones del estudio del Estado del Arte de la
presente Tesis Doctoral, el cual esta recogido en el primer articulo de la agrupaciéon de
publicaciones (Anexo | - A Critical Review of Sensors for the Continuos Monitoring of Smart and

Suistainable Railway Infraestructures).

A partir del estudio del Estado del Arte, las siguientes conclusiones pueden ser extraidas:

La evolucién de los sistemas de ensayos mediante métodos de monitorizacidn continua
de la via permite, mediante el uso de sensores, la deteccién temprana de los principales modos
de fallo que sufren y degradan la infraestructura. Las operaciones de mantenimiento predictivo
permiten optimizar los recursos existentes, obteniendo un sistema mas inteligente y sostenible
[5]. Los avances producidos en los ultimos afos en el desarrollo de los sensores han permitido
obtener componentes cada vez mas pequenos, mas precisos y mas econdmicos. Este aumento
de la viabilidad técnica y econdmica en el uso de dichos dispositivos ha propiciado su interés en
diversos campos como puede ser el monitoreo ambiental [12], de puentes [13] o incluso, de
infraestructuras lineales [14]. Gracias a ello, el ferrocarril podria seguir siendo considerado un
referente para el transporte moderno, inteligente y eficiente, lo que lo convierte en uno de los
medios mds competitivos a la vez que se disminuyen los costes de conservacion y explotacién al
permitir un mantenimiento predictivo continuo de la via. Por tanto, conseguir un sistema de
monitorizacién capaz de detectar y predecir los principales modos de fallo de la via férrea, como
deformaciones permanentes, cambios en la seccidn estructural, fallos por fatiga de los

materiales o vibraciones o ruido.

El control de los principales modos de fallo de las vias ferroviarias sobre balasto se puede
realizar mediante el uso de sensores avanzados pero simples capaces de medir parametros de
la via como deformaciones, vibraciones, oscilaciones de la via o incluso las fuerzas dinamicas
producidas por el trafico ferroviario. En este sentido, se ha demostrado que los sensores de fibra
Optica se encuentran entre los mas versatiles, pudiendo monitorizar propiedades tales como
deformaciones, tensiones, vibraciones o incluso temperaturas con un Unico componente. Sin
embrago, hay que tener en cuenta el elevado precio de esta tecnologia que, en comparacion
con otras alternativas, requeriran de un mayor grado de investigacién y desarrollo que permita
un uso mas generalizado. Por otro lado, el uso de galgas extensiométricas permitirian registrar
las micro deformaciones producidas en el material, sin embargo, presenta ciertas desventajas,

tales como su fragilidad, son susceptibles a las interferencias electromagnéticas y se ven
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afectadas por los cambios de temperatura. Por otro lado, también se ha visto que se podria
monitorizar el estado de la via a través de la medicién de la transmisién de tensiones y
vibraciones, donde diversas experiencias demostraron que los piezoeléctricos y los
acelerdmetros presentan un buen potencial para esta aplicacién. Esto se destaca especialmente
en el caso de los piezoeléctricos por sus diversas ventajas, como su alta linealidad y su bajo coste,

al tiempo que permite un registro claro de la dindmica de cargas (intensidad y frecuencia).

Por todo ello, de las conclusiones obtenidas del estudio del estado del arte, ha
propiciado que la presente tesis doctoral se haya centrado en el desarrollo de elementos
eldsticos sostenibles e inteligentes, focalizdndose en el desarrollo de placas de asiento
inteligentes mediante la inclusién de sensores piezoeléctricos de bajo coste, gracias a su

susceptibilidad para ser embebidos en las placas, por dimensiones y propiedades fisicas.
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3. Objetivos

3.1. Objetivo general

A partir de las conclusiones extraidas en el estudio del estado del Arte se han identificado
las necesidades en el avance de materiales para un ferrocarril mas eficaz y eficiente. Asi, el
objetivo de la presente tesis doctoral consiste en el desarrollo de placas de asiento sostenibles,
mediante el uso de materiales reciclados, e inteligentes a través de la inclusion de sensores, que

permitan llevar a cabo la monitorizacién continua de la via.
3.2. Objetivos especificos

Para el desarrollo de las placas de asiento sostenibles a partir de materiales reciclados e

inteligentes mediante la inclusidn de sensores se plantean los siguientes objetivos especificos:

e Desarrollar y caracterizar materiales poliméricos reciclados para ser empleados en la

fabricacidn de placas de asiento sostenibles. (articulo 2)

e Disefar placas de asiento con diferentes materiales reciclados y geometrias con el fin de
obtener una gama de soluciones eldsticas sostenibles con distintas propiedades que puedan

dar respuesta a las necesidades de la via (articulo 2).
e Seleccionar y calibrar los sensores mas adecuados para su uso en las placas de asiento
inteligentes y funcionales y disefiar dichas éstas mediante la inclusion de estos componentes

gue permitan la monitorizacién de la via (articulo 3)

e Evaluar y validar la funcionalidad de los elementos elasticos sostenibles e inteligentes

(articulo 4).
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4. Metodologia

Para la consecucién de los objetivos marcados en la presente tesis doctoral, la metodologia
seguida para el desarrollo de los elementos elasticos sostenibles (mezcla de polimeros reciclados
y particulas de caucho procedentes de neumaticos fuera de uso) e inteligentes mediante la
inclusidon de sensores que permitan la monitorizacién continua de la via, tras el estudio del

estado del arte, se puede dividir en tres etapas principales:

(i) Se han desarrollado diferentes materiales a partir de polimeros reciclados los cuales
han permitido elaborar placas de asiento con diferentes comportamientos
mecanicos.

(i) Una vez validado y conocido el comportamiento de las mismas, se ha llevado a cabo
lainclusién de distintos tipos de sensores en estos elementos eldsticos con el fin de
seleccionar el tipo de sensor mas apropiado para el conseguir el objetivo de
monitorizar el comportamiento de la via a partir de sus sefiales. Para ello, se han
realizado diferentes ensayos de laboratorio que han permitido conocer la
sensibilidad y viabilidad de cada tipo de sensor, asi como su aptitud ante los
principales procesos de fallo que presentan esta tipologia de elementos elasticos.

(iii) Finalmente, una vez estudiado los materiales, la morfologia de las placas y los
sensores, se han validado las placas de asiento mediante ensayos de laboratorio a

escala real.

Con el fin de describir con mayor profundidad las metodologias seguida en las citadas fases
de investigacién, este cuarto capitulo se estructura primero, en describir los materiales
empleados a lo largo de la tesis doctoral, para seguidamente describir el plan de ensayos y

métodos de laboratorio.

4.1. Materiales

Esta seccidn recoge un resumen de los materiales utilizados en las distintas fases de la Tesis

Doctoral, mostrando mayor detalle en los articulos recogidos en los anexos.

4.1.1. Materiales empleados para el disefio y desarrollo de las placas
sostenibles (articulo 2)

Para el desarrollo de las placas de asiento se han empleado cuatro materiales diferentes.
Tres de ellos fueron usados como material aglomerante (R-HDPE, R-PP/PE and Resin) cuyas
especificaciones se definen a continuacién, los cuales fueron mezclados con particulas de

caucho procedentes de neumaticos fuera de uso (CR) en diferentes proporciones y
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granulometrias. En este caso CR fue usado como modificador de la rigidez de las placas de
asiento. Hay estudios previos que demuestran que la inclusién de CR puede modificar la rigidez

global de la via, como, por ejemplo, mediante el proceso del Stone blowing [15].

Los materiales empleados como aglomerantes se describen a continuacién:

AGLOMERANTE

RESIN

MODIFICADOR RIGIDEZ

"’ | .' |
: R4 Ik 3 ™ R06

Figura 1. Materiales empleados en la fabricacion de placas de asiento

e R-HDPE. Se trata de polietileno de alta densidad procedente de cajas de plastico fuera
de uso. Su densidad se encuentra sobre 980 kg/m3. El proceso de reciclaje de este
material consiste en la recoleccién, limpieza y triturado en particulas de un tamafio

menor a 5 mm.

e R-PP/PE. Se trata de material procedente del residuo de geomembranas utilizadas para
impermeabilizacidon, el cual estd formado por dos capas diferentes. La capa
impermeabilizante esta principalmente formada por polietileno de baja densidad
(LDPE), aunque contiene otros polimeros como el polipropileno (PP). Ademas, la
geomembrana también contiene fibras de poliéster (trazas blancas), con fines

protectores. En la capa mas superficial del mismo, puede contener diferentes aditivos,
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tales como, tintes, antioxidantes y estabilizadores térmicos y de radiacion UV Este

material tiene una densidad media de 930 kg/m3.

e Resin. Resina industrial polimérica bicomponente compuesta de poliuretano, con
propiedades eldsticas. Este material tiene una dureza de 60 a 7 dias (DIN 53505) y una
Resistencia a la abrasion de 65 mg a 14 dias (ASTM D 4060). Este material ha sido elegido
como material industrial de referencia, el cual nos permite validar el comportamiento

de los materiales reciclados.

Por otro lado, las particulas de caucho procedentes de neumaticos fuera de vida util, fueron
empleadas como modificadores de la rigidez de las placas de asiento con el fin de proporcionar
una amplia gama de soluciones elasticas para su uso en distintos tipos de vias. Para ello, se
emplearon tres granulometrias distintas, especificamente, menores de 0,6 mm (R0.6), entre 0.6
y 2 mm (R2) y entre 2 y 4 mm. La Figura 2 muestra la curva granulométrica de las particulas de

caucho empleadas. La densidad media de este material es de 1,170 kg/m3.
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Figura 2. Granulometria particulas de caucho

4.1.2. Materiales utilizados en la fase de estudio y seleccién de sensores
(articulo 3)

Durante el estudio, tres tipos de sensores fueron seleccionados: 1) acelerémetros para
controlar los cambios en las oscilaciones; 2) paneles de presidén (sensores piezoresistivos) para

medir los cambios de presidn sobre las placas de asiento; y 3) piezoeléctricos para controlar los
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cambios en el comportamiento de la via a partir de las variaciones en las propagaciones de las

ondas en el material.
Acelerémetros

Durante el proceso de estudio de las diferentes tipologias de sensores dos tipos de
acelerometros fueron seleccionados, los cuales son cominmente usados en industrias como

dispositivos de navegacidn, instrumentacién médica, juegos, etc.

El primero, referenciado en esta tesis como ACC1 (Figura 3), es un acelerémetro capaz
de registrar datos en las tres direcciones del plano (X,Y,Z), con una resolucién de (13 bit), capaz
de medir hasta + 16g. Este dispositivo incluye un sistema de gestiéon de la memoria. El segundo,
a pesar de ser capaz de medir aceleraciones en las tres dimensiones y tener una resolucion de
14 bit solamente es capaz de medir aceleraciones entre +2g hasta +8g. El tamafo de ACC1 es de

25 mm x 19 mm x 3,1 mm, mientras que ACC2 tiene 20,5 mm x 14,5 mm x 2,8 mm.

El precio de los acelerometros ACC1 y ACC2, se situa en torno a 20 € y 5§,
respectivamente. Este parametro también es considerado a la hora de seleccionar un tipo de
sensor que sea efectivo para el objetivo de la investigacion desde un punto de vista técnico y

econdémico.
Sensores Piezoresistivos
En esta tipologia, dos modelos de sensor fueron estudiados (Figura 3).

Por un lado, un sensor circular (PR1) fabricado en poliéster con un espesor de 0.208 mm
y un drea de contacto de 25.4 mm. Este tiene un coste aproximado de 25 €. El radio de medida
recomendado por el fabricante es de 0-30 kN, el cual puede verse incrementado variando las
resistencias eléctricas empleadas en el circuito. Es por ello, que este sensor ha sido calibrado

empleando resistencias desde 1 kQ hasta 10 kQ.

Por otro lado, otro cuadrado (nombrado como PR2 en Figura 3) fue analizado. Se trata
de un sensor de geometria cuadrada con un espesor de 0,42mm, 43,7 mm de ancho y 43,7 mm

de largo. Este componente tiene un coste cercano a los 10 €.

En ambos casos, los sensores piezoeléctricos han sido calibrados con diferentes

resistencias.
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Piezoeléctricos

Se trata de un sensor (nombrado como Pl en la Figura 3) de bajo coste cuyo precio oscila
los 0,10 €. La base circular metalica que lo compone tiene un didmetro exterior de 35 mm,
mientras que el de lamina de cuarzo es de 24 mm. Los piezoeléctricos empleados tienen un
espesor de 0,3 mm. Estos sensores utilizan el efecto piezoeléctrico, un fendmeno en el que
ciertos materiales generan una carga eléctrica cuando se someten a una deformacién mecdnica

(como presion o tension).

Figura 3. Sensores analizados

En todos los casos, las medidas han sido registradas con un microcontrolador de bajo

coste como es el microcontrolador de ARDUINO UNO (Figura 4 y Figura 5) .
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Smart Rail Pad - Power supply ‘ Signal acquisition
Accelerometers Piezoelectric sensor

Polymeric rail pad PC
+ Data
. Acquisition
Inclusion of any sensor
Arduino
Q ﬁ . s i Controller
T Piezoresistive sensors

Figura 4. Diagrama conceptual de las Placas de Asiento Inteligentes, y configuracion del sistema de adquisicion de
datos.
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Figura 5. Diagrama de conexiones entre cada tipo de sensor y el microcontrolador Arduino.

Para el ensayo y validacién de estos sensores, se emplearon placas fabricadas con
diferentes polimeros con el objetivo de estudiar la aplicabilidad de los mismos cuando varian
sus propiedades como puede ser la rigidez estatica (pardmetro fundamental en esta tipologia
de elementos). Mds concretamente, tres placas cuadradas de 100 mm x 100 mm x 7 mm fueron

usados para estudiar la viabilidad de los sensores para ser incluidos en los diferentes materiales.
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Estas fueron fabricadas con HDPE (Polietileno de alta densidad), una combinaciéon de PP/PE
(polipropileno y polietileno de baja densidad) y resina industrial de poliuretano con propiedades
elasticas. La rigidez elastica, ensayadas segin la norme EN 13146-9, es de 575 kN/mm, 250

kN/mm y cercana a los 150 kN/mm, respectivamente.

Adicionalmente, dos placas con dimensiones de 140mm x 180 mm x 7 mm de espesor
fueron empleadas durante la investigacion con el objetivo de comprobar la aplicabilidad de los
sensores en elementos elasticos fabricados con las dimensiones requeridas para su aplicacién
como placas de asiento. Estas, fabricadas con HDPE y Resin, fueron estudiadas simulando
diferentes estados de la via con el fin de determinar la aplicabilidad del sensor ante los
diferentes condicionantes a los cuales estan sometidos la via (estado de la via y condiciones del
trafico). Figura 6 muestra un ejemplo de placas de asiento fabricadas con materiales reciclados
con la geometria convencional e incluyendo sensores: (a) sensor piezorresistivo en la superficie,

(b) sensor piezoeléctrico embebido en la cara inferior.

Figura 6. Ejemplo visual de la apariencia de las placas de asiento inteligentes. (a) sensor piezorresistivo en la
superficie, (b) sensor piezoeléctrico embebido en la cara inferior de la placa.
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4.1.3. Materiales de la fase de validacion (articulo 4)

Esta fase de la investigacién se ha centrado en la validacidon del empleo de sensores
piezoeléctricos, descritos anteriormente, embebidos en placas fabricadas a partir de polimeros
reciclados, con el objetivo de validar la aplicabilidad de esta tipologia de sensores al estudio del
comportamiento del trafico y de la via tras el paso de los ferrocarriles. En esta fase, las placas
fueron fabricadas con la combinacién de 50% HDPE y 50 % particulas de caucho con un tamafio

de particulas que oscila entre 2-4 mm.

PLACAS DE ASIENTO INTELIGENTE

Placas de asiento fabricadas con
polimeros recicladas

Agujero para
inclusién de sensor

Figura 7. Esquema colocacion placa de asiento

4.2. Plan de ensayos y métodos

La metodologia de esta tesis doctoral, se estructura en cuatro etapas de trabajo de
acuerdo ala Tabla 1. El resultado de cada una de las etapas ha sido recogido en cada uno de los

articulos publicados seglin se muestra en la tabla anteriormente mencionada.

ETAPA Articulo

Castillo-Mingorance, J.M.; Sol-Sanchez, M.;

Moreno-Navarro, F., Ribio Gadmez; M.C. A Critical
0 Estudio del estado del arte Review of Sensors for the Continuos Monitoring of

Smart and Suistainable Railway Infraestructures.

Sustainability, 12 (2020) 9428.
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Castillo-Mingorance, J.M.; Sol-Sanchez, M.;
Desarrollo de materiales elasticos Mattinzioli, T.; Moreno-Navarro, F., Ribio Gamez;
1 | sostenibles a partir de polimeros reciclados Development of rail pads from recycled polymers for

y particulas de caucho procedentes de NFU ballasted railway tracks. Constr. Build. Mater. 337
(2022) 127479.

. . Sol-Sanchez, M.; Castillo-Mingorance, J.M.; Moreno-
Desarrollo de placas de asiento sostenibles
) ) ) ) » Navarro, F.; Rubio-Gdmez, M.C. Smart rail pads for the
2 e inteligentes mediante la inclusién de
continuos monitoring of sensored railway tracks:

sensores .
Sensor analysis. Autom. Constr. 132 (2021) 103950.

Sol-Sanchez, M.; Castillo-Mingorance, J.M.; Moreno-

i ., . Navarro, F.; Mattinzioli, T.; Rubio-Gamez, M.C.
Prueba y validacidn de las placas de asiento

Piezolectric-sensored sustainable pads for smart

3 sostenibles e inteligentes a través de
railway traffic and track state monitoring: Full-scale

ensayos a escala real )
laboratory test. Constr. Build. Mater. 301 (2021)

124324.

Tabla 1. Etapas de plan de trabajo y publicaciones asociadas

En primer lugar, se ha llevado a cabo una revisidn bibliografica sobre los sistemas de
monitorizacidon continua disponibles aplicados a las lineas de ferrocarril, identificando las
ventajas e inconvenientes de cada uno de ellos y los principales casos de estudio, cuyos
resultados principales se han expuesto en el capitulo 2 de la presente tesis. Estos resultados,
fueron recogidos en un articulo tipo revisidn bibliografica (Review), titulado A Critical Review of
Sensor for the Continuos Monitoring of Smart and Suistainable Railway Infraestructuras
publicado en la revista Sustainability (Sustainability 2020, 12, 9428; doi:10.3390/su12229428).
A partir de las conclusiones extraidas en el estudio del estado del arte, se han llevado cabo 3

etapas:

4.2.1. Desarrollo de materiales elasticos sostenibles a partir de polimeros

reciclados y particulas de caucho procedentes de NFU

Desarrollo de materiales elasticos sostenibles a partir de polimeros reciclados y

particulas de caucho procedentes de NFU

5 Desarrollo de
' materiales sostenibles Influencia del tipo de material *  Rigidez estatica y dindmica
" & partir de polimeros Influencia del porcentaje de caucho *  Reologia con DMA
reciclados ¥ particulas Influencia del tamaiio del caucho *  Resistencia a traccion
de NFU
Fabricacion de Influencia del disefio superficial . - L
elementos eldsticos Influencia del disefio superficial con =gk ?fmtn:a ¥ "_'"a"““
sostenibles & e ive et s = Ate!'luacu:_m de los !mpacms
- inteligentes Estudio de la durabilidad del material Sl ek e o
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En primer lugar, se han desarrollado los materiales sostenibles que seran empleados en
la fabricacion de las placas de asiento. Para ello, cuatro materiales diferentes fueron utilizados,
tres de ellos empleados como agentes aglutinantes mientras que el cuarto se utilizd como
modificador de la rigidez. Para este propdsito, se mezclaron los materiales aglutinantes (R-HDPE,
R-PP/PE y Resin), junto con las particulas de caucho en diferentes tamafios y proporciones,
obteniendo un amplio abanico de posibles materiales susceptibles de ser empleados en la
fabricacidon de placas de asiento. Para evaluar las caracteristicas fisicas y mecdnicas de los
diferentes materiales obtenidos, se determind su rigidez vertical secante 20-90 kN para placas
de asiento (UNE EN 13146-9), su capacidad de atenuaciéon mediante el uso de un dispositivo

DMA (metodologia descrita en el ARTICULO 2) y su resistencia a traccién (ISO 37).

Una vez estudiados los diferentes materiales susceptibles de ser empleados en Ia
fabricacion de placas de asiento, se paso a evaluar la influencia de la geometria superficial de la
placa con el fin de disefiar elementos elasticos aptos para su uso en distintos tipos de vias. Las
placas de asiento fueron fabricadas acorde a las dimensiones requeridas para ser empleadas en

un carril tipo UIC 54 [16] (140x180x7 mm), analizandose 4 geometrias diferentes:
G1: Placa de asiento lisa, usada como referencia.

G2: Placa de asiento con un patrén similar a la empeladas en las vias de alta velocidad

espafnolas [17] [18], siguiendo un patrdon de oblongos seglin se muestra en la Figura 8.

G3: Prototipo. Placa de asiento con protuberancias lineales de 6,6 mm de ala una
profundidad de 2mm, separadas a la misma distancia. En la parte central, dicha protuberancia

tiene un ancho de 54 mm

G4: Prototipo. Placa de asiento que sigue el mismo patrén que la G3 en su parte superior

e inferior.

GEOMETRY 4 (G4)

GEOMETRY 1 (G1)

Figura 8. Diferentes geometrias aplicables a placas de asiento ensayadas.
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Con el fin de poder analizar el comportamiento de estos materiales y la influencia de las
distintas variables estudiadas, se realizaron los ensayos recogidos en la Tabla 2. La descripcién
de dichos ensayos se detalla en el articulo recogido en el anexo de la presente tesis,
Development of rail pads from recycled polymers for ballasted railway tracks. (Constr. Build.

Mater. 337 (2022) 127479).

Tabla 2. Ensayos realizados en la fase de desarrollo de las placas sostenibles

Etapa Fase Material Variables Ensayo
1.1 Influencia R-HDPE
del tipo de Resin Tipo de Material
material R-PP/PE
Porcentaje - Rigidez Estdtica
particulas de caucho 20/95
1.2 Influencia R-HDPE + R2
-0% -Rigidez
(1) Influenciade la | del porcentaje R-PP/PE + R2
-25% dinamica
composiciéon de caucho Resin + R2
-50% -Capacidad de
del material
-75% amortiguamiento
Tamanio de las -Ensayo a
1.3 Influencia
particulas de caucho Traccién
del tamaiio de R-HDPE +
-R0.6
las particulas 25/50/75% CR
-R2
de caucho
-R4
-Geometria 1 -Rigidez estatica
2.1 Influencia
-Geometria 2 20/95
de la geometria | R-HDPE + 50% R2
-Geometria 3 -Rigidez
superficial
-Geometria 4 dindmica

(2) Definicion de

la geometria

2.2. Influencia
del disefio
superficial en
diferentes

materiales

R-HDPE + 50% R2

R-HDPE + 50% R4

Resin + 50% R2

R-PP/PE + 50% R2

Geometria menos

influyente

Geometria mas

influyente

- Rigidez estatica
20/95
-Rigidez
dindmica
-Atenuacién de

impactos
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R-HDPE + 50% R2
3.1 Resistencia

(3) Estudio de la a la fatiga
R-HDPE + 50% R4
durabilidad del Tipo de material -Fatiga

material Geometria 1
Resin + 50% R2

R-PP/PE + 50% R2

R-HDPE (25, 50,

75% CR) -Analisis Cradle-
(4) Analisis de la | 4.1 Analisis de
Resin (50,75% to-Gate de la
huella de | lahuella bruta Tipo de material
CR) huella de
carbono y neta
PP-LDPE (25, 50, carbono
75% CR)

4.2.2. Desarrollo de placas de asiento sostenibles e inteligentes mediante

la inclusidon de sensores.

Una vez estudiados los diferentes materiales susceptibles de ser empleados para la
fabricacion de las placas de asiento, los sensores descritos anteriormente fueron analizados, asi

como, la interaccién de los mismos con respecto a las placas de asiento.

Para ello, la metodologia de ensayos se dividié en tres etapas: (1) calibracion de los
sensores en correlacidn con los principales pardmetros que influyen en las vias de ferrocarril y
eleccién del mas adecuado par para las siguientes etapas, (2) estudio de la respuesta de los
sensores, cuando son empleados en los distintos tipos de placas de asiento, compuestas de
diferentes materiales, que como resultado, obtenemos placas con diferentes rigideces, (3)
evaluacion de la capacidad de los sensores de registrar los diferentes estados de via y estados

de trafico, y finalmente, (4) evaluacion de la duracion de los sensores ante cargas repetitivas.

La Tabla 3 recoge los ensayos realizados. Con el fin de conocer el comportamiento de
los sensores como parte del componente de la via, se han aplicado desplazamientos verticales
y cargas a diferentes amplitudes, cargas y frecuencias, simulando el paso de los trenes. La
metodologia se puede ver con mayor detalle en el articulo recogido en el anexo de la presente
tesis doctoral, Smart rail pads for the continuos monitoring of sensored railway tracks: Sensor

analysis. (Autom. Constr. 132 (2021) 103950).

