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Executive Summary

This report presents the problematic of destabilization of embankments on open tracks and
transition zones related to either objects on the tracks or transition zones caused by
differential stiffness or differential settlements. The report gives an overview of current state
of the art rehabilitation methods for those problems and two case studies of rehabilitation
projects performed within SMART RAIL project.

This report is a result of the work within Working package 3, Task 3.2 within the SMART
RAIL research project. Since one of the basic objectives of the present railway authorities
refers to the reduction of maintenance costs allocated for maintaining the railway
infrastructure, the aim of the SMART RAIL is to find a high quality, economically and
environmentally acceptable solutions for revitalizing deteriorated and aged existing rail
infrastructure. The problem with the existing railways are emerging needs of higher axle
load, increased traffic loads and higher train speeds, which cause frequent need for
conducting additional maintenance and renewal or even replacement of the railway track.

Strengthening of the embankments and substructure of the open tracks, and transitions
zones, are found as very problematic parts on the track and disproportional compared to
other sections of the railway track.

One of the basic objectives of the present railway authorities refers to the reduction of
maintenance costs allocated for maintaining the railway infrastructure. Due to the frequent
need for conducting additional maintenance and reconstruction, several European railway
authorities define the transition zones betwe en t he fAnor mal 06 open
systems or substructure such as bridges/ tunnels/ culverts as problematic parts on the
track.

Frequent repairing of the places like these has resulted in reduction of the track capacity
and traffic continuity, which generates additional costs to the railway authority.

With the aim of reducing both direct and indirect costs of maintenance of such places to an
optimal level, taking into account the increase in safety and comfort of rail services, the
issue of transitional zones demands more attention, which was recognized within SMART
RAIL consortium and set up as one of the main goals

c) The SMARTRAIL Consortium 2014 1
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1 Introduction

One of the basic objectives of the present railway authorities refers to the reduction of
maintenance costs allocated for maintaining the railway infrastructure. Currently, the kind of
structure most used in the railway tracks is the ballasted track. This trend results from a
large experience acquired along the evolution of the railway lines in terms of construction
and design.

With the need of construction of as much as possible straight tracings, especially in the high
speed railway tracks, becomes inevitable the track crosses regions of less appropriate
granular materials as well as high stiffness structures (e.g. bridges, tunnels and etc.). Along
the railways, the occurrence of variation in the vertical stiffness is frequent.

Along the traffic and maintenance procedures performed to correct the track geometry, the
railway track starts to degrade. Some factors are related to this phenomenon (degradation),
namely, the condition of the infrastructure/superstructure, the operational conditions in
terms of traffic (load per axle and speed of circulation) and maintenance procedures (type
and frequency).

Due to the frequent need for conducting additional maintenance and reconstruction, which

are disproportional compared to other sections of the railway track, several European

rail way authorities define the transition zones
track systems or substructure such as bridges/ tunnels/ culverts as problematic parts on the

track.

Frequent repairing of the places like these has resulted in reduction of the track capacity
and traffic continuity, which generates additional costs to the railway authority.

With the aim of reducing both direct and indirect costs for maintenance of such places to an
optimal level, taking into account the increase in safety and comfort of rail services, the
issue of transitional zones demands more attention, which was recognized within SMART
RAIL consortium and set up as one of the main goals
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(©)



2 Railway Track Problems

2.1 Introduction

Currently, the kind of structure most used in the railway tracks is the ballasted track. This
trend results from a large experience acquired along the evolution of the railway lines in
terms of construction and design.

With the need of construction of as much as possible straight tracings, especially in the high
speed railway tracks, becomes inevitable the track crosses regions of less appropriate
granular materials as well as high stiffness structures (e.g. bridges, tunnels and etc.).
Frequently, the variation in vertical stiffness occurs along the railways.

Along the traffic and maintenance procedures performed to correct the track geometry, the
railway track starts to degrade. Some factors are related to this phenomenon (degradation),
namely, the condition of the infrastructure/superstructure, the operational conditions in
terms of traffic (load per axle and speed of circulation) and maintenance procedures (type
and frequency).

Currently, there is a worldwide trend to increase axle loads, traffic density and speed to
reduce operating costs and increase the efficiency of railways. These new operational
conditions can contribute for the increase of the track degradation along its exploitation.

The effects of the degradation phenomenon can be seen at the components of the
infrastructure through the deformation (settlement) of the granular materials and (or) in the
superstructure through the deformation/fatigue of its components (sleepers, rail fastenings,
rails, etc.). At most of the times, these deformations can be perceived in terms of track
unevenness/misalignment.

The degradation phenomenon affects the geometry along the track especially in the
transition zones. These regions are characterized by the abrupt variation of its stiffness and
occur at places as bridges approaches, level crossings, special track works, tunnels and
viaducts and are considered as susceptible areas for several problems (e.g. excessive
settlements, geometry unevenness, etc.). These regions, along the exploitation of the track,
generally, needs for regular inspections to avoid the evolution of the excessive track
degradation andthedecreas e of t he trackb6s componentds

The gradual degradation of the track may lead to its unevenness that reaching some
geometric alignments limits, impose to the track the need for a maintenance procedure
(geometry correction).

According to Dahlberg (2003), due to the big variation of the stiffness in a short distance,
the transition zones can present relevant problems when subjected to dynamic loads, that
can generate impacts that contribute to an accelerated track degradation and consequently,
to an increase of the maintenance frequency.

