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Summary 
Adhesion, or adhesion coefficient, is given by the ratio of the longitudinal tangential (i.e., 
braking or traction) force over the normal force at the wheel-rail contact. The tangential 
force that a braking or tractive railway wheel can exert on a rail is limited by the friction 
coefficient available between the surfaces in contact for a given normal load. In clean 
steel-on-steel contacts, the friction coefficient is known to be mostly higher than the 
adhesion requirements for normal traction and braking operations of existing rolling stock. 
However, contaminations, such as leaves, grease and water, can easily be present at the 
wheel-rail contact and reduce the friction level, leading to low adhesion problems. In 
recent decades, some railways, such as in the Netherlands, the United Kingdom, Sweden 
and Germany, have particularly been affected in autumn due to the presence of moisture 
and fallen leaves, among other contaminants.  

   When low adhesion occurs, delays in the train service may be the clearest consequence 
to the railway commuters. However, many other negative effects may arise, such as 
damages to wheels and rails, signals passed at danger, station platform overruns and even 
collisions. Therefore, not only the reliability but also the safety and costs of railway 
transportation may be compromised. Extreme low adhesion conditions in the Netherlands 
on October 27, 2002 forced the major train operating company (NS) and the 
infrastructure manager (ProRail) to stop the services on most of the sections of the 
network during that day and considerable disruptions continued the days after. 

   In order to mitigate the low adhesion problem, the affected infrastructure managers and 
train operating companies have taken a variety of countermeasures. However, the 
problems still persist. This may partly be attributed to insufficient understanding of the 
problem and its possible countermeasures. The investigations presented in this 
dissertation, which have been commissioned by ProRail and NS within a research project 
called AdRem, have aimed at improving this understanding towards an effective solution 
to the problem. Four existing countermeasures have been investigated in this dissertation, 
namely friction modifiers, sanding, magnetic track brakes and traction control.  

   Friction modifiers, sanding and magnetic track brakes are countermeasures that can be 
taken to improve the adhesion by conditioning the surfaces of rails, wheels, or both. 
Some friction modifiers may rely upon sand, or other solid particles, but they are 
normally engineered to deliver a better performance than just sand. Both friction 
modifiers and sand may be applied to the wheel-rail contact either by trackside or 
trainborne installations.  

   Magnetic track brakes operate trainborne sliding over the rails, which may contribute to 
an increase in the train braking performance and some contamination removal. Traction 
control (as well as braking control, not explicitly treated in this dissertation) can be 
employed to make optimal use of the adhesion available by adjusting the right amount of 
wheel slip, or to improve the adhesion by operating at high slip. Moreover, traction 
control may be combined in practice with any of the other three countermeasures, 
depending on the railway, the track and the type of railway vehicle. 

   In this research, an improved insight into the low adhesion problem and the 
effectiveness of the four countermeasures is obtained by means of experimental and 
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numerical approaches. The experimental investigations have been carried out in the 
laboratory and in field. In the laboratory a twin-disk roller rig has been employed, in 
which the actual wheel-rail contact is simulated by two disks in rolling-sliding motion. 
The influence of different types of contamination on the wheel-rail adhesion, as well as 
the effectiveness of friction modifiers and sanding, has been studied.  

   Furthermore, two field investigations have been carried out: one is on sanding using the 
sanders of an electrical locomotive to obtain quantitative insight in actual wheel-rail 
adhesion and to validate some of the laboratory findings. The other is with the magnetic 
track brakes of an electrical multiple unit towards their effectiveness and possible side 
effects to overcome low adhesion. Numerical modeling has also been employed to 
examine the effectiveness of an existing traction control system on one hand, and to 
investigate the wheel-rail adhesion during curve negotiation in typically contaminated 
contacts on the other.  

   The research has shown that none of the investigated friction modifiers was entirely 
optimal for the tested conditions. It is also proven that sanding may be an effective 
method to improve the wheel-rail adhesion in leaf contaminated contacts, but some of the 
sanding parameters currently employed by some railways may still need improvement. 
Magnetic track brakes have been found to be effective against low adhesion, but less 
effective than one of the friction modifiers under certain tested conditions. Furthermore, 
the investigated traction control has shown to lead to excessive wheel slip under low 
adhesion conditions. Based on the findings of the investigations, conclusions have been 
drawn and recommendations have been made to outline possible interesting future lines 
of research, as well as promising lines of development and application for rolling stock 
operators and railway network managers dealing with low adhesion problems. 
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Samenvatting 
De adhesie, of adhesiecoëfficiënt, wordt weergegeven door de verhouding van de 
longitudinale tangentiële rem- of tractiekracht en de normaalkracht in het wiel-rail 
contactvlak. De tangentiële kracht, die een remmend of aanzettend treinwiel op de rail 
kan uitoefenen, is gelimiteerd door de beschikbare wrijvingscoëfficiënt tussen wiel en rail 
bij een gegeven normaalkracht. De wrijvingscoëfficiënt in schone staal-op-staal contacten 
is meestal hoger dan vereist voor normale rem- en tractie-operaties van het huidige 
rollend materieel. Vervuiling door bladeren, vet en water kan echter gemakkelijk 
optreden in het wiel-rail contact en het wrijvingniveau reduceren, waardoor problemen 
t.g.v. lage adhesie kunnen vóórkomen. In de afgelopen jaren zijn er in sommige landen, 
zoals in Nederland, Groot Brittannië, Zweden en Duitsland problemen in de herfst 
geweest t.g.v. de aanwezigheid van vocht en bladeren en nog andere vervuiling op de 
rails. 

   Als gevolg van lage adhesie op de rails kunnen vertragingen voor treinreizigers 
optreden. Er kunnen echter ook veel andere negatieve effecten vóórkomen, zoals wiel- en 
railschade, het negeren van seinen, het niet tijdig kunnen stopen op stations en zelfs 
botsingen. Daarom kunnen door adhesieproblemen niet alleen de betrouwbaarheid, maar 
ook de veiligheid van het railtransport in gevaar gebracht worden. Door een enorme 
herfststorm op zondag 27 oktober 2002 kwamen er veel bladeren tegelijkertijd op de rails, 
wat leidde tot veel adhesieproblemen. Dit dwong de grootste vervoerder (NS) en de 
infrabeheerder (ProRail) het railtransport in het land op die dag grotendeels te stoppen. 
Ook in de hierop volgende dagen traden nog veel storingen op als gevolg van bladeren op 
de rails.  

   Vervoerders en infrabeheerders hebben een aantal maatregelen genomen om de 
adhesieproblematiek te verminderen. De problemen zijn echter nog niet voorbij. Dit zou 
gedeeltelijk een gevolg kunnen zijn van nog onvoldoende begrip van de problematiek en 
daarmee onvoldoende inzicht in het effect van mogelijke maatregelen. Dit 
promotieonderzoek, dat in het kader van het project AdRem in opdracht van ProRail en 
NS is uitgevoerd, had tot doel het inzicht in de adhesieproblematiek te vergroten. Vier 
bestaande maatregelen zijn binnen dit onderzoek bestudeerd: adhesieverbeteraars, 
zandstrooien, magneetremmen en tractiecontrole.  

   Adhesieverbeteraars, zandstrooien en magneetremmen zijn maatregelen, die bedoeld 
zijn om de adhesie te verbeteren door middel van het conditioneren van het oppervlak 
van de rails, de wielen, of beide. Sommige adhesieverbeteraars zouden op zand, of ander 
korrelmateriaal, gebaseerd kunnen zijn, maar meestal zijn ze verder ontwikkeld om 
betere prestaties te leveren dan zand. Adhesieverbeteraars en strooizand kunnen op de 
rails toegepast worden met behulp van spoor- of materieel-gebonden installaties.  

   Magneetremmen zijn materieel gebonden en ze glijden over de rails om de 
remprestaties van de trein te verbeteren. Ze kunnen ook enige vervuiling verwijderen. 
Tractiecontrole (alsook remcontrole die in dit proefschrift niet onderzocht is) kan 
toegepast worden om optimaal gebruik te maken van de beschikbare adhesie door de 
juiste wielslip te selecteren, of om de adhesie te verbeteren door een hoge slip te 
selecteren. Tractiecontrole kan in de praktijk gecombineerd worden met elk van de drie 
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andere maatregelen, afhankelijk van de spoorwegmaatschappij, het spoor en het rollend 
materieel. 

   In dit proefschrift is met behulp van experimentele en numerieke methoden nieuw 
inzicht verkregen in de adhesieproblematiek in het algemeen en de effectiviteit van de 
vier maatregelen in het bijzonder. Het experimentele onderzoek is in het laboratorium en 
in de praktijk uitgevoerd. In het laboratorium is een tweeschijven machine gebruikt, 
waarbij het wiel-rail contact wordt gesimuleerd door middel van twee schijven die tegen 
elkaar rollen en glijden. Met deze proeven is het effect bestudeerd van verschillende 
typen vervuiling op de wiel-rail adhesie, evenals de effectiviteit van adhesieverbeteraars 
en het zandstrooien.  

   Daarnaast zijn er twee testen in de praktijk uitgevoerd. Een met de zandstrooiers van 
een elektrische locomotief om een kwantitatief inzicht in de daadwerkelijke adhesie te 
kunnen krijgen en om enkele laboratoriumresultaten te valideren. In de andere test is de 
effectiviteit van magneetremmen van een elektrisch treinstel ter bestrijding van lage 
adhesie bestudeerd alsmede enige mogelijke bijwerkingen. Bovendien is een numeriek 
model gemaakt om het tractiecontrolesysteem te bestuderen evenals de adhesie als het 
voertuig door een boog rijdt bij aanwezigheid van vervuiling in het wiel-rail contact. 

   Het onderzoek toont aan dat geen van de onderzochte adhesieverbeteraars helemaal 
optimaal is geweest onder de testcondities. Het is ook bewezen dat zand in een wiel-rail 
contact, dat vervuld is met blad, effectief kan zijn om de adhesie te verbeteren, maar ook 
dat bij sommige spoorwegmaatschappijen een aantal parameters van het zandstrooien 
verbeterd kunnen worden. Magneetremmen zijn effectief tegen adhesieproblemen maar 
onder bepaalde testcondities minder effectief dan één van de onderzochte 
adhesieverbeteraars. Het bestudeerde tractiecontrolesysteem leidt tot veel wielslip bij lage 
adhesie. De bevindingen van het onderzoek hebben een aantal conclusies opgeleverd. 
Eveneens zijn er aanbevelingen gedaan, die mogelijk interessante werkrichtingen 
beschrijven voor vervoerders en infrabeheerders die geconfronteerd worden met de lage 
adhesie problematiek.  
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Prologue 
Friction and Adhesion 
 
 
 
ABSTRACT 
 

In this prologue the definitions of friction and adhesionI are presented, as understood by 
the railway engineer. Furthermore, the ambiguity between the coefficients of adhesion 
and traction, which can sometimes be found in the railway literature, is also outlined and 
clarified. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
I In this dissertation the adhesion has a different meaning in comparison with other engineering areas.  
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Friction 
Friction is defined as the resisting force tangential to the common boundary between two 
bodies when, under the action of an external force, one body moves or tends to move 
relative to the surface of the other [p.1]. Friction is normally represented by the friction 
coefficient (f), which is defined as the ratio between the friction force (Ff) and the normal 
force (FN) in the contact between the two bodies, as shown in Eq. p.1.  
 

 
f

N

F
f

F
=  (p.1) 

 
   Fig. p.1 depicts a rectangular solid body of mass m that rests on a horizontal plane. If a 
force (F), parallel to the plane and increasing in time, is applied at the centre of mass, as 
displayed in Fig. p.1, where k is an arbitrary positive constant and the t is time, there will 
exist an instant t1 at which the body starts sliding over the plane. The friction opposing 
the start of movement is referred to as static friction. The coefficient of static friction (fs) 
is given in Eq. p.2, where g is the acceleration due to gravity. From that instant onwards 
the body slides with an acceleration a, and the force opposing the sliding movement of 
the body is referred to as kinetic (or dynamic) friction. The kinetic friction coefficient (fk) 
at an instant t2 is given by Eq. p.3, where a2 is the body acceleration at the instant t2. 
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   In most tribological pairs, the static friction is higher than the kinetic friction, being the 
difference dependent on the materials and contact conditions [p.1]. In the case of the steel 
employed for railway wheels and rails, laboratory investigations have shown that the 
static friction coefficient can be up to almost twice of the kinetic friction coefficient [p.2].  
 

 
Fig. p.1. Rectangular solid body on a horizontal plane (forces applied on the body). 

Adhesion 
Let us consider the railway wheel as a solid cylinder of mass m, and the rail as a 
horizontal plane, as shown in Fig. p.2. According to the theory of Hertz described in [p.3], 
the contact area formed between the cylinder and the plane has a rectangular shape of 
width equal to the length of the cylinder. If a tractive torque (T) increasing in time is 

m·g 

Ff FN 

F =  k·t 

m·g 

Ff FN 

F =  k·t 

0 ≤ t ≤ t1 t > t1 
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applied at the center of mass of the cylinder around its axis of rotation, the wheel starts 
moving with a certain angular velocity (w) and linear velocity (v), as displayed in Fig. p.2.  
 

 
Fig. p.2. Schematic lateral view of the cylinder on the horizontal plane (forces applied on the 

cylinder). 
 
   The application of the tractive torque causes a reactive longitudinal tangential force at 
the contact interface with the plane, which is known as the traction force (Fx) (see Fig. 
p.2). The ratio between the traction force and the normal contact load is normally named 
the adhesion or adhesion coefficient (µ), as given in Eq. p.4. 
 

 
x
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F

F
µ =  (p.4) 

 
   Due to the tractive effort, the circumferential velocity of the cylinder as a rigid body is 
higher than its linear velocity, causing the so-called creepage or slip (s). In general, the 
slip can be expressed as the quotient between the relative velocity (vrel) and the mean 
velocity (vmean) of the cylinder along the plane, as shown in Eq. p.5, where r is the radius 
of the cylinder. 
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   In 1926, Carter presented the first relationship between the traction force and the slip 
[p.4]. The representation of this relationship is known as the traction curve. Fig. p.3 
depicts the theoretical traction curve of Carter, together with the contact area and the 
traction distribution along it (in blue color) for three representative points of the traction 
curve, namely A, B, and C. Point A represents the situation of null traction, i.e. µ = 0, 
which is known as the free rolling condition, where the whole contact patch is in stick.  

   As the traction force increases, an increasing part in the rear of the contact patch 
becomes in slip. The surface traction (qx) distribution for point B increases in the stick 
area until reaching the slip area, where the surface traction is given by the product of the 
friction coefficient (f) and the contact pressure (p), as shown in Fig. p.3.  

v 
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   As the point C of the traction curve is reached, the whole contact patch becomes in slip, 
and the adhesion coefficient is equal to the friction coefficient. From point C onwards, 
the contact is said to be in full sliding conditions, and the slip may be referred to as 
macro-slip. On the other hand, between points A and C the contact is in partial slip 
conditions, and the slip may be referred to as micro-slip.  
 

 
Fig. p.3. Representation of the theoretical traction curve of Carter. 

 
   Although the explanation of adhesion has been given to traction, the same holds for 
braking. The major difference is that the braking torque causes the circumferential 
velocity of the cylinder to be lower than its linear velocity, and Eq. p.5 changes to Eq. p.6. 
In addition, the wheel slip in full sliding conditions during braking is normally referred to 
as wheel slide.  
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 (p.6) 

Ambiguity with traction coefficient 
In some literature, the term traction coefficient is employed instead of adhesion 
coefficient, presumably due to the fact that the investigations are mostly performed in 
traction conditions, i.e. wheel(s) accelerating over rail(s). In principle, both adhesion and 
traction coefficient may equally be used without loosing correctness, but it may sound 
odd to describe the braking performance of a railway vehicle based on the traction 
coefficient. For this reason, some authors have used the term adhesion coefficient in their 
braking investigations. In order to avoid confusion, while keeping a uniform definition, 
the term adhesion coefficient is employed in this dissertation referring to both traction 
and braking operations.  
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Chapter 1 
Introduction 
 
 
 
 
ABSTRACT 
 

Adhesion has been limiting the traction and braking capabilities of rail vehicles since the 
beginning of the railway transportation. In recent decades, some railways have 
particularly been affected by low adhesion, especially due to the presence of 
contamination in the wheel-rail contact. The clearest consequence of low adhesion 
problems is delays for the daily train commuters, which may particularly occur in autumn. 
Although some countermeasures have been adopted by affected railways, the adhesion 
related problems have to a large extent not been solved yet. In this chapter the problem of 
low adhesion in the wheel-rail contact is introduced, outlining its associated causes and 
consequences. The existing countermeasures are also described. The research motivation 
and approach of the dissertation are presented. Finally, the outline of the dissertation is 
given. 
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1.1. Low adhesion problem 
Since the beginning of railway transportation, wheel-rail adhesion has been limiting the 
acceleration and deceleration capabilities of rolling stock. Locomotive designers have had 
to consider the optimal weight distribution for the maximum exploitation of adhesion, 
leading to changes in wheel arrangements in the course of time, as indicated in Fig. 1.1. 
In recent decades, special attention has been paid to the limitations in adhesion due to the 
quest for a more rapid, reliable, and denser railway transportation that can satisfy the 
increasing demands on public transportation. Although advances in technology have 
facilitated the increase of the tractive and braking capacities of the rolling stock, railway 
transportation is still characterized by steel wheels and steel rails operating in an open 
system. Thus, the wheel-rail contact remains easily contaminated by water, leaves or 
grease (among others), causing many railways worldwide to suffer from low adhesion 
problems, especially in autumn. 

   Low adhesion exists when an insufficient adhesion (or friction) is available in the 
wheel-rail contact to satisfy a certain requirement. The adhesion requirements in railway 
transportation are ultimately imposed by the driver, who may operate the train under the 
influence of pressure exerted by the timetable or the operational conditions on the track. 
The adhesion available in the wheel-rail contact is limited by the friction, which is 
dependent on the contact conditions. Under low adhesion conditions, the acceleration and 
deceleration capabilities of the rolling stock are diminished, compromising traction and 
braking performance. In countries like the Netherlands, the term “slippery tracks” (gladde 
sporen in Dutch) is commonly employed to refer to low adhesion conditions. 
Nevertheless, it must be emphasized that laboratory and field tests presented in this 
dissertation will show that not only the rails, but also wheels may be held responsible for 
low adhesion in the wheel-rail contact. 
 

 
Fig. 1.1. Wheel arrangements of typical express locomotives at different times [1.1]. 

1.1.1. Adhesion requirements in railway transportat ion 
In railway transportation there are normally three different types of adhesion 
requirements, namely given by tractive/braking capacity of the rolling stock, timetable 
regulations, and safety during operation. This is displayed in Fig. 1.2, where the length of 
the bars is given in proportion to (maximum) adhesion requirements in the Netherlands.  

   The first requirement corresponds to the adhesion needed to accelerate or brake the 
rolling stock at a given full capacity, which may be employed by the driver under certain 
circumstances. This adhesion requirement varies per rolling stock type, depending mostly 
on the characteristics of the traction and braking systems, the number of driven/braked 
wheel axles, the diameter of the wheels, and the axle load. For the sake of illustration, in 
the fleet of the major train operating company (TOC) in the Netherlands, i.e. Nederlandse 
Spoorwegen (NS), the maximum adhesion required in traction by electrical multiple units 
(EMUs) of the VIRM double-decker series is around 0.23, while electrical locomotives of 

1830 1850 1870 1890 1900 1910 1930 1950 
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the series 1700 may require up to 0.24. Furthermore, the tractive/braking capacity of 
rolling stock can vary with the travelling velocity due to limitations in motor power. For 
example, in traction operation VIRM trains may require a maximum adhesion of 0.23 
upon start, whereas it does not require more than 0.09 at 100 km/h. Moreover, the 
adhesion requirement largely differs for traction and braking operations mainly due to the 
fact that a considerably lower number of wheel axles is employed to accelerate a train 
than to brake it, e.g. only 25 % of the wheel axles are used for traction in the VIRM trains. 
In the passenger rolling stock of NS, the maximum adhesion requirements are up to 0.25 
in traction and 0.14 in braking. 
 

 
Fig. 1.2. Schematic representation of the common types of adhesion requirement in railway 

transportation (length of the bars is in proportion to the maximum requirements in the 
Netherlands). 

 
   The second adhesion requirement is given by the timetable that strongly influences the 
traction and braking behaviour of the drivers. In the Netherlands, an average adhesion 
value of 0.07 is employed for braking operation to establish the timetable of commuter 
trains. For traction operation, different values of adhesion are employed depending on the 
rolling stock, 0.17 being the maximum value employed. 

   The third type of adhesion requirement is indispensable to guarantee the safety in the 
railway transportation and is only applicable to braking operation. In most countries the 
railway track is divided into blocks, in which the trains are allocated for a safe control of 
the traffic flow. Railway signaling aims at giving instructions to the drivers to avoid that 
a train enters a block already occupied by another train so that no collisions can occur. 
The minimum distance between fixed signals or blocks is normally determined based on 
braking tables at the disposal of railway network managers. Note that the braking tables 
have been calculated by considering the characteristics of the rolling stock and the track. 
Table 1 shows the braking tables for a horizontal track employed by the Dutch railway 
infrastructure manager, ProRail, where vi

max is the maximum travelling velocity allowed 
on the track section that the train has upon the start of a braking maneuver, s is the 
distance necessary to bring the train to standstill, a is the calculated average train 
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deceleration, and µ is the calculated average adhesion coefficient at the wheel-rail 
contacts under the assumption that all wheels of the train exert the same braking effort. 
Hence, it may be said that the values given in Table 1.1 represent the minimum adhesion 
that is needed to ensure safe braking distances. 
 

Table 1.1. Braking tables employed by the Dutch railways to establish the distance between 
signals on horizontal track sections at different operational velocities [1.2]. 

vi
max (km/h) 40 60 80 130 140II 

s (m) 400 475 750 950 1100 
a (m/s2) 0.15 0.29 0.33 0.69 0.69 

µ (-) 0.02 0.03 0.03 0.07 0.07 

1.1.2. Adhesion available in the wheel-rail contact  
The adhesion available between railway wheels and rails is limited by the friction of a 
steel-on-steel contact. The mechanism of metallic friction has been investigated by 
several authors. Bowden and Tabor [1.3] attributed the friction between a hard metal 
slider on a soft metal surface to a combination of shearing and plowing, i.e. the sum of 
the force required to shear the metallic junctions formed at the points of contact and the 
force needed to displace the softer metal in front of the slider. Suh and Sin [1.4] proposed 
a theory of metallic friction based on three different mechanisms: deformation of the 
surface asperities, plowing by wear particles and hard asperities, and adhesionIII  of the 
sliding surfaces. In a compilation of findings reported by different authors in [1.5], four 
mechanisms of metallic friction are given: adhesion of the sliding surfaces, plastic 
deformation and plowing of one surface by hard asperities of the other surface, elastic 
deformation of the material below the plastically deformed surface, and plowing by wear 
particles.  

   The findings of laboratory and field investigations of this dissertation (see Chapters 2-
4), as well as other investigations available in the literature [1.6-1.9], corroborate that the 
friction in dry clean wheel-rail contacts is sufficient to bear the typical adhesion 
requirements of rolling stock presented in Section 1.1.1. However, railway transportation 
occurs in an open system, which cannot impede the entrance of different contaminants in 
the wheel-rail contact. In the presence of contamination, the friction level can greatly be 
reduced from that one of clean dry conditions. The amount of adhesion reduction is 
strongly dependent on the type of contamination, being also influenced by the ambient 
conditions. Leaves, water and grease/oil have been reported to be the most common 
contaminants affecting railways worldwide [1.10-1.14].  

1.1.2.1. Leaves 
Leaves have been reported to be the major adhesion reducer in many railways, especially 
when combined with moisture [1.8, 1.10-1.14]. Leaves can fall on the tracks from trees 
and bushes located along railway lines. In the UK, it has been identified that leaves have 
been affecting the railway transportation since the demise of extensive lineside vegetation 

                                                 
II  Note that the braking table actually indicates 160 km/h, but the maximum travelling velocity for 
passenger rolling stock in the Netherlands is currently limited to 140 km/h. 
III  This adhesion refers to the attractive force between adjacent surfaces. 



  Introduction 

 
  11 

maintenance by track gangs after the stoppage of steam locomotive operation [1.12]. 
Fallen leaves can be swept up by train’s slipstream or be blown by cross wind to get onto 
the rails where passing wheels crush them to form a well compacted leaf layer on the 
surfaces of rails, wheels or both.  

   Fig. 1.3 illustrates the different steps leading to the formation of leaf layers on the top 
of a rail, as observed during field investigations presented in this dissertation (see 
Chapters 3-4). Fig. 1.3a displays the leaves resting on the top of a rail prior to the train 
passage. Fig. 1.3b shows the passage of the first wheel of the train over the leaf 
contaminated rail. It can be seen that most leaves were compacted onto the rail and 
wheels, whereas a few of them were blown off the top of the rail. A photograph of the top 
of the contaminated rail after 16 wheel passages is shown in Fig. 1.3c, in which 
compacted leaf mulch and some black leaf layers appear to be formed. Fig. 1.3d displays 
the top of the contaminated rail after 80 wheel passages, in which all adhered leaf mulch 
had transformed in numerous leaf layer patches of black coloration. The black coloration 
of the leaf layers has been attributed to a chemical reaction of pectin with the iron rather 
than charring of the leaf organic material [1.15]. It needs to be understood that low 
adhesion problems related to leaf contamination are caused by these (black) leaf layers. 
Leaf layers are very difficult to be removed from the rail, in contrast with the original 
leaves that can easily be blown or wiped away.  
 

 
 

 
Fig. 1.3. Photograph of a leaf contaminated rail during different stages in the process of leaf 

layers formation: a) prior to train passage; b) upon first wheel passage; c) after 16 wheel passages; 
d) after 80 wheel passages. 

 
   Chemical analysis of black leaf layers in the UK has revealed a mixture of iron and iron 
oxide, water, leaf debris and oil [1.16]. The thickness of leaf layers created in a full scale 

(a) (b) 

(c) (d) 
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test set-up has been determined to vary in thickness from 10 µm to 100 µm [1.17], 
implying that they may hinder the contact between the surface asperities of wheels and 
rails. In this regard, leaf layers have also been reported to cause train detection problems 
due to their insulating effect [1.12]. Laboratory investigations have shown that dry leaf 
layers are harder than wet ones [1.9]. Moreover, the shear strength of the leaf layers has 
been found to be inversely proportional to the moisture level, reaching the lowest friction 
values when the leaf layers are saturated with water [1.17]. 

1.1.2.2. Water 
Water can appear on the top of the rails in different quantities by different means. Heavy 
rain leads to large amounts of water on the rails, whereas dew, fog, melted ice/snow and 
drizzle cause moisture formation or small amounts of water on the rails. When it is 
present in small amounts, water may reduce the wheel-rail adhesion to insufficient levels 
for both braking and traction operations in combination with other contaminants such as 
leaves, rust, wear debris or other solid particulates. On the other hand, large amounts of 
water in contaminated wheel-rail contacts are believed to contribute to wash 
contaminants off the rails. Additionally, wet leaves are more difficult to be lifted onto the 
rails than dry ones. 

   Investigations with water lubricated wheel-rail contacts under clean conditions have 
shown that friction reduction may compromise the adhesion requirements of rolling stock 
especially in traction [1.7, 1.18-1.20]. In those studies, the adhesion reduction given by 
water has been found to be dependent on the travelling velocity, the axle load, the surface 
roughness of wheels and rails, and the water temperature.     

1.1.2.3. Grease/oil 
Grease is employed by most railways on curves to lubricate the contact between the 
wheel flange and the gauge face of the high rail to reduce wear, noise and energy 
consumption [1.21-1.27]. The grease is often applied to the rails by means of trackside 
applicators. In case of malfunction, excessive amounts of grease may be applied, or 
perhaps the target location may be missed, which can lead to migration of the grease to 
the top of the high rail, causing an undesired reduction of the wheel-rail adhesion. Fig. 
1.4a displays a photograph of the top of a rail, which has been contaminated on purpose 
with a grease that is widely used in the Netherlands for flange lubrication. 

   Oily contamination can appear on rails due to drips from rolling stock (e.g. lubricating 
oil), track machines (e.g. hydraulic oil) or planes (e.g. aviation fuel) [1.12]. Some 
laboratory investigations on adhesion of oil contaminated wheel-rail contacts can be 
found in the literature [1.6, 1.7, 1.9, 1.28, 1.29]. In those investigations, it was found that 
oil reduces the adhesion more than water in the absence of other contaminants, leading to 
friction levels that fall below the adhesion requirements for adequate traction and braking 
operations. On the other hand, it was shown that adhesion in oily contacts is higher than 
in leaf contaminated contacts [1.9]. 

1.1.2.4. Other adhesion reducing factors 
Wear debris and rust can also reduce the wheel-rail adhesion, especially in combination 
with critical amounts of water and oil [1.30-1.32]. Personal experience of the author in a 
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stabling yard showed that the friction level of “shiny” locomotive wheels on rusty rails 
under dry conditions can be lower than 0.2. Fig. 1.4b shows a photograph of the rail in 
the stabling yard, where the passage of the locomotive wheels can clearly be recognized 
by the partial appearance of metallic surface on the running band. 
 

 
Fig. 1.4. Photograph of the top of a rail: (a) being contaminated on purpose with a grease 

commonly used as flange lubricant in the Netherlands; (b) with rusty running band. 
 
   Relative humidity is another important factor that can affect the wheel-rail adhesion. 
Laboratory investigations have shown that a high relative humidity can reduce the 
friction level in oily contacts [1.28] and in dry clean contacts [1.8]. The latter has been 
attributed to the formation of an oxygen layer on the contact surface, which is easily 
sheared and cannot be seen by the naked eye [1.33].  

   In the Netherlands, toilet paper and newspapers have been observed on the track at the 
stations, leading to the formation of slippery layers of composition (cellulose) similar to 
the leaf layers. Other possible forms of contamination suspected of affecting the wheel-
rail adhesion are the sea spray originated in coastal routes and the industrial pollution 
from factories located near the railway tracks [1.11-1.12].   

1.1.3. Consequences of low adhesion  
The consequences of low adhesion differ depending on whether they are encountered 
during traction or braking. It is generally said that low adhesion in traction operation 
affects punctuality, whereas it can threaten the safety during braking. But, there may be 
some other consequences due to low adhesion, as presented below in more details.  

1.1.3.1. During traction 
Low adhesion during traction may affect the railway track capacity, reduce the 
punctuality of the railway transportation, and in some extreme cases damage the rails and 
more rarely the wheels. The track capacity can be a limiting factor to satisfy the 
increasing demand on railway transportation in densely populated countries like the 
Netherlands, in which 5400 passenger trains (around 1.2 million travelers) and 300 
freight trains (around 100,000 tons of cargo) travel on a daily basis on the 4875 km of 
main tracks [1.27]. Reduced accelerations in rolling stock lead to longer occupation of the 

Rusty running band 
Less rusty running band 

(a) (b) 

Running band 
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track, which could ultimately force the construction of new infrastructure to 
accommodate the increase of freight and passenger transportation [1.34].  

   The punctuality of passenger transportation in past years in the Netherlands is given in 
Table 1.2. Note that the calculation of delays in the Netherlands only considers trains that 
arrive at least three minutes later than scheduled. It can be seen that the average 
punctuality greatly decreases in autumn, which can be attributed to the likelihood of the 
presence of contaminants, such as leaves and water. The loss of punctuality generates a 
double cost to the TOCs. On one hand, the TOCs may need to pay the government as 
compensation for inadequate performance. The payment is normally in proportion to the 
percentage of punctuality loss, e.g. the costs of each punctuality loss percentage were 
around 3 m€ in 2004 for NS [1.35]. On the other hand, delays in commuter service 
generally cause dissatisfaction to the passengers, which may promote in some cases the 
preference of commuters to use other forms of transportation. This situation may not only 
increase the costs of TOCs, but also have an indirect negative impact on the environment. 
 
Table 1.2. Average punctuality of the railway transportation in the Netherlands between 1999 and 

2003 [1.35]. 

 1999 2000 2001 2002 2003 
Whole year 86.8 % 84.7 % 79.9 % 81.2 % 83.1 % 

Autumn 82.5 % 78.6 % 76.4 % 76.5 % 77.5 % 
 
   Furthermore, slipping wheels could occasionally cause damage to rails and wheels, 
especially in the particular case of rolling stock unequipped with an adequate traction 
control (TC) system. Low adhesion upon start of traction can imply spinning wheels (i.e. 
slipping wheels that do not move forward), which can generate high temperatures on the 
rail surface, leading the formation of the so-called rail burnsIV  (see Fig. 1.5a). 
Additionally, spalling of the brittle material formed on the surface of the rail may also 
occur, as pointed out in [1.37]. Moreover, the high level of wheel slip at low rolling 
velocities could cause fatigue crack growth on the wheel tread [1.38], as shown in Fig. 
1.5b. On the other hand, at high rolling velocities thermal effects due to large wheel slip 
could lead to martensite formation on the tread following to spalling of the martensite in 
the worst cases [1.38].  

1.1.3.2. During braking 
Low adhesion conditions during braking can affect track capacity and punctuality (equal 
to the case of low adhesion during traction), threaten the safety of the railway 
transportation, and cause significant damage to wheels. If a train is requested to stop at a 
signal, the adhesion at the wheel-rail contacts is critical to the rate at which the train can 
decelerate. Signals passed at danger (SPADs) can occur due to low adhesion conditions, 
e.g. nine low adhesion related SPADs were registered in 2005 in the UK [1.39]. In the 
most detrimental cases, a SPAD may lead to a collision if the “invaded” track is occupied 
by another train. This type of incident was presumably encountered in the accident that 
recently occurred in the metro system of Amsterdam in the Netherlands [1.40].  
 

                                                 
IV In some literature the term wheel burns is employed instead of rail burns. 



  Introduction 

 
  15 

 
Fig. 1.5. Photograph of: (a) a rail burn [1.36]; (b) cracks on the wheel tread due to large slip 

[1.38]. 
 
   Furthermore, damage to wheels due to braking under low adhesion conditions can often 
occur, particularly in rolling stock not equipped with an adequate wheel slide protection 
(WSP) system. The blockage or partial blockage of a wheelset during a braking maneuver 
leads to a high level of slide, causing part of the wheel tread to wear off forming a wheel 
flat (see Fig. 1.6a). The high temperature in the contact patch, exceeding 800-850 °C due 
to the dissipated energy, transforms the pearlitic wheel steel into austenite [1.38]. The 
subsequent rapid cooling of the thermally affected zone as the wheel starts rotating again 
causes a transformation of the austenitic phase into martensite. Furthermore, the initial 
wheel flat with sharp edges transforms into a longer flat with rounded edges due to the 
plastic deformation of the wheel material upon subsequent impacts with the rail [1.41]. 
Crack formation may take place in the martensite due to the repeated mechanical loading, 
leading to the spalling of the martensitic steel [1.38], as shown in Fig. 1.6b. 
 

                 
Fig. 1.6. Photograph of: (a) a wheel flat due to excessive slide [1.36]; (b) a severe wheel flat with 

spalling [1.38]. 
 
   The high impact forces in the wheel-rail contact associated with wheel flats may lead to 
damage on the rail, concrete sleepers and some parts of the wheelset [1.42]. They can 

(a) (b) 

(a) (b) 
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also produce excessive noise and vibration levels, affecting the passenger comfort. In 
order to remove the wheel flats, the wheels are normally reprofiled, which increases the 
maintenance costs of the TOCs. In the Netherlands, annual re-profiling costs associated 
with low adhesion were on average 1 m€ between 1997 and 2002 [1.35, 1.43]. 

1.1.4. Existing countermeasures against low adhesio n 
The oldest countermeasure against low adhesion in the history of railway transportation is 
sanding, which consists of the application of sand into the wheel-rail contact to improve 
the adhesion. Sanders are often employed to apply the sand. Most locomotives are fitted 
with sanders, being employed for the first time in the UK back in 1836 [1.1]. In Fig. 1.7 a 
photograph of the sander in an old and new locomotive is given. In the last decades, 
affected railways have adopted other countermeasures to overcome, or reduce, low 
adhesion problems [1.11, 1.12, 1.14, 1.44]. The countermeasures may be classified in: 
operational, track related, and rolling stock related measures. 

1.1.4.1. Operational 
The TOCs and railway infrastructure managers in affected countries have applied some 
of the following operational countermeasures: 

• staff awareness by means of internal communications; 
• warning systems of the adhesion conditions found on the network, e.g. LAWSTM 

[1.12]; 
• specific training and instructions to drivers on how to operate trains under low 

adhesion conditions; 
• weather forecast to determine the likelihood of leaf fall and moisture formation on 

rails; 
• adaptation of the timetable. 
 

 
Fig. 1.7. Photograph of a sander in: (a) an old steam locomotive exhibited at the Railway 

Museum in Utrecht, the Netherlands; (b) an electrical locomotive (series 1700) currently available 
in the NS fleet. 

(a) (b) 

Nozzle Nozzle 



  Introduction 

 
  17 

1.1.4.2. Track related 
Railway infrastructure managers may undertake some countermeasures to prevent the 
presence of contamination on the rails or reduce its impact on the wheel-rail adhesion, 
such as: 

• vegetation management to ensure that there exists a minimum distance between the 
track and the nearest lineside vegetation, as shown in Fig. 1.8a;  

• leaf fences adjacent to the track to avoid the entrance of leaves onto the track (see Fig. 
1.8b); 

• leaf guards, as the ones given in Fig. 1.8c, which reduce the amount of leaves that are 
brought onto the rails by train’s slipstream or cross wind; 

• trackside applicators of Sandite, which is a sand-based friction modifier (FM) 
designed to improve the wheel-rail adhesion. The trackside applicators are normally 
located close to stations (see Fig. 1.8d), signals or level crossings that can be 
susceptible to low adhesion incidents, so that adequate braking and traction 
operations can be guaranteed. Hereinafter Sandite will be referred to as FMB; 

• multi-purpose vehicles, which are employed to clean the rails of certain areas of the 
network by means of water jetting (i.e. blasting the rails with water at very high 
pressure), sanding, FMB or a combination of them [1.12]; 

• rail grinding aimed at overcoming the low adhesion problem by roughening the rails 
so that steel-on-steel contact is promoted [1.12]. 

 

 
 

 
Fig. 1.8. Photograph of: (a) vegetation management [1.44]; (b) leaf fence [1.44]; (c) leaf guards 

[1.12]; (d) FMB trackside applicators [1.44]. 

(b) (a) 
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1.1.4.3. Rolling stock related 
Some of the TOCs operating in affected countries, sometimes together with the 
infrastructure managers, have adopted the following trainborne countermeasures: 

• besides locomotive sanding, sanding practice has been extended in recent years to 
some EMUs in countries like Germany and the UK [1.14, 1.45]; 

• trainborne application of FMB (see Fig. 1.9a), which is widely employed in the 
Netherlands and the UK; 

• ceramic particle jetting, which is employed in Japan in a similar way to sanding but 
reported to be more effective at higher travelling velocities (up to 300 km/h) thanks to 
the jet [1.46]; 

• incorporation of TC/WSP systems in existing and new rolling stock to maximize the 
use of the existing adhesion under low adhesion conditions; 

• magnetic track brakes (MTBs), which have been fitted to trailing bogies of some 
EMUs to increase the braking performance mostly (or only) during emergency 
braking. A photograph of an active MTB is given in Fig. 1.9b. 

 

 
Fig. 1.9. Photograph of: (a) trainborne application of FMB in the Netherlands [1.44]; (b) MTB in 

active position of the VIRM train of NS. 

1.2. Research motivation  
The problems related to low adhesion have to a large extent not been solved yet, despite 
the countermeasures adopted by the affected railways. It is noteworthy that two recent 
SPADs in the UK involved rolling stock equipped with WSP systems and sanders [1.47-
1.48]. Investigations on the punctuality in the Dutch railways in the period 2006-2008 
have revealed reductions of up to 11 % in the autumn months compared to the yearly 
average [1.36]. To a great extent, the persistence of low adhesion problems may be 
attributed to the following main reasons: 

• insufficient grasp of the low adhesion phenomenon; 
• poor understanding on the effectiveness, optimal use and side effects of existing 

countermeasures; 
• need for proper detection and identification of the causes of low adhesion in service; 
• lack of information on the adhesion level available in service. 

   In order to tackle the low adhesion problem, NS and ProRail have commissioned a 
research project called AdRem to investigate the abovementioned points [1.49]. As part 

FMB being 
deposited 
on the rail 
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of the AdRem project, this dissertation has investigated the first two points, while the 
other points have been examined by AdRem colleagues [1.36, 1.50, 1.51]. Regarding the 
understanding on existing countermeasures, four of them have been investigated in this 
dissertation, namely FMs, sanding, MTBs, and TC.  

   The relationship between the investigated countermeasures and the low adhesion 
problem is depicted in Fig. 1.10. FMs, sanding and MTBs are countermeasures that can 
be taken to improve the adhesion by conditioning the surfaces of rails, wheels, or both. 
There may be an additional relationship between FMs and sanding when sand is the main 
constituent of the FM, as it occurs in FMB. Furthermore, TC may be employed to make 
better use of the adhesion available or to improve the adhesion by operating at high slip. 
This dissertation has primarily focused on the former aspect. In many situations, TC may 
be used in combination with any of the other three countermeasures. 
 

 

Fig. 1.10. Relationship between investigated countermeasures and low adhesion problem. 

1.2.1. Understanding the low adhesion phenomenon 
The most common types of contamination causing low adhesion incidents have already 
been reported by the affected railways, i.e. leaves, water and grease (see Section 1.1.2). 
Furthermore, some investigations have been performed with these contaminants, as 
indicated in Section 1.1.2. However, those investigations have not given answer yet to all 
aspects of low adhesion, as will be explained in detail in Chapters 2-5. Some of the 
remaining questions that this dissertation aims at answering are: 

• How much is the wheel-rail adhesion available in typically contaminated contacts? 
• What is the influence of the number and the slip level of wheel passages on the 

wheel-rail adhesion in typically contaminated contacts? 
• How much is the wheel-rail adhesion during curve negotiation in typically 

contaminated contacts? 

1.2.2. Understanding the effectiveness and side eff ects of friction 
modifiers 
Although FMB has widely been used for more than ten years in countries like the 
Netherlands and the UK, no fundamental understanding has been pursued on its 
effectiveness and possible side effects, especially under controlled conditions. In recent 
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years, another FM, referred to as FMA in this dissertation, was tested successfully against 
water contamination in a train depot in Japan. In order to examine possible improvements 
in the FM design, the performance of the two FMs has been compared in this dissertation. 
The main questions to be answered are the following:  

• How much is the adhesion improvement by using the FMs in typically contaminated 
contacts? 

• What is the influence of the number and the slip level of wheel passages on the 
effectiveness of the FMs? 

• What are the possible side effects of using FMs? 
• What can be improved in the FM design? 

1.2.3. Understanding the effectiveness, side effect s and optimal use 
of sanding 
Literature has shown that different standards on sanding practice appear to be used by 
different railways. In particular, different particle size distributions are employed, e.g. 
0.2-1.2 mm in the Netherlands, 0.7-2.8 mm in the UK [1.45], 0.1-0.6 mm in France [1.52], 
and 0.63-2 mm in Germany [1.53]. In addition, different application rates may also be 
used depending on the railways and the characteristics of the sanders. To the surprise of 
the author, not much research seems to have been done towards the influence of the 
particle size and feed rate, as well as other sanding parameters, on the effectiveness of 
sanding. Furthermore, in a recent document found in the literature, the benefit of sanding 
on adhesion improvement appears to be brought into question [1.54].  

   On the other hand, railways may be reluctant to employ sand because it may cause two 
important side effects: a) insulation of the wheel-rail contact leading to train detection 
problems [1.52, 1.55]; b) acceleration of the wear of wheels and rails [1.6, 1.56]. In 
addition, sand may act as a solid lubricant under certain conditions, reducing the wheel-
rail adhesion from that of dry contacts [1.6, 1.9, 1.57]. Nevertheless, the effect of the 
sanding parameters on those side effects is not well understood.  

   Suffice it to say that this lack of fundamental understanding of the effect of sanding 
parameters on its effectiveness and side effects hinders any possible optimization in the 
use of sand not only for sanding, but also in part for sand-based FMs (e.g. FMB). Hence, 
the major questions that this dissertation aims to address are the following: 

• Is sand an effective method to improve the wheel-rail adhesion in typically 
contaminated contacts? 

• What is the influence of some sanding parameters (e.g. particle size, wheel slip, feed 
rate and number of sanding axles) on the adhesion improvement in typically 
contaminated contacts? 

• What is the influence of some sanding parameters (e.g. particle size, wheel slip, feed 
rate) on the side effects caused by sanding? 

• What can be improved in some current uses of sand? 
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1.2.4. Understanding the effectiveness and side eff ects of magnetic 
track brakes 
MTBs are nowadays employed only during emergency braking in the Dutch railways. In 
recent years, interest has grown in the Netherlands and the UK towards the possible 
frequent use of MTBs against slippery tracks [1.58, 1.59], while in other railways MTBs 
may already be employed [1.14]. However, there seems to be a lack of knowledge on the 
major benefits and possible side effects of using MTBs to overcome low adhesion 
problems. This impedes any possible cost-benefit analysis in the use of MTBs as an 
efficient countermeasure against low adhesion. Thus, the main questions that this 
dissertation addresses are the following: 

• Are MTBs an effective method to improve wheel-rail adhesion in typically 
contaminated contacts? 

• Can safe braking distances be guaranteed by means of MTBs? 
• What are the possible side effects on the track and the maintenance of rolling stock 

due to the frequent use of MTBs? 

1.2.5. Understanding the effectiveness of traction control 
The TC system (as well as the WSP system) is tested by the manufacturer prior to their 
implementation on the rolling stock to obtain the optimal parameters for the control 
algorithm. However, the low adhesion conditions in the tests may often be created with a 
soap solution, whose rheological properties can clearly differ from the contaminants 
affecting railways in reality. In this dissertation, the effectiveness of the existing TC 
system of a Dutch railway vehicle will be investigated with actual low adhesion data to 
answer the question: 

• Is the existing TC effective in typically contaminated contacts? 

1.3. Research approach  
In order to find answers to the questions presented in the research motivations, 
experimental and numerical investigations have been performed. The experimental 
investigations have been carried out in the laboratory and in field. In the laboratory 
investigations the wheel-rail adhesion has been examined with a twin-disk roller rig, in 
which the actual wheel-rail contact is simulated by two disks in rolling-sliding motion. 
The influence of different types of contamination on the wheel-rail adhesion, as well as 
the effectiveness of FMs and sanding, has been investigated by means of displacement 
controlled tests, i.e. fixed slip ratio and rolling velocity. 

   The laboratory test approach has been chosen for two main reasons. On one hand, 
investigations in the laboratory can be much more economical than performing field tests, 
particularly when it comes to parametric studies. On the other hand, tests in the 
laboratory can be performed under closely controlled conditions, offering the possibility 
to investigate the effect of an isolated parameter. The major trade-off when testing in the 
laboratory is that the results may not be extrapolated directly to the actual wheel-rail 
contact mainly due to differences in geometry, and sometimes in operational conditions. 
Therefore, laboratory testing can provide a qualitative indication of what happens in the 
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actual wheel-rail to identify influencing parameters on adhesion. Afterwards, field tests 
can be employed to quantify their effect under actual conditions.  

   Two series of field investigations are presented in this dissertation, one with an 
electrical locomotive of the series 1700, and one with an EMU of the series VIRM. E-loc 
1700 and VIRM have been selected because they are the major type of rolling stock in 
the NS fleet fitted with sanders and MTBs, respectively. One of the aims of the field 
investigations has been to quantify the impact of typically contaminated contacts on the 
wheel-rail adhesion. Furthermore, the field tests with E-loc 1700 have aimed at validating 
one of the trends observed in the laboratory investigations with sand, namely the effect of 
the particle size on the wheel-rail adhesion. The field tests with VIRM have focused on 
quantifying the effectiveness of MTBs. The wheel-rail adhesion has been measured by 
means of readings from the motors in the tests with VIRM, or derived from acceleration 
measurements in the tests with E-loc 1700. 

   In this dissertation, numerical modeling has been employed to investigate the wheel-rail 
adhesion during curve negotiation in typically contaminated contacts on one hand, and to 
examine the effectiveness of an existing TC system on the other. Numerical modeling has 
been preferred over field or laboratory tests because it has lower costs and it facilitates 
more in-depth investigations of multiple parameters. VIRM has been the train type 
selected for the calculations for several reasons: a) available technical data; b) available 
measured data to validate the numerical model; c) VIRM is the major train type in the NS 
fleet. The numerical calculations have been performed with two types of commercial 
software. On one hand, the multi-body dynamics software ADAMS/VI-Rail has been 
employed to model the leading coach of VIRM for the vehicle-track interaction. On the 
other hand, the TC system of VIRM has been simulated by means of MATLAB/Simulink 
to examine the suitability of the control algorithm. Additionally, a friction model, which 
has been developed and validated at the University of Twente to characterize lubricated 
contacts [1.51], has been coupled to the vehicle and TC models to simulate the curving 
behaviour under low adhesion conditions caused by improper flange lubrication.   

1.4. Outline of the dissertation 
The logic development of this dissertation is schematically represented in Fig. 1.11. The 
investigations have been grouped into four chapters (or clusters) that have been entitled 
according to the main countermeasure investigated. Each chapter also contributes to a 
better understanding on the low adhesion phenomenon, as shown in Fig. 1.11.  

   Chapter 2 presents the laboratory investigations on two FMs (FMA and FMB), in which 
the tests have been performed in dry, wet and leaf contaminated contacts. In Chapter 2, as 
well as in others chapters, a baseline of the untreated situation has also been obtained. 
The baseline has had a double purpose: on one hand, it has facilitated the derivation of 
the relative effect of FMs (or sanding or MTBs in other chapters); on the other hand, it 
has provided information on the low adhesion phenomenon.  

   The findings of Chapter 2 pointed out the relevant effect of FM particle size on the 
adhesion recovery. In Chapter 3, the influence of the particle size, as well as other 
important parameters, is investigated on the effectiveness and side effects of sanding 
practice towards a possible optimization. Table 1.3 shows the sanding parameters and 
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effects that have been examined in laboratory and field tests in dry and leaf contaminated 
contacts. In these investigations, comparisons with a baseline have also been made. 

   The field investigations with MTBs are presented in Chapter 4. In these investigations, 
the wheel-rail adhesion improvement, the braking force, and the side effects of using 
MTBs have been examined. The tests have been carried out in dry, wet, grease and leaf 
contaminated contacts. The performance of the MTBs has been compared to a baseline, 
and also to FMB in leaf contaminated contacts.  
 
Table 1.3. Sanding parameters and effects investigated in lab or field tests as treated in Chapter 3. 

 Adhesion Train detection Damage to wheels and rails 
Sand particle size lab/field lab lab 

Wheel slip lab lab lab 
Feed rate lab lab - 

Number of sanders lab/field - - 
 
   In Chapter 5, the models, which have been developed for the numerical analysis of low 
adhesion and traction control, are introduced. The validation of the VIRM vehicle model 
is presented. The investigations on the curving behaviour of the VIRM vehicle during 
traction under low adhesion conditions are also given.  

   Chapter 6 presents the conclusions and recommendations. In comparison with the more 
detailed conclusions given in Chapters 2-5, the conclusions of Chapter 6 are rather 
general in an attempt to answer the questions presented in the research motivation. The 
recommendations outline interesting lines of scientific research on the one hand, and 
possible prosperous investments for rolling stock operators and railway network 
managers dealing with low adhesion problems on the other. 
  

 

Fig. 1.11. Schematic representation of the outline of the dissertation. 
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Chapter 2 
Friction modifiers 
 
 
 
ABSTRACT 
 

Chapter 2 presents some laboratory investigations carried out with two “commercial” 
FMs (FMA and FMB), which have been used or tested by several railways to improve the 
adhesion in contaminated contacts. The chapter is divided into two parts. Part A shows 
the investigations performed in dry and wet contacts, which examine not only the 
adhesion characteristics of the FMs, but also their possible side effects on wheels and 
rails. In Part B, the adhesion recovery when using the FMs in leaf contaminated contacts 
is investigated, and the solid components of the FMs are analyzed. In both Part A and 
Part B, baselines of the untreated situations (i.e. no FMs) are also presented, which are 
employed for two purposes: on one hand, they facilitate the derivation of the relative 
effect of the FMs; on the other hand, they provide information on the low adhesion 
phenomenon. 
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Chapter 2, Part A 
Laboratory tests in dry and wet contacts V 
 
 
 
ABSTRACT 
 

Friction management has been carried out extensively in the majority of railway networks 
in the last few years. A popular practice is the application of friction modifiers to increase 
the adhesion level in contaminated wheel-rail contacts. Two friction modifiers have 
particularly been used or tested on several railway networks as adhesion enhancers to 
facilitate the traction and braking operation under poor adhesion conditions. However, for 
assessment of the performance the railway operators and infrastructure managers mostly 
rely on practical observations that do not elucidate completely the effectiveness and side 
effects of these adhesion enhancers. In this paper, the constituents of the two friction 
modifiers are identified and the solid components are analyzed. A twin-disk roller rig has 
been used to study their performance in dry and wet contacts under closely controlled 
laboratory conditions. The adhesion characteristics of both friction modifiers are 
examined for different slip ratios. Furthermore, the wheel and rail disks are examined 
after a series of dry tests to analyze the mass loss, the surface damage, the change in 
surface hardness and roughness, and the subsurface deformation caused by the friction 
modifiers compared to dry clean contacts. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
V This chapter has been published as: O. Arias-Cuevas, Z. Li, R. Lewis, E.A. Gallardo-Hernandez: Rolling-
Sliding Laboratory Tests of Friction Modifiers in Dry and Wet Wheel-Rail Contacts. Wear 268 (2010) 
543–551. 



Chapter 2, Part A   

 
30 

2A.1. Introduction 
In the railway industry, the friction utilized between wheel and rail during braking and 
traction operations is known as wheel-rail adhesion. The adhesion, or the adhesion 
coefficient, is defined as the ratio of the tangential (i.e. braking or traction) force over the 
normal force at the wheel-rail contact. Adhesion is influenced by vehicle speed, wheel 
slip, contact pressure, environment conditions, and many other factors. Whilst too high 
friction in the wheel-rail contact is undesired because it leads to more wear and rolling 
contact fatigue (among other problems), it must be sufficient to ensure an adequate 
adhesion level for the traction and braking operation of the rail vehicles. Many studies on 
wheel-rail adhesion have already been conducted in both laboratory and field tests. 
Beagley et al. presented pioneering work in 1975 about the influence of water on 
adhesion [2A.1]. They also investigated the influence of other factors on adhesion, such 
as railhead debris and oil contamination [2A.2, 2A.3]. More recently, laboratory studies 
on adhesion for dry and wet wheel-rail contacts have also been carried out with a twin-
disk roller rig [2A.4-2A.6] and with a full-scale roller rig [2A.7].  

   In recent years, friction management has been carried out extensively in the majority of 
railway networks with different purposes. Some friction modifiers (FMs) have been 
designed to eliminate the negative slope of the traction curve that is responsible of the 
stick-slip oscillations, thus overcoming the squealing noise and corrugation phenomena 
that can especially occur in small-radius curves [2A.8, 2A.9]. FMs have also been aimed 
at reducing the occurrence rolling contact fatigue (e.g., head checks) and the rates of wear 
[2A.10]. This paper deals with another popular practice of friction management, in which 
FMs are used to increase the adhesion between wheel and rail facilitating the traction and 
braking operation under poor adhesion conditions. Such FMs are also known as adhesion 
enhancers. Sanding from the train or locomotive is used on railway networks world wide 
[2A.11]. Laboratory studies on sanding to investigate its effect on adhesion and its 
damage to wheel and rail have been published [2A.4, 2A.12]. Besides sanding, other 
adhesion enhancers have been used or tested on several railway networks. In countries 
such as the United Kingdom and the Netherlands, a commercial adhesion enhancer has 
been used since the late 90’s to overcome poor adhesion conditions, especially due to leaf 
layer contamination combined with small amounts of water during the autumn season 
[2A.13]. Nevertheless, there exists a lack of research on this adhesion enhancer to 
understand both its adhesion characteristics and its possible damage to wheels and rails. 
Therefore, the railway operators and infrastructure managers mostly rely on practical 
observations that do not elucidate completely the effectiveness of the adhesion enhancer 
used on their network. In this paper, a laboratory study of this widely used adhesion 
enhancer is presented together with another adhesion enhancer designed for wet wheel-
rail contacts due to rainfall. 

   The aim of this work is to investigate the performance of the two adhesion enhancers in 
dry and wet contact conditions. A study of these adhesion enhancers in leaf contaminated 
contacts has also been carried out [2A.14]. The two adhesion enhancers are named FMs 
throughout this paper. Both FMs are water-based and have been designed to increase the 
adhesion in different conditions. Friction modifier A (FMA) has been tested successfully 
in a train depot in Japan to overcome adhesion problems related to rainfall. FMA is to be 
applied to the top of both rails in a very thin layer. Friction modifier B (FMB) has 
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extensively been used in autumn on the Dutch and British railways networks to mitigate 
adhesion problems mostly due to leaves and small amounts of water. In The Netherlands, 
FMB is primarily trainborne applied to top of both rails by means of a speed dependent 
pumping system, which delivers 4 cc/m per rail. In this work, a twin-disk roller rig has 
been used to simulate the wheel-rail contact in controlled laboratory conditions. The 
adhesion characteristics of the two FMs have been studied in dry and wet conditions for 
up to four different slip ratios: 0.5, 1, 2 and 3%. The damage caused to the wheel and rail 
disks by the FMs has also been analyzed. The constituents of the FMs have been 
examined and their influence on adhesion and disk damage has been assessed.  

