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Executive summary

The present document, as main deliverable for task 4.3 “Improvement of tunnels and bridges”,
strives to compile the results achieved in the different proposed research approaches to the
subject of prolonging the life and enhancing the capacity of existing railway tunnels and bridges,
as well as their adjacent transition zones.
Furthermore, the task at hand has also focused on enhancing the understanding of the dynamic
behaviour of high speed rail bridges in order to prepare the way for an optimized, cost-effective
and reliable bridge design methodology and code.
Chapter 5 approaches the recurrent problems of plain track to bridge transition zones by
studying the available literature on the most plausible root causes in accelerated transition
degradation and, based on a transient structural FE model designed to capture the most
common load related transition-specific degradation mechanisms, proposing a narrative
hypothesis as to what causes these areas to progress from a state of meta-equilibrium (in which
degradation is slow and commensurate with that of adjacent open track) to a post-equilibrium,
accelerated degradation state, and a second hypothesis as to what causes historically wellperforming transitions to suddenly turn recurrently problematic. Additionally, the FE model is
proposed as a tool for adjusting the vertical stiffness of the transition to achieve minimal vertical
movements in the axles, thus mitigating the studied degradation mechanisms.
Chapter 6 addresses the loss of drainage functionality in tunnels due to clogging and strives to
develop means to effectively prevent, delay and, if all else fails, detect and remove the scale
deposits that are the main cause of the clogging. The developed research starts from a literature
review on the root causes and known processes by which the scale deposits appear paired with
a benchmark of problematic tunnels in France and Austria, progresses to an experimental phase
in which data are recovered from a wide range of tests and samples, and ending with the
interpretation of the aforementioned data, validation or rejection of the proposed mitigation
measures, and plan for demonstration of the most promising concepts.
Chapter 7 covers a wide range of bridge-related structural health and capacity issues together
with proposed minimal disturbance solutions and actions for the capacity upgrading and life
extension of bridges: sections 7.1, 7.2 and 7.3 develop tailored solutions using carbon fiber
reinforced polymer add-ons to improve the shear capacity of concrete bridges, extend the life
of fatigue-prone details in steel bridges and strengthen concrete structural elements versus
fatigue loads, respectively, while section 7.4 proposes techniques to reinforce old steel and
masonry arch bridges and spandrel walls and section 7.5 focuses on enhanced techniques to
replace insufficient or damaged structural elements.
Chapter 8 strives to gather enhanced knowledge on the dynamics of rail bridges in order to
propose new design norms and directives for high-speed low-cost bridge design in the coming
future. Two different perspectives are applied to the subject: in section 8.1, an ad-hoc bridge
excitator has been designed, built and tested with the purpose of exploring the dynamic
response of bridges in a wide range of frequencies and amplitudes, while section 8.2 presents a
study on the actual impact loads measured by wheel impact load detectors, together with a
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statistic model designed to generate random traffic load sequences commensurate with the
collected load data, thus allowing a revision of current railway bridge design loads.
Finally, chapter 9 collects the main conclusions from all previous chapters and proposes specific
inputs for the demonstration of developed technologies in future Shift2Rail projects.
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Terms, Acronyms and Abbreviations

2.1 Terms
Aramid fibers are a class of heat-resistant and strong synthetic fibers used in aerospace and
military applications. The name is a portmanteau of "aromatic polyamide".
Infrastructure manager is the organisation responsible for the management of railway lines
and related structures. (Use style Definition, mark the term in bold and write the explanation
as continued text.)
Joint Undertaking is a collaboration of two or more companies to undertake a common
project or to pursue a specific objective.

2.2 Acronyms and abbreviations
ACI .............. American concrete association
AFRP ........... Aramid fiber reinforced polymer
CFRP............ Carbon fiber reinforced polymer
CIRIA ........... Construction industry research and information association
EBR ............. Externally bonded reinforcement
EIT ............... Electrical impedance tomography
ERT.............. Electrical resistivity tomography
FRP.............. Fiber reinforced polymer
GFRP ........... Glass fiber reinforced polymer
GPR ............. Ground-penetrating radar
HDPE ........... High density polyethylene
HSL .............. High speed lines
IM ............... Infrastructure manager
JU ................ Joint undertaking
MDR............ Modular railway drainage flushing system
NSM ............ Near surface mounted
PP................ Polypropylene
RC ............... Reinforced concrete
RFID ............ Radio frequency identification
SFRP ............ steel fiber reinforced polymer
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SPMT .......... Self-propelled modular transporter
SSD.............. Standard design and details
uPVC ........... Unplasticized polyvinyl chloride
WILD ........... Wheel impact load detector
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Introduction

The present document constitutes the main deliverable for task 4.3 “Improvement of tunnels
and bridges. Said task’s main objective was to develop techniques and methodologies to
enhance the capacity and prolong the life of existing railway tunnels and bridges, and to that
effect several research approaches and focus points were pursued. The result of the research
work performed is compiled in this deliverable
Given the vast inventory of existing bridge and tunnel assets (>200.000 bridges and >3000 km
of tunnels over 1000 m long in the EU) , the ever growing demand for higher capacity in terms
of availability, speed and axle loads, the fact that replacing or refurbishing said assets is a costly
and highly disruptive endeavour when at all possible, and last, but not least, the fact that the
majority of existing bridges and tunnels is over 50 years old and thus approaching their end of
life and designed under quite different circumstances, the need for researching and developing
better, less disruptive methods to extend the life and capacity of bridges and tunnels appears
to be self-evident.
To that extent, several parallel work streams have been pursued, exploring the most prominent
issues currently encountered by Infrastructure Managers during the exploitation of their bridge
and tunnel assets and striving to develop solutions and mitigating strategies for the identified
problems. The list of subjects is shown below:







Transition zone in-depth study
Tunnel drainage clogging: comprehensive studies and enhanced prevention and
maintenance
Structural reinforcement of concrete bridges vs shear using Fiber-Reinforced Polymers
(FRP)
Life extension of fatigue-prone details in steel bridges using FRP
Structural reinforcement techniques for masonry arch bridges
Component replacement techniques for steel bridges

Furthermore, and due to the growing preponderance of higher and higher operation speeds and
the subsequently growing expenses due to an (according to a growing number of voices in the
IM technical and community) overly restrictive bridge design code, the task at hand has also
focused on enhancing the understanding of the dynamic behaviour of high speed rail bridges in
order to prepare the way for an optimized, cost-effective and reliable bridge design
methodology and code.
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Objective and aim

The main objective of task 4.3 is to develop new repair, strengthening and upgrading techniques
which result in reduced traffic disruption and fast installation with short track access time.
As stated in the introduction, bridges and tunnels are critical assets that strongly condition the
capacity of a network, and the vast majority of currently existing bridges and tunnels are old,
not designed for the ever growing structural demands of railways and difficult to repair, upgrade
or replace.
Thus, if the European rail sector is to achieve the stated goals respect to increase of reliability,
capacity, operational speed and safety, novel repair, upgrade and maintenance ideas and
concepts must be brought forth.
Task 4.3 is described as follows in the Grant Agreement:
Repair and upgrade methods for both bridges and tunnels will be developed. Basic requirements
will include fast, incremental deployment, low traffic disturbance and a relevant increase of
expected lifetime of the asset through the enhancement of fatigue and structural capacity.
Enhancement will be achieved, on the one hand, from the mitigation of known damage causes
such as pressure increments caused by blocked drainage, or exacerbation of dynamic effects due
to faulty transition zones, while on the other hand own structural capacity of the assets will be
upgraded by means of external reinforcements both increasing resistance and replenishing
fatigue consumption.
Based on the first full-scale testing on bridge dynamics, preliminary recommendations on models
to be used in dynamic analysis will be proposed.
Specific Tasks:






Methods for maintenance work with drainage of tunnels and central gutters
Transition zone design guide
External FRP shear reinforcement methodology
External FRP fatigue reinforcement methodology
Develop recommendations for dynamic assessment

Task 4.3 in general, and this deliverable in particular, aims to advance in the development of
these novel techniques, pushing their Technology Readiness Level (TRL) as far as feasible under
the budgetary and time constraints, striving to at the very least present proof of concept at
laboratory scale, and paving the way for full scale demonstration under relevant operative
environment in future Shift2Rail endeavours.
Specific chapters dedicated to each of the stated research foci are present in this deliverable,
documenting to what extent have the objectives of the task been met.
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Transition zone diagnostics and damage mitigation

It is commonly accepted knowledge that the main driver for track degradation is the passage of
trains, and, more to the point, the load that said passage transfers to the track and its supporting
layers. To that extent, overwhelming evidence is available on the correlation between geometric
degradation of the track and total tonnage of traffic.
This appreciation, though, does not as of itself shed much light on the reasons behind the
accelerated deterioration track suffers recurrently in a series of areas, compared to the rest of
the track that experiences the same traffic.
The first approach to the subject could be to theorize that, for whatever reasons, the load
transferred from the passing trains to the supporting track is, in fact, not constant and
dependent of the mass of the trains, but variable due to other not previously considered factors:
in fact, it is also commonly accepted knowledge that overimposed on the reasonably constant
(or, as it is often referred to, quasi-static) load, the vibration of track itself, train suspended
masses and wheels as they suffer imperfect contact with the rail surface that supports them
causes an oscillating variation in total transferred loads: the dynamic component of the load.
Variations in vertical stiffness of the track due to its inherent heterogeneous nature, among
other factors, are known to excite the suspended mass of passing trains causing in turn the
dynamic variability of the vertical contact forces, and said excitation and subsequent growth in
the dynamic component is believed to be more dire in sections where the vertical stiffness of
the track changes drastically in a short span of time: most often, in transition zones between
track sections with very different characteristics, such as ballast to slab, ballast to switches and
crossings (S&C) and ballast to bridges/tunnels.
Yet, once again, this approach fails to explain why certain transition zones seem to degrade
within reasonable parameters, others degrade at an unacceptably accelerated rate, and yet
others behave properly at the beginning of their service life and suddenly start to speed up their
degradation rate to the point where mere standard maintenance actions are no longer a viable
or affordable strategy.
The objective of this task is to dig into the root causes of accelerated degradation in transition
zones, striving to shed light on the mechanisms that govern the changes in transition zone
degradation behaviour.

5.1 Root causes in accelerated transition zone degradation
Given that settlement is basically a plasticity phenomenon, ultimately it is related with the field
of strains imposed on the ballast bed and substructure by the passage of trains, and
consequently, with the pressure distribution between sleepers and ballast.
Thus, the ultimate sources of accelerated settlement in a specific location are two: either the
apparent elastoplastic properties of the substructure as a whole are decaying faster, or the
pressure transmitted in the sleeper-ballast interface is growing (or, most likely, an indefinite and
co-dependent mix of the two).
GA H2020 730841
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5.1.1 Causes for substructure performance-caused degradation
Substructure performance presents two differentiated and widely accepted phases, the
compaction or consolidation phase, and the post-compaction phase.
Compaction causes a fairly rapid but limited settlement accompanied by enhancements in
substructure performance. Post-compaction, on the other hand, is characterised by a more
gradual accrual of settlement, mostly caused by the decay in substructure performance.
It is worth to notice that the settlement mechanisms described further down may all be active
to a certain extent in both phases; yet the influence of consolidation in the post-compaction
phase is comparatively negligible, while its effects during the initial compaction heavily
outweigh other substructure-related mechanisms.
Substructure consolidation
First and foremost, the substructure shall inevitably suffer from a certain amount of
consolidation at all levels, ballast, sub ballast and subgrade. Even though this inevitable
phenomenon is greatly reduced through good compaction during the construction phase, a
certain amount of permanent settlement is unavoidable, especially given the difficulty of
achieving optimal compaction in the vicinity of the abutments and tunnel portals.
Consolidation below the ballast bed is normally a transient problem, only to be found in recently
constructed or renovated tracks. The recurrent consolidation issues are, in fact, mostly focused
on the ballast bed, given that it is once again loosened with every tamping operation. Yet even
these may be assumed to be limited in their effect on track degradation: after tamping, ballast
shall rapidly tend towards its consolidated state, and the influence of compaction processes in
any further degradation becomes secondary.
Substructure performance decay
In absence of site-specific factors, substructure performance decay is mostly due to the
deterioration of the ballast bed: confinement loss and ballast attrition/fouling.
Loss of ballast confinement due to lateral flow results in accelerated degradation: studies on the
effect of lateral confinement in the permanent axial strain of ballast under cyclic loads by
(Lackenby, 2007) showed that after 1.000.000 cycles of large-scale triaxial compression tests
using different several confining pressures and deviator stresses, a significant reduction of final
axial strains was observed with increasing confinement pressure, while lateral confinement
below 10 kPa resulted in permanent geometric instability for the studied load.
Ballast attrition can be described as the result of particles suffering cumulative damage due to
both train-induced cyclic loading and tamping operations. Ballast particles lose their natural
asperities through grinding with each other, suffer the breakage of angular corners and even
may split into fragments due to crushing forces.
Reduced roughness implies less friction and thus a smaller plastic threshold (assuming elastic
deformation occurs while frictional forces are enough to prevent relative sliding between
particles), while changes in ballast gradation due to particle breakage substitute the strong
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imbrication of ballast particles in the matrix with the much weaker cohesion and friction
between particles and fouling material.
Ballast fouling is mainly a consequence of the previously mentioned attrition, as said
phenomenon is the cause of up to 75% of the fouling material obstructing ballast bed voids and
reducing its performance. Other relevant sources of fouling come from infiltration from the subballast, subgrade and other granular layers, infiltration from the ballast surface, and particles
from concrete sleeper wear.
It has also been observed that the influence of fine particles in the behaviour of the ballast bed
significantly exceeds that of greater fouling fractions, to the point where (Selig & Waters, 1994)
propose to characterize fouling through the fouling index (FI), that takes into account the % of
particles passing through the 4,75 mm and 0,075 mm sieves, thus counting fine particle
percentage twice.
But there’s more: while mere dry fouling of the ballast bed can increase settlement by up to
100%, the real risk of fouling resides in the dramatic effects observed on wet, fouled ballast. Han
and Selig (1997) investigated the effects of moisture content on fouled ballast, observing that,
while dry ballast fouled with clay-size particles experienced increased settlements after 100.000
load cycles of no more than 45% even with a FI of 40, the same ballast would experiment up to
a 350% increase in settlement when merely moist, and became unstable when thoroughly wet
(experiencing settlement increases over 1000%, even with FI 30).

5.1.2 Causes for increased sleeper-ballast pressure
Increased pressure in the sleeper-ballast interface is the other causal family of track geometry
degradation. Given that pressure is ultimately the result of distributing force through a contact
area, increased pressure may either be caused by an increase in transmitted loads, or by
anomalies in the contact area resulting in stress concentrations.
Increase in transmitted loads
Assuming that mass and thus weight are fairly constant for a given train, it seems a reasonable
working hypothesis that any variation in transmitted loads is by origin necessarily dynamic. That
is, increases (and decreases) in transmitted load are caused not by the mere quasi-static
transmission of weight, but by variations in the momentum, both linear and angular, of the
different train elements. In other words, load variations are inertial in nature.
Attending to the suspension level in which the momentum change is concentrated, three
different root causes for dynamic load increments may be found.
Wheel-rail impact appears mainly due to sudden changes of vertical momentum in the nonsuspended mass, that is, at axle level. Rail surface defects, wheel flats and rail joints may cause
sudden and short-lived loss of contact and subsequent percussive impact in the rail-wheel
interface, causing high-frequency, high intensity dynamic loading peaks: bad rail joints may
cause apparition of peaks that triple the static load, while wheel flats may cause an even greater
increase that could in extreme cases produce peaks more than five times the static load.
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However, such high frequency, high intensity loads mostly affect track superstructure, and its
effects on degradation mostly come as secondary effects of superstructure element malfunction
and breakage.
Train oscillations appear due to the excitation of suspended mass, mainly at the secondary
suspension level, caused by random stiffness variations, longitudinal and vertical geometry of
the track (curves, ramps, changes in cant), and differential settlements. All these phenomena
cause the suspended mass of the train to experiment forced, damped oscillations, responsible
according to the observations by (Plotkin & Davis, 2008) and (Fröling, 1998) responsible for a
load variation of up to ±15%.
This phenomenon is understood to be the main cause for track and ballast degradation in open
track, but its effects are not especially severe in transition zones, so root causes for accelerated
degradation shall most likely lie elsewhere.
Rapid changes in axle elevation appear at specific sites in which either the vertical stiffness of
the track or its vertical geometry (or, quite often, both) change fast enough to imprint a sensible
increment in angular velocity to the bogie, which in turn causes bogie load distribution to shift,
unloading one axle and overloading the opposite.
Given that both rapid stiffness changes and vertical geometry changes are typical of transition
zones, this phenomenon is considered to be the main contributor to accelerated degradation in
transitions.
Increased stress concentrations
For a given train load transmitted to the ballast via the superstructure, it is common practice to
assume that load shall be distributed between 5 to 7 sleepers, and that maximum sleeper load
concentration is in the range of 30-50% of the transmitted load.
In turn, said load is assumed to be transmitted to the ballast more or less symmetrically,
concentrating beneath the rails and tapering towards the sleeper ends and center, assuming
sleeper support to be fairly homogeneous. Even if contact between sleeper and ballast is
obviously partial and imperfect to start with, contact closes gradually under fairly reduced
seating loads, and further load increments are transmitted through a fully functional interface.
Stress concentrations and dynamic amplifications crop up wherever the previous assumptions
do not hold: it is the case of unsupported or unevenly supported sleepers.
As a consequence of localized differential settlements in the ballast bed and the flexural stiffness
of the superstructure, isolated sleepers are left partially or totally hanging from the rails even
after the seating loads have closed the gap of the surrounding sleepers.
The immediate effect of a poorly supported sleeper is a non-linear loss of vertical stiffness and
partial transfer of its share of the load to the adjacent, better supported sleepers. Additionally,
when the gap finally closes under load, an impact ensues, damaging the ballast surface,
broadening the gap and increasing ballast degradation and fouling.
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The previously described process contains the seeds of further degradation, as repeated impacts
magnify the effects of the transmitted load and broaden the gap, while extra load assumed by
adjacent sleepers also causes localized accelerated settlement.
Unsupported sleepers are a recurrent phenomenon in transition zones due to the differential
settlement between open track and abutment (causing a “bump”), and the localized load
increases that favour the appearance of additional localized settlement in the approach (causing
a “dip”).