32



Capitulo 4: Metodologia

Tabla 3. Ensayos realizados con el fin de caractarizar los distintos sensores estudiados.

Etapa Variable de Ensavo
P Estudio v
Desplazamientos
erticales a
Estudio del Influencia de la Y . !
. N . diferentes
piezoeléctrico capacidad de .
amplitudes y
como parte del soporte .
frecuencias
componente de -
, Cargas verticales a
la via .
diferentes fuerzas
y frecuencias
R-HDPE
R-PP/PE
Resin Aplicacién de
2. Uso de R-HDPE diferentes niveles
sensores en R-HDPE+25R2 de presidn sobre
diferentes tipos R-HDPE+50R2 las placas de
de placas de R-HDPE+75R2 asiento que
asiento R- incluyen los
HDPE+50R0.6 sensores
R-HDPE+50R2
R-HDPE+50R4
3. Andlisis de los Rigidez Alta:
sensores antes R-HDPE+50R4 . L
. Simulacidn del
diferentes
. . . paso de los trenes
comportamientos Rigidez Baja:
de lavia Resin+50R0.6

4.2.3. Pruebay validacion de las placas de asiento sostenibles e inteligentes

a través de ensayos a escala real

Se trata de la ultima etapa de esta Tesis Doctoral, en la cual se pretende validar la
viabilidad del uso de sensores piezoeléctricos en las placas de asiento con el objetivo de
monitorizar el trafico y las condiciones de la via. Para ello, la metodologia de ensayo se dividio
en tres etapas: (1) Estudio de las sefales registradas por los sensores piezoeléctricos, evaluando
los diferentes escenarios para cada solucidn con el objetivo de calibrar los sensores para esta
aplicacion; (2) Andlisis de la capacidad de los sensores de monitorizar las condiciones del trafico
(principalmente, cargas, peso del vehiculo y detecciéon de impactos debido a condiciones
desfavorables que hacen que haya un mal contacto entre la rueda y la via); (3) estudio de la
capacidad de monitorizacién de las condiciones de via mediante la medida de la distribucién de
las cargas en las superestructura. La Tabla 4 resume el plan de ensayos llevado a cabo,
mostrando las tres etapas anteriormente mencionadas, las variables analizadas y los sensores

utilizados, asi como los ensayos realizados.
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Tabla 4. Plan de ensayos

. . Placa de
Etapa Variable de Estudio Sensor . Ensayo
asiento
Acelerémetro Defl[:(;l;?:;:ser;tos
. 1 (ACC1) .
Desplazamientos diferentes
. . Acelerometro .
1. Calibraciony amplitudes y
.. 2 (ACC2) .
seleccidn del -- frecuencias
sensor Press 1 (PR1) ,
Cargas verticales a
Press 2 (PR2) .
Cargas - - diferentes fuerzas
Piezoelectric .
y frecuencias
(P1)
ACC1 R-HDPE
Tipo de material PR1 R-PP/PE
Pl Resin
Cantidad de caucho R-HDPE Aplicacién de
2. Uso de empleado en la PR1 R-HDPE+25R2 | diferentes niveles
sensores en fabricacion de las PI R-HDPE+50R2 de presién sobre
diferentes tipos placas de asiento R-HDPE+75R2 las placas de
de placas de Tamafio de las asiento que
asiento particular de R- incluyen los
caucho empleado PR1 HDPE+50R0.6 sensores
en la fabricacion de PI R-HDPE+50R2
las placas de R-HDPE+50R4
asiento
3. Andlisis de los Simulacién de Rigidez Alta:
sensores antes diferentes estados ACC1 R-HDPE+50R4 . L,
. , Simulacion del
diferentes de via PR1 250 de los trenes
comportamientos | Diferentes niveles Pl Rigidez Baja: P
de la via de carga Resin+50R0.6

Para ello, un cajén de ensayos de dimensiones de 2 m de longitud, por 1 metro de ancho

y 60 cm de espesor se uso, con el objetivo de estudiar la capacidad de los sensores para medir

los cambios en el comportamiento de la via. La seccidon tipo empleada para estos ensayos estaba

formada por: (i) una capa de 8 cm de material granular simulando la base de la subestructura,

con mddulo de elasticidad superior a los 80 MPa, en consonancia con los valores de vias reales;

(i) una capa de 12 cm de subbaalasto bituminoso; (iii) una capa de balasto de 30 cm de material

ofitico con propiedades acordes a lo expuesto en la EN 13450; (iv) una seccidn de traviesa de

hormigén ( 85 cm de longitud) cominmente usado en las vias de alta velocidad espafiolas; (v)

sistema de fijacion VM, incluyendo las placas de asiento sensorizadas y (vi) seccién de carril tipo

UIC-54 de 25 cm de longitud. La Figura 9 muestra el aspecto visual del ensayo llevado a cabo

antes de la colocacion del carril sobre el sistema formado por tres traviesas (a) y después de su

colocacién (b).
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Figura 9. Ensayo a escala real formado por tres traviesas (a) placas de asiento inteligentes sobre traviesa; (b)
configuracion del ensayo.
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5. Resultados

En este capitulo se recogen los resultados obtenidos a lo largo de la presente Tesis
Doctoral, siendo el analisis realizado en consonancia con las diversas etapas de estudio descritas
en el capitulo de metodologia. Este apartado se trata de un resumen de resultados, los cuales
se muestran con mayor profundidad en los anejos adjuntos al presente documento donde se

recogen los articulos que conforman la agrupacidn de publicaciones de esta Tesis Doctoral.

5.1. Desarrollo de materiales elasticos sostenibles a partir de polimeros
reciclados y particulas de caucho procedentes de NFU

La Figura. 10 muestra los resultados del ensayo de rigidez estatica de las placas
fabricadas con los diferentes materiales aglomerantes. Acorde con estos resultados, tres
posibles soluciones podrian ser obtenidas de este estudio. Las placas fabricadas con R-PP/PE
presentan valores de rigidez estatica de entorno a 100KN/mm, mientras que, en los otros casos,
dicho valor aumenta, llegando a valores de 800 KN/mm, en el caso de las placas fabricadas con
R-HDPE, y 500 KN/mm, en el caso de las fabricadas con resina. De esta forma, se puede ver que
el material usado como aglomerante juega un papel fundamental en el comportamiento de la
placa de asiento, obteniendo elementos eldsticos con diferentes propiedades para su uso en

distintos tipos de vias de ferrocarril.
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Figura. 10. Rigidez estatica de las placas de asiento fabricadas con los materiales aglomerantes.
Particulas de caucho de diferentes concentraciones y tamafios fueron empleadas con el
objetivo de poder modificar las propiedades de los materiales aglomerantes. La Figura 11

muestra la influencia de la cantidad de particulas de caucho (por volumen), sobre el total de

material aglomerante, con particulas que oscilan entre el 0,6 y 2 mm (R2). Ademas, para uno de
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ellos (R-HDPE), se muestra la influencia del tamario de las particulas de caucho en la rigidez del

conjunto.

De estos resultados se puede extraer que, aunque la rigidez de todos los materiales
cambia con la inclusion de las particulas de caucho, en el caso de R-PP/PE varia en menor
medida, llevando incluso a un ligero aumento de la rigidez de la placa. Esto puede estar
relacionado en que ambos materiales presentan una rigidez del mismo orden, obteniendo
valores algo superiores en el caso del caucho. Sin embargo, si comparamos R-HDPE y Resin, es
posible observar como esta ultima es mas susceptible de reducir su rigidez con la incorporacion
de particulas de caucho, lo que permitiria una mayor graduacion de su comportamiento al

realizar la combinacion de ambos materiales.

Se puede ver que con un 50% de particulas de caucho R2 es posible reducir la rigidez
estdtica en un 25% y 85% en placas de asiento fabricadas con R-HPE y Resin, respectivamente.
Estos cambios indican que las particulas de caucho tienen un mayor impacto en las placas de
asiento fabricadas con Resin, mientras que en las fabricadas con R-HDPE, el efecto es mas

limitado debido a la alta rigidez del pldstico, y por tanto, requiriendo el uso de caucho.

En este sentido, se ha demostrado que el tamano de las particulas de caucho puede
optimizar la rigidez del material. Centrandonos en las placas de asiento fabricadas con R-HDPE,
es posible observar como con el aumento del tamafio de las particulas de caucho es posible
disminuir en mayor medida su rigidez. Por ejemplo, con la adicién de un 50% de particulas de
caucho de tamaio menor a 0.6 mm es posible reducir la rigidez estatica entorno a un 20%,
mientras que, si se utilizan particulas de tamafo entre 2 y 4 mm se obtiene una reduccion en
torno a un 40 %, pasando de una solucién rigida a una solucién de rigidez media. En la Figura 9
b se muestra la relacidn que existe entre la rigidez estatica y la dindmica. Existen estudios previos
que indican que, para obtener unas placas de asiento flexibles, dicho ratio debe encontrarse en
torno a 3,5 [19]. Tanto R-HDPE como R-PP/PE han demostrado valores cercanos a este valor. Sin
embargo, las placas de asiento fabricadas con Resin han presentado una ratio superior, lo cual
indica una excesiva rigidizacion dindmica de este material debido a su comportamiento visco-

elastico.

De acuerdo con estos resultados, se puede ver como con el uso de diferentes
combinaciones de particulas de caucho es posible obtener un amplio abanico de soluciones, las
cuales podrian ser empleadas en diversos tipos de vias, desde convencionales hasta Alta

Velocidad.
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Figura 11. Rigidez estatica de las placas de asiento fabricadas con diferentes materiales (a) y correlacion de la
rigidez para diferentes materiales (b)

Por otro lado, una vez caracterizados los posibles materiales susceptibles de ser usados
en la fabricacién de placas de asiento, diferentes geometrias fueron estudiadas. Para ello, se
considerd un caso intermedio, analizando la influencia de la geometria en la rigidez de placas de
asiento fabricadas con R-HDPE + 50 % R2. La Figura 12 muestra la rigidez estdtica y dinamica de
las cuatro geometrias estudiadas. De estos resultados se observa como si reducimos la superficie
de placa, disminuye, consiguientemente la rigidez. Si se compara G1 y G4, es posible disminuir
en torno a un 50 y 70 %, respectivamente, la rigidez estdtica y dindmica de la placa de asiento.
Es por ello, que se puede afirmar que uno de los parametros fundamentales en el disefio
geométrico de las placas de asiento es la superficie de contacto con el rail, y con ello, la variacién

de esta propiedad puede afectar a su rigidez.
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Figura 12. Rigidez estatica y dinamica dependiendo de la geometria superficial de la placa de asiento.

Centrandonos en las placas de asiento con mayor y menor influencia de la geometria
(G1y G4), la Figura 13 muestra la capacidad de atenuacion de impactos que presentan las placas
de asiento estudiadas para diferentes combinaciones de materiales, con el fin de profundizar en
el analisis de la influencia de estos parametros de disefio de las placas (composicidon y
geometria). Para este analisis se emplearon los materiales que, de acuerdo a los resultados
previos, daban lugar a placas de rigidez media, variando el tipo de aglomerante para el caso de
50% de caucho con tamaino 2 mm. A su vez, se estudiod el caso de la placa R-HDPE con 50% de
caucho 4 mm para profundizar en el andlisis de la influencia del caucho para este tipo de
aglomerante que necesita mayor amortiguamiento por parte del caucho para reducir su rigidez,

y obtener placas de rigidez media.

Todos ellos cumplieron con los requisitos establecidos por la normativa espafola, que
establece un valor minimo del 25% [16]. Para las placas de asiento Resin + 50% R2 y R-PP/PE +
50% R2, su geometria presentd limitada influencia en su resistencia de atenuacién de impacto,
obteniendo valores entre 78 % y 85%, independientemente del material y tipo de geometria. Sin
embargo, en las placas de asiento fabricadas con R-HDPE el cambio en la geometria y |la variacion
del tamafio de caucho llevé a mayor influencia en la capacidad de atenuacién, al igual que ocurre
con larigidez de la placa. Quedd demostrado como el uso de un tamafio de particula de caucho

granulado mayor aumenta la capacidad de atenuacién de impactos. Asi, comparando R-HDPE +

40



Capitulo 5: Resultados

50% R2 y R-HDPE + 50% R4, se observa que es posible incrementar la capacidad de atenuacion

de impactos en alrededor del 50% y 25% para G1 y G4 con el uso de R4, respectivamente.
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Figura 13. Capacidad de atenuacion de impactos de las placas de asiento

La Figura 14 presenta la variacion del desplazamiento del carril provocada por la fatiga
(ensayo realizado seguin norma UNE-EN 13146-4). Los resultados se obtienen para Fmax (fuerza
maxima igual a 83 kN) y para Fmin (fuerza minima fuerza igual a 5 kN). En general, el
desplazamiento encontrado tanto en la cabeza del carril y como en el patin serian compatibles
para su uso en lineas de alta velocidad, segin la normativa espafiola [23], excepto las placas de
asiento carril fabricadas con R-PP/PE + 50% R2. En este Ultimo caso, para Fmax, el
desplacamiento supera los valores estandar en aproximadamente un 20% en la cabeza del carril
y el 6% en el pie del carril, por lo que no se compatibiliza su uso para las lineas espaiolas de alta

velocidad por su comportamiento plastico, seglin la norma espafiola.
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Figura 14. Desplazamientos del carril debidos al proceso de fatiga

La Figura 15 muestra los resultados del andlisis de la huella de carbono para 11 posibles
combinaciones de materiales viables, segun resultados previos, para la fabricacion de placas de
asiento. A partir de estos resultados, se puede afirmar que el uso de polimeros reciclados (R-
HDPE y R-PP/PE) proporciona un beneficio ambiental positivo. Sin embargo, el uso de la resina
polimérica tiene un impacto ambiental superior en comparacion con el uso de placas de asiento
convenciones (12,6 veces superior), siendo este hecho disminuido al aumentar la cantidad de
caucho reciclado incorporado a las placas, pero siempre resultando en mayores costes

ambientales en el caso de la resina.

Si se comparan los impactos brutos y netos de los polimeros reciclados, se puede
obsevar que el uso de ambos polimeros reciclados proporciona un ahorro medioambiental neto.
Esto puede estar asociado a que la etapa de extracion de los plasticos reciclados, es decir,
tratamiento y procesamiento de los residuos, tiene un menor impacto que la extraccion de los
componentes base que constituyen los polimeors virgenes comunmente empleados en placas

de asiento comerciales.
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Figura 15. Huella de carbono de las placas de asiento fabricadas a partir de polimeros reciclados

5.2. Desarrollo de placas de asiento sostenibles e inteligentes mediante la
inclusién de sensores.

En este apartado de la presente Tesis Doctoral se ha llevado a cabo el andlisis de la
aplicabilidad de cada tipo de sensor para su uso en la identificacion de los diferentes
comportamientos de la via. La Figura 16 muestra las sefales medidas por los acelerémetros en
dos tipos de placas de asiento diferentes (una flexible y una rigida a base de diferentes
componentes) y en dos subsistemas simulando dos superestructuras ferroviarias diferentes (una
flexible y otra rigida). Los resultados muestran los cambios en la amplitud de aceleracién
registrados por los acelerémetros al reproducir diferentes niveles de carga. La figura b muestra
un ejemplo de la evolucién de la aceleracién medida durante una secuencia de paso de tren, en
comparacién con los desplazamientos registrados por unos dispositivos LVDT (siglas en inglés
para referirse a Transformador Diferencial de Variacion Lineal), cominmente empleados como

instrumentacion en ensayos de laboratorio.
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Figura 16. Resultados de los acelerémetros incluidos en las diferentes placas de asiento usadas sobre diferentes
bases de ensayo. (a) influencia de la configuracion del sistema sobre diferentes niveles de carga; (b) ejemplo de la
correlacion existente entre las medidas de aceleracion y los desplazamientos generados bajo una secuencia de
carga.

De manera similar, las Figura 17 y Figura 18 muestran los resultados registrados por los
sensores piezorresistivo y los sensores piezoeléctricos cuando cada sistema de ensayo de via
estd sometido a varios niveles de carga, simulando los diversos esfuerzos que sufre la via durante
el paso de los trenes. De estos resultados se puede observar que, al igual que lo visto en el caso
de los acelerdmetros, los valores mdaximos y minimos del piezoeléctrico se encuentran
desfasados con respecto a los picos de fuerza o desplazamiento, ya que las aceleraciones
minimas ocurren el valor maximo del desplazamiento del actuador. Eso se debe al hecho de que
tales picos de desplazamiento representan un cambio en la direccion de la carga y, por tanto,
provocando valores de aceleracion minimos. Por el contrario, en el caso de los sensores
piezorresistivos, los valores mas altos se alcanzan con la carga maxima del actuador y en los
sensores piezoeléctricos, las cargas son registradas como pulsos eléctricos causados por la

propagacion de las vibraciones.

Los resultados demuestran que los acelerdmetros (Figura 16) pueden identificar los

diferentes niveles de carga producidos por el trafico (simulando trenes con pesos), al mismo
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tiempo que distingue las diferencias entre sistemas, ya que se midieron mayores aceleraciones
para la base blanda donde se esperaban mayores movimientos. Cabe resefiar que la calidad de
sefial obtenida por este tipo de sensor es mas baja que en el caso de los sensores piezoresistivos
y sensores piezoeléctricos. Esto podria afectar a la idoneidad del uso de estos sensores, al no

guedar registradas claramente las variaciones de las cargas.
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Figura 17. Resultados de los sensores piezoresistivos incluidos en placas sobre diferentes bases de ensayo. (a)
influencia de la configuracién del sistema sobre diferentes niveles de carga; (b) correlacion entre medidas de los
sensores y desplazamientos bajo una secuencia de carga.
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Figura 18. Resultados de los sensores piezoeléctricos incluidos en placas sobre diferentes bases de ensayo. (a)
influencia de la configuracion del sistema sobre diferentes niveles de carga; (b) correlacion entre medidas de los
sensores y desplazamientos bajo una secuencia de carga.

Por otro lado, como se indicé anteriormente, el uso de los sensores piezoresistivos y
sensores piezoeléctricos permitieron una identificacion clara de los ciclos de carga, que
muestran ondas similares a las recogidas por los instrumentos de medida del equipo de ensayo,
lo que demuestra el potencial de estas tecnologias para monitorear el comportamiento de la via
bajo el paso del tren. Ambos sensores (PR y Pl) identificaron los diferentes niveles de esfuerzo
necesarios para reproducir los diferentes desplazamientos a los cuales estd sometida la via (la
Figura 17 y Figura 18, al tiempo que permite una distincidn clara entre el tipo de sistema de via
(sobre una base media o blanda). Este ultimo hecho fue mas claro en el caso del piezoeléctrico
donde las reducciones de sefial fueron superiores al 50% cuando se pasé de base media a

blanda, mientras que el PR mostré cambios menores.

Ademds, es importante sefialar que, de acuerdo con resultados anteriores, los valores
dependian del tipo de placa de asiento utilizada para incluir los sensores, obteniendo valores

mas altos para la placa compuesta de HDPE, la cual muestra una mayor rigidez.
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Para una comprension mas profunda del funcionamiento de estos sensores, la Figura 19
representa ejemplos de cambios en el comportamiento de la via monitoreado por sensores PR
y Pl a través de variaciones en el voltaje registrado cuando se usa en la placa de asiento rigida.
Particularmente, el eje X representa las variaciones en la tension aplicada sobre las placas de
asiento debido a cambios en el soporte de la via (simulando, por ejemplo, plataformas blandas
o traviesas colgante, para disminuir la tensidn en la traviesa central debajo de la rueda del tren)
[20] [21] o debido a la variacion en las cargas de trafico. Por otro lado, el eje Y representa las
variaciones producidas en los voltajes registrados debidos a una reduccidn en la carga del trafico
(de 1700 kPa a 850 kPa) o de 1700 kPa a 250 kPa por una reduccion en la capacidad soporte de

la via.

Se puede observar cdmo una variacion del nivel de carga en una via (asociada a cambios
como el valor del peso del tren, la presencia de abolladuras en las ruedas o irregularidades en la
via, etc.) [22] podria ser claramente identificado por ambos tipos de sensores, lo que muestra el
uso potencial de estas tecnologias para detectar fallos en la via como se hizo con otros

dispositivos en estudios anteriores [23] [24].
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Figura 19. Correlacion entre las medidas obtenidas por los sensores piezoresistivos (izquierda) y los sensores
piezoeléctricos (derecha) con la variacion de la carga aplicada sobre la placa de asiento ante diversos escenarios de
ensayo.
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5.3. Prueba y validacion de las placas de asiento sostenibles e inteligentes a
través de ensayos a escala real

Una vez conocidos y estudiados los sensores aplicables para la monitorizacion del estado
de la via y con el fin de poder validar las placas de asiento sostenibles e inteligentes aplicables a
la via del ferrocarril, se han llevado a cabo ensayos a escala real en el cajén de ensayos del
Laboratorio de Ingenieria de la Construccién de la Universidad de Granada. La Figura 20a
representa el diagrama de cargas por eje del tren y la grafica en Figura 20b muestra los valores
aplicados por la maquina de ensayos, reproduciendo el paso de los trenes a una velocidad

cercana a los 100 km/h.
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Figura 20. Diagrama de distribucion de cargas: (a) distribucion de cargas por eje; (b) distribucidn de las cargas
sobre el carril durante el ensayo

La Figura 21 muestra las sefiales medidas por los piezoeléctricos durante la simulacion
de las diversas cargas representadas en la figura anterior. Se puede observar como el empleo
de esta tecnologia permite identificar los cambios en los niveles de carga, asi como, identificar
la secuencia de cargas aplicadas por la maquina de ensayo. La Figura 22 muestra la buena
correlacién existente entre la carga del tren y la sefial medida por el piezoeléctrico. Con ello se

demuestra que esta tipologia de sensores podria ser adecuada para su uso en la identificacion
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de los niveles de carga, facilitando la monitorizacion continua de la via (conteo de bogies, pesaje

dindmico de trenes, elaboraciéon de modelos predictivos, etc.)
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Figura 21. Diagrama de sefiales monitorizadas por las placas de asiento inteligentes.
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Figura 22. Correlacion entre cargas aplicadas y sefial registrada por componente inteligente.

La Figura 23 representa las variaciones (en %) entre las cargas aplicadas durante la

simulacién del paso de los trenes y los cambios de sefial recogidos por los sensores.

Los resultados confirman la buena precisidn de la placa de asiento inteligente, tal y como
se muestra en la buena correlacién lineal y valores de cambio porcentual de las cargas

(observandose la superposicion entre el valor tedrico y los valores registrados).
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Figura 23. Correlacion entre los cambios en las cargas de los trenes y los cambios registrados por los sensores.

La Figura 24 representa los valores medidos simulando un contacto regular e irregular
entre las ruedas y el carril, donde los mayores impactos fueron aplicados en los ejes 7 y 10,
simulando un desgaste excesivo en dichos bogies (identificado por los sensores). Ello demuestra
que los piezoeléctricos podrian detectar la presencia irregularidades en el contacto rueda-carril,
y con ello, su potencial aplicabilidad como elementos inteligentes para la monitorizacién de las

condiciones del trafico, asi como de las cargas de los vehiculos.
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Figura 24. Resultado de la monitorizacion de un contacto irregular entre rueday carril.
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6. Conclusiones

La presente Tesis Doctoral se centra en el desarrollo de placas de asiento sostenibles,
fabricados a partir de polimeros reciclados e inteligentes, mediante la inclusién de sensores
aplicados a vias de ferrocarril. Con ello se pretende conseguir elementos eldsticos mas
competitivos desde el punto de vista medioambiental y a su vez, que permitan realizar un

mantenimiento predictivo del estado del vehiculo y de la via.