2A.2. Test set-up 

2A.2.1. Test roller rig 
The rolling-sliding tests were conducted on the SUROS (Sheffield University ROlling 
Sliding) roller rig, shown in Fig. 2A.1. A detailed description of the roller rig is given in 
[2A.15]. The test disks were mounted on independent shafts. By means of a hydraulic 
jack, a controlled contact pressure was achieved during the test. The slip ratio between 
the disks was prescribed by setting different rotational speed of the shafts and maintained 
constant throughout each test with a controller. The slip ratio is defined in Eq. 2A.1, 
where w  and r  are the rotational speed and rolling radius of the disks, respectively. The 
adhesion coefficient was calculated with the readings of the torque transducer and the 
load cell, as given in Eq. 2A.2, by T  and NF , respectively. A personal computer was 

used to acquire the data and to control both the speed and the load.  
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Fig. 2A.1. Schematic representation of the SUROS roller rig. 

2A.2.2. Test disks 
The test disks were cut from rails and wheel tires retired from service in the Dutch 
railway network; R260Mn and B5T steel for the rail and wheel, respectively. The disks 
were machined with their axes perpendicular to the longitudinal axis of both wheel and 
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rail (see Fig. 2A.2). The Vickers macro-hardness of the wheel and the rail steel used in 
the tests was measured as 267 HV20kg and 281 HV20kg on average, respectively. Prior to 
testing, the disks were cleaned in a bath of ethanol by means of ultrasonic vibration. The 
roughness of the new disks was measured as 1±0.2 µm on average with a profilometer. 
Before assembling the disks into the roller rig, their diameter was measured with a 
vernier calliper as necessary for the calculations of slip and adhesion coefficient. 
 

 
Fig. 2A.2. Orientation and dimensions of the wheel and rail disks specimens. 

2A.2.3. Tested friction modifiers 
Two top-of-the-rail water-based FMs have been tested in this work. Microscope 
photographs of the dried samples are given in Fig. 2A.3. The particle size distribution of 
both FMs was measured by means of a laser particle analyzer, as shown in Fig. 2A.4. 
FMA contains several types of solid components, which have different physical and 
tribological characteristics that provide the final product with varied functionalities such 
as friction enhancement and film transfer between wheel and rail. Two size ranges of 
solid particles are predominant in the mix; the small particles (≈10 µm) surround the 
large ones (≈ 100 µm) providing them support. Furthermore, there are several polymeric 
components in FMA, all of which assist in promoting adherence to the wheel and rail 
steel surfaces. In Fig. 2A.3, it can be seen that the particles agglomerate after drying in 
the oven. FMB is a mixture composed of an inorganic gelling agent, stabilizer, water, 
sand grains and stainless steel particles. The gelling agent promotes the adherence of the 
mix to the wheel and rail surfaces, while the stabilizer provides a reasonable storage life. 
The stainless steel particles guarantee appropriate electrical properties of the mix, which 
are necessary due to the trainborne application of FMB on the rails. It can be seen from 
Fig. 2A.3 that the sand grains vary in size and type, most probably coming from different 
types of rocks. The black coloured particles correspond to the stainless steel, as pointed in 
Fig. 2A.3. 
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Fig. 2A.3. Microscope photographs of FMA (left) and FMB (right). 
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Fig. 2A.4. Particle size distribution of FMA and FMB. 

2A.2.4. Test procedure 
In the tests the wheel disk rotated faster than the rail disk; the rotational speed of the rail 
was maintained at 400 rpm, equivalent to 1 m/s of rolling speed. Since cylindrical disks 
were used in the experiments, a line contact of 10 mm width was present in the tests. A 
load of 4.7 kN was applied on the disks producing a maximum Hertzian pressure of 1.2 
GPa in the contact zone, which is representative of the contact between wheel tread and 
top of rail for passenger trains in the Netherlands. When testing the performance of the 
two FMs, they were painted onto the rail disk surface prior to the start of the test, as 
shown in Fig. 2A.5. Due to the different solid contents of the FMs, completely covering 
the rail disk with the FMs yielded different masses: 0.4-0.5 g for FMA and 0.7-0.8 g for 
FMB. In the wet tests, the water was applied to the rail disk surface once the disks were 
running in order to simulate rainfall conditions, as depicted in Fig. 2A.5. For each test 
conducted with the FMs in both dry and wet conditions a baseline was first obtained so as 
to compare the performance of FMs with the untreated conditions. The dry tests were run 
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Rail 
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FM layer 

Water application 

for 2000 cycles at 0.5, 1, 2 and 3% slip; on the other hand, the wet tests were run for 1000 
cycles at 0.5, 1 and 2% slip. The number of cycles in wet conditions was halved because 
of the enhanced removal of FMs in presence of water. The slip ratios used in this work 
correspond to typical values that can be found in the contact between wheel tread and top 
of the rail. A run-in conditioning test of 4000 cycles in dry conditions at 0.5% slip was 
run for each new pair of disks. 
 

                                
Fig. 2A.5. Test procedure for dry tests (left) and wet tests (right). 

2A.3. Results 

2A.3.1. Dry tests 
The adhesion results of the two FMs together with the baseline for 0.5, 1, 2 and 3% slip 
in dry conditions are given in Figs. 2A.6-2A.9. The baseline gave the largest adhesion, 
with adhesion coefficients between 0.30 and 0.60 for the slip range considered. The 
maximum adhesion coefficient was observed at 2% slip—this is in good agreement with 
previous research carried out with this roller rig [2A.4, 2A.16]. Furthermore, FMA led to 
moderate adhesion coefficients before starvation occurred and metal-metal contact was 
reached. The adhesion coefficients for dry contacts with FMA could be estimated to be 
between 0.15 and 0.35 depending on the slip ratio. On the other hand, FMB led to an 
adhesion range between 0.25 and 0.55 before starvation.   

   The traction curve, which presents the change of the adhesion coefficient with the slip, 
is given in Fig. 2A.10 for the dry tests with baseline and FMs. It must be noted that the 
adhesion coefficients used for the traction curve have been taken from those registered at 
80 cycles in the tests depicted in Figs. 2A.6-2A.9. This number of cycles was selected as 
the best compromise between two restrictions. On one hand, the number of cycles could 
not be too low because the roller rig required around 20-50 cycles to increase the slip 
from null (beginning of the test) to the set value. On the other hand, the selected number 
of cycles could not be too high to ensure that the friction modifier had not been removed 
from the disks surfaces. The data points have been connected by straight lines in Fig. 
2A.10. It can be seen that the adhesion coefficient in baseline conditions saturates at 
around 2% slip followed by a decreasing slope. This decreasing slope may excite stick-
slip oscillations leading to the occurrence of squeal noise and corrugation, as indicated in 
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the introduction. Both FMA and FMB appeared to remove the decreasing slope, at least 
for the slip regime considered in this investigation. 
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Fig. 2A.6. Adhesion tests in dry conditions at 0.5% slip. 
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Fig. 2A.7. Adhesion tests in dry conditions at 1% slip. 
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Fig. 2A.8. Adhesion tests in dry conditions at 2% slip. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Cycles

A
d

he
si

on
 c

o
ef

fic
ie

nt

Baseline Friction Modifier A Friction Modifier B

 
Fig. 2A.9. Adhesion tests in dry conditions at 3% slip. 

 

Layer breaking up 

Effect of FMA 
disappears 

Effect of FMB 
disappears 

Layer breaking up 

Effect of FMA 
disappears 

Effect of FMB 
disappears 



  FMs: Lab tests in dry and wet contacts 

 
  37 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.5 1 1.5 2 2.5 3

Slip (%)

A
dh

es
io

n
 c

o
ef

fic
ie

n
t

Baseline FMA FMB

 
Fig. 2A.10. Traction curve of baseline, FMA, and FMB in dry conditions. 

 
   The lasting effect of the FMs was examined in dry conditions. It can be seen that the 
effect of both FMs on adhesion remained throughout the test for slip values up to 1%. At 
higher values of slip, metal-metal contact was eventually reached and the adhesion level 
equalled that one of the baseline. This gives evidence that the higher the slip the faster the 
FM is removed from the disk surfaces. Furthermore, FMA showed a longer lasting effect 
than FMB at 2 and 3% slip, as shown in Figs. 2A.8 and 2A.9. This could be attributed to 
their different composition, because it seems that FMA has a stronger structure that 
retains the product in contact with the disk surfaces. In addition, some sudden drops in 
the adhesion coefficient could be observed in the initial part of the adhesion curves for 
FMA at 2 and 3% slip, which could be attributed to the breaking up of the third body 
layer present in the contact.  

   Due to the slip between the disks, there exists a mass transfer of the FM from the 
surface of the rail disk to the wheel disk. Such phenomenon has already been investigated 
by other researchers [2A.17, 2A.18]. The mass transfer could be observed in the 
laboratory during each test. Due to this mass transfer the rail disk was predominantly 
clean at the end of each test; whereas the wheel disk normally had a layer composed of 
broken FM and oxides. 

   In order to assess the damage that the FMs may cause to wheel and rail, three pairs of 
disks used for a complete set of dry tests were examined. Each pair was used to run 
12000 dry cycles, which consisted of 4000 initial run-in cycles at 0.5% slip and 2000 
cycles at each slip ratio: 0.5, 1, 2 and 3%. Firstly, the surfaces of the three pairs of disks 
were examined by means of optical microscopy, as shown in Figs. 2A.11-2A.13. Note 
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that due to the radial curvature of the disks, the left and right edges are darker than the 
centred area. A substantial difference in surface morphology could be observed between 
wheel and rail for all contact conditions. For the baseline tests, the rail disk presented 
surface corrugation, surface cracks and small pits that are associated with ratchetting 
wear. This type of wear had also been observed in previous work [2A.12, 2A.19]. On the 
other hand, oxidative wear was observed on the wheel disk surface, and a brown reddish 
oxide layer was seen on the surface together with exposed steel material. When using 
FMA, only a little ratchetting wear seemed to take place with several small pits on both 
wheel and rail disk surfaces, but in far less extent than in the baseline. Moreover, 
indentations and scratches were observed when using FMB (see Fig. 2A.13) that are 
attributed to the interaction with the solid particles. The size of these indentations was 
around 1 mm in characteristic diameter and they were present on both wheel and rail 
disks. These indentations were caused by sand particles indenting the wheel and rail steel 
material. Besides abrasive wear, oxidative wear could also be seen on the wheel surface. 
On the other hand, ratchetting wear was predominant on the rail disk surface with the 
presence of small pits. 
 

 
Fig. 2A.11. Micro-photographs of the rail (left) and wheel (right) disks surfaces after 12000 

cycles in dry conditions with baseline. 
                  

 
Fig. 2A.12. Micro-photographs of the rail (left) and wheel (right) disks surfaces after 12000 

cycles in dry conditions with FMA. 
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Fig. 2A.13. Micro-photographs of the rail (left) and wheel (right) disks surfaces after 12000 

cycles in dry conditions with FMB. 
 
   The surface roughness was measured after the complete set of tests, as given in Table 
2A.1. The large roughness measured in the wheel disk of the baseline tests is attributed to 
the presence of oxide layers of different thickness in relation to the bulk steel material. A 
similar effect, although in less degree, was observed in the FMB tests. The rail disk 
presented almost unaltered roughness values in the tests with FMA and FMB. However, 
there was an increase in roughness of the rail disk for the baseline test due to the 
corrugation marks. 
 

Table 2A.1. Average surface roughness of wheel and rail disks after 12000 cycles in dry 
conditions. 

 Initial Baseline Friction Modifier A Friction Modifier B 
Wheel disk 1±0.2 µm 7±3 µm 2.75±0.65 µm 4±1 µm 
Rail disk 1±0.2 µm 2.7±1 µm 0.9±0.3 µm 1.1±0.3 µm 

 
   The subsurface of the three pairs of disks was examined under a microscope in cross 
and longitudinal sections, as shown in Figs. 2A.14-2A.15. The differences in the contrast 
of Figs. 2A.14-2A.15 are due to the different amounts of etching during metallographic 
preparation. The deepest subsurface deformation seemed to be observed for the baseline; 
whereas, FMA led to the shallowest subsurface plastic deformation (see Fig. 2A.14). The 
plastic deformation depth is in agreement with the adhesion results presented above, the 
higher the tangential load the deeper the plastic deformation. For all contact conditions, 
the rail presented deeper plastic deformation layer than the wheel, which could be 
attributed to the different microstructure of the two steels. Both steels were composed of 
ferrite and pearlite; however, more pearlite was observed in the rail steel. Furthermore, 
smaller pearlite grain size was observed in the wheel steel. Due to the high adhesion 
coefficient values in the tests, the maximum shear stress occurred at the surface, which 
caused a highly strained layer, as noticeable in Figs. 2A.14-2A.15.  
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Fig. 2A.14. Sub-surface micro-photographs of the cross section of the rail (top) and wheel 

(bottom) disks after 12000 cycles in dry conditions with baseline, FMA, and FMB. 
 

 
 

 
Fig. 2A.15. Sub-surface micro-photographs of the longitudinal section of the rail (top) and wheel 

(bottom) disks after 12000 cycles in dry conditions with baseline, FMA, FMB. 
 
   The hardness of the surface of the three pairs of disks was measured using Vickers 
macro-indentation technique with a 20 kg load (see results in Table 2A.2). The largest 
hardening effect was observed for both the baseline and the FMB. This can be explained 
by examination of the adhesion history during the tests (Figs. 2A.6-2A.9). The lower 
adhesion coefficients obtained with FMA led to the lowest work-hardening effect of the 
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surface. Furthermore, the rail work hardened more than the wheel, which could be 
attributed to the different steel microstructure. In the tests with FMs, it may be possible 
that the firm adherence of the third body layer on the wheel disk (rather than on both 
disks) could also have influenced the different work-hardening between wheel and rail. 
Berthier et al. [2A.20] showed that a third body layer present between wheel and rail 
surfaces can accommodate their relative displacement (or slip) so that the shearing of the 
near-surface grains of wheel and rail surfaces is decreased, thus reducing the work-
hardening effect. Since the third body layer appeared to be firmly adhered to the wheel 
disk in these tests, the extent of grain deformation in the near-surface of wheel disk could 
have been reduced compared to the rail because of a different shear stress distribution 
across the depth in the wheel and rail disks. However, further investigation would be 
required to validate this last hypothesis.  
 

Table 2A.2. Average hardness of the surface of wheel and rail disks after 12000 cycles in dry 
conditions. 

 Initial Baseline Friction Modifier A Friction Modifier B 
Wheel disk 267 HV20kg 420 HV20kg 290 HV20kg 420 HV20kg 
Rail disk 281 HV20kg 490 HV20kg 390 HV20kg 470 HV20kg 

 
   The accumulated wear of the three pairs of disks was determined by means of mass loss 
measurements using electronic scales with ±0.05 mg accuracy (see Table 2A.3). Note that 
the wheel disks ran 150 cycles more than the rail disks due to the slip; however, it only 
represents ~1% of the total cycles so that the extra wear amount may be neglected. The 
largest accumulated wear corresponded to the wheel for all contact conditions, which is 
attributed to the softer wheel steel material. Similar findings have been reported in 
previous work [2A.12]. The baseline showed the largest wear rates, while the lowest were 
found when using FMA. This is found in good agreement with the adhesion results 
presented in Figs. 2A.6-2A.9.  
 
Table 2A.3. Mass loss of the disks after 12000 cycles in dry conditions with baseline, FMA and 

FMB. 

Baseline FMA FMB 
 

Wheel Rail Wheel Rail Wheel Rail 
mloss (mg) 114.9 90.1 30.3 28.4 109.6 70.5 

2A.3.2. Wet tests 
In order to simulate the wet wheel-rail contact, water was applied to the rail disk once the 
disks were running, as previously depicted in Fig. 2A.5. In this way, rainfall conditions 
with pre-application of the FMs were simulated with these tests. Two different 
application methods of water were first tested (at 0.5% slip) to verify their suitability in 
reducing the adhesion in a uniform and consistent way. Water was applied by means of a 
pipette and a spray bottle. Furthermore, different amounts were also tested with both 
methods. It was concluded that the effect of water on adhesion could be controlled better 
with drops of water from the pipette than with the spray bottle. Mass measurements of 
water applied with the pipette showed good repeatability only for the first drop. Therefore, 
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only one drop of water was used for the tests with a mass content of 0.04 g. One of the 
goals in the wet tests was to assess the recovery time, which is defined as the number of 
cycles necessary to recover to the dry adhesion level prior to water application (see Fig. 
2A.16). Therefore, the recovery time determined the number of cycles in which the 
applied water exerted an influence on adhesion. 
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Fig. 2A.16. Water application method tests at 0.5% slip. 

 
   Figs. 2A.17-2A.19 show the adhesion results obtained for the tests with water. In these 
tests, a single drop of water was applied not before the initial 20-50 cycles to ensure that 
the set slip had been reached. Care was taken that the water was applied before the 
friction modifier was entirely removed from the disk surfaces, which was established by 
examination of the results previously obtained in dry conditions tests. In addition, in the 
tests with FMs the drop of water was applied at around the same number of cycles for 
each slip tested to enable the comparison between them. As soon as water was entrained 
in the contact, the adhesion coefficient decreased. In wet conditions, the adhesion 
decreased to 0.2 for the baseline, and similarly for FMB. The lowest value in adhesion 
coefficient was observed with FMA and water, close to 0.07. The drop was smaller for 
FMA compared to baseline and FMB. Furthermore, the water applied seemed to interact 
with FMA forming a layer that remained throughout the tests at 0.5 and 1% slip. The 
shearing of that layer yielded an adhesion coefficient of 0.18-0.19. At 2% slip the layer 
was removed and starvation was reached at the end of the test. Special attention has to be 
paid to the sudden drop in adhesion in the initial part of the adhesion curve for FMA at 
2%, which was due to the break-up of the layer as pointed out previously for the dry tests. 
Furthermore, in the presence of water the lasting effect of FMB was shortened. The water 
seemed to help to remove FMB faster in comparison with the dry conditions.  
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Fig. 2A.17. Adhesion tests with one drop of water at 0.5% slip. 
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Fig. 2A.18. Adhesion tests with one drop of water at 1% slip. 
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Fig. 2A.19. Adhesion tests with one drop of water at 2% slip. 

 
   The recovery time observed in the tests is given in Table 2A.4. FMA showed the 
shortest recovery times in comparison with FMB and baseline for all the slip ratios tested. 
The increase in slip led to shorter recovery times for the baseline, as it is expected due to 
the removal of the water by higher differential speeds. The recovery time for the FMs is 
influenced by the amount of product present on the disks surfaces once water is applied. 
It has already been pointed out that the increase in slip leads to a faster removal of the 
FMs from the disk surfaces. If an insufficient amount of FM is available, the recovery 
time will be similar to that of the baseline. This was observed for FMB at 1 and 2% slips. 
On the other hand, the slip seemed to have negligible influence on the recovery time of 
FMA, which could be attributed to its long lasting effect. 
 

Table 2A.4. Recovery time (cycles) with a drop of water for baseline, FMA and FMB at 0.5, 1 
and 2% slip. 

 0.5% slip 1% slip 2% slip 
Baseline 316 cycles 190 cycles 103 cycles 

Friction Modifier A 66 cycles 73 cycles 80 cycles 
Friction Modifier B 147 cycles 183 cycles 103 cycles 

2A.4. Discussion 
In dry conditions the highest adhesion levels are obtained with the baseline, which are 
0.30-0.60 for the slip ratios considered. FMA shows moderate adhesion with values 
between 0.15 and 0.35 before starvation conditions are reached. FMB leads to adhesion 
values of 0.25-0.55. If water is applied to the disks contact, the adhesion coefficient drops 
between 30 and 65% depending on the slip and the FM used. The largest drop in adhesion 
is seen with both FMB and baseline. The lowest adhesion values are observed with FMA, 
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which are around 0.07 in the presence of water. On the other hand, baseline and FMB 
have an adhesion coefficient around 0.2 in the same conditions. Furthermore, the water 
applied seems to interact with FMA forming a layer that was not removed during the tests 
at 0.5 and 1% slip. The shearing of that layer yielded an adhesion coefficient of 0.18-0.19. 
The adhesion requirements differ for traction and braking operations, and they also 
depend on the type of vehicle under consideration. An adequate braking performance 
demands an adhesion up to 0.09, whereas in traction this can be up to 0.20 [2A.13]. 
Based on this, the low level of adhesion found with FMA in the presence of water may 
primarily lead to traction problems. On the other hand, the moderate adhesion level 
reached with FMA in dry contacts would be advantageous for reducing wear and the 
occurrence of rolling contact fatigue defects (e.g., squats [2A.21]) in rails subject to high 
tangential forces, like track sections where traction or braking is frequent and curves of 
small radius. However, it has to be acknowledged that the adhesion coefficients obtained 
in this testing may not be completely in agreement with the actual wheel-rail adhesion, 
because of the differences between actual and laboratory testing conditions as already 
pointed out in [2A.22]. Therefore, the results presented in this work can only be taken as 
qualitative representations of the actual wheel-rail situation to be used for comparisons 
between the products tested and the baseline. 

   In the presence of water the recovery time is one of the most important factors to 
consider, as it will determine the number of cycles in which the applied water exerts an 
influence on adhesion. The tests show that FMA has the shortest recovery times 
compared with FMB and baseline for the whole slip range studied. The increase in slip 
leads to shorter recovery times for the baseline, as it is expected due to the removal of the 
water by higher differential speeds. This removal effect also contributes to a faster 
removal of the FMs from the disk surfaces; therefore, the recovery time will approach the 
baseline if insufficient FM is available on the disk surfaces. This tendency was observed 
for FMB at 1 and 2% slips. On the other hand, the slip seemed to have negligible 
influence on the recovery time of FMA, which could be attributed to its long lasting 
effect. 

   The lasting effect of the FMs is a crucial parameter to take into account during the 
development stage of a FM because it has an economical impact on the costs of the 
railway network operators. The lasting effect of the FM will determine the frequency in 
which the FM has to be applied. In this study, it is shown that FMA has the longest 
lasting effect, which could be attributed to the strong matrix that is formed between the 
solid particles and the polymeric components. The adherence on the disk surfaces seems 
to be enhanced by the polymeric components. On the contrary, it seems that the solid 
particles in FMB tend to be removed from the disk surfaces once they are crushed due to 
the weak bond between particles and gelling agent. Furthermore, the lasting effect of 
FMB is reduced to a large extent in the presence of water.   

   The side effects in terms of damage to wheels and rails are a major concern when using 
FMs on a railway network. Rolling stock operators and infrastructure managers demand 
the damage to be as low as possible. In this work, it can be observed that the large 
particle size and hardness of the solid particles contained in FMB led to indentations on 
the disk surfaces. The hard large solid particles of FMB are necessary to be able to cut 
through the leaf layers that are formed in autumn on railheads, which is a design purpose 
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of this FM. On the contrary, no indentations are observed with FMA. In order to reduce 
surface damage, the toughness, hardness and size of the solid particles of the FM should 
be optimized. Indentations were also observed when simple sanding was used to increase 
adhesion [2A.12]. It was reported that sand particles embedded the softer wheel disk and 
scored the harder rail disk, due to the large difference in hardness between the steel 
materials. In our work, however, indentations are present in both wheel and rail disks, 
which can be attributed to the small difference in hardness of the wheel and rail steels. 

   Furthermore, the moderate adhesion coefficients obtained with FMA in dry conditions 
led to less plastic deformation on the disks compared to the baseline and FMB. The wear 
rates were also reduced by a factor of 3 in the tests with FMA compared to baseline and 
FMB. These facts would make FMA more beneficial from the railway maintenance point 
of view if the FMs are applied on sections where the rails experience high tangential 
forces as indicated above. Nevertheless, in these laboratory tests the disks have been 
scaled down, whereas the FMs have been used in real size; therefore, the results in wear 
and damage presented in this paper can only be taken as a reference of what happens in 
the actual wheel-rail contact, as already indicated in [2A.12].  

2A.5. Conclusions 
A twin-disk roller rig is used to simulate the wheel-rail contact in controlled laboratory 
conditions so as to study the performance of two water-based friction modifiers (FMs) in 
dry and wet contacts. These two FMs have been used or tested in several railway 
networks as adhesion enhancers. In this work, tests with the FMs and the baseline are 
carried out in dry and wet conditions at different slip ratios. Surface and subsurface 
examination of the disks is undertaken in order to assess the damage caused when using 
the FMs. The following conclusions are drawn: 

a) In dry conditions the highest adhesion coefficients are obtained with the 
baseline. FMA seems to form a durable third body layer that yields moderate 
adhesion coefficients in dry conditions, which could be beneficial from the 
point of view of railway maintenance. 

b) In the presence of water the adhesion coefficient is reduced to 0.2 for baseline 
and FMB, whereas 0.07 is reached for FMA. The latter may primarily lead to 
traction problems for the majority of the rail vehicles. 

c) FMA leads to a faster recovery time than both baseline and FMB for all the slip 
ratios considered. The increase in slip leads to shorter recovery time for the 
baseline, whereas it shows negligible influence on FMA. For FMB, the increase 
in slip leads to recovery times closer to the baseline due to the removal of FMB 
from the disk surfaces. Therefore, the use of adequate additives could enhance 
the adhesion recovery in wet contacts. 

d) FMA has longer lasting effect than FMB, which is attributed to its stronger 
matrix of solid particles and polymeric components. In the presence of water, 
the lasting effect of FMB is clearly reduced. Considering its impact on the costs 
of the railway network operator, improvements in the lasting effect of the FM 
are of importance. 
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e) The lowest wear is obtained with FMA, while FMB shows similar wear rates 
with the baseline. The amount of plastic deformation follows the same pattern 
of the wear, as determined by the adhesion history. 

f) Severe surface damage is observed when using FMB due to its large hard solid 
particles, which cause indentations and scratches on both disks. No indentations 
are observed with FMA. In order to reduce surface damage, the toughness, 
hardness and size of the solid particles of the FM should be optimized. 
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contacts VI 
 
 
 
ABSTRACT 
 

Leaf-related adhesion problems have been present in many railway networks all over the 
world in the last few decades. Since the early 1970’s many measures have been 
undertaken in order to mitigate the problem. One of the measures adopted by many 
railway networks is the use of friction modifiers. However, the low adhesion problem still 
persists. Furthermore, the effectiveness of these friction modifiers has not well proven yet 
due to the lack of research in controlled conditions. Consequently, the rolling stock 
operators and infrastructure managers do not clearly understand the performance and side 
effects of the friction modifiers used on their networks. In this paper, an investigation of 
the performance of two existent friction modifiers in controlled laboratory conditions is 
presented. These friction modifiers have been used or tested in several railway networks. 
A twin-disk roller rig has been used to study their performance in leaf contaminated 
contacts. The adhesion characteristics of both friction modifiers are examined for 
different slip ratios. The constituents of the friction modifiers are identified and the solid 
components are analyzed. In addition, damage that these friction modifiers may cause to 
wheel and rail is also discussed.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
VI  This chapter has been published as: Z. Li, O. Arias-Cuevas, R. Lewis, E.A. Gallardo-Hernandez: 
Rolling-sliding Laboratory Tests of Friction Modifiers in Leaf Contaminated Wheel-Rail Contacts. 
Tribology Letters 33 (2009) 97–109. 
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2B.1. Introduction 
The friction available between wheel and rail during braking and traction operation is 
known in the railway terminology as adhesion. It is a crucial factor for the railway 
industry as a minimum level of adhesion is required for an appropriate braking and 
traction performance of the rail vehicles. Adhesion is influenced by many factors such as 
vehicle speed, wheel slip, contact pressure, environmental conditions and natural 
contaminants. The major cause of decreasing adhesion is the natural contamination; water, 
rust, oil, and leaves, have been identified as being mainly responsible [2B.1-2B.5]. The 
combination of leaves and a small amount of water has been reported to bring the lowest 
adhesion levels, as it occurs during the autumn season [2B.6]. The leaves are normally 
swept up onto the rails by wind or the train’s slipstream, where they are crushed under the 
high wheel-rail contact pressure. Consequently, a Teflon-like leaf layer is formed, which 
has black colouration and is hard to remove. This layer is known to have low shear 
strength and high electrical resistance, which may bring about two negative consequences: 
low adhesion and electrical isolation [2B.6]. When low adhesion occurs, delays in the 
train service are the clearest consequence to the railway commuters. However, many 
other negative effects can arise, such as damages to wheels and rails, signals passed at 
danger, station platform overruns and, even, collisions. Flat wheels and rail burns caused 
by low adhesion may also lead to rolling contact fatigue defects such as squats [2B.7]. 
Therefore, not only the punctuality, but also the safety of the passengers can be 
threatened if low adhesion situations are encountered. Moreover, the annual costs of low 
adhesion to the railway industry were reported to be £50 million in United Kingdom 
[2B.6] and 100 million SEK in Sweden [2B.8]. In the Netherlands, extreme low adhesion 
conditions on a day in the autumn of 2002 caused wheel defects to increase up to 20% 
percent of the railway fleet, forcing the train operator to stop the services on most of the 
sections of the network during that day [2B.9]. 

   Several studies on wheel-rail adhesion in leafy contacts have already been conducted in 
both laboratory and field tests. A report on low adhesion published by the Rail Safety and 
Standards Board (RSSB) gives a good overview of the research and findings on leaf 
related adhesion problems in the last decades [2B.5]. Recently, a study into the 
characteristics of the leaf layer contamination was carried out by AEA Technology Rail 
(DeltaRail Group) in UK [2B.10]. They used a full scale wheel-on-rail test rig to produce 
leaf layer samples, whose mechanical and chemical properties were examined. The shear 
strength of the leaf layer was found to be inversely proportional to the moisture level; the 
thickness of the generated layer ranged from 10 to 100 µm, which implies that the metal 
surface asperities of wheel and rail will not touch each other in the presence of a leaf 
layer. The samples were analyzed using Fourier Transform Infra-Red (FTIR) 
spectroscopy; lignin, cellulose and pectin were found as the major constituents 
contributing to the adherence of leaf to the rail. Validation of the laboratory test results 
was undertaken by comparison with those of samples taken from the British railway 
network. Laboratory tests to investigate the friction behaviour in leaf contaminated 
contacts have also been carried out with pin-on-disk [2B.8], ball-on-disk [2B.11], and 
twin-disk [2B.12] tribometers. Olofsson and Sundvall [2B.8] showed in their pioneering 
laboratory work the influence of leaf contamination and humidity on sliding friction. In 
the presence of leaf contamination, the friction was significantly decreased compared to 
dry contacts; furthermore, the increase in relative humidity led to a decrease in sliding 
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friction. Cann [2B.11] investigated the friction properties of the leaf layers under 
different rolling speeds and slip ratios. In her work, she also analyzed the post-test 
contamination leaf layer using FTIR micro-spectroscopy; pectin and cellulose were found 
in the samples. She suggests that the water-soluble pectin reacts chemically with the 
metal to form iron pectate, which causes the black colouration of the leaf layers that has 
been extensively reported. Gallardo-Hernandez and Lewis [2B.12] obtained the traction 
curves (up to 5% slip) in dry and wet leafy contacts. The dry leaf layers gave the lowest 
adhesion values and the micro-hardness measurements showed that dry leaf layers were 
harder than wet ones. They also carried out tests with sand and leaves, in which an 
increase in adhesion using sand was observed. Besides, Lewis and Dwyer-Joyce 
published a study on the wear caused by sanding [2B.13]. 

   In order to fight low adhesion, some practical measures have already been applied in 
the abovementioned countries, such as vegetation management, rail cleaning methods and 
friction modifiers (FMs) [2B.5, 2B.6, 2B.14]. Simple sanding from the train or 
locomotive is used on railway networks world wide to overcome adhesion problems 
[2B.15]. In countries such as The United Kingdom and The Netherlands, other FMs have 
been used and tested in field during the last years [2B.5, 2B.14]. However, the low 
adhesion problem still persists. Furthermore, the effectiveness of these FMs has not been 
well proven yet due to the lack of research in controlled conditions. Consequently, the 
rolling stock operators and infrastructure managers do not clearly understand the 
performance and side effects of the FMs used on their networks. In this paper, a 
laboratory study of a widely used FM is presented together with another FM designed for 
wet wheel-rail contacts due to rainfall.  

   The aim of this work was to examine the performance of two FMs in leaf contaminated 
contacts. A study of these FMs in dry and wet contacts has already been carried out 
[2B.16]. Both FMs are water-based and have been designed to increase the adhesion in 
their respective target contamination conditions. One of the FMs—referred as FMB in 
this paper— has extensively been used in the autumn season on the Dutch and British 
railways networks to overcome adhesion problems, especially due to leaves and small 
amounts of water. In The Netherlands, FMB is primarily applied train-borne to top of 
both rails by means of a speed dependent pumping system, which delivers 4 cc/m per rail. 
The other FM—referred as FMA hereinafter— has been tested in a train depot in Japan to 
increase adhesion in the presence of water, and it was considered to be a potential 
adhesion enhancer for leafy contacts, although improvement may be needed. FMA is to 
be applied to the top of both rails in a very thin layer. In this work, a twin-disk roller rig 
has been used to simulate the wheel-rail contact in controlled laboratory conditions. The 
adhesion characteristics of the two FMs have been studied in leaf contaminated contacts 
for three different slip ratios: 0.5, 1, and 2%. The leaf layers obtained during testing have 
been analyzed by means of FTIR micro-spectroscopy in order to assess the leaf layer 
removal. The constituents of the FMs have been examined and their influence on 
adhesion improvement and disks damage has been discussed.  
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2B.2. Test set-up 

2B.2.1. Test roller rig 
The rolling-sliding tests were conducted on the SUROS (Sheffield University ROlling 
Sliding) roller rig, shown in Fig. 2B.1. A detailed description of the roller rig is given in 
[2B.17]. The test disks were mounted on independent shafts. By means of a hydraulic 
jack, a controlled contact pressure was achieved during the test. The slip ratio between 
the disks was prescribed by setting different rotational speed of the shafts and maintained 
constant throughout each test with a controller. The slip ratio is defined in Eq. 2B.1, 
where w  and r  are the rotational speed and rolling radius of the disks, respectively. The 
adhesion coefficient was calculated with the readings of the torque transducer and the 
load cell, as given in Eq. 2B.2 by T  and NF , respectively. A personal computer was used 

to acquire the data and to control both the speed and the load.  
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Fig. 2B.1. Schematic representation of the SUROS roller rig. 

2B.2.2. Test disks 
The test disks were cut from rails and wheel tires retired from service in the Dutch 
railway network; R260Mn and B5T steel for the rail and wheel, respectively. The disks 
were machined with their axes perpendicular to the longitudinal axis of both wheel and 
rail (see Fig. 2B.2). The Vickers macro-hardness of the wheel and the rail steel used in 
the tests was measured as 267 HV20kg and 281 HV20kg on average, respectively. Prior to 
testing, the disks were cleaned in a bath of Ethanol by means of ultrasonic vibration. The 
roughness of the new disks was measured as 1±0.2 µm on average with a profilometer. 
Before assembling the disks into the roller rig, their diameter was measured with a 
vernier calliper as necessary for the calculations of slip and adhesion coefficient. 

2B.2.3. Tested products 
The two water-based FMs tested in this work are applied to the top of the rail in order to 
increase the wheel-rail adhesion. Microscope photographs of the dried samples are given 
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in Fig. 2B.3. Friction Modifier A (FMA) contains several types of solid components, 
which have different physical and tribological characteristics that provide the final 
product with varied functionalities such as friction enhancement and film transfer 
between wheel and rail. Furthermore, there are several polymeric components in FMA, 
all of which assist in promoting adherence to the wheel and rail steel surfaces. In Fig. 
2B.3, it can be seen that the particles agglomerate after drying in an oven.  

   Friction Modifier B (FMB) is a mixture of an inorganic gelling agent, stabilizer, water, 
sand grains and stainless steel particles. The gelling agent promotes the adherence of the 
mix to the wheel and rail surfaces, while the stabilizer provides a reasonable storage life. 
The stainless steel particles guarantee adequate electrical conductivity of the mix, which 
is necessary for train detection. As FMB is applied from train mounted actuators directly 
into the wheel/rail contact, the lack of electrically conductive particles could lead to track 
circuit failure along the network. It can be seen from Fig. 2B.3 that the sand grains vary 
in size and type, as most probably come from different types of rocks. The black coloured 
particles correspond to the stainless steel, as pointed in Fig. 2B.3. 
 

 
Fig. 2B.2. Orientation and dimensions of the wheel and rail disks specimens. 

 

 
Fig. 2B.3. Microscope photographs of FMA (left) and FMB (right). 

 
   The leaves used in the experiments were from the sycamore tree. This type of tree is 
present along the Dutch railroads. The fallen leaves were collected in autumn 2006 in 
Utrecht, the Netherlands (see Fig. 2B.4). Once they were picked up, they were rinsed in 
water and frozen at -80 ºC to preserve there properties for the subsequent testing. Leaves 
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were still partially green, but the petiole was dead. In comparison with fully dead leaves, 
they should contain more soluble organic compounds. 

2B.2.4. Test procedure 
In the tests the wheel disk rotated faster than the rail disk; the rotational speed of the rail 
was maintained at 400 rpm, equivalent to 1 m/s of rolling speed. Since cylindrical disks 
were used in the experiments, a line contact of 10 mm width was present. A load of 4.7 
kN was applied on the disks producing a maximum Hertzian pressure of 1.2 GPa in the 
contact zone, which is representative of that between wheel tread and railhead for 
passenger trains in The Netherlands. Prior to application, the leaves were defrosted and 
cut into pieces smaller than the disk contact width to ease their entrapment into the disks 
interface. The small pieces of leaf were dried out before application. They were manually 
fed through a chute to the disks interface and being drawn through by a suction system 
located on the other side of the disks, as depicted in Fig. 2B.4. Initial trials demonstrated 
that 25 g of dry leaves were enough to create a relatively hard, durable leaf layer on the 
disks surface; subsequently, this amount was used for each test.  
 

 
Fig. 2B.4. Dutch sycamore leaves used in the tests (left) and experimental set-up (right). 

 
   Fig. 2B.5 depicts a typical complete test with all the stages. At the beginning of each 
test, the disks were run for 4000 cycles at 0.5% slip to condition the surfaces before the 
leaves were fed in; then 300-400 cycles were required to apply the necessary amount of 
leaves. Thus, the leaf layer generation simulated what happens in the real situation, in 
which repeated wheel passages compact and shear leaves on the top of the rail. Next, the 
test was stopped to apply the FM and/or to change the slip. The FM was painted onto the 
rail surface with a brush; care was taken that no leaf layer was removed in this procedure. 
In Fig. 2B.6, pictures of the disks with leaf layer on their surfaces can be seen as well as 
the FMs when these were applied. Finally, the test was run for 3000 cycles to examine 
the removal of the leaf layer in different contact conditions. For each test conducted with 
the FMs, a baseline (i.e., no FM applied) was first obtained so as to compare the 
performance of FMs with the untreated situation. The tests were carried out at 0.5, 1, and 
2% slip, which represent typical values that can be found in the contact between wheel 
tread and top of the rail. Furthermore, a thermometer and a hygrometer were next to the 
twin-disk rig. The ambient temperature recorded ranged from 24 to 28 °C and the relative 
humidity between 30 and 45%. 
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Fig. 2B.5. Typical complete adhesion test with run-in, leaf layer formation, and test with leaf 

layer on disks surface. 
 

 
Fig. 2B.6. Disks surfaces after leaf layer has been created and ready to test with: a) baseline; b) 

FMA; c) FMB. 
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2B.3. Results 

2B.3.1. Adhesion tests 
The adhesion performance of the two FMs and the baseline for a leaf contaminated 
contacts was investigated. During the feed of leaves, the adhesion coefficients registered 
were 0.01-0.04 for 0.5% slip, which is in agreement with previous work on the same 
roller rig [2B.12]. Note that on this roller rig an adhesion coefficient of 0.30 is typical of 
dry uncontaminated contacts for 0.5% slip [2B.12, 2B.16]. Once the feed of leaves was 
stopped and the test started again with the selected slip ratio, the leaf layer was gradually 
broken and removed from the disks surface with the increasing number of cycles; 
eventually metal-to-metal contact was reached either partially or completely.  

   The tests were run at 0.5, 1, and 2% slip, as shown in Figs. 2B.7-2B.9; a baseline data 
for a dry uncontaminated contact is also included (named baseline-dry) for the sake of 
comparison. In all the tests, FMB showed the best performance in breaking up the layer 
and, therefore, bringing the adhesion to that of uncontaminated dry contacts. On the 
contrary, tests with baseline and FMA did not reach the adhesion levels of the baseline-
dry contact after 3000 cycles for the slip ratios considered (see Figs. 2B.7-2B.9). 
Moreover, the influence of the leaf layer did not disappear at 0.5% slip for any of the 
three cases after 3000 cycles, indicating that higher slip or more cycles are necessary to 
deplete the leaf layer completely. However, much steeper initial slope was observed in 
the adhesion curves with both FMs at 0.5% slip, which led to faster recovery in adhesion 
compared to the baseline.  
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Fig. 2B.7. Leaf contaminated tests at 0.5% slip (and reference baseline-dry without 

contamination). 
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Fig. 2B.8. Leaf contaminated tests at 1% slip (and reference baseline-dry without contamination). 
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Fig. 2B.9. Leaf contaminated tests at 2% slip (and reference baseline-dry without contamination). 
 
   Furthermore, a moderate adhesion characteristic of FMA was observed in these tests; a 
third body layer was formed at the disks surface that yields lower adhesion coefficients 
than the baseline. This moderate adhesion behaviour was already observed in a previous 
work with FMA in dry and wet contacts [2B.16]. In the baseline test at 2% slip, it seemed 
that the abrupt increase in slip when the disks are brought into contact could have caused 
the leaf layer to be depleted, yielding an instantaneous increase of 0.14 in the adhesion 
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coefficient, as indicated in Fig. 2B.9. The abrupt increase in adhesion did not occur for 
the tests at 2% with FMs, which may be attributed to their water and solid contents that 
accommodate the slip. 

   The level of adhesion necessary for an adequate braking and traction performance 
depends on the train type, composition, and the traction and braking systems. It is well-
known that the adhesion required for braking is lower than for traction. As an example, 
one of the most adhesion demanding electrical multiple-units running on the Dutch 
railway network requires 0.14 for braking and 0.24 for traction. In this work, we took as 
reference the adhesion requirements given in [2B.5], which are 0.09 in braking and 0.2 in 
traction. Table 2B.1 gives an overview of the number of cycles required for the tests with 
FMs and the baseline tests to reach those requirements for each slip considered. It can be 
seen that FMB always reached adequate adhesion levels first for all slip ratios. There 
seemed to be an optimum slip of 1% for FMB in both traction and braking, which may be 
due to the balance in the removal of the leaf layer and FMB from the disks surfaces. This 
optimum slip was observed with FMA only for braking; the moderate adhesion 
characteristic of FMA breaks the tendency for traction, as shown in Table 2B.1. In 
addition, for the baseline it was found that the higher the slip the better the performance, 
as it could be expected due to the associated higher rate of removal of the leaf layer. 
 

Table 2B.1. Number of cycles required to reach the adhesion for adequate braking and traction 
performance. 

Braking (µ=0.09)  Traction (µ=0.2) 
 

0.5% slip 1% slip 2% slip 0.5% slip 1% slip 2% slip 
Baseline 515 115 0 2255 982 667 

FMA 245 207 220 
not 

reached 
1884 1151 

FMB 187 35 70 1965 65 145 

2B.3.2. IR spectroscopy analysis 
After running each adhesion test, the remaining layers were analyzed using FTIR 
microspectroscopy. By looking at the organic components of those layers, it was possible 
to determine whether the leaf layer had been removed from the disk surface. In order to 
establish a reference, IR micro-reflection spectra of the sycamore leaf and the FMs were 
taken.  

   In Fig. 2B.10 the spectra of the remaining layers in the adhesion tests with FMA are 
depicted; the leaf and FMA samples used in those tests are also included together with the 
leaf layer resulting from the preliminary feeding stage before FMA is applied. Similar 
spectra can be observed for the leaf sample and the created leaf layer. There was a broad 
reflection peak from 3100-3700 cm-1 that is presumably due to water OH stretch 
vibrations. The two characteristic peaks at 2920 and 2850 cm-1 could be related to lignin 
present in the leaf sample, while the absorption profile from 1800-800 cm-1 is from other 
compounds present in leaves thoroughly explained in [2B.11]. It is worthwhile to 
mention that the peak at 1600cm-1 could be attributed to lignin because the riblets of our 
leaf samples were not removed. Furthermore, FMA showed a high moisture content 
(peak at 3100-3700 cm-1), a characteristic peak at 1640 cm-1 and a rise in absorbance 
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below 900 cm-1. Moreover, the spectra of the remaining layer in the test at 2% slip 
showed the most similar pattern with the leaf layer. It can also be seen that there was 
some FMA in that layer, which caused the rise in absorbance below 860 cm-1. Hence, 
FMA seemed to mix with the leaf layer in that test forming a layer that led to a reduction 
of 60% in the adhesion coefficient compared to the dry uncontaminated contact at 2% 
slip (see Fig. 2B.9). Similar findings applied to the post-test layer at 1% slip, in which the 
reduction of the adhesion coefficient was 42%.  
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Fig. 2B.10. IR micro-reflection spectra of initial samples, leaf layer and post-test layers with 

FMA. 
 
   FMB showed mainly the same characteristic peaks in spectra as FMA (see Fig. 2B.11); 
however, different spectra peaks were observed in the range of 1500-1000 cm-1. In the 
tests with FMB, post-test layers were only found at 0.5% slip. This remaining layer 
seemed to have some FMB left as shown by the rise in absorbance below 820cm-1. Some 
of the characteristic peaks of the leaf layer spectra were also observed, e.g. at 
wavelengths 1600cm-1 and 1020 cm-1 on the post-test layer spectra, which would indicate 
that the leaf layer was not completely removed in the test. Thus, the adhesion did not 
fully recover with 30% decrease compared to the dry uncontaminated contact, as shown 
in Fig. 2B.7. 
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Fig. 2B.11. IR micro-reflection spectra of initial samples, leaf layer and post-test layer with FMB. 

2B.3.3. Leaf layer and friction modifiers solid par ticles analysis 
Fig. 2B.12 (left) shows an example of the leaf layer generated after 4000 cycles of run-in 
and 300-400 cycles of leaves application. Different coloration is observed on the layers 
present on the disks surface. Some light greenish layers correspond to adhered leaf mulch; 
whereas the majority of the layers present a black coloration and are firmly adhered on 
the disks surfaces. The latter layers have been identified in this paper as the black leaf 
layer that is equivalent to that found on the railway track. In Fig. 2B.12 (right) the 
remaining layer on the disks surfaces after 3000 cycles of removal test is shown. The 
previously generated black leaf layer is not fully removed from the disks surface after 
3000 cycles in baseline conditions at 0.5% slip, as some patches still adhere to the disk 
surface. This proves that the generated black leaf layer is very durable as it has also been 
reported from observations on the track [2B.5, 2B.6]. 

   The particle size of the FMs determines whether the particles could prevail over the leaf 
layer to interact with wheel and rail in a metal-particle-metal contact, as compared to the 
thickness of the leaf layer. The particle size distribution of both FMs was measured by 
means of a laser particle analyzer; the results are depicted in Fig. 2B.13. In FMA two size 
ranges of solid particles were predominant in the mix: 10 and 100 µm. The solid particles 
of FMB had a larger size, which ranged from 300 to 2000 µm. The thickness of the post-
test leaf layer (i.e., after 3000 cycles of removal test) was measured with an optical 3D 
profiling system WykoNT3300 (Veeco Metrology Group, USA). The values of thickness 
ranged 3-13 µm. 
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Fig. 2B.12. Leaf layers on the disks surface after generation test (left) and after removal test 

(right). 
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Fig. 2B.13. Particle size distribution of FMA and FMB (proportion given in volume). 

 
   In order to study the rupture strength and associated particle size change, particle 
strength analyses of the FMs were carried out by means of a high precision press in the 
laboratory. An individual particle of each FM was put between two metal plates and 
subject to normal load in a displacement controlled process. Fig. 2B.14 depicts the most 
representative tests. The difference in stiffness of the particles contained in FMB (i.e., 
stainless steel and sand) was observed in terms of different initial load-deflection slope. 
The sand particles had a steeper slope and presented a brittle behaviour. They could be 
either crushed for a few times into dust (as shown with particle FMB_S2) or be 
embedded in the softer steel material (see particle FMB_S1). If the sand particles were 
crushed, smaller particles were formed that could bear the load until dust was finally 
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formed. The reduction in size in the tests ranged from 50 to 400 µm, until no more load 
could be born by the particles. On the other hand, the stainless steel particles underwent 
plastic deformation owing to their ductility; some particles just flattened and remained 
unbroken throughout the test (as seen in FMB_SS2), some broke and were further 
deformed (as observed in FMB_SS1). There was a slight change in slope between 
FMB_SS1 and FMB_SS2, which can be attributed to the amorphous shape of the 
particles that leads to a different contact area. The solid particles contained in FMA broke 
up at smaller loads (around 0.5 N) due to its small size compared to FMB. The decrease 
in size ranged from 20 to 80 µm before dust was formed. 
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Fig. 2B.14. Particle strength tests of FMB (SS = Stainless Steel, S = Sand) and FMA solid 

particles. 
 
   In addition, the hardness of the solid particles contained in the FMs will determine the 
effectiveness of cutting through the leaf layer. The hardness of the leaf layer remaining 
after each test was measured by means of Vickers micro-indentation technique; average 
values between 47 HV10g and 68 HV10g were obtained depending on the degree of 
compaction of the layer. This is in line with previous work carried out with leaves on the 
same roller rig [2B.12]. The hardness of the solid particles of both FMs was also 
measured using the same technique. The stainless steel particles of FMB gave an average 
320 HV10g, while an average of 1500 HV10g was obtained for the sand particles. Despite 
many attempts, the hardness measurements of the particles contained in FMA were not 
successful due to their small size.  

2B.3.4. Disk surface analysis 
After completion of the tests, the surface of the disks was examined. No surface damage 
was found in the baseline tests. In the tests with FMB, the hard solid particles, which 
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were responsible for cutting through the leaf layer, caused indentations on the surface of 
both wheel and rail disks. The indentations varied in size from 0.8 to 2 mm in equivalent 
diameter and with 50 µm depth on average. A picture of an indented rail disk together 
with a microphotograph of the indentation is given in Fig. 2B.15. Similar findings for 
different solid contaminants have been presented by other researchers [2B.13, 2B.18], 
and also in a previous work carried out with FMB in dry and wet contacts [2B.16]. On the 
contrary, no surface damage was observed when using FMA.  

2B.4. Discussion 
The adhesion coefficient during the feed of leaves ranged from 0.01 and 0.04 for 0.5% 
slip. Once the feed of leaves was stopped, the adhesion increased with the cycles as the 
leaf layer was removed from the disks surfaces. FMB showed the fastest recovery in 
adhesion for both braking and traction. It was up to 70% faster in braking and up to 93% 
faster in traction compared to the baseline. Hence, when using FMB in real wheel-rail 
systems the number of wheel passages needed to restore adhesion to an adequate level for 
traction could be reduced by a factor of up to 15; whereas in braking the improvement 
factor could reach up to 3. However, these results can only be taken as a qualitative 
indication of the actual wheel-rail situation because of the differences with the twin-disk 
setup, as already outlined in [2B.15]. On the other hand, the moderate adhesion 
characteristics of FMA brought about slower recoveries in adhesion for traction 
requirements when compared to the baseline for all slips considered. In addition, it is 
worth to notice that in this work we have tested the traction operation, in which the wheel 
slips over the rail; however, we have also used our results for comparisons with the 
braking requirements. In braking operation, the rail would be represented by the faster 
disk and the wheel by the slower one. Nevertheless, previous research has shown that 
there exists a negligible influence on the adhesion results when changing the direction of 
the slip [2B.19]; therefore, our adhesion results can be used for both traction and braking.  

   By means of these tests, the optimum slip ratio for the best adhesion recovery in the 
different contact conditions could be investigated. For the baseline, it was found that 
faster adhesion recovery was achieved at higher slips, as it could be expected due to the 
increased removal effect. An interesting direction of research would be to study which 
optimum slip is necessary to remove the leaf layer without much additional damage to 
wheels and rails. If trainborne leaf layer detection techniques were developed, the wheels 
could be set to a certain slip in order to remove the leaf layer from the rails for the 
subsequent wheels. In the tests with FMB, an optimum was observed at 1% slip in 
reaching both braking and traction adhesion requirements. This optimum can be 
explained as a balance between the amount of FMB and leaf layer that is removed from 
the disks surface. When using FMA, the optimum could also be observed at 1% slip, but 
only from the point of view of braking. For traction, it seems that FMA cannot bring the 
adhesion to what is required, unless FMA is removed from the disks surface. This finding 
is in good agreement with observations from previous work with FMA in dry contacts, in 
which it was found that FMA decreased adhesion compared to the baseline to moderate 
values in uncontaminated dry conditions [2B.16].  

   When compared to the thickness and hardness of the leaf layer, the size and hardness of 
the solid particles contained in the FM will primarily determine the capacity to break up 
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the leaf layer and restore the adhesion back to acceptable levels. Measurements of the leaf 
layer thickness in both field and laboratory scale have been performed in the United 
Kingdom [2B.5, 2B.10]. The thickness ranged from 10 to 100 µm depending on the 
compaction to which the leaves had been subjected. Samples of leaf layer taken from the 
Dutch railways network in autumn 2006 have been measured with thickness 20-30 µm. In 
our laboratory tests, the thickness of the post-test leaf layer ranged 3-13 µm. This layer 
thickness is larger than the wheel and rail disks roughness; therefore, the layer may 
inhibit the metal-metal contact. The particle size of the FM determines whether the solid 
particles will interact with the wheel and the rail in a metal-particle-metal contact. The 
solid particles of FMB could prevail over the leaf layer due to its large size; while the 
initial particle size of FMA is in the same range as the leaf layer thickness. Nevertheless, 
one must bear in mind that the majority of the particles will break up due to the high 
wheel-rail contact pressure. This phenomenon was investigated for sand particles [2B.13] 
and for crushed granite ballast [2B.18]. Broken-up particles will have smaller size and 
may be entrapped within the third-body leaf layer; thus, losing its effectiveness. The 
strength analysis tests showed a reduction of 20-80 µm in size for the solid particles of 
FMA and 50-400 µm for the sand particles contained in FMB. The stainless steel 
particles of FMB either deformed due to their ductility or broke with a maximum 
reduction in size of 200 µm. Hence, the broken-up FMA particles may be entrapped 
within the third-body leaf layer; whereas the solid particles of FMB would still have 
larger dimensions than the leaf layer thickness. Moreover, considerations on the 
feasibility of small particles to get entrained in the wheel-rail contact must be taken into 
account, as it was already mentioned in [2B.13]. Observations during the testing showed 
that a great number of particles of FMB were expelled due to their large particle size. 
Therefore, the size of the solid particles of a FM should be optimized towards adequate 
particle entrapment and efficacy against leaf layer thickness.  

   In addition, the hardness of the solid particles of the FM will determine the 
effectiveness of cutting through the leaf layer. The hardness of the leaf layer mainly 
depends on the degree of compaction (given by the contact load and wheel slip) and the 
water content. It was shown in previous laboratory tests that dry leaf layers are harder 
than wet ones [2B.12]. In fact, the softening effect of water can help in the removal of the 
leaf layer, as already mentioned in the literature [2B.5, 2B.10]. In this paper, only dry leaf 
layers have been tested, as they represent the hardest to be removed from the wheel and 
rail surfaces. In field and full-scale tests carried out in The United Kingdom, leaf layers 
have been reported to have a hardness of 1-4 in Mohs scale [2B.10]. In previous work 
with dry and wet leaves on the SUROS roller rig, micro-hardness of the layer was 
reported to range from 15 to 60 HV1g [2B.12]. In this paper, the micro-hardness of the 
layers ranged 47-68 HV10g depending on the degree of compaction of the layer. The solid 
particles of FMB are harder than the leaf layer. Accordingly, the solid particles could 
effectively cut through the leaf layer, leading to a fast recovery in adhesion as shown in 
this paper. Conversely, they caused indentations on the surface of both wheel and rail 
disks. FMA did not show as effective break-up of the leaf layer as FMB; however, no 
indentations were observed in the tests with FMA. Hence, it can be concluded that the 
hardness of the solid particles of a FM should be optimized to a compromise between 
effective leaf layer removal and minimized surface damage to wheel and rail.  
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   Moreover, it is worthwhile to emphasize that the study here presented corresponds to 
the post-application of the FMs, i.e. application of the FM once the leaf layer is already 
present on the disks surfaces. An interesting possibility and still open question is whether 
the pre-application of the FM would be effective in hindering the formation of the leaf 
layer. Some trials were carried out by the authors, in which the rail disk was coated with 
FM before leaves were applied. Unfortunately, those trials did not lead to clear results 
due to stability problems of the roller rig that yielded wrong measurements in the torque 
transducer. 

2B.5. Conclusions 
The leaf contaminated wheel-rail contact has been simulated in rolling-sliding conditions 
with a twin-disk roller rig in closely controlled laboratory tests. The leaf layer has been 
generated in similar conditions to the actual wheel-rail contact. Two water-based FMs 
have been tested in order to evaluate their performance to overcome low adhesion 
problems associated with leaves. FMB has been extensively used in the Dutch and British 
railways networks for the last years to overcome adhesion problems, especially leaf-
related ones during autumn. FMA was tested successfully in wet contacts and its 
performance in leafy contacts was of much interest. In order to compare the results of the 
FMs with the untreated conditions (i.e., without FM), a baseline has also been tested. This 
work yields the following conclusions: 

(a) In the presence of leaf layer the adhesion coefficient is between 0.01 and 0.04. 
As the leaf layer is removed after some necessary cycles, adhesion recovers to 
a certain degree. FMB shows the largest adhesion recovery as its large hard 
solid particles effectively break up the leaf layer. 