(c) The SMARTRAIL Consortium 2014 3
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The factors that influence the track geometry behavior in the transition zones are essentially
of extern and geotechnical nature. The factors of external nature are particularly the load
per axle, speed circulation and vibration as well as the temperature while the geotechnical
factors comprehend the foundation material quality (resistance, deformability and hydraulic
characteristics) and compaction conditions.

According to Di Mino & Di Liberto (2002), the case oft he transition zones 0
bridgedo is currently one of t he most i mpactin
attention of the scientific and technical communities.

In order to minimize such problems, it becomes necessary to perform properly executed
solutions. These solutions have been developed under a structural and geotechnical
approach where both elements are combined to achieve the needed behavior.

2.2 Railway track problems related to the transition zones

The railway track problems can occur along the track under operational conditions (load per
axle and circulation speed) due to the deterioration of the infrastructure and superstructure
conditions along the traffic and maintenance actions.

The degradation effects can be perceived on the components material of the track
infrastructure/superstructure through the track geometric unevenness. This geometric
deviation has to be corrected through a maintenance action in the case of a geometric
parameter or even a track quality index reaches some intervention limit.

Related to the infrastructure materials, the degradation effects are related to the differential
deformations (settlements) of the granular materials that composes the different
infrastructure layers (ballast, sub ballast and sub grade). In the case of the track
superstructure, the degradation occurs through the deformation and fatigue processes of its
components (rails, sleepers, pads, fastenings, etc.).

As commented, the degradation can occur along the track where the differences between
the material conditions can provoke differential deformations. In special, is the case of the
transition zones, where drastic changes in the infrastructure conditions can cause an
amount in the dynamic effect over the track.

The transition zones can be defined as the regions along the track characterized by the
presence of an abrupt variation of its stiffness and occurs at bridges approaches (most
common), level crossings, special track works, tunnels and viaducts. The figures 1 and 2
show examples of transition zones (Varandas et al, 2014).

c) The SMARTRAIL Consortium 2014 4
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Figure 1 Ballast to slab track Figure 2 Passage over culvert.

Track railway problems and its effects at railway transitions are well recognized. According
to ERRI (1999), maintenance at transitions zones are reported to be five times more
frequent and two times more costly.

Transition zones are susceptible for several problems. In the case of track-bridge approach,
due to drastic differences in the infrastructure and loading conditions, the tracks on bridge
decks undergo significantly lower deformations under loading compared to the approach
tracks. These sudden changes in track deformation behavior at the transition point results
in extreme dynamic loading conditions leading to a rapid track deterioration and bridge
components. These structural damages manifest as track geometry defects.

The figures 3 and 4 shows respectively, a schematic profile of a track-bridge approach
showing the development of the differential settlement and a unlevelled track-bridge
approach evidencing the unevenness in the track geometry (Paixao, 2014).

¢ Lower vertical stiffness m———) = Higher vertical stiffness == ‘

unsupported sleepers
~

Figure 3 Schematic profile at a track-bridge approach Figure 4 Unlevelled track at
in a differential deformation condition. atrack-bridge approach.
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2.3 Degradation of the track geometry

One of the most common problems related to the railways is the degradation of the
geometry track that is largely affected by the solicitations transmitted by the trains.

The superstructure has an important role concerning to the solicitation transfer to the track
by means of the rail condition, the quality/thickness of the ballast layer, the distance
between the sleepers between others. These aspects will define the transfer of settlements
along the railway infrastructure layers.

In certain cases, when the settlements transmitted to the foundation are too elevated, its
frequent the occurrence of geometric unevenness in the track due to the settlement of the
granular material of the infrastructure layers or even the natural soil affecting this way the
track geometry with consequences to its structural behavior.

The geometric irregularities can lead to a situation where in much cases, there's a need for
a maintenance procedure in order to restore a proper geometric condition and to prevent
the evolution of such irregularities and this way, avoiding the expenses of significant
economic resources for track conservation. According to Paderno (2010), the ballast
maintenance and the track geometry represents between 40% and 50% of the global
maintenance costs due to the frequencies and to the work performed during the night.

However, at many cases, the intervention is lately performed resulting in situations of speed
and load limitations, passengers comfort reduction, vibration and noise increase, contact
elements wear (rails, wheels, etc...) increase and at extreme cases, it can still compromise
the safety of the passengers (ERRI, 1999).

In order to avoid these kind of inconveniences, a periodic maintenance can guarantee that
the geometric levels are in reasonable limits in such a way to ensure a safety circulation.
This maintenance is performed by the use of control car in order to obtain the geometric
parameters (vertical and horizontal alignments) for the track geometric analysis and the
decision for the maintenance procedures.

The geometry of a railway can be described and evaluated by its nominal geometry and
track irregularities. The nominal track geometry consists of vertical and horizontal curvature,
slope of the track, track gauge and cross level (cant) while the track irregularities are
defined as the deviation of the actual track geometry from the nominal (designed) track
geometry.

I t 6 s p odistingdish differend types of geometry track parameters. According to the
code EN 13848-1 (2004), there are five parameters or indicators for the analysis of the
railways geometric quality, namely: gauge, longitudinal leveling, cant/cross level, alignment
and twist. The figure 5 shows the mentioned quality track parameters.

1 Gauge - shortest distance between the rails measured at about 15 mm below the
running surface. The gauge deviation is defined as the difference between the
actual and nominal gauges;

(c) The SMARTRAIL Consortium 2014 6



1 Longitudinal level or vertical alignment - vertical deviation, measured
perpendicularly to the running table, along consecutive positions of the rail axle from
the reference line measured for both rails;

1 Lateral alignment or alignment - lateral deviation of both rails measured from a point
at about 15mm below the running surface;

1 Cross level, cant - transversal alignment defined as the difference of height between
two rails. For curved tracks cross level is often referred as cant.