Para conseguir este objetivo se ha realizado una investigacidn en la que, tras la realizacion
del estudio del estado el arte, se ha llevado a cabo una serie de trabajos de laboratorio centrados
en evaluar distintos polimeros reciclados y tipos de sensores para ser embebidos en placas de

asiento. A partir de los resultados obtenidos, se pueden extraer las siguientes conclusiones:

e Se ha demostrado que el tipo de polimero reciclado usado como aglutinante juega
un papel fundamental en la rigidez de la placa.

e Por lo general, un aumento en el porcentaje de particulas de caucho produce una
disminucién de la rigidez de la placa. Es por ello, que con la variacion de la cantidad
de caucho aportada y modificando el tamafio del mismo permite obtener un amplio
abanico de soluciones.

e Siguiendo las conclusiones previas, se ha observado que, por ejemplo, al utilizar R-
R-HDPE se obtienen placas con una rigidez de aproximadamente 800Kn/mm,
mientras que con R-PP/PE se logran placas con una rigidez de alrededor de
100Kn/mm. Ademas, la incorporacién de caucho permite ajustar la rigidez de las
placas. Por ejemplo, al agregar hasta un 50% de caucho en particulas de
aproximadamente 2mm, se puede reducir la rigidez entre un 25% y un 85%,
dependiendo de las caracteristicas de la mezcla.

e Se hademostrado que la geometria de la placa tiene especial relevancia en la rigidez
de la misma, la cual es posible reducir en mas del 50% en algunos casos.

e Ademas, el empleo de materiales reciclados (R-HDPE y R-PP/PE) permite reducir en
mas de un 70% la huella de carbono en comparacién con las placas de asiento
convencionales.

e Por otro lado, los resultados obtenidos de la calibracion de los sensores han
demostrado que no todos los sensores son susceptibles de ser usados para la
monitorizacién continua de las vias de ferrocarril.

e Los acelerdmetros y piezoeléctricos muestran una relacion lineal entre la sefial

obteniday la fuerza/movimiento aplicado, pero mientras que el primero detecta los
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cambios en las oscilaciones aplicadas, el segundo esta centrado en el nivel de
tension aplicada a las placas de asiento. Los paneles piezoresistivos muestran una
relacion logaritmica entre ambos parametros, por lo que su uso para detectar
cambios de oscilacién a altos niveles de carga es limitado.

e Los sensores piezoeléctricos presentan un mayor potencial para su en la
monitorizacion dado que proporciona una sefial clara cuando se mide el
comportamiento de la via.

e Ademds, se ha demostrado en ensayos a escala real que estas tipologias de sensores
tienen la capacidad de detectar las variaciones del trafico, las irregularidades en el
contacto rueda-carril y las variaciones en el apoyo de las traviesas, mostrando

claramente la capacidad de monitorear las variaciones de las cargas de los vehiculos.

Por todo ello, la presente tesis doctoral demuestra que es posible confeccionar placas
de asiento sostenibles, a través de la fabricacién de las mismas con polimeros reciclados,
obteniendo un gran abanico de soluciones que permiten adaptar la rigidez de la placa de asiento
a las necesidades de la via. Por otro lado, existe la necesidad de llevar a cabo una monitorizacion
continua de la via, que permita convertir las actuaciones de mantenimiento correctivas en
actividades preventivas, reduciendo asi los costes y tiempos de reparacién. Para ello, el uso de
sensores piezoeléctricos embebidos en las placas de asiento, puede ser una alternativa a los

sistemas de monitorizacién convencional.



Capitulo 7: Futuras Lineas de Investigacion

7. Futuras lineas de investigacion

A partir de las conclusiones extraidas y de los trabajos de investigacidn realizados se han

detectado las siguientes posibles futuras lineas de investigacidn:

e Desarrollo de la tecnologia necesaria para la adquisicion y registro de los datos
proporcionados por los sensores de manera inalambrica, los convierte en una
herramienta mas versatil para su empleo en vias de ferrocarril.

e Disefio de placas de asiento mds versatiles que permitan la incorporacidon de
distintos tipos de sensores, y que faciliten su sustitucién, con el fin de ofrecer una
solucidn adaptativa a las necesidades de la via.

e Desarrollo de modelos predictivos que permitan identificar el momento éptimo
para la realizacién de tareas de mantenimiento a partir de los datos aportados por
los sensores.

e Estudios de durabilidad a largo plazo bajo condiciones extremas de temperatura y
humedad.

e Influencia de las corrientes vagabundas en las medidas obtenidas por los sensores.
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Abstract: Real-time and continuous monitoring through smart sensors is considered to be the
evolution of traditional track testing, enabling the earlier detection of the main failure modes that
degrade railway tracks. Through carrying out preventive maintenance operations, infrastructure
resources may be optimized, leading to smarter and more sustainable infrastructure. For this reason,
under the larger goal of creating a synergy with various types of sensors for railway tracks, this
article presents a critical review on the different, currently available sensors for smart and
continuous monitoring. Specifically, the most appropriate monitoring technologies for each of the
main railway track failure modes have been assessed and identified, thus deriving the advantages
and capacities of each solution. Furthermore, this review presents some of the main experiences
carried out to date in literature by using sensor technologies, such as strain gauges, piezoelectric
sensors, fiber-optics, geophones and accelerometers. These technologies have proven to offer
appropriate characteristics and accuracy for the continuous monitoring of a railway track’s
structural state, being capable of measuring different parameters, such as deflections, deformations,
stresses or accelerations that would permit the technical tracking of various forms of degradation.

Keywords: real-time monitoring; rail track sensor; smart infrastructure; structural health
monitoring; review

1. Introduction

The transport of both people and goods plays a fundamental role in the advancement of society
and the economy. In recent years, mobility has greatly increased with an increased use of
infrastructures, which in turn requires greater investments to conserve their functionality and safety
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[1]. This is accentuated by the fact that train circulation speed and capacity is increasing too, with the
aim to reduce travel time and increase railway efficiency [2]. For this reason, to guarantee good track
operability it is necessary to optimize the time, resources and costs for maintenance activities (which
are increasing in frequency due to increased use).

In this sense, predictive maintenance is a management tool increasing in demand, due its high
potential. For this purpose, continuous rail track monitoring plays a fundamental role for efficiently
and reliably tracking the condition of the infrastructure. The use of smart and cutting-edge sensors
and technologies to monitor the railroad would permit its continuous tracking, and enable the
anticipation of future possible pathologies, turning current corrective maintenance into predictive
maintenance, thus minimizing associated maintenance costs [3]. Through this, any premature
degradation would also be avoided and, therewith, a decrease in the possible costs associated to the
renewal of some components of the infrastructure, obtaining a more sustainable solution.

The first monitoring systems date from 1872, when William Robinson invented the first track
circuit used in a railway, which is still used nowadays. This system detects the presence of, or lack
of, trains on the railway through the electric connections created between the wheels and rails [4].
Since then, sensor technology has evolved very quickly, further increasing in recent years. As a result,
track deflection and change in railway stiffness, as well as other railway pathologies that could
appear, in railroads can be monitored in different ways, from more simple systems (such as the
traditional hydraulic jack-loading method, load cells or deflectometers) to the more sophisticated
auscultator train [5]. However, this last solution, despite obtaining good results, is very expensive
(one of them can cost more than EUR 45 million), and for this reason, its use is very limited. On the
other hand, the use of traditional monitoring systems is limited to the punctual test in a specific area,
and does not provide continuous monitoring. Therefore, the development and study of innovative
technological solutions for real-time and continuous monitoring has great potential to improve the
predictive maintenance possibilities of railways.

The high rate of development of sensor technologies in recent years has made sensors which are
smaller, more accurate and cheaper. This increase in technical and economic viability has increased
the interest of these devices in various fields such as environmental monitoring [6], bridge monitoring
[7] or even testing lineal infrastructures [8]. Through their use, railway transportation could continue
to be considered a reference for a modern, intelligent and efficient transportation, making it more
competitive, and at the same time decreasing associated maintenance costs, via implementing
continuous predictive maintenance.

Therefore, to achieve a smart monitoring system able to detect and predict the main modes of
railway track failure, such as permanent deformations, change in the structural section, component
fatigue failures and vibration or noise, it is necessary to determine the technology available in the
market, its capacity and functionality, as well as, any case studies in which it has been used. Thus,
this paper assesses the characteristics of the main types of smart sensors which have the potential to
be used for the continuous monitoring of railway tracks, via studying their possible implementation
in tracks per the main failure modes and providing understanding on the key parameters to measure
in each mode.

For this purpose, the methodology followed consisted of, firstly, identifying and studying the
main modes of railroad failure through the literature review of scientific indexed journals as well as
technical reports. This revealed the principal factors that can accelerate track failure, and how they
are commonly detected via conventional testing. Following on, the smart sensors with the highest
potential for track monitoring were analyzed and compared using the current information available
in scientific articles (collecting case studies from the last 5 years) as well as consulting technical guides
from manufacturers. Finally, a discussion section provides an analysis of the information reviewed,
assessing the suitability and potentiality of each sensor for the continuous monitoring of railway
tracks per the main modes of railroad failures and the principal current demands.

2. The Main Modes of Track Failure and Their Traditional Monitoring
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There are various different failure modes associated with railroads, which decrease the original
quality of the tracks due to the degradation of the infrastructure. This depends on several factors such
as railroad use, the environment or the possible failure of individual components that could occur
during its service life. Despite there being other types of failure whereby the railroad could be rendered
inoperable, this paper is focused on those to be carried out during the youth stage in ballasted tracks,
given that this track typology is the most commonly used and where a higher level of monitorization is
required. The most significant failures are explained in the following sections.

2.1. Permanent Deformation and Rail Track Settlement

Among the most typical failures in lineal infrastructures is related to the permanent
deformations, which are more problematic than those with differential magnitudes due to changes
in the resistant capacity of the bearing courses. With the continuous loading from thousands of trains,
all these deformations are accumulated, giving way to differential rail track settlement. This problem
is accentuated in the transition between two track areas with different stiffnesses, such as the
transition from an embankment to a bridge or tunnel, or from transitioning between diverse
geological areas. Transition zones could be considered as the most problematic areas for rail track
settlement, where the rearrangements of the ballast would result in “hanging” sleepers, increasing
the impact generated by the passing trains and thus, accentuating this problem increasingly over
time. This failure mode could be considered as a vicious circle, where an increase in “hanging”
sleeper problems generates a higher dynamic impact in the infrastructure from passing trains, and
therewith, an increase in the rail track settlements.

Thus, this problem has traditionally been assessed by measuring the evolution of the track
settlement in different sections along transition zones, as well as the height oscillations of the sleepers
(referring back to the effect of “hanging” sleepers). Additionally, considering registering the
acceleration, it is also possible to obtain the track deflections. For this purpose, the use of
instrumentation such as Linear Variable Differential Transformers (LVDTs), high definition cameras
and deflectometers is common [9-12]. For example, Mishra et al. [13] used a series of LVDTs to
monitor a problematic section in a transition zone south of Philadelphia, USA. For this purpose, five
LVDTs were used to collect the different settlements that were generated in each of the layers (Figure
1). Another example is Bowness et al. [14] who used remote video monitoring to assess track
displacements. A webcam (with a higher resolution than conventional cameras) was attached to a
telescope, which located all of the train structure layers, far away enough to avoid any possible
impacts due to the deflection and vibration of the rail track. Particle image velocimetry was used to
analyze the images taken during train circulation, with a resolution of 0.04 mm from a distance of 15
m. However, in both cases, in spite of these devices obtaining good results, they are both expensive
to install, time consuming for data interpretation, and susceptible to being easily manipulated or even
stolen.
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Figure 1. Schematic of track substructure used by Mishra et al. [13].

2.2. Component Fatigue Failure

Another factor that could significantly affect rail track operability is the fatigue failure of
individual components. With increasing load capacities (freight trains) and speeds (passenger trains),
the rail could suffer located defects due to the dynamic impacts received, where any irregular wheel-
rail contact and slips between the wheels and rail would promote extra short-wave vibrations, as well
as an increase in stresses. The railroad fasteners are also subjected to fatigue efforts due to cyclic
elastic movements, further increasing with force-wave transmission and any noise from wheel-rail
contact. In the sleepers, also affected by the passing train, different defects could appear depending
on the material with which they are manufactured. In timber sleepers, bio-deteriorations and the
climate affect them considerably [15,16]. On the other hand, concrete sleepers are mainly affected by
wheel-rail impacts as well as rail-seat deterioration caused by frictional forces present between the
pads and the sleepers, further increasing with the presence of any fine particles and/or water [17,18].

Regarding the ballast layer, its degradation can be associated with the abrasion between the
corners of the aggregates or its crushing due to traffic overloads, along with ballast fouling, due to
any fine particles that considerably affect water drainage, negatively influencing rail track stiffness
regularity [19]. Aggregate degradation could be caused by climatic factors and freeze-thaw cycles
[20], but mainly from the breaking of aggregates due to the passing traffic [21]. The variation in
stiffness along the railway track induces a dynamic load between wheel-rail contact and sleeper—
ballast, further increasing the fatigue problems in the rest of components [22], while also varying the
bearing capacity of the track. Additionally, high overloading in the sleepers and ballast increases the
settlement that could appear in the railroad structure.

Therefore, to minimize the degradation of the various components, it is essential to control and
monitor the forces transmitted by the train to the track, as well as evaluate the evolution of the bearing
capacity of the track and its deformations. To date, corrective maintenance has been mainly carried
out for these components, detected through a visual exam carried out by a specialist or in some cases,
with the aid of auscultators trains. However, with the applications of new technology systems is
could be possible to detect this type of failure sooner—for example, through the use of axle-box
acceleration analysis [23] or analyzing the displacement, accelerations and velocities via the
electromagnetic waves in rails and sleepers [19].

2.3. Vibration and Noise

Among the more direct results of rail track settlements and fatigue failures are the deformations
and irregularities along the track, which increase vibrations and noise levels. This problem is especially
relevant in urbanized areas. According to Connolly et al. [24], there are two main track imperfections
that contribute to track vibrations: (a) repeated loading at high frequencies, which can deform the
wheels causing the loss of its initial geometry [25], and (b) the appearance of irregularities in the rail
due to impacts or deformations associated with problems such as stiffness changes, settlements,
welding, transition zones or excessive wear [26]. There are numerous mechanisms that influence rail
track vibrations, which have a certain frequency whose ranges can be observed in Figure 2.
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Figure 2. Typical frequency range excitation [24].

Furthermore, it is important to note during the monitoring of the track that throughout the noise
(or vibration) spectrum, it is possible to predict the rail-sleeper-force [27], and therefore, it is possible
to identify specific track failure types, and thus, the corresponding preventive maintenance
operation. For this reason, a good knowledge of the vibrations (amplitudes and frequencies) makes
it possible to identify specific problems on the rail track system, as well as quantify them.
Traditionally, these vibrations are recorded with the help of accelerometers implanted in the
auscultator trains.

2.4. Change in the Structural Section Influence of Stiffness

As mentioned above, the changes in the rail track’s stiffness play a crucial role in the proper
performance of the railroad. Given both the current and anticipated future trends for traffic (faster
and higher loaded trains), a more rapid degradation of components is to be expected, particularly in
the case of the ballast since this can be considered the weakest component in ballasted tracks (the
most common track type). These facts cause stiffness variation in the rail track section, further
accentuating its effect. A higher stiffness gives place to higher overloads in the rail track, causing
corrugation and increasing the vibrations [28]. Meanwhile, a low stiffness directly influences the
increase in ballast settlement and the fatigue of components [29]. This also increases the necessary
power for the locomotives to cross the track, and thus, the level of vibration and noise. Nielsen
showed that vertical stiffness variations induce differential track settlements, resulting in the
accelerated deterioration of the railway track [30]. In addition, track stiffness considerably influences
track geometry deterioration, rail fatigue and the deterioration of other components of the railway
[31].

Figure 3 shows an example of how a difference between the stiffness that there is in the railway
track and its optimum could cause a high vertical track geometry deterioration.
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Figure 3. Illustrative display of optimum track stiffness [31].

For this reason, it is necessary to guarantee good stiffness regularity throughout the railway
track, and hence, incorporate real-time continuous monitorization. Traditionally, the rail track
stiffness is measured with a rail car system that applies a load and measures the track deformation.
The China Academy of Railway Sciences (CARS) was among the first to develop a vehicle for the
continuous measurement of the static stiffness. Since then, these type of devices have been developed
in different countries, such as TU Delft’s High Speed Deflectograph (HSD) in the Netherlands [32],
Track Loading Vehicle (TLV) in the USA [33], Rolling Stiffness Measurement Vehicle (RSMV) in
Sweden, Szybka Kolej Miejska w Trojmiescie (SKMT) device developed by the Czech Technical
University of Prague and the Commercial Railway Research Ltd. (KZV) in Czech Republic or
Schweizerische Budesbahnen (SBB) in Switzerland [34]. However, all of these methods require track
closure while the measurements are taken, and thus further increase the associated maintenance cost
[35]. In addition, a limitation of these systems is that they do not provide the stiffness variation along
the whole railway line.

Nowadays, there are other techniques to measure track stiffness, from the traditional hydraulic
jack-loading methods, by applying a certain amount of load on the rail and measuring the
displacement with a displacement meter [35], to the more sophisticated methods, using fiber optics
[36-38], which still need to be developed in greater depth.

3. Monitoring Elements

Having covered the traditional failure modes and their traditional monitoring methods, this
section will review the currently available sensor solutions. Within the different technologies
available, this paper analyzes those that would allow the real-time and continuous monitoring of the
rail track condition, instead of how it is currently conducted in a periodic manner.

3.1. Strain Gauges

3.1.1. Main Characteristics

Strain gauges are a type of sensor able to measure micro-deformations through its piezo-resistive
properties. Piezo resistive properties provide a material with the capability to change electrical
resistance when a certain load or pressure is applied to its surface, deforming it in the mechanical-
axis directions. Thus, in the case of the strain gauges, as the length of the material increases, its
resistivity decreases due to the reduction in the cross-section [39]. It is necessary to determine the
elastic modulus of the gauge, due to the fact that it is not possible to use it outside of its elastic limits.

Typically, the strain gauge is manufactured with a metallic foil pattern which is formed by
photoengraving a film that has previously been mounted onto a flexible resin plastic base [40]. The
dimensions of metallic gauges can vary between 0.4 and 150 mm, and its resistance between 120 and
350 Q. Specialized gauges are also available with a resistance of 1000 (2, specially designed to be used
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with polymer materials [41]. Gauges are able to register micro-deformations around 0.005. Normally,
these devices require a voltage of 2 to 20 V, and through measuring their change in electrical
properties the deformation in the material can be calculated.

In the market, it is possible to find a multitude of strain gauge types, from gauges designed to
be glued over a surface (i.e., on a rail or a sleeper), to gauges to be embedded into a material (i.e., in
concrete or bituminous mixtures). With little changes in resistance it is possible to detect applied
loads, but readings are highly susceptible to temperature changes; thus, the Wheatstone bridge
(Figure 4) is typically adopted for its assembly. This arrangement is formed by 4 resistors, which
increase the sensitivity of the sensor, while compensating the undesired effect of its temperature
sensitivity [42].

-~
vd )
y/

N\

Figure 4. Example of Wheatstone bridge, where medidor refers to the strain gauge [42].

Strain gauge sensors were initially considered as a good way to detect dynamic loads and train
speeds, by determining the deformation of a rail due to a passing train, which could also monitor the
bearing capacity of the track and the deformation of its components. Nonetheless, it must be
considered that they present certain disadvantages that are necessary to take into account such as its
fragility, susceptibility to electromagnetic interference, excessive size and high sensitivity to
temperature [12].
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3.1.2. Case Studies

Most application of gauges are based on the hypothesis that the forces identified in rails could
be considered as an indicator of the vehicle type on the rail. It is possible to characterize the forces
through the deformations that occur from passing trains, via determining the strain measured and
the properties of the material (i.e., Young’s modulus E and Poisson ratio). Gauge positions play a
fundamental role in data collection. An example of sensor setup is shown in Figure 5, where a sensor
with four gauges, oriented at 45° (a, b, ¢, d), is positioned in the neutral axis of the rail’'s web to
determine the vertical loading, P. Additionally, it is possible to measure the lateral shear force using
two gauges (e and f) arranged with a vertical layout.

Figure 5. Gauges distribution to obtain forces P and Q [12].

Following this described layout, Askarinejad et al. [43] used strain gauges to detect the dynamic
loads imposed by a train passing over insulated rail joints. Furthermore, Palo et al. [44] used strain
distribution monitoring at the wheel/rail interference for decision-making support. However, these
studies found that it was difficult to measure the forces because the data measuring period was not
long enough, so that during the experiment there was not a linear wear pattern, and the trains which
passed were different in nature causing different lateral forces. Other authors [45] used strain gauges
to develop a new creep measurement technique by measuring internal rail stresses, considering the
variation of rail temperature and the influence of straight and curved rails. Furthermore, the Multi-
Purpose Q and Y load detector (MPQY) system developed by Delprete et al. [46] allowed the
simultaneous measurement of the vertical forces (due to train weight), the lateral forces (primarily
caused by dynamic and cinematic effects) and also, the longitudinal forces (generated by traction or
braking actions) using strain gauges glued in an intermediate device, shown in Figure 6.

Y strain gauge

Figure 6. Multi-Purpose Q and Y load detector (MPQY) systems schema [46].

Conversely, INNOtec Systems GmbH, in Germany, developed the MONY system. This system
uses pads equipped with force gauges in the middle, as is displayed in Figure 7. The MONY system
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can measure dynamic loads by obtaining a good relation between the tread state, the rail-sleeper-
force and the radiated noise [27].

Figure 7. MONI ® measurement system [27].

Finally, there are also specific gauges (H-gauges) designed to be embedded in asphalt mixtures
for bituminous sub-ballast. These H-gauges were used by Khairallah et al. [47] in order to determine
the deformation that appeared in a bituminous layer located in an experimental section in the line
Bretagne-Pays de la Loire, France. This is a high-speed line in which two different substructures were
studied: bituminous and granular sublayers. This type of gauge has two anchors that register the
movement in a single axis between two points in the asphalt mixture, as is showed in Figure 8.
Additionally, this type of gauge is prepared to support the typical temperature and compaction loads
of the asphalt mixture installation (reaching up to 160 °C).

Sensitive
part

Anchors ~ 80 mm

~ 100 mm

Figure 8. Schematics of a H-gauge [48].
3.2. Piezoelectric Sensors

3.2.1. Main Characteristics

The piezoelectric phenomenon, occurring in certain materials, consists of the capacity to
generate an electric current as a result of a mechanical load or vibration. This can occur in certain
naturally occurring materials such as quartz, Rochelle salt, tourmaline or topaz. Alternatively, these
materials can also be synthetically produced. Among them, there is Lead Zirconate titanate (PZT),
Polyvinylidene Fluoride Polymer (PVDF), Barium titanate and Zinc oxide. All of them have the
capacity to generate a certain voltage when a compression load or vibration is applied. Furthermore,
these types of materials, when in sensors, have a high accuracy due to their natural frequency being
very high and having a good linearity in a wide range.

Piezoelectric sensors are available on the market in a wide range of types, ranging from smaller
ones with a 20 mm diameter, all the way to large sheets with varying geometries. A piezoelectric
sensor has the capacity to generate voltages in the range of a few milli-volts to tens of volts,
depending on its construction. A disadvantage of their use is that it cannot be used to take a static
reading, since they are activated by the variation of the compression load.

These sensors have many different uses in different fields, such as for hydraulic pressure
measurement or in load cells. Meanwhile, in railway tracks, they could be used to monitor the stresses
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transmitted by the traffic to the rail structure, and therefore, identify any failure modes depending
on the magnitude of the amplitude and frequency recorded for the track oscillations. Nonetheless, to
date, in the railway field, few experiences have been reported, which shows that there is potential to
further deepen this research field.

3.2.2. Case Studies

Zhan et al. [49] developed a monitoring rail pad to detect damage caused by train wheels, which
functions by measuring the vertical forces that act on the rail pads. To achieve this, they made a rail
pad with a thin PVDF-based (polyvinylidene fluoride) multilayer sensing device under the rail pads.
This type of material presents certain advantages as it has a large frequency bandwidth, a linear
output over a wide dynamic range, is lightweight, flexible, available in large sheet, and is also
relatively low in cost (around EUR 25 for each pad sensor). The calibration of this sensor was carried
out by applying series of loads from 10 to 80 kN, obtaining a maximum voltage of 6 V. This device is
shown in Figure 9.

Figure 9. Signal conditioner, rail pad sensor and rail pad [49].

3.3. Fiber-Optic Sensor

3.3.1. Main Characteristics

Fiber optic sensors are based on the detection of variations of light-wave propagation in optical
fibers, which are characterized by being able to span long distances and offer a long-term solution
[38]. For measuring strain, fiber optic systems could be divided in two main categories (Table 1): fiber
Bragg grating (FBG) sensors, where an optical interrogator is used to analyze an array of optical
sensors inscribed into a fiber; a distributed optical fiber sensor (Brillion and Rayleigh scattering),
where the optical fiber is used as a continuous sensor by itself [37]. Despite fiber Bragg gratins (FBG)
having numerous advantages, thanks to their versatility, wide dynamic range and high measurement
accuracy, it is only implementable in lengths of less than 1 km. Although FBG cannot provide a
continuous map of temperature or strain, within them, around 100 sensors can be found, which could
be implemented with a spatial resolution of 2 mm [50]. However, the distributed sensors do not
present this problem, allowing it to be provided [51]. Meanwhile, the distributed optical fiber sensor
has the potential to span various kilometers using low cost telecommunication fibers [53]. In railway
monitoring case studies, it is possible to find the latter fiber optic type (i.e., based on Brillouin and
Rayleigh scattering) having been used.

Sensors based on Brillouin scattering have the capability to provide information, such as axle
counts, axle distance and train speeds, while also allowing for dynamic load estimations that could
be used to understand the evolution of track degradation for preventive maintenance measures.
However, this system requires access to both ends of the fiber, reducing the sensing range by half.
Furthermore, this type of sensor has a lower strain sensitivity than Rayleigh-based fibers [53].