(b) FMB leads to the fastest adhesion improvement in both traction and braking 
requirements with a reduction in cycles of up to 93 and 70%, respectively, 
when compared to the baseline. FMA seems to be slower than the baseline 
due to its moderate adhesion characteristics. 

(c) An optimum in adhesion recovery is found at 1% slip for FMB due to the 
balance between leaf layer and FMB removal. For FMA the optimum is also 
at 1% for braking, while for traction the higher the slip the better the 
performance due to its moderate adhesion characteristics. In baseline 
conditions, higher slip leads to better performance in both traction and braking 
because of the increased removal effect. 

(d) FTIR microspectroscopy showed that FMA seems to mix up with the leaf 
layer forming a layer that reduces the adhesion coefficient between 42 and 
60% in the tests with FMA at 1 and 2% slip, respectively, as compared to the 
clean dry conditions. 

(e) Two parameters of a FM play the main role in adhesion recovery: the hardness 
of the solid particles and the particle size. These two parameters need to be 
designed in accordance with the hardness and thickness of the leaf layer so as 
to optimize the removal of leaf layer. 

(f) The large hard particles of FMB cause indentations to the wheel and rail disk 
surfaces; whereas, no indentations are observed as caused by the small 
particles of FMA. Therefore, a compromise needs to be found for the hardness 
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and size of the solid particles when a FM is developed in order to cut through 
the leaf layer and not cause severe surface damage on wheel and rail. 

References 
[2B.1] T.M. Beagley, I.J. McEwen, C. Pritchard: Wheel-Rail Adhesion Boundary 
Lubrication by Oily Fluids. Wear 31, 77-88 (1975). 
[2B.2] T.M. Beagley, I.J. McEwen, C. Pritchard: Wheel/Rail Adhesion — The Influence 
of Railhead Debris. Wear 33, 141-152 (1975). 
[2B.3] T.M. Beagley, C. Pritchard: Wheel/Rail Adhesion — The Overriding Influence of 
Water. Wear 35, 299-313 (1975). 
[2B.4] T.M. Beagley: The Rheological Properties of Solid Rail Contaminants and Their 
Effect on Wheel/Rail Adhesion. Proc. of the Inst. of Mech. Eng. 190, 419-428 (1976). 
[2B.5] C.R. Fulford: Engineering Review of Low Adhesion Research. Report published 
by Rail Safety and Standards Board, UK (2004). 
[2B.6] Managing Low Adhesion. Report published by the Adhesion Working Group, UK 
(September 2001). 
[2B.7] Z. Li, X. Zhao, C. Esveld, R. Dollevoet, M. Molodova: An Investigation into the 
Causes of Squats—Correlation Analysis and Numerical Modeling, Wear (in press 2008). 
[2B.8] U. Olofsson, K. Sundvall: Influence of Leaf, Humidity and Applied Lubrication 
on Friction in the Wheel-Rail Contact: Pin-on-Disc Experiments. Journal of Rail and 
Rapid Transit 218, 235-242 (2004). 
[2B.9] Press release by the Dutch Railways in Dutch, www.ns.nl (October/November 
2002). 
[2B.10] W. Poole: Characteristics of Railhead Leaf Contamination. Summary Report 
published by Rail Safety and Standards Board (May 2007). 
[2B.11] P.M. Cann: The ‘Leaves on the Line’—a Study of Leaf Residue Film Formation 
and Lubricity under Laboratory Test Conditions. Tribology Letters 24, 151-158 (2006). 
[2B.12] E.A. Gallardo-Hernandez, R. Lewis: Twin Disk Assessment of Wheel/Rail 
Adhesion. Wear (in press 2008). 
[2B.13] R. Lewis, R.S. Dwyer-Joyce: Wear at the Wheel/Rail Interface when Sanding is 
Used to Increase Adhesion. Journal of Rail and Rapid Transit 220, 29-41 (2006). 
[2B.14] Gladde Sporen, Oplossingsrichtingen voor Adhesieproblemen. Report published 
by the Dutch Railways Technical Research (NSTO) in Dutch (1999). 
[2B.15] U. Olofsson, R. Lewis: Tribology of the Wheel-Rail Contact. In Iwnicki, S. (ed.), 
Handbook of railway vehicle dynamics, Taylor & Francis Group, Boca Raton, pp. 121-
141 (2006). 
[2B.16] O. Arias-Cuevas, Z. Li, R. Lewis, E.A. Gallardo-Hernandez: Rolling-Sliding 
Laboratory Tests of Friction Modifiers in Dry and Wet Wheel-Rail Contacts (to be 
published). 
[2B.17] D.I. Fletcher, J.H. Beynon: Development of a Machine for Consely Controlled 
Rolling Contact Fatigue and Wear Testing. Journal of Testing and Evaluation 28, 267-
275 (2000). 
[2B.18] D.G. Grieve, R.S. Dwyer-Joyce, J.H. Beynon: Abrasive Wear of Railway Track 
by Solid Contaminants. Journal of Rail and Rapid Transit 215, 193-205 (2001). 
[2B.19] L. Deters, M. Proksch: Friction and Wear Testing of Rail and Wheel Material. 
Wear 258, 981-991 (2005). 



 

 

Chapter 3 
Sanding 
 
 
 
ABSTRACT 
 

Chapter 3 presents laboratory and field investigations on sanding. These investigations 
have been partially motivated by some findings in Chapter 2 that have shown the 
importance of the particle size for the suitability of a FM.  In addition to the sand size, 
other sanding parameters, such as feed rate, number of sanding axles and wheel slip are 
also investigated. The chapter is divided into four parts. Part A presents some laboratory 
tests in initially leaf contaminated contacts, in which the influence of the particle size and 
wheel slip on adhesion and wheel/rail wear is examined. Part B shows the results of 
laboratory tests in dry contacts aimed at analyzing the effect of particle size, feed rate and 
wheel slip on adhesion and electrical insulation during sanding. Part C studies with 
laboratory tests the effect of particle size, number of sanding axles and wheel slip on the 
adhesion recovery in leaf contaminated contacts. Part D, as a first step towards the 
validation of some laboratory findings, examines the influence of particle size and 
number of sanding axles on the adhesion recovery in leaf contaminated contacts by 
means of field tests. Moreover, baselines (i.e. no sand applied) have also been obtained in 
Parts A-D to quantify the relative effect of sanding and contribute to a better 
understanding on the low adhesion phenomenon.  
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Chapter 3, Part A 
Laboratory tests on adhesion and wear VII 
 
 
 
ABSTRACT 
 

The adhesion (or utilized friction) in the wheel-rail contact is the most important 
parameter in braking and traction operation of rail vehicles. Since the beginning of 
railway transportation, sanding from the locomotive has been a common practice to 
enhance the wheel-rail adhesion in most of the railway networks. In recent years, sanding 
has also been used in electrical multiple units in some countries. Sand-based friction 
modifiers are another practical measure that some railway organizations have been using 
to overcome low adhesion incidents caused by contamination like autumn leaves. 
Although sand has widely been accepted as an effective adhesion improver in most of the 
contamination conditions, there seems to be a lack of understanding on the influence of 
the sand particle size. This hinders not only a possible optimum sanding practice, but also 
the development of suitable sand-based friction modifiers. Furthermore, the wheel slip at 
which sanding is activated is another relevant parameter that may help optimize sanding 
practice. In this paper, a laboratory investigation on the influence of particle size and slip 
on the adhesion and wear obtained during railway sanding is presented. The wheel-rail 
contact has been simulated by means of a twin-disk roller rig in rolling-sliding motion. 
Three different slips representative of actual traction and braking operations have been 
considered in the testing. Four different sands have been used to account for the influence 
of the particle size. The results show that a large particle size of sand yields a higher 
adhesion coefficient, but it may bring about more wear depending on the slip. The 
increase in slip leads to higher adhesion coefficients, but it also brings along higher wear 
rates of wheel and rail disks. 
 

 
 
 
 
 
 
 
 
 
 

                                                 
VII  This chapter has been submitted in 2009 for publication to Journal of Wear as: O. Arias-Cuevas, Z. Li, R. 
Lewis: A Laboratory Investigation on the Influence of the Particle Size and Slip During Sanding on the 
Adhesion and Wear in the Wheel-Rail Contact. 
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3A.1. Introduction 
The adhesion between wheel and rail is a crucial factor in railway transportation, as it 
determines the acceleration and braking capabilities of a train. The increasing demands in 
railway transportation have led to faster trains with higher accelerations and decelerations; 
however, the adhesion still remains limited by the available friction between the steel 
wheels and rails. Consequently, low adhesion problems have been present in many 
railway networks in recent decades, especially those related to leaf contamination in 
autumn [3A.1-3A.4]. Since the beginning of railways, sanding has been a common 
practice to increase the adhesion of locomotives [3A.5]. In some countries like Germany 
and the UK, sanding has also become a common practice to overcome low adhesion 
conditions experienced by Electrical Multiple Units (EMUs) [3A.6, 3A.7]. Besides 
sanding, many railway organizations have opted for using friction modifiers (FMs), some 
of which may contain sand or other solid particles to increase the adhesion level under 
certain contamination conditions [3A.1, 3A.4, 3A.8].  

   Several investigations on sanding have been carried out [3A.5, 3A.9-3A.12]. Andrews 
[3A.5] investigated the adhesion values given by some mineral powders (silica sand 
among them). He proposed an empirical relationship in which the adhesion increased 
proportionally with the product of particle hardness and size of the mineral powders. 
However, only one particle size was used for each mineral tested, and his empirical 
relationship is restricted to particle sizes smaller than 0.4 mm. Astle-Fletcher [3A.9] 
stated that the working principle of sanding was mainly achieved by mechanical 
interlocking of sand particles with the roughness of the wheel and rail surfaces. He also 
presented an investigation of the most important parameters in the sand applicators, such 
as proximity to the contact interface and velocity. Kumar et al. [3A.10] carried out 
laboratory investigations to analyze the wear and adhesion experienced by sanding on 
locomotive wheels and they compared it to dry steel-on-steel contacts. The wear rates 
were shown to increase by an order of 1 to 2 due to the application of sand. The sand 
increased the adhesion in oily contacts. An increase in the adhesion coefficient with slip 
on dry contacts during sanding was shown. Nevertheless, slip only up to 1% was used in 
their work, which is below those found in practice under low adhesion conditions. More 
recently, Lewis et al. [3A.11, 3A.12] showed that sanding can help to overcome low 
adhesion caused by leaves and water, but wear was increased by factors between 2 and 10 
during sanding.  

   Although sand has widely been accepted as an effective adhesion improver in most of 
the contamination conditions, there seems to be a lack of understanding on how sand 
particle size affects adhesion, electrical insulation and wear in the wheel-rail contact. This 
hinders not only a possible optimum sanding practice, but also the development of 
suitable sand-based FMs. There exist several standards on sanding, in which 
specifications on different requirements in the particle size distribution of the sand can be 
found. The particle size distribution is given in the standards as 0.7-2.8 mm in the UK 
[3A.6], 0.63-2 mm in Germany [3A.13], and 0.1-0.6 mm in France [3A.14]. Furthermore, 
sanding can be activated manually by the driver or automatically by the Wheel Slide 
Protection (WSP) and Traction Control (TC) systems. The activation by the WSP/TC 
systems is triggered with a certain wheel slip (or slide) threshold. Nevertheless, there is 
no grasp on how relevant the wheel slip can be on the performance of sanding, not only 
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in terms of adhesion, but also its impact on wear and electrical insulation. All these facts 
encouraged the authors to investigate the influence of the particle size, feed rate, and 
wheel slip during sanding on adhesion, electrical insulation, and wear of wheels and rails. 
This paper describes the influence of particle size and wheel slip on adhesion and wear. 
Another paper will be published by the authors to present the influence of the particle size, 
feed rate, and wheel slip on adhesion and electrical insulation [3A.15].  

   In this work, the wheel-rail contact is simulated by means of a twin-disk roller rig under 
closely controlled laboratory conditions. The adhesion coefficient during sanding in 
initially leaf contaminated contacts at three different slips and four sand particle size 
distributions has been analyzed. The wheel and rail disks have also been examined after 
each test to analyze the wear, not only in terms of mass loss, but also the surface damage, 
surface work-hardening, and subsurface deformation caused by sanding at different sizes 
and slips. 

3A.2. Test description 

3A.2.1. Test set-up 
The SUROS (Sheffield University ROlling Sliding) roller rig was used to simulate the 
wheel-rail contact in rolling-sliding conditions. The SUROS roller rig, which is shown in 
Fig. 3A.1, is described in detail in the literature [3A.16]. The test disks were mounted on 
independent shafts. By means of a hydraulic jack, a controlled load of 4.7 kN was applied 
on the disks producing a maximum Hertzian pressure of 1.2 GPa in the contact zone, 
which is representative of the contact between wheel tread and railhead for passenger 
trains in the Netherlands. Since cylindrical disks were used in the experiments, a line 
contact of 10 mm width was present (see Fig. 3A.2). In the tests, the wheel disk rotated 
faster than the rail disk to realize the slip; the rotational speed of the rail was maintained 
at 400 rpm, equivalent to 0.98 m/s of rolling speed. The slip is defined in Eq. 3A.1, where 
w  and r  are the rotational speed and rolling radius of the disks, respectively. The 
adhesion coefficient was calculated with the readings of the torque transducer and the 
load cell, as indicated in Eq. 3A.2, where   represents the torque and   is the normal 
contact force. A personal computer was used to acquire the data and to control both the 
speed and the load during each test.  
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      The test disks were cut from rails and wheel tires retired from service on the Dutch 
railway network; R260Mn and B5T steel for the rail and wheel disks, respectively. The 
disks were machined with their axes perpendicular to the longitudinal axis of both wheel 
and rail, as shown in Fig. 3A.2. The Vickers macro-hardness of the wheel and the rail 
steel used in the tests was measured as 267 HV20kg and 281 HV20kg on average, 
respectively. The roughness of the disks was measured with a profilometer, with an 
average value of Ra = 1.3±0.2 µm. Note that this value is close to values of roughness 
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measured with a Hommel tester on the running band of rails of a traction/braking section. 
In addition, the European standard for the manufacturing of wheels specifies that the 
initial surface roughness must be lower than 6.3 µm on the tread on average [3A.17]. But, 
laboratory investigations have shown that rough wheels tend to approach a roughness 
level close to the one of the smoother rails [3A.18-3A.19].  
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Fig. 3A.1. Schematic representation of the SUROS roller rig. 

 

 
Fig. 3A.2. Orientation and dimensions of the wheel and rail disks specimens. 

3A.2.2. Tested sands 
Two types of commercial sand were used in this work: silica sand and filter sand. The 
silica sand had been extracted from a pit in south Germany, whereas the filter sand had 
been collected from a river in the Netherlands. A photograph of the sands is given in Fig. 
3A.3. The particle size distribution of the sands was measured with a laser particle 
analyzer and is given Fig. 3A.4. The filter sand is used in the Netherlands to increase the 
adhesion in railways; thus, it is hereinafter referred to as railway sand, R sand for short. 
Although different rocks can be seen in the sample, the weight content in SiO2 is around 
96% as given by the supplier. The particle size distribution of R sand ranged from 0.25 to 
1.4 mm with a wide peak at 0.6-1 mm, as shown in Fig. 3A.4. The silica sand had a SiO2 
content around 99% according to the supplier. It was sieved in the laboratory to three 
different particle size ranges: small (0.06-0.3 mm, with peak at 0.15 mm), medium (0.3-
0.6 mm, with peak at 0.35 mm), and large (0.85-1.6 mm, with peak at 1.2 mm). These 
three sands are referred in this paper as S sand, M sand and L sand, for short. Moreover, 
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due to the similar composition, shape, and hardness of the four tested sands the particle 
size distribution could be considered as the only study parameter for this work. 
 

 
Fig. 3A.3. Photograph of the tested sands: S sand, M sand, L sand, R sand. 
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Fig. 3A.4. Particle size distribution of the tested sands obtained with the laser particle analyzer. 

 
   The sand was fed to the disk interface by means of gravity, as shown in Fig. 3A.5. After 
exiting the valve, the sand passed through a PVC pipe and was oriented to the disk 
interface with a chute. A vacuum cleaner placed behind the disks sucked the sand into the 
wheel-rail contact, which simulated the compressed air system used in reality. In order to 
regulate the sand feed rate, plastic syringes were used as valves. The orifice had to be 
modified to achieve the desired feed rate. The different particle size distribution of the 
four sand types required different orifice sizes because of their different bulk density. In 
this work, the sand feed rate used was around 7.35 g/s, which equates to 7.5 g/m taking 
the distance and rolling speed of the rail as reference. This feed rate was taken as 
representative of the ones used in practice [3A.12].  
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Fig. 3A.5. Application of sand in the tests: photograph (left) and schematic representation (right). 

3A.2.3. Test procedure 
In this work, the disks were intended to have black leaf layer contamination upon the start 
of the test. In order to form the black leaf layer onto the disk surfaces, the same 
preparation procedure used in previous work [3A.4] was followed. Note that an analysis 
of the created leaf layers can be found in [3A.4] along with a comparison with leaf layers 
found in field. The disks were allowed to run in for 2000 cycles to condition the surfaces 
at 0.5% slip followed by 300 cycles of leaves fed onto the contact. At the end of the 
preparation test the surfaces of the rail and wheel disks were covered with black leaf 
layers and, therefore, ready for the leaf contaminated test. It must be noted that a new pair 
of disks was used for each test. 

   Each leaf contaminated test was run for 1000 cycles, in which the sand was 
continuously fed from the start of the test. The tests were conducted at three slips: 1, 5 
and 10%, which are typical values found during traction and braking operations in 
practice. Besides the tests with the four sands, a baseline (i.e. without sand applied at the 
disk interface) for leaf contaminated contacts was also carried out so that the 
effectiveness of sand as an adhesion improver could be assessed. Before and after 
running each test, the rail and wheel disks were placed in a bath of ethanol with ultrasonic 
vibration. An electronic scale of ± 0.05 mg accuracy was used to measure the mass loss 
of the disks. The surfaces of the disks were examined under a microscope for damage and 
wear features. The roughness of the surfaces was measured with a profilometer, and the 
macro-hardness of the surfaces was also determined. In order to observe the subsurface of 
some of the disks in the rolling direction under an optical microscope, the disks were 
sectioned, mounted in Bakelite, polished, and etched with Nital 0.5%. 
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3A.3. Results 

3A.3.1. Adhesion 
The adhesion results of the leaf contaminated tests with all sands and baseline at three 
slips are shown in Figs. 3A.6-3A.8. Additionally, a baseline for dry clean contacts is 
given to compare the adhesion coefficients to those under uncontaminated steel-on-steel 
conditions. Comparing the baseline-dry with the baseline it can be seen that the adhesion 
coefficient is greatly reduced in the presence of leaf layers, which was outlined in a 
previous work [3A.4]. The layers were removed from the disk surfaces progressively 
with cycles, and consequently the adhesion increased. At higher slips, faster adhesion 
recoveries were observed with the baseline, which keeps in line with the previous 
findings [3A.4].  

   When sand was applied to the wheel-rail interface, the leaf layer was effectively 
removed in the first few cycles due to the abrasive action of the sand (see Figs. 3A.6-
3A.8). Note that the sand particles are more than 10 times harder than the leaf layers 
[3A.4]. Once the leaf layers had been removed, the test contact conditions corresponded 
to those of sanding under dry clean conditions. This can be corroborated by comparing 
the adhesion coefficients obtained in these leaf contaminated tests after the initial cycles 
with the ones achieved during sanding in dry contacts [3A.15].  

   After the initial cycles the adhesion coefficient exhibited a steady pattern for the tests 
with S and M sands, which was not observed in the tests with R and L sands, as seen in 
Fig. 3A.7. Since R sand incorporated a broad particle size distribution, the load borne by 
the particles may not be held constant as particles travel through the disk interface. The 
largest particles bear the contact load first, and break up accordingly until sufficient 
number of particles can withstand the contact load. Hence, the fluctuations observed in 
the adhesion coefficient results may be caused by the break-up of the particles as they 
travel through the contact. The range of the particle size distribution of S, M, and L sands 
was much narrower, so that all the particles that entered the contact may roughly bear the 
same contact load. However, due to its large particle size L sand experienced more break-
up than smaller sands and, therefore, more oscillations in the adhesion coefficient 
occurred (see Fig. 3A.7). Oscillations in the adhesion coefficient caused by particle 
break-up in three-body abrasion tests were also observed by other researchers [3A.20]. 

   Furthermore, the steady pattern of the adhesion coefficient could also be attributed 
partly to the formation of a coating on the disk surfaces of compacted crushed sand. At 
higher slips and larger particle sizes the abrasive removal of the coating was increased, 
causing more oscillations on the adhesion coefficient (see Figs. 3A.6-3A.8). Moreover, 
the coating may have been responsible for the sudden decrease in the adhesion coefficient 
of the test with M sand at 10% slip, as pointed in Fig. 3A.8. That coating was observed to 
be broken at the end of the test. Finally, it can be observed that oscillations in the 
adhesion coefficient occurred in the baseline-dry tests, which could be attributed to 
variations on the surfaces of the disks as wear particles formed.  
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Fig. 3A.6. Leaf contaminated tests at 1% slip (and reference baseline-dry without contamination). 
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Fig. 3A.7. Leaf contaminated tests at 5% slip (and reference baseline-dry without contamination). 

Steady adhesion coefficient 
Slightly oscillating adhesion coefficient 

Oscillating adhesion coefficient 

Steady adhesion coefficient 



  Sanding: Lab tests on adhesion and wear 

 
  77 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 100 200 300 400 500 600 700 800 900 1000

Cycles

A
dh

es
io

n 
co

ef
fic

ie
nt

 

Baseline-Dry Baseline R sand S sand M sand L sand

 
Fig. 3A.8. Leaf contaminated tests at 10% slip (reference baseline-dry without contamination). 

3A.3.2. Surface microscopy 
After completion of the leaf contaminated tests, the surfaces of the disks were examined 
under an optical microscope. The surface morphology presented considerable differences 
with respect to the slip applied and the sand used. At 1% slip the wheel and rail disk 
surfaces were covered with a coating that resembled the typical appearance of a sand-
blasted surface. During sanding it is obvious that (crushed) sand particles embedded in 
the softer steel surfaces. These particles were repeatedly compressed under contact load, 
while new particles entered the contact and experienced the same situation. This process 
led to the formation of a coating of compacted crushed sand embedded on the disk 
surfaces.  
   It was seen that the formation of the coating was dependent on the particle size and the 
slip. At higher slips more metal surface was seen on the disks at the end of the test, as 
shown for the tests with R sand in Fig. 3A.9. Since embedded (crushed) sand particles 
abrade the surface of the opposite disk due to the relative motion, increased sliding 
distance of higher slips could reduce the possibility of coating formation and, additionally, 
lead to surface damage. Furthermore, less coating formation was observed to occur with 
larger particle sizes for the same slip. This may be caused by two facts. On one hand, 
larger sand particles may cause deeper abrasion and remove more coating. On the other 
hand, less sand particles will be entrained in the disk interface at larger particle sizes 
[3A.15], reducing the extent of coating formation. Therefore, there seemed to be a 
threshold dependent on both sand particle size and slip above which no coating would be 
formed. 
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Fig. 3A.9. Photograph of the wheel disk surfaces of tests with R sand at 1, 5 and 10% slip. 
 
   In addition, surface cracks were also observed on the disk surfaces of tests at 5 and 10% 
slips with R and L sands. Indentations caused by the entrapped sand particles were also 
seen on the disk surfaces.  

3A.3.3. Subsurface microscopy 
The disks used in the leaf contaminated test were cut in sections in the rolling direction to 
examine their subsurface morphology under an optical microscope. In order to illustrate 
the influence of the sand particle size and slip, Fig. 3A.10 shows the subsurface micro-
photographs resulting from tests with R sand at different slips, while Fig. 3A.11 
corresponds to the tests with S, M, and L sands at 5% slip. Note that some scratches 
generated during sample preparation were not totally removed after polishing, being still 
visible in the micro-photographs.  

   The slip had a clear influence on the subsurface deformation, as shown in Fig. 3A.10. 
In the disks tested at 1% slip the grains were not largely deformed compared to the disks 
tested at 5 and 10% slip. These results correlate well with the adhesion coefficient 
obtained in those tests, which was higher at higher slips (see Figs. 3A.6-3A.8). At 10% 
slip a highly strained layer was observed near the surface of the rail and wheel disks, as 
indicated in Fig. 3A.10. Crack initiation was also observed at 10% slip with R sand, 
which may cause break-off as a flake. Such (micro-) fracture contributes to the mass loss 
as a result of wear due to fatigue. 

   Using different sand particles sizes led to distinct microstructural changes of the 
subsurface. It can be seen that larger particle sizes of sand caused deeper plastic 
deformation on the wheel and rail disks at 5% slip (see Fig. 3A.11). This agrees well with 
the adhesion coefficients observed at 5% slip, shown in Fig. 3A.7. In addition, higher 
strains near the disk surfaces were observed with larger particle sizes. These strains, if 
high enough, may lead to the formation of cracks, as shown in Fig. 3A.11 for the test with 
L sand.  

 

10% slip 5% slip 1% slip 



  Sanding: Lab tests on adhesion and wear 

 
  79 

 

 
 

 
Fig. 3A.10. Subsurface micro-photographs of the longitudinal section of rail (top) and wheel 

(bottom) after tests with R sand at 1, 5 and 10% slip. 
 

 
 

 
Fig. 3A.11. Subsurface micro-photographs of the longitudinal section of rail (top) and wheel 

(bottom) after tests with S, M, and L sand at 5% slip. 
 
   An interesting comparison is between the tests with S sand at 5% slip and R sand at 1% 
slip, whose adhesion history were similar (see Figs. 3A.6-3A.7). The subsurface of the 
disks used in those tests greatly differed, as shown in Figs. 3A.10-3A.11. The wheel disk 
of the test at 1% slip with R sand presented a subsurface microstructure with a certain 
degree of deformation in the rolling direction, whereas the wheel disk with S sand at 5% 
slip had an almost unaltered microstructure looking equal to the bulk. This could be 
explained by the presence of a third-body layer of (crushed) sand particles travelling 
through the disk interface in the test with S sand at 5% slip, which acted as a solid 
lubricant protecting the disk surfaces. The protective action of third body layers was 
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previously outlined by other researchers [3A.21]. Thus, the relative motion (i.e. slip) 
between the wheel and rail disks could have been accommodated by that third-body layer 
of sand. Electrical insulation measurements, which were carried out in another work of 
the authors, corroborated that the wheel-rail contact was completely insulated in tests 
with S sand [3A.15], leading to a full solid lubrication in which the steel surfaces were 
separated. On the other hand, similar measurements showed that some steel-on-steel 
contact existed in tests with R sand. This may explain the deformation in the rolling 
direction observed in the microstructure. Moreover, differences in the subsurface were 
found between wheel and rail disks that can be attributed to their different microstructure, 
as it was described in a previous work [3A.8]. 

3A.3.4. Surface roughness and hardness 

The surface roughness of each disk was measured at four sections, from which the initial 
value of average roughness (1.3 µm) was subtracted to show directly the roughening 
effect. The average, maximum and minimum values are given in Fig. 3A.12. It must be 
mentioned that some compacted coating, which could not be removed with ultrasonic 
vibration in a bath of ethanol, was present in several disks upon measurement. In this way, 
the roughness of the resultant surface after completion of a test was measured.  

   The surface of all disks appeared to have been roughened up during sanding. In general, 
the wheel presented a rougher surface than the rail, which could be attributed to the 
differences in hardness as sand particles would be more likely to indent the softer wheel 
surface. Furthermore, a tendency of having rougher surfaces at higher slips for most of 
the sands seemed to exist. This can be attributed to the increased abrasive effect of sand 
particles with the slip. It must be noted that although the surface roughness was measured 
at four different sections of the disks to obtain a reasonable consistency, large scatter (i.e. 
difference between the average value and the max and min values) was obtained in the 
measurements mostly due to the non-uniform presence of indentations on the surfaces. 

   In Fig. 3A.12 it can be seen that S sand led to the least rough surfaces and minimum 
scatter, which could be attributed to its small particle size. The extraordinary high 
roughness measured for the test with M sand at 10% slip was due to the existence of a 
broken coating of compacted crushed sand. Moreover, L sand seemed to cause less rough 
surfaces than M and R sand. This could be related to the balance existing between the 
number of particles entering the disk interface and their effective abrasive size. It has 
been shown in another work that with larger particle sizes, less number of particles enters 
the disk interface [3A.15] and, therefore, the abrasion could be reduced. On the other 
hand, larger particles cause deeper abrasion.  
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Fig. 3A.12. Average, maximum and minimum values of the increase in surface roughness of rail 
and wheel disk surfaces after tests with all sands at different slips (from left to right, 1% to 10% 

slip). 
      
   The surface macro-hardness of the disks was measured with a Hardness Testing 
Machine ZHV20/Z2.5 (Zwick Roell Group) by using a Vickers indenter at 20 kg. Besides 
the remaining plastic deformation, this machine can continuously measure the indentation 
depth as the load increases, so not only plastic, but also elastic deformation was 
considered in the measurement. Due to the opaque surface of some test disks after 
sanding, it was not possible to measure the Vickers hardness directly as the diagonals of 
the indentation were not entirely clear. Hence, the Martens Hardness (HM), also known 
as universal hardness, was employed. By means of Eq. 3A.3, the modified method to 
Vickers (HVT) could be obtained. 
 

 0.102HVT HM= ⋅  (3A.3) 

 
   Fig. 3A.13 depicts the average HVT of the wheel and rail disks after tests with S, M 
and L sands at 1% and 10% slip. Note that the hardness value of the bulk material was 
subtracted for the results given in Fig. 3A.13 to show the increase in hardness after each 
test. It can be seen that bigger particle sizes caused more work-hardening of the disk 
surface for both wheel and rail at all slips. This is in good agreement with the subsurface 
micro-photographs, which showed that the grain deformation in the near-surface region 
was increased when using larger particle sizes (see Fig. 3A.11). Furthermore, the surface 
work-hardening was increased with the slip, which can be attributed to the higher 
tangential stresses occurring at higher slips that could have led to more grain deformation 
(see Fig. 3A.10). Moreover, comparing the right and left plots of Fig. 3A.13 it can be 
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seen that the rail work-hardened more than the wheel. This may be a consequence of the 
different steel microstructure as it was also observed in a previous work [3A.8]. 
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Fig. 3A.13. Increase in average HVT of rail (left) and wheel (right) disks after tests with S, M, 

and L sand at 1 and 10% slip. 

3A.3.5. Mass loss and wear mechanisms 
The mass loss of the wheel and rail disks was measured to get an indication of the wear 
rates. The results are depicted in Figs. 3A.14-3A.15. Comparing the two figures it can be 
seen that the softer wheel disk wore more than the harder rail disk under all test 
conditions. Note that in most of the tests the difference was not large, except for the case 
of the R sand test at 10% slip. The higher wheel wear rates are found in contradiction 
with observations on three-body abrasion tests made by other researchers who showed 
that the harder surface experienced higher wear rates [3A.22, 3A.23]. A possible 
explanation could be given by the fact that sand particles may indent and abrade deeper in 
the softer wheel disk than in the rail disk. Furthermore, the coating, which could not be 
removed with ultrasonic vibration in a bath of ethanol, may have influenced the results by 
increasing the apparent mass of the disks. This could explain the low mass loss observed 
at low slips in Figs. 3A.14-3A.15, particularly with L sand. Mass increase of the 
specimens at the initial stage of three-body abrasion tests was previously observed by 
other researchers [3A.24].  

   In addition, cracks have been observed in several tests, particularly in tests with larger 
sands and higher slips. This may indicate that a (micro-) fracture process is also occurring 
(see Figs. 3A.10-3A.11). The cracks may be attributed to low cycle fatigue due to 
repeated ploughing, but they could also be a result of subsurface cracking initiated at 
indentations as observed in previous work carried out with UK railway sand [3A.12]. 

   The influence of the particle size on wear rates seemed to be dependent on the slip. At 
10% slip the mass loss seemed to follow the trend of the adhesion coefficient (see Fig. 
3A.14-3A.15). In general, wear caused by abrasion is promoted by the particle size. In 
this work, this tendency is broken by the test with M sand. This could be attributed to the 
existence of a broken coating on the disk surfaces of M sand test observed upon post-test 
examination. In addition to abrasion, the similar trends of the mass loss and adhesion 
could have been caused by an increase in crack formation due to higher strain 
accumulation. On the other hand, the tendency seemed to be reversed at 1% slip (see Figs. 
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3A.14-3A.15. Since no cracks were observed, abrasion may have been the only cause of 
wear at 1% slip.  The amount of abrasion for a given slip is mainly determined by the size 
and amount of particles travelling through the disk interface. Electrical insulation 
measurements of the disk interface showed that decreasing the particle size promotes 
particle entrapment and that complete insulation was achieved with M and S sands 
[3A.15]. This may explain the fact that M sand caused the largest mass loss at 1% slip 
because the abrasion caused by M sand could have been maximized by a balance between 
particle size and number of particles entrapped in the contact.  

   Moreover, higher wear rates of wheel and rail disks were experienced at higher slips for 
all sands tested. At higher slips the (crushed) sand particles slide longer distances when 
travelling through the disk interface, which causes more abrasion and, therefore, higher 
wear rates. Besides, material removal due to crack formation is promoted by higher slips 
because of the higher adhesion coefficient that leads to higher strains. 
 

0

100

200

300

400

500

600

700

800

S sand M sand R sand L sand

M
as

s 
lo

ss
 (

m
g

)

1% slip 5% slip 10% slip

 
Fig. 3A.14. Mass loss of rail disk after tests with all sands at 1, 5 and 10% slip. 

 



Chapter 3, Part A   

 
84 

0

100

200

300

400

500

600

700

800

S sand M sand R sand L sand

M
as

s 
lo

ss
 (

m
g

)

1% slip 5% slip 10% slip

 
Fig. 3A.15. Mass loss of wheel disk after tests with all sands at 1, 5 and 10% slip. 

3A.4. Discussion 
Previous investigations on FMs highlighted the importance of the particle size on the 
removal of leaf layer contamination [3A.4]. Once hard abrasive particles have penetrated 
through the contamination layers, if they are large enough, they will prevail in the wheel-
rail contact and help in removing the contamination gradually with the wheel passages. In 
these tests, the continuous application of sand rapidly led to dry contact conditions as leaf 
layers were removed. Thus, a clear influence of the sand particle size on the adhesion 
recovery could not be seen. The authors will separately publish an investigation in leaf 
contaminated wheel-rail contacts on the adhesion recovery enhanced by sand applied in 
less amount to show the influence of the number of sanding axles of rolling stock 
together with sand particle size and wheel slip [3A.25]. 

   In many sanding systems the sand is automatically applied on the rails once the 
WSP/TC systems of the train detect a wheel slip (or slide) above a given slip threshold. 
Investigations on the leaf layer removal by sanding have shown that the adhesion 
recovery can be enhanced with the increase in slip [3A.25]. However, this paper has 
shown that higher wear rates are obtained as the slip is increased for all sands tested. 
Therefore, the optimum slip for sanding at which adhesion recovery can be maximized 
should also guarantee that admissible wear rates of wheels and rails are not compromised. 

In this work, a coating of compacted (crushed) sand has formed on the disk surfaces, 
particularly at low slips and small particle sizes. This coating is the consequence of the 
continuous application of sand to a wheel-rail contact simulated by the same two disks in 
constant contact. In recent field tests, it has been observed that some (crushed) sand 
particles may remain on the top of the rail after four wheel locomotive passages over a 
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sanded track [3A.26], as shown in Fig. 3A.16. But, in practice sand is only applied locally 
as low adhesion conditions are encountered and only a few axles are equipped with 
sanders, decreasing the likelihood of a continuous sanded wheel-rail contact that could 
lead to the coating formation as in the laboratory. 

 

 
Fig. 3A.16. Photograph of the top of a rail after four locomotive wheel passages over a sanded 

track. 
 
   In this work, the same feed rate has been employed for all tested sands in order to 
reproduce what happens in practice among railways using similar feed rates but different 
sized sands, as explained in Section 1. Laboratory investigations have shown that the feed 
rate can greatly influence the adhesion coefficient obtained during sanding [3A.15]. In 
future investigations the effect of feed rate on damage to wheels and rails for a given 
particle size could be treated in a similar approach to the one presented in this work. 

   Furthermore, it needs to be mentioned that the results of this work correspond to the 
low speed regime. In this regime and also up to 11-17 m/s, the adhesion requirements for 
most types of (conventional) rolling stock (at least for the Dutch railways) are at their 
maximum. In future works, it may be interesting to investigate the adhesion and wear 
caused by sanding at higher rolling velocities than the one used in this work, especially 
up to 17 m/s. In such investigations, the effect of the train’s slipstream may also need to 
be taken into account. 

   It is necessary to emphasize that there were several limitations in this testing that 
impede a quantitative comparison with the actual situation in railway sanding, as already 
explained in previous works [3A.12, 3A.27]. The contact geometry of the disks was 
clearly different from reality, as the typical wheel diameter (between 860 mm and 1250 
mm for most rolling stock using sanders) was reduced to 47 mm in the tests, and the rail 
was modeled by an Ø47 mm rail disk. Since both disks are in complete rotational motion, 
sand could not rest on the rail as it happens in practice. The length of the contact area in 
the rolling direction was 0.5 mm in these tests. Although most of the particles could break 
up into much smaller sizes, some of the (crushed) sand particles travelling through the 
disk interface may be larger than the contact length. This could have led to a behavior 
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different from the actual situation. In future studies, it is may be wise to investigate the 
change in size of sand particles travelling through the contact, possibly with a similar 
approach as presented in [3A.23]. Moreover, in this testing more sand could have been 
entrained than in practice because the sand was directly applied to the disks contact in the 
absence of cross wind and/or train’s slipstream. Therefore, field tests should be 
undertaken in future works to examine the applicability of the laboratory results to the 
actual wheel-rail contact and to determine to what extent the scaled twin-disk test can 
approximate the reality under different operating conditions. A first attempt in this 
direction has recently been undertaken by the authors [3A.26].  

3A.5. Conclusions 
A laboratory investigation on the influence of the particle size and slip during sanding on 
the adhesion and wear in the wheel-rail contact has been presented in this paper. The 
wheel-rail contact has been simulated by means of a twin-disk roller rig in rolling-sliding 
motion under closely controlled conditions. Three different slips have been considered in 
the testing that are representative of traction and braking operations. Four different sands 
have been used to investigate the influence of the particle size. Based on the results, the 
following conclusions can be drawn: 

a) Leaf layers are rapidly removed from the disks surfaces by continuous application 
of the abrasive sand particles. Leaf layer removal needs to be investigated in tests 
with less amount of sand applied to obtain better grasp of the adhesion recovery 
brought by sanding. 

b) Large particle sizes and high slips lead to a higher adhesion coefficient. This in 
turn leads to deep plastic deformation in the wheel and rail disks.  

c) Large particle sizes and high slips increase the work-hardening caused on the 
surfaces of both wheel and rail disks. 

d) The particle size has a strong influence on wear that is dependent on the slip. At 
high slips the wear trend seems to follow the adhesion coefficient, whereas at low 
slips this trend seems to be precisely reversed. 
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ABSTRACT 
 

The adhesion (or available friction) in the wheel-rail contact is the most important 
parameter for the braking and traction operation of rail vehicles. Since the beginning of 
railway transportation, sanding from the locomotive has been a common practice to 
enhance the wheel-rail adhesion. In recent years, sanding from electrical multiple units 
and sand-based friction modifiers have been adopted in some railway networks to 
overcome low adhesion incidents caused by contamination like autumn leaves. Although 
sanding has been proven to improve the adhesion under most of the typical contamination 
conditions, laboratory and field investigations have shown that sand may act as a solid 
lubricant in dry wheel-rail contacts. Nevertheless, the influence of the current sanding 
parameters on the solid lubrication effect has not been entirely investigated. Depending 
on the resulting adhesion coefficient, the traction and braking operations of rail vehicles 
could be affected. Furthermore, the influence of those parameters on the electrical 
insulation is also of special importance because it may affect the train detection. This 
paper presents a laboratory investigation of the influence of three sanding parameters (i.e., 
feed rate, particle size, and slip) on the adhesion and electrical insulation in dry wheel-rail 
contacts. The tests have been carried out with a twin-disk roller rig in rolling-sliding 
motion under closely controlled conditions. Three different slips representative of the 
actual traction and braking operations have been considered. Sands of four different sizes 
and up to five feed rates of sand have been used. The results show that using smaller 
particle sizes and higher feed rates promotes the lubrication and causes more electrical 
insulation in the wheel-rail contact. Furthermore, the increase in slip is found to reduce 
the lubrication, leading to a higher adhesion coefficient. 
 

 
 
 
 
 
 
 
 

                                                 
VIII  This chapter has been published as: O. Arias-Cuevas, Z. Li, R. Lewis: Investigating the Lubricity and 
Electrical Insulation Caused by Sanding in Dry Wheel-Rail Contacts. Tribology Letters 37 (2010) 623-635. 
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3B.1. Introduction 
The friction between wheel and rail is a crucial factor in railway transportation, as it may 
limit the acceleration and braking capabilities of a train. The increasing demands in 
railway transportation have led to faster trains with higher accelerations and decelerations; 
however, the wheel-rail adhesion still remains limited by the available friction between 
the steel wheels and rails. Consequently, low adhesion problems have been present in 
many railway networks in recent decades, especially those related to leaf contamination 
in autumn [3B.1-3B.4]. Recent field investigations have demonstrated that leaf layers in 
dry conditions can lead to low adhesion incidents as well as in humid conditions [3B.5]. 
Since the beginning of railways, sanding from the locomotive has been a common 
practice to enhance the wheel-rail adhesion [3B.6]. In recent years, sanding from 
electrical multiple units (EMUs) has also been adopted in some railways to overcome low 
adhesion conditions [3B.1, 3B.7-3B.8]. Besides sanding, many railways have opted for 
using friction modifiers (FMs), some of which may contain sand or other solid particles 
to increase the adhesion level under certain contamination conditions [3B.1, 3B.4, 3B.9].  

   Although railway sanding has been proven to improve the adhesion under most of the 
typical contamination conditions, laboratory and field investigations have shown that 
sand may act as a solid lubricant in dry wheel-rail contacts [3B.6, 3B.10-3B.12]. 
Lubricity is in the scope of this paper identified with the reduction of the adhesion 
coefficient caused by sanding. Depending on the resulting adhesion coefficient, the 
traction and braking operations of rail vehicles could be affected. Andrews [3B.6] 
investigated the adhesion values given by some mineral powders (silica sand among them) 
with a full-scale test bogie. He proposed an empirical relationship in which the adhesion 
coefficient increased proportionally with the product of particle hardness and size of the 
mineral powders. However, only one particle size was used for each mineral tested, and 
his empirical relationship was restricted to particle sizes smaller than 0.4 mm. Kumar et 
al. [3B.10] investigated in the laboratory the adhesion experienced by locomotive wheels 
during sanding and compared it to adhesion levels of dry clean contacts. They showed 
that the lubricant effect may only occur above a certain feed rate, but the feed rates of 
their study were below those used in current practice. They also showed that the adhesion 
coefficient increased with slip; however, only slip up to 1% was used in their work, 
which is below those found in braking and traction practice under low adhesion 
conditions. Boiteux et al. [3B.11] presented the results of some braking tests performed in 
field under different contact conditions, in which the adhesion and wheel (gross-) slip 
were measured with two measuring wheelsets. They showed that sanding on rails covered 
by fallen leaves improved the adhesion, while sanding slightly reduced the adhesion on 
clean rails. Gallardo-Hernandez et al. [3B.12] showed that sanding can help to overcome 
low adhesion caused by leaves and water, but it can decrease the adhesion in clean 
contacts. The findings of all those studies lead to the conclusion that feed rate, particle 
size, and wheel slip are the most influencing parameters on the solid lubrication effect of 
railway sanding. However, the influence of all those parameters was not investigated in a 
single study, and most of the investigations considered a range of parameter variation that 
does not correspond to the current sanding practice. 

   Furthermore, the most negative side effect of railway sanding is that it may insulate the 
electrical conductivity of the wheel-rail contact, depending on the amount of sand 
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entrapped in the contact. The increase in electrical insulation is identified by the increase 
in the voltage across the wheel-rail contact due to sanding. In practice, if the voltage 
surpasses a certain threshold value, the functioning of the railway track circuits that are 
used for the detection of trains can be affected. Thus, the railway traffic signaling would 
be impaired, causing traffic disruption and perhaps, in the worst case, even collisions of 
trains. This has led railway organizations to establish standards on railway sanding that 
guarantee correct functioning of track circuits [3B.13]. Lewis et al. [3B.14, 3B.15] 
investigated the electrical insulation of the wheel-rail contact caused by sanding in both 
static and dynamic tests. Their results showed that the electrical insulation of the wheel-
rail contact varied with the sand feed rate, and complete electrical insulation may occur 
above a certain sand feed rate. Nevertheless, no study is found in the literature that 
considers the influence of the particle size and the wheel slip on the electrical insulation 
of the wheel-rail contact caused by sanding. This understanding becomes essential for an 
optimization of the sanding practice as correct train detection is of prime importance in 
railway transportation. 

   This paper presents a laboratory investigation on the influence of the sand particle size, 
feed rate, and wheel slip on the lubricity and electrical insulation caused by railway 
sanding in dry contact conditions. The wheel-rail contact has been simulated in rolling-
sliding conditions by means of a twin-disk roller rig under closely controlled laboratory 
conditions. During each test the adhesion coefficient and the electrical voltage across the 
wheel-rail contact have been recorded. Four different sands have been used to account for 
the influence of the particle size. Three different slips representative of the actual traction 
and braking operations have been considered, and up to five feed rates have been applied 
in this work.  

3B.2. Test description 

3B.2.1. Test set-up 
The SUROS (Sheffield University ROlling Sliding) roller rig was used to simulate the 
wheel-rail contact in rolling-sliding conditions. The SUROS roller rig is shown in Fig. 
3B.1 and described in detail in [3B.16]. The test disks were mounted on independent 
shafts. By means of a hydraulic jack, a controlled load of 4.7 kN was applied on the disks 
producing a maximum Hertzian pressure of 1.2 GPa in the contact zone, which is 
representative of the contact between wheel tread and railhead for passenger trains in the 
Netherlands. Since cylindrical disks were used in the experiments, a line contact of 10 
mm width was present (see Fig. 3B.2).  

   In the tests the rotational speed of the rail was maintained at 400 rpm, equivalent to 
0.98 m/s of rolling speed. The wheel disk rotated faster than the rail disk to realize the 
slip. The slip is defined in Eq. 3B.1, where w  and r  are the rotational speed and rolling 
radius of the disks, respectively. Tests were carried out at three different wheel slips, 
namely 1, 5 and 10%, which are typical values found in actual traction and braking 
operations. Considering the range of wheel slip used in the tests and the rolling speed of 
the rail disk, the mean rolling speed in the contact was between 0.99 and 1.07 m/s in the 
tests. This low speed regime is especially critical for those vehicles fitted with sanders 
that apply sand at a fixed rate in kg/min as more sand is laid per length of rail. A personal 
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computer was used to acquire the data and to control both the speed and the load during 
each test. The adhesion coefficient was calculated with the readings of the torque 
transducer and the load cell, as indicated in Eq. 3B.2, where T represents the torque and 
FN is the normal contact force. During calibration of the test rig, the uncertainty of the 
contact pressure was reported to be less than ± 2%, while the standard error of the torque 
was found to be 0.30 Nm [3B.16]. Considering the values of the torque in this work, the 
maximum uncertainty in the torque readings was ± 2.72%. Moreover, a hygrometer and a 
thermometer were placed next to the roller rig to monitor the ambient relative humidity 
and temperature in the tests. Measured values varied between 22 °C and 23.6 °C in 
temperature, and between 30% and 43% in relative humidity, which are values close to 
typical conditions of dry days. 
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Fig. 3B.1. Schematic representation of the SUROS roller rig set-up employed in the tests. 

  
   The test disks were cut from rails and wheel tires retired from service on the Dutch 
railway network; R260Mn and B5T steel for the rail and wheel disks, respectively. The 
disks were machined with their axes perpendicular to the longitudinal axis of both wheel 
and rail, as shown in Fig. 3B.2. The Vickers macro-hardness of the wheel and the rail 
steel used in the tests was measured as 267HV20kg and 281HV20kg on average, 
respectively. The roughness of the disks was measured with a profilometer, with an 
average value 1.3±0.2 µm. This value is close to values of roughness measured with a 
Hommel tester on the running band of rails in field. Furthermore, the European standard 
for the manufacturing of wheels specifies that the initial surface roughness must be lower 
than 6.3 µm on the running band on average [3B.17]. However, laboratory investigations 
have shown that rough wheels tend to approach a roughness level close to the one of the 
smoother rails [3B.18, 3B.19].  
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Fig. 3B.2. Orientation and dimension of the disks. 

 
   In order to monitor the electrical voltage across the disks contact area, an electrical 
circuit was installed on the roller rig so that voltage readings together with adhesion data 
could be obtained in the course of each test. Fig. 3B.3 depicts the electrical circuit, which 
had also been used for insulation studies on wheel-rail contacts in previous work [3B.14]. 
In these tests a nominal input voltage of 2 V was taken, but note that previous work 
demonstrated the negligible influence of the input voltage on the electrical insulation of 
the wheel-rail contact [3B.14]. The accuracy of the voltmeter used to monitor Vout was ± 
0.5 mV, which corresponds to a maximum uncertainty of ± 0.5% for Vout ≥ 0.1 V. Due 
to the position of the voltmeter in the set-up, a so-called bearing resistance had to be 
included in the Vout readings, as indicated in Fig. 3B.3. This resistance accounted for the 
lubricant circulating inside the bearing, but it could be neglected once sand was entrained 
into the disk interface as sand dominated the Vout readings. The Vout was recorded at a 
sampling frequency of 2 kHz, i.e. every 0.5 mm of travel distance of the rail disk, which 
corresponded to the length of the contact area in the rolling direction. The readings were 
further averaged to have one Vout reading per rail revolution (or cycle).  
 

 
Fig. 3B.3. Schematic representation of the electrical circuit. 

 
   In the presence of an insulating contamination at the disk interface, the electrical 
resistance may become too high so that open circuit conditions occur, in which Vout = 1 
V. If the contact is not totally insulated, the voltage readings (in Volts) correspond to Eq. 
3B.3, in which Rc and Rb are the disks contact resistance and bearing resistance (in 
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Ohms), respectively. Additionally, a combined resistance of the total resistance seen by 
Vout, which is given by Rt Rc Rb= + , could be used to simplify the formula.  
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3B.2.2. Tested sands 
Two types of commercial sand were used in this work: silica sand and filter sand. The 
silica sand had been extracted from a pit in south Germany, whereas the filter sand had 
been collected from a river in the Netherlands. A photograph of the sands is given in Fig. 
3B.4. The particle size distribution of the sands was measured with a laser particle 
analyzer and is given Fig. 3B.5. The filter sand is the standard type used in the 
Netherlands to increase the adhesion in railways; thus, it is hereinafter referred to as 
Railway sand, R sand for short. Although different rocks can be seen in the sample, the 
weight content in SiO2 is around 96% as given by the supplier. The particle size 
distribution of R sand ranged from 0.25 to 1.4 mm with a wide peak at 0.6-1 mm, as 
shown in Fig. 3B.5. The silica sand had a SiO2 content around 99% according to the 
supplier. It was sieved in the laboratory to three different particle size ranges: small 
(0.06-0.3 mm, with peak at 0.15 mm), medium (0.3-0.6 mm, with peak at 0.35 mm), and 
large (0.85-1.6 mm, with peak at 1.2 mm). These three sands are referred in this paper as 
S sand, M sand and L sand, for short. Moreover, due to the similar composition and 
hardness of the four tested sands the particle size distribution could be considered as the 
only study parameter for this work. 
 

  
 

  
Fig. 3B.4. Photograph of the tested sands: S sand, M sand, L sand, R sand. 
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Fig. 3B.5. Particle size distribution of the tested sands obtained with the laser particle analyzer. 

3B.2.3. Test procedure 
In the tests the sand was fed to the disk interface by means of gravity, as shown in Fig. 
3B.6. After exiting the valve, the sand passed through a PVC pipe and was oriented to the 
disk interface with a chute. A vacuum cleaner placed behind the disks sucked the sand 
into the wheel-rail contact, which simulated the compressed air system used in reality. 
Two funnels helped the sand feed to the PVC pipe. In order to regulate the sand feed rate, 
plastic syringes were used as valves. The orifice had to be modified to achieve the desired 
feed rate. The different particle size distribution of the four sand types required different 
orifice sizes because of their different bulk density. Up to five sand feed rates were used 
in the testing, namely FR1 = 0.75 g/m, FR2 = 1.5 g/m, FR3 = 3 g/m, FR4 = 4.5 g/m, FR5 
= 7.5 g/m. In the calculation of these feed rates the rolling speed and travelled length of 
the rail disk are taken as reference. Note that FR5 is representative of some feed rates 
used in practice [3B.20].  

   Fig. 3B.7 depicts a generic test with two outputs: adhesion coefficient and Vout. Each 
single test was run with a new pair of disks and a fixed slip. Several sand applications 
were undertaken within one test to reduce the total number of separate tests. Each sand 
application lasted for around 60 cycles and some cycles between each sanding were left 
to account for the run-in of the disk surfaces, as shown in Fig. 3B.7. Thus, the adhesion 
coefficient (and correspondingly the condition of the surfaces) was always around the 
same level at the start of each sand application so that the results of different sand 
applications were comparable in one test.  

   Based on the Vout readings two regimes of lubrication could be identified during 
sanding, which are designated in this work as partial lubrication and full lubrication. In 
partial lubrication regime, there existed some metal-metal contact between asperities 
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leading to readings of Vout below 1 V, but due to the presence of sand particles the Vout 
readings were higher than those of pure metal-metal contact, as shown in Fig. 3B.7. In the 
full lubrication regime, enough sand entrained the contact to separate the surfaces of 
wheel and rail disks, leading to open circuit conditions. Therefore, increasing the amount 
of sand entrained in the contact resulted in a transition from partial lubrication to full 
lubrication regime. 
 

 
Fig. 3B.6. Sand application method in the test set-up: photograph (left) and schematic (right). 
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Fig. 3B.7. Representation of a generic test with several sand applications in one test. 
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   The tests were aimed at investigating the influence of the feed rate and the particle size 
on both adhesion and electrical insulation at different slips. In order to analyze the 
influence of the feed rate, S sand was applied at five different feed rates, i.e. from FR1 to 
FR5 in increasing order. S sand was chosen due to its small particle size that allowed for 
low feed rates before clogging. On the other hand, the influence of the particle size was 
investigated by applying each of the tested sands at FR5 in the following order: L, M, R, 
and S sand. Furthermore, all tests were repeated at 1, 5 and 10% slip, so that the influence 
of the wheel slip on lubricity and electrical insulation could also be analyzed. 

3B.3. Results 

3B.3.1. Feed rate tests 
The adhesion and electrical insulation results of the feed rate tests are given in Figs. 3B.8-
3B.10 (note that the order of application was from FR1 to FR5 in the tests). As it was 
expected, the entrapment of sand in the disk interface caused an increase in the electrical 
insulation of the wheel-rail contact. In the tests the transition from partial lubrication to 
full lubrication could be observed as the feed rate increased. Open circuit conditions, and 
thus full lubrication regime, were reached for the highest feed rate, as indicated in Fig. 
3B.8. Furthermore, once sand particles were entrained into the disk interface the adhesion 
instantly dropped for all slips and feed rates tested, corroborating the solid lubrication 
caused by S sand in dry contacts. One striking phenomenon was observed during the sand 
feed. Besides the instantaneous reduction of adhesion due to the initial sand entrapment, 
the adhesion coefficient continued to decrease as the sand feed progressed, as shown in 
Fig. 3B.8. This second adhesion reduction phenomenon could be attributed to the 
formation of a coating of compacted embedded crushed sand on the wheel and rail disk 
surfaces. The coating formation during continuous sanding was also observed in another 
work of the authors [3B.21]. In order to distinguish between these two phenomena, we 
refer to them hereinafter as initial and continuous adhesion reduction. 

   The continuous adhesion reduction phenomenon was particularly noticeable at low slips 
(see Fig. 3B.8), whereas it occurred to a lesser extent at higher slips (see Fig. 3B.10). 
This can be explained by the increased abrasion caused at higher slips, which may have 
hindered the coating formation. This is in agreement with observations in other work 
[3B.21]. On the other hand, the feed rate showed some influence on this phenomenon, 
which was particularly visible in the tests at 5% slip. Higher feed rates were found to 
promote the continuous adhesion reduction, which could be attributed to the increased 
flooding of particles through the contact that may effectively reduce the abrasion, 
promoting the coating formation. Moreover, it can be observed that less number of cycles 
was needed to complete the tests at high slips. This was expected because the increase in 
slip can enhance the run-in of the disks surfaces so that fewer cycles between sand 
applications were necessary at higher slip.  
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Fig. 3B.8. Adhesion and conductivity results during feed rate test with S sand at 1% slip (order: 

from FR1 to FR5). 
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Fig. 3B.9. Adhesion and conductivity results during feed rate test with S sand at 5% slip (order: 

from FR1 to FR5). 
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Fig. 3B.10. Adhesion and conductivity results during feed rate test with S sand at 10% slip (order: 

from FR1 to FR5). 
 