I Twist - algebraic difference between two cross levels taken a defined distance apart.

@ ; ©) Chk i
i
VERTICAL ALIGNMENT I 9 u

(0
| GAUGE _, Bl 0
| ) ALIGNMENT

CANT } "R ' === .
=\

G TWIST

Figure 5 Track quality parameters (modified from Rivier, 2003).

Due to dynamic loads induced by defects, a close relationship between the material and

geometry condition has been highlighted. A rail in good condition undergoes a very rapid

wear i f the track geometry i s mwllich geometryas ggod,od st at
will degrade quickly if the components (eg. rail) are worn. Consequently, the maintenance

should ensure at the same time, the restoration of the material state and its geometry to

ensure their long-term effectiveness. The figure 6 shows the basic interactions between the

elements.

TRACK
SOLICITATIONS
/ DETERIORATION \
GEOMETRIC MATERIAL
STATE CONDITION
\ RESTAURATION /

[- MAINTENANCE]

* RENEWALL

Figure 6 Track interactions (Rivier, 2003).
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In many cases, due to the geometric irregularities, the occurrence of sleepers being slightly

apart from the ballast layer near of the deformation (floating sleepers) is usual. This
phenomenon is not easy to be observed and it can be seen when the passing of the train

occurring a sudden impact of the floating sleepers over the ballast material. These
phenomenonds will c 0 n s eygamie effedtsyincrbasingahfisiwvayi tlhet e t h e
geometric degradation of the track.

2.3.1 Deformations in the infrastructure granular material

The permanent deformations (settlements) along the track and transition zones are related
to the infrastructure materials and its condition. The geotechnical properties and conditions
will influence the performance of the materials along the traffic and maintenance
procedures.

According to Selig & Waters (1994), the properties of the infrastructure elements are highly
variable and more difficult to determine than those of the superstructure components.

Related to the infrastructure, aspects like the ballast fouling/contamination content,
drainage, subgrade instability and lateral confinement plays an important role in the overall
track behavior.

Along the traffic and maintenance actions, the ballast grains starts to degrade generating a
fouling content. The quantity of ballast fouling can be used to indicate the contamination by
fine and coarse material. Fouling of ballast is considered to be one of the primary reasons
for the deterioration of the track geometry.

Related to the drainage, the layers of sub-ballast and subgrade generally contain some
moisture at a certain proportion. According to Selig & Waters (1994), these layers perform
best under cyclic load when sustaining an intermediate moisture state. The change of the
moisture content along the time affects the stress state in the granular material leading to a
variations in pore pressures and consequently, in the overall material behavior.

In the case of a lack of drainage and ift h e r e 6 sballagh in ¥se&, bxcessive load transfer
from the ballast can occur to the saturated subgrade affecting the stability at the ballast-
subgrade surface. The amount of water can also be pumped upwards to the ballast material
carrying fine material contributing also for its contamination (pumping of fines).

About the lateral confinement, the lateral buckling of rail track is usually observed in hot
weather where the ballast material (degraded) is not able to provide sufficient lateral
confinement to maintain the track stability.

However, according to Indraratna (2011), some key stability problems of paramount
importance are related to the ballast. The ballast layer is a key component of the
conventional track structure. Its importance has grown with increasing axle loads and train
speed.

Through the years of utilization, the ballast layer undergoes a gradual and continuing
degradation due to cyclic loading leading to a loss of track performance in terms of bearing
capacity, water drainage, geometric conditions, resilience and others caused by the ballast

(c) The SMARTRAIL Consortium 2014 8



fouling (contamination). The figure 7 shows an example of degradation and fouling of the
ballast layer.

Figure 7 Degradation and fouling of the ballast material.

According to Indraratna (2011), the reduction of ballast degradation is imperative to sustain
its primary functions and overall working of the superstructure.

The ballast contamination can be caused by some factors as ballast breakage due traffic
load, pumping of fines, contamination from the surface (new gravel, wagon material, wind
and rain), concrete sleeper/ballast abrasion, degradation of lower layers (old ballasts),
tamping process, mechanical procedures (i.e. compaction machines) and others.

British railway engineers have examined sources of ballast degradation and thus estimated
the contribution of single process. According to Selig & Waters (1994), the main source of
contamination is the material that comes from the wagons and from the air (52%) while
grain breakage (including tamping procedures) is responsible for 41% of the contamination
and pumping of fine material for 7%, respectively. However, according to a technical survey
performed in the United States, the most important source of fouling is the ballast grain
breakdown (76%). Next, but a much smaller contribution, is the infiltration of particles from
layers beneath the ballast. The figure 8 and 9 shows the sources of fouling according to the
mentioned estimates (Selig & Waters, 1994).

(c) The SMARTRAIL Consortium 2014 9
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Layer

\ (13%)

H Surface (wagon input/airborne dirt)

m Ballast breakage + concrete sleepers abrasion
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(7%)

429 55 ]
TN
o B 2 /4_/— Subgrade

(3%)

Tamping process

HFine material
Sleeper
(1%)

Figure 8 Contribution of the processes in the Figure 9* (*) Contribution of the
ballast degradation according to the British Rail processes in the ballast
degradation in USA

2.3.2 Deformation/fatigue of the superstructure components

The superstructure is the part of a railroad track consisting of the rails, sleepers, fastenings,
pads between others. The track superstructure receives the load stresses from the rolling
stock and transmits it to the infrastructure. This way, the components of the superstructure
are submitted to degradation processes along the exploitation of the track.