With this last scattering mode, it is possible to measure within a sensing range of 100 to 150 km
[54] and a spatial resolution of 0.5 to 5 mm [55]. Moreover, in a Rayleigh-based distributed system,
the acquisition bandwidth is 60 times stronger than the Brillouin scattering [56]. Within this typology,
two different measurement technologies are available. The Optical Time Domain Reflectometer
(OTDR) allows the measurement of the optical fiber length and characterization of the different
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anomalies or possible changes that appear along the fiber, such as strain, temperature and vibration
changes. With OTDR, is possible to measure a sensing range between 10 and 50 km [57] using a
spatial resolution of 5 to 10 m [58]. On other hand, the Optical Frequency Domain Reflectometer
(OFDR) allows strain and temperature to be obtained with a sensing range much lower than OTDR
(50-70 m) [59] with a spatial resolution around 1 mm [60].

In general, fiber optic sensors present certain advantages such as high temperature capacity,
multiplexing and no sensitivity to electromagnetic interferences [12].

Table 1. Comparison of various fiber optic sensing techniques applied to railway.

Sensor Type Characteristics [38] Advantages Disadvantages
. Type:
Discrete/Quasi-
distributed
. Sensing Range: o Versatility
around 100 . Wide .
. . Not continuous
channels dynamic . . -
. . . Areas of implementation are limited (<1 km)
Fiber Bragg . Spatial Range: range e
X . Thermal sensitivity
2 mm . High .
3 Expensive
. Measurement measurement
parameters: accuracy
strain, stress
and
displacement
. Type: . Provide a
Distributed continuous
. Sensing Range: map of
100-150 km physical . Require access to both ends of the fiber
. Spatial Range: parameters . Half sensor ranges
Brillouin scattering 0.5-5 mm such as . Lower strain sensitivity than Rayleigh-based distributed
. Measurement temperature . Thermal sensitivity
parameters: or strain 3 Expensive
strain, stress . Capacity to
and measure some
displacement kilometers
. Type:
Distributed
. Sensing Range:
10-50 km .
. . Provide a
o Spatial Range: continuous
Rayleigh scattering-OTDR 5-10 m
map of
. Measurement X
physical
parameters:
. parameters
strain,
such as
temperature
. . temperature .
and vibration . . Expensive
R Type: or strain
; C ity t
Distributed * apacity to
. measure some
. Sensing Range: .
50-70 m kilometers
X . Bandwidth 60
Spatial Range:

Rayleigh scattering-OFDR times stronger

around T mm than Brillouin

. Measurement
parameters:
strain and
temperature

3.3.2. Case Studies

The first time that FBG was used in railway monitoring was in 2004, when this technology was
used for axle counting and derailment detection [61]. From then on, this technology was developed
in other areas of the railway, such as train wheel condition monitoring [62-64], train vibration and
weight measurements [62-65] and the structural analysis of the railway track [5,66-68].

Sensorline developed a combination of several FBG sensors embedded into an elastic pad during
the production process, allowing strain measurements to be obtained inside an elastic pad during the
passage of trains as a base for material optimization [36], as shown in Figure 10. This sensor is used
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for counting train axles or recording dynamic loads, as well as for obtaining a better understanding
of the strain variations in a pad to improve its replacement interval.

FBG on
optical fibre

elastic pad lead-in fibres

4— armoured hose

FO-connectors

Figure 10. Schema and prototype of the rail-strain-pad [36].

Yoon et al. [69] developed another system based on the Brillouin correlation domain analysis to
measure the longitudinal strain of a rail in real time, whose implementation is shown in Figure 11.
On the other hand, Minardo et al. [53] used a Brillouin distributed sensor to obtain useful information,
such as train identification, axle count, travel speed and dynamic load magnitude. This solution was
implemented on the Italian regional line San Severo-Peschici, Italy, operated by Ferrovie del Gargano.

47.5mm Optical fiber”

Figure 11. Schema of system developed by Yoon et al. [70].

Wheeler et al. [70] used a 7.5 m long rail section with an optical fiber to measure the strain during
the passage of a freight train. However, despite Rayleigh backscatter fiber optic sensing allowing the
measurement of dynamic strains, this measurement should be carried out at low speeds (8-11 km/h)
due to this technology being highly sensitive to vibrations, hence limiting its use.

3.4. Geophone

3.4.1. Main Characteristics

Geophones are small seismic sensors that produce an output voltage proportional to its wave
velocity when it vibrates [14]. The dynamic deflections and component movements are calculated by
filtering and processing the velocities measured. Geophones have the capacity to only monitor
frequencies higher than their natural frequency, up to a maximum known as spurious frequency.
Commonly, the natural frequency of these devices is an order of 10 Hz, and the spurious frequency
an order of 250 Hz [41], although it is possible to find geophones on the market with lower natural
frequencies. For example, for LF 24 (among the most commonly used), the required voltage can vary
between *11 and +25 V DC with a current from +2 to +6 mA. Additionally, the sensitivity of the
geophones can range from 10 to 200 V/m/s. These devices present certain advantages such as their
ability to measure large displacements (in millimeters) and being easily powered [35].
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3.4.2. Case Studies

LF 24 (Low frequency velocity sensor) geophones were used by Bowness et al. [14] to measure
peak to peak displacements (within 0.07 mm) for frequencies as low as 1 Hz in the sleepers. Milne et al.
[71] used the same type of geophone to carry out a comparative study between LF 24 and Micro
Electrical Mechanical System accelerometers, which showed little variations in their results. Figure 12
shows the accelerometer and the geophone setup over a sleeper, which are used to register the
accelerations produced by the passing trains.

Crespo-Chacon et al. [72] obtained reliable readings for the vertical velocities and displacements
of vibrating rails on the high-speed line that connects Madrid with Valladolid, Spain, through the use
of 2 Hz geophones. To obtain reliable measurements when the train speeds were lower than 100
km/h, different corrections (phase and amplitude) were applied.

3.5. Accelerometer

3.5.1. Main Characteristics

Accelerometers, depending on their structure and operation, can be divided in two main types:
piezo-resistive and capacitive based accelerometers [73]. In the piezo-resistive accelerometers,
vibrations are detected and transformed into a voltage by a piezoelectric cantilever, a membrane or
a thin film [74]. In contrast, capacitive sensors record acceleration changes between a slightly
separated proof mass and a conductive electrode [73]. The typical operation frequency can be from 2
to 10 kHz, measuring accelerations that can vary between *1 and #250 g. Accelerometers are usually
a low potency device, using an electrical current of the order of a micro-amp or a milli-amp, and a
voltage of the order of 5V or less.

In recent years, micro-electrical mechanical systems (MEMS) are also being developed. These
are small-size, low-cost sensors used to measure accelerations. Typically, the sensors are embedded
in a semiconducting chip. The cost of this type of accelerometer (considering the price of the cheapest,
commercially available, conventional accelerometer (together with the signal conditioning unit)) can
be around 1 to 10% [74] of a more sophisticated sensor, such as a geophone [71]. This type of
accelerometer presents several advantages, as they are cheaper, capable of withstanding shock, have
a good frequency response, need a low power input and produce little signal noise [41].

3.5.2. Case Studies

Khairallah et al. [47] used accelerometers to measure the vertical dynamic behavior of a railway
track. To achieve this, accelerometers were placed under a sleeper and at the top of a bituminous sub-
ballast layer with the aim to compare the differences in levels acceleration between a conventional
section and a section with a bituminous sub-ballast layer.

Milne et al. [71] demonstrated how MEMS can be used to successfully obtain displacements from
acceleration data measurements, through a double filter-integration. The accelerometers tested were
the ADXL335 and ADXL326, whose results were compared with those obtained with a geophone (a
relatively more expensive sensor, as stated previously). Given that railway track deformations occur at
low frequencies, high frequencies are less important for track monitoring, and thus can be filtered out
with a low pass filter [14]. Both the accelerometers and the geophone were glued to the same sleeper as
shown in Figure 12. Although this sensor type could output a noisier signal, it was found to be of
sufficient quality to be used to obtain track displacements and quantify trends in track behavior.
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Figure 12. Accelerometer and geophone glued to the sleeper [72].

From the results of the case studies considered, if accelerometers and geophones are compared,
it is possible to see that in spite of the geophones having a higher precision than the accelerometers,
they are more expensive. Furthermore, accelerometers have a sufficient resolution to be used in
railway tracks to measure accelerations and displacements, and they are less frequency-limited,
compared to the geophones, which cannot operate below their natural frequency. Table 2 summarizes
the main similarities and differences between these types of sensors.

Table 2. Comparison between geophones and accelerometers.

Characteristics Geophone Accelerometers
Acceleration and displacement measurement v v/
Relatively low cost v
High frequency range operation v
High signal noise v
High measurement precision v

4. Discussion

According to the aforementioned results, there are many sensors that offer the capability to be
embedded in railway infrastructure, and that through their use it is possible to continually monitor
the development of rail track failures. For this purpose, it is necessary to clarify which sensors are
applicable to which failure type.

Assessing the data in Figure 13, in agreement with the case studies analyzed in the literature
available, it is seen that permanent deformations have been traditionally evaluated through the direct
measurement of the evolution of permanent or plastic deformations of the track bed under the
passage of trains [29]. However, it must be noted that most of the previous research focused on
temporally and geographically specific case studies, and therefore, would require devices with the
ability to control such parameters through time and along the railway [13,22]. Similarly, this also
happens when monitoring the transmission of vibrations, finding punctual investigations into
specific problems related to this issue, using specialized instrumentation for punctual studies mainly
measuring vibrations along the ground [68,69].

On the other hand, results show that the changes in the structural response of the track (such as
changes in track stiffness, also influencing the previously cited failure modes) could be monitored
through the measurement of different parameters, highlighting the variations in component
oscillations (such as sleeper movements) or global track deflections over the rail [24], as well as
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measuring the variations in the dynamic loads generated from wheel-rail interaction or impacts
between the sleeper and ballast. Nonetheless, despite all these possibilities, traditional monitoring of
these issues has focused on complex solutions, mainly applying loads over the rail and measuring
track deflections with special vehicles [32-35]. Therefore, it could be interesting to design and
implement smart sensors, with the capability to measure these properties continuously in real-time,
to monitor the loads applied by traffic and quantify track deflections or oscillations and to avoid train
line closures for structural health assessment.

Permanent deformations

Plastic micro-deformations

Component fatigue fmlure

2 Elastic and plastic micro-deformations
= Traffic loads
o+ Traffic level

Vibrations / Accelerations into the materials

Vibration and Noise
Vibrations / Accelerations

Change tn the structural section

Changesin dynamic loads

Variations in track deflections (elastic-
microdeformations)

= Component oscilations

Figure 13. Variables to consider to monitor the main rail track failure modes.

In the same way, devices with the capacity to measure elastic and permanent micro-
deformations in materials would monitor the evolution of the performance of components, which
would also assist in monitoring the global track response. For the characterization of the life of the
components, it would also be necessary to measure traffic conditions (load magnitude and frequency)
that could modify the fatigue resistance of such components [28-31]. Furthermore, in previous years,
the monitoring of material structure and state through the measurement of wave propagation into
the components is gaining importance, requiring small and tailored devices to be included into the
materials.

Therefore, it is seen that there are many sensor types available for continuous monitoring.
However, not all sensors have the capability of measuring elastic and permanent micro-
deformations. In this study, strain gauges, piezoelectric sensors, optical fibers, geophones and
accelerometers have been considered since they were found to have been previously used for railway
monitoring in the literature review. The placement of these sensors will depend on the variable that
needs to be measured. Figure 14 represents the placement options for the different sensors usable for
continuous monitoring, while Figure 15 relates the main variables that could be measured with each
sensor to their relative cost per lineal meter of infrastructure.

While strain gauges have been widely used in rails, pads and bearing courses to measure elastic
and plastic micro-deformations at a reasonable cost (in comparison with the other sensors), its
application in sleepers could also be a viable way to measure the performance of this component and
the evolution of its fatigue life. Nonetheless, it must be considered that this application has not been
studied to date, and therefore, further study will be required [27,43—47]. Additionally, although these
micro-deformations are normally correlated with fatigue failure, a strain gauge would also be able to
identify other failures in an indirect way, such as traffic loads [43], by correlating the strain measured
with the stress applied by using the Young’s modulus and Poisson ratio of the material. Furthermore,
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as it happens with all sensors, traffic conditions could be measured by considering the number of
oscillations generated by the sensor (axel counting) or the time between two consecutive sensor
readings along the railroad (train speed). Nonetheless, it must be kept in mind that strain gauges are
affected by electromagnetic interferences when measuring the deformations, as opposed to the fiber-
optic sensor, which reflects that this technology could be an interesting alternative to strain gauges
[12,75].

Rails
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Bearing courses

000

Sleepers
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Figure 14. Sensor placements in the case studies reviewed.

Regarding piezolectric sensors, although they have demonstrated the potential to measure dynamic
loads with a good linearity and a large bandwidth at a low price, there are not many case studies
demonstrating their use [46]. However, this sensor could be a suitable solution for measuring different
parameters, such as the loads transmitted by the trains and the vibrations of the railroad materials [49].
This could allow the monitoring of the number of trains that pass and their weight, as well as track
performance such as bearing capacity or changes in track stiffness through determining if the components
vibrate more in one section of the track than in other areas. Furthermore, as has been conducted in other
fields, piezoelectrics could be studied for their application to detect fatigue failures of materials due to
sudden changes in electric pulses generated. For all these purposes, it would be necessary to develop this
technology, adapting it to the place where it going to be and also, encapsuling it when necessary to
guarantee its operability. Therefore, despite the fact that further studies are still required before its wide
application, these sensors show great potential due to their versatility and low cost.

In the same way, it is seen that the optical fiber sensor can be considered rather versatile, although
its price is commonly higher than piezoelectrics. Nonetheless, due to such versatility, combined with the
high development of this technology in the last years, this type of sensor has started to be used for railway
monitoring, showing a great potential for its implementation in different parts of the section (Figure 14).
Nowadays, there are studies that implement this technology in rails, pads, sleepers and also in bearing
courses [34]. Furthermore, it presents certain advantages as it is immune to electromagnetic interference
(which is present in railway lines and cannot be eliminated [75]), and it is the only sensor (studied in this
review) that could measure temperature changes, being an important variable for understanding the
longitudinal changes in the rails caused by dilation [47].
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Figure 15. Difference in terms of cost per lineal meter and the main variables measured by each sensor.

With this technology (optical fiber), it is possible to identify changes in the rail track stiffness, by
identifying the change in dynamic stresses and elastic micro-deformations (Figure 13). Some of the
fatigue failure modes in railroad components (such as sleeper cracking or variations in the regularity
of rails) could be studied through the transmission of vibrations into materials. Additionally, in
addition to identifying the deformations of components, optical fibers can be used for other
applications such as axle counting, vibration measurement and wheel condition monitoring [61-70].
However, although there are studies that use this technology, there is a need for further development
to make it economically more competitive.

Finally, geophones and accelerometers can both be used to measure component oscillations.
From these readings, it would then be possible to identify track displacements through mathematical
analysis (e.g., the double integration of the signal). If both are compared, in spite of geophones having
a higher accuracy than accelerometers, the latter are more economic and precise enough for this use
[49]. Through their use, it is also possible to identify changes in the rail track stiffness, due to an
increase in vibrations in the readings. Additionally, through the knowledge of the vibration
amplitudes of the railway’s component oscillations, and their frequencies, it is possible to identify
certain fatigue problems related with the train’s wheels, and the infrastructure’s rails and sleepers
[24]. On the other hand, although both sensors register vibrations, only the geophones have the
capacity to register vibrations of the materials (similar to the piezoelectric and optical fiber sensors).

5. Conclusions

Predictive maintenance operations carried out with novel monitoring systems would provide a
more in-depth, real-time and up-to-date knowledge of the railway track condition. In turn, this would
decrease maintenance costs as interventions would only be carried out when they are really needed.
In this way, it would be possible to achieve smarter, more efficient and more sustainable
infrastructure by reducing the resources necessary for its maintenance. In this line, through the
assessment of the main technologies available for railway track monitoring, it is possible to extract
the following conclusions:

e  The monitoring of the different main modes of failure of ballasted railway tracks can be carried
out through advanced but simple sensors able to measure diverse parameters such as
component deformations and vibrations, track oscillations and dynamic forces applied by traffic.
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e In this sense, optical fiber sensors were demonstrated to be among the most versatile sensors
since they can track diverse properties, such as deformations, stress levels, vibrations and
temperature with a single sensor. Nonetheless, it must be considered that due to the high price
of these sensors, in comparison with other alternatives, they would require further research and
development to enable their widespread application.

e To cover this disadvantage, a strain gauge could be used as a simple device to track the micro-
deformations in components. However, its use presents certain disadvantages, such as its
fragility, while also being susceptible to electromagnetic interference and having a high
dependence on temperature.

¢  On the other hand, it has also been seen that the state of the track could be monitored through
measuring the transmission of stresses and vibrations, where various experiences demonstrated
that piezoelectrics and accelerometers present a good potential for this application.

e  This is especially highlighted in the case of piezoelectrics because of their diverse advantages,
such as their high linearity and their low cost, while allowing for a clear recording of the dynamic
loads (intensity and frequency).

¢  On the other hand, while piezoelectrics could be more appropriate for monitoring traffic loads,
accelerometers are considered to be a promising technology to measure vibrations and
deflections (to calculate stiffness changes, differential settlement, hanging sleepers, etc.) because
of their high accuracy and lower prices compared to other devices, such as geophones.

e  Therefore, it can be concluded that piezoelectric, accelerometer or fiber optic sensors are the most
ideal for being embedded into a railway track’s substructure (e.g., elastic elements, sleeper,
bituminous sub ballast), while avoiding certain problems, such as stealing or vandalism.

Therefore, based on this study, it can be understood that there are currently various technologies
available with the characteristics necessary for the continuous monitoring of a railway track’s
structural state. These sensors are capable of measuring different parameters, such as deflections,
deformations, stresses or accelerations that would permit the tracking of various forms of
degradation, such as railroad settlement, component fatigue, undesired vibrations or changes in the
structural section. However, to continue advancing in this research line, it is essential to develop new
systems, which are economically and technically viable, that could be used to support maintenance
activities.
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Abstract

This article focuses on the study and design of rail pads from recycled plastics for their
application in railway tracks, aiming to reduce environmental impacts produced from virgin
materials. For this purpose, sustainable rail pads were designed and manufactured using two
separate locally recycled plastics: high-density polyethylene from plastic boxes, and from a
combination of polypropylene and low-density polyethylene from reclaimed geomembranes. A
high-performance polymeric industrial resin was also used as a reference material. These
separate plastics were also combined with different quantities and sizes of recycled crumb
rubber from end-of-life tires. The results of this paper analyse the influence of pad composition
and geometry on the mechanical performance of the pads, while also assessing the durability
and environmental benefits of the most optimal solutions. Results found that the pads from
high-density polyethylene presented values of static stiffness around 800 kN/mm while the low-
density polyethylene led to values close to 150 kN/mm, where the reference industrial binder
outputted intermediate values. In addition, the combination of different quantities and sizes of
crumb rubber resulted in a range of viable solutions, in some cases reducing stiffness more than
50%. Additionally, both recycled plastics offered a reduced carbon footprint compared to
conventional pads, although this did decrease with increasing amounts of crumb rubber.
Nonetheless, it was found that the softer solutions led to higher plastic deformations during



fatigue tests, reducing the durability in comparison to the pads made from high-density
polyethylene.

Keywords: recycling, plastic, out-of-life tires, rail pads, railway.
Highlights

e Rail eco-pads made from recycled polymers were designed.

e Waste plastics and end-of-life tyres were combined to modify pad stiffness.

e The influence of pad geometry on its stiffness was determined.

e The carbon footprint of the designs was determined.

e Recycled high density polyethylene-based pads were found to be the most
durable.

e The net and gross carbon footprints of the pads were explored.

Abbreviation

CR/R Crumb Rubber, followed by particle size in mm.
ELT End-of-Life Tire

R-HDPE Recycled High-Density Polyethylene

R-PP/PE Recycled Polypropylene/Polyethylene Mix

G Pad Geometric Design

G’ Elastic or Storage modulus

G” Viscosity or Loss modulus

GHG Greenhouse Gas

1. Introduction

Railway lines are under evermore pressure to respond to the rapidly advancing
requirements set by current and future traffic needs [1-2]. Such needs include higher
travel speeds and loading capacities, coupled with the need for safe and comfortable
passenger transit. In response to these needs, elastic structural elements, such as rail
pads, will likely play a fundamental structural role [3]. These elements link the rail to the
sleeper and improve train transit by modifying the stiffness of the rail track and
mitigating phenomena such as wave propagation, noise emission, and ballast
liquefaction; where the pads can be manufactured with different stiffnesses, and thus
different damping capacities depending on the rail line.

It is necessary to consider that these engineered pads respond to the infrastructure’s
needs, and so the material used for rail pad manufacturing should have a specific
stiffness, since otherwise, the degradation speed of the infrastructure could be
expedited. A high rail pad stiffness could increase the dynamic loads and stresses on the
substructure, whereas a low stiffness could cause damages in the rail track, increasing
their stress state even more [4-6]; making the ideal stiffness dependant on the
engineering requirements of the railway. For this reason, when studying rail pads,



different flexible materials should be considered in order to provide a wide range of
solutions to adapt to the requirements of the infrastructure. These solutions need to
also consider the impact of in-service factors like temperature (affecting material
stiffness while deteriorating its durability due to thermal ageing), train speed and traffic
conditions, amongst other factors that could modify material stiffness and fatigue
resistance [7-9].

However, these elastic elements are mainly manufactured with virgin polymers, like high
density polyethylene (HDPE), thermoplastic polyester elastomer (TPE), or ethylene vinyl
acetate (EVA) [8, 10-11], which cannot be considered a sustainable long-term solution
for the construction of railways and would not meet the requirement of Sustainable
Development Goal 12 for sustainable consumption and production (UN, 2021). The
global production of plastics increased twentyfold since the 1960’s, reaching 322 million
tonnes in 2015. In this same year, the European annual plastics demand was 49 million
tonnes, where 19.7% was associated with the building and construction sector [12].
Furthermore, combustion and landfilling as traditional methods of polymer waste
elimination have several disadvantages such as the formation of dust, and emissions of
fumes and toxic gases in the air, as well as the pollution of underground water resources.
Therefore, regarding energy consumption and environmental issues, polymer recycling
is one of the most efficient ways to manage these waste materials, but due to variability
in the composition of polymer wastes and difficult conditions during their service life,
the performance of recycled compounds varies compared to virgin compounds, which
needs to be improved [13].

End-of-life tires (ELTs), and its derivative product crumb rubber (CR), have presented
themselves as one of the most popular recycled materials for infrastructure use, having
been used in a multitude of civil engineering applications such as roads [14-15], ports
[16] and railways [17-20]. Regarding railways, CR was found to be beneficial to reduce
ballast particle degradation and, in turn, the maintenance frequency; increasing track
durability when placed between the sleeper and the ballast [18]. Regarding its use for
rail pads, Sol-Sanchez et al. [6, 17] showed the high potential of ELTs for structural use
in railroad pads too, in term of stiffness and durability. Regarding other polymeric
materials, limited previous research on the use of recycled plastics for rail pads can be
found in literature. In other sectors, the use of recycled HDPE for polyethylene pipes was
found to be viable, but largely depended on the quality of the recycled HDPE [21]. Where
HDPE is one of the most used and in demand plastics, both generally and in construction.
Magnusson and Madcsik [22] studied the environmental impacts for different materials
for an artificial turf field, where it was found energy use and global warming potential
(GWP) were highest for virgin thermoplastics (such as HDPE and PP), and the use of
recycled materials (such as CR) could reduce energy use and GWP. Therefore, the use of



these recycled thermoplastics and their comparison with other recycled waste
materials, both as a structural level and a GHG level, would be of great value.

Thus, based on the current potential for increasing the sustainability of these elastic
elements, the aim of this paper was to assess the viability of novel eco-pads in railway
tracks manufactured with various recycled plastics. To achieve this aim, pads composed
of CR, recycled thermoplastics (i.e., HDPE and PP) and an industrial polyurethane resin
(as a reference material) manufactured at various stiffnesses were considered. For this
purpose, the methodology consisted of, firstly, studying and analysing different material
compositions, and considering the influence of crumb rubber content and size in the
mix. Following on, the geometric influence of the rail pads was studied. Once this was
known, the analysis of the durability of the recycled pads was carried out. Finally, a
carbon footprint analysis of the eco-rail pads was carried out.

2. Methodology

2.1. Materials

Four different materials were involved in the manufacture of the rail pads. Three of
them were used as a binder material (R-HDPE, R-PP/PE and Resin), which were mixed
with different sizes and levels of crumb rubber (CR) from waste end-of-life car tyres. The
CR was used to modify the stiffness of the pads. There are previous studies that
demonstrated that the inclusion of CR can be used to modify the general railway
structure’s stiffness, for example, through the stone-blowing process [19].