   In Fig. 3B.11 the average adhesion coefficient registered during the sand feed is given 
as a function of the feed rate, in which the data points have been connected by straight 
lines. Note that the values at null feed rate correspond to those of the dry metal-metal 
contacts, which correspond to a traction curve in dry contacts. It can be observed that the 
adhesion coefficient decreased with the increase of feed rate for all slips tested. The 
increase in feed rate led to more particles in the contact, which could partly bear the 
contact load and accommodate some of the slip, leading to an increase in the lubricating 
effect in the partial lubrication regime. Above a certain feed rate, full lubrication regime 
was reached, which could be identified with the open circuit conditions. Further increase 
in the feed rate from this point on could have led to more particles free to move relative 
to each other, promoting the decrease in the adhesion coefficient. In addition, it can be 
seen in Fig. 3B.11 that the increase in slip resulted in higher adhesion coefficients for all 
feed rates applied. This means that the longer sliding distances travelled by the (crushed) 
sand particles over the disk surfaces may have enhanced the interlocking action between 
the disk surfaces. This interlocking mechanism has been identified as responsible of the 
friction force obtained in the wheel-rail contact during sanding [3B.22]. 

   The increase in the wheel-rail electrical insulation (in average) during the sand feed at 
different feed rates and slips is displayed in Fig. 3B.12. The feed rate was found to have 
an important effect on the electrical insulation, where higher feed rates led to more 
electrical insulation. This was expected as increasing the number of particles present at 
the disk interface can lead to the transition from partial lubrication to full lubrication 
regime. In general, the particles may agglomerate at the disk interface to form a third-
body layer, whose electrical insulating properties increase the voltage across the disk 
contact area. Furthermore, the slip seemed to cause an increase in the Vout at low feed 

Continuous adhesion reduction has almost disappeared 
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rates. This could indicate that the particle entrapment at the disk interface was somewhat 
promoted by higher slips at those feed rates.  
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Fig. 3B.11. Average adhesion coefficient during feed of S sand at different slips and feed rates in 

dry contacts. 
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Fig. 3B.12. Increase in average Vout during feed of S sand at different slips and feed rates in dry 

contacts. 
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3B.3.2. Particle size tests 
The adhesion and electrical insulation results of the particle size tests are given in Figs. 
3B.13-3B.15. In these tests the sand was fed at rate FR5, as representative of rates used in 
practice. Note that the order of sand application was arbitrarily chosen as: L, M, R and S 
sand. It can be seen that the electrical insulation of the wheel-rail contact increased due to 
the sand entrapment for all sands tested, but open circuit conditions were only 
experienced with S and M sand as shown in Fig. 3B.13. On the other hand, the solid 
lubrication effect of sanding was observed with all sands and slips used. Furthermore, the 
continuous adhesion reduction as the sand feed progressed (previously outlined in the 
feed rate tests) also occurred in these tests, especially at low slips (see Fig. 3B.13).  

   In Figs. 3B.13-3B.15 it can be seen that the adhesion reduction was dependent on the 
particle size and the particle size distribution. By comparing the results of the three sands 
of similar particle size distribution but different size (i.e., S, M, and L sand), it could be 
seen that increasing the particle size could hinder the continuous adhesion reduction 
effect. This could have two possible explanations: firstly, less volume of sand travelling 
through the contact when using larger particle sizes, leading to less lubrication; secondly, 
deeper abrasion could be expected with larger particles. Moreover, the continuous 
adhesion reduction was especially noticeable with R sand, which could be caused by its 
broad particle size distribution. In another work [3B.21] the authors observed notable 
oscillations of the adhesion coefficient in tests with R sand, which seemed to be partly 
caused by the continuous process of formation and break-up of the coating on the disk 
surfaces. Hence, the authors would expect that if the sanding of these tests was continued 
further than 60 cycles, the adhesion coefficient may have increased again and continue to 
oscillate. This was, however, not examined in this work. Finally, it is worthwhile to 
mention that the adhesion coefficient and Vout results obtained with S sand at FR5 in 
Figs. 3B.8-3B.10 and Figs. 3B.13-3B.15 matched very well, which demonstrated the 
consistency of the test results. 

   Fig. 3B.16 depicts the average value (together with the maximum and minimum values) 
of the adhesion coefficient during the sand feed of all tested sands at the three slips 
applied. It can be seen clearly that the influence of the sand particle size on the adhesion 
coefficient had a consistent tendency for all slips, which appeared to be curvilinear with a 
trough at M sand as indicated by the trendlines of Fig. 3B.16. Hence, higher adhesion 
coefficients were obtained when using larger particle sizes for the range M-L sands.  On 
the other hand, the tendency of increasing adhesion coefficient with particle size 
distribution was reversed in the smaller particle size range S-M sands. No explanation has 
been found for this result, and further investigation with more sand sizes in the small 
particle size range should be performed to draw solid conclusions. Moreover, it can be 
seen that the increase in slip led to an increase in the adhesion coefficient for all sands 
tested, which is in line with the observations on the feed rate tests with S sand (see Fig. 
3B.11).   
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Fig. 3B.13. Adhesion and conductivity results during particle size test at 1% slip (order of 

application: L, M, R and S). 
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Fig. 3B.14. Adhesion and conductivity results during particle size test at 5% slip (order of 

application: L, M, R and S). 
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Fig. 3B.15. Adhesion and conductivity results during particle size test at 10% slip (order of 

application: L, M, R and S). 
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Fig. 3B.16. Average adhesion coefficient (together with max and min values) during feed of 
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   The electrical insulation was found to be largely dependent on the particle size of the 
sand used, as shown in Fig. 3B.17. Smaller particle sizes of sand caused more electrical 
insulation than larger sands, leading to open circuit conditions with M and S sands. In the 
tests with R and L sands, Vout increased compared to the clean contact conditions, but no 
open circuit conditions were reached. However, R sand caused more electrical insulation 
than L sand, which is ascribed to its smaller particle size. Fig. 3B.18 depicts a schematic 
representation of the particle entrapment experienced by sands of different particle size. 
In general, the largest particles present in the contact break up first to form a sufficient 
number of particles that can bear the contact load. Some broken particles enter the disk 
interface, while some are ejected. When using smaller sized sand, more particles can 
enter the contact without being broken up. Therefore, the electrical insulation threshold in 
sanding is not only dependent on the feed rate but also on the particle size. Although it 
has been shown that the insulation threshold is to be found at lower feed rates when using 
smaller particles (see Figs. 3B.12 and 3B.17), no detailed quantitative study has been 
carried out in this work.  

   Moreover, a different influence of the slip on the electrical insulation was observed in 
these tests compared to the feed rate tests with S sand. It can be seen in Fig. 3B.17 that 
the increase in slip seem to cause less electrical insulation in the wheel-rail contact for R 
and L sands, which may be attributed to the less coating formation occurring at higher 
slips. This can be examined by looking at the continuous adhesion reduction phenomenon 
pointed in Figs. 3B.13-3B.15. Hence, the possible enhancement of particle entrapment 
with the slip could not be observed in these tests.  
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Fig. 3B.17. Increase in Vout (in average) during feed of different sands at different slips in dry 

contacts. 
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Fig. 3B.18. Schematic representation of the possible sand entrapment with different particle sizes. 

3B.4. Discussion 
The results of this work showed that for all particle sizes, feed rates, and slips, sand acted 
as a solid lubricant in dry wheel-rail contacts. Kumar et al. [3B.10] showed that the 
lubrication effect of sanding was not observed below a transition feed rate identified as 
around 0.75 oz/min in their set-up. If one considers the differences in contact geometry 
and rolling speed between their set-up and the one used for this work, their transition feed 
rate can be calculated to be between 0.167 and 0.33 g/m, depending on the evolution of 
their contact area width. Therefore, in our work we could never have seen that effect of 
higher adhesion with sand than in dry steel-on-steel contact because our minimum feed 
rate tested was 0.75 g/m. Note that there are other differences in both test set-ups that 
complicate a quantitative comparison such as the sand particle size, the contact area 
dimensions, the roller rig characteristics, and the contact pressure.  

   In both locomotives and EMUs, railway sanding is often activated automatically by the 
wheel slide protection and traction control systems, which trigger the sand application 
once the wheel slip is found to have passed a certain threshold according to existent 
specifications [3B.7]. The present work has shown that there is a strong influence of the 
wheel slip on the adhesion coefficient yielded by sanding, which shows that higher 
adhesion coefficients are obtained at higher slips for all sand particle sizes of the these 
tests. In another work, the authors have shown that the slip greatly affects the wear rates 
of wheels and rails during sanding, with higher wear rates at higher slips [3B.21]. Hence, 
further investigations in field may be encouraged to find the optimum slip that can yield 
an adhesion coefficient suitable for traction and braking operation, without compromising 
admissible wear rates of wheels and rails. 

   Sand-based FMs and railway sanding are used in some railway networks to guarantee 
an adhesion level suitable for traction or braking operation. On the other hand, if not 
properly applied, they may also cause very high friction, leading to excessive wear or 
rolling contact fatigue (among others). The results of this work indicate that an 
appropriate combination of particle size, feed rate and slip could be found to yield an 
optimal adhesion level. In particular, it has been shown that by decreasing the particle 
size of the sand, lower feed rates are necessary to obtain the same adhesion level than 
with larger particles. This may increase the interval required to re-fill the sand boxes, 
reducing the costs of sanding operation. In order to examine the possible optimization of 

Feed of small sand Feed of large sand 

Broken particles 
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sanding practice, the authors have also carried out an investigation on wear and adhesion 
recovery in leaf contaminated contacts [3B.21, 3B.23]. 

   In this work, the feed rate and particle size have been found as the main parameters 
affecting electrical insulation during sanding. Higher feed rates and smaller sand particles 
have been shown to insulate more the electrical conductivity of the wheel-rail contact. 
Since this electrical conductivity is used in practice for the track circuits of the train 
detection system, special importance must be given to the identification of the critical 
sand feed rate for a chosen particle size distribution so that the train operation is not 
disturbed during sanding.   

   In practice, the sanders are not fitted on all the axles of a train consist so that the 
amount of sand laid on the rails is firstly used by the wheels of sanding axles, while the 
following wheels roll over the remaining crushed sand. Hence, the results obtained in this 
work are related to the wheels of sanding axles, and in particular to the first sanding 
wheelset in the travelling direction. One of the limitations of this testing is that the 
infinite rail has been simulated with a disk so that every cycle the wheel surface comes in 
contact with an already sand-treated rail surface. This circumstance may have been 
responsible for the continuous adhesion reduction effect, which was especially observed 
at low slips. At higher slips the removal of crushed sand from the rail surface is increased, 
so that the effect of the rail surface treatment is diminished.  

   In wet contacts the behavior of sand entrapment may be different from what is 
described in this work. Previous work showed higher adhesion coefficient when sanding 
is carried out in wet contacts compared to sanding under dry conditions [3B.20]. This 
could be explained by the capillary action of a water film, which can promote the 
particles entrapment, particularly with the larger particles where fractured bits of sand are 
pulled into the contact as they adhere to the disk surfaces. This different entrapment 
mechanism can thus affect the electrical insulation and adhesion. Since sand is more 
likely to be applied in wet conditions, the possible influence of water on the results 
presented in this paper may be interesting for further studies. 

   Furthermore, there are several differences that impede a direct comparison of the results 
of this testing with the actual situation in railway sanding. There exists a considerable 
geometrical scaling between the test set-up and the actual wheel-rail contact. In particular, 
the wheel and rail disks used in the testing had a finite rolling radius of 23.5 mm, while 
actual wheels and rails have a rolling radius of 460 mm and infinity, respectively. This 
geometrical difference could have led to a different particle entrapment compared to the 
actual situation. In addition, the length of the contact area in the rolling direction was 0.5 
mm in these tests, which may be smaller than some of the (crushed) sand particles 
travelling through the disk interface, leading to a different behavior. Moreover, more sand 
could have been entrained than in practice because in this testing the sand was directly 
applied to the disks contact in the absence of cross wind and train’s slipstream. Therefore, 
the results given in this article can only be taken so far as indicative of what happens in 
the actual wheel-rail contact. Future work should aim at determining the scaling factors 
so that quantitative relationships between the twin-disk testing and actual operation 
conditions can be established.  
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3B.5. Conclusions 
A laboratory investigation on the influence of three railway sanding parameters (i.e., feed 
rate, particle size and wheel slip) on the adhesion and electrical insulation has been 
presented in this paper. The wheel-rail contact has been simulated by means of a twin-
disk roller rig in rolling-sliding conditions. Three different slips have been considered in 
the testing that are representative of actual traction and braking operations of railways. 
Four different sizes of sand have been used to investigate the influence of the particle size. 
Up to five different feed rates have applied in the testing to analyze their effects. Based 
on the results obtained in this work, the following conclusions can be drawn: 

a) Sand acts as a solid lubricant for all tested particle sizes, slips and feed rates in dry 
wheel-rail contacts. 

b) Using larger particle size of sand generally yields higher adhesion coefficient and 
causes less electrical insulation in the wheel-rail contact.  

c) Higher feed rates lead to lower adhesion coefficient and more electrical insulation. 
d) The increase in slip enhances the interlocking action of sand so that higher 

adhesion coefficients are obtained. 
e) An optimal adhesion coefficient may be achieved with a suitable combination of 

particle size, feed rate and wheel slip. 
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ABSTRACT 
 

Leaf contamination has been identified as the major cause of low adhesion incidents 
occurring on some railway networks in the last few decades. In the presence of leaf layers, 
the trains cannot have the required adhesion at the wheel-rail contact for adequate traction 
and braking operation. Under these circumstances not only the punctuality can be 
threatened, but also the safety of the railway transportation. In order to mitigate low 
adhesion problems, railway organizations have opted for different measures, particularly 
in autumn. The most employed measure consists of bringing sand to the wheel-rail 
interface, which can be performed by means of air-pumped sanders or in the form of 
sand-based friction modifiers. Although sand has widely been accepted as an effective 
adhesion improver, the effect of some sanding parameters on the adhesion improvement 
in leaf contaminated contacts seems to be unclear. This hinders the possible optimized 
use of sand on the railway networks. In this paper the influence of the number of sanding 
axles, particle size of sand, and wheel slip on the adhesion recovery in leaf contaminated 
wheel-rail contacts is presented. Rolling-sliding tests under closely controlled conditions 
have been performed on a twin-disk roller rig. An electrical circuit has been connected to 
the rig for monitoring the effect of the contamination on the electrical conductivity across 
the wheel-rail contact. The results show that the application of sand contributes to 
removing the leaf layers from the disks surfaces, which leads to a higher adhesion 
coefficient in comparison with the untreated (baseline) situation. Accordingly, the 
electrical conductivity across the wheel-rail contact is also improved. Furthermore, the 
adhesion recovery is shown to become larger and faster with the increase of sanding axles 
and wheel slip. Among the particle sizes tested in this work, medium particles are found 
to yield the most effective adhesion recovery.  
 

 
 
 
 
 
 
 
 

                                                 
IX  This chapter has been published as: O. Arias-Cuevas, Z. Li, R. Lewis, E.A. Gallardo-Hernandez: 
Investigation of some Sanding Parameters to Improve the Adhesion in Leaf Contaminated Wheel-Rail 
Contacts. Proc. IMechE, Part F: J. Rail and Rapid Transit 224 (2010) 139-157. 
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3C.1. Introduction 
The friction available between wheel and rail during braking and traction operation is  
The adhesion, or the adhesion coefficient (also known as the traction coefficient), is given 
by the ratio between the traction or braking force and the normal force at the wheel-rail 
contact. If the adhesion at the wheel-rail contact is below certain requirements, not only 
the punctuality, but also the safety of the railway transportation may be compromised. 
Additionally, low adhesion incidents may lead to the damage of wheels (e.g., wheel flats) 
and rails (e.g., rail burns) increasing the maintenance costs of the infrastructure and the 
rolling-stock. Although many factors can influence the wheel-rail adhesion, leaf 
contamination has been identified to cause most of the low adhesion incidents on some 
railway networks in the last few decades [3C.1-3C.7]. The leaf related problems mostly 
occur in autumn, when large amounts of fallen leaves cover the railway tracks. Once 
these leaves come to the top of the rails, passing wheels compact and shear them to form 
Teflon-like layers [3C.6]. These slippery layers adopt a black colouration and become 
very hard to be removed from the wheel and rail surfaces. Besides problems related to 
adhesion, the leaf layers may also affect train detection because of their electrical 
insulating properties.  

   In recent years, railway organizations have taken different measures to fight the low 
adhesion problems [3C.1, 3C.2, 3C.5]. Operational measures, such as warning systems 
and training for drivers to operate under low adhesion conditions, and infrastructure 
remedial measures, such as vegetation management and the use of dedicated vehicles to 
clean the rails, have been adopted. The most used measure to improve the adhesion 
conditions has been the application of sand to the wheel-rail contact. Two major practices 
of bringing sand particles to the wheel-rail interface are employed, namely sanders and 
sand-based friction modifiers (FMs). The sanders eject the sand from on-board storage 
hoppers by means of compressed air through a nozzle oriented towards the wheel-rail 
interface. Locomotive sanders have existed since the earliest days of the railway 
transportation [3C.8]. In recent years, sanders have also been fitted to some of the 
electrical multiple units (EMUs) in countries like Germany and the UK [3C.2, 3C.5, 
3C.9]. Field and laboratory tests have corroborated that using sanders can enhance the 
adhesion in the presence of leaves at the wheel-rail contact [3C.10, 3C.11].  

   On the other hand, dry sand may easily be blown off the rail surfaces in the presence of 
wind or train’s slipstream leading to a short lasting effect. This shortcoming has led 
countries like the Netherlands and the UK to opt for a commercial sand-based FM, which 
incorporates a gelling agent that promotes the adherence of the mix to the wheel and rail 
surfaces [3C.2, 3C.7, 3C.12]. The commercial sand-based FM can be applied train-borne 
or with trackside installations. The adhesion improvement given by this FM in leaf 
contaminated contacts was corroborated in laboratory tests against a baseline representing 
the untreated conditions [3C.7]. It was shown that the number of cycles (i.e. wheel 
passages) needed to reach an adequate adhesion for braking and traction could be reduced 
up to 70 and 93%, respectively, when using the FM compared to the baseline. 

   Although positive in adhesion improvement, the use of sand in the wheel-rail contact 
can have some undesired side effects. The abrasive action of sand particles can cause an 
increase in the wear rates of both wheels and rails, leading to higher maintenance costs 
[3C.13, 3C.14]. Furthermore, sand particles may electrically insulate the wheel-rail 
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contact, leading to a failure in the train detection [3C.15, 3C.16]. This situation may lead 
to traffic disruption, and sometimes even collisions.   

   Recently, the authors investigated in the laboratory the influence of some sanding 
parameters on the electrical insulation and wheel and rail damage caused by sanding 
[3C.17, 3C.18]. It was found that the wear rates caused by sanding are dependent on the 
particle size and wheel slip, and that electrical insulation caused by sanding is dependent 
not only on the feed rate, but also on the particle size and in a minor degree on the wheel 
slip. These studies indicated that some of the parameters could be optimized to reduce the 
negative impact of sanding on both wear and electrical insulation. Nevertheless, the effect 
of the sanding parameters on the adhesion recovery in leaf contaminated contacts still 
seems to be unclear. This hinders the possible optimized use of sand in the wheel-rail 
contact. 

   This paper presents a laboratory investigation on the influence of three sanding 
parameters (i.e. number of sanding axles, wheel slip, and particle size) on the adhesion 
recovery in leaf contaminated wheel-rail contacts. The tests have been performed on a 
twin-disk roller rig under rolling-sliding conditions. Three different slips have been 
applied in this work to study the influence of the wheel slip. Four sands have been used in 
the testing to account for the influence of the particle size. Three amounts of sand have 
been fed with a fixed feed rate to analyze the importance of the number of sanding axles 
on the adhesion recovery. Besides adhesion, the electrical conductivity across the wheel-
rail contact has been monitored during the tests to help understanding the impact of 
contamination on the electrical insulation. 

3C.2. Test description 

3C.2.1. Test set-up 
The wheel-rail contact was simulated in rolling-sliding conditions on the SUROS 
(Sheffield University ROlling Sliding) roller rig, which is shown in Fig. 3C.1 and 
described in detail in [3C.19]. The test disks were mounted on independent shafts. By 
means of a hydraulic jack, a controlled load of 4.7 kN was applied on the disks producing 
a maximum Hertzian pressure of 1.2 GPa in the contact zone, which is representative of 
the contact between wheel tread and railhead for passenger trains in the Netherlands. 
Since cylindrical disks were used in the experiments, a line contact of 10 mm width was 
present (see Fig. 3C.2).  

   In the tests the rotational speed of the rail was maintained at 400 rpm, equivalent to 
0.98 m/s of rolling speed. In order to apply the wheel slip, the rotational speed of the 
wheel disk was maintained higher than the one of the rail disk. The definition of slip is 
given in Eq. 3C.1, where w  and r  are the rotational speed and rolling radius of the disks, 
respectively. To obtain an indication of the adhesion in the wheel-rail contact, the 
adhesion coefficient was recorded throughout the test. It was calculated with the readings 
of the torque transducer and the load cell, as indicated in Eq. 3C.2, where T  represents 
the torque and NF  is the normal contact force. A personal computer was used to acquire 

the data and to control both the speed and the load during each test. 
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   The test disks were cut from rails and wheel tyres retired from service on the Dutch 
railway network; R260Mn and B5T steel was used for the rail and wheel disks, 
respectively. The disks were machined with their axes perpendicular to the longitudinal 
axis of both wheel and rail, as shown in Fig. 3C.2. The Vickers macro-hardness of the 
wheel and the rail steel used in the tests was measured as 267HV20kg and 281HV20kg on 
average, respectively. The roughness of the disks was measured with a profilometer, with 
an average value 1.3±0.2 µm.  
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Fig. 3C.1. Schematic representation of the SUROS roller rig setup. 

 

 
Fig. 3C.2. Orientation and dimension of the disks. 

 
   In order to monitor the electrical voltage across the disks contact area in the course of 
each test together with the adhesion data, an electrical circuit was installed on the roller 
rig. Fig. 3C.3 depicts the electrical circuit, which had also been used in previous 
investigations of insulation at the wheel-rail contact [3C.16]. Due to the position of the 
voltmeter in the set-up a so-called bearing resistance, which accounted for the lubricant 
circulating inside the bearing, had to be included in the Vout readings, as indicated in Fig. 
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3C.3. Nevertheless, the bearing resistance could be neglected once sand and leaves were 
entrained into the disk interface because of its smaller influence on the Vout readings 
compared to the contamination present at the wheel-rail contact. The Vout was recorded 
at a frequency of 2 kHz, i.e. every 0.5 mm of travelled distance of the rail, which 
corresponded to the length of the contact area in the rolling direction. The readings were 
further averaged to have one Vout reading per rail revolution (or cycle).  
 

 
Fig. 3C.3. Schematic representation of the electrical circuit. 

 
   In the presence of insulating contamination at the disk interface, the electrical resistance 
can increase until open circuit conditions are reached, in which case Vout = 1 V. If the 
contact is not totally insulated, the voltage readings (in Volts) correspond to Eq. 3C.3, in 
which Rc  and Rb  are the resistance (in Ohms) of the disk contact and the bearing, 
respectively. Additionally, a combined resistance of the total resistance seen by Vout, 
which is given by Rt Rc Rb= + , can be used to simplify the formula.  
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3C.2.2. Tested sands 
Two types of commercial sand were used in this work: silica sand and filter sand. The 
silica sand had been extracted from a pit in south Germany, whereas the filter sand had 
been collected from a river in the Netherlands. A photograph of the sands is given in Fig. 
3C.4. The particle size distribution of the sands, which is given in Fig. 3C.5, was 
measured with a laser particle analyzer. The filter sand is used by the Dutch railways to 
increase the adhesion of the locomotives; thus, it is hereinafter referred to as railway sand, 
R sand for short. Although different rocks can be seen in the sample, the weight content 
in SiO2 is around 96% as given by the supplier. The particle size distribution of R sand 
ranged from 0.25 to 1.4 mm with a wide peak at 0.6-1 mm, as shown in Fig. 3C.5. The 
silica sand had a SiO2 content around 99% according to the supplier. It was sieved in the 
laboratory to three different particle size ranges: small (0.06-0.3 mm, with peak at 0.15 
mm), medium (0.3-0.6 mm, with peak at 0.35 mm), and large (0.85-1.6 mm, with peak at 
1.2 mm). These three sands are referred in this paper as S sand, M sand and L sand, for 
short. Moreover, due to the similar composition, form, and hardness of the four tested 
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sands the particle size distribution could be considered as the only parameter of study for 
this work. 
 

 
Fig. 3C.4. Photograph of the tested sands: S sand, M sand, L sand, R sand. 
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Fig. 3C.5. Particle size distribution of the tested sands obtained with the laser particle analyzer. 

3C.2.3. Test procedure 
In order to form the black leaf layers onto the disks that are representative of those 
causing low adhesion incidents in practice, the same preparation procedure used in 
previous work was followed [3C.7]. In a single test at 0.5% slip, the disks were let run in 
for 2000 cycles to condition the surfaces followed by 300 cycles of leaves feed. Around 
20 g of autumn sycamore leaves were fed in each test, which had been cut into small 
pieces to ease their entrapment into the disks interface. Sycamore is one of the tree types 
present along the Dutch railway network. Fig. 3C.6 depicts the adhesion and voltage 

S sand M sand L sand R sand 
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output of a generic preparation test. The adhesion coefficient is seen to increase rapidly 
from 0.05 to around 0.13, which accounts for the initial adjustment of the slip set for the 
test and the contact load. Thus, this initial transition occurs every time a test is started and 
it normally lasts between 20 and 50 cycles. The further increase of the adhesion 
coefficient until a steady value of 0.32 is attributed to the conditioning of the disk 
surfaces, which is observed particularly when using new disks.  

   Due to the re-circulation of the lubricant inside the bearing and the change in surface 
roughness of the disks, some variation in Vout can be observed in the initial 2000 cycles. 
Once the leaves started to be fed into the contact, the adhesion dramatically went down to 
values around 0.02 and Vout increased accordingly with the cycles as insulating leaf 
layers formed onto the disks. At the end of the preparation test, the contaminated rail and 
wheel disks were separated and the test was stopped. Then, the slip and/or sand applicator 
were adjusted for the leaf contaminated test. It must be noted that besides the black leaf 
layers, patches of leaf mulch of a few hundreds microns thick were adhered onto the 
disks at the end of the preparation test. It can be expected that if those leaf mulch patches 
were not removed from the disk surfaces, they may have transformed into the black leaf 
layers in the progress of a leaf contaminated test. 
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Fig. 3C.6. Adhesion and conductivity results during the leaf contaminated test preparation at 

0.5% slip. 
 
   Each leaf contaminated test was run for 1000 cycles. The tests were conducted at three 
slips: 1, 5 and 10%, which represent typical values found during actual traction and 
braking operations. The sand was applied after some cycles for the initial adjustment. In 
the results presented in Section 3C.3 the cycles used for initial adjustment and sand 
application will not be shown to illustrate better the adhesion available after sand 
application. The sand was fed by means of gravity, as shown in Fig. 3C.7. After exiting 
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the valve, the sand passed through a PVC pipe and was oriented to the wheel-rail 
interface with a chute. A vacuum cleaner placed behind the disks sucked the sand into the 
wheel-rail contact so that the compressed air system used in actual sanders could be 
simulated. Besides, two funnels helped feeding the sand to the PVC pipe.  
 

 
Fig. 3C.7. Sand application method in the test set-up: photograph (left) and schematic (right). 

 
   In order to regulate the sand feed rate, plastic syringes were used as valves. The orifice 
of the syringe was adapted to achieve the nominal feed rate, which was 7.5 g/m in every 
test taking as reference the travelling distance and rolling speed of the rail disk. Note that 
this feed rate is representative of the ones used in practice [3C.14]. The different particle 
size distribution of the four sands required different orifice sizes because of their different 
bulk density. Moreover, three amounts of sand were employed in the tests: m1 = 1.108 g, 
m2 = 2.216 g, and m3 = 4.432 g. In this way, the tests simulated the equivalent situation 
of a passing rail vehicle over a contaminated section of length equal to the rail disk 
circumference (= 47π mm), which had sanders fitted to one, two, and four wheelsets, 
respectively. Thus, the residual effect on adhesion and electrical insulation left to the 
subsequent non-sanding wheel passages could be investigated for all sand particle sizes 
and for the different slips.  

   In addition to the tests with sand, two baselines were conducted. A baseline for dry 
clean contacts (named baseline-dry in this paper) was performed to examine the impact of 
leaf contamination on wheel-rail adhesion. Moreover, a baseline without any sand 
application on leaf contaminated contacts (named baseline in this paper) was also carried 
out so that the improvement in adhesion given by sand could be shown. The baseline tests 
were carried out at five different slips (i.e., 0.5, 1, 5, 10, and 15%) to additionally 
investigate the effect of wheel slip on the adhesion recovery. Finally, the surfaces of the 
disks were examined after each leaf contaminated test with both sand and in baseline 
conditions. The thickness of the remaining layers was measured with an optical 3D 
profiling system WykoNT3300 (Veeco Metrology Group, USA). Micro-hardness 
measurements of the layers were undertaken with a Vickers indenter with a 10 g load. 
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Finally, the remaining contamination was scraped off the disk surfaces to be analyzed 
using Fourier Transform Infra-Red (FTIR) micro-spectroscopy. 

3C.3. Results 

3C.3.1. Influence of the number of sanding axles 
The importance of the number of sanding axles was investigated for all types of sand. In 
the tests with R sand three slips were tested (Figs. 3C.8-3C.10), while for S, M and L 
sands only 5% slip was considered (Figs. 3C.14-3C.16). The two baseline tests, which 
were performed without sand on leafy and clean contacts, are also given for each figure. 
It can be seen that the initial adhesion coefficient was always higher in the tests with sand 
than in the baseline (with leaf layers and no sand application), see Fig. 3C.8 as example. 
This adhesion improvement can be attributed to the enhanced removal of the black leaf 
layers by the entrapped (crushed) sand particles, which leads to a higher initial adhesion 
for all tests with sands compared to the baseline. The amount of adhesion improvement 
due to the sand application is depicted in Fig. 3C.8 by means of arrows. Furthermore, the 
highest initial adhesion coefficient was mostly observed in the baseline-dry tests (no leaf 
layers and no sand application), which was expected due to the absence of contamination. 
In order to illustrate the initial adhesion improvement due to sanding quantitatively, the 
adhesion coefficient at 65 cycles of baseline and sand tests is displayed in Table 3C.1. 
After sand application the adhesion coefficient was always higher than 0.10, which is 
above the maximum adhesion requirements of the majority of the rolling stock for 
braking. Nevertheless, the adhesion coefficient was not always above the required values 
for traction operation, especially when using insufficient number of sanding axles. This 
will be further discussed in Section 3C.3.4.  
 

Table 3C.1. Adhesion coefficient at 65 cycles (after initial adjustment and sand application). 

 1% slip 5% slip 10% slip 
Baseline 0.07 0.11 0.12 

 R sand R sand S sand M sand L sand R sand 
m1 0.11 0.15 0.19 0.20 0.14 0.15 
m2 0.15 0.17 0.21 0.26 0.15 0.18 
m3 0.17 0.22 0.30 0.35 0.18 0.36 

 
   Increasing the number of sanding axles caused a higher initial adhesion coefficient for 
the four sands used in the testing. In most of the tests the increase in sanding axles not 
only led to a larger initial adhesion recovery, but also to a higher value in the maximum 
adhesion coefficient reached. The only exception to this tendency was observed in the m1 
and m2 tests with R sand at 5% slip and in the m2 and m3 tests with L sand at 5% slip, as 
pointed out in Fig. 3C.9 and Fig. 3C.16, respectively. It can be seen in those tests that 
after a large number of cycles, when the sand could have been removed entirely from the 
surfaces, a higher adhesion coefficient was reached for the test with fewer sanding axles. 
These results could be explained by the non-uniform distribution and evolution of the leaf 
layers on the disks surfaces.  
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   In the R sand tests the importance of having enough sanding axles was particularly 
reflected at 10% slip. In Fig. 3C.10 it can be seen that a peak in the adhesion coefficient 
around 0.37 was reached around six times faster with m3 compared to m2, while that 
peak value was not reached with m1. Once the adhesion coefficient reached the peak, it 
unexpectedly decayed with the increasing number of cycles. The explanation for this odd 
behaviour was found upon post-test examination of the disks, which demonstrated the 
presence of remaining contamination on the wheel disk in the form of powder that could 
easily be rubbed away with the finger. FTIR analysis of that powder revealed a mix of 
sand and leaves (see Section 3C.3.5). A photograph of a wheel disk with this powder on 
its surface is given in Fig. 3C.11. The height of that powder on the disk surface was 
measured to be up to 33 µm (see Fig. 3C.12). It must be mentioned that in all tests with 
sand the rail disk presented a complete clean shiny surface that can be attributed to the 
material transfer characteristic of this type of rolling-sliding tests, which was previously 
outlined in [3C.12].  
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Fig. 3C.8. Adhesion results in leaf contaminated tests with R sand at 1% slip at different number 
of sanding axles (references: baseline-dry without any contamination and baseline without sand). 
 
   Since no solid leaf layer, but powder, was found on the wheel disk surface of the R 
sand m3 test at 10% slip, it could be assumed that in general the leaf layer started to break 
apart once the peak in the adhesion coefficient was reached. The subsequent 
transformation into powder may have caused the continuous reduction in the adhesion 
coefficient observed in Fig. 3C.10, i.e. the powder may have acted as a solid lubricant. 
Once the leaf layer was mostly converted into powder the minimum adhesion coefficient 
could have been reached, which was around 0.25 for both m2 and m3 tests with R sand at 
10% slip. This last assumption was validated upon post-test examination of the wheel 
disk surface used in the m2 test, which had just reached the minimum adhesion 
coefficient at the end of the test. With further increase in cycles the powder may have 
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gradually been removed from the disk surfaces leading to the steady increase in the 
adhesion coefficient, as observed in the m3 test of Fig. 3C.10. 
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Fig. 3C.9. Adhesion results in leaf contaminated tests with R sand at 5% slip at different number 
of sanding axles (references: baseline-dry without any contamination and baseline without sand). 
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Fig. 3C.10. Adhesion results in leaf contaminated tests with R sand at 10% slip at different 
number of sanding axles (references: baseline-dry without any contamination and baseline 

without sand). 
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   Increasing the number of sanding axles did not lead to the formation of powder in the R 
sand tests at 1 and 5% slip, which indicated that a certain slip and amount of sand was 
required to break up the leaf layers. Nevertheless, an improvement in the adhesion 
recovery in both tests was observed (see Figs. 3C.8-3C.9). The wheel disks of those tests 
had remaining solid layers like the one displayed on Fig. 3C.11. The Vickers micro-
hardness of those layers ranged between 59 and 67 HV10g, and the thickness between 4 
and 12 µm. In order to illustrate the solid and powder forms of post-test contamination, 
photographs and 3D optical pictures of two wheel disks are given in Figs. 3C.11-3C.12. 
Note that the curvature of the disks has been corrected in Fig. 3C.12 to show flat surfaces. 
Besides the solid layers and the powder, indentations on the disks surfaces could be seen 
in Fig. 3C.12, which were caused by sand particles. 
 

 
Fig. 3C.11. Photographs of wheel discs during post-test examination with: (left) remaining solid 

layer; (right) powder of broken layer. 
 

 
Fig. 3C.12. Pictures taken with an optical 3D profiling system of the wheel disc surface with: 

(left) remaining solid layer; (right) powder of broken layer. 
 
   Fig. 3C.13 depicts the electrical insulation results of the tests with R sand at 10% slip, 
whose adhesion history was given in Fig. 3C.10. The Vout readings could be identified as 
a three-phase process. During the initial cycles of the test the leaf layers, which had 
adhered to the disk surfaces during test preparation, could insulate the wheel-rail contact, 
e.g. baseline test in Fig. 3C.13. It can be seen that the application of sand had a positive 
effect on improving the wheel-rail conductivity by removing the insulating leaf layers, 
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which led to a lower initial Vout compared to the baseline, as pointed out in Fig. 3C.13. 
Furthermore, the increase in the number of sanding axles gave a faster improvement of 
the electrical conductivity, which was particularly noticeable in the m3 test. As expected, 
the lowest Vout corresponded to the baseline-dry test due to the absence of contamination. 
The second phase corresponded to a steep decreasing slope of Vout in some tests, e.g. 
baseline and R sand m1 and m2 tests. This could indicate a substantial removal of the leaf 
layers, or the fact that their thickness reduced to facilitate more metal-metal contact 
between asperities. The third phase was represented by variations of the Vout with a 
decreasing tendency towards the Vout of the baseline-dry test. Those variations in Vout 
could partly be due to the influence of the bearing resistance, which cannot be neglected 
in Eq. 3C.3 in the absence of contamination in the wheel-rail contact (i.e. low values of 
Rc). In the m3 test an increase in Vout is observed between 300 and 800 cycles, which 
could have been caused by a possible increase in Rb on the one hand, and by the powder 
transformation leading to a higher Rc, on the other. After 1000 cycles the baseline test 
registered a considerably higher Vout than the tests with sand, which was found to be in 
good agreement with the findings on the remaining contamination during the post-test 
examination. Particularly, the wheel disk used in the baseline test had a larger coverage 
of solid layers compared to the tests with sand. Some patches of solid layers were also 
present on the rail disk of the baseline test, whereas the rail disks of all tests with R sand 
were clean. 
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Fig. 3C.13. Electrical insulation results in leaf contaminated tests with R sand at 10% slip at 
different number of sanding axles (references: baseline-dry without any contamination and 

baseline without sand). 
 
   In Fig. 3C.14 the results with S sand at 5% slip are depicted. It can be seen that the 
increase in the number of sanding axles led to a larger initial adhesion improvement. 
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Furthermore, in the m3 test the adhesion coefficient reached a peak value of 0.45 after 
around 300 cycles, and then the adhesion decreased. The adhesion coefficient decreased 
to 0.35 at 700 cycles and then the adhesion started to increase again. Powder was 
observed on the wheel disk surface so this could explain the variations in adhesion 
similarly to the tests with R sand at 10% slip. Similar results in adhesion appeared in the 
m1 and m2 tests with S sand compared to the m3 test; however, a phase lag was present 
as slower leaf layer removal occurred with a lower number of sanding axles. Another 
difference found among the tests with S sand was on the peak in the adhesion coefficient, 
which was 0.39 for both m1 and m2 tests compared to 0.45 in the m3 test. Hence, the 
increase in number of sanding axles not only gave a faster adhesion recovery, but also led 
to a higher peak in the adhesion coefficient. The explanation for the different value of the 
peaks was found upon post-test examination of the disks. In the m1 and m2 tests, the 
wheel disk surfaces had some patches of remaining solid layers, which were not observed 
in the wheel disk of the m3 test. Additionally, no powder formation had occurred in the 
m1 test. 
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Fig. 3C.14. Adhesion results in leaf contaminated tests with S sand at 5% slip at different number 
of sanding axles (references: baseline-dry without any contamination and baseline without sand). 
 
   In the tests with M sand at 5% slip the increase of sanding axles showed a considerable 
improvement on the adhesion recovery, as shown in Fig. 3C.15. The peak in the adhesion 
coefficient was obtained as 0.39 after 100, 380 and 990 cycles, for m3, m2 and m1 tests, 
respectively. The phenomenon of powder formation after layer break-up was only 
observed in the m2 and m3 tests. Additionally, clean adhesion conditions were reached in 
the m3 test after 750 cycles, as pointed out in Fig. 3C.15. It can be seen that the initial 
adhesion coefficient is larger in the m3 test with M sand than in the baseline-dry test. 
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This is due to the initial surface run-in of the disks used in the baseline-dry test, which 
lasted for the first 300 cycles.   
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Fig. 3C.15. Adhesion results in leaf contaminated tests with M sand at 5% slip with different 
number of sanding axles (references: baseline-dry without any contamination and baseline 

without sand). 
 
   Furthermore, the application of L sand slightly increased the initial adhesion coefficient 
compared to the baseline, as shown in Fig. 3C.16. Nevertheless, this adhesion 
improvement was considerably lower than with the other sands, which could be attributed 
to the poor entrapment of large particles. The most effective initial adhesion recovery was 
achieved in the test with m3, which clearly showed a considerably better performance 
than the baseline. However, increasing the number of sanding axles did not lead to 
powder formation. Remaining layers could be seen on the wheel disk of all tests 
performed with L sand. Vickers micro-hardness tests on those layers yielded a value 
between 50 and 69 HV10g, and their thickness was measured between 6 and 18 µm. 

3C.3.2. Influence of the wheel slip 
In order to investigate the influence of the wheel slip on the adhesion recovery during 
sanding, tests with R sand were carried out in different number of sanding axles at three 
different slips: 1, 5 and 10% (see Figs. 3C.17-3C.19). It can be seen that the influence of 
the wheel slip became weaker when using fewer number of sanding axles. In the m1 tests, 
5 and 10% slip yielded similar adhesion recovery with a slight higher adhesion 
coefficient reached at 10% slip (see Fig. 3C.17). On the other hand, 1% slip led to the 
lowest initial adhesion coefficient and the slowest adhesion recovery. Some remaining 
solid layers were observed on the wheel disks for the three slips tested. However, less 
contamination was found on the wheel disk surfaces of tests with higher slip. For 
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example, the remaining leaf layer of the test at 10% slip had begun to break up and did 
not cover the whole surface. Vickers micro-hardness measurements on that layer led to 
erroneous values because the indenter penetrated through the layer. On the other hand, 
the remaining layer of the test at 1% slip, which almost covered the entire wheel disk 
surface, was between 59 and 67 HV10g in Vickers micro-hardness. 
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Fig. 3C.16. Adhesion results in leaf contaminated tests with L sand at 5% slip at different number 
of sanding axles (reference baseline-dry without any contamination and baseline without sand). 

 
   The increase in wheel slip clearly promoted a faster adhesion recovery in the m2 and 
m3 tests, as shown in Figs. 3C.18-3C.19. It can be seen that the basic difference between 
Fig. 3C.18 and Fig. 3C.19 is a phase lag, which accounted for the faster adhesion 
recovery experienced with higher number of sanding axles. At 10% slip the peak in the 
adhesion coefficient was reached at 0.37 as the leaf layers were breaking up. Then, the 
adhesion decreased as a consequence of the formation of powder, and after reaching a 
minimum in the adhesion coefficient around 0.25, the adhesion started to increase again. 
Some remaining powder was observed on the wheel disk surfaces after completion of 
those tests. In tests at 5% slip no powder formation was observed and the peak in 
adhesion reached was lower than in tests at 10% slip. This was due to the presence of 
some patches of remaining solid layers that were found on the wheel disk surfaces. The 
slowest adhesion recovery was observed at 1% slip, which was attributed to remaining 
contamination layers on the wheel disk surfaces. Vickers micro-hardness of those layers 
ranged between 59 and 67 HV10g, and their thickness was measured between 8 and 12 µm. 
Moreover, a higher initial adhesion coefficient with higher wheel slip was clearly 
observed in the m3 tests. The initial adhesion coefficient was around 0.17 with 1% slip, 
whereas it was around 0.36 for 10% slip (see Fig. 3C.19 and Table 3C.1). 
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Fig. 3C.17. Adhesion results in leaf contaminated tests with R sand at different slips for m1 

application. 
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Fig. 3C.18. Adhesion results in leaf contaminated tests with R sand at different slips for m2 

application. 
 

Similar adhesion recovery 

Peak in the adhesion coefficient 

Minimum in the adhesion coefficient 



Chapter 3, Part C   

 
126 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0 100 200 300 400 500 600 700 800 900 1000

Cycles

A
d

h
e

si
o

n
 c

o
e

ffi
ci

en
t

R sand m3 at 1% slip R sand m3 at 5% slip R sand m3 at 10% slip

 
Fig. 3C.19. Adhesion results in leaf contaminated tests with R sand at different slips for m3 

application. 
 
   Furthermore, the influence of the wheel slip on the adhesion recovery was also 
investigated for the baseline situation at 5 different slips. It can be seen in Fig. 3C.20 that 
a higher adhesion coefficient was initially obtained at higher values of wheel slip until 
5% slip. No significant difference in the initial adhesion recovery (i.e. up to 300 cycles) 
was observed between tests at 5 and 15% slip, which may indicate saturation on the layer 
removal by wheel slip. In most of the tests, the evolution of the adhesion followed a trend 
on which higher adhesion coefficient was reached at the end of the test with higher wheel 
slip. There was, however, an odd result obtained at 15% slip that broke this tendency. 
Post-test examination showed that the wheel and rail disks used in that test presented 
some remaining contamination in the form of powder as well as few tiny patches of solid 
layer. This means that 15% slip was high enough to break up some of the leaf layer 
patches leading to the powder formation. The presence of that powder may have been 
responsible for decelerating the increase of the adhesion coefficient. On the other hand, 
no powder formation was observed in tests with wheel slips between 0.5 and 10%. 
Furthermore, less coverage of remaining leaf layers was observed on the disk surfaces 
used in tests with higher slip, which corresponded well with the adhesion results. Those 
layers had a thickness between 3 and 13 µm, and Vickers micro-hardness of 47-68 HV10g. 

   Moreover, there was one striking difference between the baseline and the sanding tests. 
In the baseline tests, the rail disk was not completely free of contamination, which 
suggests that sanding may have enhanced the material transfer from the rail to the wheel 
disk due to the abrasive action of entrapped sand particles. The wheel steel is softer than 
the rail steel and, thus, more particles may indent and remain in the wheel disk surface 
and then abrade the rail disk surface along the sliding distance of the contact patch. In 
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baseline conditions, this material transfer must be fulfilled by the asperities. If one 
considers that the average roughness of the disks was around one tenth of the thickness of 
the leaf layers and at most one hundredth of the initial size of the smallest particles of 
sands tested, it can be understood that the mechanical transfer of the contamination is 
expected to be considerably less effective in the baseline tests than in tests with sand. 
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Fig. 3C.20. Adhesion results in leaf contaminated tests with baseline at different slips. 

3C.3.3. Influence of the particle size 
The influence of the particle size was investigated at 5% slip for the three numbers of 
sanding axles (m1, m2, and m3), as shown in Figs. 3C.21-3C.23. Note that the two 
baselines are also given in the figures. It can be observed that the highest initial adhesion 
improvement was obtained with M sand, with an initial adhesion coefficient between 
0.20 and 0.35 depending on the number of sanding axles used. Note that the initial 
adhesion coefficient of the baseline was around 0.11. Furthermore, the fastest adhesion 
recovery was also achieved with M sand. The peak in the adhesion coefficient was 
reached in fewer cycles compared to tests with other sands, as shown in Figs. 3C.22-
3C.23, and the adhesion even recovered to that of clean dry conditions in the m3 test, as 
pointed in Fig. 3C.23. The S sand presented a similar good performance with a phase lag 
of 100-200 cycles with respect to M sand, but clean adhesion conditions were not reached 
in those tests. On the other hand, L and R sands rendered a slightly faster adhesion 
recovery compared to the baseline, which was particularly poor in the m1 tests. In all 
tests with L sand, remaining layers were found on the wheel disk, which ranged 51-69 
HV10g in Vickers micro-hardness and with thickness between 6 and 18 µm. In the tests 
with R sand the layers, which remained on the wheel disk surface, had a Vickers micro-
hardness between 59 and 67 HV10g and 8-12 µm in thickness.  
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Fig. 3C.21. Adhesion results in leaf contaminated tests with different sands at 5% slip for m1 

application (reference baseline-dry without contamination). 
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Fig. 3C.22. Adhesion results in leaf contaminated tests with different sands at 5% slip for m2 

application (reference baseline-dry without contamination). 
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Fig. 3C.23. Adhesion results in leaf contaminated tests with different sands at 5% slip for m3 

application (reference baseline-dry without contamination). 
 
   The best performance of M sand can be explained by considering the balance between 
the better particle entrapment in the wheel-rail contact of smaller sands, and the more 
effective layer removal of particles the size of which is larger than the thickness of the 
contamination layer. In another work, in which the sands were applied continuously in a 
dry uncontaminated wheel-rail contact, it was shown that S and M sands entirely 
insulated the wheel-rail contact, whereas R and L sands only increased the electrical 
resistance with respect to the steel-on-steel contact [3C.18]. In other words, the decrease 
in particle size promoted the entrapment in the wheel-rail contact, causing more 
insulation. In general, it is expected that having more particles travelling through the 
wheel-rail contact would help in removing the contamination to a greater extent, leading 
to a better adhesion recovery. Hence, this may indicate that smaller sized sand could be 
more effective than larger sands. Nevertheless, M sand had better performance than S 
sand, which may be attributed to its slightly larger particle size, which is small enough to 
promote good particle entrapment, but large enough to prevail over the leaf layers. The 
small size of S sand may have caused some of the particles to get entrained in the leaf 
layers, or even the leaf mulch patches, reducing the possibility of abrasion. Therefore, M 
sand appears to be the optimum size for enhancing the poor adhesion caused by leaf 
layers in this test set-up. 

   In order to illustrate the influence of the particle size on the evolution of the electrical 
insulation of the wheel-rail contact, the Vout readings of the m3 tests at 5% slip are given 
in Fig. 3C.24. The Vout of the baseline test is not given because it was not measured. 
Note that the corresponding adhesion results were given in Fig. 3C.23. It can be seen that 
the electrical insulation correlated well with the adhesion results. The application of M 
sand led to the lowest initial Vout, followed by S sand, R sand and L sand. On the other 
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hand, open circuit conditions can be observed in the test with L sand up to 100 cycles due 
to the presence of remaining leaf layers. In all sand tests, the Vout showed a decreasing 
tendency with the increasing number of cycles. However, some variations in that 
tendency were observed in the tests with M and S sand, which may have been caused by 
the transformation of the layers into powder.   
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Fig. 3C.24. Electrical insulation results in leaf contaminated tests with different sands at 5% slip 

for m3 application (reference baseline-dry without contamination). 

3C.3.4. Necessary wheel passages for adequate tract ion 
Adhesion measurements carried out on the Dutch railway network in autumn 2008 with 
an on-board system on five passenger trains showed that low adhesion incidents occurred 
during traction operation much more frequently than in braking [3C.20]. This was 
expected due to the different adhesion requirements of the measuring train, which were 
around 0.22 and 0.10 for traction and braking, respectively. In practice, the adhesion 
required by traction can be up to three times of that by braking, depending mostly on the 
type of rolling-stock, but also on the driver’s behaviour. Table 3C.2 gives an overview of 
the number of cycles (similar to the wheel passages) that were required in each test to 
reach an adhesion coefficient of 0.2, which can be taken as a general threshold for 
adequate traction operation [3C.7]. It can clearly be seen that the application of sand 
leads to fewer necessary wheel passages compared to the baseline. It can be seen in Table 
3C.2 that in some tests with sand an adhesion coefficient higher than 0.2 was obtained 
before the 65 cycles due to the immediate adhesion improvement of sand. The reduction 
in wheel passages brought about by sanding was dependent on the number of sanding 
axles, the particle size, and the wheel slip. The increase of sanding axles reduced the 
required wheel passages between 27% and 95%, depending on the particle size. The 
influence of the number of sanding axles was predominant in sands of larger particle size, 
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which could be attributed to their poor entrapment. Decreasing the particle size with 
respect to R sand, which is the standard used in the Netherlands, reduced the required 
wheel passages by 50-80%, depending on the particle size. On the other hand, increasing 
the particle size was proven to be ineffective. Finally, increasing the wheel slip led to a 
reduction in the required wheel passages of 50-95% in tests with R sand and 50-70% in 
the baseline. 
 
Table 3C.2. Number of cycles (similar to wheel passages) required to reach the needed adhesion 

for adequate traction performance. 

 1% slip 5% slip 10% slip 
Baseline 880 418 308 

 R sand R sand S sand M sand L sand R sand 
m1 1000 315 80 66 440 249 
m2 528 117 <65 <65 308 117 
m3 286 <65 <65 <65 117 <65 

3C.3.5. FTIR micro-spectroscopy analysis 
The remaining contamination found on the disks was analyzed by FTIR micro-
spectroscopy.  Fig. 3C.25 gives the spectra of three tests that represent different patterns 
observed in the adhesion recovery: a baseline test, in which solid leaf layers remained; a 
test with sand, in which some solid layers remained in spite of the sand application; a test 
with sand, in which the sand application caused the transformation of the solid layers into 
powder. For comparison, the FTIR spectra of leaf material and crushed sand are also 
given in Fig. 3C.25. Note that only one sand is given because all sands showed similar 
spectra in the measurements. 

   It can be observed that the generated leaf layer had a broad absorbance peak between 
3700 and 3100 cm-1 that may be attributed to the water OH stretch vibrations. The two 
characteristic peaks at 2920 and 2850 cm-1 could be related to lignin present in the leaf 
sample, while the absorption profile from 1800 to 600 cm-1 is from other compounds 
present in leaf layers, such as pectin and cellulose, thoroughly explained in [3C.4]. Note 
that laboratory and field studies concluded that lignin is one of the major compounds 
responsible for the bonding of the leaf layers to the railhead [3C.6]. Furthermore, the 
spectrum of sand was clearly distinguished from the one of generated leaf layers with a 
null absorbance range above 1300 cm-1, and some characteristic peaks at 1160 cm-1, 1050 
cm-1, 800 cm-1, 775 cm-1, 690 cm-1.  

   The spectra of the solid layer A (from the baseline test) corresponded closely to the one 
of the generated leaf layer, as shown in Fig. 3C.25. This indicates that the increase in 
adhesion observed in that test may be attributed to the reduction in coverage and 
thickness of the leaf layers rather than to any transformation of the layers. In the tests 
with sand, various characteristic peaks of sand could be seen in the spectra measurements 
of solid layer B and powder, e.g. 800 cm-1 and 775 cm-1, indicating that sand had mixed 
up with the leaf layers and remained in the mixed layer even after transformation into 
powder. Moreover, some of the characteristic peaks related to the generated leaf layer 
were no longer distinctly present in the spectra of solid layer B and especially powder 
(e.g. peaks in the range 1200-1600 cm-1). This change could be due to chemical 
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modification of the leaf material, but it is more likely to be caused by altered light 
trapping properties of the leaf/sand mixture.  
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Fig. 3C.25. IR micro-reflection spectra of the initial samples (leaf and sands), leaf layer, and the 

remaining contamination of three representative leaf tests. 

3C.4. Discussion 
There are mostly three possible approaches to remove leaf contamination from the wheel 
and rail surfaces, i.e. mechanical, thermal, and chemical. In this paper, we have presented 
the mechanical removal by means of hard particulate material (i.e. sand) applied between 
the wheel and rail. The sand particles, which penetrate through the softer contamination 
layers and indent the steel surfaces, can abrade the layers, and sometimes even the wheel 
and rail surfaces, when travelling through the wheel-rail contact. It has been shown that 
sanding is much more effective than the baseline in recovering the wheel-rail adhesion. In 
baseline conditions the mechanical removal of the leaf layer relies on the surface 
asperities, which fail to be effective because the surfaces are usually too smooth for the 
asperities to prevail over the thickness of the leaf layers. A possible interesting line of 
investigation may be finding a suitable surface roughness of the top of the rail that can 
prevail over the leaf contamination, reducing the adhesion problems. Such roughness 
could be applied to sections of the track that are identified to be affected by low adhesion 
problems, e.g. zones with a substantial presence of lineside vegetation. However, 
considerations on the duration of the optimal roughness and its possible side effects 
should also be addressed. 

   In practice, not all the axles of a train formation are equipped with sanders. 
Locomotives, which can haul a substantial number of passenger coaches or freight 
wagons, normally have sanders on every axle; on the other hand, EMUs normally have 
less than half of the bogies fitted with sanders. The tests of this work simulated the 
passage of a train with a variable number of sanding axles (1, 2 or 4) over a contaminated 
section of track (of length equivalent to the circumference of the rail disk) followed by 
almost 1000 non-sanded wheel passages. The results have shown that increasing the 
number of sanding axles considerably promotes a larger and faster adhesion recovery for 
the same slip and particle size. This indicates that there may be an optimal number of 
passages of sanding axles, which can condition the railhead for an adequate adhesion so 
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that subsequent trains would not be affected, or less affected, by leaf contamination. 
Efforts to find this optimum in practice could be justified especially for those railway 
networks on which dedicated vehicles employ sand (perhaps together with other means) 
to clean the rails from contamination.  

   Nowadays most of the trains are fitted with traction control (TC) and/or wheel slide 
protection (WSP) systems, which are adjusted to prevent the wheel slip surpassing a 
certain threshold value. If poor adhesion conditions are present, the wheels will suffer 
from (gross-) slip that triggers the TC/WSP systems. There has been some discussion 
within the research community on whether letting the wheels slide with a higher slip 
could enhance the removal of the contamination. It is believed that the leaf layer may be 
burned off if the thermal input is above a certain value. Research carried out by the 
German Railways (DB) indicated that the optimum wheel slip under leaf contamination 
conditions must be low to achieve the best possible use of the adhesion [3C.5]. The 
results of the baseline tests in this work may be in agreement with this finding as 
saturation of slip seemed to be observed when the slip was higher than 5% slip. On the 
other hand, it was not reported on the work of DB about the residual effect of an 
optimized wheel slip on adhesion for subsequent wheels. The baseline tests of this work 
have shown that the leaf layers were only transformed into powder for 15% slip, which 
was the highest slip tested. Further work seems necessary to determine whether there is a 
value of wheel slip, which causes a beneficial residual effect on the adhesion for 
subsequent wheel passages.  