The rail is one of the most important components of the track structure. Rails are
longitudinal steel members that accommodate wheel loads and distribute these loads over
the sleepers, guiding the train wheels evenly and continuously (Esveld, 2001). It must
possess sufficient stiffness so that they can act as beams and transfer the concentrated
wheel loads to the spaced sleeper supports without excessive deflection between them
(Ernest & John, 1994 apud Kumar, 2006).

Basically, when a rail section is subjected to repeated stresses of sufficient magnitude, a
crack is initiated after a certain number of cycles and continues to propagate when stresses
are repeatedly applied providing rail defects (Nishida, 1991). These defects occur due to
different causes, which have been used as a basis for rail defect classification by many
researchers.

Olofsson and Nilsson (2002) classified rail defects which occur due to rolling contact fatigue
(RCF) into surface initiated and subsurface-initiated defects. The former one is related to
the defects formed mostly due to an increase in traffic density and axle load (e.g. head
checks and squats) while the later are often caused by metallurgical faults (e.g. shelling,
tache ovale and longitudinal vertical cracks).

'The source fiballasto includes breakdown from t
machines, thermal stresses, freezing and chemical weathering.

(c) The SMARTRAIL Consortium 2014 10



According to US Railroad Track Standards (1991) and Kumar (2006), a rail critical defects
are defects that will affect the safety of train operations. Non-critical defects are those that
do not affect its structural integrity or the safety of the trains operating over the defect.

There are many defects that can occur along the rails as the shelling, head checks, squats,
longitudinal/transverse cracks, corrugations between others. The figures 10 and 11 show
two examples of rail defects (Kumar, 2006).

Figure 10 Squats in rail. Figure 11 Corrugation in rails.

The use of continuous rails benefits the reduction of the dynamic effects. However, the
presence of several agents, as the thermic effects, trains acceleration and breakage,
bridges deformations may leads to the emergence of elevated strains in the rails. In these
situations, serious problems related to the safety (tracks settlements, ruptures and
curvatures) can occur.

This phenomenon is much more common in regions of elevated temperature. Sometimes,
the curvature of the rails is such that prevents the circulation of trains, needing in this case,
an immediate maintenance intervention to proceed the track rehabilitation. The figure 12
shows an example of a railway track curvature (Esveld, 2004).

==
L
=
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—
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[ — -]
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“Modem Raiway Track™ C. Esveld

Figure 12 Typical shape of the rail curvature.

The continuous rails, to be rigid structures, are susceptible to suffer great variations of
length when submitted to temperature variations that are related with the development of
axial forces from thermic nature. On the other side, as the rails are prevented to displace in
the longitudinal direction, transversal stresses are developed tending to increase and when
they overcome the ballast lateral resistance, the curvature trend takes place.

c) The onsortium
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About the sleepers, they are basically made of wood, concrete, and, less frequently, of
steel, and ensure the fixed relative position of the rails. They receive the pressure from the
rails and transmit it to the ballast layer.

As the other superstructures components, the sleepers suffer also deterioration from the
stresses generated from the traffic action. The different type of sleepers undergoes distinct
modes and characteristics of degradation. The next items remark degradation
characteristics of different sleepers normally used in the railway tracks according to Zhang
et al (1997).

1 Wood Sleepers - deteriorate in terms of splits, plate/rail cut, spike-kill (damage to
sleepers due to loose spikes), termite attack, and fungal decay. In most cases they
are replaced because of damage from termites, spike killing, rot, etc. Studies have
revealed that fungal decay dominates sleeper deterioration, accounting for more
than 50% of sleeper condemnations (ROA, 1990; and Davis and Chow, 1989, and
Zhang et al, 1997). The second major failure mode is splitting. All the other failure
modes contribute only very slightly, although plate cutting appears to be the third
most important cause of failure.

1 Concrete Sleepers - Cracking is thought to be one of the possible failure modes,
which is likely to be the case when support of the sleeper is inadequate. Attrition at
the bottom edges and side faces of sleepers has been evident at some heavy haul
lines, suggesting that under certain conditions, attrition of concrete sleepers could
become a dominant deterioration mode.

9 Steel Sleepers - Corrosion is expected to be a deterioration mode associated with
steel sleepers. Sleeper foot wear under repeated traffic loading can result in a
cutting and digging action with its crib surfaces. The ballast can be squeezed aside
forming mushrooming shoulders, allowing track settlement.

The figures 13 and 14 show the degradation in a timber and a steel sleeper.

Figure 13 Degradation in a wood sleeper. Figure 14 Degradation in a steel sleeper
below the rail support.

Degradation related to others superstructures components such as the rail fastenings and
sleeper pads can also occur. The rail seat pads used to attenuate the effect of the impact
loads on the concrete sleepers start to degrade after a certain time at service conditions.

(c) The SMARTRAIL Consortium 2014 12



This degradation have been studied by some authors (Kaewunruen & Remmenikov, 2005;
Grassie, 1989).

Due to the intrusion of fines, dust, and moisture into ballast layer, the area under rail pads
can also be worn, resulting in settlement of rail pads, looseness of fastenings and
degradation of sleepers. Tests in the USA indicated that up to two millimeters of abrasion
can be produced by 51 MGT traffic, and that harder rail pads causes more abrasion than
softer, rubber based ones (Reiff, 1993 and Zhang et al, 1997).