The binder materials used are described as follows:

e R-HDPE. This material was sourced from end-of-life, recycled industrial plastic
boxes, which are abundant all around the world. Its density was around 980
kg/m3. The recycling process for this material consisted of its collection, cleaning,
and grinding into particles of around 5 mm.

e R-PP/PE. This material came from the residue of geomembranes used for
waterproofing applications, whose density was 930 kg/m3. This material is
composed of two different layers. The waterproof layer is mainly formed by low
density polyethylene (LDPE), but also contains other polymers such as
polypropylene (PP). Furthermore, the geomembrane also contains polyester
fibres (white particles), for protective purposes. On top of these materials, it is
possible to also find different additives like dyes, antioxidants, and thermal and
UV radiation stabilizers within the membrane. The use of R-PP/PE was selected
given the abundant presence of this waste material in the authors’ local area,
and thus its recycling would be more prominent.

e Resin. A bi-component polymeric industrial resin composed of polyurethane,
with tough-elastic properties was used. This material had a shore hardness of 60
at 7 days (DIN 53505) and an abrasion resistance of 65 mg at 14 days (ASTM D
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4060). This material was selected to act as an industrial reference material, which
would be able to validate the performance of the recycled materials.

Meanwhile, the crumb rubber from waste car tyres, used as stiffness modifier, was
implemented at three different granulometries. Specifically, at 0.6 mm (R0.6), between
0.6-2 mm (R2), and 2-4 mm (R4) width. Figure 1 shows the crumb rubber’s granulometric
curves. This material had a mean density of 1,170 kg/m3.
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Figure 1. Grading curves of crumb rubber particles

The visual appearance of the different materials used as part of this study can be compared in

Figure 2.
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Figure 2. Visual appearance of the materials used for the manufacturing of sustainable pads.
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The manufacturing process was determined after some previous experimental trials
carried out in the laboratory to define the best procedure to obtain pads from the
recycled materials with appropriate physical and mechanical properties. Specifically, the
rail pads made from both the R-HDPE and R-PP/PE were manufactured by melting the
recycled plastics (previously grounded up to particles with 5 mm of size) at a
temperature of around 180°C. In the case of the pads which included crumb rubber, the
CR was homogenously mixed with the melted plastic, using an automatic mixer in
laboratory during 60 seconds. After that, the plastic mass was placed into rectangular
metallic moulds with different superficial texture designs. These textures were applied
on the bottom surface of the mould to provide pads with various geometries depending
on the desired rail pad characteristic (Section 2.2.2). Once the material was in the mould,
a load of 15 kN was applied in order to compact the material and obtain a high-quality
finish without imperfections in the pads.

On other hand, the pads made from the resin were manufactured by mixing its two
constituent components (liquid at room temperature, which solidify when mixed) and
pouring them into the appropriate mould to obtain the required geometry. In the same
way, in the cases where CR was added (Section 2.2.1), these materials were mixed
before being poured into the moulds at laboratory temperature, without requiring the
compaction step.



2.2.

Testing plan and methods

Table 1 shows the testing plan carried out for this paper. The research was divided into

four main steps: (1) analysis of the composition of the different materials used; (2) study

of the influence of rail pad geometric design; (3) study of the material durability; (4)

study of the carbon footprint of the pads.

Table 1. Testing plan
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2.2.1. Influence of material composition

To study the influence of the binder material type, three rail pads of 140 x 180 x 7 mm
were manufactured using 100 percent of R-HDPE, resin and R-PP/PE; the standard
dimensions used in a rail track lines with a UIC 54 rail [23].

Once these materials were analysed, with the aim of expanding the range of the
possibilities, further alternatives were studied by mixing the different binders with
particles of crumb rubber looking for to adapt the stiffness of these initial pads. For this
purpose, the influence of the volumetric crumb rubber percentage (0%; 25%; 50%; 75%)
into these materials were characterized for rail pads manufactured with R-HDPE, resin
and R-PP/PE as a binder. For this, the intermediate crumb rubber size was selected to
explore this variable. Similarly, the influence of crumb rubber size (R0.6; R2; R4) was also
studied. For this, the R-HDPE was selected due to it being the most rigid material, and
thus the one which would most benefit from modifying the stiffness.

For this purpose, static and dynamic stiffness tests (UNE-EN 13146-9) were carried out
to evaluate how these parameters (materials, crumb rubber percentage and crumb
rubber size) influenced the material’s performance. For the static test, three
compressive load-unload cycles were carried out with loads between 20 kN and 95 kN.
The loading speed was 15 kN/min (1t and 2™ cycle), while the discharge was at 50
kN/min. In the 3™ cycle, in which is static stiffness was calculated, the loading speed was
at 5 kN/min. For the dynamic test, 1,000 load cycles at 4 Hz were applied over the rail
pads, where the stress and strain in the axial direction was measured for each of the
loads. Both static and dynamic stiffness (measured as kN/mm) was calculated as the
relation between the load amplitude (75 kN) and the vertical displacement amplitude
(in mm) recorded between 20 kN and 95 kN.

On the other hand, using a mechanical analyser (DMA) (Figure 3a), the damping capacity
of the materials were studied. For this, prismatic specimens were manufactured with
the follow dimensions: 50 x 7 x 7 mm. For this purpose, sinusoidal displacement of 10
pum at different frequencies (from 1 to 16 Hz) were applied in the middle of the
specimens, as can be seen in the figure, obtaining the viscous, or Loss, modulus (G"") and
the elastic, or Storage, modulus (G’). The damping of the material is given by the G”'/G’
ratio. For a high knowledge of the material performance, this test was carried out at
different temperatures, from 352C to 809C.

Finally, the tensile stress-strain properties were analysed through the tensile test (Figure
3b), according to the UNE-ISO 37. For this, specimens with a halter shape were
manufactured and tested by applying a tensile load controlled by a displacement of 500
mm/min.



Figure 3. The DMA test (a) and the Tensile test (b).

2.2.2. Geometric design definition

Once the material designs for the pads were known, the influence of the surface
configuration of the pads was also studied. This was considered due to previous studies
demonstrating its influence on rail pad stiffness [5, 24]. The rail pads, manufactured with
recycled materials, were designed according to the dimensions required for a rail track
with a UIC 54 rail [23]. The dimensions were the same as in the previous section (140 x

180 x 7 mm), which are in compliance with the UNE-EN 13146. For their manufacture,
different moulds were used to obtain the required geometry. In total, four different
geometries were tested (Figure 4):

Geometry 1 (G1): Rail pads without protrusion, used as a reference.

Geometry 2 (G2): Pattern used in many of the Spanish high-speed lines, with
oblong shaped protrusions in the upper side [24-25].

Geometry 3 (G3): Prototype. Rail pads with lineal protrusions on the upper side,
with 2 mm depth, and 6.60 mm wide, separated at this same distance. In the
central part, a protrusion of 54 mm was used.

Geometry 4 (G4): Prototype. Rail pad with lineal protrusions on the upper side,
following the geometry 3 pattern. On the bottom, lineal protrusions with 2 mm
of depth and separated 10 mm between them, respecting the central protrusion
dimensions of geometry 3 too.

G1 and G2 were selected as standard geometries commonly used in the manufacturing

of these elements, while G3 and G4 were studied as a prototype aiming to reduce the

superficial pad area aiming to vary pad stiffness to provide a range of solutions.
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Figure 4. Different rail pad geometries tested.

As detailed in Table 1, static and dynamic tests were carried out to evaluate how the
surface configuration influenced the stiffness of a pad design with an intermediate CR
content (R-HDPE + 50% R2). Once the difference in stiffness per geometry was found for
this material combination, different rail pads were then also manufactured with the
other binder materials (resin; R-PP/PE) for the selected geometries (i.e., G1 and G4),
which had the highest and lowest stiffnesses. These were characterized for an
intermediate crumb rubber size (R2), with 50/50 volumetric proportion with the binder,
through their static and dynamic stiffness. Also, in order to know the effect of the crumb
rubber size on the rail pad’s behaviour when the geometry changed, rail pads
manufactured with R-HDPE and R4 crumb rubber were studied too.

Furthermore, to determine the effect of G1 and G4 recycled rail pads (i.e., R-HDPE with
R2 and R4; resin and R-PP/PE with R2) on the superstructure against irregular impact
loads, such as those produced by wheel or rail imperfections, the impact attenuation
capacity test was carried out. The impact attenuation capacity test was carried out
according with the UNE-EN 134146-3 standard. For this purpose, a vertical preload of 50
kN was applied over the rail-sleeper and subsequently, without removing this preload,
an impact load of 100 kN is applied to the rail by a free-falling mass. As part of this test,
the deformations at the upper and lower parts of the sleeper were registered. Before
the test, ten impacts were applied to ensure the perfect seating of the clamping. After
that, the impact attenuation capacity was calculated according with Eqg. (1), which
compares top and bottom deformations of the sleeper against a reference pad (REF-
PAD) with a static stiffness higher than 2,500 kN/mm.

Atop (%) = 100 (1 __ _Etop >%; Apottom = 100 (1 __ _Ebottom ) ca = (atopt Apottom) %

RE,top ERE,bottom 2

(1)
where:
Atop ANd Aporromare the attenuation ratios measured at the top and bottom of
the sleeper, respectively;
Etop AN Eporromare the deformation values measured at the top and bottom of
the sleeper, respectively, when using the tested pad;
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€REtop aNd Egrppottomare the deformation values measured at the top and
bottom of the sleeper, respectively, when using the reference stiff pad;
a is the mean attenuation ratio.

2.2.3. Study of material durability

Rail pads must be designed to guarantee a good operativity during their service life. For
this reason, the fatigue test was carried out to predict the long-term behaviour of the
rail pads created. In this way, it was possible to experimentally determine the variation
of the characteristics and the behaviour of an elastic rail pad when subjected to a cyclical
loading simulation over a long period; as that which happens under normal conditions
of rail track operation. With the aim to compare the behaviour of the materials, R-HDPE
+ 50% R2, R-HDPE + 50% R4, Resin + 50% R2 and R-PP/PE + 50% R2 rail pads were
studied, which assessed the influence of the binder material type and the crumb rubber
size in the rail pad durability. In this case, G1 was chosen for this study step, since this
geometry was the one with the lowest decrease in rail pad stiffness. The R-HDPE was
selected for testing both the R2 and R4 as it was the stiffest material, and thus most
affected by the crumb rubber particle size.

The fatigue test (UNE-EN 13146-4) undertaken consisted of the application of 3x10° load
cycles (between 5 kN and 83 kN) on a rail piece (0.5 m long) placed over half a concrete
sleeper (i.e., representing one side of the railway line). The angle of the load actuator
was equal to 33° from the vertical direction of the rail (Figure 5). Before and after the 3
million of cycles, 10 static cycles were carried out (at a speed of 100 kN/mm), measuring
the rail head and rail foot displacements, and calculating the differences between the
movements before the fatigue process and those at the end of the test. Also, once a
fatigue test was carried out, the static stiffness (according with the above-mentioned
test) was studied, with the aim to understand how the fatigue process affects the rail
pad performance.

11



Figure 5. Fatigue test

2.2.4. Study of the rail eco-pad environmental footprints

To determine the environmental burdens of the eco-rail pads tested, a carbon footprint
analysis was undertaken. This analysis considered the impacts associated to obtaining
the recycled materials and the manufacture of the pads in the laboratory (stages Al and
A3 according to the EN 15804). The life-cycle inventory for 11 pad permutations was
considered, as shown in Table 1. The resulting environmental footprints of the pads
considered were compared to the production of a conventional rail pad. The functional
unit for the study was 1 km of a single rail carriageway, requiring a total of 6,667 pads
per double-track railway line (with a 0.6m sleeper separation).

A summary of the sources used for calculating the carbon footprint can be seen in Table
2. For the recycled materials both their gross and net carbon footprints were considered.
This approach better identifies the resulting environmental benefits achieving through
recycling the waste materials. For the resin, only the gross impacts were reported. As
mentioned previously, the manufacture of the recycled pads requiring their heating and
mixing to 180°C. The mixing was excluded from this analysis, due to being a manual
process. For the heating process, the GHG emissions were calculated for heating the
recycled materials for 6 hours in a 2,000 W laboratory furnace. The carbon footprint was
calculated for the Spanish electricity grid mix [26], with emissions data from Ecoinvent
[27]. The carbon footprint of the conventional reference rail pad was based on that of
Pons et al. [28], where the rail pad is made with rigid foam polyurethane (HDPE).

Table 2. References used for the calculation of the pad carbon footprints.

Product Modelled Process Reference
R-HDPE 1. Treatment at primary recycling facility
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R-PP/PE 2. Transport [29] — separate for recycled
3. Re-processing and disposal of rejects HDPE, PP and LDPE

Resin Based on a reactive resin: [30]

1. Resin production

2. Addition of hardening agents
Crumb Rubber | 1. Grinding, with material separation [31]
2. Crushing, with material separation

3. Results and Discussion

3.1. Definition of material composition

Figure 6 shows the results from the static (Figure 6a) and dynamic (Figure 6b) testing of
the rail pads manufactured with different binder materials. According to the results,
three distinct solutions could be derived from this study. Regarding the static stiffness
values (used for the mechanical characterization of these components, which are used
for track stiffness calculation), the pads manufactured with R-PP/PE presented a
stiffness of around 100 kN/mm, while in the other cases, the stiffness increased
considerably, reaching values of 800 kN/mm in R-HDPE rail pads and 500 kN/mm in resin
pads.

To understand the applicability of these pads, Figure 6a also shows the range of static
stiffness values commonly defined to differentiate between soft-medium pads and hard
pads. These limits have been assigned according to various sources [32 - 34] where it
could be said that the soft-medium pads (Cstat < 250 kN/mm) are mainly applied in
conventional, high speed and transit lines, which corresponds in this study to the case
of R-PP/PE pads. On the other hand, the hard pads (Cstat > 200 kN/mm) are currently
limited to heavy haul freight or industrial lines.

Nonetheless, it must be noticed that such values are marked as general references to
obtain a global track stiffnesses close to 50-80 kN/mm in standard ballasted lines, but
different applications or classifications of the pads can be found in literature depending
on different factors like the design and characteristics of track section, degradation
grade of the line, radius of curves, transition zones, etc. In fact, literature [9] states that
soft pads are mainly appropriate for slab tracks and modern ballasted tracks requiring a
reduction in stress over sleepers and foundation layers. Also, these pads are used in lines
which require a decrease in rail corrugation (particularly in urban areas or with a low
curve radius), and in ballast vibration, as well as those with an abrupt change of stiffness
along the line (mainly under frequent transition zones). On the other hand, stiff pads
like the R-HDPE could be appropriate for heavy freight lines, and in for cases requiring a
decrease in rail deflection and movement and vibration of the rail from passing traffic.
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Regarding the dynamic stiffness (Figure 6b), the values found were considerably higher
than those from the static results, which must be associated with a marked rheological
performance of the recycled plastics, which stiffen when increasing load speed.
Nonetheless, the dynamic/static stiffness ratio was close to 3.5, which is in consonance
with previous studies [35]. This value of dynamic stiffness is mainly studied to
understand the pad stiffening under dynamic loads, but it must be noticed that the
characteristic parameter of the rail pads is the vertical static stiffness; being the one
used to calculate the global track stiffness.
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Figure 6. Vertical static and dynamic stiffness of rail pads manufactured with binder materials.

For a deeper study of the influence of pad material on its performance under traffic
loads, Figure 7 shows the average curves for force-vertical displacement registered
during the static tests. Results reflect that all pads showed a non-linear performance as
expected for these materials, but with different trends. The R-HDPE pad presented the
highest stiffening effect (higher curve slope) under a higher force level. Reproducing a
similar phenomenon to that seen for other rail pads manufactured from other polymers
like rubber [5, 11]. On the other hand, the Resin and R-PP/PE pads showed a slight
tendency to creep under high force levels, leading to a greater plastic performance. This
behaviour leads to higher plastic deformations that could limit the applicability of these
type of pads.

14



100,00 High force limit
N Ny Nt s 7 8 m—
80,00
70,00
60,00
50,00
40,00
30,00
20,00 _._._._._._._._._._._._._._._._._._._._._._._._._._._._._._._.L_O.‘;I.?b?é_e.l_ih_‘."_:
10,00

0,00

Force (kN)

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4

Vertical displacement (mm)

R-HDPE Resin R-PP/PE

Figure 7. Representative curves of force-displacement for the pads manufactured with different binder materials.

Figure 8a displays the influence of the crumb rubber quantity (per volume), over the
total for each of the binder materials, with a size between 0.6 and 2 mm (R2). Also, for
one of them (the stiffest), the influence of crumb rubber size is shown. For the analysis
of rubber size, the R-HDPE was selected since this binder provided the highest stiffness
values (and therefore, required the highest increase in flexibility by including crumb
rubber particles) while presenting a more appropriate performance under loads.

From the results, it is seen that, although the stiffness of the three materials changed
with the inclusion of the CR, for R-PP/PE this was found to be at a lesser extent, even
increasing the stiffness slightly. This could be related to the fact that both materials (the
binder and the rubber) could present quite a similar stiffness value, and therefore,
limiting the effect of rubber when combined with R-PP/PE. In other hand, if the R-HDPE
and resin are compared, it is possible to observe how the latter has a higher
susceptibility to decreasing its stiffness with the incorporation of rubber. With 50
percent of crumb rubber, “R2”, it was possible to reduce the static stiffness by 25% and
85% in R-HDPE and resin pads, respectively. These changes indicate that the rubber has
a stronger impact in the pads with resin, where the behaviour is determined by the
rubber while such effect is more limited when using R-HDPE due to the higher stiffness
of this plastic, and therefore, requiring the effect of the rubber.

In this sense, it was demonstrated that the crumb rubber size could optimize the rail pad
stiffness. Focusing on the rail pads manufactured with R-HDPE, it was possible to
observe that as the size of the crumb rubber increases, the greater increase in pad
stiffness. For example, for the pad with 50% percent crumb rubber (R0.6), it was possible
to decrease the stiffness by around 20%. Meanwhile, if the rubber size was increased to
2-4 mm (R4), it was possible to decrease the stiffness twice that of the R0.6 (i.e., around
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40%), passing from rigid to medium pads to be used in railway tracks requiring this type
of softer elements.

Figure 8b shows the relationship between static and dynamic stiffnesses. As mentioned
previously, as seen in literature there are studies that consider a dynamic-static stiffness
ratio close to 3.5 appropriate for flexible rail pads [35]. Both R-HDPE and R-PP/PE
demonstrated a ratio close to this value. However, the rail pads manufactured with resin
were found to have a higher ratio, of around 7.5, which denotes an important stiffening
of this material due to its marked rheological performance, whose elastic modulus
depends on parameters like load speed, as seen by this type of materials [36]. The crumb
rubber size was not found to have a significant influence on this ratio due to the three
solutions tested presenting a similar dynamic-static stiffness ratio (around 5), when
considering the dynamic stiffness modulus of the rail pads manufactured with R-HDPE
with the different sizes of crumb rubber.

According to these results, it could be seen that by using different combinations of CR it
is possible to obtain a wide range of solutions which could be used in a railway line.
Where this would be more accentuated in the case of the resin for low stiffness values,
and HDPE for higher values.
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Figure 8. Vertical static stiffness for different materials (a) and stiffness correlations for different materials (b).

In the same way, Figure 9a demonstrates the results for how the crumb rubber affected
the tensile strength of the materials tested. In this figure, it is possible to observe how
the R-HDPE has the highest tensile strength, since it was the stiffer material. However,
a fragile break occurred during testing, and for this reason it was the material that
dissipated the least energy during the test (Figure 9b). Also, this material is the most
affected by the addition of crumb rubber particles, decreasing it by more than 70
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percent, with a composition of 50 percent of CR. This implies that the CR could provide
reinforcement for the plastic, resulting in a tough matrix (as done in other polymeric
matrices) [37], but with a more brittle behaviour with a lower tensile strength due to
higher volume of particle accumulation [38].

The least susceptible was R-PP/PE, as also found with the stiffness variation, where its
tensile strength remains practically constant, independent of the crumb rubber
percentage incorporated. Nonetheless, despite the crumb rubber size having an
influence on the stiffness of the material, the same did not occur for the tensile strength.
This was seen as similar values were obtained for the rail pads manufactured with R-
HDPE with different crumb rubber sizes (R0.6; R2; R4).

4,0
25 4
(a) (b)
3,5
20 . ’
g N =7
2 %
£ 15 5 2
b0 C
c w
J] - 2,0
& 2
010 S 15
2 3
5] a
K 1,0
5 o
- % Y~=c-..
Tl 3 0,5
X --—- % ______
0 0,0
0 20 40 60 0 20 40 60
0,
Crumb Rubber percentage (%) Crumb Rubber percentage (%)
® R-HDPE + RO.6 MW R-HDPE + R2 R-HDPE + R4 ® R-HDPE + R0O.6 B R-HDPE + R2
X RESIN + R2 R-PP/PE + R2 R-HDPE + R4 X RESIN + R2

Figure 9. Tensile test results

Similarly, regarding the results for the influence of the binder types measured through
the dynamic mechanical analysis (DMA test), Figure 10 displays how the temperature
and the frequency affected the damping capacity of the material. Both the R-HDPE and
R-PP/PE presented a similar behaviour at the different temperatures and frequencies
studied, indicating low susceptibility to changes due to variations in test conditions,
which could result in pads with low sensitivity to in-service conditions. However, the
resin was found to have a different performance. Despite presenting a high damping
capacity at low temperatures, as the temperature increased, the value of damping ratio
decreased, as well as the influence of the frequency. This is in agreement with the
stiffening of the pad observed during the dynamic stiffness tests as well as with the
susceptibility of this material to change the behaviour when including rubber.
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Figure 10. Damping ratio at different temperatures for the binding materials tested by DMA test.

Additionally, to understand the impact of the rubber quantity and size on the pad
performance, Figure 11 displays the results of the damping ratio at 5 Hz on the R-HDPE
pads (selected as an example given it requires rubber to decrease its stiffness) with
different CR concentrations (0-75% at R2 size) and with different sizes (0.6-4R at 50%
volume). Independent of the crumb rubber amount, the capacity of energy dissipation
increased with the temperature. Also, this occurred in more accelerated way as the
crumb rubber concentration decreased due to the rubber having a higher specific heat
than the high-density polyethylene [39]. Furthermore, with the increase in crumb
rubber concentration it was possible to improve the damping capacity of the material.
For example, for a temperature of 602C, using 75% of crumb rubber increased the
damping ratio by 70%. Conversely, as was found for the tensile stress-strain test, no
significant differences were found for the crumb rubber particle size variation in the
damping ratio of the materials.
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Figure 11. Damping ratio for different crumb rubber percentages and sizes mixed with R-HDPE
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3.2. Geometric design definition

Once the possible materials to be used in the sustainable rail pads were characterized,
different geometries were tested. For this purpose, considering an intermediate case,
the influence of the pad geometry on the stiffness for the R-HDPE + 50% R2 mixture was
studied. Figure 12 shows the static and dynamic stiffness for the main geometries
analysed. From these results, it is possible to appreciate how surface area decreases, so
does the stiffness. This occurred for both the static and dynamic stiffness. If G1 and G4
are compared, it is possible to observe a stiffness reduction of close to 50% and 70% in
the static and dynamic stiffnesses, respectively. Therefore, this states that one of the
most influential parameters in the geometrical design of the pad is the superficial area
in contact with rail, and thus, the variation of this property could considerably affect the
element stiffness.

Dynamic

Static

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Stiffness (kN/mm)

BGl BG2 %G3 mG4

Figure 12. Static and dynamic stiffness depending on the superficial geometry of pad.

Focusing on the most and least influential geometries, Table 2 shows the results
obtained for the static modulus at different loads, as well as, the dynamic modulus for
the rail pads with geometry one and four for the different materials. The change in the
rail pad’s surface configuration was found to change the static and dynamic stiffness.
Specifically, as the contact surface decreased, it was possible to reduce the rail pad’s
stiffness. For example, in the case of the rail pad manufactured with R-HDPE + 50% R2,
it is possible to decrease the static stiffness (at 20/95 kN) by around 50 percent. This
ratio decreased even more when the crumb rubber particle size increased, and
therefore resulted in softer pads which could be used in a wider range of railway tracks
requiring this type of solution.
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Nonetheless, it should be noted that the rail pads manufactured with R-PP/PE + 50% R2,
despite obtaining a low static stiffness (compatible with their use in high-speed lines),
were not found to have a sufficient bearing capacity while presenting higher plastic
performance as seen in Figure 7. During the static stiffness tests, the pads with geometry
4 were highly deformed, losing their original geometry. So, this solution cannot be
considered for high-speed lines or lines subjected to high loads.