   Furthermore, on trains equipped with sanders the WSP and/or TC systems can trigger 
the application of sand on the rails once the registered wheel slip surpasses the threshold. 
In the sand tests of this work, the increase of wheel slip has shown to promote a faster 
adhesion recovery, which can be attributed to an enhanced abrasion that promotes the 
mechanical removal of the leaf layers. On the other hand, sanding at higher wheel slip 
leads to increased wear rates [3C.17]. Hence, further investigations on a possible 
optimization of this parameter should take into consideration its possible side effects. 

   In the literature several standards can be found that specify the requirements in particle 
size distribution of the sand to be used. The standard in the UK specifies 0.7-2.8 mm 
[3C.9], while 0.1-0.6 mm in France [3C.15], and 0.63-2 mm in Germany [3C.21]. 
Laboratory investigations have shown that using larger sized particles led to higher wear 
rates of wheels and rails in tests at 10% slip [3C.17]. In this work, the use of medium 
particles of sand has led to the fastest adhesion recoveries under leaf contamination 
conditions. Hence, it could be possible to find a particle size distribution of sand that 
promotes a faster adhesion recovery, while reducing the damage caused to wheels and 
rails compared to some existing standards. Nevertheless, care has to be taken that the feed 
rates used do not compromise the train detection. This has shown to be of particular 
importance when using small particle sizes of sand due to their effective entrapment 
[3C.18]. Furthermore, the possible clogging of pipes and applicators when using small 
particles is another practical concern that requires attention, especially if moisture may be 
present. 

   In a number of tests, the adhesion coefficient unexpectedly decayed with the increasing 
number of cycles once it reached a peak value. The explanation to this odd behaviour was 
found upon post-test examination of the disks, which demonstrated the presence of 
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remaining contamination in the form of powder that could easily be rubbed away with the 
finger. It can be expected that this situation is rather intrinsic to this type of tests than 
possible to be encountered in practice. In our test conditions the same wheel is rolling 
over the same length of rail that is given by the circumference of the rail disk. In practice, 
the formed powder could be carried away by new wheel passages, or perhaps be blown 
away by the train’s slipstream. 

   Moreover, there are several differences that impede a quantitative comparison of this 
testing with the actual situation in railway sanding. The length of the contact area (i.e. in 
the rolling direction) was 0.5 mm in these tests, which may be smaller than some of the 
(crushed) sand particles travelling through the disk interface so that it may lead to a 
behaviour different from the actual wheel-rail contact. Additionally, more sand could 
have been entrained in these tests than in practice because the sand was directly applied 
to the wheel-rail interface in the absence of cross wind and train’s slipstream. 
Furthermore, it must be mentioned that the results of this work are valid for the low 
velocity regime. It may be interesting to investigate the adhesion improvement of sanding 
at higher rolling velocities than the one used in this work. In such investigations, the 
effect of the train’s slipstream should also be taken into account.   

3C.5. Conclusions 
This paper presents a laboratory investigation on the influence of the number of sanding 
axles, particle size of sand, and wheel slip on the adhesion recovery in leaf contaminated 
wheel-rail contacts. Baseline tests have also been performed with two goals: on one hand, 
to demonstrate the benefit of sanding in rendering an effective adhesion recovery; and on 
the other hand, to analyze the possible positive effect of an increase in the wheel slip in 
baseline conditions. Additionally, tests in dry conditions have been conducted to show 
the impact of leaf contamination on the wheel-rail adhesion. These rolling-sliding tests 
have been performed on a twin-disk roller rig under closely controlled conditions. An 
electrical circuit has been connected to the rig for monitoring the effect of contamination 
on the electrical insulation across the wheel-rail contact. Based on the results obtained in 
this work, the following conclusions can be drawn: 

a) Sanding is an effective method to enhance the wheel-rail adhesion in leaf 
contaminated contacts. The removal effect provided by sanding also contributes to 
overcome the electrical insulation of the wheel-rail contact caused by leaf layers. 

b) Increasing the number of sanding axles considerably promotes a faster adhesion 
recovery for the same slip and particle size. If the first train, which encounters leaf 
contamination, is equipped with a sufficient number of sanding axles, the railhead 
could be conditioned so that subsequent trains would not experience low adhesion 
problems.  

c) The positive effect of sanding can be improved further with higher wheel slip, but 
possible adjustments on the optimum wheel slip should consider that wear rates of 
wheels and rails are increased with wheel slip during sanding. 

d) Medium sized sand particles are identified as the most effective in the adhesion 
recovery, indicating that some standards on sand particle size may lead to 
inefficiency of the sand use. If the use of smaller sand particles is to be 
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investigated in practice on available systems, the possible effect on train detection 
and clogging must be examined. 

e) In the absence of sand, increasing the wheel slip leads to a faster recovery of the 
wheel-rail adhesion. The evolution of the adhesion with the cycles indicates 
higher adhesion coefficient in tests at higher wheel slip until 10% slip under these 
test conditions, but the leaf layers appeared to be broken only with 15% slip. 
There could be a value of wheel slip that causes a beneficial residual effect on the 
adhesion for subsequent wheel passages.  
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Chapter 3, Part D 
Field tests on adhesion recovery X 
 
 
 
ABSTRACT 
 

Locomotives of railways worldwide have been using sand since 1838 to improve the 
wheel-rail adhesion during traction and braking operations. In more recent years, sanders 
have also been fitted to electrical multiple units in some railways to fight (often in 
combination with traction control or wheel slide protection systems) the low adhesion 
conditions, especially encountered in autumn due to leaf contamination. In spite of the 
worldwide broad use of sand, different standards on sanding practice appear to be used by 
different railways, while there is a lack of fundamental understanding on the influence of 
sanding parameters, such as particle size distribution, feed rate, and number of sanding 
axles (among others), on the adhesion recovery, wear, and train detection. In order to gain 
a better understanding on these interrelationships, the authors have carried out laboratory 
investigations in recent years. As a continuation of that work, the influence of the sand 
particle size on the adhesion recovery in leaf contaminated contacts is investigated in this 
paper by means of traction tests of an electrical locomotive in a stabling yard. Three 
differently sized silica sands are used in the testing. In addition to the particle size 
investigations, the standard sand currently used in the Dutch railways is also tested to 
quantify its effectiveness against leaf contamination. Besides the immediate adhesion 
improvement upon sanding, the remaining friction level left for subsequent tractive wheel 
passages is also investigated for all sands tested. Furthermore, baseline tests (i.e. without 
application of sand) are also performed to obtain some quantitative insight in the impact 
of leaf contamination on the wheel-rail adhesion in field.  
 

 
 
 
 
 
 
 
 
 
 

                                                 
X This chapter has been submitted for publication to Proc. IMechE, Part F: J. Rail and Rapid Transit as: O. 
Arias-Cuevas, Z. Li: Field Investigations on the Adhesion Recovery in Leaf Contaminated Wheel-Rail 
Contacts with Locomotive Sanders.  



Chapter 3, Part D   

 
138 

3D.1. Introduction 
The adhesion, or the adhesion coefficient (by some authors also referred as traction 
coefficient), is given by the ratio of the longitudinal tangential (i.e., braking or traction) 
force over the normal force at the wheel-rail contact. The tangential force that a braking 
or tractive wheel can exert on a rail is limited by the friction coefficient available at the 
surfaces in contact for a given normal load. In clean steel-on-steel contacts the friction 
coefficient is known to be higher than the adhesion requirements of the majority of the 
existent rolling stock. However, in the presence of contamination (e.g. leaves, grease, and 
others) the friction level can decrease to values far below the adhesion required for 
normal traction and braking operations. In particular, the combination of leaves and small 
amounts of water has been identified by many railways to cause considerable low 
adhesion problems [3D.1-3D.7]. The leaf related problems mostly occur in autumn, when 
large amounts of leaves can fall on the railway tracks. Once these leaves come to the top 
of the rails, passing wheels can compact and shear them to form Teflon-like layers [3D.2]. 
These slippery layers normally adopt a black coloration and become very hard to be 
removed from the wheel and rail surfaces. 

   Sand has been used in locomotives of railways worldwide since 1838 to improve the 
wheel-rail adhesion [3D.8]. In more recent years, sanders have also been fitted to 
electrical multiple units (EMUs) in some railways [3D.5, 3D.9]. The literature known to 
the authors shows that different standards on sanding practice appear to be used by 
different railways; in particular different particle sizes are employed. The particle size 
distribution in the Netherlands is in the range 0.2-1.2 mm, while 0.7-2.8 mm in the UK 
[3D.9], 0.1-0.6 mm in France [3D.10], and 0.63-2 mm in Germany [3D.11]. In addition, 
different application rates may also be used depending on the railways and on the 
characteristics of the sanders. In general, most locomotives are fitted with sanders that 
apply a fixed amount of sand per second independent of the train speed. In contrast with 
these fixed rate sanders, some railways have fitted their EMUs with sanders that apply 
sand at a feed rate dependent on the vehicle speed or the traction/braking effort selected 
by the drivers.  

   In spite of the different standards on sanding practice, not much research appears to 
have been done on the possible influence of particle size distribution, feed rate, and 
number of sanding axles (among others), on the adhesion coefficient, wear, adhesion 
recovery, and train detection during sanding. This situation hinders the possible 
optimization of the sanding practice. In order to gain a fundamental understanding on 
these interrelationships, the authors carried out laboratory investigations on a twin-disk 
roller rig [3D.12-3D.14]. Investigations on the adhesion recovery in leaf contaminated 
contacts showed that sand could effectively improve the wheel-rail adhesion, as expected; 
however, this adhesion improvement was dependent upon the size of the sand particles 
[3D.14]. Excessively large particles could improve the adhesion much less than smaller 
sized sands. Due to the inevitable differences in geometry and operational conditions 
between the laboratory and the actual wheel-rail contact, field tests are essential to 
validate the laboratory findings.  

   In this work, the influence of the particle size on the adhesion recovery in leaf 
contaminated contacts has been investigated by means of field tests. The tests have been 
performed with an electrical locomotive of the major train operating company in the 
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Netherlands (NS) in a stabling yard. The locomotive has fixed rate sanders. Commercial 
silica sand has been sieved to three different particle size distributions for the tests. 
Besides the immediate adhesion improvement upon sanding, the remaining friction level 
left for subsequent tractive wheel passages is also investigated. Hence, the number of 
sanding axles required for a suitable adhesion recovery can be obtained. 

   In addition to the investigations on the influence of sand particle size, tests have also 
been performed with the Dutch standard railway sand. These tests are motivated by the 
lack of information on the quantitative adhesion improvement by the current practice in 
the Netherlands, despite the widely accepted qualitative adhesion improvement reported 
by drivers. Moreover, the impact of leaf contamination on wheel-rail adhesion has also 
been investigated by means of baseline tests (i.e. no sand applied). In the baseline tests 
the traction performance of the locomotive under leaf contaminated conditions has been 
compared to that in dry “clean” contacts. The adhesion values obtained in the baseline 
tests contribute to the rather poor amount of data available in the literature about leaf 
contaminated contacts in field as well as about the variation of the adhesion conditions 
with the wheel passages.  

3D.2. Testing description 

3D.2.1. Locomotive  
The electrical locomotive employed in the tests is shown in Fig. 3D.1. The locomotive 
has a B’B’ axle configuration with an axle load of 21.5 t. In practice, the locomotive is 
normally used to haul passenger vehicles. In the tests, no vehicle was coupled to the 
locomotive to reduce the required track length and the maneuver during testing. In Fig. 
3D.2 a two-dimensional schematic representation of the locomotive is shown. The 
traction of the rear bogie was deactivated in the tests to ensure that the active bogie 
operated at full traction capacity along the whole contaminated track section before 
reaching the speed limitation of stabling yards (i.e. 40 km/h). Thus, the first two wheel 
axles were driven, whereas the last two behaved as non-driven axles in the tests. 
Furthermore, the motors of the locomotive are equipped with a traction control unit 
(TCU), which regulates the motor torque in case the limiting adhesion is reached, as will 
be explained in Section 3D.2.4.  
 

 
Fig. 3D.1. Photograph of the electrical locomotive used in the field tests. 
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Fig. 3D.2. Two-dimensional schematic representation of the locomotive at the starting test 

position. 

3D.2.2. Sander  
There are four sanders on each side of the locomotive, having one in front and one behind 
each bogie. Sand is only applied by the sanders located in front of the leading wheels of 
each bogie for a given travelling direction. In the tests, only the sanders of the active 
motorized bogie applied sand, as shown in Fig. 3D.2. The main parts of a sander are 
shown in Fig. 3D.3. The sandbox stores the sand, which falls by gravity into the valve 
that controls the feed rate. The sand is pumped by air through the sandpipe and it is 
oriented to the wheel-rail interface by means of a nozzle, as indicated in Fig. 3D.3. In 
practice, sand can be applied either manually by the driver or automatically triggered by 
the TCU upon detection of excessive wheel slip. In the tests, the automatic sand 
application was deactivated to ensure that no sand was applied in the baseline tests when 
the wheels slipped. The feed rate was measured in the tests to be around 1 kg/min/rail on 
average.  

 

 
Fig. 3D.3. Photograph of the locomotive sander. 

3D.2.3. Sands tested 
Four different sands were employed in the testing, which are shown in Fig. 3D.4. The 
Dutch standard railway sand originated from a river in the south of the Netherlands and it 
has a SiO2 content around 96% according to the supplier. It is named R sand in this paper 
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for short. On the other hand, the three silica sands have a SiO2 content higher than 99% 
according to the supplier, and had been collected from a pit in South Germany. The 
particle size distribution of the four sands was measured in the laboratory by means of a 
laser particle analyzer, as shown in Fig. 3D.5. It can be seen that a small percentage of 
particles in L sand may have surpassed the range of measurement, which was up to 2 mm 
for the analyzer. Moreover, all sands were chosen to have amorphous shape to obtain 
comparable results between them. 
 

 
 

 
Fig. 3D.4. Photograph of the sands used in the testing. 

3D.2.4. Testing preparation and procedure 
During the test preparation, the leaves were first placed one by one along the two rails of 
a track section of 23 m length, as shown in Fig. 3D.6a. This section will be referred in 
this paper to as contaminated section. Small amounts of water were initially used to help 
adhering the leaves to the top of the rail before the first passage of the locomotive wheels 
so that they were not blown away. Then, the locomotive travelled over the contaminated 
section with no traction/braking efforts at very low speed so that most of the leaves were 
compacted onto the top of the rails. After six passages of the locomotive (i.e. 24 axle 
passages), leaf layers could be seen to be well compacted on the running band of the rails, 
while some leaf mulch remained at the sides of the running band (see Fig. 3D.6b). After 
the test preparation, the created leaf layers were mostly dry as no water had been applied 
to the leaves after the first locomotive passage. 
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Fig. 3D.5. Particle size distribution of the sands used in the testing. 

 

 
Fig. 3D.6. Photographs of the contaminated section (a) before and (b) after the six locomotive 

passages for creation of the leaf layers. 
 
   Each test consisted of a number of traction runs, in which repeated passages over the 
contaminated section were performed to examine the adhesion improvement. Upon start 
of a traction run, the four driven wheels were inside the contaminated section, as depicted 
in Fig. 3D.2. Considering that the wheel base of the bogie is 2.75 m, the driving wheels 
travelled over around 20 m of leaf contamination before the first driven wheel axle exited 
the contaminated section. The results presented in this paper only relate to the these first 
20 m of the traction run, but it can be said that once the driven axles exited the 

(a) (b) 
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contaminated section the friction level accordingly increased, as expected. Some tests 
runs were performed under dry leaf contaminated conditions, which may be 
representative of dry autumn days. Other test runs were performed under wet conditions, 
water being sprayed on the contaminated section prior to the start to create moisture 
conditions typical of dewy, foggy or drizzling autumn days.  

   In the tests carried out with sand, dry conditions were tested first, followed by the runs 
under wet conditions. A traction run without sand was always performed prior to each 
sand application to measure the available adhesion before sanding. In this way, the 
improvement in adhesion attributed to sanding could be quantified for every traction run 
with sand. Similarly, the remaining friction level after sanding for subsequent non-sanded 
tractive wheel passages could also be investigated for all sands tested.  

   Fig. 3D.7 gives a simplified representation of the traction performance along the 
distance/time in a traction run under both adequate and low (or poor) adhesion conditions. 
The tractive effort of the locomotive (TE), which was applied by the two driven axles, is 
given by the solid (blue) line in Fig. 3D.7. The tractive effort requested by the driver 
(TEdriver), which is represented by a dashed (blue) line, was always at the maximum since 
the beginning of each test. The friction, which is depicted with a dash-dot (red) line, is 
assumed to be constant along the distance to ease the explanation, being about twice 
higher in case A than in case B. Note that the same units are assumed for the tractive 
efforts and the friction in Fig. 3D.7 for the sake of comparison. Initially, the motor torque 
increased linearly until the maximum tractive effort, which is limited by the motor 
capacity, was reached as far as the friction level was not surpassed like in case A. In 
practice, this initial increase limits the jerk so that passenger comfort is not compromised.  
 

 
Fig. 3D.7. Simplified representation of the tractive effort variation along the distance/time under 

adequate and low (or poor) adhesion conditions. 
 
   If the tractive effort stayed below the friction level, a constant maximum tractive effort 
was present in the tests after the initial torque build-up, similarly to case A shown in Fig. 
3D.7. On the other hand, when the tractive effort surpassed the friction level, like in case 
B of Fig. 3D.7, low adhesion conditions were encountered and the driven wheels 
experienced macro-slip. Once the wheel macro-slip exceeded the threshold set in the 
TCU, the tractive effort was reduced by the TCU until the wheel macro-slip decreased 
below the threshold. Then, the TCU increased the motor torque towards the tractive effort 
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requested by the driver, as shown in Fig. 3D.7. Due to the continuous low friction 
assumed in case B, the TCU would keep adjusting the tractive effort close to the available 
friction level along the distance until the traction was stopped, which is represented by a 
(black) point in Fig. 3D.7. 

3D.2.5. Measuring methodology  
In the tests, the speed, time and distance of the locomotive during each traction run was 
monitored by means of a differential global positioning system (DGPS) OmniSTAR 
8200HP. The DGPS was mounted on the roof of the locomotive, as indicated in Fig. 3D.2. 
OmniSTAR VBS GPS correction signals were used on the 8200HP to operate with sub-
meter accuracy for the number of satellites available during the testing [3D.15]. The 
speed and location values were acquired with a sampling frequency of 10 Hz. The speed 
variation was further evaluated to obtain the acceleration of the locomotive. The 
acceleration was used to have an indirect measure of the tractive effort and, therefore, the 
available adhesion along the travelled distance.  

   The equation of motion that governs the traction operation of the locomotive in the tests 
is given in Eq. 3D.1, in which TE is the tractive effort, M is the total mass of the 
locomotive, γ is the factor of the inertia of rotating masses (γ = 1.12 for this locomotive), 
a is the acceleration, and Rtot is the total train resistance. The components of the total train 
resistance are given in Eq. 3D.2, where Rair is the air resistance, Rrunning is the running 
resistance, Rcurve is the curve resistance, and Rgradient is the gradient resistance. Since the 
tests were performed on a horizontal straight track, the curve and gradient resistances 
were zero. Based on data from the manufacturer, the sum of air and running resistances 
was below 2.5 kN for the operational conditions in the tests so that its contribution in Eq. 
3D.1 could be neglected.  

   Considering that the tangential and normal forces are approximately the same for each 
of the four driven wheels, the adhesion coefficient can be related to the tractive effort as 
shown in Eq. 3D.3, in which FN is the normal contact load and µ is the coefficient of 
adhesion at the wheel-rail contact. Neglecting the small change in axle load due to the 
possible unloading conditions of the driven wheels, and assuming that the normal contact 
load is almost equal to the vertical load, Eq. 3D.3 is further simplified to include the total 
mass of the locomotive. Substituting Eq. 3D.3 into Eq. 3D.1, an explicit relationship can 
be found between the acceleration of the locomotive and the adhesion coefficient at the 
driven wheel-rail contacts, as shown in Eq. 3D.4.  
 

 totTE M a R M aγ γ= ⋅ ⋅ + ≈ ⋅ ⋅  (3D.1) 

 0tot air running curve gradient air runningR R R R R R R= + + + = + ≈  (3D.2) 

 4
2N

M g
TE F

µµ ⋅ ⋅≈ ⋅ ⋅ ≈  (3D.3) 

 
2 a

g

γµ ⋅ ⋅≈  (3D.4) 
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   From the variation of the adhesion coefficient along the distance travelled by the driven 
axles, the minimum, maximum and average values of adhesion were derived. The 
minimum value corresponded to the lowest value among the local minimum adhesion 
coefficient obtained during the traction reductions by the TCU due to excessive wheel 
macro-slip, as pointed out in the case B of Fig. 3D.7. Note that in that example the local 
minimum was the same in every traction reduction and thus equal to the global minimum, 
because it was assumed that the friction level was constant. If no low adhesion conditions 
were encountered in a traction run, there is no minimum adhesion coefficient given in the 
results, e.g. case A in Fig. 3D.7. In the tests, the minimum adhesion coefficient can be 
taken in a conservative manner to be the maximum tractive effort to which the driven 
axles of the locomotive could be subjected along the contaminated section before 
experiencing low adhesion.  

   Furthermore, the maximum value of the adhesion coefficient corresponded to the 
highest tractive effort reached in the traction run, as indicated in Fig. 3D.7. In the runs 
under adequate adhesion conditions, the maximum adhesion coefficient was given by the 
full traction capacity of the locomotive (e.g. case A in Fig. 3D.7). In traction runs under 
low adhesion conditions, the maximum adhesion was constrained by the friction level 
available in the wheel-rail contacts (e.g. case B in Fig. 3D.7). The maximum adhesion 
coefficient may be taken as the minimum tractive effort at which the driven wheels could 
experience low adhesion. But, considering the finite sampling frequency of the TCU, it 
can be understood that the driven wheels were already slipping above the threshold when 
the TCU began to decrease the tractive effort.  

   Moreover, the average adhesion coefficient was calculated according to Eq. 3D.5, by 
assuming a uniform acceleration from the start of the traction run. Note that in Eq. 3D.5 
vf is the final locomotive speed and s is the distance travelled by the locomotive (s = 20 m 
in the tests). Although the acceleration of the locomotive was clearly not uniform along 
the section, this average value is used in this paper to provide a single value indicative of 
the mean level of adhesion along the whole contaminated section.  
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3D.3. Results 

3D.3.1. Impact of leaf contamination  
Three baseline tests in leaf contaminated contacts were carried out: two under dry 
conditions (i.e. leaf tests 1 and 2) and one under wet conditions (leaf test 3). The values 
of the maximum, average and minimum adhesion coefficient during each test run are 
shown in Fig. 3D.8. In order to give a reference of adequate adhesion conditions, a 
traction run on dry “clean” rails was also performed. In this run, the locomotive could 
reach a final speed of around 21 km/h after 20 m of traction run, with average and 
maximum values of the adhesion coefficient of around 0.20 and 0.23, respectively. As 
expected, no low adhesion conditions were encountered in this run, indicating that the 
friction level in dry “clean” wheel-rail contacts was higher than 0.23. Note that no 
minimum adhesion coefficient is given for the reference run in Fig. 3D.8 as no low 
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adhesion conditions were experienced. The average adhesion coefficient was below the 
maximum adhesion coefficient because the motor needed some time to reach the 
maximum torque, as schematically depicted in Fig. 3D.7.   

   In all runs of the baseline tests, the tractive effort had been reduced by the TCU due to 
low adhesion, similarly to the example case B given in Fig. 3D.7. The traction reductions 
suggest that the driven wheels experienced excessive wheel macro-slip. This has been 
indicated with red S letters on top of the bars in Fig. 3D.8. Comparing the average values 
of the adhesion coefficient in the baseline tests with the reference run under dry ‘clean” 
conditions, it can be seen that the adhesion was greatly affected by the leaf layers. In the 
baseline runs, the average tractive effort along the contaminated section was between 
20% and 82% of that measured in dry “clean” contacts. The lowest minimum adhesion 
coefficient in dry leaf contaminated contacts was around 0.02, which is in line with 
values obtained in laboratory scale [3D.12, 3D.14, 3D.16, 3D.17]. It can also be seen in 
Fig. 3D.8 that the adhesion was reduced more when the leaf layers were combined with 
moisture. This is in agreement with laboratory and field observations [3D.1, 3D.2, 3D.17]. 
In the traction runs under wet conditions, the minimum adhesion reached values of as low 
as zero (see Fig. 3D.8).  
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Fig. 3D.8. Adhesion coefficient values in traction runs of the baseline tests (leaf tests 1, 2 and 3) 

and in the dry “clean” reference run: average (given in vertical blue bars), maximum and 
minimum values (indicated with the “error” bars). 

 
   The adhesion was clearly found to recover with the number of passages in the first three 
runs for the baseline tests, leading to higher values of the average adhesion coefficient in 
Fig. 3D.8. This adhesion improvement could be a consequence of the leaf layer removal 
by slipping (driven) wheels. Laboratory investigations have shown that an increase in the 
wheel slip can promote the adhesion improvement in leaf contaminated wheel-rail 
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contacts [3D.18]. The adhesion recovery seemed to slow down in the subsequent 
passages of the dry tests, i.e. from the 4th run onwards in Fig. 3D.8, and the adhesion 
coefficient could occasionally be lower with increasing runs, e.g. 5th and 6th runs of leaf 
test 1 and 6th and 7th runs of leaf test 2 in Fig. 3D.8. A similar slowdown of the adhesion 
recovery has also been observed in laboratory tests [3D.18]. The slowdown may indicate 
that larger layer removal occurs in the first runs (or wheel passages).  

   In order to illustrate the adhesion recovery with the initial traction runs along the 
contaminated section, Figs. 3D.9-3D.10 display the variation of the adhesion coefficient 
along the contaminated section in some dry and wet runs. The first sign of adhesion 
improvement in the 3rd run compared to the 1st run was that the first encounter of low 
adhesion conditions was at a higher adhesion coefficient, e.g. µ ≈ 0.09 in the 1st run and 
µ ≈ 0.17 in the 3rd run of test 2 (see Fig. 3D.9). This indicates that a higher friction level 
was present in the initial meters of the contaminated section during the 3rd run of leaf 
tests 1 and 2. Moreover, the adhesion coefficient in the 3rd traction run was always 
higher along the travelled distance for both leaf tests 1 and 2, as shown in Fig. 3D.9. This 
suggests that the friction level in the 3rd run was continuously higher than in the 1st run 
in the whole contaminated section. 
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Fig. 3D.9. Variation of the adhesion coefficient along the contaminated section in the 1st and 3rd 

runs of the leaf tests 1 and 2 (baseline tests under dry conditions). 
 
   Fig. 3D.10 displays the variation of the adhesion coefficient along the contaminated 
section for the three runs of the baseline test under wet conditions. Note that the 
maximum and minimum values of the adhesion coefficient have been illustrated. It can 
be seen that the adhesion improvement with the increasing runs led to the highest 
adhesion coefficient in the 3rd run. The average value of the adhesion coefficient was 
also the highest in the 3rd run, as displayed in Fig. 3D.8. Similarly to the tests under dry 
conditions, the adhesion coefficient in the 3rd run under wet conditions was mostly 
higher along the contaminated section than the one measured in the 1st run (see Fig. 
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3D.10). There were, however, a few locations in which the opposite was observed, as 
pointed out in Fig. 3D.10. This could be attributed to large traction reductions in the 3rd 
run that temporarily brought the adhesion coefficient below the one measured in the 1st 
run at the same travelled distance.  
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Fig. 3D.10. Variation of the adhesion coefficient along the contaminated section in the three runs 

of leaf test 3 (baseline test under wet conditions). 
 
   Some parts of the rails along the contaminated section were photographed after each 
traction run to seek a possible relationship between the adhesion improvement and the 
layer removal. Fig. 3D.11 shows two photographs of the top of a rail at the same location 
after the 1st and 8th runs of leaf test 2. It can be seen that there were significantly less 
leaf layers on the running band after the 8th run than after the 1st run. The presence of the 
still remaining leaf layers in Fig. 3D.11b is in agreement with the low adhesion 
conditions measured in the 8th run of leaf test 2 (see Fig. 3D.8).  
 

 
Fig. 3D.11. Photographs of the top of a rail in the leaf test 2 after: (a) 1st run and (b) 8th run. 
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3D.3.2. Effectiveness of Dutch standard railway san d 
Two leaf tests under dry and wet conditions were performed with R sand, numbered 4 
and 5, whose adhesion results are depicted in Fig. 3D.12. When sand had been applied in 
a traction run, it is indicated in the horizontal axis together with the ordinal number of the 
traction run. Under dry conditions, the first application of R sand entirely recovered the 
adhesion level in both tests (see 2nd runs in Fig. 3D.12). In addition, no low adhesion 
conditions were encountered in the 3rd runs. This could account for the conditioning 
effect by sanding, which is attributed to the removal of leaf layers from the surfaces of 
wheels and rails by the abrasive action of entrapped sand, and to the presence of some 
remaining (crushed) sand particles on the running band of the rails. In order to illustrate 
the conditioning effect, Fig. 3D.13 shows two photographs of the top of a rail at the same 
location before and after the traction run under dry conditions with sand application. It 
can be seen that some sand still remained on the rail surface, which could have 
contributed to the increase of the friction level for the 3rd runs. However, some leaf 
layers could still be observed on the top of the rails. 
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Fig. 3D.12. Adhesion coefficient values in traction runs of the tests with R sand (leaf tests 4 and 

5): average (given in vertical blue bars), maximum and minimum values (indicated with the 
“error” bars). 

 
   Starting from the 4th run, water was sprayed on the contaminated section prior to each 
traction run in order to simulate moisture on the rail surface. Comparing the adhesion 
results of the 4th run with the 3rd run in leaf tests 4 and 5 displayed in Fig. 3D.12, it can 
be seen that the introduction of water in the wheel-rail contact considerably reduced the 
adhesion. Upon first application of R sand under wet conditions, i.e. 5th run of Fig. 3D.12, 
the adhesion was considerably improved compared to the 4th run, but some wheel macro-
slip still arose in the 5th run. After two traction runs with sand application under wet 
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conditions, the average adhesion coefficient had not reach 0.17 and the minimum values 
of the adhesion coefficient were still below 0.09, as shown in the 9th run of test 4 and the 
8th run of test 5 in Fig. 3D.12. The adhesion recovery under wet conditions was found to 
be entirely effective only after four runs with R sand so that no low adhesion conditions 
were encountered when driving along the contaminated section without application of 
sand. This finding emphasizes the importance of having enough number of sanding axles 
when sanding is to be used to condition the rails to a certain friction level for subsequent 
train passages, as it was previously found in the laboratory [3D.14]. Moreover, it must be 
mentioned that in some traction runs wheel macro-slip was noticed by the driver from the 
cabin, whereas the DGPS readings did not show any appreciable effect on the 
acceleration of the locomotive and, therefore, the tractive effort. In those traction runs, a 
red letter N has been placed on top of the bar, as shown in Fig. 3D.12. 
 

 
Fig. 3D.13. Photographs of the top of a rail in the leaf test 5 after: (a) 1st run and (b) 2nd run. 

 
   In Figs. 3D.14-3D.15, the variation of the adhesion coefficient along the contaminated 
section is displayed for some runs of the tests with R sand. It can be seen that the 
adhesion coefficient in the 2nd runs was always higher than the one measured in the 1st 
runs, indicating that the friction level had consistently increased throughout the 
contaminated section. The adhesion coefficient of the 5th runs in tests 4 and 5 was also 
higher than that of the 4th runs, as shown in Figs. 3D.14-3D.15. However, low adhesion 
was experienced in the 5th runs despite the sand application (see Figs. 3D.14-3D.15). In 
particular, two significant decreases of the tractive effort due to low adhesion conditions 
can be observed in the 5th run of Fig. 3D.15.  

3D.3.3. Influence of the sand particle size  
Five tests were performed with L, M and S sands to investigate the influence of the 
particle size on the adhesion recovery in leaf contaminated contacts. One leaf test under 
dry and wet conditions was performed with L sand (named leaf test 6), whose results are 
given in Fig. 3D.16. Under dry conditions, it can be seen that the application of L sand in 
the 2nd run led to a seemingly entire adhesion recovery, but wheel macro-slip was still 
noticed by the driver. In the 3rd run no low adhesion conditions were experienced, 
indicating that the conditioning effect had been effective. In the wet runs, a comparison 
between the 4th and 5th runs, as well as the 6th and 7th runs, proves that the application 
of L sand improved the adhesion, but this improvement did not overcome the occurrence 
of wheel macro-slip. Moreover, the improvement in adhesion did not seem to increase 
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uniformly with the runs, e.g. 8th and 9th runs in Fig. 3D.16. In the 12th run low adhesion 
conditions were still present and the minimum adhesion coefficient was around 0.08, as 
shown in Fig. 3D.16.  
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Fig. 3D.14. Variation of the adhesion coefficient of the driven wheels along the contaminated 

section in some runs of the leaf test 4. 
 

0 2 4 6 8 10 12 14 16 18 20
0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

0,16

0,18

0,20

0,22

0,24

A
dh

es
io

n 
co

ef
fic

ie
nt

 (
-)

Distance (m)

 1st (dry)   2nd (dry+Rsand)   4th (wet)   5th (wet+Rsand)

 
Fig. 3D.15. Variation of the adhesion coefficient of the driven wheels along the contaminated 

section in some runs of the leaf test 5. 
 
   Two leaf tests were carried out with M sand: one only under wet conditions due to the 
drizzling weather conditions during the test (leaf test 7), and one under dry and wet 

Two decreases of the tractive 
effort consequence of low 

adhesion conditions 



Chapter 3, Part D   

 
152 

conditions (leaf test 8). The values of the adhesion coefficient in both tests are given in 
Fig. 3D.17. Under dry conditions, the application of M sand improved the adhesion in the 
2nd run compared to the 1st run of leaf test 8, but not entirely as the driven wheels still 
experienced some wheel macro-slip yielding a minimum adhesion of around 0.11. In the 
3rd run of leaf test 8, the adhesion appeared to be entirely recovered due to the 
conditioning effect brought about by the application of M sand in the 2nd run. In the runs 
under wet conditions of leaf tests 7 and 8, the adhesion was considerably improved with 
the application of M sand. The adhesion was entirely recovered upon second application 
of M sand in leaf test 7, i.e. 4th run in Fig. 3D.17. In the leaf test 8, no reduction of the 
tractive effort could be appreciated from the acceleration results in the 7th and 9th runs, 
but occurrence of wheel macro-slip had been noticed by the driver, as indicated in Fig. 
3D.17. Furthermore, there was a clear trend of an increasing adhesion with the increasing 
runs. After three runs applying M sand under wet conditions, no low adhesion conditions 
were encountered in the subsequent runs, i.e. 7th run of test 7 and 10th run of test 8 (see 
Fig. 3D.17). Therefore, M sand was found to perform considerably better than L sand 
under the tested conditions. 
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Fig. 3D.16. Adhesion coefficient values in traction runs of the test with L sand (leaf test 6): 

average (given in vertical blue bars), maximum and minimum values (indicated with the “error” 
bars). 

 
   Two leaf tests under dry and wet conditions were performed with S sand, named leaf 
tests 9 and 10 in this paper, whose adhesion results are depicted in Fig. 3D.18. By first 
looking at the results under dry conditions, it can be seen that wheel macro-slip was 
prevented in leaf test 9 upon application of S sand in the 2nd run, while in test 10 some 
wheel macro-slip was experienced yielding a minimum adhesion coefficient of around 
0.11. Note that the minimum adhesion coefficient of the 1st run was around 0.03 for both 
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leaf tests, as shown in Fig. 3D.18. In both tests, no low adhesion conditions were 
encountered in the 3rd runs, indicating that the conditioning effect of S sand under dry 
conditions had been effective. Under wet conditions, the adhesion was found to be almost 
recovered completely with the first application of S sand in the leaf test 10, as only a 
small traction reduction occurred in the 5th run at the beginning of the contaminated 
section. Furthermore, the average adhesion coefficient was always higher than 0.18 in 
each run with S sand under wet conditions, which was 10% below the one measured in 
the reference run in dry “clean” contacts (see Fig. 3D.8). Moreover, the conditioning 
effect of S sand showed to be quite effective as the average adhesion coefficient was 
mostly higher than 0.16 in every subsequent wet run without sand application. Four 
applications of S sand in wet runs were found to be necessary for an entire adhesion 
recovery, which was reached in the 12th run of test 9 and in the 13th run of test 10. 
Comparing the adhesion values of leaf tests 9 and 10 with leaf tests 7 and 8, it could be 
said that S sand had a slightly better performance in the adhesion recovery than M sand.  
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Fig. 3D.17. Adhesion coefficient values in traction runs of tests with M sand (leaf tests 7 and 8): 
average (given in vertical blue bars), maximum and minimum values (indicated with the “error” 

bars). 
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Fig. 3D.18. Adhesion coefficient values in traction runs of tests with S sand (leaf tests 9 and 10): 
average (given in vertical blue bars), maximum and minimum values (indicated with the “error” 

bars). 

3D.4. Discussion 
The baseline tests have shown that leaf contaminated contacts can lead to low adhesion 
under both dry and wet conditions. After the 1st locomotive passage over the dry leaf 
layers, the minimum adhesion coefficient among all traction runs was above 0.08, while 
under wet conditions the minimum adhesion coefficient reduced to values close to zero. 
Hence, tractive/braking wheels over dry leaf contaminated rails would not experience any 
wheel macro-slip/slide when the driver does not require an adhesion coefficient higher 
than 0.08, but a train can barely accelerate or brake when the leaf layers are wet. The 
adhesion requirements of rolling stock in the Netherlands can go up to 0.25 in traction, 
while in the UK values up to 0.20 and 0.09 are reported for traction and braking [3D.18]. 
A maximum value of 0.17 for traction is used when making the timetable of commuter 
trains in the Netherlands. Furthermore, the Dutch Railway Regulations (Reglement 
Keuring Spoorwegen) demand that the maximum braking distance on a descending slope 
of 5‰ at 140 km/h (maximum allowable line speed) should not exceed 1150 m [3D.19], 
which yields an average required adhesion of about 0.07 considering that all wheel axles 
of the train exert the same braking effort. Considering all the abovementioned adhesion 
requirements and the results of these field tests, it could be said that in dry autumn days 
countermeasures may mostly be required during traction operation so that punctuality is 
not compromised, while in dewy, foggy or drizzling autumn days braking can also be 
affected, even the safety may be at risk, if no effective countermeasures are taken.  

   A great part of this work has focused on the quantification of the adhesion improvement 
caused by sanding with the number of wheel passages. In particular, not only the 
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immediate positive effect on wheel-rail adhesion upon sand application has been shown, 
but also for the following driven wheels due to the conditioning effect by sand. These 
results may be useful to those railways that make use of dedicated cleaning vehicles to 
condition the friction level of the rails by means of sanding. It has been shown that the 
friction level due to conditioning is dependent on the number of passages and the particle 
size of sand used. Hence, the results presented in this work may help those railways to 
estimate roughly the effectiveness of their policy according to their selected standard 
particle size and number of sanding axles employed.  

   The particle size of sand is found in the literature to be different among railways, as 
indicated in the introduction of this paper. It seems possible that railway engineers once 
adopted a certain particle size distribution without a thorough consideration into the 
possible effect on the adhesion improvement to be obtained. In this work, it has been 
shown that the particle size of sand can exert a strong influence on the adhesion 
coefficient upon sanding and on the conditioning effect of sanding. Smaller sands have 
been found to be more effective, which could be attributed to a better particle entrapment 
in the wheel-rail interface. This is in good agreement with previous laboratory 
investigations performed by the authors [3D.14]. In addition, the optimal particle size 
found in the field tests (i.e. S sand) also corresponds to the optimal size found in the 
laboratory investigations (referred to as medium sand in that work) [3D.14]. Hence, a 
good correlation between laboratory and field has been found.  

   The findings on the effect of particle size indicate that some railways could benefit 
from a reduction in the particle size of the sand used. Nevertheless, one of the major 
limitations is that some of the existent sanders operate in an open environment. When 
using excessively small sand particles under damp ambient conditions, clogging of the 
pipes may occur, limiting the particle size of sand to be used. Another important concern 
to bear in mind when aiming at smaller sands is that the train detection may be affected 
depending on the feed rate used, as shown in previous laboratory investigations [3D.13]. 
Since faults in the train detection may threaten the safety of the railway transportation, 
this should be investigated in future works. 

   Besides the sand particle size, laboratory investigations have shown that other factors, 
such as feed rate and wheel slip, played an important role in the effectiveness of sanding 
for adhesion recovery [3D.13-3D.14]. Due to the limitations of the locomotive sanders 
used in this work, the influence of those two factors could not be investigated. In 
particular, operating at the optimum feed rate in sanding becomes crucial because it can 
have an impact not only on the adhesion recovery, but also on the costs related to sanding 
as well as on the safety of railway transportation. Excessive feed rates could lead to an 
inadequate adhesion coefficient and they may affect train detection [3D.13]. When 
applying more sand than required, re-fill of the sandboxes is more frequently required, 
increasing the costs of sanding practice. Therefore, future investigations in field on the 
optimal feed rate for a given particle size are justified.  

   In some of the traction runs, wheel macro-slip was noticed by the driver from the cabin, 
whereas the DGPS readings did not show any appreciable change in the acceleration of 
the locomotive and, thus, the tractive effort. This suggests that the amount of wheel 
macro-slip noticed by the driver could be below the threshold of the TCU. In practice, the 
appreciation of a driver can influence the traction operation of rail vehicles to a large 
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extent. Some drivers may instinctively reduce the traction effort when they notice some 
wheel macro-slip so that no damage on wheels and rails is caused. Nevertheless, the 
manual reduction of the traction effort can lead to certain inefficiency if the right amount 
of traction reduction is not selected. In the Netherlands, monitoring of the driving 
performance of five EMUs in the autumn of 2008 showed that punctuality can greatly be 
affected by low adhesion, especially due to a “too conservative” selection of the traction 
effort by the drivers [3D.20].  

   The adhesion results given in this paper are quite sensitive to the algorithm of torque 
regulation of the TCU of the locomotive used in the tests. The algorithm determines the 
wheel macro-slip threshold at which the tractive effort is reduced under low adhesion 
conditions, and it also establishes the amount and duration of the tractive effort reduction 
as well as the subsequent increase of tractive effort once low adhesion conditions 
disappear. It can be understood that a different algorithm may have led to different 
adhesion results under the same contact conditions. In particular, the average adhesion 
coefficient values may be the most affected by the algorithm. The maximum and 
minimum values could also vary depending mostly on the macro-slip threshold of the 
TCU. It is, however, needless to say that the algorithm does not affect the comparison of 
the traction performance between the baseline and the different sands tested, which was 
the main purpose of this investigation. But, care has to be taken when extrapolating the 
adhesion results of these tests to another type of rolling stock. 

   All results presented in this work correspond to the low speed regime. In general, it can 
be expected that the effectiveness in adhesion recovery may somewhat differ at higher 
train speeds due to different particle entrapment and the presence of larger train’s 
slipstream. The speed in the tests could not be increased above 40 km/h due to the 
restrictions in stabling yards in the Netherlands. However, it is well known that the 
maximum adhesion requirements in traction are mostly at travelling speeds up to 60 km/h 
for locomotives and 40 km/h for EMUs. Therefore, one part of the most adhesion 
demanding range has been investigated in the tests. In future investigations, it is clearly 
interesting to examine the sanding performance at speeds higher than the ones of this 
work. 

3D.5. Conclusions 
In this work, traction tests of a locomotive in dry and wet leaf contaminated contacts have 
been presented. The field tests have been performed in a stabling yard. Firstly, baseline 
tests have been performed to investigate the quantitative impact of leaf contamination on 
the wheel-rail adhesion. Secondly, tests with the Dutch standard railway sand have been 
carried out to assess the effectiveness of the currently used countermeasure. Thirdly, tests 
with three differently sized silica sands have been performed to investigate the effect of 
the sand particle size on the adhesion recovery. Based on the results obtained in the tests, 
the following conclusions can be drawn: 

a) Leaf layers can lead to low adhesion incidents under both dry and wet conditions. The 
adhesion values measured in this work indicate that dry leaf layers may mostly affect 
traction operation, whereas wet leaf layers can threaten both braking and traction 
operations. 
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b) Although the adhesion tends to increase gradually with the driven wheel passages, the 
adhesion recovery without sanding may be more than 7 times slower than with 
sanding. 

c) Sanding is effective in improving the adhesion in leaf contaminated wheel-rail 
contacts not only for the sanding axles, but also for the subsequent passing wheels 
due to the conditioning of the top of the rail. 

d) The adhesion improvement due to conditioning is found dependent on the number of 
sanding axles employed. The adhesion data gathered in this work may help some 
railways to estimate roughly the necessary number of sanding axles according to a 
given particle size. 

e) The adhesion improvement by sanding is strongly dependent on the particle size used. 
The performance of the largest particles used in this work is effective compared to the 
baseline (i.e. no sand application), but much less effective than smaller sized sands. 
This finding may encourage some railways to revise their standards on particle size 
towards an optimal sanding practice. 

f) A good correlation has been found between these field tests and previous laboratory 
investigations. Not only similar trends have been observed, but also the optimal 
particle size for adhesion recovery has been found to be same in both investigations. 
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Chapter 4 
Magnetic Track Brakes 
 
 
 
ABSTRACT 
 

Chapter 4 presents some field investigations on the effectiveness and possible side effects 
of using MTBs to overcome the low adhesion problems. The tests have been performed 
in grease, water and leaf contaminated contacts as well as under dry conditions. The 
chapter is divided into two parts. In Part A, emphasis is put on the adhesion recovery 
attributed to each MTB passage along a track section contaminated with leaf layers, water 
and grease. Additionally, the performance of the MTBs is compared to baselines (i.e. no 
use of MTBs) in water and leaf contaminated contacts, and to FMB in leaf contaminated 
contacts. Part B firstly presents the investigations on the MTB braking force in clean and 
contaminated contacts, including calculations of the train deceleration under different 
operational conditions. Furthermore, Part B examines some possible side effects of using 
MTBs, such as damage to rails, effect on insulated rail joints and wear of the MTB brake 
shoes.  
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Chapter 4, Part A 
Field tests on adhesion recovery XI 
 
 
 
ABSTRACT 
 

Some rolling stock designed for conventional and high speed railway operation has 
magnetic track brakes to have a brake independent of the wheel-rail adhesion to be 
mostly activated in emergency situations. In recent years, interest has grown in some 
railways towards the possible use of magnetic track brakes against slippery tracks. 
However, there seems to be a lack of knowledge on the major benefits and possible side 
effects of using magnetic track brakes to overcome low adhesion conditions. This hinders 
the realization of a cost-benefit analysis to look at possible implementations. In order to 
contribute to a better understanding, field tests have been performed with the permanent 
magnetic track brake of an electrical multiple unit in a stabling yard. Low adhesion 
conditions have been created by three types of contamination representative of slippery 
tracks, i.e. leaves, water, and grease. The entire work has been divided in two parts. In 
this Part A, emphasis is put on the adhesion recovery, in particular the benefit for 
subsequent wheel (or train) passages. Baseline tests (i.e. no use of magnetic track brake) 
have also been performed with water and leaves. Additionally, an adhesion improver 
widely used in the Dutch and British railways has also been tested with leaves to allow 
for a comparison in effectiveness with magnetic track brake under similar operating 
conditions. In each test, the wheel-rail adhesion conditions along the initially 
contaminated track have been measured to evaluate the adhesion improvement under the 
different testing conditions.  
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Transit as: O. Arias-Cuevas, Z. Li: Field Investigations on the Performance of Magnetic Track Brakes of an 
Electrical Multiple Unit against Slippery Tracks. Part I: Adhesion Improvement. 
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4A.1. Introduction 
Magnetic track brakes (MTBs) have been fitted to some rolling stock since the beginning 
of the 20th century [4A.1]. Currently, one of the major applications of MTBs is found in 
trams, in which sufficient braking power is indispensable as the space designated for 
tramways may temporarily be shared with different forms of transportations (e.g., bus, 
bicycle, car and motorbike) and pedestrians. In rolling stock designed for conventional 
and high speed railway operation, MTBs are sometimes fitted to have a brake 
independent of the wheel-rail adhesion to be mostly activated in emergency situations. 
Around half of the passenger rolling stock in the Netherlands is currently fitted with 
MTBs, which are activated in case of a rapid braking, the driver’s fatality, or the 
activation of the passenger’s emergency brake.  

   In recent years, interest has arisen in the Dutch and other railways towards a more 
frequent use of MTBs to fight slippery tracks. In the United Kingdom, an assessment of 
fitting the rolling stock with MTBs has been undertaken [4A.2]. In Germany, some 
electrical multiple units (EMUs) have recently been retrofitted with MTBs to improve the 
braking performance in autumn [4A.3]. In the Netherlands, the use of existing MTBs 
during normal braking operation has been evaluated [4A.4]. A conceptual approach of 
MTB use against slippery tracks has been proposed by the authors to the Dutch railways, 
in which one (or more) MTB of a train consist is activated upon detection of low 
adhesion conditions at a given location along the track, and it is deactivated once the low 
adhesion conditions have disappeared. In this way, the brake shoes of the MTB would 
only slide over the contaminated rails, leading to an increase of the braking performance 
of the train along the slippery track section and to the (partial or complete) removal of the 
cause of low adhesion for subsequent passing trains, while minimizing unnecessary wear 
to brake shoes and rails. Nevertheless, there exist a number of concerns that have been 
discussed with the major train operating company (NS) and the railway infrastructure 
manager (ProRail), which need to be investigated to allow for a cost-benefit analysis. On 
one hand, the benefit of MTB use against slippery tracks needs to be clearly quantified in 
both the increase of the braking force and the adhesion improvement for subsequent 
wheel passages. On the other hand, possible side effects, such as increased maintenance 
of MTB brake shoes, compatibility with insulated rail joints (IRJs) and switches, and 
possible damage to the rails (among others), must be examined. As a first step to 
investigate these concerns to some extent, the authors have carried out field tests with a 
permanent MTB of an EMU of NS. The results obtained in the tests are presented in two 
parts. Part A, which is shown in this paper, gives the results on the adhesion recovery, 
while Part B focuses on the braking force and some possible side effects [4A.5]. The 
main objective of Part A is to quantify the adhesion improvement attributed to each MTB 
passage along a slippery track under different types of contamination.  

   A few investigations on the performance of MTBs under low adhesion conditions can 
be found in the literature [4A.6, 4A.7]. In the late 80s, some field tests were undertaken in 
the Netherlands to test the braking performance of electro MTBs along rails that had been 
contaminated with a soap solution and a break-free oil [4A.6]. An increase in the train 
deceleration was reported in contaminated and clean contacts when using MTBs. In 
addition, measurements of the rotational velocity of the wheel axles during braking 
showed that less wheel slide occurred in the rear axles, which suggested that the wheel-
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rail adhesion had been improved after the passage of the MTB brake shoes along the 
contaminated rails. Boiteux et al. [4A.7] presented the results of some braking tests 
performed in field with electro MTBs on clean and leaf contaminated rails. Measuring 
wheelsets were employed to assess the level of adhesion after the passage of different 
number of MTBs. They showed that using MTBs on rails covered by fallen leaves 
improved the adhesion for subsequent wheel passages to a level that appeared to be 
dependent on the number of MTBs employed.  

   In this work, field tests have been performed in traction operation with or without MTB 
depending on the test. Low adhesion conditions have been created with leaves, water, and 
grease. In the tests with leaves and water, baseline tests have also been performed. 
Additionally, an adhesion improver, which is widely used in the Dutch and British 
railways, has also been tested with leaves to allow for a comparison in effectiveness with 
MTB under similar operating conditions. The wheel-rail adhesion in each test run has 
been measured by means of the traction control unit (TCU) of a motorized bogie. The 
position of the driven wheels and the MTB on the track has been monitored and 
synchronized with the TCU data to determine the location of the measurements. By 
comparison of the traction performance between different passages along the 
contaminated rails, the adhesion improvement has been determined. 

4A.2. Testing description 

4A.2.1. Electrical multiple unit 
The tests were performed with a double-decker EMU of NS in a stabling yard (see Fig. 
4A.1). The EMU consists of four vehicles with eight bogies and sixteen wheel axles in 
total, as schematically shown in Fig. 4A.2. The profile of the wheels was S1002 and the 
profile of the rails was UIC54. Considering that tests were performed with the EMU 
under unloaded conditions, the axle loads were around 15 t and 17 t for non-driven and 
driven wheel axles, respectively.  
 

 
Fig. 4A.1. Photograph of the EMU in the stabling yard during the field tests. 
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Fig. 4A.2. Two-dimensional schematic representation of the EMU employed in the tests 

(dimensions in meters). *Travelling direction was opposite in the wet “clean” contacts tests. 
 
   Two of the eight bogies are motorized. In each motorized bogie, an inverter supplies 
voltage to two motors in parallel so that each wheel axle is driven by a motor. The 
torque-speed characteristics of the motor are given in Fig. 4A.3. Note that the values 
given in Fig. 4A.3 are referred to the torque applied on the wheel axle. It can be seen that 
the motor torque can be at its maximum until around 40 km/h, when it starts decreasing 
with the speed at constant power. Hence, the low speed range between 0 km/h and 40 
km/h can be identified as the most critical in terms of limiting adhesion. In the tests, the 
travelling speed of the EMU was limited to 40 km/h, which is also the limitation of the 
stabling yard. Furthermore, the torque exerted by the two motors of a bogie is regulated 
by means of a TCU. In case that low adhesion conditions are encountered, the TCU 
adjusts the torque of both motors so that the tractive effort stays below the friction level 
available. In the tests, the data of the TCU of one motorized bogie was recorded to 
measure the wheel-rail adhesion, as will be explained in Section 4A.2.5. The location of 
the measuring bogie is indicated in Fig. 4A.2. 
 

0

4000

8000

12000

16000

20000

0 20 40 60 80 100 120 140

Train speed (km/h)

T
or

qu
e

 o
n 

th
e 

dr
iv

en
 w

he
el

 a
xl

e
 (

N
m

)

 
Fig. 4A.3. Torque-speed characteristics of the motor. 
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4A.2.2. Magnetic track brake 
The EMU is equipped with a high-suspension permanent MTB in four of the six trailing 
bogies. In the tests only one MTB was employed, which was situated behind the 
measuring bogie in the travelling direction, as indicated in Fig. 4A.2. A photograph of a 
permanent MTB is displayed in Fig. 4A.4, where the main parts of the MTB are also 
pointed out. In a MTB there are two brake magnets, one for each rail, which are linked by 
means of two track rods. The four lift cylinders have in-built springs that support the 
mass of the MTB on the bogie frame in the rest position.  
 

 
Fig. 4A.4. Photograph of a permanent magnetic track brake (Courtesy of Faiveley Transport). 

 
   In Fig. 4A.5, a simplified drawing of the cross-section of a brake magnet is given in 
both rest and active positions. Note that magnetic parts have been filled in with (blue) 
lines, whereas non-magnetic parts have been filled with (red) dots. The brake shoes of 
each brake magnet consist of right and left pole shoes and an insulating strip. In the rest 
position, there exists a distance of slightly more than 10 cm between the brake shoes and 
the top of the rail, and the magnetic field created by the permanent magnet is in a closed 
loop away from the pole shoes, as shown in Fig. 4A.5. When the MTB is to be activated, 
air pressure builds up in the four lift cylinders and in the four switch cylinders. The lift 
cylinders bring the MTB onto the rails, while the switch cylinders lower the permanent 
magnet to put it in contact with the pole shoes. This leads to the formation of a closed 
magnetic field between the rails and the pole shoes, as indicated in Fig. 4A.5. This 
magnetic field is responsible for the attractive force, or in other words, the normal contact 
load between pole shoes and rail. Since the insulating strip is mechanically constrained to 
the pole shoes, it is also pressed against the rail surface. The sliding motion of the brake 
shoes over the rails generates the MTB force, which is transmitted to the bogie frame by 
means of transmission pads that are positioned at the points of brake force transmission 
indicated in Fig. 4A.4. To deactivate the MTB, air pressure is released from the lift and 
switch cylinders so that the brake magnets are lifted to the rest position.  
 

Lift cylinder 

Switch 
cylinder Track rod 

Point of brake force 
transmission onto 
the bogie frame 

Brake magnet 

Point of support onto 
the bogie frame 

Air inlet 



Chapter 4, Part A   

 
166 

 
Fig. 4A.5. Simplified drawing of a cross-section of a brake magnet of the MTB in rest and active 

positions. 

4A.2.3. Testing preparation 
In the tests, the low adhesion conditions were created with three different types of 
contamination, i.e. leaves, water, and grease. These contaminants were selected because 
they have been reported to be among the most prominent responsible for slippery tracks 
in the Netherlands and overseas [4A.3, 4A.8-4A.12]. The contaminants were initially 
applied to the top of the rails along a track section, which is referred in this work to as the 
contaminated section. The length of the contaminated section varied depending on the 
type of contamination used in the tests, being 15 m in the tests with grease and 25 m in 
the tests with leaves and water. The temperature and relative humidity in the stabling yard 
was monitored in the tests by means of a thermo-hygrometer. The ambient temperature 
ranged between 20 °C and 30 °C, and the relative humidity changed between 20% and 
40%. There was no rain during the tests. 

   Table 4A.1 gives a description of the field tests performed for the adhesion recovery 
investigations. The field tests were named alphabetically according to the order of 
realization. This was especially important to monitor variations in wheel-rail adhesion 
and MTB force due to changes in surface conditions of brake shoes, rails and wheels. It 
can be seen in Table 4A.1 that some tests are missing, e.g. tests A, D, E, J, K, and M. 
These tests were only relevant to the MTB force measurements, being presented in [4A.5]. 
Furthermore, in order to avoid undesired mix-up of contaminants in a test, the total 
available length of the stabling yard was divided into four test sections, employing a 
different test section for each type of contamination. The section used in each test is 
indicated in Table 4A.1. Note that two test sections were used for the tests with leaves. 
The length of a test section included a contaminated section and a distance required for 
the EMU to accelerate and to brake safely.  