5.1.3 Feedback loops in concurrent root causes
Accelerated settlement root causes are not merely independently concomitant. Quite the
contrary, the effects of several different mechanisms interact synergistically creating feedback
loops that produce even faster degradation.
In fact, well-performing transitions could be defined as those able to acquire a long term
equilibrium state in which no concurrent root causes provoke an amplification cycle, while badly
designed or underperforming transitions would be those that, shortly after reaching their
equilibrium state or even in total absence thereof, enter into a rapidly accelerating degradation
process.
For example, the nigh-unescapable consequence of substructure compaction is the formation
of a bump. Given that, no matter how carefully engineered, open track will naturally tend to
settle more than the bridge abutment or tunnel portal, axles shall experience a fast change in
elevation when passing from the settled track, through the transition and towards the fixed
vertical point of the abutment/portal, and yet another when leaving the bridge or tunnel and
returning to open track.
What’s more, and given the inherent difficulty of properly compacting, tamping and stabilizing
a transition, combined with the dynamic effect of the bump on the approach, it is also common
that settlements are indeed greater in the transition than in open track, causing the apparition
of a dip.
In turn, the unresolved differences between rail and ballast geometry could give birth to badly
supported sleepers, which would accelerate ballast degradation and fouling, accelerate localized
settlement in the adjacent sleepers, and thus gradually deepen and widen the dip, magnifying
its effects on both dynamic loads and stress concentration.
In parallel to the chain of events potentially unleashed by compaction (and thus adding and
enhancing its effects), a steep change in vertical track stiffness will cause fast changes in axle
elevation as the axle moves from a relatively soft track allowing considerable vertical
deformation to a much stiffer (and thus, higher when deformed) point, causing the previously
described unloading of the higher axle and loading of the lower axle.
The chain of consequences is much similar to the one previously described, with augmented,
localized load facilitating the appearance of differential settlements and badly supported
sleepers, which in and of themselves could amplify the vertical stiffness gradient.
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Other factors add to the mix and further accelerate degradation: badly performing drainage in
the abutments, or intense rain in combination with partially fouled ballast bed can speed up
degradation by 1000% while the ballast remains wet, and that’s not taking into account the
effects of bad drainage in subgrade performance; uneven support of sleepers may facilitate
lateral flow and cause loss of confinement; specific defects or irregularities (such as rail joints)
may damage or break superstructure elements and favour further stress unevenness and
dynamic load amplification…
Thus, the need for a comprehensive diagnostics toolkit that approaches the accelerated
settlement problem from several different identifiable and quantifiable perspectives, while at
the same time requiring reduced on-track time and resources consumption.

5.2 Transient modelling of a high speed transition
In order to reproduce and better understand the well-known phenomenon of bump formation
in the access to bridges and investigate the dynamic effects of high speed, highly damped trains,
a transition from plain track to bridge was modelled using the Finite Element method.
Given the previously mentioned mechanisms for accelerated attrition of transitions, the model
was designed to reflect the most influential causes of increased ballast pressures: vertical
geometry differences between fixed and floating geometry due to consolidation, poorly
supported sleepers, train oscillations, changes in vertical stiffness and bogie dynamics.
Said model is also to be the prototype of the tool to be used for the fine-tuning of vertical
stiffness in transitions.

5.2.1 General description
The 4D model represents a track section composed of 9000 mm (15 sleepers) of plain track,
18600 mm (31 sleepers) of transition track and a simply supported, single span concrete bridge
with a total length of 17600 mm (29 sleepers) including the abutments.
Additionally, a Siemens ICE3 bogie has been modelled, including primary and secondary
suspension mechanisms and masses. For simplicity, the car box, bogie and axles have been
considered rigid, while the wheels have been modelled as flexible 10 mm thick contact coronae,
conical in shape with 1/20 conicity, solidly attached to a rigid element representing the rest of
the wheel.
In order to reduce computational cost and complexity, longitudinal symmetry was assumed.
Thus, the model is not able to reflect the effects of bogie hunting/nosing, track twist, or train
dynamic effects along the longitudinal axis.
A complete view of the FE model can be seen below, in Figure 1.
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General view of the transition zone model

5.2.2 Track elements
The following paragraphs describe the geometry, physical properties, modelling strategy and
mechanical behaviour of the different elements composing the track model.
In order to describe the relative position and orientation of the different elements of the track
and their properties, the following frame of reference shall be used:
 Coordinate origin is placed on the intersection between the model symmetry. plane, the
horizontal plane containing the initial rail-wheel contact point and. the vertical plane
containing the rightmost rail face.
 X direction is set perpendicular to the symmetry plane (positive is “left”).
 Y direction is set parallel to gravity (positive is “up”).
 Z direction is set parallel to track axis (positive is away from abutment, “left”).
Steel rail
The steel rail is a simplified model of the UIC60, in which the rail foot and wheel-rail contact area
are modelled using solid elements, while the web and head are modelled as shells. To avoid the
stress concentrations expectable in the solid-shell interfaces, rigid constraints were applied
between the web base and the adjacent rail foot faces and between the head shell upper side
and the three lower faces of the wheel-rail contact area.
Resulting flexural behavior deviates from theoretical UIC beam behavior by less than 1%, while
compressive behavior deviates by less than 3%.
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Figure 2

Model of steel rail

Mechanical and geometric properties of the steel rail are captured in Table 1.
Table 1

Mechanical and geometrical properties of the rail
Material density

7850 kg/m3

Young’s modulus

200000 MPa

Poisson’s ratio

0,3

Yield strength

500 MPa

Length

44700 mm

Foot width

150 mm

Web thickness

16,5 mm

Head width

75 mm

Total rail height

172 mm

Fastening system
The fastening system is modelled as a combination of linear springs and bushing joints, assuming
the following simplifications:
 Fastening clips are modelled as pairs of preloaded linear springs connecting the upper
face of the sleepers with the upper faces of the rail foot.
 Railpads are modelled as bushing joints connecting the upper face of the sleepers with
the lower face of the rail foot.
Mechanical properties of the elements are shown in Table 2.
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Stiffness and damping of fastening systems

Spring linear stiffness

690 N/mm

Spring preload

10000 N

Spring damping

0 (considered negligible)
kx = 74040 N/mm
ky = 68080 N/mm

Railpad stiffness, plain track

kz = 34040 N/mm

(diagonal stiffness matrix)

κθx = 31503 N·mm/rad
κθy = 110636 N·mm/rad
κθz = 44244 N·mm/rad
cx = 30 N·s/mm
cy = 40 N·s/mm

Railpad damping, plain track

cz = 30 N·s/mm

(diagonal damping matrix)

cθx = 18,5 N·mm·s/rad
cθy = 26 N·mm·s/rad
cθz = 18,5 N·mm·s/rad
kx = 50000 N/mm
ky = 20000 N/mm

Railpad stiffness, bridge section

kz = 10000 N/mm

(diagonal stiffness matrix)

κθx = 9250 N·mm/rad
κθy = 57150 N·mm/rad
κθz = 12994 N·mm/rad
cx = 30 N·s/mm
cy = 40 N·s/mm

Railpad damping, bridge section

cz = 30 N·s/mm

(diagonal damping matrix)

cθx = 18,5 N·mm·s/rad
cθy = 26 N·mm·s/rad
cθz = 18,5 N·mm·s/rad
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Concrete sleepers
Sleepers are modelled as solid elements. Their geometry is a simplified version of one half of
the ADIF AI-04 monoblock prestressed concrete sleeper for international gauge.
Given the relatively low interest in accurate stresses and strains in these elements, each sleeper
has been modelled with only 28 nodes (linear solid elements).

Figure 3

Model of concrete sleeper

Mechanical and geometric properties of the concrete sleepers are captured in Table 3.
Table 3

Mechanical and geometric properties of concrete sleeper
Material density

2300 kg/m3

Young’s modulus

28500 MPa

Poisson’s ratio

0,2

Modelled behaviour

Linear elastic

length (1/2)

1300 mm

Height (min-max)

200 - 245 mm

Width (min-max)

200 – 300 mm

Ballast bed
The ballast bed has been modelled using solid elements, and divided into two sets of bodies
behaving as linear elastic continuous material, with a frictional interface interaction. Thus, 46
independent bodies were modelled to represent ballast within 100 mm of the sides of the
sleepers, while the rest of the ballast bed was modelled using a single continuous body.
In this manner, the behaviour of ballast surrounding sleepers under tensile vertical loads was
simulated.
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Figure 4

Model of ballast bed. Bodies connected by friction coloured in lighter grey

Mechanical and geometric properties of the ballast bed are captured in Table 4.
Table 4 Mechanical and geometric properties of ballast bed
Material density

1600 kg/m3

Young’s modulus

200 MPa

Poisson’s ratio

0,35

Modelled behaviour

Linear elastic

Total depth

450 mm

Under sleeper depth

250 mm

Shoulder width

300 mm

Slope

1,5:1
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Sub-ballast
The sub-ballast layer has been modelled using a single continuous body of solid elements

Figure 5

Model of sub-ballast.

Mechanical and geometric properties of the sub-ballast are captured in Table 5
Table 5 Mechanical and geometric properties of sub-ballast
Material density

1800 kg/m3

Young’s modulus

120 MPa

Poisson’s ratio

0,35

Modelled behaviour

Linear elastic

Total depth

150 mm

Slope

1,5:1
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Embankment
The embankment layer has been modelled using a single continuous body of solid elements

Figure 6

Model of embankment.

Mechanical properties of the embankment are captured in Table 6.
Table 6 Mechanical properties of sub-ballast
Material density

1900 kg/m3

Young’s modulus

50 MPa

Poisson’s ratio

0,35

Modelled behaviour

Linear elastic

Total depth

600 mm

Shoulder width

575 mm

Slope

2:1
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Natural soil
The natural soil under the embankment was modelled as a linear elastic foundation with a
stiffness of 0,012 N/mm3.
Bridge abutments
The abutments of the bridge were considered rigid elements and thus only modelled as
constraints to other elements. In particular, the following effects were modelled:





4800 mm long wing walls restricted ballast, sub-ballast and embankment compressive
displacements in X (perpendicular to track axis).
Abutment restricted ballast, sub-ballast and embankment compressive displacements
in Z (parallel to track axis).
Abutment foundation elastically restricted embankment displacements in Y (vertical
axis) by raising the foundation stiffness to 0,061 N/mm3 and assuming embankmentfoundation contact remains horizontal.
Railpad and fastener located on top of the abutment, as well as bridge bearing, are
considered to be rigidly connected to the abutment foundation.

Figure 7

Constraints imposed by abutment on embankment.
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Concrete girder
The concrete bridge box girder was modelled as a 14400 mm long beam affixed to two 800 mm
long rigid elements representing the solid ends of the girder.

Figure 8

Concrete girder cross-section

Mechanical properties of the girder elements are captured in Table 7
Table 7 Mechanical properties of concrete box girder
Material density

2500 kg/m3

Young’s modulus

28500 MPa

Poisson’s ratio

0,35

Girder end mass

3157,8 kg

Girder end moments of inertia

Ip1 = 5,6062·108 kg·mm²
Ip2 = 8,0503·108 kg·mm²
Ip3 = 1,0288·109 kg·mm²

Box girder cross-section area

7,3081·105 mm2

cross-section moments of inertia

Iyy = 1,9164·1011 mm4
Izz = 1,3593·1011 mm4

Modelled behaviour

Girder ends: rigid
Box girder: linear elastic

Elastomeric bridge bearings
Elastomeric bearings were modelled as bushing joints with negligible damping properties.
Given the symmetry simplifications, displacements in X and rotations in Y and Z were fixed
Mechanical properties of the elastomeric bearings are captured in Table 8.
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Table 8 Mechanical properties of elastomeric bridge bearings
ky = 1,8510 ·106 N/mm
kz = 2,0620·105 N/mm

Bridge bearing stiffness

κθx = 2,3457·107 N·mm/rad

5.2.3 Bogie elements
The following paragraphs describe the geometry, physical properties, modelling strategy and
mechanical behaviour of the different elements composing the bogie.
In order to describe the initial relative position and orientation of the different elements of the
bogie and their properties, the following frame of reference shall be used:





Coordinate origin is placed on the intersection between the model symmetry plane,
the bogie symmetry plane and the horizontal plane containing the initial rail-wheel
contact point.
X direction is set perpendicular to the model symmetry plane.
Y direction is set parallel to gravity (positive is “up”).
Z direction is set parallel to track axis.
Axle masses
Bogie

Axle boxes
Car body mass
Wheel tread

Figure 9

General view of bogie and car body mass

Car body
The car body was modelled as a point mass. Given that only one bogie was modelled and due to
the symmetry simplifications, only ¼ of the car body was modelled.
Initial position and mechanical properties of the car body are captured in Table 9.
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Table 9 Mechanical properties and initial position of the car body
Car body mass (¼)

13375 kg

Mass moments of inertia

Ix = 1,225·1013 kg·mm2
Iy = 1,225·1013 kg·mm2
Iz = 1,75·1010 kg·mm2

Initial position

x0 = 0 mm
y0 = 1395 mm
z0 = -8687,7 mm

Bogie
The bogie was modelled as a rigid body. The actual shape assigned the bogie is a rough
approximation, so in order to assure that it would have the right mass and inertia, the rigid body
was bereft of mass, and a point mass was affixed to it.
Point mass position and mechanical properties of the bogie are captured in Table 10.
Table 10

Mechanical properties and initial position of the bogie

Bogie mass (1/2)

1750

Mass moments of inertia

Ix = 1,575·108 kg·mm2
Iy = 8,575·108 kg·mm2
Iz = 2,8·108 kg·mm2

Initial position

x0 = 0 mm
y0 = 495,5 mm
z0 = 0 mm

Axles
Each axle was modelled as a combination of a point mass representing the axle shaft and wheel
plate, a rigid body representing the axle box and a flexible solid conical corona representing the
wheel tread. The axle point mass and the inner face of the wheel tread are rigidly connected by
means of a fixed joint, while the axle box and axle are connected by a revolute joint.
Due to symmetry simplifications, displacements in x and rotations in y and z are restricted.
Point mass position and mechanical properties of both front and back axles are captured in Table
11.
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Table 11

Mechanical properties and initial position of the axles

Axle mass (1/2)

880,97 kg

Mass moments of inertia

Ix = 4,6103·107 kg·mm2
Iy = 4,8738·108 kg·mm2
Iz = 4,8738·108 kg·mm2

Initial position of back axle

x0 = 0 mm
y0 = 460 mm
z0 = - 1250 mm

Initial position of front axle

x0 = 0 mm
y0 = 460 mm
z0 = 1250 mm

Initial position of back axle box

x0 = 882,56 mm
y0 = 460 mm
z0 = - 1250 mm

Initial position of front axle box

x0 = 882,56 mm
y0 = 460 mm
z0 = 1250 mm

Wheel tread depth

10 mm

Wheel tread outer diameter

916,4 – 923,6 mm

Wheel tread width

72 mm

Wheel tread conicity

1/20

Wheel tread material density

7850 kg/m3

Wheel tread Young’s modulus

200000 MPa

Wheel tread Poisson’s ratio

0,3

Wheel tread yield strength

1000 MPa
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Primary suspension
The primary suspension connecting each axle box to the bogie was modelled as a combination
of a linear spring and a linear damper.
Mechanical properties and initial position of the primary suspension are captured in Table 12.
Table 12

Mechanical properties and initial position of the primary suspension
elements

Spring stiffness

1200 N/mm

Spring preload

79600 N

Damper damping

10 N·s/mm

Initial position of back spring ends

x0 = 883,11 mm
y0 = 584 - 657 mm
z0 = - 1250 mm

Initial position of back damper ends

x0 = 883,11 mm mm
y0 = 517 - 657 mm
z0 = - 1385 mm

Initial position of front spring ends

x0 = 883,11 mm
y0 = 584 - 657 mm
z0 = 1250 mm

Initial position of front damper ends

x0 = 883,11 mm mm
y0 = 517 - 657 mm
z0 = 1385 mm

Horizontal guiding system
The guiding system connecting axle boxes and bogie in the horizontal plane was modelled as a
pair of bushing joints.
Mechanical properties of the guiding system are captured in Table 13.
Table 13

Mechanical properties of the guiding system
kx = 120000 N/mm

Guiding system stiffness matrix
kz = 12500 N/mm
cx = 27,9 N·s/mm
Guiding system damping
cz = 9 N·s/mm
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Secondary suspension
The secondary pneumatic suspension system is modelled as a combination of linear damped
spring representing the suspension’s vertical stiffness, damping and preload, and a bushing joint
representing its horizontal stiffness and damping.
Mechanical properties of the secondary suspension are captured in Table 14.
Table 14

Mechanical properties of the guiding system

Vertical stiffness

350 N/mm

Vertical preload

131162,5 N

Vertical damping

20 N·s/mm
kx = 240 N/mm

Horizontal stiffness
kz = 240 N/mm
cx = 30 N·s/mm
Horizontal damping
cz = 30 N·s/mm
Towing pin
The towing pin connecting car box and bogie is modelled as a bushing joint, and its mechanical
properties are captured in Table 15.
Table 15

Mechanical properties of towing pin

Towing pin stiffness

kz = 50000 N/mm

Towing pin damping

cz = 65,4 N·s/mm

5.2.4 Captured transition zone effects
The model was devised to capture in simulation the dynamic effects at several speeds of three
typical anomalies found in transition zones:




Changes in vertical track stiffness
Changes in load distribution due to hanging sleepers
Changes in vertical alignment due to fixed vs floating geometry issues

The provisions made to gain control over these parameters are described below.
Vertical track stiffness
The model provides stiffness control in 6 different levels of the track structure, thus allowing for
faithful characterization of any transition.
Starting from the top, each of the 77 modelled fastening systems allow adjustments for stiffness,
damping and preload, including the possibility of non-symmetrical spring adjustment, or even
malfunctioning (broken) springs. Given enough computing power, compression-only and nonlinear behavior could be implemented.
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Although currently not implemented, the model is also prepared to accommodate under sleeper
pads, providing an additional layer of vertical stiffness adjustment.
Ballast bed, sub-ballast and embankment levels provide three more levels of stiffness
adjustment, given the possibility of modifying and compartmentalizing their mechanical
properties so that, for each layer, different zones may present different mechanical properties.
Finally, due to the fact that the whole model is elastically supported, the elastic foundation
stiffness of each supported area can be adjusted to fit the particular characteristics of a given
transition.
Hanging sleepers
As mentioned above, the model presents a 5 mm void prepared to hold an additional elastic
layer under the sleepers. However, this space may also be used to model the behavior of hanging
sleepers.
By adjusting the offset parameters in the frictional contact between each sleeper and the ballast
bed, this 5 mm void may be ignored providing initial interface contact or regulated (reduced or
broadened) to simulate the effect of a hanging sleeper.
Given that each gap may be modified independently, complex combinations of differently
contacting sleepers may be modelled.
Fixed vs floating geometry effects
Vertical misalignment between plain track and abutment may be induced by applying adequate
forces to abutment railpads and bridge bearings.