Table 2. Influence of geometry on the rail pad stiffness

Static .
Stiffness Dynamic
Material Geometry Stiffness
20/95 (kN/mm)
(kN/mm)
Gl 706 1560
- + 0,
R-HDPE + 50% R2 ca 339 1030
Reduction
ratio (%) >2 34
Gl 380 1191
- + 0,
R-HDPE + 50% R4 ca 297 627
Reduction
ratio (%) 22 47
Gl 127 338
+ 0,
RESIN + 50% R2 ca 64 977
Reduction
ratio (%) >0 18
R-PP/PE + 50% R2 Gl 203 750
G4 145 -
Reduction
ratio (%) 29 i

Figure 13 shows a comparative plot for the impact attenuation capacity of the different
materials tested. All of them met the requirements set by the local standard, which
establishes a minimum value of 25% [23]. For both the Resin + 50% R2 and R-PP/PE +
50% R2 pads their geometry did not affect their impact attenuation resistance, obtaining
values of 85 and 78%, respectively. However, in the rail pads manufactured with R-HDPE
the same did not occur. The change in the geometry influenced, just as with the stiffness
(Figure 11), the rail pad attenuation capacity too. The change in the rail pad geometry
improved it by 30% in R-HDPE+ 50% R2 pad, and 10% in R-HDPE+50 % R4 pad. Also, it
was demonstrated how the use of a higher crumb rubber particle size increased the
impact attenuation capacity. If R-HDPE + 50% R2 and R-HDPE + 50% R4 are compared, it
is possible to increment the pad’s resistance by around 50% and 25% for G1 and G4 with
the use of R4, respectively.
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3.3.

Impact Attenuation (%)
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Figure 13. Rail pad impact attenuation capacity

Study of material durability

Figure 14 presents the rail displacement variation caused by the fatigue test carried out
according to the UNE-EN 13146-4. The results are obtained for Fmax (maximum force
equal to 83 kN) and for Fmin (minimum force equal to 5 kN). In general, the
displacement found for both the railhead and railfoot means they would be compatible
for use in high-speed lines, according to the Spanish regulation [23], except for the rail
pads manufactured with R-PP/PE + 50% R2. In this last case, for Fmax, the displacement
exceeds the standard values by around 20% in the railhead and 6% in the railfoot; thus,
not making its use compatible for Spanish high-speed lines due to its plastic peformance,
according to the Spanish standard.
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Figure 14. Rail displacement caused by fatigue process
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Furthermore, with the aim to evaluate the durability of the rail pads, static tests were
carried out before and after the fatigue process. Figure 15 shows the static stiffness
variation as a result of the fatigue processes. In the rail pad manufactured with R-HDPE,
both R-HDPE + 50% R2 and R-HDPE + 50% R4, the static stiffness decreased slightly,
probably due to the possible degradation of the material. On the other hand, in the rail
pads manufactured with the resin, the pad was found to increase in stiffness, as a result
of cyclic loading that the rail pad was subjected to. In this case, the static stiffness
increased by 12%, with respect to the value obtained before the fatigue process; with a
limit of 25% [23]. Finally, the rail pads manufactured with R-PP/PE + 50% R2 suffered
high deformations, which mean they cannot be considered for use in high-speed
railways.
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Figure 15. Static stiffness before and after fatigue process

3.4. Study of the rail eco-pad environmental footprints

Figure 16 display the results from the carbon footprint analysis for the 11 pad types.
From these results, the use of recycled polymers can be considered to provide a positive
environmental benefit. Meanwhile, the use of the polymeric resin, whose manufacture
required more complex and chemical process, was found to have a comparatively large
environmental footprint; 12.6 times more for 100% resin compared to a conventional
rail pad, and 1.5 times more with 50% CR.

Comparing the gross and net impacts of the recycled polymers, it was found that both
recycled polymers provided a net environmental saving. This can be associated with the
fact that the material extraction stage for the recycled plastics (i.e., waste processing) is
less impacting than the extraction of the constituent components of HDPE (methylene
diphenyl diisocyanate, pentane and polyol). Furthermore, there impacts of the pads
produced in the lab were different to the mass-produced inventory for the conventional
pad (close to four times more).
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Considering the net emissions for the recycled materials (i.e., the total GHG emissions
including avoided primary production) it can be seen that for both the R-HDPE and R-
PP/PE significant savings were made. However, this trend was seen to decrease with the
increasing addition of CR in the pads: down 3-7% for gross impacts and 29-40% for net

impacts.
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Figure 16. Carbon footprint results for the rail pad types tested in this study.

4. Conclusions and prospects

This paper studied the viability of using different recycled polymers for the development
of sustainable rail pads for railway lines. The rail pads were manufactured with recycled
binders obtained from recycled high-density polyethylene from waste plastic boxes and
geomembrane residues. A polymeric resin was used as a reference material. These were
combined with crumb rubber particles in different sizes and concentrations, from which
a wide range of sustainable structural solutions were obtained. The research was
conducted in four stages: (i) analysis of the composition of the different materials used;
(ii) study of the influence of rail pad geometric design; (iii) study of the material
durability; (iv) study of the carbon footprint of the materials. According to the results
obtained in the different stages, the following conclusions were determined:

e Results demonstrated that binder type had a strong impact on pad properties.
HDPE provided stiffer and more brittle pads, while the PP/PE led to softer pads.

e In general, an increase in crumb rubber percentage decreased the rail pad
stiffness. Conversely, for the rail pad with R-PP/PE it increased slightly. However,
this did cause a decrease in tensile strength due to discontinuities found
between the materials. The use of higher particle sizes was found to also
decrease the static and dynamic stiffness of the rail pads.

e Consequently, through the addition of crumb rubber, it was possible to adapt
the stiffness of the rail pads, obtaining a broad range of pad solutions (with
different stiffnesses) and an increase the damping capacities of the materials.

e The pad geometry played a special role in the manufacture of the rail pads. It
was demonstrated that through changing the surface configuration of the rail
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pads, it was possible to modify the stiffness of the rail pads, decreasing it by more
than 50% in some cases.

e The use of geometries with a low superficial contact (G4) could negatively affect
the behaviour of the rail pads for some materials. In rail pads manufactured with
R-PP/PE, the plastic deformations was found to be high, such that the bearing
capacity of this material could not be guaranteed.

e With regards to the durability, the rail pads manufactured with stiffer materials
showed a higher resistance, obtaining acceptable results in the fatigue test.
Meanwhile, the pads made with the softer material gave rise to excessive
deformations, being more accentuated in the geometries in which the distance
between protrusions increased.

e Finally, considering the carbon footprints of the solutions, the pads
manufactured from the recycled polymers (R-HDPE and R-PP/PE) were found to
both provide gross and net environmental benefits when compared to a
conventional rail pad, reducing the CO; emissions by around 78-89% and 126-
166%, respectively. However, these emissions saving decreased at higher crumb
rubber contents.

Based on these conclusions, it can be said that the use of recycled plastics like R-HDPE
in the manufacturing of rail pads could lead to environmental benefits (i.e., reduced
waste and GHG emissions) and provide viable alternative materials with appropriate
physical and mechanical performance for this application. Nonetheless, from these
conclusions, further research will be carried out to optimize the design of these
sustainable pads, evaluating key factors like ageing, thermal and chemical stability,
among others, while aiming to include sensors for real-time track monitoring.
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Abstract

The inclusion of sensors in railway track components will permit the automated and real-
time monitoring of track behaviour and traffic conditions; necessary for adopting
preventive maintenance strategies. In this sense, this paper assesses the applicability of
three different sensor types, commonly used for engineering applications, to be included
into rail pads to thus provide smart components with sensing properties to monitor
railway tracks. Various types of accelerometer, piezoresistive and piezoelectric sensors
were evaluated to determine their viability for smart rail pads. Results demonstrated that
piezoelectric devices showed a linear correlation between signal output and stress levels
on pads, in contrast to piezoresistive panels which presented a logarithmic response, and
clearer signal pulses than the other sensors to detect changes in loading conditions or
track response. Therefore, piezoelectrics presented the highest implementation potential
for this application, considering its low cost and clearer ability to monitor variations in
traffic and/or track state.

Keywords: smart materials; automated railways; sensors; rail pads; monitoring.

Highlights
- Sensorised smart rail pads were tested for continuous track monitoring
- Accelerometers, press panels and piezoelectrics were embedded in rail pads
- Variations in traffic conditions and track state were monitored by sensored pads
- Piezoelectrics showed the best potential for monitoring load changes on pads
- Piezoelectrics had a linear correlation between stress level and signal output

1. Introduction
To maintain railway line track quality, frequent maintenance operations are needed.
Currently, palliative corrections are the most common solution, instead of preventive
maintenance, despite the latter showing a higher potential for reducing economic and



social impacts (Odolinski and Boysen, 2019; Sasidharan et al., 2020). The understanding
of the evolution of track degradation over time, due to key factors like traffic conditions
and track vertical oscillations under traffic loads, would be essential for the early
detection of potential problems (i.e., preventative maintenance). This is in agreement with
most of the current political goals and guidelines focusing on continuous monitoring to
predict failures and carry out preventive maintenance operations (Zoeteman and Esveld,
2004; 1SO 2014).

Nonetheless, most predictive models are based on mathematical approaches, with limited
consideration for data provided by real-time monitoring systems on an infrastructure’s
condition (Peng et al., 2011; Macedo et al., 2017). So far, railway track monitoring has
been mainly carried out for research purposes on specific sections in the short-term, due
to the complex installations and data analysis needed. However, continuous real-time
monitoring would be required to better evaluate structures, to make maintenance
decisions sooner or to revise designs for future sections. To solve this limitation,
inspection techniques are being developed to evaluate rail track conditions (Cantero and
Basu, 2015; Benedetto et al., 2017; Jing et al., 2021); which are traditionally distinguished
into onboard and wayside monitoring systems.

Thanks to the great advances in sensors in the last years (Tian et al., 2016; Lei et al.,
2020), there is a greater potential for the wider application of these technologies. Through
their inclusion into materials or components of the railway track, these components can
monitor essential factors like load distribution along the track and/or oscillation levels of
components under train passage. This trend for smart materials could provide an
alternative or complementary solution to current pilot monitoring initiatives that currently
require the special installation of sensors and complex electronic devices (at present being
both expensive and over-track, thus susceptible to damage or theft) (Hu et al., 2020). In
contrast, the philosophy of smart materials indicates that sensors are implanted into
components that are essential for the structural section of the railway. Thus, these smart
components could be used along the track as well as in specific singular points (like
switches, crosses, transition areas, etc.) or control sections to understand traffic and track
states to calibrate predictive models, among other applications.

Nonetheless, it must be considered that these smart materials must be specifically
designed according to their application in the type of infrastructure to be monitored (e.g.
railway tracks in this study), and using the most appropriate components to ensure they
are precise enough for the desired application. Particularly, this article focuses on the
inclusion of sensors into rail pads since they are in direct contact with traffic loads
(transmitted from the rail to the sleeper through the pads) and are able to evaluate the
oscillation of the superstructure over the ballast layer under such loads (Sol-Sanchez et
al., 2016). Regarding the sensors, according to literature review (Castillo-Mingorance et
al., 2020) and the authors’ previous experience, devices like strain gauges (Dos Reis et
al., 2018) and radio frequency identification tags (RFID) (Zhao et al., 2018) have been
used as health monitoring devices for structures (i.e. bridges and tunnels), but not as
specific sensors for global railway tracks where they could present limited sensitivity to
failures (Hu et al., 2020). Meanwhile, innovative sensors like fibre-optics (Tan et al,
2016) are considered to provide complex data outputs for analysis and are expensive,
among other drawbacks. On top of the limitations discussed, the aforementioned sensors
do not provide adequate dimensional characteristics for their inclusion within the rail pad.
In contrast, simple devices like accelerometers or piezoceramic materials have been



shown (Hu et al., 2020) to be appropriate for flexible sensor arrays applied on wayside
monitoring systems. These benefits, coupled with their physical dimensions, make them
ideal for a rail pad.

Thus, this study aims to analyze the viability and potential applicability of different
sensors to be included into rail pads in order to provide smart railway components with
real-time sensing properties, as an alternative to standard wayside monitoring systems.
Particularly, different types of accelerometers, press panels (piezoresistive sensor) and
standard piezoelectrics were assessed, which represent sensors with appropriate sizes and
characteristics to be included into rail pads while offering easier to implement devices.
Thus, this article will contribute to the exploration of sensors to be used into rail pads for
the development of innovative monitoring components specifically designed and studied
for application in railway tracks. To achieve this aim, this paper 1) calibrated each type
of sensor for use in railway pads, 2) assessed their applicability to monitor traffic and
track conditions through laboratory tests under realistic traffic loads and track sections
with diverse capacities to deform, 3) evaluated the durability of the selected sensors when
applied on the pads under repeated loads simulating train passing, in order to select the
most appropriate devices for rail pad application.

2. Methodology
2.1 Materials

2.1.1. Sensors

The type of sensors to be included in the rail pads were selected after studying smart
sensor literature (Castillo-Mingorance et al., 2020), focusing on small devices with
appropriate dimensions to be added into the pads while presenting the potential for
monitoring key parameters, like changes in superstructure displacement and/or load level
and distribution. For this purpose, three types of sensors were selected (Figure 1): 1)
accelerometers to control changes in oscillations; 2) press panels (piezoresistive sensor)
to measure changes in the level of stress on the pads; 3) a piezoelectric to control changes
in track performance by measuring the variations in wave transmissions into the material.



Figure 1. Visual appearance of the sensors studied in this article.

Two accelerometer models were selected (Figure 1), commonly applied in industrial
instrumentation as well as in personal navigation devices, medical instrumentation,
gaming, etc. They were selected according to the size and characteristics provided by the
manufacturer (size, range of measurement, resolution, etc.). The first one (referred in this
study as ACC1) was a small and thin 3-axis accelerometer with high resolution (13-bit)
and capacity to measure up to +16g, including an embedded memory management
system. The second one (ACC2) was also a 3-axis device with 14-bit of resolution and
with capacity to control from +£2g up to £8g. The size for the ACC1 was of 25 mm x 19
mm x 3.1 mm, while the ACC2 had 20.5 mm x 14.5 mm x 2.8 mm. The price of the
ACC1 was around 20€, while that of the ACC2 was close to 5€. The data from both
sensors was collected from an Arduino microcontroller, according to the diagram shown
in Figure 2 (configuration of smart rail pads per type of sensor, connected to PC through
amicrocontroller) and Figure 3 (connection of each type of sensor to the microcontroller).

Smart Rail Pad - Power supply ‘ Signal acquisition

Accelerometers Piezoelectric sensor

PC

Polymeric rail pad

-

Inclusion of any sensor

Data
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Arduino

Q ﬁﬁ ” . ’ o Controller
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Figure 2. Smart Rail Pad concept and the configuration for data acquisition from the sensors.




Arduino Uno

’ - Accelerometer
PiezoResistive sensor

oy 8|dug

SYEIXAY
noyealg
1313W0I3[RI0Y

Arduino
Uno
(Rev3)

LA

R2"

e 1_5‘%
~100Q

T

Piezoelectric Sensor
I _-D)_ |

Figure 3. Diagram of connections between each type of sensor and the Arduino microcontroller.

Two different types of piezoresistive sensors were assessed in this study (Figure 1). The
first one (PR1) was a circular flat device manufactured with polyester, and had a thickness
of 0.208 mm and a sensing area with a diameter of 25.4 mm, costing around 25€. The
force capacity recommended by the manufacturer ranged between around 0-30 kN, which
could be increased by varying the resistance used in the measurement circuit. Then, it
was calibrated, with values from 1 kQ to 10 kQ as recommended by the manufacturer.
Regarding the second type of press sensor (PR2), it was a square, flat resistive sensor 0.42
mm thick, 43.7 mm wide, and 43.7 mm long. The price of this second PR sensor was
close to 10€. As it will be seen in next section, both types of PR (piezoresistive) sensors
had to be calibrated with different resistances by using Arduino as the microcontroller
(Figures 2 and 3).

The piezoelectric used in this study had a cost close to 0.10€. It had a circular section
with a total diameter of 35 mm of the metallic base and 24 mm of the quartz sheet, with
a total thickness of 0.35 mm. This device was connected to the Arduino microcontroller
(Figures 2 and 3), measuring the voltage generated by the piezoelectrics due to vibrations
in the surface of the material where they are placed (rail pad in this study).

2.1.2 Rail pads

A series of railway track pads were used in this study for the testing of the sensors. The
pads were manufactured from different polymers with the aim of assessing the
applicability of the sensors on pads with varying properties, like the static stiffness
(characteristic parameter of these elements). Specifically, 3 square pads (100 mm x 100
mm with 7 mm of thickness) were first used to evaluate the ability of the sensors to be
included in different materials. These pads were composed of HDPE (High Density
Polyethylene), a combination of PP/PE (Polypropylene and low-density Polyethylene),
and a polymeric industrial resin composed of polyurethane with tough-elastic properties.



With these materials, the pads presented values of static stiffness (according to the
Standard EN 13146-9) around 575 kN/mm for the HDPE, 250 kN/mm for the PP/PE, and
close to 150 kN/mm for the resin, which could qualified as stiff, medium and soft,
respectively (Sol-Sanchez et al., 2014).

Additionally, two other rail pads (140 mm x 180 mm x 7 mm) were employed in this
study. These pads had the appropriate geometrical design for rail pad application. These
pads, manufactured from HDPE and resin (stiff and soft ones), were applied in the tests
simulating different tracks to determine the ability of the sensors to monitor diverse track
and traffic conditions. Figure 4 shows an example of the pad with a standard superficial
geometry while including sensors: (a) example of piezoresistive sensor on pad surface;
(b) piezoelectric device embedded in a hole drilled into the bottom surface.

Figure 4. Example of visual representation of the smart pads. (a) piezoresistive sensor on surface; (b) piezoelectric
embedded in the bottom surface.

2.2. Testing plan and methods

Table 1 lists the testing plan that was carried out in this study, which consists of 3 main
study steps: (i) calibration of the sensors in correlation with the main parameter to be
controlled in railway tracks, and selection of the most appropriate devices for next steps;
(if) study of sensor response when included in different types of pads, composed of
diverse materials that result in pads with various stiffness values; (iii) assessment of the
ability of sensors to monitor different track states and traffic conditions; (iv) evaluation
of the durability of the sensors in the pads under repeated loads.

Table 1. Testing plan.

Study step Va;ﬁzlye of Sensor Rail pad Tests
Displacements Accelerometer 1 B Vertical
P (ACC1) displacements at




Accelerometer 2 different amplitudes

(ACC2) and frequencies
1. Sensor Piezoresistive 1
calibration and (PR1) Vertical loads at
selection Load Piezoresistive 2 different stress
(PR2) levels and frequency

Piezoelectric (PI)

Application of

2. Use of sensors in Tvoe of pad ACCl1 Stiff different levels of
different types of yp ; _pl PR1 Medium stress on pads
pads materia PI Soft including the
Sensors
3. Study of sensors Simulation of ACCL
for monitoring different tracks PR1 Stiff Simulation of train
different track Traffic load p| Soft passage
performance level
Resistance to Fatigue test under
4. Assessment of | fatigue under PR1 Stiff repeated inclined
sensor durability repeated train Pl loads simulating
loads train passing

2.2.1 Sensor calibration

As seen in the testing plan, it was first necessary to calibrate the diverse sensors in
correlation with their measurements to measure the loads in the railway superstructure;
mainly changes in displacement due to oscillations of the rail-sleeper block over the
ballast, and the loads transmitted through this block. Despite most sensors being typically
calibrated by the manufacturer, the sensors were recalibrated for the loading ranges
expected for this study, while also ensuring a high-quality output for the signal recorded
by each sensor.

Particularly, the accelerometers (ACC1 and ACC2) were subjected to different levels of
displacement oscillations, with amplitudes between 0-2.5 mm. These were considered
expected conditions (Stark and Wilk, 2015; Sol-Sanchez et al., 2016; Ferro et al., 2020)
for the passage of different types of trains over diverse tracks (in various structural states,
leading to different oscillations), at a series of train speeds that generate load pulses on
the sleeper with a frequency range from 0 to 10 Hz. The frequency applied was calculated
to be a representative range for passing trains, calculated from train speed and the
reference distance between bogies (the principal waves affecting track performance)
(Milne et al., 2020). Nonetheless, as higher frequencies can occur in railway tracks due
to different phenomenon, further research and calibration could be required before its
application in real tracks.

For the test, each accelerometer was fixed to the actuator of a laboratory hydraulic
machine (commonly used for materials testing), and sequences of 1,000 oscillation waves
were applied for each testing conditions (at different amplitudes and frequencies). It must
be noted that these tests were focused on the Z-axis of the accelerometers, given that the
displacements were predominantly expected to be in this plane during its application for
monitoring railway track performance and structural state.

To calibrate the piezoresistive sensors (PR1 and PR2), they were glued to a metallic pad
of 150 mm x 150 mm and 50 mm thick, and a series of load pulses were applied over the




sensor at different amplitudes (stress levels from 0 to 5,000 kPa, which cover that
expected under the rail) and frequencies (from 0 to 10 Hz) (Standard EN 13146-9; Milne
et al., 2020; Ferro et al., 2020).

Similarly, a series of loads were applied over a resin pad (100 mm x 100 mm x 7 mm)
with a piezoelectric (PI) glued to the surface. In this case, unlike the piezoresistive
sensors, for the calibration of the piezoelectrics the load was not applied directly over the
sensor in order to avoid breaking the quartz sheet, but it was applied through a rectangular
actuator (40 mm x 60 mm) on the resin pad at a distance of 1 cm from the piezoelectric.
Thus, the capacity of these devices to monitor the vibrations transmitted through the
material was measured (Tian et al., 2016).

2.2.2 Use of sensors in different types of pads
With the aim of assessing the measurements recorded by the sensors (ACC1, PR1 and PI)
in different pads considered (with different composition and mechanical properties), a
series of tests were carried out with the rail pads incorporated into a system simulating
the railway track applying diverse load ranges.

The system (Figure 5) consisted of a rubber sheet (150 mm x 150 mm x 4.5mm, with a
stiffness around 300 kN/mm) to simulate the deflections in the subgrade, as done by other
researchers like Ferro et al., 2020; a concrete block of 150 mm x 150 mm x 150 mm to
simulate the sleeper; an I-shaped metal profile to simulate the rail with a base of 100 mm
x 100 mm; and a series of rail pads (100 mm x 100 mm x 7 mm) embedded with sensors,
being made from different materials (HDPE, PP/PE and Resin) and qualified as stiff,
medium and soft, respectively.

Concrete block
L Sleeper simulation

Figure 5. Example of the simulated track system, including a pad with sensors (piezoelectric in this example).



For the case of the PR sensor, it was directly glued to the surface of the pad, and therefore,
the sensor was directly in contact with the base of the metal profile as would happen in
real tracks under the rail. However, for the cases of the accelerometer and piezoelectric,
these were included in a hole drilled in the bottom side of each pad (Figure 4) in order to
avoid damaging the sensors, by protecting them from the direct contact within the rail
and the sleeper, which could crush the sensors. The hole in the pads was created with
appropriate dimensions (35 mm of diameter and 3.5 mm deep) to embed the devices and
provide an adequate place for them to function properly.

The tests were carried out by applying a series of loads over the metal profile (as would
happen in real tracks where a train transmits the loads to the rail), and recording the
measurements provided by the different sensors. The loads (1,000 cycles) ranged from 0
to 2,000 kPa stress levels at 5 Hz over the pads including the sensors, which were
considered appropriate testing conditions in consonance with those expected in the central
sleeper under train bogie passing over the railway track. This fact was fixed considering
that rail pads in real tracks (with dimensions of 140 mm x 180 mm) can be subjected to
loads per wheel around 95 kN, with distribution close to 50-60% over the central sleeper
because of the division of loads through the rail to a different number of sleepers
(Standard EN 13146-9; Wilk et al., 2015; Sussman, 2017).

2.2.3 Study of sensors for monitoring different track performance

This study step focused on assessing the ability of the sensors to monitor diverse track
states through measuring the changes in some of the main parameters, such as the level
of traffic and the variation in the capacity of the track to deform under such traffic loads.
For this study, one sensor of each type (ACCL1, PR1 and PI) was included in two rail pads
with different compositions and stiffnesses, aiming therefore to assess the capacities of
the sensors for various types of pads: a soft pad made of resin and a stiff pad composed
of HDPE.

For this purpose, two configurations for the track section were simulated (Figure 6), both
consisting of an I-shaped metal profile (simulating a track rail) with a base of 100 mm x
100 mm, the rail pads including the sensors and a concrete block (150 mm x 150 mm x
150 mm). These were placed over two solutions with diverse capacity to deform under
loading: (i) a medium base made of a rubber sheet (150 mm x 150 mm x 4.5mm) that
permits deflections of around 1 mm at 2,000 kPa; (ii) a soft base composed of a rubber
mat (150 mm x 150 mm x 10 mm) with deflections close to 2.5 mm.

For the evaluation of the ability of each type of sensor to identify different track
performances, a sequence of forces (Figure 6) simulating train passage was applied over
each system (over rubber sheet and rubber mat) with each type of pad including the
various sensors. For the pads with the accelerometer, Figure 6 displays the loading
sequence used to generate different oscillations on the system. For the cases with the press
panel (piezoresistive sensor) and piezoelectric sensors, a sequence of different
deformation levels were applied on each system (Figure 6), which required diverse stress
levels on the pad to be detected with the mentioned sensors.
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Figure 6. Scheme of the simulation of different track systems (over different bases), to be subjected to different
loading conditions, simulating the passage of trains.