 

 

 
Table 4A.1. List of the tests relevant to adhesion recovery investigations. 

 Test B = Baseline leaf test on test section 1 
RUN Ref-B B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 

COND. dry dry dry dry dry dry dry dry dry wet wet wet wet wet wet 
Test C = MTB leaf test on test section 1 

RUN Ref-C C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 
COND. dry/wet dry dry dry dry wet wet wet wet wet wet wet 

Test F = Baseline leaf test on test section 1 
RUN Ref-F F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 

COND. dry/wet dry dry dry dry dry dry dry wet wet wet wet wet 
Test G = MTB leaf test on test section 1 

RUN Ref-G G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 
COND. dry/wet dry dry dry dry dry dry dry dry wet dry wet wet wet 

Test H = MTB leaf test on test section 1 
RUN Ref-H H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 

COND. dry/wet dry dry dry dry dry wet dry wet dry wet 
Test I = FMB leaf test on test section 1 

RUN Ref-I I1 I2 I3 I4 I5 I6 I7 I8 
COND. dry/wet dry “dry” dry wet wet wet wet wet 

Test L = Wet “clean” test on test section 3 
RUN L1 L2 L3 L4 

Test N = MTB leaf test on test section 2 
RUN Ref-N N1 N2 N3 N4 N5 N6 N7 

COND. dry/wet dry dry dry wet wet wet wet 
Test O = MTB grease test on test section 4 

RUN O1 O2 O3 O4 O5 O6 
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4A.2.3.1. Tests with leaf contaminated rails 
The leaves, which originated from different types of trees, were first placed one by one 
on the top of the two rails of the contaminated section, as shown in Fig. 4A.6. Small 
amounts of water were initially sprayed to help adhering the leaves to the top of the rails 
before the first passage of the EMU wheels. The EMU passed four times over the 
contaminated section with no traction/braking efforts and at low speed so that most of the 
leaves were compacted onto the rail surfaces. The resulting leaf layers were mostly dry 
prior to the start of the test as no water had been applied after the first passage of the 
EMU over the leaves. It can be seen in Table 4A.1 that runs under dry and wet conditions 
were performed in a leaf test. In general, runs under wet conditions were only performed 
after no low adhesion conditions were encountered in a run under dry conditions. Prior to 
the start of a test run under wet conditions, water was sprayed on the rails along the 
contaminated section to simulate wet leaf contaminated conditions typical of foggy, dewy 
or drizzling autumn days.  
 

 
Fig. 4A.6. Photograph of the contaminated section prior to the EMU passages of test preparation. 
 
   When a leaf test was finished, some cleaning runs were performed in an attempt to 
remove remaining leaf contamination from wheel and rail surfaces so that the same 
section could be used for the next test in comparable conditions. The same cleaning 
procedure was followed after each leaf test. Firstly, sand was applied to top of the rails of 
the test section, and the EMU travelled four times with full traction/braking. Afterwards, 
brooms were employed to wipe remaining sand off the rails. Then, the EMU travelled 
again four times along the test section with full traction/braking. Note that the MTB was 
not activated in any of the cleaning runs. Before starting a new leaf test, a reference run 
was performed under dry and wet conditions to measure the actual initial adhesion 
conditions of the new test.  

4A.2.3.2. Test with wet “clean” rails 
Prior to the start of each test run, water was sprayed onto the top of the rails along the 
contaminated section. After each run the remaining moisture rapidly evaporated. Water 
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was sprayed again along the contaminated section to perform a new test run. Note that the 
quotation marks as in “clean” are employed in this paper to distinguish the clean 
conditions in field from the more purely clean conditions typically present in laboratory 
testing. 

4A.2.3.3. Test with grease contaminated rails 
The grease used in the tests is a lubricant, which is currently applied to the flange contact 
along some curved sections of the Dutch railway network by means of trackside 
installations to reduce wear, noise and risk of derailment [4A.13]. Before the start of the 
test, the grease was painted on the top of the two rails along the contaminated section. 

4A.2.4. Testing procedure 
In every test, the measuring bogie was at a distance of around 30 m before the 
contaminated section at the start of a run. The driver requested the maximum tractive 
effort until a maximum travelled distance of 61 m, when the traction was stopped to 
ensure that the wheels of the second motorized bogie “freely” rolled over the 
contaminated section. The measuring wheels entered the contaminated section at a rolling 
velocity of 22 ± 2 km/h in every test. Depending on the test and the adhesion conditions, 
the velocity at the exit of the contaminated section varied, being 25 ± 4 km/h in tests with 
grease and 27 ± 2 km/h in tests with leaves and water.  

   In the tests with MTB, the MTB had been activated from the start of the run. The 
combination of traction (by the motorized bogies) and braking (by the MTB) during the 
measurements clearly differed from actual operation, but it was adopted in the tests for 
two main reasons. On one hand, the adhesion requirements in traction of this EMU are 
about twice larger than in braking, which allowed a wider measuring range of adhesion 
improvement in the tests. On the other hand, the complexity of actions needed by the 
driver was in this way simplified; for example, it was required in the tests that non-
measuring wheels did not exert longitudinal forces on the contaminated section, and this 
was more complex to achieve during braking due to the higher number of active axles.  

   Furthermore, the wheel-rail adhesion measurement corresponded to the condition prior 
to the MTB passage over the contaminated section because the MTB was located behind 
the measuring bogie in the travelling direction (see Fig. 4A.2). By repeating runs along 
the contaminated section, the adhesion before and after MTB passage could be measured 
and, therefore, the adhesion improvement could be quantified. The only exception to this 
procedure was in the test runs with water, in which the direction was intentionally 
reversed to measure directly the wheel-rail adhesion improvement after each MTB 
passage. This was necessary due to the ambient conditions in the tests, which led to a 
rapid evaporation of the moisture before the EMU could repeat its travel along the 
contaminated section. 

   In tests with leaves and water, baseline tests were also performed with a double purpose. 
On one hand, the adhesion improvement measured in the baseline tests could be used to 
quantify the relative adhesion improvement of MTB. On the other hand, the baseline tests 
aimed at giving insight into the impact of leaf contamination on the wheel-rail adhesion 
in field conditions and the adhesion improvement by slipping (driven) wheels. It can be 
understood that the procedure of the baseline tests was exactly the same as in tests with 
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MTB, with the only exception that the MTB was not activated. Additionally, an adhesion 
improver used in the Dutch and British railways, which was named friction modifier B 
(FMB) in recent laboratory investigations by the authors [4A.14, 4A.15], was also 
employed in a test with leaves. A description of the constituents of FMB can be found in 
the literature [4A.14, 4A.15]. The leaf test with FMB intended to allow for a comparison 
in effectiveness with MTB under similar operating conditions. The testing procedure of 
this FMB test was the same as the baseline test. 

4A.2.5. Measuring methodology 
Data from the TCU of the measuring bogie was collected in the tests. The tractive effort 
exerted by the two driven wheel axles, the tractive effort requested by driver, the 
rotational speed of the driven wheel axles, and the travelling speed of the train were 
among the signals acquired. Eq. 4A.1 displays the equation of motion of a tractive 
wheelset under the consideration that the tractive force (Ft) and rolling radius (rw) are the 
same for both wheels of the axle. Note that this assumption was acceptable in the tests 
because the track was straight and the contamination, if any, had been placed equally on 
both rails. In addition, the rolling radius of the measuring (driven) wheels was measured 
in the tests to be 435.4 mm on average with a maximum deviation between wheels below 
0.9 mm. In Eq. 4A.1, T is the wheel axle torque, Iw is the inertia of the wheel axle around 
its rotation axis, and αw is the rotational acceleration of the wheel axle. Furthermore, the 
tractive force can be expressed as a function of the adhesion coefficient (µ) and the 
normal contact force (FN), as shown in Eq. 4A.2. Combining Eq. 4A.2 with Eq. 4A.1, an 
expression is found of the adhesion coefficient as a function of the readings from the 
TCU, which is given in Eq. 4A.3. Since the data available in the TCU applies to both 
motors, i.e. both driven wheel axles, it is assumed in this paper that the adhesion 
coefficient is the same for the four driven wheels. Note that possible errors in the torque 
measurement, which could affect the adhesion calculation, have been reported to be 
below 5% [4A.16].  

   The normal force in the wheel-rail contact present in the tests was calculated from a 
multi-body dynamics model of the leading coach of the EMU. The model was presented 
in [4A.13]. For the calculation, wheel and rail profiles measured in the field tests have 
been included in the model. Due to the rear location of the motorized bogie in the 
travelling direction during measurement, the axle load of the driven wheels could 
increase depending on the tractive effort. However, this load transfer could be neglected 
as it caused an error below 1.3% in the calculated adhesion coefficient under the test 
conditions. Because the tests were carried out on straight track, the contact point was 
located on the top of the rail and the lateral creep force was very small in the tests; 
therefore, the adhesion coefficient was limited by the coefficient of friction (COF), as 
shown in Eq. 4A.4. Introducing the measured values in Eq. 4A.3, the maximum adhesion 
coefficient was calculated to be around 0.22 in the tests. Hence, it can be said that traction 
operation at the maximum performance could only be possible in the tests if the COF at 
the driven wheel-rail contacts was equal to or higher than 0.22.  
 

 2 t w w wT F r I α− ⋅ ⋅ = ⋅  (4A.1) 
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 t NF Fµ= ⋅  (4A.2) 
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 COFµ ≤  (4A.4) 

 
   In Fig. 4A.7 a simplified example of the traction operation of the measuring bogie 
during a test run is presented. The torque applied on the two driven axles (Tout) is given 
by the solid (blue) line in Fig. 4A.7, while the torque requested by the driver (Treq) is 
represented by a dashed (green) line. The friction, which is depicted with a dash-dot (red) 
line, is assumed in this example to be above the required adhesion outside the 
contaminated section. In Fig. 4A.7, friction, Tout and Treq are normalized in a way so 
that they can be plotted with the same units for the sake of comparison. The length of the 
contaminated section is indicated in light (blue) colour on the abscissa. The x is used 
because different length was used in different tests, as explained in Section 4A.2.3. 
Initially, the motor torque increases linearly until reaching the tractive effort requested by 
the driver. In practice, this initial slope limits the jerk so that passenger comfort is not 
compromised by an abrupt acceleration.  
 

 
Fig. 4A.7. Representation of a simplified example of the traction operation in a test run (note that 

the distance travelled refers to the first driven axle of the measuring bogie). 
 
   If the friction level is higher than the requested tractive effort, a constant maximum 
tractive effort can be maintained in the test run after the initial torque build-up, as shown 
in Fig. 4A.7. When the driven wheels travel over contaminated rails, the friction level 
drops below the adhesion required for the maximum tractive effort and, consequently, the 
driven wheels start to slip. In this paper, this type of wheel slip will be referred to as 
macro-slip to distinguish it from the micro-slip that is always present at tractive (and 
braking) wheels before saturation of the friction. Since the adhesion coefficient is limited 
by the COF, a sudden decrease in the friction level without variation in the wheel axle 
torque leads to an increase in the wheel axle rotational acceleration, according to Eq. 
4A.1, and macro-slip may be initiated. There exists an acceleration threshold imposed in 
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the TCU, which is dependent on the torque that is applied on the axle, as shown in Fig. 
4A.8. If the acceleration surpasses the threshold, the TCU reduces the motor torque to 
limit the amount of wheel slip. When the acceleration of the driven axles decreases below 
the threshold, the motor torque is still further reduced for a certain period and then kept 
constant for some time, as shown in Fig. 4A.7. After that, the TCU increases the motor 
torque towards the tractive effort requested by the driver. As shown in Fig. 4A.7, the 
friction is saturated again and the acceleration threshold is surpassed, leading to a new 
reduction of the motor torque. The driven axles finally exit the contaminated section and 
the motor torque can be increased to reach the maximum tractive effort, which is kept 
constant until the traction is stopped, as represented by a (black) point in Fig. 4A.7.  
 

 
Fig. 4A.8. Schematic representation of the acceleration threshold calculation in the TCU. 

 
   In order to display the adhesion improvement with the increasing runs in a test, the 
minimum and average values of the adhesion coefficient in each run were calculated with 
the measured data according to Eq. 4A.3. The minimum adhesion coefficient 
corresponded to the global minimum value of Tout among the local minimums reach 
during each traction reduction experienced in a test, as pointed for the example in Fig. 
4A.7. Note that in the simplified example presented in Fig. 4A.7, Toutmin is the same in 
both reductions of the tractive effort because the friction level was assumed to remain 
constant, but in case of inequality the lowest of the reductions would be taken. The 
average value of the adhesion coefficient corresponded to the mean value of Tout in the 
test run along a given distance. This distance was different depending on the test. In the 
leaf tests the distance used to calculate the average Tout was from - 20 m until 45 m, 
which was identified to be prone to low adhesion as will be shown in Section 4A.3.1. In 
the tests with “clean” wet rails, the distance was the contaminated section where water 
had been sprayed (i.e. from 0 m till 25 m). In the grease tests, the distance was between - 
x1 and x2 (see Fig. 4A.7) due to the vast spread of the grease after the first wheel passages, 
as will be outlined in Section 4A.3.3.    

  The location of the driven wheel axles on the track was monitored in the tests by means 
of a differential global positioning system (DGPS) OmniSTAR 8200HP. The DGPS was 
mounted on the roof of the EMU above the measuring bogie, as indicated in Fig. 4A.2. 
OmniSTAR VBS GPS correction signals were used on the 8200HP to operate with sub-
meter accuracy for the number of satellites available during the testing [4A.17]. A 
sampling frequency of 10 Hz was employed to capture the location data. In the post-
processing the location was synchronized with the TCU data. In the results presented in 
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this paper, the distance refers to the location of the first driven wheel axle of the 
measuring bogie, as shown in Fig. 4A.2. Note that the location of other important 
elements of the EMU can be deduced from the dimensions given in Fig. 4A.2.  

4A.3. Results 

4A.3.1. Tests with leaf contaminated rails 
Seven tests with leaf contaminated rails were performed under dry and wet conditions, 
namely two baseline tests, four MTB tests and one FMB test (see Table 4A.1). 

4A.3.1.1. Baseline 
The two baseline tests have been named tests B and F. Figs. 4A.9-4A.10 depict the ratio 
between Tout and Treq along the distance in some dry and wet runs of test B. It can be 
seen in Fig. 4A.9 that low adhesion conditions were encountered before reaching the 
contaminated section, e.g. in run B1 low adhesion conditions were first experienced at 
around -12 m. This indicated that during the test preparation leaf contamination was 
brought outside the contaminated section by rolling wheels, and the measuring wheels 
could have become contaminated. Field observations have also reported that leaf 
contamination can be found away from the location of the source [4A.8, 4A.9].  
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Fig. 4A.9. Ratio between Tout and Treq along the distance travelled by the first driven wheel axle 
in some dry runs of test B (initially contaminated section between 0 m and 25 m). 

 
   Two drops of adhesion occurred in run B1, as shown in Fig. 4A.9. In the first drop the 
tractive effort had to be reduced by the TCU to 50% of Treq to cease the wheel macro-
slip, while the reduction was almost 10% of Treq in the second drop located at about 13 
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m. The large difference in the traction reduction between the two drops indicates that the 
friction level was much lower inside the contaminated section, as expected. In run B2, 
two decreases of tractive effort can also be seen in Fig. 4A.9. The first decrease started at 
around -4 m, while the second one started at around 2 m. Similarly to run B1, the drop 
inside the contaminated section was the largest in run B2. 
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Fig. 4A.10. Ratio between Tout and Treq along the distance travelled by the first driven wheel 

axle in some wet runs of test B (initially contaminated section between 0 m and 25 m). 
 
   A photograph of the top of a rail after a few dry runs of test B is given in Fig. 4A.11. It 
can be seen that the original leaves placed along the contaminated section (see Fig. 4A.6) 
had transformed into leaf layers that were well adhered to the rail along its running band. 
The leaf layers presented a black colouration typically reported in field and laboratory 
observations [4A.8, 4A.9, 4A.11, 4A.14, 4A.18-4A.22]. Note that the colouration of leaf 
layers has been reported to be attributed to a chemical reaction of pectin with the iron 
rather than charring of the leaf organic material [4A.18]. Furthermore, some leaf mulch 
had remained at both sides of the rail running band.  

   In Fig. 4A.9, a trend can be observed in which the first traction reduction occurred 
further from the beginning of the contaminated section with the increasing number of 
runs. The onset of the first traction reduction went from -12 m in run B1, to -4 m in run 
B2 and to 16 m in run B5, as pointed out in Fig. 4A.9. This trend may be attributed to the 
leaf layer removal by slipping (driven) wheels. The layer removal in the tests could be 
due to thermal effects by high relative velocities between the contacting surfaces or 
mechanical effects due to the interaction between asperities of the surfaces during their 
relative displacement. In a laboratory work, it has been shown that an increase in the 
wheel slip can lead to a faster adhesion recovery in leaf contaminated wheel-rail contacts 
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[4A.19]. According to those results, it may be assumed that free rolling wheels can hardly 
contribute to the removal of leaf layers. In the present tests, the driven wheels only 
slipped during traction reduction and a few meters before, as explained in Section 4A.2.5. 
It can be seen in Fig. 4A.9 that the driven wheels did not slip in run B1 in the interval 
between -7 m and 0 m, because of this leaf layers remained and were responsible for the 
low adhesion conditions in run B2 at around -4 m. The progressive layer removal by 
slipping (driven) wheels in each run led to an entire adhesion recovery in run B8 so that 
the tractive effort could be maintained to the maximum requested by the driver.  
 

 
Fig. 4A.11. Photograph of the top of a rail along the contaminated section after a few dry runs. 

 
   In the runs under wet conditions, some different tendencies can be observed in Fig. 
4A.10. Since water had only been applied along the contaminated section (i.e. between 0 
m and 25 m), no low adhesion conditions were encountered before 0 m, as expected. It 
must be noted that the variations of Tout/Treq ratio at around -15 m in Fig. 4A.10 were 
not caused by low adhesion but by small changes in the inverter voltage, which could be 
due to variation in the current collected by the pantograph. Similar oscillations can also 
be observed in Fig. 4A.9, as well as in other figures later on, to occur mostly at around 
the same location. A major difference between the dry and wet runs of test B was the 
adhesion recovery trend. Although the earliest traction reduction occurred in the first run 
under wet conditions (i.e. run B9 in Fig. 4A.10), there was no clear trend of displacing 
the first traction reduction further from the contaminated section with the increasing runs, 
as it was observed in the dry runs. Furthermore, it can be seen in Fig. 4A.10 that low 
adhesion conditions were encountered after exiting the contaminated section. In some 
runs like B9 and B14, there existed a reduction of the tractive effort up to a distance of 40 
m (see Fig. 4A.10). This phenomenon may be attributed to possible remaining moisture 
present on the wheels when they exited the contaminated section that could have mixed 
with some remaining leaf contamination.  

   Fig. 4A.12 displays the minimum and average values of the adhesion coefficient of all 
runs in test B. Note that these values have been extracted from the results of Figs. 4A.9-
4A.10, as explained in Section 4A.2.5. During the first run under dry conditions over the 
leaf contaminated section the minimum adhesion coefficient was around 0.02, as shown 
in Fig. 4A.12. This value is in line with results obtained in the laboratory [4A.14, 4A.19-
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4A.21] and in other field investigations [4A.22]. It can be seen that the average adhesion 
under dry conditions increases with the number of runs, while the minimum value did not 
follow such a trend. The explanation needs to be sought in Fig. 4A.9. On one hand, the 
first traction reduction was displaced in the travelling direction with the increasing runs, 
leading to higher average values of the adhesion. On the other hand, leaf layer removal 
was caused by wheel macro-slip, which did not occur continuously along the distance, 
resulting in some “intact” parts of the contaminated section, leading to the low values of 
the minimum adhesion coefficient seen in Fig. 4A.12. After seven runs the adhesion had 
been entirely recovered, with the average and minimum values of the adhesion coefficient 
in run B8 becoming equal to the maximum as in Ref-B.  

   The application of water to the remaining leaf contamination caused a considerable 
reduction of the adhesion in run B9 with a minimum value of around 0.03, as shown in 
Fig. 4A.12. In all the runs under wet conditions of test B, the minimum adhesion 
coefficient was below 0.05 with the only exception of run B10. Furthermore, no uniform 
tendency of increasing adhesion could be observed in the runs under wet conditions, i.e. 
run B9 till run B14 in Fig. 4A.12. In fact, the lowest average and minimum values of 
adhesion were obtained in the last run, dropping the adhesion coefficient to a minimum 
value around 0.01.  
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

Ref-B
dry

B1 dry B2 dry B3 dry B4 dry B5 dry B6 dry B7 dry B8 dry B9 wet B10
wet

B11
wet

B12
wet

B13
wet

B14
wet

A
d

h
es

io
n 

co
ef

fic
ie

n
t (

-)

Minimum Average

 
Fig. 4A.12. Minimum and average values of the adhesion coefficient in dry and wet runs of test B. 
 
   Fig. 4A.13 depicts the adhesion results of the second baseline test, named test F. It must 
be noted that a reference run (named Ref-F) under dry and wet conditions was performed 
prior to the test preparation to obtain an indication of the starting adhesion conditions 
along the contaminated section. In the dry runs of test F (i.e. F1 till F7), an increasing 
trend of the average and minimum adhesion can be seen in Fig. 4A.13. After six runs 
under dry conditions the adhesion was entirely recovered. In the wet runs, the average 
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adhesion seemed to increase slightly with the runs, while the minimum adhesion 
coefficient did not show any clear trend. In the last run (i.e. run F12 in Fig. 4A.13) the 
minimum adhesion was 23% of that measured in run Ref-F under wet conditions and 
14% of run Ref-F under dry conditions. Furthermore, the minimum values of adhesion 
were noticeably lower in the wet runs than in the dry ones. In the dry runs the minimum 
adhesion was always above 0.02 except for run F1, whereas the minimum adhesion was 
below 0.005 in all wet runs except for run F12, as shown in Fig. 4A.13. Considering that 
some of the leaf contamination had been removed in the dry runs, it can be said that the 
friction level of wet leaf contaminated wheel-rail contacts was clearly lower than in the 
dry conditions. This is in agreement with field and laboratory findings reported in the 
literature [4A.8-4A.10, 4A.21-4A.23]. 
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Fig. 4A.13. Minimum and average values of the adhesion coefficient in dry and wet runs of test F. 

4A.3.1.2. Magnetic track brake 
The four MTB tests have been named tests C, G, H and N (see Table 4A.1). It is noted 
that in all MTB tests, the adhesion had been measured along the contaminated rails prior 
to the brake shoes passage, as explained in Section 4A.2.4. Figs. 4A.14-4A.15 depict the 
ratio between Tout and Treq along the distance in some dry and wet runs of test C. In run 
C1 only one traction reduction was experienced, which occurred at the beginning of the 
contaminated section (see Fig. 4A.14). In run C2 three reductions in tractive effort were 
observed, being the first one inside the contaminated section and the last two outside it. 
As expected, the adhesion drop inside the contaminated section was the largest (see Fig. 
4A.14). In the dry runs of test C, the first time to encounter low adhesion conditions was 
displaced further from the beginning of the contaminated section with the increasing runs. 
This trend was similar to the one observed in the baseline tests (e.g. test B in Fig. 4A.9), 
but at a higher rate in test C. The increase in rate can be attributed to the adhesion 
improvement by MTB given by leaf layer removal action of the brake shoes. After three 
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MTB passages, the adhesion entirely recovered and the tractive effort could be 
maintained to the maximum in run C4 (see Fig. 4A.14). Therefore, the required number 
of EMU passages for complete adhesion recovery under dry conditions using one MTB 
was reduced up to 57% compared to the baseline. 

   In the first passage of the MTB brake shoes over the leaf layers, a large amount of leaf 
contamination could be seen to be pushed away by the brake shoes. This leaf 
contamination corresponded mostly to leaf mulch that had adhered to the top of the rail 
during test preparation, but some leaf layers could also have been removed. Thus, the 
“push-effect” could partially have contributed to the adhesion improvement in dry runs of 
test C. On the other hand, measurements of the friction force in the contact between MTB 
brake shoes and rails showed a clear drop at the contaminated section [4A.5]. This 
indicated that the brake shoes also slid over the leaf layers, suggesting that thermal and 
mechanical removal effects could also have contributed to the adhesion improvement 
given by the MTB.  
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Fig. 4A.14. Ratio between Tout and Treq along the distance travelled by the first driven wheel 

axle in the dry runs of test C (initially contaminated section between 0 m and 25 m). 
 
   An illustration of the leaf contamination removed from the top of the rail by the MTB 
during run C1 can be observed in Fig. 4A.16. In Fig. 4A.16a, the rail head is shown 
before the MTB passage. Leaf mulch and layers can be seen on the top of the rail. Note 
that the photographs are taken at an IRJ, as indicated in Fig. 4A.16a. An instant when the 
MTB brake shoes slid over the top of the rail is shown in Fig. 4A.16b. After the MTB 
passage, leaf mulch and some of the leaf layers had disappeared from the top of the rail 
(see Fig. 4A.16c). It can also be observed in Fig. 4A.16c that some debris had fallen off 
the MTB brake shoe, remaining at the IRJ gap. This could deteriorate the electrical 
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insulation performance of the IRJ and it will be examined in Part B of these 
investigations [4A.5]. 
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Fig. 4A.15. Ratio between Tout and Treq along the distance travelled by the first driven wheel 

axle in some wet runs of test C (initially contaminated section between 0 m and 25 m). 
 

 
 

 
 

 
Fig. 4A.16. Photograph of a piece of rail head in run C1: a) before MTB passage, b) during MTB 

passage; c) after MTB passage. 
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   In the runs under wet conditions shown in Fig. 4A.15, an improvement in adhesion with 
increasing runs was observed as the amplitude of the traction reduction clearly decreased. 
In fact, a general trend approaching the reference measurement (Ref-C) can be seen in 
Fig. 4A.15. There was, however, an odd result obtained in run C9, for which only a small 
traction reduction was observed at around 25 m of distance. Although the same procedure 
had been followed to spray water along the contaminated section in each test run, it could 
be possible that less water was effectively entrained in the wheel-rail contact in run C9, 
leading to higher adhesion conditions than in the other runs. The velocity measurements 
obtained from the TCU showed that only some small wheel macro-slip occurred in run 
C9.  

   The minimum and average values of the adhesion coefficient in the runs of test C are 
given in Fig. 4A.17. Similarly to test B, a minimum adhesion coefficient of around 0.02 
was measured in the first run, i.e. run C1. A trend of increasing average adhesion with the 
runs under dry conditions can clearly be seen in Fig. 4A.17. Upon the first application of 
water, i.e. run C5, the adhesion went down to a minimum value of slightly below 0.05. 
This value was higher than in runs B9 (0.03) and run F8 (0.01) of the baseline tests, 
which may be owing to the more extensive leaf layer removal in the dry runs by the use 
of MTB. Furthermore, a comparison between the minimum adhesion values in wet runs 
of test C (Fig. 4A.17) with the ones of test B (Fig. 4A.12) and test F (Fig. 4A.13) points 
out that using MTB had clearly been effective in improving the adhesion under wet 
conditions. In wet runs of tests B and F, the minimum adhesion coefficient was mostly 
below 0.05, whereas it was mostly above 0.09 in test C. Moreover, in run C11 the 
average adhesion was around the same level as in run Ref-C under wet conditions, and 
the minimum adhesion coefficient was only about 10% lower than in Ref-C, as shown in 
Fig. 4A.17. 
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Fig. 4A.17. Minimum and average values of the adhesion coefficient in dry and wet runs of test C. 
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   Fig. 4A.18 displays the minimum and average adhesion values measured in test G. In 
the dry runs G1 till G8 a clear trend can be seen of an increasing average adhesion with 
the runs. The minimum adhesion coefficient followed a generally similar, but locally 
varying, increasing trend with the runs. The rate of adhesion recovery in dry runs of test 
G (Fig. 4A.18) was slower than in test C (Fig. 4A.17). After seven MTB passages in dry 
runs of test G, the adhesion had not yet been recovered entirely. Looking at the ratio 
between Tout and Treq along the distance in some dry runs of test G, which is given in 
Fig. 4A.19, some differences with respect to the dry runs of test C can be observed. 
Firstly, low adhesion conditions were encountered in runs G1 and G2 between -19 m and 
49 m (see Fig. 4A.19), while between 0 m and 40 m in runs C1 and C2 (see Fig. 4A.14). 
This indicates that the leaf contamination may have been distributed over a longer section 
of track in test G compared to test C, despite the fact that the leaf contamination had 
initially be placed equally for both tests during test preparation.  
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Fig. 4A.18. Minimum and average values of the adhesion coefficient in dry and wet runs of test G. 
 
   Furthermore, the first traction reduction in run G2 occurred sooner than in run G1 (see 
Fig. 4A.19), whereas the first reduction in run C2 occurred at a further distance in the 
travelling direction than in run C1 (see Fig. 4A.14). Considering that free rolling wheels 
hardly contributed to the transfer of leaf layer from wheels to rails or vice versa, as 
explained above, it may be possible that leaf layers had adhered to the surfaces of the 
measuring wheels during run G1. This could have promoted the drop of adhesion starting 
at -19 m in run G2. Furthermore, contamination on the wheel surfaces may also have 
been responsible for the slow adhesion recovery in dry runs of test G. In Fig. 4A.20 a 
driven wheel of the measuring bogie after run G5 is shown. It can clearly be seen that 
part of the wheel tread was contaminated with some leaf layers. Hence, leaf layers on the 
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wheel tread of the driven wheels may have led to low adhesion conditions even if the 
running band of the rail had perfectly been cleaned.  
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Fig. 4A.19. Ratio between Tout and Treq along the distance travelled by the first driven wheel 

axle in some dry runs of test G (initially contaminated section between 0 m and 25 m). 
 

 
Fig. 4A.20. Photograph of the surface of one measuring wheel after the start of test G. 
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   In run G9 wet conditions were tested, even though an entire adhesion recovery under 
dry conditions had not been reached in run G8 (see Fig. 4A.18). In run G10 the adhesion 
had been entirely recovered. In the wet runs of test G, both minimum and average values 
of the adhesion coefficient increased constantly with the runs. The minimum and average 
adhesion in run G13 surpassed the adhesion measured in Ref-G under wet conditions, 
suggesting that the adhesion conditions had been improved compared to the initial state. 
The ratio between Tout and Treq along the distance in wet runs of test G shown in Fig. 
4A.21 indicates that not only the amplitude of the traction reduction decreased with the 
runs, but also the first occurrence of traction reduction was displaced further from the 
beginning of the contaminated section. Note that a similar trend was observed in the wet 
runs of test C (see Fig. 4A.15).  
 

-30 -20 -10 0 10 20 30 40 50 60

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

T
ou

t /
 T

re
q

 (
-)

Distance (m)

 G9   G11   G12   G13   Ref-G       

 

Fig. 4A.21. Ratio between Tout and Treq along the distance travelled by the first driven 
wheel axle in wet runs of test G (initially contaminated section between 0 m and 25 m). 

 
   Fig. 4A.22 displays the minimum and average adhesion coefficients of test H. It can be 
seen that after four MTB passages under dry conditions the adhesion had not entirely 
been recovered, being the minimum adhesion coefficient around 0.11 in run H5. Hence, 
as it occurred in test G, the adhesion recovery in dry runs of test H had been slower than 
in test C. The adhesion appeared to be entirely recovered under dry conditions in run H9, 
after a few runs under wet conditions had been performed (see Fig. 4A.22). Furthermore, 
in both dry and wet runs, there was a clear trend of an increasing average adhesion with 
the runs, as indicated in Fig. 4A.22. The minimum adhesion coefficient also followed a 
similar trend, which was particularly noticeable during runs under dry conditions. 
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Fig. 4A.22. Minimum and average values of the adhesion coefficient in dry and wet runs of test H. 
 
   The last MTB test with leaf contamination (named test N) was performed on a different 
test section than the previous leaf tests (see Table 4A.1). The adhesion results of test N 
are given in Fig. 4A.23. It can be seen that after two MTB passages under dry conditions, 
the adhesion had entirely been recovered. Hence, the rate of adhesion recovery under dry 
conditions of test N was the highest among the MTB tests performed, and close to that 
obtained in test C. On the other hand, the minimum values of adhesion during runs under 
wet conditions of test N were among the lowest. Particularly, they were lower than those 
in test C, in spite of having had similar number of previous dry runs in both tests C and N. 
Comparing reference runs under wet conditions, it can be seen that Ref-N was around 
0.08 (see Fig. 4A.23) and Ref-C was around 0.13 (see Fig. 4A.17). Therefore, it may be 
possible that some contamination was present on the wheels at the beginning of test N, 
affecting the wheel-rail adhesion under wet conditions.  
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Fig. 4A.23. Minimum and average values of the adhesion coefficient in dry and wet runs of test N. 

4A.3.1.3. Friction modifier B 
One test was performed with leaf contaminated rails with FMB, which has been named 
test I (see Table 4A.1). The adhesion results of test I are given in Figs. 4A.24-4A.26. It is 
important to bear in mind that FMB was brought onto the rails of the contaminated 
section after run I1, as indicated in Fig. 4A.24. Upon first passage after FMB application 
(i.e. run I2) only a slight adhesion improvement was obtained compared to run I1 (see Fig. 
4A.24). Although no water had been applied in run I2, it may be possible that the leaf 
layers were wet due to the water content of FMB. For this reason, the designation “dry” 
has been used in Fig. 4A.24 and Table 4A.1. In the next passage, i.e. run I3, the adhesion 
had been entirely recovered to the maximum level. This means that the amount of EMU 
passages had been reduced between 80% and 87% compared to baseline tests B and F, 
respectively. In previous laboratory investigations with FMB in leaf contaminated wheel-
rail contacts, the reduction in passages ranged between 87% and 95% depending on the 
wheel slip used [4A.14]. Note that measurements of the slip of the driven wheels in tests 
B, F, and I reached values up to 35%. Furthermore, it can be seen in Fig. 4A.24 that the 
minimum adhesion coefficient constantly increased with the runs under wet conditions, 
whereas no clear increasing trend of the average adhesion could be observed in the wet 
runs. 
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Fig. 4A.24. Minimum and average values of the adhesion coefficient in dry and wet runs of test I. 
 
   Figs. 4A.25-4A.26 depict the Tout/Treq ratio along the distance in dry and wet runs of 
test I. In Fig. 4A.25 it can be seen that similar evolution of the traction along the track 
was obtained in runs I1 and I2. In run I2, no significant improvement of the traction can 
be seen along the contaminated section where FMB had been applied. The improvement 
in adhesion was observed in run I3, in which no traction reduction occurred. In Fig. 
4A.26, no trend can be seen of displacing the first traction reduction with the wet runs. 
This explains the lack of increasing trend of the average adhesion in the wet runs (see Fig. 
4A.24). In fact, the first traction reduction occurred the soonest in the last test run, i.e. run 
I8 in Fig. 4A.26. Comparing the results of wet runs of test I (Fig. 4A.26) with test B (Fig. 
4A.10), similar results can be seen in both tests, with the major difference being that the 
traction reduction was smaller in test I. The trend of adhesion improvement towards the 
reference run, which was observed in the tests with MTB (e.g. Figs. 4A.15 and 4A.21), 
was not observed in Fig. 4A.26. This may suggest that more than one application of FMB 
could have been necessary in test I. Furthermore, in most wet runs the largest traction 
reduction was experienced by the driven wheels after they exited the contaminated 
section, e.g. I4, I5 and I8 in Fig. 4A.26. This may be explained by considering that FMB 
had only been applied along the contaminated section.  

   An inspection of the rails along the contaminated section before and after test I showed 
that the top of the rail had been indented at some locations by the solid particles 
contained in FMB, as displayed in Fig. 4A.27. It can be seen that the indentations had a 
diameter between 1 mm and 2 mm. Similar indentations were also observed in laboratory 
tests performed with FMB [4A.14, 4A.15]. Laboratory investigations available in the 
literature have shown that rail discs with artificial surface indentations do not necessarily 
have a reduced fatigue life when operating under dry and wet conditions, but they may do 
so in oil contaminated contacts [4A.24].   
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Fig. 4A.25. Ratio between Tout and Treq along the distance travelled by the first driven wheel 

axle in dry runs of test I (initially contaminated section between 0 m and 25 m). 
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Fig. 4A.26. Ratio between Tout and Treq along the distance travelled by the first driven wheel 

axle in some wet runs of test I (initially contaminated section between 0 m and 25 m). 



Chapter 4, Part A   

 
188 

 

 
Fig. 4A.27. Photograph of the top of a piece of rail along the contaminated section after test I. 

4A.3.2. Test with wet “clean” rails 
The test performed with wet “clean” rails has been named L (see Table 4A.1). Four runs 
were performed, two with MTB and two baseline. In the baseline runs, the minimum and 
average values of the adhesion coefficient along the contaminated section were 0.10 and 
0.15, respectively. The major aim of test L was to examine the adhesion improvement 
due to water removal by using one MTB ahead of the measuring wheels. The increase in 
the minimum and average values of the adhesion coefficient was respectively 0.014 ± 
0.007 and 0.010 ± 0.008. This indicated that the adhesion conditions for the subsequent 
wheel passages were only slightly improved by the MTB.  

4A.3.3. Test with grease contaminated rails 
One test was performed with grease contaminated rails with MTB, which has been named 
test O (see Table 4A.1). The minimum and average adhesion values of test O are given in 
Fig. 4A.28. It can be seen that there existed a clear trend of increasing the minimum value 
of the adhesion coefficient. The lowest minimum adhesion coefficient was experienced in 
run O1 with a value around 0.01. The average adhesion coefficient also followed a 
similar continuous trend with the runs, with the only exception of the first two runs. In 
order to find an explanation, the ratio Tout/Treq along the distance is depicted in Fig. 
4A.29. It is seen that in run O1 the traction was firstly reduced at a distance of around 10 
m. According to the wheel base of the motorized bogie and the measured rolling radius of 
the driven wheels, it can be said that the traction was reduced after roughly three 
revolutions of the first wheels and two revolutions of the second wheels over the 
contaminated rails. With the increasing number of rotations on the greasy rails, the 
surfaces of the driven wheels could have become more contaminated leading to the 
formation of a lubricated contact at the wheel-rail contact. In run O1, after 10 m enough 
grease appeared to have accumulated on the measuring wheels to decrease the friction 
below 0.22 and force the TCU to reduce the tractive effort. Low adhesion conditions 
were maintained until around 20 m, i.e. 5 m after exiting the contaminated section. This 
suggests that the first non-driven wheels could have brought some grease onto the rails 
beyond the contaminated section, or that picked-up grease contamination remained on the 
measuring wheels for a few meters. 
 

Some indentations 
on the rail surface 
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Fig. 4A.28. Minimum and average values of the adhesion coefficient in runs of test O. 

 
   In run O2, low adhesion conditions were encountered right after reaching the maximum 
tractive effort, as shown in Fig. 4A.29. This could have been caused by remaining grease 
on the driven wheels and some grease being brought outside the contaminated section by 
the wheels. Up to four traction reductions were experienced in run O2; however, the 
traction reduction was not as large as in run O1, indicating an increase in the friction level. 
This could possibly be due to a reduction in the thickness of the grease layer as the 
amount of grease painted on the rails was spread along a larger distance. Due to the large 
extent of low adhesion conditions in run O2, the average adhesion coefficient of run O2 
was a bit lower than in run O1, in spite of the lower minimum adhesion value measured 
in run O1. 

   It can be seen in Fig. 4A.29 that the first occurrence of traction reduction occurred 
further along the distance with the increasing runs from O2 onwards, which explains the 
increase of average adhesion displayed in Fig. 4A.28. The amount of traction reduction 
could also be seen reducing with the runs, which may be due to the depletion of the 
grease layer at the driven wheel-rail contacts. One interesting observation is that the 
amount of traction reduction increased with the distance in every run. Since the vehicle 
speed continuously increased with the distance, it could be said that the friction level may 
have decreased with the wheel rolling velocity in the grease test runs. The adhesion was 
entirely recovered after five passages with MTB (see Fig. 4A.28). Unfortunately, the lack 
of a baseline test with grease contaminated rails hinders the quantification of the relative 
adhesion improvement that can be attributed to the MTB.   
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Fig. 4A.29. Ratio between Tout and Treq along the distance travelled by the first driven wheel 

axle in some wet runs of test O (initially contaminated section between 0 m and 15 m). 

4A.4. Discussions 
Depending on the level of adhesion at the wheel-rail contact, the safety (braking 
dependent) and punctuality (mostly traction dependent) of the railway transportation may 
be affected. In the Netherlands, a maximum adhesion of 0.17 is adopted in traction for 
calculations when making the timetable of commuter trains. On the other hand, the Dutch 
Railway Regulations (Reglement Keuring Spoorwegen) demand that the braking distance 
on a descending slope of 5‰ at 140 km/h (maximum allowable line speed) should not 
exceed 1150 m [4A.25], which yields an average required adhesion of about 0.07 
considering that all wheel axles of the train exert the same braking effort. Nevertheless, 
demands on wheel-rail adhesion can be higher than 0.17 in traction and 0.07 in braking, 
depending on the driver behaviour and the rolling stock. The maximum adhesion 
requirements of rolling stock in the Netherlands can reach 0.25 in traction and 0.14 in 
braking, while in the UK values up to 0.20 and 0.09 are reported in [4A.23]. In this paper, 
the adhesion coefficient has been measured in wheel-rail contacts contaminated with leaf 
layers, water and grease, which have been reported in the literature to cause slippery 
tracks in different railways worldwide. Upon first passage over the contaminated section, 
minimum adhesion values even below 0.005 have been reached in the presence of leaf 
layers. Grease contamination has led to a minimum value around 0.01, whereas a 
minimum value around 0.10 has been measured in wet “clean” contacts. Hence, slippery 
tracks caused by leaf layers can be considered to be the most problematic for railway 
transportation, affecting both safety and punctuality. With grease contaminated rails, 
safety and punctuality can also be affected; however, grease contamination usually 
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appears only on one of the rails as a consequence of migration during flange lubrication 
on curve. In this situation, low adhesion conditions may come to exist only in traction, 
braking, or both, depending on the friction available at the contact points on the other rail, 
as discussed in other investigations [4A.13]. The adhesion values measured in wet 
“clean” contacts suggest that foggy, dewy or drizzling conditions in the absence of other 
contaminants may only affect traction operation. 

   In the presence of wet leaf layers, the minimum values of adhesion were mostly higher 
in the MTB tests than in the baseline tests. Additionally, the minimum and average values 
of the adhesion coefficient increased continuously with the increasing MTB passages, 
while no consistent trend was observed in the baseline tests. These two facts give an 
indication of the effectiveness of the MTB against this type of low adhesion problems. In 
the presence of dry leaf layers, the adhesion recovery with MTBs was in some tests faster 
than in the baseline tests, while in other tests it was similar. The latter has partly been 
attributed to leaf layers adhered to the driven wheels, while the rails seemed mostly clean 
to the naked eye. Note that the train employed in the tests to measure the wheel-rail 
adhesion, had also been used to create the leaf layers on the rails. When using MTBs to 
fight slippery tracks, it needs to be understood that low adhesion conditions may not only 
be a consequence of contamination on the rails, but also on the tractive/braking wheels. It 
can be expected that another train entering the contaminated section with “clean” wheels 
could have led to better adhesion recoveries than the ones presented in this work. In 
future implementations, if MTBs are to be employed to clean the top of the rails, it may 
be beneficial to have a low adhesion detector that can identify the location of the 
contamination so that MTBs are not activated unnecessarily.  

   The main objective of this paper has been to quantify the adhesion improvement of 
each MTB passage along a slippery track under different types of contamination. In 
practice, more than one MTB of a train consist could be used to improve the adhesion 
conditions for subsequent train passages. In future implementations, train operating 
companies may decide upon the number of MTBs depending on the desired adhesion 
recovery for subsequent train passages. The adhesion results obtained in this work have 
shown that after two MTB passages the minimum adhesion coefficient was above 0.07 in 
most contamination conditions tested except with leaf layers under wet conditions. Hence, 
it could be said that using two MTBs along a contaminated track may normally improve 
the adhesion conditions so that the braking safety for the subsequent train is not 
compromised. In the presence of wet leaf layers, more than three MTBs have been found 
to be necessary. 

   In the leaf test with FMB, a more rapid recovery of adhesion could be seen during runs 
under dry conditions than in any test with MTB. This could have been expected to some 
extent because the application of FMB to the contaminated section could have 
conditioned the surfaces of both wheels and rails, while MTB could only condition the 
rails. However, the values and trends observed in the wet runs indicate that one 
application of FMB had been insufficient. Considering the broad use of FMB in the 
Dutch and the British railways, future investigations towards the required frequency of 
FMB application are justified. 

   The method employed in this work to measure the wheel-rail adhesion requires care 
when the measured values of the adhesion coefficient are extrapolated to a similar train 
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with a different TCU. The algorithm of the TCU determines the threshold at which the 
motor torque is reduced under low adhesion conditions, and it establishes the amount and 
duration of the traction reduction as well as the subsequent increase once the acceleration 
falls below the threshold. Hence, different minimum and average values of the adhesion 
coefficient could be obtained when using a different TCU. Nevertheless, this does not 
affect the comparison of results in this paper between different contact conditions and 
countermeasures employed in the tests. 

   The tests presented in this work have been performed at a maximum train speed of 40 
km/h due to the fact that the maximum motor torque is available in the speed range 0-40 
km/h, but also due to the speed limitation of the stabling yard. The maximum speed of 
passenger rolling stock is 140 km/h on conventional track in the Netherlands. It can be 
expected that some of the adhesion results presented in this paper may be somewhat 
different in the range 40-140 km/h. In grease lubricated wheel-rail contacts, an increase in 
the wheel rolling velocity can lead to a decrease in the adhesion coefficient [4A.13]. The 
increase of wheel rolling velocity has also been reported to decrease the adhesion in wet 
clean wheel-rail contacts [4A.26]. In leaf contaminated contacts only investigations at 
very low rolling velocities are found in the literature [4A.18]. Furthermore, the increase 
in train speed can lead to a decrease in the MTB force on the one hand, but an increase in 
the dissipated frictional power on the other, as reported in [4A.5]. Hence, thermal 
removal of the leaf layers could perhaps be promoted at higher train speeds, but this still 
needs to be investigated. The effectiveness of FMB could also be affected as particle 
entrapment in the wheel-rail contact may be influenced by the wheel surface velocity. 
Therefore, it is advisable to perform additional tests in a speed range higher than the one 
treated in this work. 

4A.5. Conclusions 
Part A of the field investigations on the performance of MTB against slippery tracks has 
focused on the adhesion recovery using a MTB under low adhesion conditions. The field 
tests have been performed in traction operation with or without the MTB depending on 
the goal of the tests. Low adhesion conditions have been created by three types of 
contamination representative of slippery tracks, i.e. leaves, water, and grease. In the tests 
with leaves and water, baseline tests (i.e. no use of MTB) have also been performed. 
Additionally, an adhesion improver widely used in the Dutch and the British railways has 
also been employed in a test with leaves to allow for a comparison in effectiveness with 
MTB under similar operating conditions. The wheel-rail adhesion conditions of the 
wheels in a motorized bogie have been determined by means of the TCU. The adhesion 
improvement has been obtained by comparing the wheel-rail adhesion values measured in 
increasing passages. The position of the measuring bogie has been monitored and 
synchronized with the TCU data to determine the location of the measurements. Based on 
the adhesion results obtained in this work, the following conclusions can be drawn: 

a) Leaf contaminated rails cause the largest reduction in the wheel-rail adhesion, 
closely followed by grease. Not only traction, but also braking may be affected in 
the presence of leaves or grease on the rails. Moisture in “clean” wheel-rail 
contacts may mostly affect traction. 
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b) Contamination may be dragged forward by passing wheels leading to low 
adhesion conditions far from the original slippery track, with grease being the 
most mobile of the contaminants investigated. This should be borne in mind by 
railway network managers when placing trackside lubricators.  

c) With leaves, water and grease contaminated rails a continuous adhesion 
improvement is obtained with the MTB passages. The rate of the adhesion 
recovery depends upon the type of contamination, but in leaf tests it can also 
affected by the possibility of having leaf layers adhered to the driven wheels. 

d) Using two MTBs may bring the adhesion level above 0.07 under most of the  
contamination conditions tested, guaranteeing effective braking along an initially 
contaminated track for the subsequent trains. The only exception was found in the 
presence of wet leaf layers, for which more than three MTBs can be necessary. 

e) One application of FMB to the leaf contaminated rails has shown faster adhesion 
recoveries under dry conditions than using MTB. However, more applications of 
FMB are necessary to have an effective adhesion recovery on wet leaf 
contaminated rails.  
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Chapter 4, Part B 
Field tests on braking force and side 
effects XII 
 
 
 
ABSTRACT 
 

Part B of the field investigations focuses on the braking force and some possible side 
effects of the frequent use of magnetic track brakes against slippery tracks. Field tests 
have been performed with the permanent magnetic track brake of an electrical multiple 
unit in a stabling yard. Three types of contamination representative of slippery tracks 
have been employed, e.g. water, leaves and grease. Tests with dry “clean” rails have also 
been performed throughout the testing to obtain a reference of the braking force in the 
speed range 0-40 km/h. Furthermore, the braking performance of the electrical multiple 
unit in different braking modes is analyzed under the tested conditions. The surfaces of 
the brake shoes and the rails have been examined to analyze possible changes during the 
testing. The profile of rails and the mass loss of the brake shoes have also measured in the 
tests to quantify the wear caused in the tests. Moreover, the effect of a passing magnetic 
track brake on the electrical insulation of an insulated rail joint has been examined by 
means of electrical measurements and visual inspection.  
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4B.1. Introduction 
The complete work, which has been divided in two parts, presents field investigations in 
a stabling yard on the performance of magnetic track brakes (MTBs) against slippery 
tracks. In Part A, the investigations on the adhesion recovery in contaminated contacts 
were presented [4B.1]. Part B focuses on the braking force of the MTB in clean and 
contaminated contacts and some possible side effects of its frequent use against slippery 
tracks.  

   The low adhesion conditions at the wheel-rail contact associated with slippery tracks 
may affect the braking operation of railway vehicles, leading to a safety threat in the 
worst case. During an emergency braking, MTBs may be activated, if present in the 
rolling stock, in an attempt to increase the braking performance. Aiming at a possible 
countermeasure to fight slippery tracks, a conceptual approach of MTB use against 
slippery tracks has been proposed by the authors to the Dutch railways, in which one (or 
more) MTB of a train consist is activated upon detection of low adhesion conditions at a 
given location along the track, and it is deactivated once the low adhesion conditions 
have disappeared. In this way, the braking performance of the train along the slippery 
track section could be enhanced, and the adhesion conditions along that section could 
also be improved for subsequent trains due to the cleaning effect of MTB [4B.1]. 
However, there exists a lack of data on the braking force that a MTB can exert on clean 
and contaminated rails. The field tests in this paper have aimed at quantifying the effect 
of train speed and contamination conditions on the MTB force. Water, leaves and grease, 
which have been reported to be representative contaminants of slippery tracks in the 
Netherlands and overseas [4B.2-4B.7], have been applied onto the rails to measure the 
MTB force under different types of low adhesion conditions. In addition, tests have also 
been performed throughout the testing in dry “clean” contacts to establish a reference of 
the braking force in the absence of contamination and to study the influence of the train 
speed on the force. 

   On the other hand, a frequent use of MTBs on a railway network in typical periods of 
slippery tracks, e.g. autumn, could bring along some undesired side effects. Discussions 
with the major train operating company in the Netherlands (NS) and the railway 
infrastructure manager (ProRail) identified some concerns of high priority such as the 
effect on the rails, the maintenance of the MTB brake shoes, and the compatibility with 
insulated rail joints (IRJs) and switches. In the tests presented in this paper, these 
concerns have been investigated to some extent. The rail profile has been measured 
before and after the tests in some sections to evaluate whether significant rail wear had 
occurred. The roughness and hardness of the top of the rail has also been measured before 
and after the tests. 

   It can be expected that a more frequent use of the MTB may lead to a need for more 
frequent maintenance, particularly for the brake shoes. Depending on the frequency 
operational costs, or even the availability of the fleet, may be compromised. Hence, it is 
essential to determine the wear rates of the brake shoes and the effect of varying surface 
conditions on the MTB force. The mass loss of the brake shoes has been measured after 
the tests. Then, a wear rate has been calculated as a function of the total frictional power 
dissipation and another as a function of the total distance travelled. Additionally, the 
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surface of the brake shoes has been examined after the tests, measuring changes in 
hardness and roughness.  

   IRJs are mostly used on tracks in which train detection is based on track circuits, 
requiring that the IRJ electrically insulates the adjoining rails. The magnetic field created 
by the MTB may attract some ferrite debris onto the pole shoes. The debris can be wear 
particles from rails and pole shoes, and perhaps remains produced during rail grinding. 
When pole shoes slide over an IRJ, debris may fall and deposit causing an electrical 
bridge between the two adjoining rails. Depending on the size and amount of deposited 
debris the insulating function of the IRJ may be deteriorated, causing extra maintenance 
work so that costs are increased and track availability is compromised. In this work, the 
possible influence of MTB on the electrical insulation of an IRJ has been examined by 
means of electrical measurements and visual inspection. Another possible side effect of 
MTB is that brake shoes may damage some of the parts of a switch. This has also been 
investigated in field tests and the results can be found in the literature [4B.8]. 

4B.2. Testing description 

4B.2.1. Electrical multiple unit 
The tests were performed with a double-decker electrical multiple unit (EMU) of NS in a 
stabling yard. The EMU consists of four vehicles with eight bogies and sixteen wheel 
axles in total, as schematically shown in Fig. 4B.1. Two of the eight bogies are motorized, 
and four trailing bogies have a high-suspension permanent MTB, as indicated in Fig. 
4B.1. In the tests, only one MTB was employed (see Fig. 4B.1). The length of the MTB 
and its location with respect to other relevant elements of the EMU are also given in Fig. 
4B.1.  
 

 
Fig. 4B.1. Schematic representation of the EMU employed in the tests (dimensions in meters). 

4B.2.2. Magnetic track brake 
A detailed description of the principal components of the MTB and the working principle 
during activation and deactivation can be found in Part A [4B.1]. An MTB counts with 
two brake magnets, one for each rail. The brake shoes of each brake magnet consist of 
four pole shoes on the right, four on the left, and four insulating strips in between. Fig. 
4B.2 gives a cross section of the brake magnet in active and rest positions, in which 
magnetic parts have been filled with (blue) lines and non-magnetic parts with (red) dots. 
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In this MTB, the pole shoes are made of nodular cast iron GGG-40 (DIN 1693) and the 
insulating strips are made of austenitic cast iron GGG-NiCr 20 2 (DIN1694) [4B.9]. The 
pole shoes are responsible for the magnetic attraction to the rails, and thus the normal 
contact force. The initial curvature of the pole shoes, which is shown in Fig. 4B.2, aims at 
having a conformal contact with the top of the rail to maximize the attractive force. 
According to the manufacturer, the nominal attractive force for this MTB is around 70 kN 
per brake magnet. As the insulating strips are mechanically constrained to the pole shoes, 
they are also pressed against the rail surface. The sliding motion of the brake shoes over 
the rail generates the MTB force.  
 

 
Fig. 4B.2. Simplified drawing of a cross-section of a brake magnet of the MTB in rest and active 

positions. 

4B.2.3. Testing preparation and procedure 
Table 4B.1 displays a list of the tests performed that were relevant to the MTB force 
measurements. Note that some field tests (i.e. tests B, F, I, and L) were only relevant to 
adhesion recovery measurements and they can be found in [4B.1]. Each field test has 
been named in alphabetic order according to the time of execution. This was especially 
important due to the surfaces changes of brake shoes and rails in the course of the tests, 
as will be explained in Section 4B.3. It can be seen in the table that each test consisted of 
a series of runs. In the tests with dry and wet “clean” rails the runs were simply a 
repetition of the measurement; whereas in the tests with leaf and grease contaminated 
rails the runs were used to investigate the evolution of the MTB force as contamination 
was progressively being removed with the runs.  
 
 
 



 

 

 
Table 4B.1. List of the tests performed relevant to MTB force measurements. 

 Test A = Dry “clean” test on test section 1 
RUN A1 A2 

Test C = Leaf test on test section 1 
RUN C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

CONDITIONS dry dry dry dry wet wet wet wet wet wet wet 
Test D = Dry “clean” test on test section 1 

RUN D1 D2 
Test E = Wet “clean” test on test section 1 

RUN E1 E2 
Test G = Leaf test on test section 1 

RUN G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 
CONDITIONS dry dry dry dry dry dry dry dry wet dry wet wet wet 

Test H = Leaf test on test section 1 
RUN H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 

CONDITIONS dry dry dry dry dry wet dry wet dry wet 
Test J = Dry “clean” test on test section 1 

RUN J1 J2 
Test K = Wet “clean” test on test section 1 

RUN K1 K2 
Test M = Dry “clean” test on test section 3 

RUN M1 M2 
Test N = Leaf test on test section 3 

RUN N1 N2 N3 N4 N5 N6 N7 
CONDITIONS dry dry dry wet wet wet wet 

Test O = Grease test on test section 4 
RUN O1 O2 O3 O4 O5 O6 
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   In every test, each run was performed in traction operation with the MTB being actived 
(i.e. brake shoes in contact with the rails) from the start until the EMU had come to 
standstill. In the tests with leaves and grease, the contaminants were initially applied to 
the top of the rails along a track section, which is referred in this work to as the 
contaminated section. The length of the contaminated section was 25 m for the leaf tests 
and 15 m for the grease tests. In order to avoid undesired mix-up of contaminants in a test, 
the total available length of the stabling yard was divided in four test sections, employing 
a different test section for each type of contamination, as indicated in Table 4B.1. Note 
that test section 2 was only used in an adhesion recovery test presented in [4B.1]. The 
length of a test section included a contaminated section and a distance required for the 
EMU to accelerate and to brake safely.  