5.2.5 Simulation parameters
A first battery of 7 groups of 37 static simulations was run to study the effects of fixed vs floating
geometry vertical positioning in static vertical stiffness and sleeper gap in the transition.
The simulation was run with no ramp (open track at the same vertical level as bridge abutment)
and ramps ranging from 1 to 6 mm (effect of the ramp in rail geometry shown in Figure 10), each
calculation placing a single vertical 83 kN load in one of the 31 transition sleepers, the abutment
and the first four fasteners of the bridge. An additional calculation with no load was executed
to study the sleeper-ballast gaps.
A battery of 3 transient simulations was run to study the effects of fixed vs floating geometry on
the dynamic amplification of loads in the transition and the load distribution shifts due to
hanging sleepers.
The simulation was run at a speed of 240 km/h, adjusting the time increment in a manner that
would provide 36 integration points per sleeper spacing and thus provide reasonably smooth
results.
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5.2.6 Results and discussion: static simulation
In order to analyze the effects of fixed vs floating geometry differences on the transition zone
behavior, two magnitudes were probed: static vertical stiffness of the track and sleeper-ballast
gap in the sleepers of the unloaded transition.
Induced ramps may be seen in Figure 10. X axis represents the numbering of sleepers/fastening
points, with sleeper number growing towards the bridge abutment, fastener 47 located on the
abutment, and subsequent fasteners placed on the bridge. Y axis represents vertical rail
displacements under deadweight loads.

Figure 10

Unloaded rail level for several ramp values

Sleeper-ballast gap
As the floating geometry relative level lowers while the fixed geometry stays in place, it is only
to be expected that those sleepers closest to the bridge abutment shall lose contact with the
ballast bed due to the flexural stiffness of the rail.
This factor is of great importance in the development of accelerated degradation feedback
loops, since these hanging sleepers not only increase the load transferred by the better
supported adjacent sleepers, but also locally reduce vertical stiffness increasing dynamic loads
and cause the sleepers to impact against the ballast interface, damage the ballast particles and
produce accelerated attrition, ballast bed fouling and greatly increased degradation.
Figure 11 presents the gap between ballast and sleeper in the 31 sleepers of the transition
(sleepers 16 to 46) induced by a difference in floating vs fixed vertical level ranging from 0 to 5
mm.
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Note that the figure shows the size of the gap between ballast and sleeper in an unloaded state,
and that, as stated in the model description, bridge abutment is on the left end of the model
(fastener nº 47)

Figure 11 Sleeper-ballast gap for several ramp values
Static vertical stiffness
As mentioned in the paragraph above, the increasing number and size of the sleeper-ballast
gaps caused by the vertical level differences between open track and bridge also has a significant
impact in the vertical stiffness of the transition, which in turn causes an increase in dynamic
loading that presents itself precisely at the most unsupported sleepers.
Figure 12 represents the vertical track stiffness (understood as total rail deflection increment
under a given static load) measured directly above the transition zone sleepers (sleepers 16 to
46)
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Vertical stiffness on sleeper for several ramp values

The diagram shows an expectable response: vertical stiffness is not affected in most of the
transition, but as we approach the floating sleepers, there is a significant loss of stiffness that
can be felt up to a 6 sleeper distance from the gap.
Figure 13 shows the loss of vertical stiffness when compared to the no ramp base case. It can be
seen that, although vertical stiffness loss is greatest at the sleeper with a biggest gap, said loss
propagates even to the abutment, where no gap exists.

Figure 13
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5.2.7 Results and discussion: transient dynamic simulation
In order to analyze the dynamic effects on train loads and their distribution to the track, two
magnitudes were probed: wheel-rail contact forces and loads transmitted between rail foot and
sleepers.
Wheel-rail contact forces
Since train mass and gravity forces are known, and given that the only vertical support the bogie
experiences comes from the wheel-rail contact, the dynamic amplification factor could be
extracted by adding the contact forces of front and back axles and dividing the sum by the train
weight.
Bogie oscillation, on the other hand, modifies the distribution of loads between front and back
axle. Thus an oscillatory factor was defined by dividing twice the back axle contact force by the
total force transmitted between train and rail.
Finally, the two factors were compounded to analyze the juxtaposed effect. Results for all three
transient simulations are shown in the following figures, where X represents back axle position
(measured in sleepers) and Y represents the previously described amplification factors.
Given that the objective of this analysis was, on the one hand to detect the dynamic excitation
caused by the ramp, and on the other hand to understand the effect said ramp has in front and
back axle load distribution, a band-pass filter was applied to the contact force signal.
Frequencies below 2,5 Hz were filtered out in order to neutralize the effects of the whole model
oscillation on its elastic foundation, while frequencies over 30 Hz were also suppressed in order
to discard wheel-rail impacts and signal noise.
Filtering was executed using the default band pass filter recommended in (Christiano &
Fitzgerald, 1999) as implemented for Excel and distributed as freeware by (Annen, 2018) in his
web page http://web-reg.de
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Figure 14 Dynamic factors of the three transient simulations
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Figure 15 Oscillation factors of the three transient simulations’ back axle
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Oscillation factors of the three transient simulations’ front axle
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Dynamic·Oscillation product of factors of the three transient
simulations’ back axle
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Dynamic·Oscillation product of factors of the three transient
simulations’ front axle
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Transferred loads between rail foot and sleeper
Given that sleeper-ballast overpressure is one of the most relevant parameters governing
accelerated track degradation, analysing the distribution of vertical loads from the wheels,
through the rail and towards the sleepers is sure to provide valuable insight on why transitions
tend to degrade faster than plain track.
Additionally, a comparative analysis between simulations at same speed with or without
hanging sleepers will shed light on how this phenomenon, frequently found in transitions,
affects load distribution and causes unusual concentration of stresses in the sleeper-ballast
interface.
In order to extract the actual transmitted vertical loads, a series of considerations were taken
into account:





Raw joint results were expressed in a local coordinate system fixed to the upper face
of the sleepers and had to be transformed to the general system
Deformation-dependant spring tension had to be substracted from joint results to
obtain the net force transference
Resulting signal was passed through a band pass filter similar to the one mentioned
above, but with a frequency interval of 2,5-100 Hz
Self-weight of the rail and hanging sleepers was substracted

An example of the effect of the corrections may be seen in Figure 19
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Figure 19 Raw (above) and adjusted (below) vertical reaction in fastener joint
(transferred loads expressed in N)
To obtain a clear profile of the baseline track behaviour, corrected vertical reactions were
translated to relative coordinates (origin 13 sleepers before the bogie back axle) and the mean
curve was plotted. The figure below shows the mean curve for all three simulations.
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Mean reaction curve with different ramps (transferred loads
expressed in N)

As expected, the three means tightly correlate, with a minor vertical displacement as the ramp
grows.
Likewise, the reaction curve envelopes in relative coordinates were drawn. In Figure 21 the
maximum rail-sleeper transferred load increment as the ramp grows is even greater, especially
between the 3 mm and 6 mm ramp cases. This is due to the fact that in the last simulation, the
maximum composition of dynamic and oscillation factors occurs when the back axle rests on a
hanging sleeper, a factor that was not present in the previous cases.
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Envelope reaction curve with different ramps (transferred loads
expressed in N)

Figure 21 shows how, while the sleepers at one axle distance from the abutment present a
reduced sleeper-ballast gap, transferred load increase responds mainly to the effect of
oscillation dynamics: the increase of 3,8% in the transferred wheel-rail load observed from no
ramp to 3 mm ramp causes a rail-sleeper maximal transferred load increase of 3,4%.
Yet as the number of hanging sleepers grows extending outwards, dynamic effects are enhanced
by the uneven load distribution mechanism: the increase of 5,4% in the transferred wheel-rail
load observed from 3 to 6 mm ramp causes the rail-sleeper maximal transferred load increase
to triple, reaching 16,8%.
Thus, not only dynamic effects are non-linearly exacerbated as the ramp grows, but uneven
sleeper support causes said increased load to non-linearly concentrate in the better supported
sleepers, greatly accelerating transition degradation and thus further increasing the magnitude
of the transition ramp: a feedback loop has emerged.
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5.3 Transition zone degradation: a narrative hypothesis
Based on the known causes for accelerated degradation listed in section 5.1 and the results from
the parameterized calculations in the FE model, a narrative hypothesis of the process by which
high speed transition zones suffer accelerated degradation will be offered.
(Wilk, 2017) suggests that transition zone behaviour can be divided into three subsequent stages
attending to the speed with which track geometry degrades after tamping: compaction,
equilibrium and post-equilibrium.
The compaction stage, common to all ballasted track sections, is characterized by a rapid but
limited settlement of the substructure as ballast particles rearrange and differential ballast
settlements minimize local differences in vertical stiffness.
The equilibrium stage could be defined as the period in which track experiences minimal
transient behaviour variations and gradual vertical geometry degradation. In this stage, the
effects of mechanisms for increased settlement in the transition zone are still small enough to
be disregarded, and the transition can be safely considered to be degrading at the same rate as
adjacent open track.
Finally, the post-equilibrium stage is characterized by the increased degradation of transition
zone vertical geometry, sensibly greater than that of the adjacent open track and accelerating.
In this stage, several mechanisms for increased settlement in the transition start to concur and
act synergically in feedback loops.
Two relevant questions arise from this division in stages, from the perspective of the
infrastructure maintainer:



What conditions trigger the shift from equilibrium to post-equilibrium stage?
What causes previously functional transitions to rapidly shift to post-equilibrium state
after tamping?

The narrative hypothesis presented below strives to provide plausible answer to both questions.

5.3.1 From equilibrium to post-equilibrium
Let us consider, for the sake of simplicity, a well-functioning transition in which deleterious
effects of ballast fouling and poor substructure behaviour are absent. Furthermore, and given
that the usual suspect in transitions is the vertical stiffness gradient and much has been said and
studied on how to mitigate it, we shall also consider that the transition of the hypothesis
presents no significant variation in vertical stiffness. Any effects not exclusive to transitions (such
as wheel flats) shall be set aside for the moment.
In such a transition, the key governing factor that is at the root of the degradation acceleration
process is the difference between fixed and floating geometry, meaning, the fact ballasted
track and transition settles while the bridge and abutments do not. This event can be greatly
magnified by the fact that in several countries tamping is performed in relative coordinates,
merely smoothing out irregularities, so that the difference in vertical level between track and
bridge is not necessarily corrected during normal tamping operations.

GA H2020 730841

D4.2

Page 48 of 135

IN2TRACK

D4.2 – Improvement of tunnels and bridges

Said differences cause the appearance of the following degradation mechanisms:






Dynamic effects caused by a fast change in axle elevation: differences in elevation are
mostly bridged in the 5 to 7 sleepers before the abutment, thus creating a steep ramp
that instills a sudden vertical acceleration in the front axle that causes angular
excitation of the bogie mass. Maximum effect is found in around one axle distance
from the abutment, and is dependent on vertical distance to bridge and train speed.
Uneven pressure distribution due to hanging sleepers: due to the rail being
significantly stiff in vertical flexure, the difference between ballast bed and bridge
levels causes the sleepers adjacent to the abutment to hang in the air. As the
difference between open track and bridge grows, so do the number of sleepers that
are hanging.
Effects of sleeper hammering on the ballast bed: the previously mentioned hanging
sleepers close the gap under sufficient load, causing the sleeper to impact the ballast
bed

According to (Davis, Anaya, Chrismer, & Smith, 2007), a 25% increase in degradation (a
reasonable threshold for considering that a transition is malfunctioning) requires a 50% increase
in sleeper-ballast pressure. In well-designed transitions with no substructure issues, pressure
increase comes either from the dynamic effect of the steep ramp or from the redistribution of
loads caused by hanging sleepers.
As for the effects of hammering, in the degradation rate, (Selig & Waters, 1994) tested the effect
of gaps between 1 and 4 mm with different fouling indices, and their results suggest saturated
ballast would experience 1000% increase in degradation over 200.000 cycles due to the gap
even in ballast with a fouling index of 0, and this increase tripled with a fouling index of 10. It is
worth noticing that, although the settlement increase seems disproportionate, it is counter
regulated by the fact that, as gaps grow, transmitted loads diminish, to the point where a sleeper
may not make contact with the ballast bed as the train passes if the gap is big enough.
These mechanisms don’t appear randomly in the transition: their position and impact strongly
depend on the previously mentioned key governing factor, the vertical difference between fixed
and floating geometry.
Thus, as shown in the previously presented static calculation results analyzing the effect of
forcing a vertical level difference between open track and abutment, hanging sleepers appear
systematically next to the fixed geometry and progress outwards as the vertical level difference
increases, and the gap between these and the ballast grows at least at similar rates and at worst
at severely accelerated rates propitiated by sleeper-ballast impacts.
Furthermore, the ramp-induced bogie mass excitation, further amplified by the loss of vertical
stiffness in the approach, causes the load shift between front and back axle to maximize at a
certain point that is reasonably constant for equal bogie characteristics: the maximum
oscillation in load is located in the vicinity of one axle distance from the fixed point, shifting
slightly forward as train speed increases.
Likewise, the maximum sleeper load concentration appears repeatedly in the last wellsupported sleeper before the abutment, causing an augmented differential settlement that in
time results in the propagation of poorly supported sleepers outwards and the formation of a
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“dip” prior to the abutment ramp, further amplifying the geometry difference between
transition and abutment, and thus enhancing the previously mentioned dynamic effects.
What’s more, the dip in and of itself causes a similar bogie mass excitation effect as the front
axle suddenly drops into it, provoking both sleeper hammering and dynamic load amplification
in the already damaged fringe of the dip.
With all the above considered, the sequence of events would be as follows:
1.- Open track geometry settles gradually while abutment geometry stays fixed
2.- Hanging sleepers start to appear in the vicinity of the abutment
3.- The growing difference between open track and abutment levels increases the dynamic loads
due to bogie mass rotational excitation, while more and more sleepers are left hanging
4.- Maximum dynamic effect of bogie rotation, located circa one axle distance from the
abutment, starts appearing in the vicinity of unsupported sleepers, causing on the one hand
severe sleeper-ballast impact, and on the other augmented load concentration in the last well
supported sleeper
5.- As a consequence, a dip starts to form in the transition, causing not only additional growth
in the transition ramp, but also the appearance of a similar bogie mass excitation mechanism as
the front axle falls from open track into the dip.
6.- As the distance between the last well supported sleeper and the abutment grows, so grows
the length of badly supported rail, reducing the proportion of loads transferred to the abutment
in the vicinity of the last supported sleeper, greatly concentrating the load it supports and
increasing the impact speed in unsupported sleepers. In the worst supported sleepers, rail
deformation may cause fasteners to suffer damage or breakage, further augmenting the
problems.
The exact point when the proposed key governing factor rapidly precipitates this sequence of
events depends on the specifics of the transition, but given the previously mentioned results by
Selig and Waters on the acceleration of ballast settlement with gaps greater than 1 mm, a good
approximation would be the moment in which the sleeper that receives the bogie rotation
impact presents a gap greater than 1 mm: it is in this moment when several synergistic
mechanisms (augmented dynamic load, badly supported sleepers, severe hammering due to
sufficient gap size) align in a single sleeper, causing fast settlement and triggering additional
effects (such as the formation of a dip before the bump).

5.3.2 From performing to underperforming transitions
In well-performing transitions, the previous sequence of events is slowed down due to the fact
that, as specific transition degradation progresses, some of its mechanisms are partly selfcompensating.
For example, hanging sleepers receive less load than well supported ones, so their settlement is
slowed down compared to open track.
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This in turn causes the open track to abutment ramp to extend outwards, reducing the axle
elevation change speed and mitigating its dynamic effects.
Additionally, many well-performing transitions are so referred to not because they would not
misbehave given enough time, but due to the fact that their degradation acceleration progresses
slow enough that they receive maintenance before the point of severe increased degradation is
achieved.
But under the guise of a stable cycle, future degradation problems are brewing:





Ballast under badly supported sleepers is receiving constant impact, which on the one
hand accelerates its degradation, and on the other hand causes the fouling of the ballast
bed
Likewise, hanging concrete sleepers subject to constant impact loads may suffer
accelerated spalling, to the point where rebar and prestressing is exposed. Accelerated
corrosion will then ensue, causing sleepers to underperform, crack or even break
Hanging sleepers increase the elastic clip stress range, accelerating fatigue and
propitiating unexpected fastener breakage
Substructure may gradually settle, especially if it was not adequately compacted during
construction or the supporting soil is settling slowly. Since these differences in
substructure geometry may not be corrected by tamping, the only solution is to
compensate adding ballast, but that in turn increases pressure on the substructure and
propitiates greater compaction and faster post-compaction settlements in the ballast
bed.

Thus, through these mechanisms the transition behaviour slowly degrades, from a track section
that maintains degradation rates sensibly similar to those of adjacent track, to one that turns
unstable after a reasonably prolonged pseudo steady state, and finally to a situation in which
standard maintenance fails to provide acceptable geometry for any viable length of time.

5.4 Root cause diagnosis
Given that accelerated transition degradation is caused by several concurrent and synergistic
factors, the problem with diagnostics is not necessarily the detection of single degradation
causes, but the evaluation of their relative contribution and the additional effect of their
interaction.
For example, uneven and sudden vertical stiffness changes are a well-known source of dynamic
excitation, and thus of accelerated degradation rates, but if under an already soft spot in the
track hanging sleepers appear, stiffness is further reduced, dynamic loads are increased, and the
sleeper-ballast gaps tend to grow due to repeated sleeper-ballast impact: it is the well-known
phenomenon of the dip at the end of a bridge.
Likewise, ballast fouling and deficient abutment drainage separately reduce the friction
between ballast particles, causing a severe increase in settlement. Yet if concurrent, fouling
particles reduce the capacity of ballast to drain excess water, while wet fouling particles may
accelerate degradation tenfold and reduce ballast bed stiffness by half.
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Fouled ballast may in and of itself wreak havoc in a transition and the attempts of its
remediation, as it will cause the same ballast bed section to be significantly stiffer than adjacent,
unfouled ballast when dry (up to 70% increase in Young’s modulus), but will experience a sudden
decrease in stiffness when wet (fouled ballast stiffness is halved when wet), according to (Stark,
et al., 2016). Thus, stiffness smoothing remedial techniques will actually increase stiffness
variation in rainy weather.
Nevertheless, the first step towards a comprehensive diagnostic of a faulty transition is the
identification of concurrent factors. Two potential detection techniques for the most relevant
are suggested below.