Firstly, a loading sequence consisting of a series of loads with stresses between 0-2,000
kPa was applied (the same level of loading expected on rail pads for a singular section
under the central sleeper), with the capacity to produce different states of deformation in
each system, to be detected by the accelerometers. This could be appropriate for
monitoring variations in track deflections under various traffic conditions over a constant
section, or changes in sleeper movements under a same load level because of different
configurations/states of the system, like those associated with the “hanging sleeper”
phenomenon (increasing the sleeper oscillation accelerations) or abrupt stiffness changes,
among others (Stark and Wilk, 2015; Wilk et al., 2015). Figure 7 shows a representation
of some examples of the phenomena that could vary the oscillations in a track, which can
be detected by the sensors.

On the other hand, a sequence of different displacements (between 0 and 0.8 mm) was
applied over each system in order to evaluate the ability of the sensors to measure the
variations in stress levels under the various configurations. With the simulation of
different systems with varying vertical strength, different loads were required to achieve
such deformations, which were detected by the piezoresistive sensors and piezoelectrics.
This focused on measuring changes in track support depending on their strength and state
(Figure 5 shows some examples). For example, soft track substructures are expected to
generate lower levels of stress on the rail pad than stiff ones (Sussman, 2017), because of
a longer distribution of loads within different sleepers. Similarly, phenomena such as
differential settlement, or hanging sleepers, are expected to vary the level of pressure in
rail pads due to different gap heights under sleepers (Stark and Wilk, 2015; Sol-Sanchez
etal., 2017).
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Figure 7. Scheme representing different examples of track conditions to be detected by the sensors through variations
in stress on pad and/or oscillation of superstructure. Left: tracks with different bearing capacity; Right: differential
settlement.

2.2.4 Assessment of sensor durability

Once the ability of the different sensors was studied to monitor traffic and track
conditions, the durability of the most appropriate sensors was evaluated; where these were
selected according to the results of the previous study steps. For this purpose, a fatigue
test simulating repeated loads from trains passing through curved sections (considered
the most unfavorable testing condition) on a pad including the selected sensors was
carried out (in this case, using the stiff pad as example). The test was adapted from the
Standard EN 13146-4 to focus on determining the durability of the sensors. The test
consisted of applying 1.5 x 10° cycles at 5 Hz with amplitude between 5 kN and 83 kN,
under a load angle of 33° from the vertical direction over the head of a rail section
mounted on the system pad-fastening-sleeper. To determine the durability of the sensors,
the signal amplitude was measured before and after the fatigue process by applying a
series of 100 cycles at stress amplitudes ranging from 0-2,000 kPa at 5 Hz over the rail-
pad-sleeper system.

3. Analysis of results

3.1 Sensor calibration and selection

Figure 8a displays the acceleration amplitudes recorded by ACC1 and ACC2 under
different oscillation amplitudes (displacements in mm) at various frequencies (1, 5, 10
Hz). Figure 8b shows an example of the wave signals collected by each sensor (ACCL1 in
the left, and ACC2 in the right) in comparison with their displacements, for a medium
case of 1.5 mm at 5 Hz, generated by the hydraulic actuator of the testing machine.

Both the accelerometer models showed a lineal correlation between the signal measured
in Z-axis and the amplitude of oscillation applied, leading to higher values of acceleration
when increasing the displacement and/or the frequency of the oscillation, being the values
in consonance with those measured in previous field studies (Wang and Markine, 2019;
Khairallah et al., 2019). In this sense, it is remarkable the fact that at low displacements,
the differences between the frequencies were small, while it was also noted that at low
frequency (as those expected as dominant ones under bogie traffic), there were no
differences between the diverse oscillation amplitudes.

All this must be considered when using them for monitoring since it could limit the
detection of small track variations, and therefore, being appropriate for only considerable
changes in track performance (like hanging sleepers or component breakages). Where in



this case, it has been seen in previous field studies (Stark and Wilk, 2015; Wang and
Markine, 2019) that higher values of acceleration are expected. Besides, as the signals
are dependent on both parameters (displacements and frequencies), knowing the load
frequencies may be required to be able to distinguish the changes in displacements for
detecting variations in the performance of the infrastructure.

Assessing the quality of the signals measured by each accelerometer (Figure 8b), it could
be said that the ACC1 showed a good correlation between the accelerations and the
displacement waves, being able to distinguish the different pulses. However, in the case
of the ACC2 the signal was poorer, showing higher number of peaks at different
frequencies, and thus, offering a worse correlation with the waves applied by the testing
machine. This led to discarding this sensor for the rest of the study, since it would not be
appropriate for the application desired in this paper. This demonstrates that all devices
could be not suitable for the track monitoring, and also requiring the previous step of
calibration and study of the properties in relation to that aim.
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Figure 8. Results from the calibration of the accelerometers. (a) correlation between acceleration amplitudes
collected and oscillations applied; (b) waves signals from the accelerometers in comparison with waves applied.

In the case of the piezoresistive sensors, as the signal of those depended on the resistance
used in the microcontroller, Figure 9 represents the results for PR1 and PR2 for diverse
values of resistances (measured in kQ), in consonance with the recommendations from
manufacturers. Results showed that for both cases, the reduction in resistance value led
to lower values of voltage amplitude measured under the different levels of stress applied
on the surface of each device. A logarithmic correlation between the voltage and stress
was obtained, with a higher capacity to distinguish the changes in stress when reducing
the resistance. Generally, it was seen that for a same value of resistance (1 kQ2) the PR2
led to higher values of voltage, which could limit its range of applicability because of the
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Figure 9. Influence of resistance used in the measurement system for the piezoresistive sensors calibration.
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In fact, Figure 10a (which represents the correlation of the signal of each sensor, in milli
volts, with the level of stress amplitude applied at different load frequencies), confirms
the higher results for the PR2 than the case with the PR1 for a same level of stress. Also,
it is seen that the signals measured by the sensor number one (PR1) were independent of
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the load frequency (at least, for those studied in this article), while a small increase in
voltage was collected by PR2 when increasing the load frequency, particularly at high
levels of stress. This fact could limit the application of PR2 because of the higher
difficulty to interpret the changes collected by this sensor during monitoring, being
dependent on the level of stress (main variable to control for monitoring the changes in
stress under the rail due to variations in track performance), but also its frequency
(varying with train speed, for example).

Because of this, joined with the quality of the signals in comparison with the frequencies
applied by the testing machine (where Figure 10b shows an example for the case of 5 kN
over the sensors at 5 Hz), the PR1 was selected for its application to the rail pads since
clearer signals were obtained with little deviation from the load frequency.
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Figure 10. Results from the calibration of the press sensors. (a) correlation between voltage measured and
compressive force applied; (b) signals collected versus waves of force applied.

Figure 11a displays the results (measured in milli volts) for the calibration for the
piezoelectric under different levels of stress applied over a pad including such device, at
different frequencies, while Figure 11b shows an example of the signal measured by the



piezoelectric under a load of 5 kN at 5 Hz. In contrast with the piezoresistive sensors, the
signals of the piezoelectric showed a linear correlation with the level of stress, which
could lead to a clearer distinction of the variations in loads at high loading levels. This is
in consonance with previous studies that reflected the linear correlation of the
measurement of this type of sensors (Song et al., 2017; Zhang et al., 2018). Besides,
similar to PR1, the piezoelectric also presented little dependence with the pulse
frequency, at least for the cases studied in this paper, while further calibration could be
required for application in real tracks; higher frequencies may be present, this would need
to be verified through consultation with railway agencies. This could be appropriate for
clearer monitoring of the evolution of stress in components, regardless of train speed. On
the other hand, Figure 11b indicated that the quality of the signal was acceptable to
distinguish the different pulses, showing clearly the correlation between the voltage and
the load waves applied with the testing machine.
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Figure 11. Results from calibration of piezoelectrics. (a) correlation voltage-stress; (b) waves measured by
piezoelectric versus wave forces applied by machine actuator.

3.2 Use of sensors in different types of pads

With the aim of proving the applicability of accelerometers in different types of rail pads,
Figure 12 represents the values of acceleration amplitudes measured by the ACC1 under
various levels of stress (between 0-2,000 kPa at 5Hz) generating diverse ranges of vertical
displacements over the system (rail-sleeper) including three types of pads under the rail
(soft, medium and stiff). Results showed little differences between the two systems
including the various pads, since the accelerations were only dependent on the level of
oscillation displacement generated when varying the range of stress over the system,
recording small variations depending on the pad.

Therefore, the accelerometers could be used in different types of pads, with no differences
in the signal recorded. Nonetheless, it is important to keep in mind that the magnitudes
collected by these devices are dependent on the oscillation amplitude (parameter to
control in track monitoring), but also vary with the frequency, which could complicate
the interpretation of the results, combined with the small variations generated by the

Force applied (kN)



ranges expected in railway tracks, as can be seen in Figure 12, and in agreement with the
calibration results (Figure 8a).
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Figure 12. Influence of type of pad on the measurements collected by ACC1 under different displacement
oscillations.

For the press sensor (PR) and piezoelectric (PI) case studies, different types of pads were
included into the system simulating the railway track. Figure 13 represents the results of
the signal measured by these devices (in milli volts) under various stress levels when
using three pads with different compositions and properties (stiff pad made of HDPE;
medium one from PP/PE; and soft pad from resin).

Results confirm that piezoelectrics offer a linear correlation with level of stress while PR
showed a logarithmic relationship, which could limit its applicability to distinguish
variations at high stress levels. Assessing the influence of the pad, it was seen that higher
values were recorded by both PR and PI for the stiff one while the lowest values were
measured when using the soft pad. This could be associated with the higher density and
stiffness of the pad made of HDPE (stiff), facilitating therefore the propagation of waves
into the material (increasing the measurements from PI) while presenting a higher
concentration of stress on surface (leading to higher values on PR) (Zhang et al., 2018).
Therefore, this states the importance of the material used in the manufacturing of the pad
to include these sensors, or in other words, it is important to assess and calibrate these
types of sensors depending on the pad properties where they are to be included.
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Figure 13. Influence of the type of material on the signal measured by PR and PI.

3.3 Use of sensors for monitoring track performance

For the analysis of the functionality of each type of sensor to identify different track
behaviours, Figure 14 shows the signal measured by the accelerometer included in two
different pads (soft and stiff from different compositions) into two different systems
simulating railway tracks over various supports (medium and soft track-bed base).

Results are expressed as the acceleration amplitude (Figure 14a) measured from pulses
reproducing various levels of loads deforming the track. Figure 14b represents an
example of the evolution of such measurements during one sequence of train passage, in
comparison with the displacements measured by standard instrumentation (LVDTSs in this
case). Similarly, Figure 15 and Figure 16 show the results measured from the
piezoresistive sensor and the piezoelectric when each track system was subjected to
various levels of deformation, simulating various stress conditions to be monitored.
Before the analysis, it was important to keep in mind the different sensors reading types.
The maximum and minimum values from the accelerometers were out of phase with the
force or displacement peaks, since the minimum accelerations occur at the maximum
displacement value of the actuator. This is due to the fact that such displacement peaks
represent a change in load direction (from increasing pad compression to reducing it), and
therefore, leading to values of minimum acceleration. In contrast, the press panel peaks
correspond to those from actuator load, and the piezoelectric peaks were recorded as
electrical pulses caused by vibration propagation.

Results demonstrate that the accelerometer was able to identify the different stress levels
applied by traffic (simulating trains with different weights), while also distinguishing the
differences between systems, since higher accelerations were measured for the soft base
where higher movements were expected. These results are in consonance with those
expected for the changes in accelerations in field for tracks with varying performances
(differential settlement for example), as those measured in previous studies (Stark and
Wilk, 2015; Wang and Markine, 2019). Besides, it was confirmed that the type of pad
presented little influence as a support for the accelerometer.



However, it must be noticed that the quality of the signal under the pulses (Figure 14b)
was lower than the other cases using the PR and PI (Figures 15b and 16b), respectively.
This is in agreement with the previous results where it was seen that the variations to be
recorded by the accelerometers could be small, and therefore, presenting some limitations
that could affect their suitability.

On the other hand, as previously indicated, the use of the piezoresistive sensor and
piezoelectric did allow for a clear identification of the pulses, showing waves similar to
those collected by the standard instrumentation of testing machine, which states the
potential applicability of these technologies to monitor track performance under train
passage. Both sensors (PR and PI) identified the different stress levels required to
reproduce the different displacements (Figures 15a and 16a), while allowing for a clear
distinction between the type of track system (over a medium or soft base). This last fact
was clearer for the case of piezoelectric where signal reductions were greater than 50%
when passing from medium to soft base, while the PR showed smaller changes. Besides,
it is important to note that, in agreement with previous results, the values depended on
the type of pad used to include the sensors, obtaining higher values for the pad composed
of HDPE with a stiff surface (for the PR sensor) and with probably a clearer transmission
of waves for the PI.
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For a deeper understanding of the functionality of the PR and PI sensors (seen to be the
technologies with highest potential for use in smart track monitoring), Figure 17
represents examples of changes in track performance monitored by PR and PI sensors
through variations in the recorded voltage when used in the stiff pad, for example.
Particularly, axis X represents the variations in the stress applied on the pad due to
changes in track support (soft trackbed or hanging sleepers are expected to decrease the
stress on the central sleeper under train wheel) (Stark and Wilk, 2015; Sussman, 2017) or
due to variation in traffic loads. On the other hand, axis Y represents how such variations
(from 1,700 kPa to 850 kPa due to traffic load reduction; and from 1,700 kPa to 250 kPa
due to a reduction in support strength) are detected by varying the voltage recorded by
the PR and PI.

It can be seen how a variation in load level in a track (associated with changes like the
value of train weight, the presence of dents in wheels or irregularities in the rail etc.)
(Wang and Markine, 2019) could be clearly identified by both types of sensors, which
shows the potential use of these technologies to detect track failures as done with other
devices in previous studies (Song et al., 2017; Khairallah et al., 2019). For example, it
was seen that a variation in stress from around 1,700 kPa to 850 kPa led to the reduction
in voltage recorded by both sensors. Nonetheless, it must be noted that this variation was
higher for the PI (from around 7,800 mV to 3,500 mV) than for the PR (from around
3,250 mV to 2,750 mV), which indicates the piezoelectric would be more suitable, due
to its linear relationship between the voltage measurements and the stress level (Song et
al., 2017; Zhang et al., 2018).



Similarly, it is seen that both sensors identified a change in track performance under the
conditions modelled to represent the reduction in support strength or the appearance of
the hanging sleeper phenomenon, leading to a lower concentration of stress on the pad
including the sensor (Wang and Markine, 2019). This is because of the higher
deformability of the system (simulating higher distribution of loading along the track),
and therefore, lower values of voltage recorded by the sensors. Again, particularly in the
case of the piezoelectric, a higher variation in stress was identified when passing from a
deformability of 0.2 mm to 0.8 mm.
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3.4 Assessment of sensor durability

In order to evaluate the durability of the Pl and PR1 sensors (those selected as most
applicable for smart pads, based on the previous results), Figure 18 shows the values of
the signal amplitude of the sensors before and after the fatigue process. Results reflect
that the PR failed during the fatigue process since the signal amplitude was reduced to
null after the repeated loads, which could be due to sensor breakage as a result of frictional
efforts during the test. Therefore, for the application of this type of sensor (which needs
direct contact with the loads) further research would be required in order to protect the
device.

On the other hand, it was seen that the piezoelectric (whose monitoring capacity is based
on wave propagations) continued measuring after the fatigue process, but obtained lower
values than those collected before the repeated loads. Nonetheless, it must be considered
that the percentage of signal variation from Pl due to changes in load level was quite
similar to that measured before the fatigue process, thus conserving the capacity to detect
changes in load level.



In addition, Figure 19 displays the evolution of the PI signal during the test, in comparison
with the rail displacements measured through LVDTs during the fatigue process (as
indicated in the Standard EN 13146-4). It is seen that the PI signal had quite a similar
evolution to that found for the rail displacements, obtaining considerable variations at the
beginning of the test (which could be due to the adjustment of rail and fastening system),
but later presenting stable performance.

Therefore, it could be said that the Pl showed an adequate durability since it conserved
its capacity to detect changes in load level, while presenting stable performance during
the fatigue test (comparable to that measured by standard sensoring devices used in
laboratory tests). Nonetheless, further assessments in real tracks could be required for a
deeper understanding of the durability and accuracy of these smart pads (including
common piezoelectric devices).
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4. Conclusions

This article aimed to enhance the current state of knowledge on real-time railway track
monitoring through studying rail pads, a key railway structural component, equipped with
different types of sensors to monitor the structural performance of the track and also
detect changes traffic levels and loading conditions. Through these tests, the goal was to
determine the most appropriate sensors to be used in rail pads. The study focused the
calibration of different types of accelerometers, press panels (piezoresistive sensor) and
piezoelectrics, assessing also the applicability of these sensors on different types of rail
pads manufactured from different polymers, and evaluating the potential ability to
measure changes in essential parameters defining the state of railway tracks under
different traffic conditions. From this study, the following conclusions were drawn:

- Results from the calibration of the sensors demonstrated that not all devices are
suitable to provide sensitive rail-pad monitoring systems. Thus, the calibration and
selection of the most appropriate sensors is required before their application.

- Accelerometers and piezoelectric sensors showed a linear relationship between the
signal and track response, but the first one detected changes in oscillation magnitude
while the second one focused on the level of stress on the pad. However, the press
panels (piezoresistive) showed a logarithmic relationship, which could limit their
capacity to detect oscillation changes under higher loading levels expected in rail
pads under traffic.

- Signals from accelerometers showed to be independent on the type of pads while
those from piezoelectric and press panel depended on the type of pad where they
were embedded, obtaining higher amplitude signals on stiff pads, which have a
higher capacity to propagate the waves (in the case of the piezoelectrics) and with
higher stress concentrations (in the case of the piezoresistive panels).

- Regardless of the type of pad, the accelerometers were able to identify the changes
in oscillations due to variations in traffic load or strength of the support simulating
the railway track. Nonetheless, it must be considered that the quality of the signals
from the accelerometers due to train passage was poorer than those from the
piezoresistive sensor and the piezoelectric. Hence, further research into
accelerometers for this application may be required.

- The piezoresistive sensor and piezoelectric showed the best ability to detect changes
in track performance due to variations in traffic conditions or the strength of track
support, particularly when using a stiff pad.

- Furthermore, the piezoelectrics provided the clearest signal outputs when measuring
track performance. Also, in contrast to the press sensor, the piezoelectric device
showed adequate durability after fatigue testing.

Therefore, based on the results, it could be said that the piezoelectric sensors presented
the highest implementation potential for this application, particularly considering its low
cost in comparison with other standard sensors. Nonetheless, further studies will be
required to continue the development of this technology. Particularly, a deeper analysis
on the durability of the pads and the sensors, mainly under environmental and fatigue
conditions, while also defining an optimized design (possibly considering sensor
encapsulation) for the smart rail pads; as the removal of material would intuitively affect
its structural capacity. Finally, the study of the sensors’ responses in laboratory testing
boxes, reproducing different track conditions (i.e. hanging sleeper phenomenon, harsh



environmental conditions), would also be required to establish a range of measurements
per sensor, to later be more prepared to apply these technologies in field experiences.
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Abstract

The present paper focuses on an initial assessment into the applicability of sensored
sustainable pads, made from recycled polymers and embedded with commonly-
accessible piezoelectrics. These sensing devices were used as smart rail pads and inside
bituminous sub-ballast to monitor traffic and track state by measuring the stress
variations in the components. A series of full-scale laboratory tests were carried out
simulating train passage under diverse traffic scenarios and varying track section
conditions in a testing box. Results indicated that the smart sustainable pads in both
components showed the capacity to detect traffic load variations by measuring relative
changes in signal amplitude of the sensor. Nonetheless, the smart rail pads presented
higher accuracy to monitor axle loads, while the signals from the sub-ballast were
influenced by the position of the sensor, and so a higher potential to monitor track
performance, rail-sleeper load distribution, and detecting phenomena like hanging
sleepers.

Keywords: railway; smart materials; infrastructure monitoring; sensors; piezoelectrics.



1. Introduction
Railways play a vital role in modern transportation and social economy, providing
efficient mobility for passengers and freight, which has led to the development of
various political targets (such as the EU Mobility Strategy) [1]. Nonetheless, as a result
of the required rail traffic increase, coupled with the continuous development of high-
speed trains and the aim to increase the railway transportation of cargo, there is a need
for the development of novel solutions to ensure the safety and real-time monitoring of
track state and traffic level to better manage and conserve infrastructure services [2, 3].

The track circuit invented by William Robinson in 1872 [11] can be considered as the
first railway monitoring approach to prevent accidents. Since then, a variety of sensing
techniques and devices have been developed for both vehicles and track sections with
the aim of monitoring traffic and infrastructure conditions, including widely used
sensors like accelerometers, strain gauges, digital image correlation, geophones,
magnetic sensors and deflectometers, among others [12]. Nonetheless, most of these
conventional sensors are not practical for long-term railway monitoring because of
either complex configuration, lack of accuracy and stability under specific conditions or
their high cost, among others. However, the degradation of railway tracks is a
progressive process, and therefore, long-term railway monitoring is required through
the use of a sensor network.

For this purpose, sensors with electrical properties like Force Sensing Resistors (FSR) or
piezoelectric sheets have been demonstrated to be appropriate for monitoring
transportation infrastructures. These work by measuring the voltage changes due to
variations in the stress levels to which they are subjected. In this sense, various
successful previous experiences have proven their capacity to monitor structural
performance [13] or road pavement deflection [14] or damage [15] by developing
specific sensors from piezoelectric devices [16, 17]. Furthermore, in the railway field,
literature also collects some examples of these devices in elastic elements, aggregates
or sub-ballast, showing their feasibility and potential for monitoring parameters like
wheel-rail contact [6, 7, 18].

Therefore, in light of the promising potential of embedding sensors into railway
components for monitoring [3, 7, 12, 19], the present paper aims to contribute to their
study and development. Particularly, this work focuses on the assessment of the ability
of pads made from recycled polymers to be equipped with conventional and low-cost
commercial piezoelectric devices to monitor both traffic and track conditions/states.
Specifically, this study focused on the use of these innovative pads as (a) a replacement
of standard rails pads to provide an elastic track component with sustainable and smart
characteristics and (b) a sensoring device where the pads work as protective capsules
for the piezoelectrics in the bituminous sub-ballast. Thus, this paper aims to contribute
to the development of integrated smart solutions for track components; combining both
structural and sensoring properties.

This paper analyses the calibration factors and measurements of the sensors under
different scenarios according to their application in both rail pads and bituminous sub-
ballast. Specifically, the paper assesses and compares, through full-scale tests in a
laboratory box, the ability of each of these solutions to monitor traffic conditions



through measuring train weight and wheel-rail contact, as well as the state of the
superstructure through measuring the stress on sleepers (assessing the strength of their
support). In particular, the paper focused on monitoring parameters like number of
loads applied, detection of flat or irregular train wheels, or train weight (particularly in
rail freight lines), and the evolution of section degradation by measuring phenomenon
like hanging sleepers due to differential settlements (particularly appropriate for
transition zones), or distribution of loads along the track. This would enable the
continuous monitoring of track and traffic state, making it possible to predict future
track failures and maintenance needs.

2. Methodology

2.1 Materials
This study focuses on the assessment of common piezoelectric devices (typically used in
different industries at a low cost) embedded as sensors into pads made from recycled
polymers, to be used as smart rail pads and as sensor devices for smart bituminous sub-
ballast. Figure 1 displays the design of each type of smart and recycled pad considered
in this study, showing also their applications as rail pads and when embedded into
bituminous sub-ballast.

(a) SMART RAIL PADS (b) SMART PADS FOR BITUMINOUS SUBBALLAST

( Pad from recycled polymers and with\ / \

piezoelectric for its application under rail
Design of recycled pads to encapsulate the
piezoelectric to be added into sub-ballast

. 1D

Piezoelectric encapsulation for its \
inclusion into bituminous sub-ballast

~

Hole for the inclusion of

&the piezoelectric /

Figure 1. Design of the smart rail pads and the pads with sensor to be included in bituminous sub-ballast.

2.1.1 Piezoelectrics

With the aim of using economic and readily-available sensors, commercial piezoelectrics
commonly used in diverse applications (industry, music, sensoring, etc.) were selected
for this study. The sensors used were composed of a metallic circular base with a
diameter of 35 mm and a quartz sheet with 24 mm diameter. The total thickness of
these devices was around 0.35 mm, which makes them appropriate to be embedded in
different track elements, as done for example in this study with rail pads and bituminous
sub-ballast. 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.



2.1.2  Smart and sustainable rail pad

The rail pads were manufactured from a volumetric combination of 50% of recycled
HDPE (High Density Polyethylene from recycled industrial plastic boxes) and 50% of
recycled rubber particles from waste tires, with size ranging 2-4 mm, resulting in
medium-stiff pads with a static stiffness around 250 kN/mm, according to EN 13146-9
[20]. The rail pads had a size of 140 mm x 180 mm with a thickness of 7 mm, being
appropriate to be used in standard concrete sleepers commonly used in Spanish railway
lines. The manufacturing process consisted of melting the recycled HDPE (with a 5 mm
particle size) at 180°C and mixing it with crumb rubber (size 2-4mm), followed by
pouring the materials into a mould. Once the material was in the mould, a load of 15 kN
was applied in order to compact the material and obtain a high-quality finish without
imperfections in the pads.