4B.2.3.1. Tests with dry and wet “clean” rails 
In these tests the MTB force was measured in the range 0-40 km/h. Two runs were 
performed in each test (see Table 4B.1). In the tests with wet “clean” rails, water was 
sprayed on the top of the rails prior to the start of a run. Note that the quotation marks as 
in “clean” are employed in this paper to distinguish the clean conditions in field from the 
more purely clean conditions typically present in laboratory testing. 

4B.2.3.2. Tests with leaf contaminated rails 
In the test preparation, the leaves, which originated from different types of trees, were 
placed one by one on the top of the two rails of the contaminated section. Small amounts 
of water were initially sprayed to help adhering the leaves onto the rail surfaces before 
the first EMU passage. The EMU passed four times over the leaf contaminated section 
with no traction/braking efforts and at low speed so that most of the leaves were 
compacted onto the rails. The resulting leaf layers were mostly dry prior to the start of the 
testing as no water had been applied after the first EMU passage.  

   After test preparation, test runs were firstly performed under dry conditions. Once the 
adhesion was entirely recovered under dry conditions as measured in [4B.1], test runs 
under wet conditions were performed. Prior to the start of a test run under wet conditions, 
water was sprayed on the rails along the contaminated section to simulate typical 
conditions of dewy, foggy or drizzling autumn days. In all test runs with leaf 
contaminated rails, care was taken to start approximately from the same position every 
time. In this way, the difference in train speed along the contaminated section between 
runs was minimized. In the leaf contaminated tests, the MTB entered the contaminated 
section with a speed of 22 ± 2 km/h and exited it with 27 ± 5  km/h. 

   Once a leaf test was finished, some cleaning runs were performed in an attempt to 
remove remaining leaf contamination from the rails so that the same test section could be 
employed for the next test in comparable conditions. The same cleaning procedure was 
followed after each leaf test. Firstly, sand was laid along most of the test section, and the 
EMU travelled four times with full traction/braking. Afterwards, brooms were employed 
to wipe remaining sand off the top of the rails. Then, the EMU travelled again four times 
along the test section with full traction/braking. It is important to emphasize that the MTB 
was not activated in any of the cleaning runs. 
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4B.2.3.3. Test with grease contaminated rails 
The grease used in the tests is a lubricant, which is currently applied to the flange contact 
along some curved sections of the Dutch railway network by means of trackside 
installations to reduce wear, noise and risk of derailment [4A.13]. Before the start of the 
test, the grease was painted on the top of the two rails along the contaminated section. 
Similarly to the leaf tests, care was taken to start approximately from the same position to 
reduce the influence of the speed between runs. In the runs, the MTB entered the 
contaminated section at 22 ± 2 km/h and exited it at around 25 ± 4 km/h. Six runs were 
performed in the grease test, which has been named test O, as indicated in Table 4B.1.  

4B.2.4. Measuring methodology 
The MTB force was measured by means of a load cell (type LLW350, FUTEK Advanced 
Sensor Technology Inc.). According to the calibration data and the measurement range, 
the inaccuracy of the load cell was below 6% in the tests. The load cell was situated in the 
transmission pad, which is located between the bogie and the MTB to transmit the 
braking force of the MTB. Fig. 4B.3 gives a photograph of the brake magnet where the 
load cell was installed. In the tests one load cell was employed, but it could be assumed 
that the braking force was similar in both brake magnets because the tests were 
performed on straight track and the contamination, if any, had been applied equally to 
both rails. Hence, the total MTB force may be estimated to be twice of the values to be 
presented in this work. The sampling frequency of the load cell was 100 Hz, and the force 
signal was smoothened using the Savitzky-Golay filter [4B.11], which is implemented in 
MATLAB.  
 

 
Fig. 4B.3. Photograph of the brake magnet in which the load cell was installed. 

 
   An example of the MTB force measurement in a test run is given in Fig. 4B.4. As the 
tractive effort built up at the start of a test run, the MTB force increased. In this first 
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phase, the MTB force due to static friction was still larger than the tractive effort so that 
the EMU did not move (i.e. speed = 0). Once the tractive effort overcame the static 
friction force, the EMU started moving with a combination of traction effort and MTB 
(braking) force. With the increase of train speed the MTB force normally decreased, as 
will be outlined in Section 4B.3.1. In the next phase the traction was stopped, while the 
MTB was still braking the train, which caused a slow decrease of the speed and, 
correspondingly, a gradual increase in the MTB force. Afterwards, the wheels started to 
brake together with the MTB, causing a faster decrease of the train speed. The decreasing 
speed led to a further increase in the MTB force. As indicated in Fig. 4B.4, only MTB 
force results during traction are presented in Section 4B.3.1 to facilitate a comparison 
with the wheel-rail adhesion results presented in [4B.1]. Nevertheless, the other MTB 
force results have also been processed to obtain an indication of the total frictional energy 
dissipated in the testing for wear rate calculations, as will be presented in Section 4B.3.3.  
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Fig. 4B.4. Example of the MTB force per rail in a test run. 

 
   The location of the MTB on the track was obtained with a differential global 
positioning system (DGPS) 8200HP (OmniSTAR B.V.). The DGPS antenna was 
mounted on the roof, as indicated in Fig. 4B.1. OmniSTAR VBS GPS correction signals 
were used on the 8200HP to operate with sub-meter accuracy for the number of satellites 
available during the testing [4B.12]. The sampling frequency of the DGPS was 10 Hz in 
the tests. During post-processing the location values were synchronized with the MTB 
force data obtained from the load cell. In the results presented in this paper, the distance 
is referred to the location of the initial tip of the brake shoes in the travelling direction, as 
indicated in Fig. 4B.1. Furthermore, the sliding speed of the MTB, equivalent to the train 
speed, was measured by means of a radar that was attached to the carbody of one of the 
vehicles. 

Traction + MTB (speed increasing) 

MTB + start traction (speed = 0) 

Braking + MTB (speed decreasing) 

MTB (speed slowly decreasing) 

Data used in the MTB force results of Section 4B.3.1 
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4B.3. Results 

4B.3.1. Magnetic track brake force 

4B.3.1.1. Dry and wet “clean” rails 
Four tests with dry “clean” rails (e.g. tests A, D, J, and M) and two tests with wet “clean” 
rails (e.g. tests E and K) were performed, as indicated in Table 4B.1. Fig. 4B.5 depicts the 
mean value and deviation of the average MTB force in the ranges 0-40 km/h and 22-27 
km/h. Note that the latter speed range is only used to compare results with tests with leaf 
contaminated rails in Section 4B.3.1.2. It can be seen in Fig. 4B.5 that the average MTB 
force in the tests under dry “clean” conditions performed on section 1 followed a 
decreasing trend, i.e. FA > FD > FJ. This trend could have been the result of two 
phenomena. On one hand, contamination may have been accumulated on the surface of 
rails despite the cleaning procedure. In this regard, the increase of MTB force in test M 
compared to test J could have been due to the cleaner conditions of rail surfaces in test 
section 3. However, MTB force in test M was greatly lower than in test A, suggesting that 
another phenomenon was clearly dominant in the decrease of the MTB force under dry 
“clean” conditions. This phenomenon could have been related to the surface conditions of 
the brake shoes, which changed in the course of the testing. For example, variations in the 
contact area and accumulation of contamination in the surfaces of brake shoes may have 
affected the MTB force. The examination of the brake shoes after testing will be 
presented in Section 4B.3.3.  
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Fig. 4B.5. Mean value and deviation of the average MTB force per rail in the speed ranges 0-40 

km/h and 22-27 km/h measured in tests with dry and wet “clean” rails. 
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   In Fig. 4B.6 the variation of the MTB force with the train speed is shown for the first 
runs of the tests with dry “clean” rails. In general a trend of a decreasing MTB force with 
the speed can be seen in all runs. The decrease of the friction force with the increasing 
sliding speed in metal-metal contacts has been attributed by some authors to the high 
temperatures in the contact, which may lead to the formation of oxides that can act as 
solid lubricants [4B.13]. Other authors have attributed the decrease to the softening of the 
cast iron under high temperatures [4B.14]. In Fig. 4B.6, the slope is seen to change its 
magnitude in the different tests, indicating that the force-speed characteristic curve of an 
MTB can also be highly affected by the surface contact conditions of the brake shoes.  
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Fig. 4B.6. MTB force per rail as function of the train speed in first run of tests with dry “clean” 

rails. 
 
   Comparing test E with test D in Fig. 4B.5, it is seen that the MTB force was reduced 
30% on average in the presence of moisture in “clean” contacts. In contrast, the MTB 
force in test K was higher than in test J (see Fig. 4B.5). In order to find an explanation for 
the latter result, the MTB force variation with the increasing train speed is given in Fig. 
4B.7 for all runs of tests J and K. A trend towards higher values of the MTB force with 
the increasing runs can be seen, which is particularly clear in the speed range 10-40 km/h. 
This trend was independent of the dry or wet conditions of the test run, i.e. FK2 > FK1 > 
FJ2 > FJ1. The trend could be attributed to the removal of some remaining contamination 
present on the brake shoes and the rails from the tests previous to test J. This 
contamination could also have been responsible for the large reduction in MTB force 
between tests D and J. Hence, in general it could be said that the MTB force decreased in 
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the presence of moisture in a “clean” contact, while it increased if the contact was to 
some extent contaminated. 
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Fig. 4B.7. MTB force per rail as function of the train speed in runs of tests J and K. 

4B.3.1.2. Leaf contaminated rails 
Four tests were performed with leaf contaminated rails, which have been named C, G, H, 
and N (see Table 4B.1). Fig. 4B.8 and Fig. 4B.9 display the variation of the MTB force in 
the runs under dry conditions of test C as a function of the train speed and the distance, 
respectively. In Fig. 4B.8 it can be seen that there existed a valley in the MTB force 
evolution in run C1 due to leaf contamination. The initial location of this valley was 
about 8 m before the start of the contaminated section, indicating that leaf contamination 
had been spread outside the contaminated section by passing wheels during test 
preparation. This observation is in line with the wheel-rail adhesion results of test C 
reported in [4B.1]. Within the valley, a rapid decrease of the MTB force occurred 
between -8 m and 0 m of distance, as shown in Fig. 4B.9. This was followed by a gentler 
decrease of the MTB force along the contaminated section. After exiting the 
contaminated section, the MTB force started to increase in spite of the continuously 
increasing speed, suggesting that the leaf contamination was disappearing from the 
contact between brake shoes and rails. At a distance of around 41 m, the MTB force in 
run C1 seemed to have recovered the characteristic decreasing slope with the speed 
observed in dry “clean” contacts, as outlined in Section 4B.3.1.1. 
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Fig. 4B.8. MTB force per rail as function of the train speed in some runs of test C (initially 

contaminated section between 0 m and 25 m). 
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Fig. 4B.9. MTB force per rail along the distance in dry runs of test C (initially contaminated 

section between 0 m and 25 m). 
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   Despite the spread of leaf contamination, it can clearly be seen in Fig. 4B.9 that the 
lowest value of the MTB force in run C1 was reached inside the contaminated section. 
This also occurred in the other runs under dry conditions, with the minimum at around 10 
m of distance (see Fig. 4B.9). Looking at the evolution of the MTB force with the 
increasing runs under dry conditions, two different tendencies can be observed in Fig. 
4B.9. On one hand, the MTB force in the intervals (-40 m, -5 m) and (35 m, 55 m) 
generally decreased with the increasing runs. This could have been caused by the 
continuous pick-up of leaf contamination by the brake shoes, leading to a lower friction 
force in the next runs. On the other hand, the MTB force in the interval (-5 m, 35 m) 
slightly increased with the runs, which suggests that the leaf layers were being removed 
from the rails, resulting in higher friction force in the next runs. As a consequence of the 
reduction in the MTB force outside the contaminated section with the runs, the depth of 
the valley diminished, as indicated in Fig. 4B.9.  

   During the first passage of the MTB over the contaminated section, leaf contamination 
could be seen to be pushed by the brake shoes, as shown in Fig. 4B.10. This leaf 
contamination consisted of both leaf layers from the rail running band and leaf mulch 
adhered at the sides of the running band. Thus, the push-effect contributed to the layer 
removal, leading to the increase of MTB force along the contaminated section, as 
observed in Fig. 4B.9. On the other hand, the presence of the valley in the MTB force 
measurements clearly indicates that some leaf contamination remained, suggesting that 
the brake shoes also slid over the leaf layers. Hence, thermal or mechanical mechanisms 
between the contacting surfaces could also have contributed to the layer removal together 
with the push-effect. In the thermal removal, the high temperature arising in the sliding 
contact between the brake shoes and the rails could have contributed to burn off the leaf 
layers. In the mechanical removal, the surface asperities of the brake shoes could have 
abraded the leaf layers off the rail surface during sliding.  
 

 
Fig. 4B.10. Photograph of the left magnet of the MTB during its motion along the contaminated 

section in run C1. 
 
   Fig. 4B.11 depicts the variation of the MTB force along the distance in some wet runs 
of test C. It can clearly be seen that the MTB force increased with the runs not only along 
the contaminated section, but also outside it. This may indicate that leaf contamination 
was being removed from both the rails and the brake shoes. Comparing the trend and 
values of Fig. 4B.11 with Fig. 4B.9, it could be said that the introduction of water in the 
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contact between brake shoes and rails may have promoted the cleaning effect. It has 
previously been reported that water can help softening leaf layers [4B.15, 4B.16]. The 
lowest value of the MTB force was located at around 10 m of distance in all wet runs, as 
shown in Fig. 4B.11. The lowest MTB force value in the dry runs was also observed 
around the same distance (see Fig. 4B.9), indicating that leaf layers had predominantly 
remained around that location throughout test C. It is noteworthy that the location of the 
lowest MTB force was in close agreement with the initial traction reduction in the wet 
runs of test C as presented in [4B.1]. This indicates that the low friction conditions in the 
contact between brake shoes and rails were in agreement with those in wheel-rail contacts. 
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Fig. 4B.11. MTB force per rail along the distance in some wet runs of test C (initially 

contaminated section between 0 m and 25 m). 
 
   The minimum, average, and maximum values of the MTB force along the contaminated 
section in all runs of test C are displayed in Fig. 4B.12. A clear trend can be seen, in 
which the average and maximum values of the MTB force increased with the runs. The 
increasing slope was steeper in the wet runs (see Fig. 4B.12). On the other hand, the 
minimum MTB force was around the same value in all runs performed under dry 
conditions. Comparing the results in runs C4 and C5, it can be seen that the MTB force in 
run C5 was around 20% lower than in run C4. This indicates that the first application of 
water to the remaining leaf contamination reduced the friction level, in other words, wet 
leaf layers were more slippery than dry leaf layers. Furthermore, the average values of 
test C (Fig. 4B.12) were below the average value of test A in the range 22-27 km/h (Fig. 
4B.5), reaching a maximum reduction of 61% in run C5 compared to the average value 
with “clean” rails. 
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Fig. 4B.12. Minimum, average, and maximum values of the MTB force per rail along the 

contaminated section in the dry and wet runs of test C. 
 
   Fig. 4B.13 depicts the MTB force results of test G. In contrast with test C (Fig. 4B.12), 
the MTB force in test G did not follow any clear increasing trend in the dry runs. The first 
application of water in test G, i.e. run G9 in Fig. 4B.13, caused a decrease of around 10% 
in the minimum value of the MTB force compared to the value measured in G8. The 
average and maximum values only decreased a bit in run G9 compared to run G8. Under 
wet conditions, the MTB force increased with the runs but not continuously, as shown in 
Fig. 4B.13. This trend applied to minimum, average and maximum values of the MTB 
force. A comparison between the average values of test G (Fig. 4B.13) and the average 
value of test D in the range 22-27 km/h (Fig. 4B.5) points out that the maximum 
reduction of MTB force was 57% in run G2.  

   The results of test H are displayed in Fig. 4B.14. There existed a general but gentle 
trend of increasing values of the MTB force with the runs under both dry and wet 
conditions. Note that the value measured in H1 has not been included to draw the 
approximate slope of the increasing trend in Fig. 4B.14 because the increase between H1 
and H2 was much larger. Comparing the MTB force measured in tests G and H, it can be 
said that the maximum and average values in runs of test H were somewhat lower than in 
test G under similar conditions. 
 

Approximate increasing slope of 
average MTB force in dry runs In wet runs 



Chapter 4, Part B   

 
210 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

G1 dry G2 dry G3 dry G4 dry G5 dry G6 dry G7 dry G8 dry G9 wet G10 dry G11 wet G12 wet G13 wet

M
T

B
 fo

rc
e 

p
er

 r
ai

l (
N

)
Minimum Average Maximum

 
Fig. 4B.13. Minimum, average, and maximum values of the MTB force per rail along the 

contaminated section in the dry and wet runs of test G. 
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Fig. 4B.14. Minimum, average, and maximum values of the MTB force per rail along the 

contaminated section in the dry and wet runs of test H. 
 
   The MTB force results of the dry and wet runs in test N are given in Fig. 4B.15. It must 
be noted that test N was performed on a different test section than tests C, G and H (see 
Table 4B.1). The values of MTB force in test N were noticeably lower than those 
measured in the preceding leaf contaminated tests. This could have been due to surface 
changes in the brake shoes during the testing, as pointed out in Section 4B.3.1.1. The 
minimum, average and maximum values of the MTB force slightly increased with the 
runs under dry conditions. Under wet conditions, a similar but less continuous trend was 
obtained. The average values of MTB force in test N (Fig. 4B.15) were lower than the 
average value of test M in the range 22-27 km/h (Fig. 4B.5), reaching the maximum 
reduction in run N1 with 60% of the value with “clean” rails. 
 

Approximate increasing slope of 
average MTB force in wet runs 

Approximate increasing slope of 
average MTB force in dry runs 



  MTBs: braking force and side effects 

 
  211 

0

1000

2000

3000

4000

5000

6000

7000

N1 dry N2 dry N3 dry N4 wet N5 wet N6 wet N7 wet

M
T

B
 fo

rc
e 

pe
r 

ra
il 

(N
) Minimum Average Maximum

 
Fig. 4B.15. Minimum, average, and maximum values of the MTB force per rail along the 

contaminated section in the dry and wet runs of test N. 

4B.3.1.3. Grease contaminated rails 
The MTB force results of test O are shown in Figs. 4B.16-4B.17. In Fig. 4B.16, it can be 
observed that minimum and average values of the MTB force along the contaminated 
section tended to increase slightly with the runs. On the other hand, the maximum value 
of the MTB force did not follow the same trend, particularly in view of the large 
maximum values measured in runs O1 and O2. An explanation requires looking at Fig. 
4B.17, in which the MTB force along the distance is given for some runs of test O. It can 
be seen that the largest MTB force before reaching the contaminated section mostly 
occurred in run O1. This could be attributed to two phenomena: the pick-up of grease by 
the MTB brake shoes with the increasing runs on the one hand, and the spread of grease 
along the rails by passing wheels on the other.  
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Fig. 4B.16. Minimum, average, and maximum values of the MTB force per rail along the 

contaminated section in the runs of test O. 
 
   Furthermore, an abrupt drop in the MTB force occurred in run O1 once the MTB 
entered the contaminated section, as shown in Fig. 4B.17. It can be understood that this 
drop could be due to the accumulation of grease in the contact between brake shoes and 
rails that led to a lower friction force. The lowest value of the MTB force along the 
contaminated section was reached at around 10 m. The drop in the MTB force was 
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reduced with the passages, which explains the decreasing trend of the maximum value of 
MTB force in the first three runs (see Fig. 4B.16). In addition, the friction did not seem to 
increase in run O1 up to a distance of about 25 m, as shown in Fig. 4B.17. The length of 
track with low friction conditions in the contact between brake shoes and rails is in good 
agreement with the wheel-adhesion measurements in run O1, in which low adhesion 
conditions were observed between 5 m and 23 m of distance [4B.1]. A comparison of the 
MTB force values measured in test O (Fig. 4B.16) with the ones of test N (Fig. 4B.15) 
indicates that the MTB force was more reduced in the presence of dry leaf layers than 
grease on the rails. 
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Fig. 4B.17. MTB force per rail along the distance in some runs of test O (initially contaminated 

section between 0 m and 15 m). 

4B.3.2. Train braking performance  
In the Netherlands, the Railway Regulations (Reglement Keuring Spoorwegen) demand 
that the braking distance on a descending slope of 5‰ at 140 km/h (maximum allowable 
line speed) should not exceed 1150 m [4B.17], which yields an average train deceleration 
of about 0.66 m/s2. As outlined in [4B.1], insufficient decelerations can be obtained in the 
presence of (dry or wet) leaves or grease on the rails, compromising safe braking. The 
tests performed in these field investigations have aimed at measuring the adhesion 
improvement and braking force provided by one MTB, but in practice more MTBs of a 
train consist may be employed. In this Section, the measured data is extrapolated to cases 
with more active MTBs with a double aim. On one hand, some general formulae are 
provided, which can be used by train operating companies to calculate the braking 
performance of their rolling stock with the adhesion and MTB force results presented in 
these field investigations. On the other hand, the braking performance of the EMU 
employed in the tests is examined under the most adverse tested conditions. 
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   Eq. 4B.1 displays the equation of motion of a train during braking, where BE is the total 
braking effort of the train, Rtot is the total train resistance, M is the mass of the train, and a 
is the train deceleration. In Eq. 4B.2 the two components of the train braking effort are 
given, where FBi is the braking force of the i-th wheel axle due to pneumatic (P) or 
electro-dynamic (ED) brakes, n is the number of braking wheel axles, FMTBi is the MTB 
force measured in the i-th run of a test, and N is the number of active MTBs. The total 
braking force of the wheel axles is better expressed as function of N as indicated in Eq. 
4B.3, where na is the number of braking wheel axles located ahead of the first MTB, µ1 is 
the adhesion coefficient measured in the first run of a test, ni is the number of braking 
wheel axles located between the i-th MTB and the (i+1)-th MTB, µi+1 is the adhesion 
coefficient measured in the (i+1)-th run of a test, nb is the number of braking wheel axles 
located behind the N-th MTB, µN+1 is the adhesion coefficient measured in the (N+1)-th 
run of a test, g is the acceleration due to the gravity, nT is the total number of wheel axles 
in the train. In the case of braking operation in P + ED mode, i.e. N = 0, the sum of na and 
nb in Eq. 4B.3 is equal to n. Furthermore, it may happen that the measured adhesion 
coefficient in a test run (µi) is higher than the maximum adhesion possible in braking of 
the train under consideration (µmax). This error can be avoided by simply applying Eq. 
4B.4 in the calculation of Eq. 4B.3. Moreover, the components of the total train resistance 
are given in Eq. 4B.5, where Rair is the air resistance, Rrunning is the running resistance, 
Rcurve is the curve resistance, and Rgradient is the gradient resistance.  
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   The braking performance of the EMU in the tests has been calculated in four braking 
modes: P + ED; P + ED + 1 MTB, with the first MTB being the one employed in the tests; 
P + ED + 2 MTBs with the second MTB being numbered 2 in Fig. 4B.1; P + ED + 3 
MTBs with the third MTB being numbered 3 in Fig. 4B.1. Since an insufficient train 
deceleration can threaten the safety of railway transportation, the most critical case is 
chosen to be investigated in this Section, which is given by the minimum values of 
adhesion and MTB force measured along the contaminated section in the tests. In the 
tests only running and aerodynamic resistances were applicable as the track was straight 
and horizontal; however, they have been omitted in Eq. 4B.1 for the sake of simplicity. 
Note that this simplification was acceptable for the speed range of the tests. The formulae 
employed to calculate the minimum deceleration of the EMU in the four braking modes 
are shown in Table 4B.2. Note that for this EMU: M = 236.8 t (empty conditions), µmax = 
0.14, and nT = 16. 
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Table 4B.2. Formulae to calculate the minimum deceleration of the EMU in different braking 
modes with data measured in the field tests. 

Braking 
mode 

Formulae 

P + ED min1
min

16

T

g
a

n

µ⋅ ⋅=  

P + ED + 
1MTB 

min1 min1 min 2
min

(5 11 )MTB

T

F g
a

M n

µ µ⋅ + ⋅ ⋅= +  

P + ED + 
2MTBs 

min1 min 2 min3min1 min 2
min

(5 4 7 )MTB MTB

T

gF F
a

M n

µ µ µ⋅ + ⋅ + ⋅ ⋅+= +  

P + ED + 
3MTBs 

min1 min 2 min 3 min1 min 2 min3 min 4
min

(5 4 6 1 )MTB MTB MTB

T

F F F g
a

M n

µ µ µ µ+ + ⋅ + ⋅ + ⋅ + ⋅ ⋅
= +  

 
   Fig. 4B.18 depicts the minimum deceleration of the EMU in the four braking modes. It 
can be seen that braking in P + ED mode led to a minimum deceleration below the 
required by the Dutch Railway Regulations in every test except test G-dry. Using one or 
more MTBs improved the deceleration compared to P + ED mode in every test (see Fig. 
4B.18). This improvement was expected because of the MTB force and the improved 
adhesion conditions for wheels behind the MTBs. There was, however, one single 
exception to this trend in test G-dry for which using one MTB led to the lowest 
deceleration, which was due to the pick-up of leaf contamination by driven wheels before 
first MTB passage in test G-dry, as outlined in [4B.1]. Furthermore, the increase in the 
number of active MTBs led to an increase in the deceleration in most tests, as shown in 
Fig. 4B.18.  

   It can be seen in Fig. 4B.18 that the number of MTBs necessary to bring the train 
deceleration above the minimum requirement varied in the tests. In test C-wet, one active 
MTB was sufficient, while in tests H-wet, N-dry and N-wet, two MTBs were required. In 
test H-dry, three MTBs were needed. There were a few tests in which three MTBs did not 
bring the minimum train deceleration above requirements, namely tests C-dry, G-wet and 
O (see Fig. 4B.18). In these tests, the minimum deceleration was around 12% lower than 
the required value. Looking at Fig. 4B.18, it could be said that using two MTBs could 
increase the deceleration noticeably compared to one MTB, e.g. tests C-dry, N-dry and 
N-wet. Using three MTBs slightly increased the deceleration compared to two MTBs. 
This can mostly be attributed to the fact that only one wheel axle of the EMU benefits 
from the adhesion improvement after the third MTB passage (see Fig. 4B.1).  
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Fig. 4B.18. Calculated values of the minimum deceleration of the EMU in four different braking 

modes in the tests with leaf and grease contaminated rails. 

4B.3.3. Examination of the brake shoes 
The brake shoes of the two brake magnets were examined in the laboratory after the 
testing. Fig. 4B.19 shows a photograph of a set of brake shoes before and after being 
cleaned with acetone upon post-test examination. It can be seen in Fig. 4B.19a that some 
contamination layers remained on the surfaces of the brake shoes after the tests. The 
contamination layer could mostly be removed by rubbing with a cloth soaked in acetone, 
revealing more metallic surface, as pointed out in Fig. 4B.19b. Moreover, examinations 
on-site of the surfaces of the brake shoes indicated that contamination progressively 
accumulated throughout the testing. The accumulation of contamination in the course of 
the testing could have been responsible for the decreasing trend of the MTB force in tests 
with dry “clean” rails outlined in Section 4B.3.1.1. Furthermore, the surfaces of the brake 
shoes were examined in search for possible formation of welds. Welds have been 
reported to form on the surfaces of brake shoes under certain operating conditions for 
some pole shoe materials, reaching a thickness of up to a few millimeters and greatly 
diminishing the MTB force [4B.18]. During post-test examination no welds were found 
on the brake shoes, suggesting that this had not been the cause of the trend of decreasing 
MTB force in dry “clean” tests.  

   The surfaces of the brake shoes were also examined under a microscope. Fig. 4B.20 
gives a micro-photograph of the surfaces of a pole shoe and an insulating strip after being 
cleaned with acetone. The surfaces of both brake shoes were characterized by numerous 
scratches and grooves, suggesting that abrasion had been taken place during sliding. In 
the pole shoes, a few particularly wide grooves were found with up to 0.46 mm in width, 
as shown in Fig. 4B.20a. These wide grooves could have been caused by entrapped sand 

Minimum requirement [4B.17] 
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particles, which perhaps remained after cleaning runs. In the insulating strips, fewer 
grooves were observed than in the pole shoes. Additionally, a few darker areas were 
present on the surfaces of the strips, which were presumably consequence of oxidation 
(see Fig. 4B.20). The average surface roughness of the brake shoes was measured after 
the tests, being 2.60 ± 0.16 µm for the pole shoes and 2.65 ± 0.75 µm for the insulating 
strips. Measurements before testing could not be undertaken. 
 

 
Fig. 4B.19. Brake shoes after testing: (a) before and (b) after cleaning the surface with acetone. 

 

 
Fig. 4B.20. Micro-photographs of the brake shoes surfaces after testing and cleaning with acetone: 

a) pole shoe; b) insulating strip. 
 
   Figs. 4B.21-4B.22 display a photographed side view of an insulating strip and a pole 
shoe resting on the top of a rail after the tests. The high temperatures experienced during 
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sliding in the tests seemed to have led to material transformation at the near-surface of the 
brake shoes. Particularly, a highly thermally affected zone could be seen in all insulating 
strips, reaching a depth of up to around 12 mm (see Fig. 4B.21). Moreover, most of the 
insulating strips had been deformed leading to a bend shape as schematically shown in 
Fig. 4B.23. Due to the bending, the contact area between the insulating strips and the rails 
had been reduced in the course of the testing. Hence, this may also have contributed to 
the decreasing trend of MTB force in the dry “clean” tests. Furthermore, the deformation 
at the surface of the pole shoes brought about the partial detachment of a few pieces of 
pole shoe from the bulk material, as shown in Fig. 4B.22.  
 

 
Fig. 4B.21. Photograph of an insulating strip after testing and cleaning. 

 

 
Fig. 4B.22. Photograph of a pole shoe after testing and cleaning. 

 

 
Fig. 4B.23. Schematic representation of the geometry change of the insulating strips in a brake 

magnet during the testing. 
 
   The hardness of the pole shoes and the insulating strips was measured in the laboratory 
after testing by means of Vickers indentation technique with a 20 kg load (see results in 
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Table 4B.3). Additionally, the bulk hardness of a piece of rail steel R260Mn, which is the 
standard used in the Dutch railways, was also measured. It can be seen in Table 4B.3 that 
the bulk hardness of both pole shoes and insulating strips, which can be considered 
equivalent to the hardness of new contact surfaces, was smaller than the bulk hardness of 
the rail. After the tests, the hardness of the contact surface of the brake shoes had 
increased. The pole shoes had been hardened more than the insulating strips, as shown in 
Table 4B.3.  
 
Table 4B.3. Vickers macro-hardness (HV20kg) measurements of the brake shoes and R260Mn rail 

in the laboratory. 

HV20kg 
R260Mn 

Rail 
Pole shoe 

Insulating 
strip 

Bulk 281 145 216 
Post-test contact surface n.a. 212 261 

 
   The mass loss of pole shoes and insulating strips of the two brake magnets was 
determined after the tests. Table 4B.4 displays the mean value of the total and specific 
mass loss of all brake shoes in a brake magnet. Note that the contact area between brake 
shoes and rail was estimated based on the appearance of the contact surfaces of brake 
shoes after the tests. It can be seen in Table 4B.4 that the pole shoes had a larger mass 
loss than insulating strips due to the larger contact area, while the specific mass loss was 
similar in both materials. According to data collected with the DGPS, the total slid 
distance of the MTB was about 16 km. Hence, it could be said that the wear rate of brake 
shoes in a brake magnet was 105.28 g/km on average in the tests.  
 
Table 4B.4. Mean value and deviation of the mass loss measured in the pole shoes and insulating 

strips per brake magnet. 

 Pole shoes Insulating strip 
Mass loss (g) 1321.54 ± 66.08 363.08 ± 1.77 

Specific mass loss (g/m2) 19060.42 ± 953.00 20536.20 ± 100.11 
 
   Since the MTB force and sliding speed were measured throughout the testing, an 
estimate of the wear rate in the tests can also be given as a function of the frictional 
dissipated energy. Integrating over time the frictional power (i.e. the product of the MTB 
force and the sliding speed) generated in each test run, the total dissipated energy in the 
whole testing accounted for 104.17 MJ per brake magnet. As it was not possible to 
separate the friction force contribution of pole shoes and insulating strips of a brake 
magnet, the estimated wear rate needs to be applied to all brake shoes of the brake 
magnet. Hence, the wear rate of the brake shoes in a brake magnet was 16.17 g/MJ on 
average in the tests.  

4B.3.4. Examination of the rails 
The rail profile was measured at six locations of the contaminated sections before and 
after the tests by means of MiniProf. No substantial change in the rail profile had been 
caused by the tests, which could be expected as only 49 MTB passages had taken place. 
The hardness of the running band of the rail was also measured on-site by means of 
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Equotip portable hardness tester at three positions of the contaminated section 1, namely 
at a distance of 0 m, 12 m, and 25 m. The measurements yielded an average value of 325 
± 20 HV. Note that this value was clearly higher than the bulk hardness of the rail 
material (see Table 4B.3). Furthermore, no significant difference in the surface hardness 
before and after testing could be appreciated in the measurements.   

   The surface roughness of the top of the rail was measured before and after the tests with 
a Hommel portable roughness tester at the same locations of the hardness measurements. 
Measurements were performed across the running band and on the top of the rail towards 
the field side and the gauge side, as schematically indicated in Fig. 4B.24. Each 
measurement was performed up to three times. In Fig. 4B.24 the maximum, average and 
minimum values of the measurements at the three locations are given for the left and right 
rails. It can be seen that the rail surface had mostly become rougher after the tests, with 
the exception of the location towards the field side. However, it must be noted that the 
increase in roughness of the running band may not be attributed only to the MTB because 
sand had also been applied to the contaminated section in the cleaning runs of the leaf 
tests. Laboratory investigations have shown that the application of sand to the wheel-rail 
contact can cause an increase in the surface roughness of the rail (and the wheel) [4B.19]. 
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Fig. 4B.24. Maximum, average and minimum values of the surface roughness of the top of the 

rail at three locations before and after the testing. 

4B.3.5. Examination of the insulated rail joint  
In order to monitor the possible accumulation of debris at the IRJ, a video camera was 
installed next to the track. Among the videos taken of the different test runs, it appeared 
that the largest amount of debris depositing at the IRJ occurred in test run G4. Fig. 4B.25 
displays photographs of the monitored IRJ during the different phases of G4. The top of 
the rail was free of debris at and around the IRJ before MTB passage (see Fig. 4B.25a). 
Due to the discontinuity in longitudinal profile between the insulating material of the IRJ 
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and the adjacent rails, debris came off the brake shoes when the MTB exited its contact 
with the IRJ, as shown in Fig. 4B.25c. After the MTB passage, the debris has deposited at 
the IRJ and also some decimeters further (see Fig. 4B.25d). At some position in the 
transverse direction of the IRJ, the debris can be seen in Fig. 4B.25d to establish a bridge 
between the adjacent rails. In this situation, the electrical insulation provided by the IRJ 
could be compromised. Nevertheless, the debris was blown away from the top of the rail 
with each wheel passage due to the train’s slipstream. After five wheel passages the 
bridge had disappeared (see Fig. 4B.25e), and after nine wheel passages most debris had 
been removed from the surroundings of the IRJ (see Fig. 4B.25f).  
 

 
 

 
Fig. 4B.25. Photograph of the IRJ in test run G4: (a) before MTB passage; (b) upon MTB passage; 
(c) MTB leaving contact with the IRJ; (d) after MTB and one wheel passage; (e) after MTB and 

five wheel passages; (f) after MTB and nine wheel passages. 
 
   In addition to the visual inspection of debris, an IRJ tester (type RTL88 of NIEAF-
SMITT BV) was employed in the tests to measure the electrical insulation between the 
adjacent rails after an EMU passage with MTB. Every measurement yielded a voltage 
higher than 45 V, while a minimum value of 8 V is demanded by ProRail. In order to 
have a reference in each measurement, the voltage between two points on the same rail 
was also measured, obtaining values below 1 V.  

4B.4. Discussion 
Rolling stock normally undergoes different types of maintenance that vary in frequency 
and extent. In the Netherlands, there is a short-term maintenance about every two days, in 
which important parts such as those related to the safety of a train are inspected, e.g. 
MTBs. In principle, unless breakage or mal-functioning is observed, the MTBs remain 
intact. Every 100 days or 77000 km, there is a long-term maintenance, where a more 
thorough maintenance is carried out. For example, brake shoes may be replaced or their 
surfaces may be cleaned. Thus, it is essential to examine the variation of the MTB 
performance with the use to determine the required maintenance frequency. Aiming at 
that goal, the brake shoes used in the tests were not cleaned or changed in the course of 
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the testing, leading to changes in the surface conditions. Contamination could be seen on-
site to adhere to the surfaces. During post-test examination, the surfaces were seen 
covered to a large extent with remaining contamination. Additionally, insulating strips 
adopted a bend shape that reduced their contact area with the rail. These changes could 
have resulted in the trend of decreasing MTB force in tests with dry “clean” rails, in 
which the average force in the range 0-40 km/h reduced up to 87% in the course of the 
testing. In the literature, MTB force reductions of up to 30% due to contamination on the 
brake shoes have also been reported [4B.20]. Since the reduction in the MTB force can 
affect its effectiveness against slippery tracks, and compromise safe braking distances, it 
is wise to investigate this phenomenon in future works. Monitoring of the MTB force in 
service may ultimately be necessary to establish the amount of variation that can be 
expected in actual operating conditions. 

   Another important aspect for the maintenance of the MTB brake shoes, which has been 
investigated in this work to some extent, is their wear. It can be understood that 
operational costs of using MTBs against slippery tracks may greatly be affected by the 
wear rates of brake shoes. In this work, the mass loss was measured after the entire 
testing, as it was not possible to undertake measurements in between tests or runs. Based 
on the measured mass loss, two estimates of the wear rate of the brake shoes in a brake 
magnet have been calculated: one as a function of the sliding distance (105.28 g/km) and 
the other as a function of the dissipated frictional power (16.17 g/MJ). According to 
specifications provided by the rolling stock maintenance company in the Netherlands, the 
maximum allowable height loss of the brake shoes is around 13 mm. If we assume that 
the profile evolution of pole shoes and insulating strips is uniform, the maximum 
allowable mass loss is estimated to be about 8031 g per brake magnet. Hence, a brake 
magnet could travel a maximum distance of around 76 km, or it could dissipate a 
maximum frictional power of around 497 MJ, before the brake shoes needed to be 
replaced under the tested conditions. Nevertheless, these values may not directly be 
extrapolated to practice due to several differences in operating conditions between the 
tests and actual conditions in service. In practice, the sliding speed and the duration of the 
braking application can differ from the tested conditions, with wear rates of cast iron in 
sliding contacts being strongly dependent on these two parameters [4B.21, 4B.22]. For 
the ideal use of MTBs against slippery tracks proposed by the authors, the brake shoes 
would mostly slide over contaminated rails; whereas, around 80% of the sliding distance 
in the tests was over “clean” rails. It could also be possible that different values of the 
surface hardness of brake shoes are present in actual conditions in service, which may 
have a great effect on the wear rates of sliding steel contacts [4B.23-4B.25]. Considering 
the importance of an accurate determination of the wear rate of brake shoes to determine 
the maintenance frequency of MTBs, future investigations should be performed taking 
these parameters into account.  

   Among the rail contamination conditions tested in this work, the MTB force was 
reduced the most in the presence of leaf layers, being as low as 40% on average of that 
measured with dry “clean” rails. The first application of water to the leaf contaminated 
rails mostly led to an additional reduction of the MTB force. This indicates that under the 
lowest adhesion conditions at the wheel-rail contact, the additional deceleration given by 
MTBs can also be at its lowest. However, water also seemed to help removing leaf 
contamination in most tests so that the MTB force increased in the next runs and the 
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adhesion conditions for subsequent wheels was somewhat improved. In future works, it 
may be interesting to perform tests with leaf contaminated rails under wet conditions 
without preliminary runs under dry conditions to enable a direct comparison between dry 
and wet conditions of the rates of layer removal by MTBs. 

   The braking performance calculations have shown that using only pneumatic and 
electro-dynamic brakes led to decelerations of the EMU below the minimum 
requirements in eight out of the nine tested conditions due to the low adhesion conditions. 
Using up to three MTBs improved the braking performance above requirements for six of 
the tested conditions, while in the other three ones the deceleration was just 12% lower 
than required. Moreover, two MTBs have been found optimal for this EMU, but the 
optimal number of MTBs is clearly dependent on the type of train and it could be 
calculated with the formulae and data presented in this paper and in [4B.1]. It must be 
noted that possible improvement of adhesion conditions by slipping wheels has not been 
considered in the braking performance calculations, which may have led to calculated 
minimum decelerations somewhat lower than in actual conditions. Furthermore, the 
fourth MTB of the EMU has not been considered in the calculations because it was 
assumed that using MTBs against slippery tracks demands the active MTBs to be located 
behind the first braked wheels in the travelling direction. In this way, MTBs could be 
activated upon detection of wheel slide on those first wheels by the wheel slide protection 
(WSP) system, to minimize the sliding distance over uncontaminated rails. Nevertheless, 
it can be understood that in an emergency situation all available MTBs should be 
activated to maximize the braking effort of the train.  

   The tests presented in this work have been performed at a maximum train speed of 40 
km/h partly due to the speed limitation of the stabling yard, while the maximum speed of 
passenger rolling stock is 140 km/h on conventional track in the Netherlands. It can be 
expected that some of the results presented in this paper may differ at higher speeds. The 
MTB force can clearly be affected by an increase in travelling speed, as shown in this 
paper. Hence, it is necessary to measure the MTB force at speeds up to 140 km/h in 
future investigations. The wear of the brake shoes and rails may also differ at higher 
sliding speeds, and it should also be investigated. On the other hand, there is no obvious 
reason to expect a more detrimental effect on the electrical insulation of an IRJ due to the 
increase of train speed, but perhaps the opposite effect, because debris could be removed 
faster as larger train’s slipstream is generated at higher train speeds. 

4B.5. Conclusions 
Part B of the field investigations on the performance of MTB against slippery tracks has 
focused on the MTB force and possible side effects of frequent use of MTBs. Three types 
of contamination representative of slippery tracks (leaves, water, and grease) have been 
employed in the tests to analyze the MTB force under typical low adhesion conditions. 
Tests with dry “clean” rails have also been performed to investigate the influence on the 
MTB force of the train speed and the varying surface conditions of MTB brake shoes. 
The braking performance of the EMU has also been analyzed under the tested conditions. 
Furthermore, the surfaces of brake shoes and rails have been examined, and the wear of 
rails and brake shoes in the tests has been investigated. Moreover, the effect of MTB 
passage on the electrical insulation of an IRJ has been examined by means of electrical 
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measurements and visual inspection. Based on the results obtained in this work, the 
following conclusions can be drawn: 

a) Leaf contamination causes the largest reduction in the MTB force, closely 
followed by grease. The first application of water to leaf layers mostly leads to the 
lowest MTB force values, but subsequent applications promote leaf contamination 
removal by MTB leading to an increase of the MTB force.  

b) The increase in train speed in the range 0-40 km/h leads to a decrease of the MTB 
force with dry “clean” rails. The amplitude of the decreasing slope is found to be 
strongly affected by variations in the surface conditions of the brake shoes. 

c)  The MTB force measured with dry “clean” rails decreased in the course of the 
testing up to 87% on average. This has been attributed to changes in the surface 
conditions of brake shoes, such as the accumulation of contamination and the 
reduction in contact area. 

d) Braking performance calculations have shown that the deceleration capability of 
the EMU in slippery tracks may be below safety margins due to the low adhesion 
conditions. Using up to three MTBs in the EMU may mostly bring the braking 
performance to safe levels. 

e) Using two MTBs under the tested conditions are found to yield an optimal 
braking performance for this EMU. Some general formulae have also been given 
to allow for the calculation of the optimal number of MTBs for other train 
configurations. 

f) According to the wear rate calculations, around one fifth of the service life of the 
MTB brake shoes was consumed in the tests, while no significant rail wear was 
observed due to the small number of MTB passages in the tests. 

g) Using MTBs does not necessarily affect the electrical insulation of an IRJ. When 
debris deposits at the gap between adjoining rails, it is mostly removed after 
several wheel passages due to the train’s slipstream. 
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Chapter 5 
Traction control 
 
 
 
ABSTRACT 
 

Chapter 5 presents numerical investigations that have been performed with a two-fold 
purpose: on one hand, the effectiveness of an existent TC algorithm is examined; on the 
other hand, the influence of the vehicle curving behaviour on the adhesion is analyzed. 
The chapter is divided in two parts. Part A introduces the vehicle model and its validation 
based on a wear pattern attributed to hunting. In Part B, two additional models, namely a 
TC model and a friction model, are presented and coupled to the vehicle model. 
Furthermore, the complete coupled model is employed in Part B to analyze a typical 
situation of low adhesion that occurs when the top of the high rail on a curve is 
undesirably contaminated with flange lubricant.  
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Chapter 5, Part A 
Validation of vehicle model 
 
 
 
ABSTRACT 
 

A multi-body dynamics approach is adopted to build up a model with commercial 
software of the leading coach of an electrical multiple unit type VIRM of the Dutch 
railways. The model is validated by finding the correlation between the simulated bogie 
hunting motion and the oscillating rail gauge wear observed on several large-radius track 
sections of the Dutch network. In this paper, the influence of the vehicle suspension on 
bogie hunting on the measured track is also investigated.  
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5A.1. Introduction 
A classical problem in the stability of railway vehicles with conventional solid axles and 
conical or profiled wheels is hunting, which is represented by coupled lateral and yaw 
oscillations of the vehicle, together with its wheelsets, following a disturbance in the 
vehicle-track interaction. The decaying rate of these oscillations is reduced with the 
increase in speed [5A.1]. At a certain speed, the so-called vehicle critical speed, the 
oscillations become sustained. When only the wheelsets and bogies are involved in the 
unstable movement, it is referred to as bogie instability or bogie hunting. When the 
wheel-rail contact conditions lead to low frequency, the carbody sometimes starts to 
move together with the bogies, and it is referred to as carbody instability or carbody 
hunting [5A.2]. The hunting phenomenon causes bad ride quality and, in the most severe 
case, even derailment. Furthermore, the wheelset displacements involved in hunting may 
make the wheel flange come into contact with the rail gauge corner or the rail gauge face, 
or both, depending on the rail and wheel profiles. Thus, flange contact forces are 
generated, which may cause, among other things, two negative effects on the track: wear 
in the rail gauge face and corner, and track irregularities in alignment and gauge.  

   Studies on hunting date as early as 1883, when Klingel gave the first mathematical 
formula of the linear purely kinematic oscillation of a single wheelset. After Klingel, 
many researchers such as Boedecker, Carter, Rocard and, Matsudaira, contributed to the 
study of railway vehicle stability. An extensive survey of the different approaches is 
presented in Knothe et al. [5A.3] and Gilchrist [5A.4]. In the last decades, developments 
in computer technology have allowed researchers to solve their mathematical models of 
the vehicle-track interaction in the time domain using numerical simulations. In their 
work, Bruni et al. [5A.5] presented a mathematical model that can simulate the lateral 
dynamics of a vehicle on straight track and curve. The model included a multi-body 
representation of the rail vehicle and a finite element schematization of the track. In their 
analysis they showed the positive effect of the anti-yaw dampers on the vehicle stability. 
The increase in the stability threshold by incorporating new wheel profiles was also 
shown. Sun et al. [5A.6] presented a three-dimensional mathematical model of a freight 
vehicle and the track, and used it to study the effect of detailed track modeling on hunting. 
They validated the model by comparing the simulated vehicle critical speed with the one 
observed in field. The results showed a discrepancy in the critical speed between the rigid 
and detailed track modeling, which was below 7 %. Lee et al. [5A.7, 5A.8] derived non-
linear coupled equations of motion of a 10-DOF freight bogie system moving on both 
straight and curved tracks, and analyzed the influence of the suspension parameters on 
the vehicle critical speed. The primary longitudinal stiffness and secondary longitudinal 
dampers showed the strongest influence on straight track. They also demonstrated that 
worn wheel treads can enhance hunting. Special emphasis was put on the influence of the 
primary vertical stiffness and damping, normally neglected in hunting studies. The 
literature found by the authors has focused on the study of the sustained hunting, by 
analyzing the influence of different parameters on the vehicle critical speed. This paper 
presents a study on hunting that focuses on the non-sustained oscillations, whose negative 
consequences on track wear have been mentioned above and will be used to validate the 
model. 
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   Rail wear measurements taken from several large-radius curves of the Dutch railways 
network by a track-monitoring vehicle have revealed an oscillating wear pattern of the 
rail gauge face and corner. This paper presents a multi-body dynamics model of the 
leading coach of train type that runs most frequently on one of the measured sections. In 
order to validate the model, the right values of the vehicle suspension parameters need to 
be identified from the nominal values. The model is validated by matching the 
wavelength of the simulated bogie hunting with the one observed in the rail wear 
measurements. The multi-body dynamics commercial software VI-Rail (formerly 
ADAMS/Rail) has been used in this work.  

5A.2. Modeling description 
A three-dimensional passenger vehicle model and its interaction with the track by a 
multi-body dynamics approach is presented in this paper. The vehicle model corresponds 
to the leading coach of an electrical multiple unit (EMU) type VIRM of the Dutch 
railways. Photographs of the EMU’s leading coach and its corresponding vehicle model 
are given in Fig. 5A.1. The vehicle model is composed of four wheelsets, two bogies and 
a carbody, which are idealized as rigid bodies with their inertia and mass properties as 
input. The wheel profile in this vehicle is S1002, which can be introduced into the model 
as new or worn. The primary and secondary suspensions are modeled with springs and 
dampers, which include non-linear characteristics for some of the suspension elements. 
Special importance is given to the primary longitudinal suspension and the anti-yaw 
dampers of the secondary suspension. The anti-yaw and lateral dampers in the secondary 
suspension present higher damping than the ones of the primary suspension. On the other 
hand, the vehicle presents stiffer primary than secondary suspension, which is common 
on passenger vehicles for the sake of passenger comfort. This type of vehicle counts with 
two bumpstops that constrain the relative lateral displacement between bogie and carbody: 
a soft bumpstop with a 4 mm clearance and a stiff bumpstop with a 12 mm clearance. 
Moreover, the soft bumpstop has six times more stiffness than the secondary lateral 
suspension. 
 

 
Fig. 5A.1. Leading coach of the EMU: (a) in reality; (b) in the model. 

 
   The track is modeled as rigid for the sake of simplicity, keeping in mind the 
considerations given in Sun et al. [5A.6]. In order to validate the model, the selected 
measured track section, hereafter called the reference section, is modeled (see Fig. 5A.2). 
Two types of irregularities are used to excite the system: a) measured lateral track 

(b) (a) 
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irregularities from the reference section that were taken by a monitoring vehicle of the 
Dutch network, which are input along the whole section; b) an artificial lateral 
irregularity located in the constant-radius curve (250 m from the initial position), which 
consists of a half-cosine lateral deviation of the inner rail with 5 mm zero-to-peak 
amplitude and 10 m wavelength. The election of 10 m wavelength did not influence the 
inherent bogie hunting behavior. Simulations with artificial irregularities of 5, 10 and 20 
m wavelength showed less than 5 % discrepancy in the wheelset hunting wavelength. In 
every simulation, the initial vehicle speed was 35 m/s, which corresponds to the observed 
speed of the vehicle on the reference track; hence, the influence of the speed on bogie 
hunting was not considered in this paper. Along the constant-radius curve there was a 
non-compensated acceleration of 0.64 m/s2 due to cant deficiency. 
 

 
Fig. 5A.2. Modeling of the reference section. 

5A.3. Results 
Rail (and wheel) wear may be related to the dissipated energy at the wheel-rail contact 
point [5A.9]. The location of the contact point is determined by the lateral and yaw 
motions of the wheelset for a given combination of wheel and rail profiles. The validation 
consists, therefore, of relating the hunting wheelset’s motions to the oscillating rail wear 
observed in the measurements. Since different rolling stock types normally run on a given 
track section, special emphasis was put to find a measured section in which a single type 
of vehicle was dominant. On the reference section, only two types of passenger vehicles 
were running, with the vehicle chosen accounting for 62.5 % of the traffic. The rail wear 
measurements of the reference track section model are shown in Fig. 5A.3. It must be 
noted that no rail wear measurements were taken between 274 m and 310 m, as indicated 
in Fig. 5A.3. Observation of the track layout and the rail wear measurements (see Fig. 
5A.2 and Fig. 5A.3) shows a good correlation between the rail wear measurements and 
the expected location of the contact points. The wear in the gauge corner is the largest on 
the curve, while top-of-the-rail wear is dominant on the straight track section. For the 
purpose of validation, special attention was given to the wavelengths of the wear 
oscillations of the rail gauge corner and face, which were around 6 m and 9 m, as shown 
in Fig. 5A.3. 
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Fig. 5A.3. Rail wear measurements on the reference section. 

 
   In order to validate the vehicle model, simulations are performed on the reference track 
with the two types of irregularities abovementioned. The lateral displacement was found 
to establish the position of the first contact point, while the second contact point was 
influenced to a certain extent by the angle of attack (see Fig. 5A.4). When using new 
wheel and rail profiles, the second contact point was always located on the rail gauge 
corner at 25 mm from the origin of the rail reference system; therefore, no contact on the 
rail gauge face was observed. By computing the product between the creepages and the 
creep forces generated at the wheel-rail contact, a wear indication (so-called wear number 
in VI-Rail) was obtained.  

   The variation of wear showed a similar pattern with that of the location of the first 
contact point on the rail (see Fig. 5A.4). It must be mentioned that the software does not 
incorporate the wear caused by the second contact point. Furthermore, the wear peaks 
show that the wear is higher when the contact point is close to the rail gauge corner due 
to the increase in creepage, which agrees with the rail wear measurements. The model is 
finally validated by comparing the wavelength of the simulated bogie hunting with the 
one of the rail gauge corner wear. Since the trailing outer wheels had their first contact 
point on top of the rail relatively far from the gauge corner, only the leading wheelsets 
were considered for the validation purposes. 
 

No 
measurements 
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Fig. 5A.4. Representation of the hunting motions, the wear number, and the position of the first 
and second contact points on the outer rail for the first wheelset of the reference vehicle excited 

by measured irregularities. 
 
   The vehicle was initially modeled with the nominal values—herein called reference 
vehicle. Later, variations in the suspension parameters were carried out. Due to the forced 
behavior of the vehicle running on measured irregularities, only the section with artificial 
irregularities clearly represented the influence of the suspension parameters on bogie 
hunting. Observations of the wavelengths obtained in the simulations of the artificially 
excited vehicle led to the conclusion that a reduction of 30-40 % of longitudinal stiffness 
caused oscillations of the position of the first contact point of the first wheelset with 
similar wavelengths to those registered in the rail wear measurements around 9 m (see 
Fig. 5A.5). The oscillations of the third wheelset had a wavelength close to 12 m, as 
shown in Fig. 5A.6, which was larger due to the bumpstop in the secondary suspension 
and the different position of front and rear bogies on the curve. Therefore, by assuming 
that such a reduction in primary longitudinal stiffness is within real figures, the bogie 
hunting of the vehicle running with new wheel and rail profiles agrees with the rail wear 
measurements. Furthermore, a 50 % reduction in the stiffness of the soft bumpstop 
caused the vehicle to hunt with similar wavelengths with the rail wear measurements 
around 9 m for both first and third wheelsets, as shown in Figs. 5A.5-5A.6. 

   Besides the results presented here related to the validation of the vehicle model, a 
parametric study of the influence of vehicle suspension parameters on bogie hunting on 
both straight and curved track has also been carried out. In addition, the influence of the 
wheel and rail profiles on hunting behaviour of the vehicle running on a curved track has 
been studied. The results of these investigations are given in the Appendix. 
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Fig. 5A.5. Variation of the position of the first contact point on the outer rail for the first wheelset 

for the vehicle running on curved track excited with an artificial irregularity. 
 

 
Fig. 5A.6. Variation of the position of the first contact point on the outer rail for the third 

wheelset for the vehicle running on curved track excited with an artificial irregularity. 

5A.4. Conclusions 
The multi-body dynamics model of the leading coach of an electrical multiple unit type 
VIRM of the Dutch railways is presented in this paper. The model has been validated 
with an oscillating rail wear pattern observed in several large-radius track sections of the 
Dutch network, which can be attributed to the wheelset hunting motions. The influence of 
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the suspension on bogie hunting has been analyzed. Adjusting some values of the vehicle 
suspension, the hunting wavelength becomes similar to the one of the wear measurements. 
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Chapter 5, Part B 
Curve behaviour in low adhesion XIII 
 
 
 
ABSTRACT 
 

Migration of the flange lubricant to the top of the high rail may compromise the traction 
of a rail vehicle and affect its curving behaviour. In order to simulate this possible 
situation, a lubrication model has been coupled to commercial multi-body dynamics 
software to describe the tangential formulation of the lubricated high-rail contact. 
Different friction levels have been adopted for the low rail to study their influence on the 
curving behaviour and traction. Since the creep force in the wheel-rail contact approaches 
saturation of the friction, the traction control unit of the rail vehicle under study has also 
been modelled to account for the reduction of the wheel axle torque in the presence of 
wheel macro-slip.  
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5B.1. Introduction 
The curving behaviour of a rail vehicle is dependent on the yaw stiffness, track curvature, 
vehicle speed, traction/braking forces, the profiles of the wheel and rail, and the 
coefficient of friction (COF) at the wheel-rail interface [5B.1-5B.3]. In adverse 
conditions, excessive (micro-) slip and high contact stresses can occur in the contact 
patch of the high rail, which may lead to increased wear of the wheel flange and rail 
gauge corner/face, higher energy consumption, and occurrence of wheel flange noise. In 
order to reduce these negative effects, flange lubrication on curve has become an 
extensive practice in the majority of the railway networks around the world [5B.4-5B.6]. 
However, excessive application due to a malfunction of the applicator can result in 
migration of the lubricant to the top of the rail. This has been reported to be a cause of 
low adhesion in some countries [5B.7]. Locomotive sand has occasionally been observed 
at a lubrication site close to a station in the Netherlands, indicating that some driven 
wheels had experienced macro-slip.  