5.4.1 Accelerometers, high speed cameras and image processing
The use of accelerometers fixed to the sleeper, paired with a high frequency camera system to
simplify signal noise removal and integration, provides a continuous stream of valuable
diagnostic data. The installation of said monitoring tools merely requires a reduced amount of
possession time to install the accelerometers and a series of easily distinguishable targets affixed
to different track elements.
Through the combination of these technologies, track element displacements, velocities and
accelerations may be registered, and the post-processing of this information will provide the
means to detect and calibrate several different degradation mechanism.
Barring the signal noise, seven identifiable mechanisms cause sleeper acceleration:








Wheel-rail impact caused by wheel flats
Wheel-rail vibration due to breaking
Superstructure impacts due to faulty fastening or damaged rail
Unsupported sleeper natural bending mode vibration
Normal train loading
Sleeper-ballast impacts
Low-frequency sleeper displacement

By adequately filtering the acceleration signal and crossing it with the results of image
processing, the appearance and magnitude of each mechanism may be deduced.
In particular, sleeper bending vibration can detect loose sleepers, while sleeper-ballast impact
detects and gauges sleeper gaps (the greater the sudden acceleration, the bigger the gap) and
superstructure impacts signal the presence of a broken fastener or severe damage to the rail.

5.4.2 Ground Penetrating Radar
Although they require track possession to gather data, GPR techniques provide invaluable
information on the status of the ballast bed and substructure, existence of voids or water
pockets, ballast fouling, etc.
GPR is an electromagnetic inspection technique in which a pulse of electromagnetic energy is
transmitted into the track structure and the resulting reﬂections are recorded and interpreted
in relation to track structure-supporting materials and layers.
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The main obstacle for generalized application of these techniques is the need for expert criteria
in the interpretation of recovered data and the difficulty in automating said interpretation.
Nevertheless, the potential of these techniques once the stated problems are solved is of great
relevance, given the capacity of the GPR to recover data at speeds up to 80 km/h.
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Tunnel upgrading and maintenance

In this paragraph, developments and advances in novel maintenance and upgrading techniques
for tunnels are presented.

6.1 Drainage clogging maintenance upgrading
The aim of this task is to improve the understanding of the calcium carbonate scale deposits
mechanisms causing problems in tunnel drainage systems in order to propose a novel method
to improve drainage maintenance operations. Problems related to calcium carbonate scale
deposits affect old tunnels but also relatively new structures on high speed lines (HSL) essentially
located in calcareous geological environments.
Consequences of calcium carbonate precipitation in tunnels are:


Clogging of drainages and overflow of water onto the platform



Frequent maintenance operations



Damaged drainage systems



Alterations to the properties of the track (binding of ballast)



Severe damage on the tunnel structure, especially on water proofing system and inner
lining

Additional, the task provides information on currently ongoing research and on research which
should be pushed in IN2Track and future Shift2Rail programs.
The task is organized in 3 phases, subsequently described


6.1.1 Phase 1: Benchmark and literature review



6.1.2 Phase 2: Experimental phase



6.1.3 Phase 3: Result analysis and interpretation

6.1.1

Phase 1: Benchmark and literature review

Due to high overburden, lots of railway and motorway tunnels are water pressure relieved. In
the European Alps, this is usually done by a drainage system consisting of drainage pipes on both
sides of the tunnel between the shotcrete lining and the inner concrete lining, sometimes
connected to a central collecting pipeline to drain larger quantities of groundwater (Figure
22Fel! Hittar inte referenskälla.). These drainage pipes consist mostly of polypropylene (PP),
High-density polyethylene (HDPE) or unplasticized polyvinyl chloride (uPVC) see e.g. ÖVBB
guideline “Tunnelentwässerung” (ÖVBB 2010) and have typically a diameter of 250mm.
In a great number of the tunnels, calcium carbonate scales occur inside of the pipes due to the
calcium content of the ground water and especially due to the dissolution of portlandite at the
shotcrete (Figure 23Fel! Hittar inte referenskälla.). Therefore, maintenance works, especially
removing the scale deposits with flushing, are necessary. Investigations on the genesis of
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calcium carbonate scale deposits in tunnel drainages have already been carried out several
times in the past (for example: Dietzel et al. 2008, Rinder et al. 2013, Schachinger et al. 2017,
Stur et al. 2013).

Figure 22 Example of a standard cross-section of the Semmering base tunnel. Visible
are the side wall drainages and the main drainage pipes. (Modified after
Wagner et al. 2015, all measures in meters).
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Figure 23 Picture of scale deposits in the Lainzer Tunnel, Lot LT33. The white scale
deposits on the bottom of the drainage pipe have variable degrees of
hardness. In the background, very hard scale deposits can be seen, in the
foreground soft scale deposits are visible. Pipe diameter is 250mm. Picture
by T. Schachinger, in April 2011.
At present, the scale deposits can be detected by opening inspection pits and by exploring the
pipes with special cameras during the inspection process only. In any case, the inspection works
and maintenance works have to be done by people (either of the infrastructure owner’s or by
contractors) during night shifts mainly, and train operation have to be stopped during these
works. Both aspects cause high costs. For this reason, ÖBB and SNCF spend huge efforts at the
moment to optimize challenges regarding the drainage system during tunnel construction and
operation.
At the moment, the main objectives are:
(a) Research on calcium carbonate scale deposits
(b) Evaluation and improvement of pipe materials
(c) Long-distance-flushing systems
(d) Development of sensors for scale deposits remote monitoring
(e) Research on repair works for drainage pipes
(f) Research on improving maintenance of lateral drainage gutters
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(a) Research on calcium carbonate scale deposits
- Benchmark in Austria
To benchmark the calcium carbonate scale deposits, an inventory of tunnel drainage systems is
currently made. In order to guarantee a structured, targeted planning of the inventory, clear
objectives for the sampling itself, the analysis and the evaluation, were formulated (Table 16).
Table 16

Aims of ÖBB’s current inventory of tunnel drainage systems

Aim sampling

Short-time aims

Long-time aims

1) general inventory of tunnel drainage
systems

Increased knowledge about state of
tunnel drainages

Optimised planning of maintenance
works is possible;

2) tendency of drainage water itself to
produce scale deposits

Knowledge about future formation of
scale deposits

More effective maintenance work due
to knowledge transfer between various
tunnel projects;

3) characterisation of scale deposits in of
tunnel drainage systems

Creation of classification systems ,
understanding its genesis, …

Countermeasures
planned

can

be

better

-Study of influencing factors in France
No studies on CaCO3 scale have been conducted at a national scale with number of problematic
tunnels. SNCF Réseau carried out a study to better understanding the mechanisms of the
calcification-related problems in tunnels in France. Emphasis was put on the key factors affecting
the process of calcite precipitation in drainage systems.
A database of problematic tunnels was built including all background information and relative
influencing factors (Table 17Fel! Hittar inte referenskälla.). The list of problematic tunnels may
not be exhaustive, but a sufficient number of sites are considered, allowing a general analysis of
the problem.
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Table 17
No.

Tunnel

Basic information of problematic tunnels in France

Region

Construction
year

Surrounding Soil

Lining materials

Drainage system

Under the
water table

Phenomena

1 side gutter

no

some carbonate deposits at the
bottom of the gutter

Bourg-enBresse to
Bellegarde

1872 -1874

marl-limestone
massif

hard limestone
rubble, a small part
fiber sprayed
concrete

Treatment

1

Bolozon 2

2

La Ramade

Chartres to
Bordeaux St
Jean

1886 - 1890

porous limestone
sedimentary mass

hard limestone
rubble (moellon)

1 central gutter
and 2 lateral
gutters

yes

carbonate draperies, calcite in
lateral gutters and overflow to
platform

3

Tartaiguille

Chaufonde to
Les
Ponsardes

1995-1998

limestone and marllimestone, clay,
sand stone, blue
marl (tuffeau)

sprayed concrete

1 central gutter
and 2 lateral
gutters

no

calcite presents at PM 1350,
1360, 1370,1380

annual
cleaning

1856 brick, 1866
stones were added
1 central gutter
to the vault, 1934and 2 lateral
1996 reinforced
gutters
concrete and coated
beams of some parts

yes

the total depoit weight of the two
gutters is estimated between 3
and 4 tons

pellets

yes

4

Bréval

Mantes to
Cherbourg

1856

marl-limestone
massif

5

Galaure

Lisieux to
Mézidon

1990-1993

sandy molasses,
clay-marl

concrete

a central gutter

calcite in the gutter

Lyon to
Valance

1995-1998

sandy-marl-clay
molasses

cast concrete

1 central gutter
and 2 lateral
gutters

calcite in lateral gutters, water
overflows to the platform

machine
cleaning

the majority of barbicans are
partially or even completely
obstructed by calcite, almost
continuous throughout the gallery

curage

6

Meyssiez

7

Nanteuil

Noisy Le Sec
to Srasbourg

1845-1849

marls more or less
clayey, calcareous,
sandy and sand
more or less clayey

limestone rubble

1 central gutter
and 2 lateral
gutters

8

La Motte

Mantes la
Jolie to
Cherbourg

1854-1856

chalk

bricks, completely
lined with shells of
RIG sprayed
concrete.

1 central gutter
and 2 lateral
gutters

no

important carbonation of side
walls, calcite in lateral gutters 10
cm

acid
solution

9

Marseille

Combe La Ville
to Marseille

1995-1999

limestone, dolomie,
limestone-marl,
marly limestones,
black marls and
marly clays

cast concrete

1 central gutter
and 2 lateral
gutters

yes

calcification phenomena in the
base of the vaulting and in gutters

pellets

Collonges
Fontaine to
Lyon

1883

sandy gravel,
PM220-340
limestone

limestone rubble
(moellons)

1 central gutter
and 2 lateral
gutters

yes

calcite in lateral gutters, water
overflows to the platform, Ballast
cemented by calcite, mud
formation and broken crossmember

10

Caluire

To analyse the calcification problem at a national scale, the locations of each tunnel were added
to a geological map of France (Figure 24Fel! Hittar inte referenskälla.).
It is observed that most problematic tunnels are located in sedimentary rocks, in the south-east
part of France, from Lyon to Marseille. Although the geology of the north-east part is also
sedimentary rock, there is no problematic tunnel because there are far less tunnels. This clearly
shows the importance of geology in the calcite precipitation problem: sedimentary rocks are
mostly calcareous, in favour to the phenomenon occurrence.
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Figure 24 Geological map of problematic tunnels in France (adapted from
https://www.assistancescolaire.com/enseignant/elementaire/ressources/bas
e-documentaire-en-sciences/carte-geologique-de-la-france-4sai0702)
To compare different parameters, an evaluation system based on the working experience of
SNCF tunnel inspectors to classify the calcification level in the water gutters of different tunnels
is set up. Four levels are proposed: 0 representing almost no calcite in the water gutters, 1
representing a light level, 2 representing a middle level and 3 representing a severe level as
illustrated in Figure 25.
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Figure 25 Illustration of calcification level in different tunnels.
To analyse the influence of lining, the materials used were classified in three categories based
on the supposed calcium content. Level 1 represents bricks, level 2 represents concrete and
level 3 represents limestone. The higher the level is, the more resources of calcium the lining
can offer.
Correlations between the calcification level and different parameters presented in the following
figures reveal the significant influence of tunnel length, the hydraulic conductivity of
surrounding rocks/soils, the mineralogy of surrounding rocks/soils, as well as the lining
materials.

Figure 26 Correlation between the tunnel length and the calcification level in French
tunnels
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Figure 27 Correlation between the soil hydraulic conductivity and the calcification level
in French tunnels

Figure 28 Correlation between the soil calcium carbonate content and the calcification
level in French tunnels

Figure 29 Correlation between the lining material and the calcification level in French
tunnels
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The following comments can be made from the figures above:



Longer tunnels tend to have higher calcification levels.
Calcification level tends to increases with a higher hydraulic conductivity of the
surrounding soil.
 No obvious correlation can be identified from calcification level versus carbonate
content. This suggests that carbonate content is not a prevailing factor and when the
value of CaCO3 content is higher than 12%, calcite precipitation can occur.
 Calcification level tends to increase with the increase of lining material level (Ca
content).
(b) Evaluation and improvement of pipe materials
At present, pipes made of Polypropylene (PP) are preferably used for tunnel drainages because
of the greater stability and impact strength. PP - like many plastics - can have very different
properties due to differences in the raw material, various additives and processing methods.
This includes the lifespan of the material itself as well as the resistance to chemical attacks and
mechanical stresses.
(c) long-distance-flushing systems
As already stated, it is currently necessary to block one track (in double-tracked tunnels) or the
whole tube (in single-track tunnels) for the maintenance of the tunnel drainages. For this reason,
a new drainage flushing system (MDR - modular railway drainage flushing system) is currently
under development (see for example Wagner et al. 2014). This should be a remote-controlled
flushing device which can be used to maintain the drainage systems without blocking the tracks.
The maximum flushing distance should be about 600m. This means it should be able to flush all
drainages between two cross-passages from a place close to the cross-passage. A blocking of
the tracks is necessary for transfer from one to the other cross-passage and installation of the
device only.
The main components of the system are


Structural components (mainly: pipes in the tunnel structure)



High pressure units and pumps



Hose winch and hose up to approx. 600 m length



Nozzle with integrated camera

(d) Development of sensors for remote scale deposits monitoring
In addition to the implementation of the topic "State of the art on electrical resistivity
tomography (ERT) and electrical impedance tomography technologies (EIT) for scale deposits
monitoring" in In2Rail, national, experimental research was begun.
In addition to ERT, the following technologies are tested:


Capacitive tomography technologies for scale deposits monitoring



Detection of the amount of scale deposits by monitoring the changes of the pipe’s
mass moment of inertia
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Acoustic analysis of the drainage pipe

From today's point of view, there will be a small-scale demonstrator in 2019 within the scope of
the national research. Challenges raised in In2Rail’s D4.2 and in In2Track will be investigated
further in this (national) project and will be specified in more detail later in In2Track2. The
detailed planning of a large-scale demonstrator, which can also be installed in a tunnel, will
follow in In2Track2.
At the moment this research is applied research.
Plastic pipes are usually produced by means of extrusion. When using extrusion, the costly (and
expensive) aspects are:



Adaptation of an existing extrusion line to the newly developed pipe material and the
used sensors.



Presence of sufficient raw material. In order to start an extrusion, a multiple of the
amount of raw material is required than for the actual pipe material.

In any case, the industrial feasibility should be checked in order to be able to industrially produce
drainage pipes with sensors later on. After the development of the sensors, therefore, the
production by extrusion should be checked with a "real” pipe diameter (this means a diameter
of about 250mm) in order to prove the feasibility.
(e) Research on repair works for drainage pipes
Due to flushing and other hydraulic-mechanical cleaning methods drainage pipes of especially
old tunnels are sometimes heavily damaged. These pipes have to be repaired to allow usual
maintenance activities again. At the moment, the only possibilities to repair these drainages are
to remove the inner concrete shell (a) or to repair the pipe itself (b).
(a) means the destruction of the inner concrete lining and the waterproofing system. This is very
expensive and a use of the tunnel is not possible for a long time.
On the one hand, usual pipe repair measures (b) lack the perforation. The repaired pipes don’t
meet its use as a drainage pipe any more. Therefore, the repaired areas must not become too
large. On the other hand, these repaired pipes are not as stable against cleaning measures as
normal pipes. This means that their lifespan is much shorter.
During the first part of In2Track, ÖBB’s aim was to collect the state-of-the-art for repair works
which are possible in railway tunnel constructions under the given boundary conditions:


The inner concrete lining and the waterproofing system must not be damaged during
repair works;



Accessibility is limited to inspection pits. These inspection pits must remain in their
shape and position within the tunnel structure. The distance between the inspection
pits is usually between 50 and 75m;



Pipes usually have a diameter of 150 - 250mm. As far as possible, there should be no
significant reduction of the diameter due to the repair works;
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Consideration of further use of the pipes (pipes with or without drainage function);



Consideration of the influence of conventional cleaning methods of tunnel drainage
systems (mostly flushing with high pressure)



Consideration of the lifetime of ÖBB tunnel structures of 150 years;

From ÖBB’s point of view, it is necessary to develop new repair measures for drainages pipes
that do not destroy the inner shell.
(f) Research on improving maintenance of lateral drainage gutters
In France, problems due to calcite occur particularly in lateral drainage gutters of railway
tunnels. Various methods used for maintenance of these structures are described in the
literature. Mechanical cleaning and chemical treatment to remove calcite are the most
commonly used techniques. However, these methods are often difficult to carry out in the field
or inefficient. Other methods such as the use of bacteria, magnetic fields, etc… have been
studied but contradictory results are often presented in different studies.
There is a need to develop a reliable method to improve maintenance operations for these
lateral drainage systems.
A new method is proposed which consists in covering the inside of existing concrete gutters
with an easily removable material (liner) to simplify extraction of calcite deposits from the
drains. The idea is to protect the drainage structures, facilitate maintenance operations and
extraction of deposits by reducing the contact surface between calcite and concrete, and
decrease overall costs.

6.1.2 Phase 2: Experimental phase
(a) Research on calcium carbonate scale deposits
Up to now, the following data regarding the drainage system have been collected at various
Railway tunnels in Austria (see for exampleFel! Hittar inte referenskälla.):


Constructional status of tunnel drainage in the sampling area (see for Fel! Hittar inte
referenskälla.),



Basic water parameters (pH-value, electrical conductivity, temperature),



Hydraulic parameters in drainage system (water level, flow rate and flow condition),



Quantity and characteristics of the scale deposits,



Estimation of the precipitation potential of the drainage water with the help of
chemical analysis,



Survey of mineralogy of the scale deposits

GA H2020 730841

D4.2

Page 64 of 135

IN2TRACK

D4.2 – Improvement of tunnels and bridges

Figure 30 Scheme of whole tunnel drainage system of the Hengsberg Tunnel in Styria.
OBW means tunnel built by cut-and-cover, GBW means tunnel built by
conventional tunnelling, NA means safety exit, DN means tunnel drainage
pipe diameter.

Figure 31 Example of the inventory of tunnel drainage systems: data collected at an
inspection pit
(b) Evaluation and improvement of pipe materials
In order to design pipe materials optimized for future tunnelling work, two national research
projects were launched, which mainly contain the following aspects:


Investigations on interaction between scale deposits and pipe materials during the
lifespan of tunnel drainages.