2.4 Factors affecting the track geometry

In the embankment-bridge transition zones, there are many factors responsible for the
change of the track quality (geometry). In these critical zones, the behavior of the railway
track is submitted to complex stresses that many time acts simultaneously. Stresses like
the thermic ones, acceleration, braking, bridge and embankments deformations, between
others, depending on the situations, can become expressive when combined together and
may lead to safety problems.

These stresses affecting the track geometry, the settlements tend to be progressive and,
along the time, increase its development due to the dynamic effects and cyclic settlements
induced by the trains as well as by the temperature effects.

Many authors have been researched about the mechanisms contributing to the differential
movement at track transitions. The studies has shown a great variability showing
conclusions related to the ballast and to the subgrade layers as the primary cause of the
track geometry degradation (Tutumluer et al, 2012).

There are many factors responsible for the beginning of the geometry change in the
transition zones. The principal factors associated to these transitions can be resumed to the
bridge-embankment stiffness difference, kind of the track over the bridge (ballasted or not),
number of trains, temperature effects between others (ERRI, 1999).

Sasaoka & Davis (2005), Dahlberg (2013), Agarwal & Miglani (2010), between others,
attributed track transition problems to three main factors: differential settlement, differences
in stiffness characteristics and discrepancies in track damping properties between adjacent
sections.

9 Differential settlement - where two segments of the track settles at different rate.
According to Agarwal & Miglani (2010) railroad bridges are built many times on deep
foundations and are relatively immune to subgrade settlement. In contrast, the
approach consists of granular material and has a large amount of settlement
compared with the bridge structure. The running surface deviation that develops in
this situation can contribute to high dynamic loads as high as three times the static
wheel load.

1 Track stiffness - abrupt stiffness change that occurs in the track transition. For
example, a concrete deck bridge with concrete ties can have a high track modulus
compared with the surrounding track.
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9 Track damping case - the track damping case addresses energy dissipation of high
dynamic loads. The track damping effect differs between different track
substructures at a track transition. For example, on a bridge approach, the energy is
dissipated through the track structure, subgrade and surrounding ground. On a
bridge structure, some energy is dissipated in the ballast layer, but in fact, a part of
the energy can reach the bridge structure.

Related to the stiffness difference, when a track is constructed over a bridge, this last one
acquires a bigger stiffness when compared to the track part over an embankment and at
the same load conditions, the embankment will suffer a bigger deformation. This
phenomenon will provoke dynamic loads that tend to increase the settlements. Thereafter,
in this region, when the passage of the trains, occurs the deterioration of the geometry by
the settlement or even the breakage of the ballast particles and consequently the decrease
of the elasticity increasing this way the dynamic loads.

According to Li and Davis (2005), track transitions problems, specifically problems at bridge
approaches, can be attributed to the following factors:

1 Vertical stiffness - An abrupt change causes the wheel to experience an equally
abrupt change in elevation because of the uneven track deflection. The change in
elevation causes vertical acceleration of the vehicle mass that generates an
increase in the applied loading. This mechanism can be self-perpetuating as the
dynamic loads increase the differential deformations leading to even higher forces
(Hunt & Winkler, 1997; TRANSIT, 2006).

The effect of the load increase depends on the direction of the train. When the train is
moving from a higher to a lower stiffness condition as the exit from a bridge deck, the
dynamic load is applied to the lower-stiffness track, increasing the rate of the granular
material settlement. This condition is characterized by the deterioration of the track
geometry, ballast migration and sleeper movement on the lower-stiffness track. When a
train is moving from a lower to a higher stiffness track, the load increase occurs on the high-
stiffness side of the transition over a short distance and is more as an impact loading. In
this situation, typical problems are rail surface fatigue, and sleeper and rail seat pad
deterioration. In addition to the track stiffness change, the damage potential at track
transitions is related to vehicle axle loads, speeds, and suspension characteristics.

1 Settlement - Even if the dynamic effects are minimal, at grade ballasted track may
inherently settle more than ballasted track on a structure or direct-fixation track,
creating a dip in the surface at the transition. This is especially true when the
structure abutment is built on a deep pile foundation where settlement is negligible.

Settlement of at-grade track can be highly variable because of geotechnical issues affecting
the subgrade performance such as low strength soils, deficient soil compaction, poor
drainage and erosion. Moreover, environmental factors such as wet/dry and freeze/thaw
cycles can also affect the subgrade behavior. The figures 15 shows the track settlement in
the case of trains moving from a higher to a lower stiffness condition while the figure 16
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shows the degradation in the sleeper in the case of trains moving from a lower to higher
stiffness condition.

Figure 15 Differential settlement of track- Figure 16 Cracked sleepers at deck
bridge approach region. bridge

In fact the settlements in the granular materials of the infrastructure as well as the
deformations in the superstructure components are influenced by the track operational
conditions, the geotechnical conditions of the involved materials in terms of compaction and
saturation between others.

In special is the case of the track-bridge transition zones where the adequate behavior of
the transitions can be affected also by the characteristics related to the bridges. According
to the ERRI (1999), the principal problems can be resumed as foundation and approach
geometry of the bridge, bridge movements, placements of dilatation devices and etc.

2.4.1 Operational conditions

The operational conditions are an important factor for the track degradation and can
influence the whole track behavior.

In general, higher speeds induce a higher load dynamic parcel providing higher values of
stresses for the track components while higher loads can contribute to the degradation of
the superstructure components (rails, sleepers, fasteni n g , pads, et cé)
stresses in to the granular materials layers. These stresses can provoke an increase of the
settlement values and specifically in the case of the ballast material can induce to the

degradation of its particles.