   When applying a wheel axle torque, the tangential force that the wheel can exert on the 
rail is limited by the COF and the normal load in the contact. Most of the lubricants can 
decrease the COF to values far below those required for normal traction and braking 
operation, depending on the lubrication regime. Nowadays, railway vehicles are fitted 
with traction control (TC) and wheel slide protection (WSP) systems, which adjust the 
traction and braking efforts, respectively, according to the friction available at the wheel-
rail contact so that excessive macro-slip is diminished. Moreover, it is well-known that 
the friction required in the wheel-rail contact for traction can be as much as three times 
higher than that required for braking operation so that rail vehicles are more prone to 
experience low adhesion during traction operation. In order to analyze the impact of 
lubrication present on the top of the high rail, the curving behaviour of a rail vehicle 
under high traction is simulated in this paper considering different friction levels on the 
low rail. 

   In multi-body dynamics simulations the most widely used theory for the calculation of 
the creep forces is the non-linear simplified theory of Kalker implemented in his code 
FASTSIM [5B.8]. The major advantages of the code are the short computational time and 
reasonable accuracy for moderate values of spin creepage with respect to the exact theory 
of Kalker implemented in his code CONTACT [5B.8]. Alternative theories to FASTSIM 
that reduce the computational time are Shen-Hedrick-Elkins model [5B.9] and the code of 
Polach [5B.10]; however, their accuracy decreases with the spin. All the abovementioned 
theories consider the wheel-rail interface as a clean steel-on-steel contact. Furthermore, 
the COF was assumed to have a constant value so that the decrease of the COF with slip, 
which normally occurs at high slip in dry clean contacts, was ignored. In recent years, 
this shortcoming has been tackled by some researchers. Polach [5B.11] introduced a 
number of proportionality coefficients in his code to improve the approximation of his 
calculated traction curves to those measured under operating conditions on both dry and 
wet contacts. Giménez et al. [5B.12] modified the formulation of FASTSIM to allow for 
a kinetic and static COF for the slip and adhesion areas of the contact patch, respectively. 
Their model was used for curving simulations in order to study the occurrence of squeal 
noise on tight curves, for which the decreasing slope of the traction curve is responsible 
[5B.13]. Matsumoto et al. [5B.14] introduced the thin film lubrication theory into 
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FASTSIM to model the mixed lubrication contact in the presence of a friction modifier. 
The results of their model were validated against laboratory measurements undertaken 
with a twin-disc roller rig.  

   In this paper, a mixed lubrication model, which is developed by the co-authors and 
which has been validated against twin-disc laboratory measurements [5B.15], has been 
used to calculate the creep forces in the lubricated contact occurring on the high rail of 
the curve. In the lubrication model, the wheel-rail contact is assumed to be elliptical and 
flat. The model considers the rheological properties of the lubricant to generate the 
longitudinal and lateral friction forces for a given contact conditions (i.e. pressure and 
surface roughness, among others), speed and creepage. In order to reduce the 
computational time, an accurate curve fitting of the lubrication model is employed in the 
simulations. The lubricant selected for this work consists of a thin grease, which is 
currently applied trackside in many curved sections of the Dutch network [5B.16]. The 
vehicle dynamics have been simulated with the commercial multi-body dynamics 
software VI-Rail (formerly ADAMS/Rail), to which the lubrication model has been 
coupled for the creep forces calculation of the wheel-rail contacts on the high rail. Since 
the purpose of the paper is to examine the consequences of migration of the lubricant to 
the top of the rail, it has been assumed that the lubricant is present on the high rail not 
only on the gauge corner and gage face, but also on the top of the rail. The COF of the 
low rail has been varied according to some measured traction curves values incorporated 
in FASTSIM. In order to account for the torque regulation of the TC unit operating under 
low adhesion conditions, a TC model has been built up by means of MATLAB/Simulink. 
In this way, a co-simulation between both software packages is carried out with the 
module ADAMS/Controls to analyze the curving behaviour of tractive wheels close or at 
the limiting adhesion.  

5B.2. Models description 

5B.2.1. Vehicle model 
In this work a model of the leading coach of an electrical multiple unit, which is used by 
the Dutch Railways, is employed in the simulations, see Fig. 5B.1 (a). The model was 
validated in previous work against a measured oscillating rail wear due to hunting 
observed on shallow curves [5B.17]. The vehicle model consists of 7 rigid bodies 
representing the carbody and the two bogies with two solid wheelsets, of which the axles 
of the rear bogie are driven. The linear and non-linear characteristics of the primary and 
secondary suspension are included in the model. New S1002 profile is considered for the 
wheels. The drive line, i.e., motor, gear box and so on, has not been modelled explicitly; 
instead, their mass and inertia have been included in the points of support of both bogie 
and wheelset.  

   To simulate the traction operation, a torque is applied on the inertia reference frame of 
the driven wheel axles. The maximum torque-speed characteristic of the motor, which is 
shown in Fig. 5B.1 (b), is included in the model to account for the limitation of the motor 
torque with speed. In practice, the actual torque requested by the driver may be lower 
than that shown in Fig. 5B.1 (b), but considering the scope of the paper it is assumed that 
the driver is requesting the maximum traction possible. In the model, it is assumed that 
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the torque provided by each motor is the same. Although both motors are regulated by the 
same TC unit, this last assumption may not necessarily hold in all operating conditions as 
the motors may experience different loading conditions depending on their electrical 
coupling, which has not been considered in this work. The modelling of the regulation of 
the wheel torque according to the wheel slip is given in the next Section.    
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Fig. 5B.1. Representation of: (a) the vehicle model; (b) torque-speed characteristic of the motor. 

5B.2.2. Traction control model 
The TC unit has been modelled by means of MATLAB/Simulink. In the vehicle under 
consideration the slip threshold is determined with an estimated torque as reference of the 
applied torque on the axles according to Eq. 5B.1 and as depicted in Fig. 5B.2 (a). The 
parameters A, B, and C can be adjusted within a certain range, but in this work some 
default values are taken. At each time step of the co-simulation, the angular acceleration 
(αɺɺ ) and estimated wheel axle torque (Test) of each wheelset are evaluated. If the angular 
acceleration of any wheelset surpasses the calculated critical threshold (critαɺɺ ) as given in 

Eq. 5B.1, macro-slip is detected and the TC unit takes control of the wheel axle torque 
over the driver. 
 

 
( )

crit est

B A
A T

C
α −= −ɺɺ  (5B.1) 

 
   Fig. 5B.2 (b) shows a simplified example of the actual torque regulation once the 
wheels experience macro-slip due to, for instance, the presence of some contamination on 
the track. If the available friction (given by the red dashed line in Fig. 5B.2 (b)) is higher 
than the adhesion requirements of the torque requested by the driver, Tref (represented by 
the green dash-dot line), no macro-slip is detected and the output of the TC unit, Tout 
(given with the blue solid line), equals Tref. Once the friction level falls below the 
adhesion required, e.g. due to the presence of some grease on the rail surface, the driven 
wheels accelerate above critαɺɺ  and macro-slip is detected by the TC unit. Accordingly, Tout 
is reduced with a slope K1 until no macro-slip has been detected in a period t1 (see Fig. 
5B.2 (b)). Then, Tout is maintained (K2 = 0) for a period t2, followed by two increases with 
slopes and periods (K3, t3) and (K4, t4), until Tout equals Tref. This forms a complete cycle 
of the TC. Although it is not explicitly indicated in Fig. 5B.2 (b), it can be understood 

(b) (a) 
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that if macro-slip is detected again while increasing the torque towards the driver’s 
request, Tout is immediately decreased with K1 and a complete TC cycle starts again. The 
slopes and periods of the torque regulation can be adjusted in the control unit within a 
certain range; however, only some default values have been used on this paper.  The 
MATLAB/Stateflow application has been used to model the torque regulation algorithm 
represented in Fig. 5B.2 (b), in which slip, Tref, and simulation time are taken as inputs to 
produce the Tout as output. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5B.2. Representation of: a) slip calculation model; b) torque regulation in low adhesion 
conditions. 

5B.2.3. Lubrication model 
The slip, or creepage (S), generated during the rolling-sliding motion of a tractive wheel 
over a rail can be expressed by the quotient between the relative velocity (vrel) and the 
sum velocity (v+), as shown in Eq. 5B.2. Where, vw and vr are the velocities of an 
underformed material particle belonging to the wheel and the rail surfaces in contact, 
respectively.  
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   In the presence of lubrication in the contact, three regimes can be distinguished: 1) the 
boundary lubrication (BL) regime, in which the sum velocity of the wheel is low and the 
load is carried solely by interacting asperities of the opposing surfaces; 2) the elasto-
hydrodynamic lubrication (EHL) regime, which occurs at high sum velocities when the 
load is carried by the pressure generated in the lubricant so that the friction is controlled 
by the shearing of the lubricant; 3) the mixed lubrication (ML) regime, which is the 
transition between the two former regimes, at which the load is carried by the asperities 
as well as by the pressure generated in the lubricant. The transition between these regimes 
in the sum velocity range is given by the so-called Stribeck curve [5B.18]. In general, it 
can be said that the shape and values of the Stribeck curve mostly depend on the 
rheological properties of the lubricant under consideration and on the contact conditions, 
such as the slip, the contact pressure and the surface roughness (among others) [5B.15]. A 
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generalized example of the Stribeck curve is shown in Fig. 5B.3, in which a schematic 
representation of the interacting wheel and rail surfaces under the different regimes is 
also given.  
 

 

Fig. 5B.3. Generalized Stribeck curve representing the different regimes of lubrication. 
 
   The lubrication model used in this work considers the BL and EHL components of the 
friction force as well as its transition in the ML regime; therefore, it is referred herein as 
mixed lubrication model. In the model the wheel-rail contact is assumed to be a flat 
elliptical area, in which the total creepage (S) is computed according to Eq. 5B.3 for a 
given longitudinal and lateral creepage (Sx, Sy). It must be mentioned that the slip is used 
in the whole paper in its non-dimensional form, unless a percentage symbol is explicitly 
indicated. When the angle of attack of the wheelset is below 45 mrad, the sum velocity 
can be approximated as shown in Eq. 5B.4 [5B.15]. Where, ww is the rotational velocity 
of the wheel (in rad/s), rw is the rolling radius of the wheel at the contact point (in m), and 
V is the train forward velocity (in m/s). 
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5B.2.3.1. Boundary component 
The friction force generated at the asperity level is calculated assuming that the friction 
between asperities is of the Coulomb type with a coefficient of friction (fC) constant for 
all asperities. According to [5B.15], the friction force in the BL regime can be expressed 
as given in Eq. 5B.5, where fC is the coefficient of friction in BL regime and Sep is the slip 
at which the elastic to plastic transition of the boundary layer is observed in the traction 
curve. Both parameters, fC and Sep, need to be determined experimentally for the lubricant 
under consideration. The so-called surface force apparatus is used to determine fC by 
pressing and sliding a ball shaped specimen (representing the wheel tread) against the top 
of a rail. In order to obtain Sep, twin-disc tests have to be carried out at very low rolling 
speeds. Furthermore, the load carried by asperities, FC, is calculated considering the 
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wheel as a rigid flat surface and the rail as a rough surface [5B.15]. In this work a rail 
roughness of Ra = 1 µm is considered, which corresponds to representative values 
measured on the top of rails during some field tests. Although not shown in this work, it 
can be understood that rougher wheel and rail surfaces in contact normally lead to a wider 
speed range of BL regime. 
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5B.2.3.2. Hydrodynamic component 
The friction force in the EHL regime is considered to be generated by shearing the 
lubricant between the contacting bodies according to the Eyring model [5B.19] as 
indicated in Eq. 5B.6. Where, τ0 is the Eyring shear stress (in Pa), AH is the hydrodynamic 
area (in m2), hc is the central film thickness (in m), η is the lubricant viscosity (in Pa·s), 
and v+ is the sum velocity (in m/s) as given in Eq. 5B.4. The Eyring shear stress is a 
rheological property of the lubricant that needs to be determined experimentally [5B.16]. 
The central film thickness and hydrodynamic area are determined by solving the typical 
system of three equations, i.e. Reynolds, film shape, and load balance [5B.15, 5B.16]. 
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   The viscosity of the lubricant (η) is considered to vary with pressure, p (in Pa) as given 
in Eq. 5B.7, according to the equation of Roelands [5B.20]. Where, η0 is the viscosity (in 
Pa·s) at ambient pressure and z is the viscosity-pressure index (non-dimensional). These 
two rheological properties of the lubricant need to be determined experimentally [5B.16]. 
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5B.2.3.3. Mixed lubrication model 
The friction force in the mixed lubrication model takes into account the summation of the 
boundary and the hydrodynamic components as shown in Eq. 5B.8. Moreover, this total 
friction force is decomposed into the longitudinal and lateral directions according to Eqs. 
5B.9-10, where the negative sign indicates that the force acts in the opposite direction of 
the slip.  
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   Some results of the non-dimensional friction force for different ranges of sum velocity 
and slip are given in Fig. 5B.4. It can be seen from the Stribeck curves that the transition 
to EHL occurs at around 1 m/s with the lubricant considered in this work. Looking at 
each of the traction curves given in Fig. 5B.4 (b) it can be observed that the non-
dimensional tangential force always increases with the slip, firstly with an abrupt slope at 
low values of slip and then followed by a gentler positive slope. 
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Fig. 5B.4. (a) Stribeck curve for different input slip values: ◊ 0.005, ∆ 0.015, □ 0.04, ○ 0.1 and + 
2; (b) traction curve for different input sum velocities: ◊ 0.01, ∆ 0.1, □ 0.3, ○ 0.8 and + 10 m/s. 

5B.2.3.4. Approximation of the mixed lubrication model 
Due to the complexity of the mixed lubrication model and the associated long 
computational time required for each calculation step, a direct coupling to the multi-body 
dynamics software is impractical. Hence, an approximation of the mixed lubrication 
model was found with an empirical fit function, which takes as inputs the sum velocity 
and the slip, as shown in Eq. 5B.11.  
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   In Fig. 5B.5 results obtained with both approaches are plotted. It can be seen that there 
exists a very good agreement between the mixed lubrication model and its approximation 
with an average relative error for the Stribeck curve of 5% and for the traction curve of 
only 2%. One source of error of the approximation comes from the variations in the 
contact pressure and the ellipse shape of the contact area that can occur as a wheelset 
negotiates curves, which may influence the viscosity of the considered lubricant (see Eq. 
5B.5) and the shear rate through the film thickness. However, these changes are found to 
have a negligible influence in the EHL regime, as shown in Fig. 5B.6 for a range of 
lateral displacements of the wheelset on the track. Since the vehicle speed of the 
simulations carried out in this work are to be considerably larger than 1 m/s, which has 
been observed to be the transition velocity to EHL regime for the lubricant under 
consideration, the approximation remains a valid approach for this study. 
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Fig. 5B.5. (a) Stribeck curve (for S = 2) predicted with the exact model (◊) and approximation 

(∆); (b) traction curve (for v+ = 10 m/s) predicted with the exact model (◊) and approximation (∆). 
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Fig. 5B.6. Stribeck curve and film thickness-roughness ratio for different lateral positions of the 
wheelset on the track:  ◊ -5 mm, ∆ -3 mm, □ 0 mm, ○ +3 mm, and + +5 mm ( S1002 and UIC54 

are the wheel and rail profiles). 

5B.2.4. Coupling between models 
The vehicle together with the track on which it runs, is modelled and simulated in VI-Rail. 
In the co-simulation between VI-Rail and MATLAB/Simulink, the programs exchange a 
flow of data as indicated in Fig. 5B.7. The frequency of data exchange is fixed according 
to the sampling rate of the TC unit. The typical cycles taken in the calculation of each 
simulation step in the ADAMS/VI-Rail subsystem are given in Fig. 5B.8. Moreover, the 
lubrication model used for the tangential formulation for the high-rail contact points is 
coupled to VI-Rail by means of a custom dynamic library, taking creepages and vehicle 
speed as inputs to calculate Eqs. 5B.7-9.  
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Fig. 5B.7. Co-simulation chart of the information exchange between ADAMS/VI-Rail and 
MATLAB/Simulink. 

 

 

Fig. 5B.8. Simplified diagram of the calculation cycles undertaken in the ADAMS/VI-Rail 
subsystem. 

5B.3. Results 
The simulations have been run on a curve of 500 m radius with new UIC54 rail profile. 
Prior to the constant-radius curve, the vehicle travels through a small section of straight 
track followed by a transition curve. Once entering the constant-radius curve, steady state 
curving is reached. In the results presented in this paper, the initial condition is 
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considered to be after reaching the steady state along the constant-radius curve. In these 
defined initial conditions the vehicle speed is around 10 m/s (see Fig. 5B.11), increasing 
further in time as a consequence of the applied traction. Two values for the track cant 
have been modelled, namely 5 and 20 mrad, which yield a balance speed of 5 and 10 m/s, 
respectively. In this way, the influence of the balance speed could also be investigated. In 
the defined initial conditions, the driving torque applied on the wheel axle is slightly 
above 4300 Nm, as will be shown in Fig. 5B.10. The torque increases in time according 
to the driver and motor characteristics explained in Section 5B.2.1, unless macro-slip is 
detected and, therefore, the wheel axle torque is controlled by the TC unit.  

   Different solution methods for the tangential problem have been used for the contact 
patches of right and left wheels to account for the different friction conditions. In the 
simulations, the lubricant is assumed to be present not only on the gauge face/corner, but 
also on the top of the (high) rail. The lubrication model has been used to obtain the 
friction forces of all wheel-rail contacts on the high rail. Note that the left wheels are in 
contact with the high rail in all simulations carried out. It must be noted that for the 
wheel-rail profile combination used in the simulation conditions, only one contact point 
was observed on the high rail for each wheel, which was either on the rail gauge corner or 
on the top of the rail, depending on the lateral displacement and angle of attack of the 
wheelset.  

   For the low rail, measured traction curves have been incorporated into FASTSIM to 
model actual traction conditions. These input traction curves, which are depicted in Fig. 
5B.9 (a), represent typical values of those measured with a trainborne tribometer on the 
Dutch railway network in autumn 2008 [5B.15]. Since these measurements were 
restricted to a 15% slip, the traction coefficient has been assumed to remain constant for 
higher slip (see Fig. 5B.9 (a)). It must be noted that this approximation may not 
necessarily be very accurate due to the thermal effects occurring at higher slip. Moreover, 
the notation dry, which has been used to denominate the measured traction curves, does 
not mean that the contact was not contaminated during the measurements. It has been 
shown in the laboratory that clean dry steel-on-steel contact yields a COF around 0.6 
[5B.21]. It must be noted that the color and line convention used in Fig. 5B.9 (a) will be 
followed to present the results obtained with friction conditions adopted for the low rail. 
In addition, Fig. 5B.9 (b) depicts the absolute value of the decreasing slope of the traction 
curves given in Fig. 5B.9 (a). This decreasing slope starts from the maximum in the 
traction coefficient, which occurs at around 2.5% of longitudinal creepage for the 
measured curves.  

5B.3.1. Traction 
The wheel axle torque during curve negotiation is given in Fig. 5B.10 for all simulated 
friction conditions in both cases of initially balanced and unbalance speed. Note that the 
same wheel axle torque is applied to both driven axles, as explained in Section 5B.2.1. In 
Fig. 5B.10 it can be seen that initially the torque increases linearly according to the 
driver’s requirements until either the motor’s speed limits are reached (e.g., dry0.40 and 
dry0.45) or macro-slip is detected by the TC unit (e.g., dry0.35, dry0.30 and dry0.20). 
The increase in torque has to be sustained by the tangential forces occurring at the wheel-
rail contacts, but the low friction available on the lubricated high rail enforces the low rail 
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to bear most of the traction force. The simulation results show that no macro-slip is 
detected by the TC unit when the COF on the low rail is equal or higher than 0.40. 
Correspondingly, the curves of Tout and vehicle speed for the cases dry0.40 and dry0.45 
overlap in Figs. 5B.10-5B.11. On the other hand, lowering the COF of the low rail leads 
to a faster occurrence (and detection) of macro-slip, as expected. This results in an earlier 
decrease of the wheel axle torque by the TC unit (see Fig. 5B.10).  
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Fig. 5B.9. (a) Measured traction curves used as input to FASTSIM to calculate creep forces on 
the low rail; (b) value of the decreasing slope of the traction curves. 
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Fig. 5B.10. Wheel axle torque for cases with: (a) initially balanced speed; (b) initially unbalanced 
speed. 

 
   It is worthwhile to mention that the decrease in torque observed at around 10 s for the 
dry0.35 simulation in Fig. 5B.10 (a) is due to the transition from full sliding conditions 
(or macro-slip) to micro-slip, as it will be shown in Figs. 5B.12-5B.15. It can also be seen 
in Fig. 5B.10 that a sequence of cycles of torque regulation occurs in the cases dry0.35, 
dry0.30 and dry0.20. In comparison with the simplified example given in Fig. 5B.2b, the 
cycle shown in Fig. 5B.10 is constantly interrupted during the torque increase, i.e. Tout 
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does not reach Tref, because wheel macro-slip is again detected by the TC unit. This is 
due to the low (constant) friction level of the simulated case, which is insufficient for the 
traction effort requested by the driver. In the dry0.35 case, Tout reaches Tref at around 7 
s of simulation after five cycles of torque regulation, as shown in Fig. 5B.10 (a). On the 
other hand, Tout never reaches Tref in the dry0.20 case because the friction level is still 
insufficient. Due to the reduced torque on the wheel axle, lower final vehicle speeds are 
reached when having lower COF on the low rail, as shown in Fig. 5B.11. 
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Fig. 5B.11. Vehicle speed for cases with: (a) initially balanced speed; (b) initially unbalanced 
speed. 

 
   Comparing Figs. 5B.10 (a) and (b), it is observed that the initially unbalanced speed 
causes a faster detection of macro-slip, which leads to an earlier reduction of the wheel 
axle torque for the three cases dry0.35, dry0.30 and dry0.20. This is a consequence of the 
different position and orientation of the wheelsets on the track during curve negotiation, 
which leads to different longitudinal creepage and, therefore, occurrence (and detection) 
of macro-slip.  

   In Figs. 5B.12-5B.15 the longitudinal creepage of the left (a) and right (b) wheels of the 
motorized bogie are given for both initially balanced and unbalanced speed cases. Note 
that the sign convention is that it is positive in the rolling direction. Macro-slip is 
observed to occur in all simulated cases where COF of the low rail is below 0.40. 
Although for each friction case the torque applied to the two driven axles is the same, 
only the first driven axle experiences macro-slip. The maximum longitudinal creepage 
reached in the wheel-rail contact is around 30% for the first driven axle, and a bit less 
than 2% for the second driven axle. The different creepage evolution between the two 
axles is due to the curving properties of the motorized bogie, which will be explained in 
Section 5B.3.2.  

   Despite the fact that decreasing the COF on the low rail leads to a faster occurrence of 
macro-slip, the longitudinal creepage reaches its maximum earlier for the case dry0.35 
than dry0.20, as shown in Figs. 5B.12 and 5B.14. This can be understood by examining 
both the traction curves presented in Fig. 5B.9 and the functioning of the TC unit. On one 
hand, traction curves with higher COF have a steeper decreasing slope after reaching 

(b) (a) 



Chapter 5, Part B   

 
248 

saturation, as shown in Fig. 5B.9 (b). This means that for the same torque increase more 
macro-slip arises. On the other hand, the TC unit monitors the accelerations of the driven 
axles for the possible occurrence of macro-slip in a fixed time interval during the 
application of traction. Therefore, when the tangential forces are close to saturation an 
increase in the motor torque can lead to a more rapid increase in the longitudinal creepage 
for friction conditions of steeper decreasing slope. This can be observed by looking at the 
increasing slope of the longitudinal creepage in the cases with macro-slip in Figs. 5B.12 
and 5B.14, which is steeper for cases with higher COF (e.g. dry0.35 is the steepest). 
Moreover, it can be understood that this increasing slope of the longitudinal creepage 
upon full sliding conditions would be minimum if one uses the original formulation of 
FASTSIM, in which the decreasing slope of the traction curve is ignored.  
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Fig. 5B.12. Longitudinal creepage of the left (a) and right (b) wheels of the first driven axle for 
the initially balanced speed case. 
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Fig. 5B.13. Longitudinal creepage of the left (a) and right (b) wheels of the second driven axle for 
the initially balanced speed case. 

 
   By looking at the longitudinal creepage in the contact patches where the friction force 
did not reach saturation, one can see that the left wheel experiences higher positive 
longitudinal creepage than the right one in the first driven axle, as shown in Figs. 5B.12 
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and 5B.14 for cases dry0.40 and dry0.45. On the contrary, higher positive longitudinal 
creepage was observed on the right wheel of the second driven axle for all simulated 
friction cases (see Figs. 5B.13 and 5B.15). In order to understand these results, one has to 
examine the curving behaviour of the bogie (given in the Section 5B.3.2).  
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Fig. 5B.14. Longitudinal creepage of the left (a) and right (b) wheels of the first driven axle for 
the initially unbalanced speed case. 
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Fig. 5B.15. Longitudinal creepage of the left (a) and right (b) wheels of the second driven axle for 
the initially unbalanced speed case. 

5B.3.2. Curving 
The angle of attack (AoA) of the driven axles is given in Figs. 5B.16-5B.17 for all the 
simulated friction conditions in both cases of initially balanced and unbalance speed. 
Note that a positive sign of AoA indicates that the outer wheel is running into the rail. It 
can be seen that the first driven axle has a larger AoA than the second driven axle. The 
AoA is found to be dependent on the traction and the friction conditions. The increase of 
traction torque causes an increase in the AoA of the driven wheel axles. An example is 
the dry0.45 case, for which the AoA, which is shown in Figs. 5B.16-5B.17, clearly 
follows the evolution of the wheel axle torque depicted in Fig. 5B.10. This is a 
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consequence of two facts. On one hand, the reduced friction of the lubricated high rail 
fails to provide enough longitudinal creep force to assist steering. On the other hand, the 
increase in the wheel axle torque leads to a longitudinal creep force acting on the low rail 
that opposes the steering force given by the rolling radius difference. Observations on the 
degraded steering behaviour of a motorized bogie have also been pointed out by other 
authors [5B.2, 5B.3].  
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Fig. 5B.16. Angle of attack of the first (a) and second (b) driven axles for the initially balanced 
speed case. 
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Fig. 5B.17. Angle of attack of the first (a) and second (b) driven axles for the initially unbalanced 
speed case. 

 
   Furthermore, the different friction conditions of the low rail also exert an influence on 
the AoA, leading to larger AoA for higher COF of the low rail. In order to observe this 
effect separately from the additional influence of the traction, one can refer to the cases 
dry0.45 and dry0.40, for which the wheel axle torque remains the same (see Fig. 5B.10). 
In Figs. 5B.16-5B.17 it can be seen that the AoA of dry0.45 case is larger than the one of 
dry0.40. In addition, comparing Figs. 5B.16-5B.17 it can be seen that an initially 
unbalanced vehicle speed decreases the AoA compared to the case of initially balanced 
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speed. This is a result of the increase in the outwards lateral displacement of the driven 
wheelsets that is caused by the uncompensated centrifugal force, as observed by 
comparison of Figs. 5B.18-5B.19. This is in agreement with previous results on curving 
presented by other authors [5B.13].  
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Fig. 5B.18. Lateral displacement from the track centreline of the first (a) and the second (b) 
driven axles for the initially balanced speed case. 
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Fig. 5B.19. Lateral displacement from the track centerline of the first (a) and the second (b) 
driven axles for the initially unbalanced speed case. 

 
   Figs. 5B.18-5B.19 depict the lateral displacement of both driven axles from the track 
centerline for both cases of initially balanced and unbalance speed. Note that a negative 
sign indicates an outward displacement. It is found that the lateral displacement is 
influenced by both the traction and the friction conditions. An increase in the traction 
causes both driven wheelsets to be displaced to the outside of the track. On the first 
driven axle, this lateral displacement adds to the initial lateral displacement consequence 
of the curve negotiation. The second driven axle is initially closer to the centered position 
on the track, but with a tendency to move outwards with the increase in wheel axle torque. 
The influence of the COF on the lateral displacement is clearly observed in the first 
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driven wheelset, which displaces more to the outside of the track for higher COF of the 
low rail. Additionally, it can be observed in Figs. 5B.18-5B.19 that both driven wheelsets 
tend to move outwards as the speed of the vehicle increases as result of the increase in 
uncompensated lateral acceleration. 

   Sudden fluctuations in both AoA and lateral displacement are observed in the cases 
where the friction became saturated, as clearly seen for the dry0.35 case in Figs. 5B.16 
and 5B.18 at around 10 s of simulation and at around 11.5 s in Figs. 5B.17 and 5B.19. 
This fluctuation is attributed to the transition from full sliding conditions to micro-slip in 
the contact patch, which was shown in Figs. 5B.12 and 5B.14. Similarly, the saturation of 
the friction force caused a large decrease in the AoA, which can be seen for the case 
dry0.35 to occur at around 2 s of simulation in Figs. 5B.16-5B.17, and in the lateral 
displacement of the first driven wheelset as shown in Figs. 5B.18 (a) and 5B.19 (a) for 
the same friction case and simulation time. 

5B.4. Discussion 
In the simulations of this work it is shown that, if the contact points located on the high 
rail of the curve become lubricated, traction operation cannot be at the maximum possible 
performance, which is given by the torque-speed characteristic of the motor, unless the 
COF of the low rail is sufficiently high. According to the vehicle and operating 
conditions investigated, only a COF of at least 0.40 could avoid the occurrence of macro-
slip. In practice, curving lubrication is mostly carried out throughout the year. During 
some periods of the year, natural contamination (e.g. water, leaves, etc.) may be present 
at the wheel-rail contacts of the low rail, reducing the COF to values considerably below 
0.40 [5B.21, 5B.22]. Hence, malfunction of the applicators mainly becomes detrimental 
on days susceptible to have contamination affecting the friction level of the low rail. 

   In the past years, statistical analysis of low adhesion incidents in the Netherlands 
identified that curves are one of the hot spots [5B.23]. When a motorized bogie negotiates 
a curve, the adhesion is reduced as some part of the available friction is utilized to steer 
the wheelset, as pointed out in the literature [5B.3]. Hence, low adhesion incidents can be 
expected to be more likely to occur on a curve than on a straight track under the same 
contact conditions. In this work, the increase of the balance speed has shown to cause an 
earlier saturation of the available friction. It has also been pointed out that friction is 
saturated first on the first wheelset due to the curving behaviour of the motorized bogie. 
Therefore, it is interesting to look at the running dynamics of motorized bogies during 
curve negotiation under various lubrication/contamination conditions in investigations 
dealing with their traction performance.  

   Laboratory measurements have indicated that the maximum of the traction curve lies 
around 2-3% of creepage on dry clean contacts [5B.21], which is close to values 
measured in field [5B.15]. In most multi-body dynamics packages FASTSIM is often 
used for the tangential problem, predicting the maximum of the traction curve in dry 
clean contacts at around 1% of creepage. This may lead to premature saturation of the 
friction in some studies under dry friction. Hence, appropriate modeling of the tangential 
formulation is essential to obtain realistic results on curving studies. In addition, the 
decreasing slope of the traction curve, which is observed under some contact conditions 
after saturation of the friction force, has been shown in this work to influence the 
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evolution of the creepage during full-sliding conditions. Therefore, accurate decreasing 
slopes representative of typical types of contamination need to be considered in the 
tangential formulation for investigations of traction/braking control. 

   In this paper, we have considered the most critical case of undesired lubrication, in 
which no starvation has occurred. In another work, the co-authors have also introduced 
the starvation conditions into the lubrication model [5B.15], which can be used to 
investigate the variation of the friction conditions as the thickness of the lubricant layers 
is progressively decreased by passing wheels. It can be said that in starvation conditions 
the Stribeck curve, which is depicted in Fig. 5B.3, tends to become a straight line with a 
friction level corresponding to that of BL regime, independently of the sum velocity. 
Hence, it can be expected that the first driven axles of a train are more affected by the 
undesired lubrication than the subsequent ones. In future works, it may be interesting to 
investigate the amount of axle passages that are necessary to bring the friction to suitable 
levels for traction and braking on lubricated curves.   

5B.5. Conclusions 
In this paper, a mixed lubrication model has been coupled to a commercial multi-body 
dynamics software package to simulate the curving vehicle behaviour under high traction 
with high rail lubrication. Particularly, the undesired case of the migration of the lubricant 
to the top of the high rail has been examined. Different friction conditions have been 
assumed for the low rail based on measured traction curves. The simulation results show 
that: 

a) Due to the existence of lubricant on the high rail only a COF equal or higher 
than 0.40 on the low rail is able to bear the applied traction torque on the driven 
wheel axles without the occurrence of macro-slip. If macro-slip occurs, the 
torque is correspondingly reduced by the TC unit, which has an important 
impact on the final vehicle speed.  

b) The first driven axle of the motorized bogie is shown to experience 
considerably larger slip than the second axle for cases with COF below 0.40 on 
the low rail, which is attributed to the curving behaviour of the bogie. In fact, 
macro-slip is only experienced by the first driven axle. 

c) The occurrence of macro-slip is accentuated when the vehicle runs on the curve 
with an initially unbalanced speed. 

d) The curving behaviour is found to be influenced by the traction, the friction 
conditions, and the balance speed.  

a. The increase in wheel axle torque causes an increase in the AoA of the 
wheelsets, with considerably larger AoA in the first driven axle.  

b. There exists a tendency of the wheelset to be displaced outwards with the 
increase of wheel axle torque.  

c. Higher COF on the low rail leads to larger AoA and outwards lateral 
displacement of the driven wheelsets. 

e) The existence of an initially unbalanced speed leads to an increase in the 
wheelset lateral displacement and a decrease in the AoA for a given wheel axle 
torque. 
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Chapter 6 
Conclusions and Recommendations 
 
 
 
ABSTRACT 
 

In this chapter, the conclusions and recommendations of the research are presented. In 
comparison with the more detailed conclusions given in Chapters 2-5, the conclusions of 
this chapter are rather general in an attempt to answer the questions presented in the 
research motivation. The recommendations outline interesting lines of scientific research 
on the one hand, and possible prosperous investments for rolling stock operators and 
railway network managers dealing with low adhesion problems on the other. 
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6.1. Conclusions 

Low adhesion phenomenon 
1. The reduction of adhesion in wheel-rail contaminated contacts and its effect on the 

railway transportation depends on the type of contamination.  

a. Water in clean contacts may mostly cause low adhesion problems in traction 
operation, as found out in lab and field tests. 

b. Grease contamination can affect both traction and braking operations when it 
is present on both rails. Furthermore, numerical simulations have shown that 
when grease is only present on one rail (e.g. malfunction of a flange lubricator 
on a curve), low adhesion incidents may not occur if the contact conditions on 
the other rail are adequate to bear most of the tractive/braking effort.  

c. Leaf layers, especially in combination with moisture, have been found in field 
tests to be the most important adhesion reducers of the typical known 
contaminants in railway transportation. Under dry conditions, leaf layers 
reduce the adhesion to insufficient values for traction operation, whereas they 
may not compromise safe braking for long trains. In wet conditions, leaf 
layers can affect both traction and braking operations. 

2. Contamination that has deposited on rails can be highly mobile by passing wheels, 
leading to low adhesion incidents away from the original source of contamination.  

a. Grease has been found to be the most mobile contamination, for which the 
low adhesion section can reach 400 % of the initially contaminated length. 
This needs special consideration by infrastructure managers when installing 
trackside flange lubricators close to stations, signals or level crossings.  

b. Leaves resting on rails can adhere to passing wheels, being deposited up to 
several tens of meters away. On the other hand, once the leaf layers are 
formed on the top of the rails they may only be displaced (or removed) by 
tractive/braking wheels.  

3. The wheel slip can contribute to the removal of contamination from the wheel-rail 
contact, giving explanation to the practical observation that longer trains are less 
affected by low adhesion than shorter ones. Experimental investigations in the 
laboratory under controlled conditions have shown that: 

a. in wet clean contacts, the increase in wheel slip in the range 0.5-2 % shortens 
the adhesion recovery by a factor of 3; 

b. in leaf contaminated contacts, the increase in wheel slip in the range 0.5-10 % 
leads to a clear adhesion improvement, but slips of at least 15 % are necessary 
to break up the leaf layers effectively. 

4. When a motorized bogie negotiates a curve, the adhesion is reduced as some part of 
the available friction is utilized to steer the wheelsets. Hence, low adhesion incidents 
can be expected to be more likely to occur on a curve than on a straight track under 
the same contact conditions; this agrees with statistical analysis of some hot spots of 
low adhesion in the Netherlands. Numerical simulations have shown that the chance 
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of experiencing low adhesion is accentuated when the vehicle runs on the curve with 
an initially unbalanced speed. 

Friction modifiers 
5. Under dry conditions, FMA seems to form a durable third body layer that yields 

moderate adhesion coefficients, reducing wear and strain accumulation in the near-
surface region compared to the baseline (i.e. untreated situation). FMB leads to 
similar wear rates and strain accumulation as the baseline.  

6. FMA has a longer lasting effect than FMB, which could be attributed to its stronger 
matrix of solid particles and polymeric components. Furthermore, the application of 
water reduces the lasting effect of FMB, but it does not appear to affect FMA. In 
addition, increasing the slip reduces the lasting effect of both FMs.  

7. The adhesion improvement given by the investigated FMs differs in the wet and leaf 
contaminated contacts.  

a. In wet contacts, FMA yields a more rapid adhesion recovery than the baseline, 
but its moderate adhesion characteristics may lead to adhesion problems in 
wet contacts for traction operation of most rail vehicles. For slips higher than 
0.5 % slip there appears to be no added value of using FMB because it is 
rapidly removed from the disks surfaces.  

b. In leaf contaminated contacts, FMA only shows some improvement compared 
to the baseline at 0.5% slip, leading to lower adhesion for higher slips. On the 
contrary, FMB leads to a clear improvement of the wheel-rail adhesion for all 
slips investigated. Hence, the larger and harder solid particles of FMB are 
more effective to remove the leaf layer than the particles of FMA. 

8. None of the investigated FMs is found to be optimal under the tested conditions, 
suggesting that some benefit could be obtained by modifying some of their design 
parameters. In particular, three FM parameters have been identified to be of prime 
importance: additives in the mix, size and hardness of the solid particles. 

Sanding 
9. In a dry wheel-rail contact an optimal adhesion coefficient may be achieved with a 

suitable combination of particle size, feed rate and wheel slip. Lab tests have shown 
that a higher adhesion coefficient in dry contacts may be obtained by using larger 
sized sand, increasing the wheel slip, or decreasing the feed rate. 

10. The electrical insulation caused by sanding may be reduced by suitable selection of 
the sanding parameters, such as using a larger particle size or reducing the feed rate. 
Furthermore, in leaf contaminated contacts, the application of sand may help 
improving the train detection as it promotes the leaf layer removal. 

11. The wear rates of wheels and rails during sanding may be increased with the wheel 
slip independent of the particle size, as shown in lab tests. On the other hand, the 
effect of the particle size on the wear rates has been found to be dependent on the slip: 
at 10 % slip wear rates may roughly be higher for larger particles, while the opposite 
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may occur at 1 % slip. Furthermore, large particle sizes and high slips may lead to 
more strain accumulation in the near-surface region of wheels and rails. 

12. Sanding is found effective in improving the wheel-rail adhesion in the presence of dry 
and wet leaf layers not only for the wheels of sanding axles, but also for the 
subsequent wheels. However, the amount of adhesion improvement is strongly 
dependent on the particle size, the wheel slip, and the number of sanding axles. 

a. Using a smaller sand can double the adhesion improvement compared to the 
larger sand due to a more effective particle entrapment. In both laboratory and 
field tests the optimum particle size distribution for adhesion improvement has 
been found to be in the range 0.2-0.6 mm with a peak at around 0.4 mm. 
However, attention has to be paid to ensuring adequate train detection by 
selecting adequate feed rates. 

b. Increasing the wheel slip in the range 1-10 % promotes adhesion improvement, 
as well as the break-up of leaf layers. However, considering the increase of 
wear rates with wheel slip observed in the laboratory tests 5 % slip may be 
proposed as the optimum for most sand sizes. 

c. Increasing the number of sanding axles considerably promotes a faster 
adhesion recovery for the same slip and particle size. The optimal number 
should be chosen towards a balance between adhesion requirements and 
operational costs. For the optimal sand size proposed above, one sander 
against dry leaf layers and three sanders against wet leaf layers have been 
found to guarantee an adequate traction and braking performance. For other 
sand sizes, data has been made available to calculate the number of sanders 
necessary for a given adhesion requirement. 

Magnetic track brakes 
13. With leaf, water and grease contaminated rails a continuous adhesion improvement is 

obtained with the MTB passages. It has been shown that using two MTBs brings the 
adhesion level above safety requirements for most typical contamination conditions, 
except for wet leaf layers for which more than three MTBs can be necessary. 

14. The braking force of the MTB is reduced the largest by leaf contamination, closely 
followed by grease. In addition, the first application of water to leaf layers mostly 
leads to the lowest braking force, but subsequent water applications promote leaf 
contamination removal by the MTB leading to an increase of the force.  

15. The braking performance of the VIRM train can be brought above, or close to, safe 
levels of deceleration in typically contaminated conditions by using three MTBs. 
From the point of view of a cost-benefit analysis, two MTBs may be proposed to be 
optimal for the VIRM train. Furthermore, a general formula has been given to 
determine the optimal number of MTBs for a certain deceleration in other train types 
in typically contaminated contacts based on the data collected in the field tests. 

16. The maintenance of the brake shoes is found to be critical in the MTB performance, 
as field tests have shown that variations in the surface conditions of the brake shoes 
can greatly reduce the MTB force. In addition, two estimates of the wear rate of the 
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brake shoes as function of the sliding distance (105.28 g/km) and the dissipated 
frictional power (16.17 g/MJ) have been obtained in the tests in a first attempt to 
determine the required maintenance period of the MTBs. 

17. Using MTBs does not necessarily affect the electrical insulation of an IRJ. When 
debris deposits at the gap between adjacent rails, it is mostly removed after several 
wheel passages due to the train slipstream. 

Traction control 
18. The existing traction control algorithm can lead to levels of wheel slip up to 35 % in 

typically contaminated contacts, as shown in field tests and simulations. The 
developed coupled numerical models may be used as a first step for possible 
optimization of the TC algorithm for operation under typical low adhesion conditions. 

6.2. Recommendations 
The investigations performed in this dissertation have led to a number of ideas for further 
work, some of them are related to more fundamental aspects, while others are more 
practical intended for the TOCs and railway infrastructure managers that still struggle 
with the low adhesion problem.  

Fundamental aspects 
1. In many investigations on the wheel-rail contact in general, and low adhesion in 

particular, scaled laboratory tests are preferred due to their lower costs and controlled 
conditions in comparison with field tests. Twin-disk and pin-on-disk machines are 
often employed to simulate the actual wheel-rail contact; however, there still exists 
some doubts about the quantitative relevance of the results. In this dissertation, some 
agreement has been found between results obtained in field and laboratory tests under 
similar operating conditions. In future investigations, it is recommended to pursue a 
better understanding on the factors that affect the quantitative relationship between 
the two scales so that laboratory results may directly be extrapolated to actual 
conditions.  

2. Neither the laboratory investigations of this dissertation nor previous works in the 
literature have examined the influence that contact pressure, surface roughness and 
rolling velocity can exert on the wheel-rail adhesion in leaf contaminated contacts and 
on the effectiveness of sanding and FMs. Although some representative values have 
been considered in this dissertation, they could clearly vary to some extent in practice 
due to numerous factors. Future investigations on these parameters are recommended 
for the following reasons. The influence of the contact pressure could lead to the 
design of a particular wheel-rail profile combination beneficial for adhesion, and 
perhaps derive into a re-profiling guideline suitable for specific periods of the year. 
The surface roughness can influence the actual metallic contact area between wheels 
and rails in the presence of leaf contamination, affecting not only the adhesion but 
also the train detection. The investigations on the surface roughness could be 
encouraged by grinding companies interested in offering their services to effectively 
overcome the low adhesion problem. The influence of the rolling velocity is of 
special importance because the adhesion requirements vary with the rolling velocity. 
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In addition, optimal application rates of sand or FMs may clearly vary with the rolling 
velocity. 

3. In this dissertation, friction management for adhesion improvement in contaminated 
wheel-rail contacts has been investigated. The additives, the particle size and the 
hardness of the solid particles in an FM have been shown to affect its effectiveness 
and side effects. Considering recent developments of the industry towards an 
extensive friction management practice in some railways, several recommendations 
can be made as a result of the research described in this dissertation. Further work on 
the selection of adequate additives should promote the lasting effect and water 
repellency of the FM. The influence of the size of the solid particles has been 
investigated in detail in this dissertation taking sand as the reference material, and an 
optimal particle size has been proposed. Clearly other particle sizes may be optimal 
for different materials, and this should be considered in the design stage of an FM. 
Limitations in budget and time available during the realization of this dissertation 
have impeded investigations on the influence of the particle hardness and toughness. 
Such investigations are recommended in future works, not only motivated by the 
different results obtained between FMA and FMB as described in this dissertation, 
but also by the early work of AndrewsXIV  with different mineral powders published in 
the 60s.  

4. The increasing adhesion improvement in the slip range 0.5-15 % observed in the 
baseline laboratory tests may encourage further work towards leaf layer removal by 
thermal mechanisms. In particular, efforts should be put to establish the thermal 
energy required to burn off the leaf layers. It may be possible to use some wheel axles 
of a train to remove the contamination by adjustment of the slip threshold in their 
correspondent TC/WSP systems. In this line of research, it could also be interesting to 
investigate the influence of the normal load and sliding velocity of the MTB on the 
layer removal. This is especially interesting for TOCs that have electro-MTBs, in 
which the attractive (contact) load could be adjusted to an optimum value for layer 
removal as a function of the train velocity. 

5. In future works, investigations on the possible optimization of the TC algorithm 
employed in the VIRM train are recommended. This can be achieved by means of 
simulations with the developed coupled numerical models, and using adhesion data 
collected in autumn from the Dutch network in the frame of the AdRem project. With 
an adequate understanding on optimal parameters for the TC algorithm, field tests 
could be carried out in typically contaminated contacts to corroborate the simulation 
findings for implementation.  

6. Although outside of the scope of this dissertation, investigations available in the 
literature about chemical methods to improve the adhesion suggest that some further 
work in this area may have some benefit, perhaps in combination with existent 
mechanical (e.g. sanding) and thermal (e.g. MTBs) methods. In particular, the early 

                                                 
XIV  H.I. Andrews: Chemical Methods of Improving Rail Adhesion. Proceedings Institute of Mechanical 
Engineers 178 (1963-64) 172-184. 
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work of AndrewsI and the recent work of Hyde et al.XV represent some examples of 
promising lines of investigation.   

Practical aspects 
7. The adhesion values measured in laboratory and field investigations of this 

dissertation, together with adhesion data collected from the Dutch network in the 
frame of the AdRem project, show that low adhesion incidents can occur in autumn 
because of insufficient adhesion available to satisfy the timetable requirements. If a 
train is delayed, the following trains on the same line may also be delayed. 
Additionally, damage to wheels and rails may also reduce the transportation capacity. 
Hence, it is recommended to analyze whether adopting an autumn timetable may 
become beneficial in practice. 

8. In case of malfunction, (trackside) flange lubricators may undesirably bring the 
lubricant to the top of the high rail, affecting traction and braking performance if the 
other rail is not dry and clean. Hence, lubrication sites close to critical stopping points, 
such as stations and level crossings, need to be given special attention in typical 
humid or autumn days.  

9. In addition to the recommendations made for the more fundamental aspects about 
friction management, some practical advices can be given to railways that make broad 
use of FMB. The investigations in this dissertation have shown that FMB is effective 
against leaf contamination, but its lasting effect is rather poor. This may encourage 
railways to revise the frequency of FMB application in field especially in humid or 
rainy days, or to request the supplier for a modified version of FMB with additives 
that can yield a similar lasting effect as the one observed with FMA. In addition, the 
particle size of the sand of FMB is also slightly larger than the optimal value found in 
this dissertation.  

10. The investigations on sanding have shown that some parameters, such as the particle 
size and the feed rate, can exert a strong influence on the effectiveness and side 
effects of sanding. Regarding the particle size, changes can already be recommended 
for some railways, like in the UK, where the size of the sand employed is much larger 
than the optimal value found in this dissertation. The optimal feed rate still needs to 
be investigated for a selected particle size, bearing in mind that excessive feed rates 
may affect train detection. Clearly, it can be said that the optimal feed rate should be 
train velocity dependent, and perhaps not linear in the entire velocity range. In 
addition, TOCs could make use of the results presented in this dissertation about the 
number of sanding axles to establish the optimal number of sanders for adhesion 
improvement in leaf contaminated contacts. Moreover, the increasing adhesion 
improvement of sanding with wheel slip observed in this dissertation may encourage 
TOCs to consider adjusting the slip threshold of the TC/WSP systems in the sanding 
axles to a high value that does not compromise acceptable wear rates of wheels and 
rails.     

                                                 
XV P. Hyde, D. Fletcher, A. Kapoor, S. Richardson: Full Scale Testing to Investigate the Effect of Rail 
Head Treatments of Differing pH on Railway Rail Leaf Films. Proceedings of 7th WCRR, Canada (2006). 
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11. A comparison between MTBs, sanding and FMs indicates that MTBs, although 
leading to certain adhesion improvement, are not the most effective method to combat 
the low adhesion problem caused by leaf contamination in speed range 0-40 km/h. 
However, any further recommendation about MTBs needs to consider the particular 
situation of each railway. 

a) In countries like the UK, where the rolling stock is not fitted with MTBs but 
sanders, it can be recommended to invest on the optimization of the current 
sanding practice rather than on retro-fitting the fleet with MTBs.  

b) In countries like the Netherlands, where almost half of the fleet is fitted with 
MTBs and sanders are only available on locomotives, more investigations can 
be recommended towards the frequent use of MTBs against low adhesion 
conditions. In particular, two main aspects need to be examined, namely the 
wear rates of the brake shoes in the complete operational speed range and the 
adhesion improvement and braking force in the range 40-140 km/h. 

12. As a continuation of the laboratory work presented in this dissertation, investments to 
investigate the optimal wheel slip for contamination removal are recommended to the 
railway industry. In this line of work, an optimization of the TC/WSP algorithms 
suitable for actual low adhesion conditions is also recommended to the TOCs for 
three basic reasons: the use of available adhesion may be maximized, the damage of 
wheels and rails may be minimized, and there are no significant operational or 
maintenance costs after implementation of this countermeasure.   

 
 
. 
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Appendix 
A.1. Influence on bogie hunting of the suspension parameters of 
the vehicle model running on straight track 
The vehicle model presented in Section 5A.1 was simulated on straight track with the 
lateral artificial irregularity used as the excitation source. The bogie hunting behavior was 
represented by lateral and yaw oscillations of the wheelset around its centered position on 
the track. Parameter variation indicated that the lateral and longitudinal stiffnesses were 
the most influencing parameters of the primary suspension on bogie hunting. The 
influence of the primary vertical suspension was not shown because the variation of the 
contact point position was within the low conicity part of the wheel profile. The primary 
longitudinal and lateral dampers did not show any appreciable influence on bogie hunting 
because their contribution in terms of force was less than 1 % of the total primary 
suspension due to their low damping. Furthermore, the bogie hunting hindering 
mechanism was found in the secondary suspension by the lateral and the anti-yaw 
dampers. If both dampers were reduced to 1 % of their nominal value, very small 
sustained oscillations remained near the equilibrium position. On straight track, the 
influence of the bumpstops could not be studied because the clearance was not reached. 

   Reductions in the primary longitudinal and lateral stiffnesses increased the number of 
oscillations of the bogie hunting and, therefore, the tendency to sustained oscillations. 
This was attributed to the decrease in the constraint of the wheelset to the bogie, which 
hinders the effect of the secondary dampers. The primary longitudinal stiffness showed a 
more important role in bogie hunting stability. The first observation of sustained hunting 
oscillations corresponded to a reduction of 90 % in the primary longitudinal stiffness; 
however, 99 % reduction was required in the primary lateral stiffness to obtain sustained 
hunting oscillations. Furthermore, a reduction in these stiffnesses reduced the wavelength 
of the bogie hunting oscillations, as shown in Fig. A.1 and Fig. A.2. This agrees with the 
literature [5A.2] because the increase in freedom of the wheelset with respect to the bogie 
and, therefore, to the carbody, lets the wheelset hunt at higher frequency. 
 

 
Fig. A.1. Variation of the contact point location on the outer rail for the first (left) and the third 
(right) wheelsets for the vehicle running on curved track excited with an artificial irregularity. 
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Fig. A.2. Lateral (left) and yaw (right) motions of the first wheelset for different lateral stiffnesses, 

when the vehicle running on straight track is excited. 

A.2. Influence on bogie hunting of the suspension parameters of 
the vehicle model running on curved track 
The vehicle model was simulated on the reference section with the lateral artificial 
irregularity used as excitation source (see Section 5A.1). Due to the suspension properties 
of the vehicle, the primary dampers exerted less than 2 % of the total primary suspension 
forces, showing no visible influence on the bogie hunting results. In addition, a decrease 
of 50 % in the vertical stiffness showed slight influence on the amplitudes of the bogie 
hunting oscillations, but no appreciable influence on the pattern and wavelength. 
Moreover, the lateral and longitudinal stiffnesses were the most influencing parameters of 
the primary suspension. Their influence on the position of the first contact point on the 
rail reference system is shown in Table A.1. It can be observed that the higher the 
longitudinal stiffness, the closer the first contact point to the rail corner, which is due to 
less freedom given to the wheelsets to take up radial attitude on the curve. On the other 
hand, a reduction in the lateral stiffness gave more lateral freedom to the wheelsets to 
adopt their desired position on the curve considering their restrictions in yaw motion by 
the longitudinal stiffness.  
 
Table A.1. Position of the first contact point on the outer rail for different longitudinal and lateral 

primary stiffness. 

kx 1st Wheelset 2nd Wheelset 3rd Wheelset 4th Wheelset 
100 % 23.1 mm 12.1 mm 17.0 mm 11.0 mm 
75 % 21.2 mm 11.7 mm 15.1 mm 10.8 mm 
50 % 18.1 mm 11.3 mm 14.3 mm 10.5 mm 

ky 1st Wheelset 2nd Wheelset 3rd Wheelset 4th Wheelset 
100 % 23.1 mm 12.1 mm 17.0 mm 11.0 mm 
75 % 23.2 mm 11.5 mm 17.1 mm 10.1 mm 
50 % 23.5 mm 10.2 mm 17.1 mm 8.7 mm 

 
   Furthermore, the influence of the primary longitudinal stiffness on the occurrence of 
second point contact was also observed. The second contact point after encountering the 
irregularity was observed on the third but not on the first wheelset for values up to 50 % 
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of the nominal longitudinal stiffness, which was attributed to the larger angle of attack of 
the third wheelset. Further reductions in the longitudinal stiffness led to larger amplitudes 
in the yaw oscillations on the first wheelset, which caused the second contact point for 
the first two oscillations. 

   The influence of the secondary suspension was also investigated. The lateral and anti-
yaw dampers were again recognized as major elements hindering the hunting. Sustained 
hunting oscillations for the model with a decrease to 1 % in the lateral and anti-yaw 
dampings were observed. Furthermore, the clearance of the soft bumpstop was reached 
on the curve, allowing its influence to be studied.  Reductions up to 50 % in the soft 
bumpstop stiffness caused more bogie hunting oscillations and at shorter wavelength due 
to the decoupling between bogies and carbody. The clearance of the stiff bumpstop was 
not reached in any of the simulations carried out. 

A.3. Influence on bogie hunting of the wheel and rail profiles  
In order to study the influence of the wheel and rail profiles on bogie hunting, four 
combinations of wheel and rail profiles were used to simulate the bogie hunting behavior 
of the vehicle model with 60 % nominal longitudinal primary stiffness running on the 
reference track and excited by the artificial irregularity (see Section 5A.1). Severe worn 
S1002 and UIC54 profiles for wheels and rails, respectively, were taken from the 
reference section and included in the model. The hunting motions of the first wheelset are 
shown in Fig. A.3. The pattern and wavelength of the bogie hunting oscillations for new 
and worn wheel profiles running on worn rails were very similar, with small variations in 
the contact point position. Furthermore, the introduction of worn rail profiles provoked 
contact of the outer wheel on the rail gauge corner and face for every wheelset. In 
addition, no second point contact in any wheelset was observed for new and worn wheel 
when the worn rail profile was utilized, which could be attributed to the conformity 
between wheel and rail profiles. On the other hand, it was observed that worn wheel 
profile running on new rails caused second point contact in every wheelset. Furthermore, 
the position of the first contact point was also modified with respect to the one obtained 
with new wheel profiles. 
 

 
Fig. A.3. Lateral (left) and yaw (right) motions of the first wheelset of the vehicle with 60 % 

nominal primary longitudinal stiffness for different combinations of new and worn wheel and rail 
profiles. 
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