Influence of typical alkaline drainage waters on the aging and long-term stability of the
pipe materials.
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Research on possible hydrophobic pipe materials. The goal is materials which prevent
adhesion and formation of scale deposits on the pipe walls.



Development of pipe materials, which allow the longest possible lifespan of tunnel
drainages.



Development of pipe materials or systems which have increased resistance to the
cleaning processes.

National Research has been started in September of 2017. The project will run until 2020.
(c) Long-distance-flushing systems
So far, first tests of the components have been carried out at various railway tunnels. Further
tests will follow in 2018. Currently, a basic planning of the modular railway drainage flushing
system is carried out.
This consists of the following points mainly:


Review of the entire planned maintenance process regarding drainages with the MDR
(the so-called “drainage flushing study”). This includes transportation of the remote
controlled flushing device between the cross-passages, the flushing process itself and
the necessary times for blocking the tracks.



Consideration of structural requirements, see for example Fel! Hittar inte
referenskälla.



Technical feasibility study of the flushing device itself

Figure 32 Structural requirements for the MDR at the intersection of a cross-passage
with the running tunnel. Drainages of the running tunnel and pipes for
flushing are blue.
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(d) Development of sensors for remote scale deposits monitoring
National Research has been started in September of 2017. This project will run until 2019.
Initial tests are already running. Visible in Fel! Hittar inte referenskälla.are tests for the
detection of the amount of scale deposits by monitoring the changes of the pipe’s mass moment
of inertia at the Johannes Kepler University Linz (JKU).

Figure 33 Tests using changes of the pipe’s mass moment at the JKU
(e) Research on repair works for drainage pipes
National “research” (literature study) has been started in summer of 2017.
(f) Research on improving maintenance of lateral drainage gutters
To evaluate the feasibility of the proposed solution (liner), a laboratory testing protocol was set
up.
The objectives of the laboratory tests were to estimate the bonding resistance between the liner
and the concrete gutter and to evaluate the conditions for removal of the liner after use. The
tested specimens were composed of non-woven geotextile attached to concrete by acrylic glue.
The resistance of the bond was evaluated by applying an incremental shear force (static load).
The force at failure was recorded for each test. A camera recorded the deformation of the
geotextile.
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The experimental set up is presented in the following figures:

Figure 34 Experimental set up

Figure 35 Example of geotextile deformation
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6.1.3 Phase 3: Result analysis and interpretation
(a) Research on calcium carbonate scale deposits
By the end of 2017, sampling had been carried out in 15 railway tunnels (Figure 36Fel! Hittar
inte referenskälla. and Figure 37 Fel! Hittar inte referenskälla.).

Figure 36 Drillcore sampling at scale deposits at the Johannesberg Tunnel in Carinthia
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Figure 37 scale deposits at the Hengsberg Tunnel in Styria. Visible is the inspection pit
at the intersection between the running tunnel and a safety exit.
The data obtained in 2017 are very extensive. The entire data interpretation will be done during
2018. It is also planned to do additional sampling in some more railway tunnels in 2018. As an
example, the interpretation of the collected data for a tunnel (Hengsberg tunnel in Styria) has
already been done. Practically all collected water samples are in the range of alkaline carbonic
waters (Figure 38Fel! Hittar inte referenskälla.). The pH values of all water samples are
significantly increased and are in part already in the high alkaline range (pH> 11). This indicates
an influence of cement-bearing building materials like shotcrete and other support elements on
the drainage water. In addition to the visible scale deposits, model calculations also show that
the whole drainage water has a greatly increased potential for scaling. Up to now, we assume
that similar tunnels (this means tunnels built with shotcrete, rock bolts, spiles, …) will show
comparable results.
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Figure 38 Presentation and classification of the drainage waters samples of the
Hengsberg Tunnel in the modified Piper diagram
After analysis and interpretation of all collected samples a holistically approach will be made to
evaluate countermeasures. Countermeasures can be, for example, a shorter cleaning interval or
the use of “scale inhibitors” (mostly acids dripping into the drainage water). These “scale
inhibitors” have already been used several times in Austria in the past (Stur et al. 2014). At the
moment, such a system is being used as a test at the Pummersdorfer Tunnel in Lower Austria
(see Fel! Hittar inte referenskälla.). There, hydrochloric acid and phosphoric acid are dripped
into the drainage. In the course of the current ongoing experiments it has been proven that the
used “scale inhibitors” are working and that there is no negative impact on the environment.
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Figure 39 Tanks containing scale inhibitors at the Pummersdorfer Tunnel in Lower
Austria
Regarding sampling itself, some very valuable experiences has been made, which is especially
valid for the sampling in railway tunnels.


It is necessary to block the track during data collection and sampling. A sampling
campaign must therefore be carried out as effectively as possible, which requires a
precise planning of sampling process (Figure 40Fel! Hittar inte referenskälla.). This
planning must take into account the essential influences on the precipitation process.



When dealing with drainage water which is high-saturated with calcium carbonate, a
spontaneous precipitation during manipulation and transport of the samples is
possible. The consequences would be wrong results of the later laboratory analysis.
Therefore a special treatment (continuous cooling, special chemicals, etc) is necessary
to preserve the samples until the analysis in the laboratory.



It is necessary to take tunnel-specific aspects besides hydrology into account when
evaluating analysis results. Most of the tunnel-specific aspects are not visible any more
in an existing tunnel. This could be earlier tunnel repair works, different tunnel
construction methods and special construction measures like grouting, etc..
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Figure 40 Example of the planning of a data and sample collection campaign in a
railway tunnel
(b) Evaluation and improvement of pipe materials
Currently, there are literature studies carried out with the goal to check the properties of various
thermoplastic pipe materials and various additives regarding the extension of its lifespan and
regarding an increased resistance to the cleaning processes. First laboratory tests on pipe
materials are carried out. There, various pipe materials are tested regarding their properties
regarding the prevention against scale adhesion. In Figure 41Fel! Hittar inte referenskälla., such
a test stand can be seen. There are thin plates of various plastics in a saturated calcium
carbonate solution. Using the Scanning electron microscope, calcite crystals with different
shapes, grown on different thermoplastic pipe materials, can be seen (Figure 42Fel! Hittar inte
referenskälla. and Figure 43Fel! Hittar inte referenskälla.). Different crystal shapes mean
different resistance against flushing. It therefore stands to reason that you can reduce the
flushing resistance with the right pipe material. In addition, a test rig has been developed at the
University of Leoben to detect the load of flushing on the pipes (Figure 43Fel! Hittar inte
referenskälla.).
Different nozzles are simulated. We also simulate nozzles which use chains to clean the pipes.
These are used when scale deposits are very hard. This is the most extreme load on a drainage
pipe. We want to better understand the loads having an effect on the pipes. Then we can design
pipe materials that better withstand the flushing process. These topics should be checked during
the next 2.5 years. We believe that a multi-discipline approach is necessary to cope with these
problems. Therefore, our research group consist of experts in plastics, mineralogy and geology.
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Figure 41 Various plastics in saturated calcium carbonate solution

Figure 42 Calcium carbonate crystals on polyethylene containing maleic anhydride.
Grown at the test stand visible in Fel! Hittar inte referenskälla..

Figure 43 Calcium carbonate crystals on pure polyethylene. Grown at the test stand
visible in in Fel! Hittar inte referenskälla..
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Figure 44 Test rig developed at the University of Leoben
(c) long-way-flushing systems
The following findings were obtained from the long-flushing tests:


Flushing is possible with remote-controlled nozzles.



Flushing is possible up to a distance of 650m with remote-controlled nozzles which
also have an integrated camera;



Development work is still necessary regarding nozzles with optimized flushing
pressure.



In order to operate a powerful high-pressure unit, a clean water supply is required.

(d) Development of sensors for remote scale deposits monitoring
Up until now, there are no results which could be analysed due to the early project stage.
(e) Research on repair works for drainage pipes
In the course of a literature study on this topic, in combination with tunnelling know-how, the
following repair procedures were reviewed:


Cured-in-place pipes



Close-fit-lining



Lining with continuous pipes



Lining with discrete pipes



Lining with spirally-wound pipes



Lining with sprayed material

Unfortunately, up to now it seems that all repair procedures are developed for sewage pipes
only. Apparently none of the methods is suitable for repairing broken drainage in tunnels so that
they are fully functional again and have the full lifespan.
However, in October some drainages of the Kaponig tunnel must be repaired. This is necessary
in the area where we detected during sampling (see section (a) above and Figure 40Fel! Hittar
inte referenskälla.) that the drainage pipes are broken. Therefore, tests with cured-in-place
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pipes and afterwards flushing have been started in order to be able to carry out developments
until October (Figure 45Fel! Hittar inte referenskälla. and Figure 46Fel! Hittar inte
referenskälla.). It is not sure whether it is possible to show a kind of demonstrator on the task
“repair works for drainage pipes“ in In2Track. As we will continue to do developments, it is very
likely that we can show a demonstrator in In2Track2.

Figure 45 ÖBB’s cured-in-place pipe test in April.

Figure 46 ÖBB’s flushing test of cured-in-place pipe in April
(f) Research on improving maintenance of lateral drainage gutters
The following test results display the force developed by the bond at failure. The force
developed at failure corresponds to the load applied to the specimen in the laboratory (Figure
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34). The failure force increases with the quantity of adhesive (Figure 47Fel! Hittar inte
referenskälla.).
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Figure 47

Glue mass - Failure force

Three failure modes were observed:




Adhesion failure at the interphase between concrete and adhesive,
Rupture of the geotextile around the glue point,
Rupture at the base of the geotextile. In this case, the test is considered to have
failed.

Different factors affecting the bonding resistance were studied (temperature cycles,
configuration of glue points, etc…). The results of the test carried out to study the influence of
concrete saturation on failure force are presented in the following figures.
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Figure 48 Glue mass - Failure force with wet concrete

The figure below shows the results of “peel” tests performed to evaluate the possibility of
removing the liner after use. The method consists in applying a force in the opposite direction.
The geotextile is pulled at 180° to the geotextile-concrete interface. Nine tests with different
glue masses were carried out after the total development of the resistance (on a dry the
concrete block without temperature cycles).
The results are compared to the failure force obtained from the standard shear procedure.
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Figure 49 Peel test – Glue mass – Failure force
The results presented in show the influence of temperature and number of cycles on failure
force.
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Figure 50. Glue mass (a) and cycles number (b) - Failure force - 105 ºC

Overall, the following conclusions can be drawn from the tests:









For shear tests, the strength of the geotextile/concrete bond increases with the quantity
of glue.
Two different types of ruptures were observed during testing: separation by lack of
adhesion (dominant for smaller glue quantities) and geotextile rupture around the glue
point (dominant with larger amounts of glue).
Bond strength is lower with saturated concrete for a given glue mass than for dry
concrete. However, strength continues to increase with glue mass in both cases.
The importance of initial curing was observed. In the period of time after installation,
the effect of time on strength gain in more important than the quantity of glue.
Temperature cycles can cause some loss of bond strength, mainly because of the
reduced strength of glue at higher temperature.
The strength of the concrete/geotextile connection depends on the configuration of the
glue points. A “group effect” was identified during testing. For the same quantity of glue
and number of points, the failure load appears to be lower for the specimens with
grouped glue points than the specimens with spaced points.
The possibility of removing the geotextile was studied by analysing the resistance of the
specimens during “peel tests”. Heating is identified as a possible method to facilitate
extraction of the liner from the gutter.

The results obtained in the laboratory suggest that the proposed method (using geotextile lining
and acrylic) is feasible and should be tested in the field.
Research on other possible types of liners such as resins should also be developed.
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BRIDGE UPGRADING AND MAINTENANCE

As in the above section focused on tunnels, this section covers the development of novel bridge
repair, upgrade and maintenance techniques achieved during the span of the project.

7.1 Fatigue reinforcement of steel girders using FRP
A very common fatigue-prone detail in old riveted steel bridges is the connection between
stringers and floor-beams, which frequently have coped ends or cut-short flanges at the
connection. In general, the fatigue cracks start and grow in the web of the element in the areas
that are weakened locally by coping or flange short-cutting, due to the stress concentration in
this region. For this case, CFRP doubler plates adhesively-bonded to the web of the weakened
element may result in a promising technique to reduce stress levels in this fatigue-prone area
(Figure 51a). The philosophy of doublers for fatigue crack repair is to add cross-sectional area,
which in turn reduces stress ranges and consequently increase fatigue life of the detail. The
advantages of this technique, compared to bolted or welded doublers, are related to the
drawbacks inherent to traditional techniques: existing riveted bridges are made of old steel that
is not always weldable, and holes drilled for bolted connection may weaken the element and
reduce fatigue life (Figure 51b). Also, CFRP plates do not corrode and are lightweight, which is
advantageous compared to steel doublers.

Figure 51 a) Adhesively-bonded CFRP doubler repair; b) bolted steel doubler
[adapted from: Dexter and Ocel 2013].
To evaluate the behavior of adhesively-bonded CFRP doublers for the fatigue strengthening of
metallic bridges, an experimental program is carried out by testing 28 CFRP-metal double-strap
joints (Figure 52). These specimens are fabricated by two CFRP laminates bonded with adhesive
to both sides of two metallic plates aligned and separated by a gap, simulating a metallic
element with a fatigue crack. Different carbon fibres and epoxy adhesives are tested to obtain
the bond strength of these joints and compare the results to evaluate the most efficient
combination of adhesive and carbon fibre for this particular strengthening strategy.
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a)

b)

Figure 52. a) Double-strap joint tests and b) geometry of specimens (not to scale).
Riveted stringers of an in-service old railway bridge in Spain (Redondela Bridge, built in 1884)
are replaced by new ones during a retrofitting work of the structure (Figure 53), so one of these
old stringers is used to obtain steel plates to study the bond behavior of CFRP-steel double-strap
joints using this material. The objective of these tests is to evaluate the performance of these
adhesively-bonded joints when applied on steel from an old riveted railway bridge.

a)

b)

Figure 53. Redondela Bridge (source: Google Maps); b) original replaced stringers.
The geometry of the double-strap joint specimens is the same as used with modern steel, except
the steel plate thickness, that is 7 mm (thickness of stringer web from which the plates are taken)
instead of 10 mm. The strengthening materials used for these tests are selected based on the
best results obtained in previous tests with modern steel.
Three identical specimens (Figure 54) are fabricated and tested under the same conditions that
were used in previously mentioned tests (Figure 52). An average failure load 3 % higher than the
failure load obtained with the same combination of materials with modern steel plates is
obtained. This result shows that a good bond strength is obtained even if old steel is
strengthened with CFRP adhesively-bonded plates, so the applicability of this technique is
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guaranteed for the fatigue strengthening of this type of old bridges. A detailed description of
the research work carried out is presented in Annex 1

a)

b)

c)

Figure 54.a) Steel plates cut from bridge stringer; b) three double-strap joints specimens with
old steel; c) testing of specimens.

7.2 Improved shear capacity of concrete bridges with FRP
Reinforced and prestressed concrete bridges include a wide variety of typologies, being one of
the most common the beam-and-slab bridge, which can be considered to be formed by several
T-section beams (Figure 55a). In case of insufficient shear strength of the beams, the use of
externally-bonded carbon fibre reinforced polymers (CFRP) strips is a promising technique that
is being increasingly used for these applications. However, for T-section beams the CFRP fullywrapping shear strengthening scheme cannot be applied, so CFRP U-strips (or U-jackets) are
used (Figure 55b) and CFRP debonding at strips ends (before CFRP rupture) typically governs the
failure mode.

a)

b)

Figure 55. a) Beam-and-slab bridge cross-section; b) shear strengthening using
externally-bonded CFRP U-strips.
For this reason, codes and guidelines for CFRP shear-strengthening suggest using additional
anchorage systems to postpone or prevent debonding failure, increasing the contribution of
CFRP strips to shear resistance, but no design provisions are available. To achieve a better
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understanding on the shear resistance mechanism of T-section RC beams shear-strengthened
with anchored CFRP strips, 11 full-scale concrete T-section beams (Figure 56) with different
transverse steel reinforcement ratios (ρs = 0.0022 and ρs = 0.0035), strengthened with two
different CFRP U-strips ratios (ρf = 0.0015 and ρf = 0.0060), both with and without anchors, are
tested to evaluate:
-

-

The interaction between the internal transverse steel reinforcement and externally
bonded CFRP shear strengthening at shear failure, and the shear contribution of each
material.
The effectiveness of CFRP anchors to delay or prevent debonding of CFRP shear
strengthening system in T-section beams.

a)

b)

Figure 56. Details of beam specimens (units: length in mm).
All beams are instrumented with strain gauges in the steel stirrups, CFRP U-strips and CFRP
anchors to evaluate the shear contribution of each material. Special attention is made on the
monitoring of anchors (Figure 57) to evaluate their contribution to shear resistance (Figure 58),
since no previous research works have focused on this topic.

a)

b)

c)

Figure 57. Installation of strain gauges in the CFRP spike anchors.
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a)

b)

Figure 58. a) Pull-out failure of spike anchor in beam B06; b) computed tensile loads in
CFRP strips and anchors (beams B04 and B06) based on strain
measurements.
The efficiency of anchoring CFRP strips used for shear strengthening of T-section RC beams is
influenced by both the steel stirrups reinforcing ratio ρs and the CFRP strips strengthening ratio
ρf. Based on results of tested beams, it is clear that the use of CFRP spike anchors increases
considerably the shear contribution of CFRP strips, compared to non-anchored strips (Figure 59).
The highest efficiency in the use of anchors is obtained for beams reinforced with ρs = 0.0022
steel stirrups ratio and strengthened with ρf = 0.0060 CFRP strips ratio (beams B04 and B06),
resulting in a 183 % increase in shear contribution of CFRP strips Vf (beam B06) when compared
to non-anchored strips (beam B04). A detailed description of the research work carried out is
presented in Annex 2.

a)

b)

Figure 59. Shear contribution of each material: a) non-anchored B04; b) anchored
B06.
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7.3 Strengthening of concrete members for fatigue
7.3.1 Introduction
Repeated cyclic loading of reinforced concrete (RC) structures such as bridges can cause reduced
service life and structural failure due to fatigue even when the stress ranges applied to the
structural components are very low. These problems can be mitigated by using fibre-reinforced
polymer (FRP) composites to increase the structures’ load carrying capacity and fatigue life or
service life. Strengthening of this sort may be a suitable way to prolong the service life of
concrete structures.
FRP strengthening involves externally bonding a plate, sheet or rod of the strengthening
material to the surface of the concrete member or placing the strengthening element in grooves
cut into the member’s surface. The bonding of plates or sheets to the surface is often referred
to as EBR (externally bonded reinforcement) whereas the placement of strengthening bars in
grooves carved into the member’s surface is referred to as NSM (Near Surface Mounted)
reinforcement. When this research project was initiated, it was not clear whether EBR or NSM
strengthening was more effective at alleviating the effects of fatigue loading, and there were
many aspects of their use that warranted further investigation.