As commented, the speed of circulation increase induces higher stresses to the track
components increasing this way the dynamic parcel of the total load. The figure 17 presents
the relation between the dynamic coefficient (Cd) for vertical loads and the circulation
speed according to different theoretical equations (Bono et al, 1997;Pitta, 2006).
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Figure 17 Influence of the speed in the dynamic coefficient.

2.4.2 Geotechnics

The design of the tracing in the railway tracks is chosen in such way to obtain as much as
possible a balance between the material quantity from the excavation and the needed
material for the embankments thus enabling an optimization of earthworks.

This procedure can be problematic as it implies in the use of unsatisfactory materials that
can becomes unstable and provoke big settlements or even slopes, requesting over time a
permanent maintenance of the track with elevated costs.

Therefore, is vital an adequate selection of the embankment materials and the knowledge
about how this material has to be used (e.g. optimum density and compaction degree) in
order to obtain a proper mechanical behavior.

The traffic imposes a cyclic dynamic impact on the railways infrastructure. Dynamic impacts
are in general time-variable loads of limited duration with dominant elastic strains. Cyclic
impacts are long persistent with elastic and plastic strains. In the case when vibrations
(velocity and/or acceleration) are too big, plastic deformations are generated and even
stability problems can also occur.

In the granular material, due to the repeated loading of the material, the soil structure and
grain size distribution can be changed, resulting in additional plastic settlements. Dynamic
impacts cause degradation of grains. The grains fragmentation and abrasion leads to the
increase of the plastic deformations. Figure 18 shows a schematic diagram of the strains
developed within the grains (Gotschol, 2002; Neidhart & Schulz, 2011).
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Figure 18 Schematic diagram of the strains in the grains
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The settlements verified in the transition zones are one of the principal causes of the
deterioration of geometry of the railway track in these zones. These settlements can be due
to the consolidation of the foundation soil, granular material of transition region or even the
material of the ballast/sub-ballast including its degradation.

Related to the ballast layer material, it will suffer deformation if it is inadequately compacted
after a maintenance process or even along the traffic after a construction/renewal process.

In the transition zones due to the dras
formation of dynamic/cyclic efforts. These efforts have a great contribution for the ballast
grains degradation and as higher the dynamic affects, higher the ballast degradation rate
that will increase along the time the settlements in the transition zones.

The mechanical properties of the ballast particles have a fundamental contribution for the
wear and breakage process which can favor the decrease of the particles degradation
resulting in lower settlements.

The degradation of the ballast particles implies basically in the crushing of the grains in
terms of breakage/fracture and grain abrasion with consequent deterioration of the material
mechanical properties and is associated with particle rolling and slipping (i.e. deformation
and also fracturing of weaker grains under cyclic stresses). Basically the breakage of the
particle can occur in situations of low and high stresses levels while the abrasion occurs
independently of that.

According to Raymond & Diyaljee (1979), the process of degradation of ballast particles
due to wheel loading can occur in three ways: particle breakage in to approximately equal
parts, breakage of angular projections and grinding of small asperities. The figure 19 shows
an example of a degradation evolution in terms of angular projections breakage and
abrasion along 400 cycles in a Los Angeles abrasion test.
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Figure 19 Degradation evolution in a Los Angeles test.

Under degradation, the ballast sharp edges and corners break due to high stress
concentrations at the contact points between adjacent particles reducing the angularity and
the angle of internal friction (hence, shear strength). This process is continuous and the
fines generated add to those resulting from the expected weathering of ballast grains under
harsh field environment.

According to Lu (2007), the description of breakage given to each patrticle relies heavily on
visual observation and requires a measure of personal judgment.

Indraratna et al. (2005), Lackenby et al. (2007) and Aursudkij (2007) showed that most
ballast degradation is not attributable to particle splitting, but is instead primarily the
consequence of corner breakage.

TRANSIT (2006) reports results on freight railroad transition problems. The figure 20 shows
a comparison of tests results on average track settlement on four ballast deck railroad
bridges and their approaches while figure 21 shows the development of track settlement in
the approach areas (Li and Davis, 2005). The approaches regions experienced more track
geometry degradation than the tracks on the bridges and the open tracks (track settlement
on bridges was approximately one-third of the settlement of the bridge approach).
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Figure 20 Cumulated track settlement. Figure 21 Settlement in the approach
areas.

About the foundation (sub-grade) layer of the railway track, it is submitted to static
settlements, from the adjacent layers and also from the induced overloads by the trains
circulations and is responsible for the transmissions of the efforts to the natural terrain.

Subgrade settlements tend to increase along the time due to the dynamic effects and to the
consolidation.

The foundation is particular important to ensure the track quality needed in order to
guarantee the suitable safety and comfort conditions during the trains circulations.
However, the developed efforts, to attain appropriates comfort levels are focused in the
superstructure and many times is ignored the fact that the changes in the track geometry is
greatly affected by the problems that that can develop at foundation level (ERR, 1999).
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The various problems at the foundation level are developed at different ways on new and
existed tracks. In the news constructions, the design of the foundation is done in function of
the expected load per axle as well as the kind of the applied sleeper and the thickness of
the various constituent layers of the track. On the other side, in the existed tracks, the
situation is a bit different as these tracks in the case of increasing load and circulation
speed will experiment a significant increase of the stresses at the foundation. This way, will
occur a premature deformation of the foundation material that can conduct to a change in
the track geometry, implying in a frequent maintenance of the track (da Silva, 2010).