One piezoelectric device was included in a hole drilled in the recycled rail pad (Figure
1a), with the purpose of avoiding damage to the electrical devices from direct contact
with the rail or the sleeper, which could crush the quartz sheet of the sensor. The hole
had a diameter of 35 mm and depth of 3.5 mm, which was considered appropriate to
embed the devices.

2.1.3  Smart pads into bituminous sub-ballast

For the case of the smart bituminous sub-ballast, the piezoelectric sensor was
encapsulated by two polymeric pads made from recycled HDPE combined with 50% of
waste crumb rubber (2-4 mm), following the same manufacturing process to that
described for the rail pads. This was required since the piezoelectrics were embedded
into the bituminous sub-ballast during the compaction of the asphalt at around 160°C;
which at such temperatures could damage the sensors. The encapsulation system
consisted of: (a) a bottom pad with dimensions of 50 mm x 50 mm x 7 mm, with a hole
(35 mm diameter and 3.5 mm thick) drilled in the centre to fit a piezoelectric; (b) and a
upper pad with same dimensions but without the hole, which was glued to the bottom
pad to obtain the protective capsule for the sensor. Figure 1b shows the visual
appearance of the encapsulation system for the piezoelectric.

The bituminous sub-ballast consisted of a dense asphalt mixture type AC22S (EN 13108-
1) [21], manufactured from limestone aggregates (with fractions of 18/25mm,
12/18mm, 6/12mm, and 0/6mm), with appropriate characteristics for this application
according to the requirements for this type of mixture. The filler (with dosage around
5% aggregate weight) was cement type CEM II/B-L 32.5 N and the bitumen was a
conventional B 50/70, using a bitumen content of 4.25% per total weight of the mixture.
The design characteristics of the asphalt mixture are shown in Table 1.

Table 1. Properties of the asphalt mixture used as sub-ballast.

. Bituminous
Properties Standard sub-ballast
Bulk Density (Mg/m3) EN 12697-6 2.52
Air Voids (%) EN 12697-8 3.4
Marshall Stability (kN) EN 12697-34 10.5
Marshall Flow (mm) EN 12697-34 3.2
Index of retained tensile strength after water action (%) EN 12697-12 86.0

Stiffness at 20°C (MPa) EN 12697-26 5,079




2.2 Testing plan and methods
With the aim of assessing the viability of the piezoelectric-sensored sustainable pads to
be used as smart components in railway tracks (rail pads and bituminous sub-ballast) for
monitoring traffic and infrastructure conditions, the testing plan consisted of three key
study steps: (a) assessment of the piezoelectric signals in the components, evaluating
the different possible scenarios for each solution in order to calibrate the sensors for
this application; (b) analysis of the ability of the smart components to monitor traffic
conditions (mainly, load level/train weight, and detection of impacts due to irregular
wheel-rail contact); (c) study of the ability to monitor the track performance by
measuring the variations in load distribution in the superstructure. Table 2 summarises
the testing plan carried out, showing the three study steps, the main variables analysed
and the smart material employed, as well as the laboratory tests used in the assessment.

Table 2. Testing plan.

Study step Solution Variable Test
Piezoelectric in . . .
. Influence of support Diverse sinusoidal load
the recycled rail strenath levels
Study of pad g
iezoelectrics in the . . Loads at different
P Sensored pad in Influence of load distance .
track component L distances from sensor
the bituminous . .
Effect of sensor depth into  Sensors at different depth
subballast
subballast layer from surface
. Piezoelectric in: Train weight
Ability of sensored . & . . .
-Recycled rail pad Simulation of diverse
components to . . .
. -Recycled pad in Irregular contact rail- sequence of train loads
measure traffic loads
Subballast wheel
Ability of sensored Stress distribution on Simulation of traffic loads
components to Piezoelectric in sleepers over a system of 3
control the recycled rail sleepers:
superstructure pad Supported sleeper Vs -all supported sleepers
performance hanging sleeper -central hanging sleeper

2.2.1 Study of piezoelectrics in track components
The first step focused on the measurement of the signal recorded by sensored
sustainable pad when reproducing different scenarios that could take place during their
application as smart rail pads and as sensor into bituminous sub-ballast. The aim of this
stage was to assess the aptitude of each solution to measure different load levels,
assessing also the influence of different factors that could modify the signal recorded by
the sensor.

In the case of the smart rail pad, the effect of the strength of the support under the
sleeper was assessed, since this factor is expected to modify the stress on the pad
depending on the deformability of such support. For this purpose, a laboratory test was
carried out applying different load states on the system composed of a rail (type UIC-54,
25 cm long), the smart rail pad, and a prestressed concrete sleeper (type AI-VE
commonly used in Spanish railway lines, 85 cm long), while using three different
supports under such a system, reproducing different conditions for the substructure.
Specifically, the three following support types were used: a very stiff metallic support; a



medium-stiff rubber mat with dynamic bending modulus of 0.24 N/mm?3 (DIN 45673-5);
and a soft rubber mat with a bending modulus of 0.15 N/mm?3 (DIN 45673-5) [22].

The test consisted of applying a series of load sequences under displacement control
mode, with the aim of reproducing different load levels on the pad to be identified by
the sensor. As seen in Figure 2, the displacement values were fixed at 0.1 mm, 0.5 mm,
0.9 mm, 1.3 mm, 1.7 mm and 2.1 mm (which are values expected in railway tracks) [4,
23, 24]; different force levels are required depending on the type of support simulated,
which also generates different stress states to be monitored by the smart pad. The
dynamic loads were applied directly on the head of the rail (which transmits the stress
to the rail pad and the sleeper) at a frequency of 5 Hz.
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Figure 2. Force values applied on rail to obtain similar deformations with different supports for the sleeper.

Regarding the application of the piezoelectric-sensored and sustainable pads in the sub-
ballast, the signal recorded by the sensors was measured depending on two main factors
that could influence their functionality: depth of the sensor in the bituminous layer, and
distance between the application of the load and the sensor. It is important to note that,
in this application, the devices will receive the load from the ballast layer, thus, the load
point could vary and not always be on the sensor placement line.

To test the encapsulated sensors, four square specimens (300 mm in length and 120 mm
thick) of bituminous sub-ballast were manufactured in the laboratory, including in each
specimen two sensors (piezoelectric encapsulated in the aforementioned polymeric
pads) at different depths, as seen in Figure 3a. Two specimens of each case were
manufactured, assessing twice the values of 2 cm, 4 cm, 8 cm and 10 cm of sensor depth
from the surface.



(a) Piezoelectric placement (b) Points of load application on test
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Figure 3. Specimens of smart bituminous sub-ballast: (a) placement of piezoelectric-sensored pads at different
depths; (b) scheme of the application of loads at diverse distances from the sensors.

In order to evaluate the influence of the depth and the distance of the sensor from the
loads on the specimen surface (simulating the loads transmitted by the ballast layer to
the sub-ballast), a series of tests were carried out applying series of 100 load cycles at 5
Hz with amplitudes of 1 kN, 2 kN, 3 kN, 4 kN, 5 kN and 6 kN through an actuator with a
flat square section (100 mm x 100 mm), which correspond to stress levels of 100 kPa,
200 kPa, 300 kPa, 400 kPa, 500 kPa and 600 kPa, respectively. This is in accordance with
maximum values expected for the sub-ballast layer (according to other researchers)
[25], while also assessing a wide range of stress values, to obtain a trend. As seen in
Figure 3b, the load application was carried out on different points of the specimen’s
surface, evaluating the influence of distance from load centre to the sensor, at 0 cm
(load applied directly on the vertical line of the placement of the sensor), 10, 15 and 20
cm.

2.2.2 Application of smart components to monitor different traffic conditions
For this study step, a series of tests were carried out on a full-scale railway section,
reproduced in a laboratory testing box that allowed for the inclusion of the smart
components with the sensors while simulating trains passing.

The testing box was 2 m long, 1 m wide and 60 cm high, and the track section was
reproduced through: (i) a granular layer of 8 cm simulating the track subgrade, with
elastic modulus higher than 80 MPa (which is in accordance with real tracks), according
to the plate bearing test (EN 103807) [26]; (ii) a layer of 12 cm of bituminous sub-ballast
(including the piezoelectric at a depth of 4 cm from the layer surface, placed on the area
under the sleeper); (iii) a ballast layer of 30 cm composed of ophitic aggregates with
appropriate properties for this application according to EN 13450 [27]; (iv) a section of
concrete sleeper (85 cm of length) commonly used in Spanish railway lines; (v) a
fastening system, of type VM, commonly used for concrete sleepers, including the rail
pad with the sensor; (vi) a rail section type UIC 54, 25 cm long.

With the aim of evaluating the ability of the smart components to monitor traffic
conditions, loads were applied on the head of the rail at a sequence simulating the
passage of a standard train; in this instance, a standard train circulating on the Spanish
railway network. Figure 4 represents a diagram of load per axle of such a train (Figure
4a), and the values of loads applied by the testing machine (Figure 4b), reproducing the
passage of a train at a speed close to 100 km/h. The train speed was fixed to this value



in this study to obtain a clear understanding of the influence of variable load application
from the testing machine in the laboratory according to the various train load levels
defined in this paper, to prove the ability to detect changes in train-track contact. Also,
it is important to note that the load applied corresponded to 25% of that applied by a
train bogie (as seen in Figure 6, of a diagram of train loads) because of the consideration
of load per wheel (50% of the load per axle) and the concentration of stress on a central
sleeper, where it was considered that the load on the sleeper under the wheel is close
to 50% of the total, which is in agreement with [20, 28, 29].
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Figure 4. Diagram of axle loads of the simulated train: (a) distribution of load per axle; (b) simulation of load per
wheel on the test.

With this sequence of loads, under the aim of assessing the ability of the smart
components to identify diverse conditions of train loads, two main factors were studied:

- Ability to monitor the weight of train freight. For this, eight trains with different
load levels were simulated. Figure 5 represents the load value for the different
wheels (a total of 16) for each train, varying from 50% (train number 1) to 130%
(train number 8) of the original train represented in Figure 4. The loads of all the
wheels were modified since the main objective of this step was to evaluate the
ability and accuracy of each solution to detect a wide range of load variations.
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Figure 5. Load per wheel of diverse simulated trains with different levels of load on rail.

- Ability to monitor the presence of irregularities in the wheel-rail contact, which
generally leads to a considerable increase in the load transmitted to the track.
This was simulated by reproducing the loads of the train number 1 (Figure 4), but
increasing the load level in the wheels number 7 and 10 (as examples of
simulation of the presence of flats in such wheels), close to 3 times the original
load under regular contact. Figure 6 displays the level of load applied on the two
comparative cases (simulation of regular and irregular contact), aiming to
analyse the accuracy of the smart components to detect such traffic conditions.
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Figure 6. Simulation of regular and irregular wheel-rail contact (example of impacts on axles 7 and 10)

2.2.3  Ability of sensors to identify changes in track performance
This step focused on studying the ability of the sensor to measure changes in track
performance through the variations in the level of stress on the smart rail pad. For this
step, the rail pad was used as a monitoring device since the present assessments focused
on the determination of load distribution on the central and adjacent sleepers, as well



as the simulation of hanging sleepers due to differential settlements on the central
sleeper.

For this purpose, the testing box described in the previous step was employed, but in
this case, three sleepers were used (equipped with smart rail pads) and all connected to
a rail section with a length of 1.75 m, and a spacing of 0.6 m between sleepers, as
commonly used in railway tracks. Figure 7 displays the visual appearance of the
configuration of the testing box for this study step, where Figure 7a shows the smart rail
pads before the placement of the rail over the three-sleeper system, and Figure 7b after.

E 4

Figure 7. Three-sleeper test to monitor track performance: (a) smart rail pads on sleepers; (b) test configuration.

To evaluate the ability of the smart pads to monitor the load distribution on the sleepers
(which could be appropriate to evaluate changes in stiffness, differential settlement,
calibration of sensor settlement models to predict track failure, etc.), a series of trains
were simulated (1, 2, 3, 4 and 5, from Figure 5) to obtain a range of loads to be detected
by the sensors of each sleeper (where the load was applied to the central one).

Additionally, to assess the influence of differential sleeper settlement, a gap of various
millimetres under the central sleeper was created, with the aim of obtaining higher
oscillations in this element; thus, reducing the level of stress on the smart pad due to a
weaker support, and therefore, assessing the ability of the rail pads to be used as sensors
to detect such changes due to this track failure type. For this, as previously seen, the
passage of trains 1, 2, 3, 4 and 5 were simulated over this setup, and the results were
compared to those obtained in a section with a good support for all the sleepers
(previous paragraph).

3. Analysis of results

3.1 Study of piezoelectric signal in track components

Figure 8 represents the values of the signals measured by the piezoelectric-sensored
and sustainable pads employed as smart rail pads, when different forces were applied
on the rail-sleeper system over different supports, qualified as stiff, medium and soft.
Results demonstrate that these devices are able to identify the variations in force
applied on the rail, obtaining a good linear correlation. This is in agreement with
previous studies [6] using piezoelectric sheets in special panels to monitor wheel-rail
contact, and therefore, proving that this solution, with common piezoelectrics,
embedded into recycled rail pads, is also able to correctly monitor load variations.

Nonetheless, results show that the test configuration led to a slight variation in the
signal recorded, obtaining lower values when using a softer support. This could be



related to the damping capacity of the rubber mat used to simulate the track sub-
structure. Therefore, according to these laboratory results, the smart rail pads could be
required to be calibrated according to field conditions since the boundary conditions
could influence them.
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Figure 8. Signal recorded by the smart rail pad under diverse level of loads applied on the system over different
Supports.

Regarding the use of the sensors on bituminous sub-ballast, Figure 9 displays the
influence of the depth of the sensors from the surface of the layer under different levels
of stress on the sub-ballast. Results clearly show that the design of the layer plays an
essential role, obtaining lower values and a lower capacity (in absolute terms) to
distinguish load levels with an increasing depth of the encapsulated sensor. In this sense,
for the stress level expected on the sub-ballast layer (around 100-200 kPa according to
field studies) [25], low signal values could be expected, particularly when increasing the
depth of the sensor. Therefore, for this application, more superficial sensors could be
appropriate in order to provide clearer absolute changes in signal responses due to load
variations; for example, as a consequence of irregular wheel-rail contact.
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Figure 9. Influence of sensor depth into sub-ballast layer on the recorded signal.

Also, Figure 10 evaluates the influence of the distance from the load application to the
sensor, showing as an example the cases for 200 kPa loading as a reference magnitude
expected in railways for this smart material. Results state that this parameter also has a
strong influence on the signal recorded, obtaining a remarkable decrease in values when
increasing the distance of the applied load to the sensor’s position. This fact was
particularly noted for the case of the sensor at a depth of 2 cm, where at distances
around 5 cm the decrease in signal was close to 70%, while more than 20 cm were
needed to obtain such reduction when the sensor was at 10 cm of depth. Therefore, the
more superficial the sensor, the higher the signals recorded, but also more susceptible
to the variation of the distance from load application to sensor position.

This is clearly related to the load distribution through the specimen thickness, and
therefore, the placement of the sensor at a depth of 2 cm could be recording only the
loads when applied practically on the vertical line of the sensor, while depths higher
than 4 cm are shown to be less susceptible to load distance. For this reason, together
with the consideration that the greater the depth of sensor, the lower the signal
recorded, for the next study steps, the sensors were placed at a depth of 4 cm in the
sub-ballast layer constructed in the testing box.
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3.2 Analysis of the ability of sensored components to control traffic loads
Firstly, Figure 11 displays the signals measured by each smart component (rail pads in
Figure 11a, and bituminous sub-ballast in Figure 11b) when simulating the diverse train
axles represented in Figure 4. Both solutions are able to record the diverse train axles,
thus identifying the changes in load level and showing the sequence of pulses according
to those applied from the testing machine. Both cases recorded the signals as electrical
pulses, where not only the maximum value changes were measured, but also the
minimum ones, and thus, the appropriate evaluation of the loads through the
measurement of signal amplitudes. This agrees with previous studies [6, 7] showing the
potential of rail pads and bituminous sub-ballast to include sensors to monitor passing
trains, where in this study this was validated using alternative devices (i.e., common
piezoelectrics) to obtain smart components with embedded sensors.

Comparing the signals from each component, it is clear that the inclusion of
piezoelectrics in rail pads led to higher signal values, since higher stress and oscillation
levels are expected in this material. In fact, the signals in the rail pad proved to be
generally 20 times higher than those in the sub-ballast. This means that this type of
smart component could be more appropriate for identifying the train loads, obtaining
also a better sequence of loads when referring to those of Figure 4. Nonetheless, it is
important to note that the smart bituminous sub-ballast also proved to be effective to
measure train loads, but with lower output signal values.
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Figure 11. Diagram of recorded signals by the (a) smart rail pad, and (b) smart bituminous sub-ballast; under train
load simulation.

This finding is in accordance with the results displayed in Figure 12, where the signals
recorded from the simulation of each axle for the different trains with diverse range of
loads is represented, where Figure 12a shows rail pad signals and Figure 12b those for
bituminous sub-ballast. These results confirm that the smart rail pad measured higher
values than the bituminous sub-ballast encapsulated piezoelectrics, showing also a
clearer distinction between trains, since a gradual variation in signals was obtained from
the gradual change in loads from the different train simulations.

This could be appropriate for the identification of the characteristics of train wheel
loads, permitting the real-time measurement of bogie loads and weights, which could
be particularly appropriate in freight railway lines, for example. Nonetheless, it is
important to note that the signal values measured for the different force levels (ranging
from around 10 kN in axle number 5 of train 1, to 65 kN in axle 1 of train 8) are lower
than those expected from the results in Figure 8, which confirms the effect of the
boundary conditions on the piezoelectric signals, and therefore, the need for their
calibration when absolute values are required. Nevertheless, most of the desired
applications could be carried out through relative values like the increase in signal due
to the passing of heavier trains, the signal variation due to the weakening of the support,
etc.

In the case of the smart sub-ballast, lower variations in signals regarding the diverse
trains were found, particularly from those with lower load level. This is in accordance



with previous results in Figure 9, where it was seen that the sensitivity of this smart
component was reduced with decreasing stress levels. Nonetheless, this solution also
allowed for the identification of the characteristics of train load, particularly for the
heavier bogies.
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Figure 12. Results of monitoring variations on train load level by using (a) smart rail pad; (b) smart bituminous sub-
ballast.

In fact, Figure 13 shows a good correlation between the train load and signal measured
by the sensors, demonstrating that these smart components could be appropriate for
the identification of load level from their electrical signal, which could facilitate the
continuous traffic monitoring with diverse purposes (axle counting, train weight, load
recording for predictive models, etc.). In addition, for a deeper study of the sensitivity
of these sensors, Figure 14 represents the variations (in %) of the applied loads relative
to the original train simulations (Figure 4) versus the signal changes collected by the
sensors.

Results confirm the good accuracy of the smart rail pad, as seen from the good linear
correlation and similar values of percentage change from the loads (seen from the



superposition of the signal line to that from theoretical changes). Regarding the case of
the sub-ballast, a good correlation for load variations was also recorded, but the values
at low stress levels (negative values of percentage force change) were lower than those
expected from the theoretical line, due to the cited reduction in accuracy of the smart
sub-ballast technology for low train loads. This could limit the application of this solution
when accurate load detection values are required, although further field studies would
be required for this solution under different boundary conditions.
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Figure 15 represents the values measured when simulating both the regular and
irregular rail-wheel contact, where higher impact loads were applied on axles 7 and 10,
as an example of flats in the wheels (identified by the sensors). It is seen that both
piezoelectric solutions clearly detected the presence of such higher loads, and
therefore, demostrated the potential applicability of smart components for monitoring
traffic conditions, and load characteristics.
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Figure 15. Results of monitoring irreqular wheel-rail contact.

3.3 Application of sensored components to measure superstructure
performance

For the study of the applicability of the smart rail pads to monitor superstructure
performance, Figure 16 displays the signals measured by such components when
applying different load levels, and using sensors on both central and adjacent sleepers
under the load application. The figure shows two study cases: when all sleepers were
properly laid on the ballast layer (all supported), and when the central sleeper was
hanging from the adjacent ones (central one unsupported).

Results reflect how the use of the smart rail pads could clearly monitor load distributions
along the sleepers when simulating train passage, obtaining in the adjacent sleeper
values from around 40 to 70% lower than those measured in the central sleeper, which
lead to load distributions close to 25-50-25% and 17.5-65-17.5%, respectively, across
the sleepers. These values are in accordance with those measured in field studies [28,
29], particularly considering that the rail pads can be qualified as medium-stiff ones,
which leads to higher load concentration at the central sleeper.

Regarding the effect of the hanging sleeper (due to, for example, differential ballast
settlement), it is seen that the smart rail pad detected the reduction in stress
concentration in the pad over the hanging sleeper while increasing the values measured
in each adjacent sleeper. This is due to the gap existing under the hanging sleeper (in
this study being simulated in the central sleeper), causing higher load oscillations
because of weaker supports, thus distributing applied loads to the adjacent sleepers;
also in agreement with previous studies [9]. Therefore, this confirms that this solution
could be appropriate for monitoring both traffic and track conditions, as well as the
evolution of differential track settlements, for example.
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In addition, Figure 17 compares the signals measured by the central sleeper when
properly laid on the ballast layer and in the case of a hanging sleeper, representing the
signals under similar loads at a constant frequency of 5 Hz for a clearer analysis. Results
denote that not only was the load level reduced in the case of the hanging sleeper, but
also the signal wave form varied from the reference case (supported sleeper), obtaining
a more irregular signal.

Therefore, the results of the analysis for this phenomenon could be used in conjunction
with those for the detection of this problem on railway tracks through the use of the
smart rail pads. In particular, Figure 18 proves that the case with the hanging sleeper led
to lower values of signal amplitude, while reducing also the frequency between the
maximum and minimum value of each wave (flatter waves).
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Figure 17. Waves recorded by the smart rail pad for supported and hanging sleepers.
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4. Conclusions

The present paper focused on studying the ability of sensored sustainable pads, made
from recycled polymers and containing standard piezoelectric devices, to be used as
both smart rail pads and sensoring devices in bituminous sub-ballast to monitor railway
traffic and track state by detecting changes in load transmission from wheels through
track components. For this purpose, a series of full-scale laboratory tests were carried
out to simulate train passage under different scenarios, varying mainly the level of axle
loads (with and without the simulation of irregular rail-wheel contact loads) and the
conditions of track configuration (reproduced in a testing box). From this study, the
following conclusions can be drawn:

- From the study of the calibration and design of the smart components (smart rail
pads and smart bituminous sub-ballast), it was seen that the track configuration
or boundary conditions can influence the signal recorded by the smart rail pads,
obtaining lower values of voltage amplitude when reducing the strength of the
sleeper support. This means that sensor calibration would be needed in field
applications, when absolute signal values are required.

- The higher the depth of a piezoelectric sensor in a sub-ballast layer, the lower
the signal measured, but the lower the susceptibility to the horizontal distance
of detection between load application and sensor placement. This could be
related to the load distribution and wave propagation of the load into the
material, which could also require field calibration for the implementation of this
solution, when absolute values are needed.

- Nonetheless, both smart solutions demonstrate their capacity to detect traffic
variations by measuring the relative change in sensor signals recorded. Smart rail
pads showed a clearer capacity to monitor load variations from the simulation
of trains with different axle loads, while the smart bituminous sub-ballast
showed a higher dependence on stress level magnitude; detecting changes
more accurately at high load ranges.

- The smart components, including standard piezoelectrics, were shown to
provide an appropriate solution for measuring traffic conditions and
irregularities in the wheel-rail contact (due to different causes like flats in wheels



or impacts in crossings). In particular, smart pads presented a higher accuracy in
this context, which was also demonstrated for their use in detecting vehicle
weight.

- In addition, the smart rail pads showed a good potential to be used for
monitoring track performance by recording changes in load distribution through
the superstructure.

- This paper demonstrates the capacity of the piezoelectric sensors to measure
load distributions from the rail on various sleepers, being able to detect changes
in load concentration due to phenomena like the hanging sleeper. This
monitoring solution recorded the reduction of stresses on the hanging sleeper
(in a full-scale three-sleeper setup), while varying the form of the electrical signal
measured, increasing the frequency between the peaks of wave amplitude,
among other factors that could be measured to predict track failure.

Based on these results, it could be said that the smart components studied in this article,
using common and affordable piezoelectric devices, could provide an alternative
monitoring system for the continuous measurement of traffic conditions and
irregularities in the wheel-rail contact (due to different causes like flats in wheels or
impacts in crossings), as well as measuring changes in load transmission through the
track. This could be used, for example, in control sections or problematic points along
the railway line for continuous monitoring. Nonetheless, further research is still required
to assess different issues like the durability of the smart components, possibility of
obtaining a wireless sensor network, and in-field experiences, among other future
works.
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