7.3.2 Strengthening for fatigue
Studies indicates that FRP-strengthened beams under fatigue loading generally exhibit an initial
change in stiffness and an increase of deflection due to a redistribution of cracks in the beams.
The stiffness then remains constant while the deflection increases slowly due to cyclic creep, i.e.
the gradual evolution of the plastic strain of the concrete, FRP, steel reinforcement and the FRPconcrete bond under cyclic load. Finally, there is a sudden increase in deflection immediately
prior to failure. The behaviour of strengthened beams under fatigue loading depends mainly on
the maximum stress generated in the main tension reinforcement, the strength of the bond
between the FRP and the concrete, and the configuration of the FRP. If the bonding strength
between the concrete and the FRP is sufficient, the initial failure will be due to steel rupture
followed by rupture of the FRP, debonding of the FRP from the concrete substrate, or
delamination of the concrete cover caused by flexural-shear cracking. FRP debonding is rare
because both the tensile and shear strengths of epoxy adhesive are at least twice as large as
those of the concrete cover. Moreover, if the bonding between the FRP and concrete substrate
is defective, either because of sub-standard workmanship or design problems with the
anchorage, the fatigue life of beam will obviously be impaired because the FRP will not help the
beam and steel rebar resist the applied stress, accelerating the rupture of the steel rebar.
Several studies have been conducted on the effects of fatigue on structures strengthened with
FRP bonded using epoxy-based materials. These studies investigated the relationship between
fatigue life and the nature of the strengthening material (i.e. the fibres used in its construction),
the applied load, the type of strengthening applied (i.e. flexural, shear, or combined), and the
configuration of the strengthening FRP element (EBR or NSM). In addition, the impact of timedependent variables and processes such as the temperature, relative humidity, and freeze/thaw
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has been examined. In order to evaluate the fatigue performance of EBR and NSM, this section
presents test results of beams subjected to fatigue loading under different conditions, drawn
from the literature. Among them, Yu et al. (2011) carried out fatigue testing of RC beams
strengthened with GFRP sheets, which were shown to reduce the stress in the reinforcing steel
and increase the fatigue life of the strengthened beams under fatigue loading. In addition, the
fatigue failure of beams strengthened with GFRP was shown to resemble that for beams
strengthened with CFRP. The fatigue behaviour of concrete beams strengthened in flexure with
NSM CFRP was investigated by Yost et al. (2007), whose results suggested that the bond
between the NSM CFRP and the concrete was not affected by fatigue loading. The responses of
CFRP-strengthened beams under fatigue loading with different load amplitudes were studied by
Gheorghiu et al. (2007), who found that increasing the fatigue load amplitude significantly
increased the cracking strain of the CFRP-concrete joint. The fatigue performance of RC beams
shear strengthened with CFRP fabrics was investigated by Chaallal et al. (2010), who discovered
that the fatigue life of beams strengthened with two layers of CFRP was lower than that for
beams strengthened with a single layer. This counterintuitive result was attributed to the
greater rigidity of the duallayer strengthening elements, which changed the stress distribution
in the concrete and caused it to be crushed rather than allowing the steel stirrups to yield. Ekenel
and Myers (2009) exposed test beams to severe environments and defects caused by
delamination in order to study the durability of RC beams strengthened with CFRP. By using
cycles of continuous freeze and thaw, prolonged exposure to extreme temperatures, continuous
relative humidity cycles and ultraviolet light, they showed that fatigue loads combined with
harsh environmental conditions significantly affected the flexural stiffness of the beams because
they reduced the strength of the adhesive binding the FRP strengthening element to the beam.
Gussenhoven and Breña (2005) discovered that wider laminates are more effective than
narrower laminates at increasing the fatigue life of strengthened beams because wider
laminates reduce shear lag effects and restrain crack opening more effectively than narrower
laminates. Al-Rousan and Issa (2011) studied the effect of various parameters on the fatigue life
of RC beams strengthened in flexure with CFRP elements. The parameters examined in this work
included the configuration of the CFRP sheets, the number of CFRP layers, the size of the CFRPconcrete contact area, the applied stress range, the frequency and number of fatigue cycles, and
the extent of salt water exposure. The applied stress range had the strongest effect on the
fatigue life, but the frequency of fatigue loading had no effect provided that it was kept within
the range of 1 – 4 Hz. The latter finding was used to expedite the fatigue testing: all subsequent
fatigue tests were conducted using loading frequencies at the upper end of this range. The
fatigue life also increased with the number of layers in the CFRP strengthening element and the
size of the CFRP-concrete contact area, both of which facilitate the transfer of stress from the
tensioning steel to the CFRP element. Barnes and Mays (1999) investigated the effects of
different types of load on the fatigue behaviour of RC beams. When they applied the same stress
range to the rebar of the strengthened and unstrengthened beams, they found that the fatigue
life of the strengthened beams was greater than that of the unstrengthened beams. However,
when the strengthened and unstrengthened beams were subjected to fatigue loading using the
same percentage of their ultimate static load capacity, the strengthened beams had shorter
fatigue lives. This was because the ultimate load value for the strengthened beams was much
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greater than that for the unstrengthened beams. Consequently, when the beams were loaded
to the same percentage of their ultimate load capacity, the reinforcing steel bars of the
strengthened beams were subjected to a much greater stress range. Masoud et al. (2001)
showed that the fatigue life of a corroded beam improved using transverse CFRP wrapping and
flexural sheet causing reduction of stress level in the corroded tension steel bars. Khan et al.
(2011) reported that shear end anchorages enhanced the fatigue performance of flexurally
strengthened RC beams. This was attributed to the ability of the end anchorages to reduce the
high interfacial shear and peeling stresses at the point of plate cut-off, which cause debonding
of CFRP laminates. Huang et al. (2011) studied the effects of temperature on the fatigue
behaviour of strengthened beams. Their results showed that the fatigue life decreased with
increasing temperature, and that the failure modes of strengthened beams shifted from steel
yielding to interface debonding of the laminate as the temperature rose. However, Senthilnath
et al. (2001) showed that even when the extent of delamination exceeded the limits defined as
acceptable by the ACI, there were only very minor effects on the fatigue performance of CFRPstrengthened RC beams. Minnaugh and Harries (2009) examined the fatigue behaviour of RC
beams strengthened with steel fibrereinforced polymers (SFRP) and CFRP; their results
suggested that SFRP strengthening elements outperformed CFRP, significantly improving the
fatigue behaviour of RC beams and showing no evidence of debonding even at relatively high
stress ranges. Derkowski (2006) tested beams under fatigue loading strengthened in flexure
using one or two CFRP strips on the soffit surface. The fatigue lives of beams strengthened with
two strips were greater than those strengthened with single strips because the dual strips were
more effective at restraining crack opening. Wang et al. (2007) discovered that T-beams with
excellent behaviour under fatigue loading could be repaired by strengthening with a hybrid FRP
consisting of CFRP plates for flexural strength and a GFRP strip for shear strength. Harries et al.
(2007) studied the effect of adhesive stiffness on the fatigue life of FRP-strengthened RC beams,
showing that the use of a more flexible adhesive increased the stress on the tensile steel because
the flexible adhesive was less effective at transferring stress to the strengthening material.
There have been few comparative studies on the relative efficiency of strengthening with NSM
bars and EBR plates as means of increasing fatigue life. Aidoo et al. (2006) studied the fatigue
performance of full-scale Interstate bridge girders strengthened with three different CFRP
composite strengthening systems: surface-bonded CFRP strips, NSM strips in grooves carved
into the girders’ soffit surfaces, and hybrid strips fixed using powder-actuated fasteners. Under
monotonic loading, all three methods increased the girders’ load-carrying capacity. However, it
was not clear whether EBR or NSM strengthening offered the best performance under fatigue
loading because the CFRP strips exhibited a certain degree of relative slippage or debonding. A
similar study was conducted by Quattlebaum et al. (2005). using small-scale specimens
strengthened with three different CFRP strengthening methods. Their test results showed that
CFRP strips were unable to bridge cracks resulting from the failure of the primary reinforcing
steel, in contrast to the report of Meier et al. (1992). Consequently, they found that NSM CFRP
strips performed better than EBR CFRP strips and hybrid strips fixed using powder-actuated
fasteners. Sena-Cruz et al. (2012) conducted a similar comparison to Quattlebaum et al. (2005)
and Aidoo et al. (2006) by tested reinforced concrete beams strengthened with the same three
methods under monotonic and fatigue loads. There was no fatigue failure. The post-fatigue
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monotonic behaviour showed that the greatest decrease in stiffness due to fatigue loading was
observed for beams strengthened with NSM strip

7.3.3 Building codes and researchers recommendations
Analysis of various building codes and the primary research literature revealed the following
recommendations concerning epoxy-based methods:
The ACI 440.2R-08 (2008) code recommends that in order to prevent fatigue and creep failure,
epoxies used with GFRP, AFRP and CFRP materials should have a total stress to FRP ultimate
strength ratios of less than 0.2, 0.3 and 0.55, respectively. Diab and Wu (2008), Breña et al.
(2005) and Harries and Aidoo (2006) considered this recommendation to be inadequate and
impossible to achieve. Additionally, it has been shown (Harries and Aidoo, 2006) that the bond
is also affected by fatigue loading. The author considers the ACI recommendation adequate to
ensure that the FRP itself does not fail under fatigue load.
The Japanese Society of Civil Engineers (JSCE, 2001) recommended a reduction of  = 0.7 for the
interfacial fracture energy relating to the bonding of fibre reinforced polymer sheets to concrete
under fatigue loading to mitigate peeling failures of the FRP, which can be used to check that
the FRP stress is below a threshold value which ensures that its failure will occur only after the
rupture of the reinforcing steel. Peeling failure will not occur if the stress in the FRP satisfy eq.1
Here Gf is the interfacial fracture energy per unit area corresponding to debonding of the
continuous FRP sheet and the concrete, Ef is the Young’s modulus of the FRP, n, the number of
layers and tf the thickness of one layer of the RP.

(1)
(8.5.1)
The Italian design guide CNR-DT200 (NRC, 2004) recommends a long-term conversion factor
=0.5, which is multiplied by selected properties of the FRP composite to define thresholds that
should not be exceeded in order to avoid fatigue failure. However, this approach does not
account for the stress range of the fatigue loading or the properties of the concrete.
The ISIS Canadian design manual (ISIS Canada, 2008) only recommends a reduction factor to
account for the effect of creep on FRP composites without fatigue load.
The Concrete Society: Technical Report No. 55 also recommends limits on the permissible stress
range in the FRP for fatigue applications. These limits are 80%, 30%, and 70% of the ultimate
capacity of the FRP element for CFRP, GFRP and AFRP materials, respectively. The resulting
thresholds are intended to control the fatigue behaviour of the FRP plates or strips bonding
application by limiting the cyclic stresses applied to the FRP material. In a realistic plate bonding
application of CFRP, it would be nearly impossible to achieve a stress equal to 80% of the
ultimate capacity of the CFRP because the strengthened beam would fail by some other means
first: either the CFRP element would delaminate from the concrete substrate or the reinforcing
steel would fail followed by CFRP delamination.
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Kim and Heffernan (2008), as well as Barnes and Mays (1999) recommended that the
conventional approach of using unstrengthened reinforced concrete to prevent fatigue failure
should be used for FRP-strengthened structures; in the author’s opinion, this suggestion is
reasonable. Ferrier et al. (2011) did not account for the stress range in the reinforcing steel and
instead suggested that the shear stress between the concrete and CFRP should be limited to 0.8
MPa to prevent fatigue failure over 1×106 cycles. Yao et al. (2006) proposed that in order to
prevent fatigue failure of the CFRP, the fatigue strength of a carbon fibre laminate strengthened
reinforced concrete beam should be 0.58 times its ultimate static loading strength. Breña et al.
(2005) indicated that the maximum tolerable composite stress in CFRP laminates is 15 to 25%
of the CFRP element’s ultimate strength, which is lower than the threshold suggested by the ACI
440.2R-08 (2008). Senthilnath et al. (2001) performed fatigue tests on CFRP-strengthened
beams with differing degrees of CFRP delamination and showed that even when the extent of
delamination was 16000 mm2, corresponding to the upper limit defined as tolerable by the ACI
440.2R-08 (2008), the flexural fatigue behaviour of the beam was largely unaffected. These
authors also argued that a lap length of 50 mm is insufficient for CFRP sheets under fatigue
loading despite this value being recommended when using the MBrace composite strengthening
system (2002) under a static load. Yang and Nanni (2002) recommended a lap splice length of
101.6 mm, if the maximum applied stress does not exceed 40% of the ultimate static strength.
Diab et al. (2007) recommended that the FRP fatigue stress for FRP strengthened beams should
not exceed 30% of the static bond capacity of the FRP-concrete interface. Gunes et al. (2006)
recommended that a minimum bond anchorage be provided on the end regions of the FRP
flexural reinforcement, at a distance equal to the beam depth to ensure improved cyclic load
performance. By combining these recommendations, it is possible to establish robust criteria for
designing strengthened beams subject to fatigue loading in terms of the properties of the
bonding material, FRP element, and reinforcing steel.

7.3.4 Experimental performance of RC beams strengthened with FRP
materials under monotonic and fatigue loads
The behavior of reinforced concrete beams strengthened with CFRP plates and NSM bars under
monotonic and fatigue loading by four-point bending has been investigated. Strengthening
materials with two different Young’s modulus values were examined, and the effect of preexisting cracks in the beams before the application of the strengthening material was
investigated. The results obtained indicate that:
The first cracking load of the unstrengthened beam was equal to that of beams strengthened
with NSM bars and plates. This indicates that neither strengthening methods was able to delay
crack formation under monotonic loads.
The increase in the ultimate strength of strengthened beams relative to an otherwise identical
unstrengthened beam is largely dependent on the properties of the FRP material and the
method of strengthening. The ultimate load of beams strengthened with NSM bars increased by
144% and 125% when the Young’s modulus of the CFRP strengthening element was 200 and 150
GPa, respectively. In specimens strengthened with plates, ultimate load increases of 106% and
96% were achieved using CFRP materials with Young’s moduli of 200 and 150 GPa, respectively.
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The stiffness of the strengthened beams under monotonic load was independent of the
strengthening method used provided that the Young’s modulus of the strengthening material
was kept constant.
Under monotonic loading, the unstrengthened beam was more ductile than any strengthened
specimen. In addition, the NSM bar-strengthened beams were more ductile than their platestrengthened counterparts. Specimens strengthened with CFRP having a low modulus of
elasticity were more ductile than those strengthened with CFRP having a higher modulus of
elasticity.
Plate strengthening allowed the beams to tolerate the applied fatigue loads after the rupture of
the reinforcing steel bars, but less effectively than NSM bar strengthening. The beams
strengthened with NSM bars continued to support the fatigue loads even after four ruptures of
the reinforcing steel bar whereas plate-reinforced beams were only able to tolerate one rupture.
The crack patterns formed during the first load cycle did not change until the rupture of the first
reinforcing steel bar and neither did the rate of crack growth.
The dominant failure mode in all beams that failed during fatigue loading involved intermediate
debonding at the position where the steel bars ruptured. In general, the stiffness of the beams
declined gradually after the first rupture, so their failure was ductile.
The Young’s modulus of the CFRP strengthening material affected the deflection of the beams
during the fatigue test. The maximum deflection of NSM bar-strengthened beams made using
CFRP material having a high modulus of elasticity increased by 25% relative to that observed
during the first cycle; the corresponding value for the bar-strengthened beam prepared using
low Young’s modulus CFRP was only 23 %. For plate-strengthened beams, the corresponding
values were 16 and 13 %, respectively.
The mid-span deflection for beams strengthened with CFRP plates was lower than that seen for
beams strengthened with NSM bars. Specifically, the mid-span deflections for beams
strengthened with CFRP plates having high and low Young’s moduli were approximately 15 %
and 7 % lower than those for the corresponding NSM bar-strengthened beams.
The relative increase in the maximum deflection of the control beam over the course of the
fatigue loading process (26%) was very similar to that seen for beams strengthened with NSM
bars.
NSM bar strengthening was more effective in pre-cracked beams for improving behavior than
in those without pre-cracking: the relative increase in the deflection of the pre-cracked barstrengthened beam after a given number of loading cycles was 9% lower than that for the
equivalent beam without pre-cracking.
Plate strengthening was more effective for improving fatigue life than NSM bar strengthening
in the case of pre-cracked beams.
The rates of energy dissipation in strengthened pre-crack beams were significantly lower than
in beams without pre-cracking. In addition, all strengthened beams without pre-cracking
exhibited similar rates of energy dissipation regardless of their method of strengthening.
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After the first load cycle, all of the tested beams exhibited only micro-scale damage until the
rupture of the first steel bar.
The measured load-end slip values for plate- and NSM bar-strengthened beams showed that the
joint bond maintained its stiffness until the beams failed.
The rate of strain increase in the longitudinal tensile steel bar at the mid span of the beams was
higher than the strain measured in the CFRP elements of NSM bar-strengthened beams.
Conversely, in plate-strengthened beams, the rate of strain increase in the CFRP elements was
greater than that in the reinforcing steel. Additionally, the rate of strain increase in platestrengthened beams featuring CFRP with a low Young’s modulus was lower than in beams
having CFRP strengthening with a high modulus of elasticity. Finally, during the fatigue tests, the
pre-cracked beams exhibited lower levels of tensile strain in both their reinforcing steel and
CFRP elements than were observed in the corresponding beams without pre-cracking.
The results presented herein suggest that the fatigue life of strengthened beams should be
calculated by summing the fatigue life of the steel reinforcement and the remaining fatigue life
of the FRP-concrete bond after the fracture of the reinforcing steel. Plate-strengthened beams
had greater fatigue life values prior to the first rupture of the reinforcing steel than did beams
strengthened with NSM bars. However, for beams strengthened with CFRP having a low Young’s
modulus, the proportion of the total fatigue life remaining after the rupture of the first
reinforcing steel bar was greater for the NSM bar-strengthened beam than for its platestrengthened counterpart. The opposite was true for beams strengthened with CFRP having a
high modulus of elasticity. The fatigue lives of pre-cracked strengthened beams were greater
than those of strengthened beams without pre-cracking.
The results presented herein also suggest that the best model for estimating the fatigue life of
CFRP-strengthened beams is the Helgason and Hanson model for steel bars in air.
The comparison of the fatigue lives of strengthened and unstrengthened beams was influenced
by the need to apply higher loads to the former in order to maintain the same level of axial stress
in the reinforcing tension steel bars. This increased the shear stress acting on the steel
reinforcement of the strengthened beams and thus increased the localized concentrations of
stresses at the surfaces of the reinforcing bars, thereby reducing their fatigue life.
Additional information may be found in Annex 3.