Referring to the dynamic and cyclic settlements, produced when the traino
are basically, two kinds of problems in the foundations: problems due to the ruptures by the
progressive cut of the foundatgisoniand htehd ofuodma
(e.g. soft soils). The figure 22 and 23 shows schematically the ruptures through progressive
cut and formation of ballast fAbagsodo in the foun

Original
foundation
surface

Figure 22 Rupture through progressive Figure 23 Ballast bags presence at soft
cut. soils foundation (transversal section).

The repeated overloading causes the located compaction in the foundation with consequent
soil deformation, becoming inevitable the genesis of an instability that tends to increase
affecting the track geometry. In the case the soil present excessive plastic deformation, in
the presence of soft soils, the excessive overloads will induce in the foundation soil
successive ballast bags that along the time can concentrate water, increasing this way the
soil water content/degree of saturation with a consequent decrease in the soil resistance
(da Silva, 2010).

In order to accurate measure the cyclic stresses and deformations in the Infrastructure
profile track, precision instruments as pressure cells, displacements transducers, settlement
pegs between others can be used.

Others problems related to the geotechnics can also occur along the railway tracks.
Landslide of the granular material from the tracks is a particular problem of old tracks.
These railways were normally constructed with local materials, sometimes with high slopes
and in this case, landslides of the granular layers can be induced by exceptional conditions
of higher loads per axle as well as circulation speed increase.

The hydrological conditions can also affect the mechanical properties of the foundation
granular material. The water is a factor that directly influences the proper behavior of the
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foundation materials and this way, is considered to be a detrimental factor for the track
stability.

The amount of water in the granular layers modifies the stress state of the soil. The
increase in the degree of saturation provokes the decrease in the suction pressure and
consequently in the water retention characteristics of the soil. In this case the shear
strength will also be reduced and its permeability changed.

The drainage system is a fundamental element in the railway track design. The water must
be properly directed to its extraction to avoid its accumulation, otherwise, the earthwork
granular material can has its mechanical strength decreased with a consequent decrease of
the bearing capacity leading to the possibilities of great deformations or even resulting in
landslides.

Basically, the drainage system has as functions receive and forward the rainfalls water over
the platforms, the water from the slopes and hydrographic micro basins and eventually
some subterranean water.

The first two cases are treated using longitudinal drainage devices applied along the track
lateral limits and in a shallow depth while the subterranean water requires that the devices
possess a certain depth to be able to collect the water.

In the transition zones, in the case of a bridge approach, the drainage system must prevent

the excessive hydrostatic stresses in the bridges abutments. In the absent a drainage
system or even when ités inefficient, probl ems
particles), volume variation (e.g. some clay minerals), and some times, freezing can occur

(ERRI, 1999).

Currently, therebébs a growing concern to provid
tracks either through the longitudinal devices or even transversal (e.g. bridges approaches).

In the bridges approaches, normally the drainage system is constituted by geosynthetics
(drainage membranes) protected by the granular material that are placed in the abutment in
order to forward the water to a transversal drain. This one is usually placed close to the
approach foundation and has as main function direct the water to the longitudinal drainage
devices.

At some regions, the temperature has also an important role in the behavior of the track
granular layers. The effect of the freezing/thawing can provoke a variation of volume of the

constituentds materials | eading to the instabil
materials. This phenomenon is particular of the zones with low temperatures.
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2.4.3 Settlement phenomenon

The track vertical settlement is a phenomenon that can leads to consequences as the
geometry deviation. When a track is loaded by the weight of the train and, superimposed to
that, high-frequency load variations, the ballast and subground may undergo non-elastic
deformations. When unloaded, the track will not return exactly to its original position.

After thousands of passages, all these small non-elastic deformations will add, differently at
different parts of the track, providing this way a new track position and the track alignment
and level will change with time.

The track vertical deformations (settlements) are added by the components from the
subsoil, the embankment itself and due to the traffic (dynamic impact). The different
components occur at different times, but are also superposed.

The settlements from the subsoil can be calculated according to the geotechnical principles.
These settlements decrease with the time depending on the permeability of the subsoll
material (consolidation process).

The settlements due to the traffic (dynamic impact) are mainly dependent on the stiffness of
the upper layers under the rails while the settlements of the embankment itself summarize
all the vertical deformations between the top and the bottom of the embankment during the
life cycle.

Related to the ballast, normally, old layers are in a more dense state due to the traffic
circulation and will suffer less deformation than ballast recently placed, provoking this way,
differential settlement.

This differential settlement leads to consequences in the track geometry. Depending on the
infrastructure conditions, the wavelength of the track irregularities will be of the order of
meters up to hundreds of meters. The uneven track will induce low-frequency oscillations of
the train. Succeeding, the track load variations will increase and so will the track settlement.
Especially, the transition area from an embankment to a bridge is a place where track
settlements use to occur. The figure 24 shows an example of a track longitudinal level
where can be seen larger settlements occurring near the transition zones along the track

(Dahlberg, 2013).
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Figure 24 Example of a track longitudinal level.
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In spite of different factors being identified as most critical affecting the differential
movement at track transitions, a general consensus exists regarding to the settlement
mechanisms.

Railway track will settle as a result of permanent deformation in the ballast and/or
underlying soil layer. The settlement is caused by the repeated traffic loading and the
severity of the settlement depends on the quality and the behaviour of the ballast, the sub-
ballast, and the subgrade. Basically, the track settlement occurs in two major phases:

The first one is directly after tamping, when the track position is adjusted to a straight level
and the settlement is relatively fast until the voids between the ballast particles have been
reduced and the ballast is consolidated.