7.4 Bridge upgrading and strengthening
Many of the older railway bridges in the United Kingdom are either approaching the end of their
useful lives or are not able to support heavier rolling stock, higher wheel loads, faster speeds
and more frequent traffic. It is therefore imperative to upgrade and strengthen these bridges to
extend their lives as far as possible. Most of these bridges are early steel or masonry arch bridges
and are often located in close proximity to other structures with limited access. It is also usually
impossible to obtain long possessions of the bridge to complete works.
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7.4.1 Steel member replacement and enhancement – stiffeners / plates
and bracings
Many steel bridges on Network rail are the U type as below.

Figure 60 Typical U-Type Steel Bridge
When these bridges need to be strengthened to carry increased wheel loads, analysis of the
structures identifies that the main steel beams fail in buckling, and the centre beam fails in
bending, due to compression in the top flange. Additional stiffeners can be added to the webs
and plates to the top flange of the centre beam. This can increase capacity up to 10%. Further
enhancements up to 15% can be achieved by adding additional sub-frames between beams and
using a “top hat” section on the centre beam.

Figure 61 Strengthening using U-Frames, Stiffeners and Top Hat Sections
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7.4.2 Masonry arch enhancements using concrete liners
The Conarch Overbridge Standard Design and Details (SDD) have been developed to improve
efficiency in terms of time scales and driving down the costs of reconstructing masonry arch
overbridges.

Figure 62 Conarch Components
These overbridges, are designed for road traffic only, and used to replace existing masonry arch
bridges, or replace level crossings.
This method uses the existing masonry abutments, usually with an additional concrete cill beam.
Spans are 7.4m, 8.4m and 9.4m with skews of 0, 15, 30 and 45 deg.
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Figure 63 Typical Conarch precast sections
Typical unit weights and dimensions for a 9.4m square span are:
Component:

Width:

Unit Weight:

Internal unit

1250mm

14.4t

External Unit

1000mm

21t

Parapet Beam

720mm

32.3t

7.4.3 Spandrel wall strengthening using cross ties
Masonry arch bridges are an integral part of the UK Rail network, however most of these date
back to the 19th century, and most are showing defects.

Figure 64 Masonry Arch Bridge - Components.
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These defects that occur in structures can be traced to one of three common primary causes:
Water ingress
Water ingress invariably results in the breakdown of the structural building elements and
together with chemical activity, degrades the bonding mortar. This occurs typically when
waterproofing to an arch fails or when water runs through the lining.
Mortar degradation resulting in it ‘washing out’ from joints regularly leads to the subsequent
saturation of the brickwork/masonry over time due to the consistent passage of water across
its surface. Exposed areas of saturated masonry / brickwork are often subjected to successive
freeze thaw cycles, resulting in spalling. The combined effects of these actions can alter stresses
and their distribution in the affected areas instigating additional cracking. This generally
exacerbates the problem of water ingress leading to further loss of serviceability and ultimately
failure of the structure element.
Excessive loading or inadequate structural capacity
An arch bridge that is subject to excessive loading (or normal loading with poor distribution) will
demonstrate this condition by cracking. The crack patterns provide an indication of how a
structure is reacting to the load and their rate of progression and indication of the seriousness
of a condition e.g. transverse cracking can be serious if it is accompanied by arch flattening or
rotation of the abutments.
Longitudinal cracking is much more common and indicates a lack of load distribution.
Improved load distribution within underbridges can be achieved by lifting the track; however,
this itself can result in excessive lateral loading on the spandrels causing them to shear laterally
outwards. This occurs either at their interface with the arch barrel or by vertical cracking through
the arch barrel itself and is referred to as spandrel separation.
Spandrel separation over arch rings
This occurs when the spandrel is subjected to lateral forces acting on the wall and will result in
the spandrel slipping over the arch back. Usually a sign that the bridge is over-loaded or overballasted.

Figure 65. Bulging Spandrel wall
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Solution: Simply raking out and re-pointing the fracture, taking care to completely remove all
traces of vegetation may be all that is required. This is often combined with the installation of
tell tales to aid future monitoring of specific defects. In more severe cases a bespoke design
involving the installation of pattress plate restraints may be the only solution.

Figure 66 Examples of pattress plates

Nominal
Bar Size
(mm)

Maximum
Design
Load (kN)

Nominal Dimensions
D (mm)

H (mm)

24

176

335

72

30

280

420

90

39

490

545

120

Figure 67 Pattress details

GA H2020 730841

D4.2

Page 96 of 135

IN2TRACK

D4.2 – Improvement of tunnels and bridges

Replacement of pattress plates and tie bar in FRP
Iron and steel pattress plates are very vulnerable to corrosion, due to water and chloride ingress
to the structure. Tie rods are not easily examined, and have failed regularly, allowing plates to
become dislodged and fall onto roadways below.
With current advances in FRP using Glass, Aramid and basalt fibres; all of these iron components
can be replaced, with far lower risk of corrosion.
There are numerous FRP rod products currently available as ground anchors for slope
stabilization – these can be used equally effectively as reinforcement for bridge spandrel walls.

Figure 68 Typical FRP rods and anchorages

7.4.4 Component replacement
FRP bridge components
A number of FRP pedestrian footbridges over railways have been constructed in the UK, these
have proved to be cost effective alternatives to steel or concrete bridges. Examples on the UK
Network include Dawlish and Dover. Dawlish footbridge was a listed structure, but due to
excessive corrosion was deemed to be at the end of its serviceable life. A realistic copy was
constructed offsite, transported, and craned into position with minimal disruption to traffic.

Figure 69 Dawlish steel footbridge – coastal site
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Figure 70 Dawlish footbridge – steel before and FRP after.
There are opportunities to develop FRP bridges, to ultimately carry full rail loading, however
there are a number of challenges that need to be resolved:
 There are still some concerns over the failure mode of FRP – Steel shows a progressive
plastic failure mechanism, while FRP appears to be less ductile, and is expected to fail in
a brittle manner.
 There are no specific European Design codes for FRP, while there are extensive design
codes for steel and concrete. Currently there is a draft design guide under development
by CIRIA in the UK, expected publication at the end of 2018.

Precast concrete units to replace steel and masonry arch spans
The most common railway bridge in the United Kingdom, typically consists of single or double
track, spanning single carriage roads, spans from 10-24m and less common, up to 30-40m span.
Most of these are steel bridges, and common practice in the UK is to replace with similar
structures. Justification for this is to install in a short possession window, and achieve sufficient
headroom. However, steel bridges require higher maintenance, more frequent inspections and
need regular corrosion protection. They are also more vulnerable to collision damage caused by
tall road vehicles.

Figure 71 Typical steel bridge and replacement concrete bridge
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Restricted headroom – Z beams
Where there are headroom restrictions, a Z-girder configuration may be used, shorter spans
from 10-20m may be constructed from reinforced concrete. Longer spans up to 40m will require
post-tensioned concrete.

Figure 72 Railway Z-Girder Sections

Railway bridge precast solutions
Where headroom requirements permit, the optimum solution is structure under the railway,
using precast beams and cast in situ slabs.
For double track bridges, these may be constructed in stages, using single line working.
Slab panels may also be precast in sections, and lifted in to reduce possession times. These are
then “stitched” together with in situ concrete.

Figure 73 Railway Standard Precast Sections
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Railway bridge precast - reduced headroom
For bridges with reduced headroom, a precast modular Z beam can be considered – the shells
are transported to site, placed (10-20t) and completed with in-situ concrete and post-tensioned.
Stitching uses high strength concrete, (C85/100) which achieves 50 N/mm2 within 18 hours.
Ballast can be applied after 6 hours of casting, and full live load applied within 24 hours.

Figure 74 Railway UU bridge stitches

7.5 Methods – jacking / sliding or lifting.
7.5.1 Introduction
The most common traditional methods for reconstruction of bridges are:

 Complete erection by crane;
This method is usually limited to smaller bridges. The new bridge components are first
assembled at a convenient place and then transported to site and lifted in place by one or two
cranes depending on its size and weight. Short spans weighing less than 150t are viable, using
readily available 1000t cranes.

 Piecemeal erection by crane;
A piecemeal erection by crane requires a long possession to assemble bridges on site lifting
individual members by crane. This method has a significant impact on the normal operation of
the railway and is only used when there are no alternatives. Prefabricated elements are of
considerable advantage in such cases, but these quite often require additional temporary
restraints.
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 Complete erection by Self Propelled Modular Transporter (SPMT)
Concrete deck slabs or girders cast alongside existing bridge may also be slid, jacked or moved
into place using SPMT (refer to Figure 73). The advantage of this method is reducing the need
for temporary works and minimising the time required for erection.

Figure 75 SPMT Bramley Bridge, UK

 Rolling;
In situations where it is possible to obtain very limited possessions of the line, rolling in of the
components is performed. This method is preferred where there are two tracks and only one
need to be maintained operational.

 Launching.
Launching is a method where components are assembled off site and launched across the span
until the other side is reached. That requires usually a construction of a temporary pier or
extension at the leading end to span to the far support before the component is half way across
and an additional weight at the trailing end to retain balance.
Network Rail developed a jacking system as an alternative method to the traditional methods
described above for the refurbishment of several timber viaducts in Wales.
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7.5.2 Project details
Network Rail Wales Route has developed a strategy for the refurbishment of nine timber
viaducts on the DJP and SBA2 lines between Porthmadog and Borth (refer to Figure 76)

Dovey Junction

Traeth Mawr

River Arto

(DJP 79m16ch)

(DJP 118m 41ch)

(DJP 108m 32ch)

Caersws

River Clettwr

River Leri

(SBA2 53m 17ch)

(SBA2 83m 31ch)

(SBA2 85m 30ch)

Cottage Bridge

Barmouth Viaduct

Afon Llyfnant

(SBA2 80m 19ch)

(DJP 99m 80ch)

(SBA2 79m 18.5ch)

Figure 76 Timber viaducts on the Wales Route
All structures are multi-span timber structures spanning over a watercourse.
The refurbishment was required to address general deterioration defects of the timber
elements such as surface and core rot; section loss; settlement of piles; scour and teredo
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worms (refer to Figure 77 and Figure 78). The cause of defects was lack of maintenance and
aging of the structures but also as a result of poor inspection due to difficult access.

Figure 77 Surface rot and debris

Figure 78 Typical defect of timber trestles
Two of the structures were refurbished in 2017/2018.
The works on Llyfnant River (refer to
Figure 79) were undertaken first.
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Figure 79 SBA2 79 18.5 Llyfnant River
The structure is a three-span timber viaduct carrying a single-track railway and a walkway over
a tidal watercourse situated between Dyfi Junction and Borth. It is constructed in the mid-19th
century. The members of the structure are identified on
Figure 80.

Figure 80 Llyfnant River Member's Reference
The refurbishment was undertaken in 2017 using traditional methods of lifting by crane (refer
to Figure 81). The works were executed by two road-rail vehicles (RRV) positioned on each of
the embankments (refer to Figure 820 and involved repair of nine main beams; six diagonals;
two cross heads; two piles; one wailing; two back of wall timbers; 200m track works and
installation of new GRP walkways, handrails and deck planks.
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Figure 81 Traditional method of lifting

Figure 82 Two cranes positioned on each embankment
For the refurbishment of the trestles a removal of the entire deck was required including the
track and also installation of significant amount of temporary structures such as scaffolding to
provide access and props to restraint the trestles (refer to Figure 83 and Figure 84).
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Figure 83 Cross head replacement

Figure 84 Site works
Following the completion of the works on Llyfnant River, the Route undertook a project review
and as a result investigated alternative ways to undertake the refurbishment on the second
structure River Artro (refer to Figure 85) in order to reduce the cost and minimise the
disruption of the services.

Figure 85 DJP 108 28.75 River Artro

GA H2020 730841

D4.2

Page 106 of 135

IN2TRACK

D4.2 – Improvement of tunnels and bridges

River Artro is a seventeen span timber viaduct carrying a single track railway over a tidal
watercourse situated between Llanbedr and Pensarn. For general arrangement of the
structure refer to Appendix A.
The refurbishment works were planned into two phases. The first phase was executed in
2017/2018. The next phase is planned for 2019.
The works for the first phase included the design and construction of the jacking system.
The system was designed to act as an alternative load path transferring the permanent loads
from one of the intermediate trestles to the adjacent ones allowing the works on the
substructure elements to be carried out without lifting the entire track and deck (refer to
Figure 86 and Figure 87). This led to significant cost savings and minimised the disruption to
the railway operation.

Jacking System

Alternative load path
Substructure members
requiring replacement

Figure 86 Jacking system concept

Figure 87 Jacking system trial erection
A trial erection was carried out for the jacking system prior to undertaking the works on site
(refer to Figure 87).
Phase 1 works included eight tasks as follows:
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Task 01 Replacement of diagonals and walers;
Task 02 Back of wall plank replacement;
Task 03 Jacking works;
Task 04 Replacement to Cross head to Trestle 7;
Task 05 Replacement of corbels and packers;
Task 06 Changing SA1 cross head straps;
Task 07 Changing beams and corbel straps (SA8, SA9 and SA10);
Task 08 Resin repair works including fitting failsafe support brackets;

The construction works are illustrated on Figure 88, Figure 89, Figure 91 and Figure 90.
The principal contractor Alun Griffiths Ltd planned and executed the works for Phase 1 within
10 days railway possession.
Following completion of the works, the project was reviewed, and lessons learnt were
summarized including:
-

-

Issues encountered during design stage such as:
o Bespoke design of tow bars;
o Transfer of loads through rails;
o Removal of cross head;
o Temporary stability of the existing trestles;
o Clearance issues;
o Track geometry;
Issues encountered during construction stage such as:
o Assembling on site;
o Increased loading and deflection respectively;
o Hidden connections.

The benefits of using the new construction methods were evaluated and the main benefits of
the works were established including:
-

All temporary works were trackside;
Speed of jacking;
Improved safety on site;
Significant cost savings (approximately 50% per element);
Shorter possessions to undertake the works leading to minimising the disruption to
the operation of the railway;
Minimum permanent way disturbance.
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Figure 88 Illustration of construction works for Task 04
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Figure 89 Lifting system in place

Figure 90 New head cross beam removal

Figure 91 New cross head beam in place
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7.5.3 Next steps
The design of the jacking system will be improved to overcome some of the shortfalls
encountered during the design and construction and will be adjusted where necessary to enable
replacement of walkways, piles and beams.
The new jacking system will be used for the refurbishment of the remaining seven timber
structures in the next control period which will require refurbishment of more than 1000
individual timber elements.
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ENHANCED BRIDGE DESIGN

8.1 Dynamic properties of bridges
The response of railway bridges to passing trains depends on their dynamic properties such as
frequencies and damping ratios. Other important issues in railway bridge dynamics involve
dynamic soil-structure interaction, boundary conditions and amplitude dependencies. To
understand the real behaviour of bridges, full-scale testing using controlled excitation by a load
shaker is necessary.
The aim of the work performed was to develop a controlled testing technique using a bespoke
load shaker to assess the actual dynamic properties of railway bridges. The load shaker should
work from the underside of the bridge in order to not disturb/close passing railway traffic. The
shaker should also allow the capture of nonlinear bridge behavior under different loading
amplitudes.

8.1.1 Hydraulic exciter design
Existing examples of controlled dynamic excitation of bridges either have difficulty producing
low frequency excitations, often having a rather limited force level range, or provide higher force
levels but may have difficulties at higher frequency ranges. Additionally, they require heavy
power supply and track possession, as they have to be placed on deck.
With this in mind, a hydraulic exciter (shown in Figure 92) that bypasses current limitations has
been developed.
comput er

sensors

load cell
F(t)

F(t), d(t)
cont roller

load frame

signal

bridge

MGC Plus

d(t+ Δt)
d(t)

pist on

load cylinder
(MT S)

hydraulic oil pump

oil

Figure 92 Schematic for the hydraulic exciter system
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Forces are transmitted to the bridge soffit via a truss system that can be assembled to variable
lengths from 1 to 6 m. The truss system and base plate are made of aluminium to make the
manual handling easier, and have been optimized to have a load capacity of at least 50 kN and
a natural frequency of more than 50 Hanson when mounted to full extension.
Given that the whole system must be in compression during testing, a maximum load amplitude
of 25 kN is possible. The flexibility of the ground and the components of the truss system is
accounted for by the controller system since the load cell is placed directly under the bridge
soffit.

8.1.2 On track testing and sensor placement
Two tests were performed with the exciter during the course of the project: a pilot test at the
Pershagen bridge, 35 km South-West of Stockholm (Sweden), and a full scale test at the Aspan
bridge, 60 km South of Umeå (Sweden). Pictures of the bridges and testing operations may be
seen in Figure 93

Figure 93 Testing performed at Pershagen (above) and Aspan (below) bridges
The experimental testing of the Pershagen bridge was performed on June 3, 2015.
Accelerometers (denoted a1 to a12) were mounted on top of the edge beam, , using a mobile
crane car to avoid traffic disruption.
The hydraulic exciter was placed 6.7 m from the mid-support and 3.3 m from the edge beam in
the transverse direction. Data was collected with a sampling frequency of 600 Hz. Exciter and
sensor placement can be seen in Figure 94
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Figure 94 Sensor and exciter placement for the Pershagen bridge tests
For the Aspan bridge tests, the same equipment and sensors were used as for the Pershagen
bridge. In total 16 uni-axial accelerometers were installed.To cover more positions, the sensors
were placed in two different setups, denoted A and B. In both setups, sensor position 3, 9 and
13-16 were kept at the same location as reference. Exciter and sensor placement can be seen in
Figure 95

Figure 95 Sensor and exciter placement for the Aspan bridge tests
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8.1.3 Bridge simulations vs experimental results
The initial aim of the pilot testing at Pershagen was to install the equipment and assure that
whole system was functioning as intended before planning a larger measurement campaign.
However, since the obtained results were found to be of very high quality, an extensive analysis
has been performed.
A 3D FE-model of the Pershagen bridge, together with the first three eigenvalues from the
model, are illustrated in Figure 96

z
x

f1
y

z

f2

x
f3

Figure 96 Model of the Pershagen bridge. Eigenfrequencies: f1=7.7Hz, f2=11.1Hz and f3=19.8Hz
The first three eigenvalues from the model are shown in Figure 96 where the contour plots
illustrate the relative magnitude of modal displacements. The three modes agree relatively well
with the experimental results, both in frequency and expected mode shape: accelerance
comparison shown in Figure 97 shows good agreement in first and third modes, whereas the
second mode is overestimated.

Figure 97 Accelerance, comparison between experiments and FE-results for sensor a10
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A 2D model of the Aspan bridge is illustrated in Figure 106, where the supports and boundary
conditions at the end-shield is idealised by a set of springs and dashpots for vertical translation
and rotation. The aim of the model is to conceptually illustrate the soil-structure interaction for
the first two bending modes.
The pattern-search optimization algorithm available in MATLAB is used to update the remaining
parameters of the model. The objective function is to minimise the error in estimated
accelerance compared to the measured response. The final parameters for the 2D model may
be seen in Table 18

kr cr
EI , m

m1
kv1 cv1

kv cv
L1

L

L1

Figure 98 2D beam model for the Aspan bridge
Table 18

Final parameters for the 2D model, based on model updating.

Bridge

Support stiffness

Support damping

E

33.3

GPa

kv

6.3

GN/m

cv

18.6

MNs/m

m

29.6

ton/m

kv1

7.4

GN/m

cv1

5.3

MNs/m

kr

278

GNm/rad cr

945

MNms/rad

The accelerance from the experiment and the FE-model is compared in Figure 99 The results
show a relatively good agreement given the large simplifications of the model. It should be noted
also that the updated parameters are constant for both modes whereas the dynamic stiffness
of the soil may vary with frequency depending on soil conditions.

Figure 99 Accelerance for the first bending mode at sensor A3/A9, experiment vs. FEM
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8.1.4 Conclusions and further research
Based on the performed tests, the following conclusions are drawn.

 The hydraulic exciter system is found to be very robust in producing a constant
force amplitude up to at least 50 Hz.
 The control system is able to account for flexibilities origin from the support
under the exciter or the truss system of the exciter.
 The experimentally obtained frequency response functions were of very high
quality.
 The frequency response functions serve as important input when updating
theoretical models and to understand the dynamic behaviour of bridges.
 For both bridges, amplitude dependent responses were obtained, indicating a
non-linear behaviour.
 For both bridges, the analysis of the results indicate that a large source of the
total damping may be due to dynamic soil-structure interaction.
It is recommended that further research related to the use of the hydraulic exciter should focus
on the following aspects.

 Full-scale testing of more railway bridges that are expected to be prone to
dynamic loading from high-speed trains.
 Especially focus on bridges which may show significant soil-structure interaction
or non-trivial dynamic behaviour.
 Further development of accurate and reliable numerical models for predicting
the dynamic response of railway bridges.
Additional information may be found in Annex 4.

8.2 Study of wheel impact loads
8.2.1 Proposed work
The purpose of the research is to analyze the data gathered with the system of automated wheel
impact loads detectors for studying load effects on bridges. The different loadings are arranged
by mathematical statistic distributions. The calculation of influence lines for different bridge
spans is carried out and the distributed data is run over the structure using Monte Carlo–
simulation. The bending moment and shear force distributions and their fractile values can be
calculated. The fractile values are compared to LM71-loads (EN 1991-2) and for the loads used
for existing structures (EN 15528). The correct safety level and EN national annex parameters
like alpha-factor are evaluated.
In 2013 a research similar to this plan was carried out because Finnish road vehicle regulations
were changed and the allowable road vehicle masses were increased. The research was based
on measurements, mathematical statistics and reliability analysis. A similar approach would be
used also in proposed project. The analysis is carried out by researchers who have previous
experience in this field.
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8.2.2 Wheel impact load detectors
There are total of 16 checkpoints with WILD (wheel impact load detector) devices in Finland.
Twelve of those where used in the simulations. Data from four of the checkpoints was so
inaccurate, that these were left out. Seven of the used twelve checkpoints were on 25 tonnes
lines and the rest were on 22,5 tonnes lines. Table 19 is the list of all checkpoints. The ones not
used in the simulations are crossed over.
Table 19

List of available and used checkpoints

Number Name of the place

Max axle mass of the line

5000

Alhojärvi

25 t

5001

Hammaslahti

22,5 t

5002

Kaitjärvi (eteläinen raide)

25 t

5003

Kaitjärvi (pohjoinen raide)

25 t

5004

Kannus (itäinen raide)

25 t

5005

Kannus (läntinen raide)

25 t

5006

Lautiosaari

22,5 t

5007

Mattila

25 t

5008

Paltamo

22,5 t

5009

Selänpää

22,5 t

5010

Vainikkala

25 t

5011

Suontee

22,5 t

5012

Tupos

25 t

5013

Imatrankoski

22,5 t

5014

Niirala

22,5 t

5015

Vartius

22,5 t

Below in the diagrams each checkpoint is referred as INF@MP5000, where 5000 is the number
of the checkpoint.
The impact load detectors are 10 m long with a measurement section of 6.6 m. The automated
detectors measure the wheel forces and also the whole train weight from the instruments bored
and installed through the rail or laid between the rail and the sleeper. The system has alarm
levels for maximum axle loads and also for the impact of wheel flats.
The unsymmetrically worn wheel surface or over-loaded cars are guided away from the main
railway network to repair actions if the alarm levels have been exceeded. The accuracy of the
system is checked with the help of train scales.
The differences of these weights have been very low: for an axle ±5 %, for a carriage ±3 % and
for a train ±1 %. The system also identifies different passing locomotives, rolling stock and their
axle distances by using RFID readers and axle counters. The force data has now been
accumulated to substantial amount.
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8.2.3 Gathered data
The data used for the analysis is gathered from 12 of the 16 checkpoints on Finnish rail network.
In addition to the axle loads the WILD device can also detect the type of wagon or locomotive
rolling over it and that is a valuable information for this research.
From the data we can draw the distribution of the axle loads, wagon types, axle loads by wagon
type, consecutive wagons and the number of wagons on a train. In Figure 100 we can see a
distribution of the wagon types. In Figure 101 is an example of axle load distribution of one
wagon type.

Figure 100 Distribution of the wagon types
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Figure 101 Example of axle load distribution of one wagon type [kg]

8.2.4 Simulation model
The model starts by building a simulated train. First it draws the number of wagons and the total
mass of the train in a single extraction. The resulting total mass is used to determine locomotives
(given that the locomotive must be able to pull the total train mass). Thereafter a Monte Carlo
evaluation is made to select the wagon types.
For the selection of wagon types the program generates a sequence of hundred random wagon
types. Then it draws the sequence value (i.e. how many consecutive wagons in a sequence) for
every wagon type in the sequence. After the draw, the program creates a new vector, where
each of the hundred wagon types are repeated as many times as the drawn sequence value for
each wagon type shows.
Now the vector is cut off at the wagon, which was previously assigned as the last wagon (total
number of wagons) on the train. An axle mass is generated for each axle on the train based on
the axle mass distributions of the different wagon types. The program assumes that the load is
evenly distributed in every wagon, i.e. all the axles in one wagon have the same axle mass.
The program generates axle geometry for the whole train on the basis of the same wagon vector,
whereby finally a matrix with the head of the train is 0, and then the second column has the
distance between the first axle and the head of the train and the second column has the mass
of the corresponding axle.
These axle distribution defines the loads to be applied across different influence lines, obtaining
results such as the extreme value of the moment in mid-span. The program allows the user to
define how the trains will be simulated. It is therefore possible to drive the whole year's number
of trains so that the absolute value of each train can be reached, or run 365 times the daily
number of trains to obtain a distribution of daily extremes over the year.
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Parameters of the distribution of results from the simulation provide a distribution function,
which is further scaled to the time period for which load effects are being investigated. The study
includes, for example, comparisons with the LM-71 load model, whereby the simulation results
are scaled to a 100-year distribution because LM-71 is defined for 100 years of service life.

Figure 102 axle load distribution variables

Figure 103 Example of a distribution of turning points

8.2.5 Extreme value distributions
Two different generalized extreme value distributions were used, Gumbel (Type-1) and Weibull
(Type-3), for the results.
The main difference between Gumbel and Weibull distributions is the difference between their
right tails. Weibull distribution has a finite tail as well as a shape parameter. With the shape
parameter the Weibull distribution can be shaped to fit the reference distribution. In this
simulation the parameters are solved with maximum likelihood estimation.
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Figure 104 Difference between Gumbel and Weibull distributions
The extreme value distribution from the simulation converges distinctly to the right, when the
reference period of a single extreme value is increased from day to week and all the way to a
month. Therefore, the Weibull distribution fits better especially with the monthly extreme
values. The results from weekly and monthly reference periods differ from each other very little,
therefore the reference period of a month can be considered as reliable.
For example, let's take the total load for the length of ten meters from check-point 5000. For
the maximum load over the period of hundred years with Gumbel distribution, we get 1203 kN
for daily extreme values, 1295 kN for weekly extreme values and 1313 kN for monthly extreme
values. So from daily to weekly the load increases 7,7 % but from weekly to monthly only 1,4 %.
With Weibull distribution the corresponding values are 1088 kN, 1150 kN, 1172 kN, with
increases from daily to weekly of 5,7 % and increases from weekly to monthly of 1,9 %.
Additional analysis should be carried out with longer simulations and with different reference
periods of extreme values to find out if the results would still increase and by how much. It is
expected that the results will level out close to the results obtained from these simulations.
The suitability of the different types of distributions should be tested more. In this research
mostly graphical analysis are done to select the suitable distribution and Weibull appears to be
the more suitable.
Frequency distribution of the influence line 1 from the checkpoint 5000 is shown in the graph
below with the tails of Gumbel and Weibull distributions.

GA H2020 730841

D4.2

Page 122 of 135

IN2TRACK

D4.2 – Improvement of tunnels and bridges

Figure 105 Graphical comparison between the right tails of Gumbel and Weibull
distributions

8.2.6 Results of the simulation
The simulation was carried out for a ten year period. One year period was considered at first,
but it was abandoned because there were so few trains in the daily extremes, that its suitability
for extreme value theory was considered questionable given the dispersion was
From the ten year data the distributions of weekly and monthly extreme valueswas obtained.
The result is drawn from empirical distributions, ergo generated from measured data with
Monte Carlo algorithms. Therefore there is no theoretical distributions in the results.
The result distribution needs some follow-up manipulation with generalized extreme value
distributions. At the same time the result from the ten year simulation is extrapolated to a
hundred year result.
The results of the simulations from different check-points are presented in the following figures
and compared to the load models LM71-35 and SW/0-35 as well as E4 and D4.
On the following pages you can find the results for the hundred year period. Results with both
Gumbel and Weibull distributions are presented and compared to load models LM71-35 and
SW/0-35 as well as E4 and D4 from EN 15528.
Figure 106 is showing a load [kN] per meter on different influence lengths with Gumbel
distribution. All the checkpoints are presented with a different line. We can see that the design
loads are well above the simulation results but the line category loads are not.
Figure 107 presents the same thing, but with Weibull distribution.
In the Figure 108 we are showing the bending moment at the middle of the span divided by the
span length. The graph is simplified and it shows only the maximum values from 22,5 t and 25 t
lines. Here we also left out the results from Gumbel distribution, because Weibull is more
suitable for the simulation.

GA H2020 730841

D4.2

Page 123 of 135

IN2TRACK

D4.2 – Improvement of tunnels and bridges
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Figure 106 Weight per meter for different influence lengths based on a monthly extreme
value distribution, all lines, Gumbel
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Figure 107 Weight per meter for different influence lengths based on a monthly extreme
value distribution, all lines, Weibull
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Bending moment per metre at middle of span,
one span bridge[kNm/m]
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Figure 108 Bending moment per meter at the middle of the span for different span lengths
based on a monthly extreme value distribution, maximum value of all lines,
Weibull
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From the results presented above, we can clearly see that the D4 represents the 22,5 t traffic
reasonably well, but the E4 is too small load model to represent the 25 t traffic on Finnish
railways. The design loads are well over the actual and simulated traffic, but with an alpha factor
of 1,46 they really should be.

GA H2020 730841

D4.2

Page 127 of 135

IN2TRACK

9

D4.2 – Improvement of tunnels and bridges

Conclusions and input to demonstrators

The main aim of task 4.3 has been to identify, develop and wherever possible test advanced
techniques and methodologies for the enhancement of maintenance and capacity upgrading of
bridges and tunnels.
Additionally, research effort was also applied to broaden the understanding of recurrent
degradation mechanisms, striving to develop knowledge-based strategies to prevent or delay
their appearance.
The proposed techniques and methods were selected for their ability to fulfil (within reasonable
economic and operative constraints) one specific requirement: reduction in operational
disturbance when compared with current practice in maintenance, repair and upgrading
operations.
Finally, the first steps towards better comprehension of railway bridge design parameters were
taken, thus facilitating the future development of more efficient design codes.
The following paragraphs shall describe the main conclusions of the research and demonstration
activities developed within the aforementioned tasks, and draw the main planning lines for the
future integrated demonstration that is to be performed in In2Track2 and successive Shift2Rail
infrastructure-oriented projects

9.1 Transition zone degradation, diagnostics and mitigation
As a result of the work developed during In2Track, a hypothesis was put forward pertaining the
conditions that cause a behavioural change in transition zone degradation: the key governing
factor of said change would be the accumulated vertical difference between bridge or tunnel
transient rail level (or fixed geometry) and that of open track (or floating geometry).
Said difference, brusquely negotiated in the last sleepers of the transition, would trigger several
concurring degradation acceleration mechanisms in the area located at one axle distance from
the fixed point (sleeper-ballast hammering, badly supported sleepers, dynamic excitation of
bogie and axle mass), causing a localized damaged area that expands due to recurrent feedback
loops.
The proposed key governing factor and the degradation mechanisms it triggers are common to
any and all transitions with fixed vs floating geometry issues, and its deleterious effects direly
compound with (when not directly cause or accelerate) extraneous concomitant factors, such
as deficient drainage, fouled or degraded ballast, bad subbase compaction, soil settlement,
broken superstructure elements etc.
Additionally, a modular, easily adjustable FE model of a track to bridge transition was developed
as a tool for the diagnostics of faulty transitions and the elaboration of vertical stiffness finetuning mitigation strategies.
The main conclusions of the research shall be further developed in the upcoming In2Track2
project, where transitions between floating geometries (ballast to S&C, ballast to slab, etc) shall
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be visited: in particular, transitions between plain track and switches, the use of under-sleeper
pads for the optimization of vertical stiffness shift between fixed and floating geometries and
the transition between plain track and a novel slab track system shall be studied

9.2 Calcite precipitation mitigation in tunnel drainage
Striving to enhance the performance of tunnel drainage systems, reduce their maintenance
needs, speed up the cleaning and unclogging operations and extend the life of the drainage
piping, an exhaustive study of calcite precipitation mechanisms was performed.
Information on railway tunnels affected by the calcification problems in France was collected,
enabling an in-depth analysis of the key influencing factors. Likewise, drainage water data
collection and sampling of scale deposits has been carried out in 15 railway tunnels in Austria.
A new method was proposed which consists in covering the inside of existing concrete gutters
with an easily removable material (liner) to simplify extraction of calcite deposits. The idea is to
protect the drainage structures, facilitate maintenance operations and extraction of deposits by
reducing the contact surface between calcite and concrete, and decrease overall costs. The
results obtained from laboratory suggest that the proposed method (using geotextile lining and
acrylic) is feasible and should be tested in the field.
Literature study and preliminary tests have been carried out regarding properties of various
thermoplastic pipe materials and various additives in order to enable the extension of its
lifespan and to get an increased resistance to the cleaning processes.
Small scale tests are under way out using capacitive tomography technologies, acoustic analysis
of the drainage pipe and detection of the amount of scale deposits by monitoring the changes
of the pipe’s mass moment of inertia.
Literature study and a first test have been carried out using cured-in-place pipes. It seems that
all repair procedures are developed for sewage pipes only. Apparently none of the methods is
suitable for repairing broken drainages in tunnels so that they are fully functional again and have
the full lifespan.
Ongoing research on the subject shall continue during In2Track2.

9.3 Bridge capacity upgrades using FRP
Three different applications of fiber-reinforced polymer add-ons for capacity enhancement of
bridges were studied.
In order to prolong the remaining life of old steel bridges, the possibility of applying CFRP plates
to stringer to floor beam connections was studied. Said details are known to be prone to fatigue,
and present difficulties when reinforced by traditional means due to weldability issues. Given
the promising results obtained in laboratory tests, on-track demonstration in an old steel bridge
(to be provided by Network Rail) is planned for In2Track2
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Optimization of reinforced concrete T-beam shear strengthening with CFRP laminates was
achieved by studying the interactions between inner rebar and laminates and quantifying the
beneficial effect of laminate anchoring to the beam wings. Research shall continue in In2Track2,
applying the gained knowledge to the development of a shear reinforcement methodology for
trough beams with no access to the inner beam surface.
Finally, the use of CFRP laminates to grant structural capabilities to concrete elements past the
failure due to fatigue of the steel reinforcement was studied. Extensive laboratory testing
yielded promising results.

9.4 Bridge repair and component replacement
Novel techniques for the replacement of damaged or structurally insufficient elements in old
bridges were tested. Specifically, old masonry arch bridges were enhanced by using concrete
liners, cross ties and FRP pattress plates, and old steel bridges had single structural elements or
whole deck sections replaced by statically equivalent FRP elements.
Additionally, a review of current State of the Art in component replacement methods was
undertaken in the context of an old timber bridge pile replacement program, and as a
consequence of said review and the need for more effective, less disturbing methods, a novel
jacking system designed to serve as alternate path for permanent loads, was developed.
Research on enhanced methods for repair and replacement will continue in the upcoming TD3.5
projects.

9.5 Enhanced bridge design
Two aspects of rail bridge design were visited and reconsidered as part of the work of task 4.3:
design loads and dynamic behaviour.
In order to provide more realistic values of dynamic parameters that strongly influence high
speed bridge design, an ad hoc bridge exciter with adjustable frequency was designed, built,
tested and validated. FE models of two bridges were developed and calibrated using the
frequency and amplitude dependant damping values obtained from the exciter tests. Measured
and modelled bridge dynamic responses under real train loads were shown to match closely.
Further research on the damping interaction between bridge and soil, and the application of the
exciter to optimize the design of external dampers will be performed in In2Track2
Additionally, a statistical methodology to validate and adjust the different bridge load models
was performed using incoming data from impact load detectors all over Finland.
Results from the application of this methodology could have impact in future revisions of
national design parameters, favouring a more efficient design without damaging safety.
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