The second phase is slower, having a more or less linear relationship between settlement
and time (or load). It is caused by several mechanisms of ballast and subgrade behaviour:

1 Continued volume reduction, with densification of the ballast and subground, caused
by the particle rearrangement produced by repeated train loading,

1 Sub-ballast and/or subgrade penetration into the ballast voids. This causes the
ballast to sink into the sub-ballast and subgrade material and the track level will
change accordingly,

1 Volume reduction caused by the ballast degradation from train loading and/or
environmental actions. The ballast particles may fracture (two or more pieces) or
suffer abrasion at contact points with other particles (rounding trend).

Related to the inelastic behaviour of the ballast and subgrade materials, it can be said that:

1 Due to micro-slip between ballast particles at loading, all deformations will not be
fully recovered upon unloading the track (inelastic recovery on unloading). In this
case, the permanent deformation is a function of both stress history and stress
state.

1 The ballast and subgrade particles can move away from under the sleepers. This
causes the sleepers to sink into the ballast and subgrade.

9 Lateral and possibly also longitudinal movement of the sleepers causing the ballast
beneaththesleeper s t o be Apushed awayodo and the sl ee
ballast.

Concerning the volume reduction or densification caused by particle rearrangement
produced by repeated train loading, it could be mentioned that the train load also may have
an opposite effect. Due to the elastic foundation, the train load will lift the track (rails and
sleepers) in front of and behind the loading point, thus reducing or eliminating the preload
(the dead load) caused by the rails and sleepers on the ballast. On the same time, due to
the dynamic high-frequency train-track interaction forces, waves will propagate from the
wheel-rail contact patches, either through the ballast and subgrade or through the track
structure, to the region with the unloaded ballast. These waves will normally propagate
faster than the train, giving vibrations in the unloaded ballast. This, in turn, may cause a
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rearrangement of the ballast particles so that the density decreases. As a result, this may
cause a lift, at least temporarily, of the track (Dahlberg, 2013).

2.4.4 Tamping procedure

A track under repeated load from traffic progressively deform both vertically and laterally
causing deviations from the designed geometry. The ballast particles rearrange and
gradually induce an inhomogeneous settlement of the track. These deviations are not
regular and because of this, the ride quality decreases, increasing the dynamic loads and
consequently the geometry deterioration of the track (Selig & Waters, 1994).

In order to correct the geometry, a process of lifting and laterally adjusting to the desired
geometry while rearranging the upper portion of the ballast layer to fill resulting voids under
the sleepers is implemented (tamping process). The adjusting of the geometry is done by
insertion of vibrating tamping tools into the ballast between the sleepers and then is
squeezed together beneath them. According to Selig & Waters (1994), the tamping process
is the most effective way of correcting geometry faults and can be divided in the phases of
penetration, squeezing and lift.

However, the tamping process is considered to be a destructive method because the action
of the tamping tools can causes some particles breakage and abrasion and so, the use of
the method leads to a state of ballast consequent degradation accumulated until the ballast
material reaches the end of its useful life. During the tamping actions, the penetration of the
vibrating tines into the ballast causes a progressive rupture of the grains creating smaller
particles. The reoccurring process can be termed as the ballast maintenance cycle.

Aursudkij (2007) concluded that the insertion of the tamping tines breaks large aggregates
in several pieces producing a granulometric variation and more significant damage while
squeezing causes wear on the aggregate particle surface as it happens during traffic
loading. Moreover, the traffic loading and squeezing action of the tines generally produce
similar amount of degradation and cause lower degradation than tine insertion. The ballast
samples degradation related to the tamping were always greater than those related to
traffic.

According to AAR (1990) the effect of tamping on the generation of ballast fines can be
significant. Since the tamping represents the most common of the maintenance techniques
used by railways to restore and maintain the vertical geometry of the track structure, this is
of particular importance to railways in planning their ballast maintenance programs.

A series of in-track tests were performed at the Transportation Test Center (TTC) in order
to study the effect of tamping on ballast degradation under a heavier axle loads prevalent in
the U.S. through the use ballast boxes located under the sleepers. The effect of the
tamping (number of tamping squeezes) was evaluated by monitoring the gradation of two
different ballast materials (limestone and granite) before and after tamping. The results
showed a lower degradation in the case of the harder granite ballast in relation to the
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limestone but at both cases, a distinct difference change in the gradation after subjected to
10 and 20 tamping squeezes was detected, with the number of fine material (passing in the
166 sieve) i paotly @ dath casps. Bhe figaré 25ishows the amount of fine
material generated by tamping in both tested materials where the harder granite material
produced approximately 40 to 50% less fines than the softer material.

Figure 25 Fine granular material produced by the number of tamping procedures for
limestone and granite ballast material.

The figures show that thereds an almost | inear
squeezes and the percentage of fine ballast particles. However the authors does not
provide informationbs about the tamping par amet

forces, frequencies and etc. As a general rule, according to the authors, the tamping
process seems to produce one to two pounds (0.45-0.9 Kg) of fine material per squeeze.

2.5 Conclusions

The track structure degrades along the traffic and maintenance actions. This degradation is
due to the <cyclic |l oad i mposed by the trainé
infrastructure and superstructure components resulting in geometric deviation.

In special, is the case of the transition zones where the deformations are found to be bigger
due to the abrupt change in the stiffness condition between the involved track parts (e.g.
track-bridge approach).

The geometric deviation is affected by the operational conditions, the infractructure and
superstructures components state, geotechnical condition of the infrastructure,
maintenance procedures between others.

The infrastructure deformation occurs at both sub-grade and ballast layer. However, the
ballast layer is more affected by deformation and degradation since it receives directly the
load and is affected by particle breakage and abrasion processes that can lead to an
increase of the settlements along time.
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